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Preface

Mechanisms of glucose homeostasis are well conserved between species, and therefore there
is much to be learned through the large variety of animal models of diabetes currently
available. Normal blood glucose homeostasis is dependent on the actions of insulin, which is
secreted by the pancreatic beta cells in the islets of Langerhans. Diabetes is a collection of
diseases characterized by the development of hyperglycemia due to inadequate supply
and/or action of insulin. Some animal models develop diabetes spontaneously with a
pathogenesis similar to that seen in humans. Indeed, several models of diabetes that are
now commonly used were discovered rather than designed. Other models have been
genetically manipulated or selectively bred, or chemicals or dietary modifications have
been used to induce a phenotype of relevance to studies of diabetes. Moreover, somemodels
do not develop overt diabetes, but nonetheless play key roles in understanding fundamental
aspects of glucose homeostasis and islet biology. In common with many animal models of
disease, no single model perfectly recapitulates all aspects of the disease: the choice of animal
model will be determined by the experimental question, and it is recommended that any key
findings should be validated in an additional model.

The first chapter of this book outlines some important considerations when working
with mouse models of diabetes, highlighting factors that new investigators to the field may
be unaware of and which could potentially affect experimental outcome. Subsequent
chapters describe the main characteristics of some of the most commonly used animal
models in diabetes research, ranging frommice to larger mammals such as pigs and primates.
Many of these animals develop signs of diabetes that are well documented in human patients
(such as hyperglycemia, impaired insulin secretion, impaired insulin action). These models
are useful in studying the pathogenesis of diabetes and for testing novel therapies. This book
also includes chapters that describe animal models that may not develop diabetes but are
useful for studying specific aspects of beta cell biology such as proliferation. The last chapters
focus on how to assess blood glucose homeostasis, insulin action, and islet function in vivo
and ex vivo. Indeed, the endpoints of many studies include ex vivo analysis of tissues (most
commonly pancreas and insulin-sensitive tissues). It is anticipated that this book will help
diabetes researchers design and carry out in vivo studies, which best suit their experimental
question.

London, UK Aileen J. F. King
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Chapter 1

Practical Considerations when Using Mouse Models
of Diabetes

Aileen J. F. King, Lydia F. Daniels Gatward, and Matilda R. Kennard

Abstract

Mouse models of diabetes are important tools used in preclinical diabetes research. However, when
working with these models, it is important to consider factors that could influence experimental outcome.
This is particularly important given the wide variety of models available, each with specific characteristics
that could be influenced by extrinsic or intrinsic factors. Blood glucose concentrations, a commonly used
and valid endpoint in these models, are particularly susceptible to manipulation by these factors. These
include potential effects of intrinsic factors such as strain, sex, and age and extrinsic factors such as
husbandry practices and experimental protocols. These variables should therefore be taken into consider-
ation when the model is chosen and the experiments are designed. This chapter outlines common variables
that can impact the phenotype of a model, as well as describes the methods used for assessing onset of
diabetes and monitoring diabetic mice.

Key words Mouse models of diabetes, Blood glucose, Husbandry

1 Introduction

Animal models are an important tool in preclinical diabetes
research, and many different models are currently available [1–
3]. The model of choice will depend on the scientific question
being asked and the endpoints of interest, but the researcher should
also consider variables that could impact the outcome and/or
interpretation of the experiments. For example, in models develop-
ing hyperglycemia, a reduction in blood glucose concentration is a
commonly used and valid endpoint. However, the definition of
normoglycemia in mice is poorly defined [4] and may differ
between different strains and different studies, especially if they
are defining onset of hyperglycemia as opposed to defining “cure”
(return to normoglycemia after a state of diabetes). Normoglyce-
mia is often defined as <11.1 mM (200 mg/dL), whereas the
definition of hyperglycemia tends to be more variable (>13.9 mM
(250 mg/dL), >16.7 mM (300 mg/dL), >20 mM (360 mg/

Aileen J. F. King (ed.), Animal Models of Diabetes: Methods and Protocols, Methods in Molecular Biology, vol. 2128,
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dL)). In models of type 1 diabetes, where hyperglycemia is caused
by insulin deficiency, any reduction in blood glucose should be
accompanied by an increase in body weight to ensure that blood
glucose reductions are not due to lack of food intake. The ethical
endpoints should also be carefully considered and comply with local
ethical regulations [5]. This chapter will outline specific variables
that can be important to consider when working with diabetic
mouse models ranging from husbandry considerations to the
potential impacts of strain and sex. Methods for assessing onset of
diabetes and monitoring diabetic animals will also be described.

2 Materials

2.1 Measuring

Glucosuria

1. Reagent strips for urinalysis, such as Diastix strips.

2.2 Measuring Blood

Glucose

1. 27G or 30G needles (see Note 1).

2. Blood glucose meter and strips (see Note 2).

2.3 Administration

of Insulin

1. Long-acting insulin (see Note 3).

2. Insulin needle and syringe.

3 Methods

3.1 Choosing

an Appropriate Model

There are a wide variety of models of diabetes available, and each
has specific characteristics that may be relevant to studying type
1 diabetes, type 2 diabetes, or monogenic diabetes [1–3]. The
animal model of choice will depend on the experimental question
and may or may not involve animals that develop overt diabetes as
part of their phenotype. An important consideration is the back-
ground strain and gender, since both can markedly alter the phe-
notype of a model. Indeed, several models ranging from high-fat-
feeding models to genetic models show a more severe phenotype in
male mice [4, 6–8]. Male mice are also reported to be more
susceptible to streptozotocin [9]. An exception to this is the non-
obese diabetic (NOD) mouse, which has higher incidences of
diabetes development in females [10]. The reasons for these sex
differences are not well documented, although it has been sug-
gested that estrogen has a protective effect in female mice [9, 11,
12]. The translational implications are not known, although a
higher incidence of type 1 diabetes has been reported in postpu-
bertal males in humans [13] and the incidence of type 2 diabetes in
women increases after the menopause [14].

Strain should also be carefully considered as it is well documen-
ted that background strain and even substrains can affect the

2 Aileen J. F. King et al.



severity of a diabetic phenotype and the susceptibility to interven-
tions such as a high-fat diet [15–17]. In line with this, it should be
noted that different models and strains also have varying suscept-
ibilities to developing diabetic complications [18–21].

Adult mice are typically used for studying diabetes; however, it
is important to note that the age of diabetes development is depen-
dent upon the model, and this has implications for experimental
design. For example, diabetes develops as early as 3–4 weeks in the
Akita mouse but between 4–8-weeks in the Leprdb/db mouse. In
NOD mice, onset can be less predictable. Females start to develop
diabetes at around 10–14 weeks, but this can vary depending on
the colony [2]. Furthermore, while in many diabetic models
(including the Akita and NOD mice) glycemic control worsens
with age, diabetic phenotype is improved in the Lepob/ob mouse
after 6 months as a result of compensatory islet hypertrophy and
increased insulin secretion [22]. These changes in phenotype can
cause problems in long-term studies as, in cases where diabetes
phenotype worsens, it is important that the health of the mouse
does not deteriorate to a critical level. On the other hand, in the
case of the Lepob/ob mouse, the spontaneous improvement in
glycemia could make interpretation of the data difficult. Finally,
off-target effects should be considered and controlled for wherever
possible. Off-target effects specific to animal models of diabetes
include nephrotoxicity and neurotoxicity when using alloxan and
streptozotocin [23, 24]. Obese models may have aberrations in
fertility and thermogenesis [22], whereas hypothalamic expression
of transgenes under the insulin promoter can lead to difficulties in
interpreting data [25]. Any intervention that causes stress to the
animal (such as surgery) may also impact blood glucose concentra-
tions and therefore could affect interpretation of data. The
researcher should therefore conduct a thorough literature review
prior to starting their study to ensure the most appropriate model,
strain, age, and sex are selected.

3.1.1 General Husbandry

and Handling

Considerations when

Working with Diabetic Mice

A key characteristic of diabetes is hyperglycemia which leads to
polydipsia and polyuria. Therefore, cages may need to be changed
more frequently, and water availability should be closely monitored.
In general, mice should have ad libitum access to water and stan-
dard chow. However, some models involve a change of diet (e.g., in
the case of high-fat feeding). With a change of diet, the feeding
habits of the mice should be initially monitored as there may be
variability in consumption between mice [26]. Furthermore, some
procedures may involve fasting the mice. Although overnight fast-
ing is commonly used in humans, mice consume the majority of
their food at night, and consequently an overnight fast can cause
substantial weight loss, nearly deplete liver glycogen stores, and
cause metabolic stress [27–29]. Consequently, overnight fasts
should be avoided on both ethical and scientific grounds.

Practical Considerations 3



Aspects of husbandry can also affect the incidence of diabetes.
For example, in NODmice, the incidence of diabetes may decrease
if the mice are not kept in specific pathogen-free (SPF) conditions.

Mice should be housed in groups where possible, preferably
with siblings to reduce fighting, particularly in males. However, if
there is prolonged aggressive behavior, single housing may be
preferable [30]. Stress can impact blood glucose concentrations
due to the effects of adrenalin and glucocorticoids; therefore, in
addition to the negative implications on mouse welfare, stress can
potentially affect results if an endpoint of blood glucose concentra-
tions is being used. Changing cages, which is required for hus-
bandry, can also cause stress responses which may be due to loss
of familiar smells, such as urine and pheromones, which can alter
perception of the mouse’s society and hierarchy [31]. Indeed, cage
changing has been associated with increased fighting in males
which is reduced when nesting material from the dirty cage is
reused [31]. Corticosterone levels are also increased following
cage change suggesting that blood glucose concentrations could
be affected [31]. To reduce stress, it is recommended that enrich-
ment is used in cages such as nesting materials and shelters. Finally,
handling may cause stress, but this is often overlooked due to its
necessity. Standard handling involves picking up the animal by the
base of its tail, but potential alternatives such as cupping and
tunnelling have been reported to reduce blood glucose following
glucose injection as well as reduce anxiety-like behaviors such as
urination and defecation [32, 33].

3.2 Assessing Onset

of Diabetes

The onset of diabetes can be rapid and predictable if using a
chemically induced model such as streptozotocin but is less predict-
able in models of spontaneous development of diabetes, such as
NOD mice. In the latter case, it may be preferable to initially
measure glucose in the urine to detect onset of diabetes. This
procedure is noninvasive and therefore appropriate to use repeat-
edly over many days or weeks. However, this only detects whether
the animal has hyperglycemia, and blood glucose concentrations
should then be measured to determine exact levels of glycemia.

3.2.1 Measuring

Glucosuria in Mice

1. Scruff the mouse; this will often lead to spontaneous urination.
If not, carefully press on the bladder (see Note 4).

2. Place a small drop of urine on a Diastix test strip.

3. Compare the color to the reference color chart.

3.2.2 Measuring Blood

Glucose Concentrations

in Mice

1. While allowing the mouse to move freely, hold the end of
the tail.

2. Using as small a needle as possible, prick the very end of the tail
(Fig. 1; see Note 5).
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3. Form a droplet of blood by running your thumb and index
finger up the tail while applying pressure, starting from the base
and ending at the tip.

4. Apply the droplet of blood to the strip placed inside the glucose
meter (Fig. 2).

3.3 Monitoring

Diabetes

Diabetes should be carefully monitored for both experimental and
ethical reasons particularly in models of type 1 diabetes where mice
may experience significant weight loss. Although weight loss is
symptomatic of type 1 diabetes and thus arguably adds to the
validity of a model, it is advisable that animals losing more than
20% body weight should be culled. However, it is important that
local guidelines should be followed. If local guidelines allow and it
fits the experimental design, excessive weight loss can be prevented
by administering long-acting insulin. In mouse models of type
1 diabetes, improved glucose homeostasis should generally lead to
both a decrease in blood glucose and an increase in weight. If the
mice exhibit continued weight loss despite decreased blood glu-
cose, it is possibly due to ill health and/or lack of feeding rather
than improved blood glucose homeostasis. The overall condition of
the mice should also be monitored for signs of pain or distress (e.g.,
hunched posture, piloerection). This is especially important when
diabetes has been chemically induced (e.g., using as streptozotocin

Fig. 1 A small needle is used to make a small prick at the very end of the tail.
With most glucose meters requiring blood droplets around 1 μL, a 30G is
sufficient
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or alloxan) since these can have off-target toxic effects [34, 35]. It is
recommended that animals showing poor condition are humanely
killed for both ethical and scientific reasons as meaningful and valid
data is unlikely to be collected from mice with poor health.

To monitor glycemic control, blood glucose should be
measured as described in Subheading 3.2.2. The frequency of
measuring blood glucose will depend on the study and will typically
range from once a day to once a week. Daily testing over prolonged
periods (weeks to months) should be avoided to prevent excessive
tail damage. We typically test daily for the first week of a study and
thereafter 2–3 times a week.

3.3.1 Considerations

when Monitoring Diabetes

in Mice

1. Blood glucose should be measured at the same time on each
day due to blood glucose dynamicity, and this should be
reported. In particular, it should be noted that blood glucose
concentrations may be substantially higher during the night as
this is typically when rodents feed [36]. Generally, most labs
measure non-fasted blood glucose concentrations in the morn-
ing (7–9 am).

2. Stress will increase blood glucose concentrations. As men-
tioned, stress can be caused even by simple husbandry proce-
dures such as changing cage. Therefore, mice should be
handled carefully and be habituated to their surroundings or
experimental protocol as much as possible.

Fig. 2 The blood droplet is applied to the strip placed in the blood glucose meter
which gives a reading within a few seconds
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3.4 Administration

of Insulin

While administration of insulin could potentially impact the exper-
imental outcome, it can be warranted in some cases. For example, it
could be used to prevent excessive weight loss prior to starting an
experiment. In some studies, it may be acceptable to administer
insulin without impacting the endpoints of interest. Regardless of
this, use of insulin should be discussed with a veterinary surgeon as
overdose can be fatal.

1. Scruff skin between the shoulder blades of the mouse.

2. Inject insulin subcutaneously at a suitable dose and frequency
as discussed with a veterinary surgeon.

3.5 Reporting

Experiments Using

Animal Models

of Diabetes

As discussed above, many factors can affect blood glucose concen-
trations and/or development of diabetes in rodents. These factors
include husbandry, sex, strain, handling, and time of day of blood
glucose measurements. It is therefore very important that manu-
scripts contain as much detail as possible to allow readers to fully
understand under which conditions the experiments were carried
out. Indeed, use of the ARRIVE guidelines is fully
recommended [37].

4 Notes

1. With most modern blood glucose meters requiring less than
1 μL of blood, a 30G needle is sufficient to produce a suffi-
ciently sized droplet of blood.

2. Many researchers use blood glucose meters designed for
human use as meters and strips designed and marketed for
animal use are, in general, more expensive. One difference
between rodents and humans is hematocrit levels [38], and
thus meters that are designed for rodent use have reported to
be more accurate than consumer meters [39]. Another consid-
eration, especially for the use of models of type 1 diabetes, is
the upper limit of the meter. Many meters only capture blood
glucose concentrations of up to 27 or 33 mM, whereas others
can read concentrations up to 50mM. This may be important if
the animals are regularly showing very high blood glucose
concentrations. The amount of blood required for the meter
should also be considered; some meters require larger samples
than others, with small samples being favorable.

3. A long-acting insulin can be useful as it can be injected just
once or twice a day to prevent excessive hyperglycemia and
weight loss. A suitable insulin and dose should be chosen
with advice from a veterinary surgeon as overdose can be lethal.

4. Care should be taken in male mice that semen is not inadver-
tently measured.
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5. The end of the tail can be pricked while still allowing the mouse
to roam in order to reduce stress. The end of the tail has
minimal nerve endings and thus will be most comfortable for
the mouse. A local anesthetic is generally not required, but this
can be discussed with a veterinary surgeon if appropriate.
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Chapter 2

An Overview of Rodent Models of Obesity and Type
2 Diabetes

Thomas A. Lutz

Abstract

Many animal models that are currently used in appetite and obesity research share at least some main
features of human obesity and its comorbidities. Hence, even though no animal model replicates all aspects
of “common” human obesity, animal models are imperative in studying the control of energy balance and
reasons for its imbalance that may eventually lead to overt obesity. The most frequently used animal models
are small rodents that may be based on mutations or manipulations of individual or several genes and on the
exposure to obesogenic diets or other manipulations that predispose the animals to gaining or maintain-
ing excessive weight. Characteristics include hyperphagia or changes in energy metabolism and at least in
some models the frequent comorbidities of obesity, like hyperglycemia, insulin resistance, or diabetes-like
syndromes. Some of the most frequently used animal models of obesity research involve animals with
monogenic mutations of the leptin pathway which in fact are useful to study specific mechanistic aspects of
eating controls, but typically do not recapitulate “common” obesity in the human population. Hence, this
review will mention advantages and disadvantages of respective animal models in order to build a basis for
the most appropriate use in biomedical research.

Key words Monogenetic models, Polygenetic models, Surgical models, Diabetes mellitus

1 Introduction

Selected animal models are discussed in this chapter; the selection
was based on their frequency of use in obesity research and their
value in understanding the controls of eating and body weight but
of course also reflects a subjective opinion about which animal
models may be interesting. The different phenotypes express differ-
ences in respect to hyperphagia or alterations in energy metabolism
and in respect to obesity-associated comorbidities like hyperglyce-
mia, insulin resistance, or diabetes-like syndromes [1, 2].

Most animal models of obesity in biomedical research are small
rodents, but it should be mentioned that most mammals, when
kept in captivity or as companion animals [3], will develop obesity.
In fact, large animal models may bear some advantages over rodents
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(e.g., larger body size, large sample volumes, similar pancreas size
and structure to humans, pharmacokinetics more similar to
humans) [2], but their maintenance and housing are more chal-
lenging and, of course, more costly. The most commonly used
animal models of obesity are probably the leptin-deficient ob/ob
mouse, the leptin-receptor-deficient db/dbmouse and its rat coun-
terparts like the Zucker or ZDF rats, and a large number of models
of diet-induced obesity (DIO).

2 Monogenic Mutations in the Leptin Pathway

Some of the most dramatic phenotypes of obesity are seen in
animals with a defect in the leptin signaling pathway in the hypo-
thalamus. The models are characterized by either a lack of leptin
production or leptin receptor mutations with extreme leptin resis-
tance. Mutations are spontaneous (e.g., Lepob/Lepob mouse,
Lepdb/Lepdb mouse) or genetically engineered. Animals with
mutations that lie downstream of the leptin-sensing neurons in
the hypothalamus develop similar phenotypes. Many of these ani-
mals also develop a diabetic phenotype. It is important to note that
the cause of obesity in these animals in general reflects only a
negligible proportion of human obesity in the general population.

2.1 ob/ob Mouse

(Lepob/Lepob Mouse,

the “Obese” Mouse)

l Spontaneous mutation that leads to the markedly obese pheno-
type [4, 5]; obesity due to a single-base spontaneous mutation of
the ob gene that codes for leptin.

l The mutation prevents the secretion of bioactive leptin.

l Early-onset obesity with hyperphagia, reduced energy expendi-
ture, and hypothermia.

l Further characteristics include high glucocorticoid levels, insulin
resistance associated with hyperglycemia and hyperinsulinemia,
hypothyroidism, and growth hormone deficiency which leads to
a decrease in linear growth.

l ob/ob mice are infertile; hence, breeding has to be done with
heterozygous animals.

l Phenotypic defects in Lepob/Lepob mice including obesity,
symptoms of the metabolic syndrome, and reproductive func-
tion are normalized by exogenous leptin [5–11].

Leptin deficiency is observed in rare cases of human obesity
[12]; hence, this animal model does not represent most cases of
human obesity. Appropriate controls may include leptin-treated
Lepob/Lepob mice to test whether leptin substitution restores the
parameter of interest to be tested.
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2.2 db/db Mouse

(The “Diabetic”

Mouse)

l Lepdb/Lepdb mouse has a spontaneously mutated leptin
receptor.

l Phenotypically similar to the Lepob/Lepob mouse but with more
marked hyperglycemia on some background strains than in the
Lepob/Lepob mouse [2].

l Hyperphagia and reduced energy expenditure lead to marked
early-onset obesity.

l Mice are hypothermic, have decreased linear growth due to
growth hormone deficiency, and are also infertile [5, 9, 13].

l Major difference from the Lepob/Lepob mouse is the marked
resistance to leptin and that leptin levels are markedly elevated.

l Lepdb/Lepdb mice are insulin resistant and develop diabetes, but
mice do not develop the full phenotype of type 2 diabetes.

Mutations of the leptin receptor gene are found in some human
families, but the mutation is very rare. Hence, the obese and
diabetic phenotype may be a useful feature of these animals, but
direct links to human pathophysiology have to be made with
caution.

2.3 Leptin-

Receptor-Deficient

Rats: Zucker Rat, ZDF

Rat, and Koletsky Rat

l Obese Zucker (fa/fa or “fatty” rat) and Koletsky rats carry
mutated forms of the leptin receptor and hence are similar to
the Lepdb/Lepdb mouse.

l Hyperphagia and reduced energy expenditure lead to morbid
obesity [6, 14].

l Rats exhibit impaired glucose tolerance, a growth deficit possibly
related to a lower activity of the growth hormone axis and
hypothyroidism, and reduced fertility.

l There is an important difference between Koletsky rats (with a
nonsense and null mutation of the receptor, hence undetectable
levels of leptin receptor mRNA expression [13, 15–19]) and the
fa/fa mutation of Zucker fatty rats (with a processing defect of
the leptin receptor, resulting in intracellular trapping of the
receptor).

l Koletsky rats are more hypertensive and have a more severe
phenotype of insulin resistance than Zucker fatty rats; Koletsky
rats may no longer be available via commercial suppliers.

l Zucker diabetic fatty (ZDF) rats are a substrain of obese Zucker
fatty rats and were created by selective breeding of obese and
hyperglycemic Zucker rats and exhibit early dysregulation of
glucose metabolism [20].

Mutations of the leptin receptor gene are found in some human
families, but the mutation is very rare. Hence, the obese and dia-
betic phenotype may be a useful feature of these animals, but direct
links to human pathophysiology have to be made with caution.
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2.4 s/s Mouse l Genetically engineered mouse model, similar to the Lepdb/
Lepdb mouse [21, 22].

l Specific disruption of the signaling pathway that mediates lep-
tin’s effects on energy homeostasis; disruption of pSTAT3 sig-
naling pathway that mediates leptin’s action at the long form of
the leptin receptor [23].

l Homozygous (s/s) mice are hyperphagic and obese, but they are
fertile indicating that different leptin actions use different sig-
naling pathways.

2.5 POMC Knockout

Mouse

l Genetically engineered mice that lack proopiomelanocortin
(POMC; POMC�/�) and that have a deficit in a number of
biologically active neuropeptides, in particular α-melanocyte-
stimulating hormone (αMSH) which is a potent eating-
inhibitory neuropeptide and which mediates parts of leptin’s
effects on energy balance [24].

l POMC�/� mice overeat and develop marked obesity [25, 26].

l Heterozygous mutants have an intermediate phenotype.

l Mutations in the gene may also cause obesity in other species
[27, 28].

POMC deficiency has also been reported in rare cases of human
obesity [12]; mutations in this pathway are relatively more frequent
than other monogenic causes of human obesity.

2.6 MC4R Knockout

Models

l αMSH and its functional antagonist agouti-related protein
(AgRP) which are released from neurons in the hypothalamic
arcuate nucleus impact on energy homeostasis via melanocortin
(MC) receptors.

l TheMC4 receptor subtype mediates the eating-inhibitory effect
of αMSH and the eating-stimulatory effect of AgRP.

l MC4 receptor knockout produces hyperphagia and morbid
obesity [29].

l MC4�/� mice are hyperinsulinemic, hyperglycemic, and
hyperleptinemic.

l MC4�/� mice do not respond to leptin, AgRP, or αMSH.

l The MC4 knockout rat [30] has many characteristics in com-
mon with MC4 KO mice (e.g., increased body weight, food
intake and body length, and lower spontaneous activity); how-
ever, MC4�/�mice have increased expression of NPY but not of
POMC in parts of the hypothalamus, but adult MC4 knockout
rats have unchanged NPY levels but increased POMC
expression.

Similar mutations of the MC4 receptor are often stated to be
the most frequent (mono)genetic cause of obesity in humans.
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3 Monogenic Models of Obesity and Diabetes that Are Independent of the Leptin
Pathway

3.1 Otsuka

Long-Evans

Tokushima Fatty Rat

(OLETF)

l Otsuka Long-Evans Tokushima Fatty (OLETF) rats are defi-
cient of the receptor for the satiating hormone cholecystokinin
(CCK), i.e., these rats can be considered CCK-1 receptor
knockouts.

l Compared to their lean counterparts, the Long-Evans Tokush-
ima Otsuka (LETO) rats, OLETF rats overeat and develop
obesity which is relatively mild [31–33].

l Hyperphagia of OLETF rats is due to increases in the size of
meals which is not compensated by reduced meal numbers.

l The increase in meal size in OLETF rats is a phenomenon
observed early in life, i.e., already in rat pups 2 days of age
which reflects the early maturation of the hindbrain systems of
satiation which occurs earlier than in the centers for metabolic
control in the hypothalamus [34].

l At least later in life, overexpression of the eating-stimulatory
peptide neuropeptide Y (NPY) in the hypothalamus may con-
tribute to overeating in OLETF rats.

l The relative importance of the latter effect in rats versus mice
may explain the paradoxical finding that CCK1 receptor knock-
out mouse does not develop obesity on a normal diet [35].

l Subsequent to obesity, OLETF rats develop diabetes from about
4–5 months of age and develop polyuria and polydipsia.

Human CCK receptor allele variants have been associated to
larger meal sizes and proneness to develop obesity [36].

3.2 Human Islet

Amyloid Polypeptide

(hIAPP)

Overexpressing Mice

and Rats

l Several mouse and rat models that are transgenic for the human
form of islet amyloid polypeptide (IAPP, or amylin) have been
created [37–40].

l Human, but not rodent, IAPP forms intra- and extracellular
aggregates and fibrils that contribute to progressive pancreatic
beta-cell destruction and loss.

l Insulin sensitivity typically unaltered.

l Progression of beta-cell destruction and of clinical signs depends
on the animals’ genetic background.

hIAPP mice and rats are the only available rodent models that
mimic the beta-cell pathology in type 2 diabetic patients. Some of
the rat and mouse strains may not be easily available from commer-
cial breeders.
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4 Polygenic Obesity Models

4.1 Diet-Induced

Obese (DIO) Versus

Diet-Resistant

(DR) Rodents

l The outbred Sprague Dawley (SD) rats is the best characterized
DIO model

l On exposure to a high-energy diet (HE; 31% fat), rats with the
DIO phenotype become obese, while DR rats maintain lower
body weight and a rather lean phenotype, similar to chow-fed
controls.

l DIO rats remain obese even if returned to a low-fat diet.

l Selective breeding of DIO and DR rats exacerbates the pheno-
typic differences.

l The DIO versus DR phenotype shares many characteristics with
the common form of human obesity [41–44].

l The phenotype seems to be inherited in a polygenic fashion, but
the involved genes are largely unknown.

l Important metabolic characteristics of the DIO rat (e.g., leptin
resistance, insulin resistance, hypertension, and hypertriglycer-
idemia) develop before the onset of overt obesity [43, 45–48].

l The extent of weight gain and obesity depends on the type of
diet [42].

DIO rats and DR controls are probably the best available
rodent model to mimic most types of human obesity.

4.2 ZDSD Rat l The ZDSD rat is derived from crossbreeding selectively bred
DIO obese Charles River Sprague Dawley rats with ZDFfa/+ lean
rats [49, 50].

l The existing literature is inconsistent whether ZDFfa/+ or
ZDF+/+ rats have been used for the original crossing; in either
case, the ZDSD rat is a model with a functional leptin signaling
pathway.

l Rats are characterized by an age-dependent development of
hyperglycemia.

l Progression of diabetes mellitus is slower than in the ZDF rats
and resembles better the time course in humans.

l Initial increase in baseline insulin followed by progressive loss of
insulin secretion.

ZDSD rats recapitulate the progressive beta-cell pathology in
human type 2 diabetes. These rats have not yet been used exten-
sively in biomedical research so that less data are available compared
to some other rodent models described in this chapter.

16 Thomas A. Lutz



4.3 Cafeteria-Diet-

Induced and High-Fat-

Diet-Induced Obesity

l Palatable (“cafeteria”) diets often lead to obesity in rats [51–53].

l This type of obesity is due to hyperphagia, including an increase
in the average meal size and meal frequency.

l Simple high-fat (HF) diets also often result in the development
of obesity.

l Increased caloric density of HF diets may contribute to the
effect, but an important factor most likely is reduced leptin
(and insulin) sensitivity [54–58].

l HF diets affect critical intracellular signaling pathways in hypo-
thalamic target neurons, e.g., POMC neurons.

l Saturated fat (e.g., palmitic acid) may be more deleterious than
unsaturated fat and contribute to the inflammatory responses in
the hypothalamus [59–62].

Use of these diets is often combined with the use of genetically
obese models, as discussed earlier in this chapter.

4.4 Maternal

Overfeeding

and Exposure

to High-Fat Diets

l The metabolic situation in the intrauterine and perinatal period
of life may have long-lasting effects for the control of energy
balance [63–67].

l Feeding pregnant dams a high-fat (HF) diet affects the
offspring’s metabolic health [67–71].

l Offspring of DIO dams are heavier and more obese than off-
spring of DR animals.

l The effect is accentuated in DIO dams exposed to HF diet.

If well-matched control groups are used, the model may be
useful to study developmental prenatal or early postnatal effects and
their relevance for metabolic disease. It is important to note that
the developmental stages differ across mammalian species; in other
words, at the time of birth, mouse and rat pups are developed much
less than other mammalian species, including humans.

4.5 Early Postnatal

Overfeeding-Induced

Obesity; Rearing

in Small Litters

l High food intake in the immediate postnatal period leads to
lasting increases in body weight and obesity with ensuing insulin
resistance, hyperinsulinemia, and glucose intolerance.

l Manipulation of the litter size is the best established model of
early postnatal overnutrition in rats and mice [72–74].

l Pups reared in small litters ingest more than pups reared in large
litters.

l The effect does not depend on changes in maternal behavior and
generally leads to increased susceptibility to become obese as
adults [75].

l The effect of early postnatal hyperphagia on obesity is poten-
tiated when offered a HF diet directly after weaning.
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l Rearing obesity-prone rats or mice in large litters, on the other
hand, provides some protective effect against the development
of obesity [48, 66].

5 Polygenic Diabetes Model

5.1 Goto-Kakizaki

(GK) Rat

l Nonobese rat diabetes mellitus model with specific defects in
insulin secretion [76]

l Spontaneous development of a type 2 diabetes-like phenotype
without insulin resistance

l Defective insulin secretion and reduction in pancreatic beta-cell
mass

Well-defined rat model that is used to study the pathophysiol-
ogy of pancreatic beta-cells in the development of diabetes mellitus.
(see Chap. 3)

6 Genetically Engineered Mutants in Obesity Research

6.1 Enhanced

Expression of Glucose

Transporter Subtype

4 (GLUT4)

and Gluconeogenic

Enzymes

l Mice overexpressing GLUT4 in white and brown adipose tissue
develop early-onset obesity [77].

l Increased glucose uptake and hence increased supply of sub-
strate promote adipogenesis.

l Mice mimic the occurrence of increased expression of GLUT4 in
adipose tissue that is present in certain forms of obesity.

l Similar phenotype in mice overexpressing phosphoenolpyruvate
carboxykinase (PEPCK) to increase the substrate for synthesiz-
ing triglycerides; obesity also develops when feeding low-fat
diets [78].

These and similar animal models allow the study of specific
aspects of adipogenesis.

6.2 Neuronal Insulin

Receptor Knockout

Mice (NIRKO Mice)

l Neuron-specific insulin receptor knockout mice (NIRKO mice)
are moderately obese [79].

l Obesity is largely due to a moderate increase in food intake [80]
and is paralleled by hypertriglyceridemia.

l Mice are characterized by elevations of systemic plasma insulin
levels and insulin resistance.

l Mice have a defect in the insulin-mediated control of hepatic
glucose production [80].

These mice are a good example of animal models that allow
assessment of specific receptor populations. However, species-
specific receptor distribution must be considered if data are to be
translated from one to another species.
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7 Surgical or Chemical Models of Obesity

7.1 Lesion

of the Ventromedial

Hypothalamus (VMH

Lesion) or

the Hypothalamic

Paraventricular

Nucleus (PVN Lesion)

l Specific brain lesions result in obesity in rodents.

l Classical lesion encompasses the mediobasal hypothalamus,
including the ventromedial and arcuate nuclei.

l Obesity is due to hyperphagia and probably reduced energy
expenditure and reduced ambulatory activity [81–83].

l Extensive lesions of the PVN also induce obesity which is mainly
linked to increased eating and unchanged energy expenditure.

l Similar to VMH lesions, PVN-lesioned rats often develop insu-
lin resistance and hyperinsulinemia [6, 84, 85].

These models are classical models in obesity research and
helped to define critical brain regions, but the models lost most of
their relevance due to the unspecific destruction of brain structures
and the availability of more selective modifications leading to
obesity.

7.2 Ovariectomy

(OVX)

l OVX leads to a rapid increase in body weight and adiposity.

l OVX animals lack the cyclic and tonic inhibitory effects of
estradiol on eating.

l The obesity in OVX animals is due to a transient increase in
eating which is in part due to reduced action of physiological
satiation signals, e.g., cholecystokinin [86–89].

Ovariectomy (OVX) in female rats and mice is used as a model
for the increased obesity in menopausal women [90]. Species-
specific differences in the animals’ estrus cycle need to be consid-
ered when hormone replacement studies are planned.
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Chapter 3

Selectively Bred Diabetes Models: GK Rats, NSY Mice,
and ON Mice

Mototsugu Nagao, Jonathan Lou S. Esguerra, Anna Wendt, Akira Asai,
Hitoshi Sugihara, Shinichi Oikawa, and Lena Eliasson

Abstract

The polygenic background of selectively bred diabetes models mimics the etiology of type 2 diabetes. So far,
three different rodent models (Goto-Kakizaki rats, Nagoya-Shibata-Yasuda mice, and Oikawa-Nagao mice)
have been established in the diabetes research field by continuous selective breeding for glucose tolerance
from outbred rodent stocks. The origin of hyperglycemia in these rodents is mainly insulin secretion
deficiency from the pancreatic β-cells and mild insulin resistance in insulin target organs. In this chapter,
we summarize backgrounds and phenotypes of these rodent models to highlight their importance in
diabetes research. Then, we introduce experimental methodologies to evaluate β-cell exocytosis as a
putative common defect observed in these rodent models.

Key words Goto-Kakizaki rats, Nagoya-Shibata-Yasuda mice, Oikawa-Nagao mice, Islets, β-Cells,
Insulin secretion, Exocytosis, Capacitance measurement

1 Introduction

Selective breeding is an approach to develop animal and plant
strains carrying particular phenotypic traits. During the selection
process, genetic variants regulating the desirable traits can be accu-
mulated into the later generation. Therefore, the polygenic back-
ground of selectively bred diabetes models mimics the etiology of
type 2 diabetes (T2D) in humans. They are also useful to investi-
gate genotype-phenotype interactions in complex traits involving
multiple genes, e.g., glucose tolerance and insulin secretion. So far,
mainly three models have been established by repetitive selective
breeding for glucose tolerance: Goto-Kakizaki (GK) rats, Nagoya-
Shibata-Yasuda (NSY) mice, and Oikawa-Nagao (ON) mice. GK
rats and NSY mice were developed by the selection for spontaneous
glucose intolerance in outbred rodent stocks, whereas ON mice
(Diabetes-Prone and Diabetes-Resistant lines) were developed by
the selections for both inferior and superior glucose tolerance after
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high-fat diet (HFD) feeding in hybrid mice of three different
inbred strains. Here, we summarize backgrounds and phenotypes,
specifically glucose tolerance and insulin secretion, of these rodent
models. Thereafter, we compare the phenotypic features to high-
light the advantages in investigating the selectively bred rodent
models in diabetes research. Finally, we present protocols to inves-
tigate β-cell defects in late stages of the insulin secretion process.

1.1 Goto-Kakizaki

(GK) Rat

1.1.1 History

The selective breeding for establishing GK rat was launched by
Yoshio Goto and colleagues in 1973. The original aim of the
selective breeding study was to test if diabetes is a disease of inheri-
tance or not. In the initial oral glucose tolerance tests (OGTT;
glucose 2 g/kg) on 130 male and 81 female Wistar rats, nine
male and nine female rats with higher blood glucose levels during
the OGTT were selected as a breeding stock [1]. Selection and
breeding of rats showing higher blood glucose levels during an
OGTT were continued over multiple generations. The sum of
blood glucose levels during the OGTT (SUMBG; the sum of
blood glucose measured at fasting and at time points of 30, 60,
90, and 120 min) was increased gradually as the generations pro-
ceeded. The distribution of SUMBG was completely separated from
that of control Wistar rats at the ninth generation and finally
reached a plateau at the 15th generation [2]. The spontaneously
diabetic rats were designated as Goto-Kakizaki (GK) rats by the
founders. From the end of the 1980s, breeding pairs of GK rats
from the original colony (the Sendai colony; GK/Sen) were
distributed worldwide, and local colonies were established in Swe-
den (the Stockholm colony; GK/Sto [3]), France (the Paris colony;
GK/Par [4]), the UK (the Cardiff and London colony; GK/Card
[5, 6] and GK/Lon [6], respectively), etc. In 2002, Luthman H
established a colony of GK rats at Lund University (Malmö, Swe-
den), called as GK/KyoSwe [7]. The colony was separated from
GK/Sto which originated in 1989 from breeding pairs of GK/Sen
rats sent from Japan [3] and renamed here to the Lund University
colony (GK/LU). Nowadays, GK rats are available not only from
various local colonies but also from some commercial breeders in
Japan, the USA, and Europe. Most of the colonies are maintained
as inbred lines from the ninth generation through sister-brother
mating [8, 9]. Curiously, the founder Goto Y [10] described in
Japanese literature that the brother-sister mating was introduced
already at the fourth generation.

1.1.2 Phenotype The GK rat develops non-insulin-dependent diabetes, and the
glucose intolerance is suggested to be primarily caused by impaired
insulin secretion due to defective β-cell function [11, 12]. To dem-
onstrate such phenotypes of the GK rat, we performed measure-
ments of GK/LU rats. Non-fasting blood glucose levels were
20–25 mM in 10 weeks old GK/LU rats as compared to 6–8 mM
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in control Wistar rats (Fig. 1a). Body weight was ~20% lower in
GK/LU rats than Wistar rats of the same age (Fig. 1b), whereas
there was no significant difference in plasma insulin levels (Fig. 1c).
The blood glucose levels of GK/LU rats were relatively higher than
those in the other colonies [9, 13]. Such differences in glycemic
status and other characteristics (e.g., islet morphology and func-
tion) among colonies may be influenced by local breeding environ-
ment and/or genetic variation [8, 13]. (For more information
about the characteristics of each colony, see reviews by Portha
et al. [13] and Östenson et al. [9, 14].)

To follow the development of hyperglycemia in GK/LU rats,
we measured blood glucose and body weight at different ages
(Fig. 2a, b). Young GK/LU rats (5–8 weeks of age) had lower
non-fasting blood glucose levels (~10 mM) as compared to
matured GK/LU rats (over 10 weeks of age). The blood glucose

Fig. 1 Representative metabolic phenotypes of Goto-Kakizaki (GK) and Wistar rats. Blood glucose levels (a),
body weights (b), and plasma insulin levels (c) of male Goto-Kakizaki (GK/LU) and control Wistar rats. The
evaluations were performed on 11–14 week-old mice under non-fasting condition (n¼ 8 for each group). The
lines display the median with interquartile range of the plots. Wistar rats, open circles. GK rats, closed circles.
∗∗∗P < 0.001 vs. control Wistar rats using Student’s t-test

Fig. 2 Longitudinal observations for blood glucose levels and body weights of Goto-Kakizaki (GK) rats. Blood
glucose levels (a) and body weights (b) of male Goto-Kakizaki (GK/LU) rats at 5, 6, 7, 8, 10, 11, 12, 14, 16, 17,
24, 35, and 54 weeks of age (n ¼ 3–13 for each point). The data are expressed as mean � SEM
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level of GK/LU rats increased rapidly up to 10 weeks of age and
reached a maximum at ~15 weeks of age followed by a small decline
from ~25 weeks of age (Fig. 2a). The acute development of hyper-
glycemia after weaning in GK/LU rats follows that in the other
colonies and has been explained primarily by the acquired hepatic
insulin resistance [12, 15] and secondarily by the insufficient β-cell
compensation for the insulin resistance [16–18].

Young GK/LU rats had normal-shaped islets as compared to
control Wistar rats (Fig. 3a). However, the proportion of normal-
shaped islets decreases with age [12, 19, 20]. Indeed, the majority
of islets in adult GK/LU rats showed an irregular shape, so-called
starfish-shaped islets, being characterized by decreased β-cell num-
ber, increased amount of fibrosis tissue, and random distribution of
α- and δ-cells throughout the core [12, 19, 21]. The development
of fibrosis in the islets is suggested to be the result of chronic
inflammation [22]. We measured a decreased insulin content in
the islets of GK/LU rats (Fig. 3b), which is in accordance with a
decreased β-cell population in islets and/or degranulation in the
β-cells [12, 19, 20]. However, this is not always true as there are
examples where neither β-cell mass nor islet insulin content was
decreased even in adult GK rats [13, 14].

1.1.3 β-Cell Function Although non-fasting insulin levels of GK/LU rats were like those
of control Wistar rats (Fig. 1c), impaired insulin secretion during an
OGTT has been demonstrated repeatedly in the GK rat colonies
[4, 12, 23]. Moreover, also in our hands, we measured severely
reduced glucose-induced insulin secretion from isolated GK/LU
rat islets (Fig. 3c). Note that the insulin secretion was reduced to a
larger extent than the insulin content (Fig. 3b, c), which is likely to
be a combination of reduced insulin content and impaired secretion
capacity of each β-cell. Interestingly, the functional deterioration of
insulin secretion was observed even in the islets of young GK/LU
rats (Fig. 3c) with a normal round shape (Fig. 3a), suggesting that
the β-cell function is impaired prior to the morphological change in
the islets.

Glucose is a main stimulator of insulin secretion from β-cells.
Uptake and metabolism of glucose lead to the generation of ATP,
which closes the ATP-dependent K+ channel leading to membrane
depolarization and opening of voltage-activated Na+- and Ca2+-
channels. The influx of Ca2+ initiates exocytosis of insulin granules,
and insulin is released. This is known as the β-cell stimulus-
secretion coupling. Several defects have been reported in the
stimulus-secretion coupling in GK rat β-cells. A lower expression
level of the glucose transporter 2 (GLUT2) has been demonstrated
[24, 25], which most likely reduces the uptake of glucose into the
cell. Glycolysis has been suggested to be intact [3, 6, 26, 27], but
the mitochondrial glycerol phosphate shuttle has consistently been
reported to be impaired in GK rat β-cells [28–32]. These defects
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may account for the reported abnormalities in glucose-stimulated
ATP production [27, 33], downstream closure of the
ATP-dependent K+ channel [34], and elevation of cytoplasmic
Ca2+ [35, 36]. The functions of the ATP-dependent K+ channels
and the voltage-activated Ca2+ channels seem to be intact as sug-
gested by a series of patch clamp experiments on GK rat β-cells
[27, 34, 37].

Fig. 3 Features of pancreatic islets in Goto-Kakizaki (GK) and Wistar rats. Appearances of pancreatic islets (a)
in 5 week-old Goto-Kakizaki (GK/LU) rats (young GK), 12 week-old Goto-Kakizaki (GK/LU) rats (adult GK), and
12 week-old Wistar rats as indicated. The images were taken using a confocal microscope (�10). Insulin
content (b) and glucose-stimulated insulin secretion (c) in/from the pancreatic islets from young and adult
GK/LU rats (n¼ 4 and 5, respectively) and control Wistar rats (n¼ 6). The data are expressed as mean� SEM.
∗∗P < 0.01 and ∗∗∗P < 0.001 vs. control Wistar rats using Student’s t-test
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The exocytotic process involved in the final step of the insulin
secretion is impaired in GK rat β-cells as exemplified by studies
described below. First, studies of exocytosis of insulin granules
(measured as changes in membrane capacitance in response to
membrane depolarizations) showed reduced exocytotic responses
to the initial depolarizations in GK rat β-cells. Specifically, GK rat
β-cells had a reduced efficacy of Ca2+ to initiate exocytosis [37]. In
agreement, a reduced number of exocytotic events was measured by
another group using the total internal reflection fluorescence
(TIRF) microscopy [38]. The reduction was most prominent dur-
ing the first-phase insulin secretion representing the release of
previously docked granules. These studies suggest a reduced num-
ber of docked granules at the plasma membrane in GK rat β-cells.
The exocytotic machinery mediates the docking and fusion
between insulin granules and the plasma membrane. This process
involves several exocytotic proteins including the docking protein,
syntaxin-binding protein 1 (STXBP1; also known as MUNC-18a),
and the soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) proteins, syntaxin 1A (STX1A), vesicle-
associated membrane protein 2 (VAMP2), and synaptosomal-
associated protein 25 (SNAP25) [39]. The GK rat islets have
marked reductions of the exocytotic proteins (e.g., STX1A,
VAMP2, SNAP25, and STXBP1) [40–43]. Moreover, the cluster-
ing of SNAP25 and STX1A, which is important for functional and
rapid exocytosis, is severely impaired in GK rat β-cells and could be
overcome by insulin treatment [42]. STXBP1 is important for
granular docking and priming [39], which is why reduced expres-
sion of this protein contributes to the observed exocytotic pheno-
type of the GK rat β-cells with reduced first-phase exocytosis and
decreased number of docked granules.

One of the main second messengers to amplify insulin secretion
is cAMP [44]. Several impairments in mechanisms to potentiate
cAMP-dependent amplifying pathway have been reported in GK
rat β-cells [45–47]. Moreover, one of the main genetic variants in
the GK rat was associated with reduced cAMP levels in the β-cells
[48]. Hence, it is of interest that cAMP inducers, i.e., forskolin,
acetylcholine, and glucagon-like polypeptide-1 (GLP-1), can
restore the impaired glucose-induced insulin secretion observed
in GK rat islets [16, 49, 50].

1.1.4 Pathogenesis Quantitative trait locus (QTL) linkage analyses have identified the
genetic loci responsible for quantitative traits in GK rats, e.g.,
fasting glycemia [51, 52], glucose tolerance [51–53], and insulin
secretion [51, 54] (for more details, see a review by Bihoreau et al.
[8]). Most of the identified QTLs are located at different genomic
regions [8]. Moreover, recent full genome sequencing of GK rats in
the Oxford colony (GK/Ox) revealed 3,584,504 single-nucleotide
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polymorphisms (SNPs), 1,147,996 indels, and 58,877 structural
variants compared to the control inbred rat reference genome [55].

Several studies have been performed to identify the genomic
regions in the GK rat corresponding to T2D loci in humans
[48, 54, 56]. In a congenic strain of the GK rat, one locus was
coupled to defective β-cell function [56]. The region in focus,
Niddm1i, is present on chromosome 1 in the GK rat genome.
Interestingly, different segments within Niddm1i are suggested to
be associated with distinct defects in glucose metabolism and insu-
lin exocytosis. The defect in insulin exocytosis, including also dete-
riorated granular docking, is coupled to a 1.4 Mb genetic segment
ofNiddm1i [48]. The segment contains five known protein-coding
genes: Pdcd4, Lysmd3, Shoc2, Adra2a, and
ENSRNOG00000036577. Among them, we demonstrated over-
expression of Adra2a leading to reduced granule docking at the
plasma membrane and decreased exocytosis [48]. Interestingly, the
congenic strain had not developed diabetes, suggesting that the
defective β-cell exocytosis is not the result of hyperglycemia
[48, 56]. In contrast, phlorizin treatment can partially restore
SNARE protein expression and improve glucose-stimulated insulin
secretion in GK rat islets [40], suggesting that the defective exocy-
tosis, at least when due to reduced expression of exocytotic proteins
in the β-cells, is secondary to glucotoxicity.

We have shown that GK rat islets have a perturbed microRNA
(miRNA) network and that the upregulated miRNAs may target
proteins involved in β-cell exocytosis, as in the case of miR-335
targeting Stxbp1 [57]. Indeed, overexpression of miR-335 directly
impaired insulin secretion through defective priming of insulin
granules [58]. Aside from targeting exocytotic genes, we have
also shown that other upregulated miRNAs in GK rat islets, i.e.,
miR-130a/b and miR-152, negatively regulate pyruvate dehydro-
genase E1-alpha (PDHA1) and glucokinase (GCK) resulting in
altered dynamics of intracellular ATP/ADP ratio which affect
ATP-requiring β-cell processes such as glucose-induced insulin
secretion and insulin biosynthesis and processing [59]. Some of
these miRNAs, e.g., miR-130a, miR-132, miR-212, and miR-335,
appeared to be increased by hyperglycemia [57, 60], but regulatory
mechanisms of others are still unknown. The contribution of repro-
gramming should also be taken into account because the maternal
diabetic environment in the GK rat can influence DNAmethylation
[61]. Indeed, epigenetic modification in human T2D has been
shown to reduce exocytosis [62].

1.1.5 Trend of Research We were interested to know in which type of research GK rats are
most utilized and performed a search on PubMed (https://www.
ncbi.nlm.nih.gov/pubmed) at the end of 2017. A total of 840 orig-
inal research publications was listed when we searched with the
keywords “Goto,” “Kakizaki,” and “rat.” We categorized them
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into two groups: pathophysiological analyses for diabetes and its
complications (Group 1) and interventional studies using hypoglyce-
mic agents or other therapeutics (Group 2) (Fig. 4a). Then, we
further classified the 488 reports in Group 1 by the main research
target organ (Fig. 4b). As expected, the top researched organ was
the pancreas including islets and the endocrine cells. The second
was the vascular system, mainly functional analyses of the aorta or
mesenteric arteries, indicating that the GK rat is a good model to
address the pathophysiology of diabetic macrovascular complica-
tions. Indeed, GK rats have a mild cardiac functional disorder,
characterized by diastolic dysfunction without ischemia [63–
65]. Similar cardiac damage is well described in patients with dia-
betes, so-called diabetic cardiomyopathy [66]. It is therefore

Fig. 4 Trend of publications using Goto-Kakizaki (GK) rats. Number of publications using Goto-Kakizaki
(GK) rats by year (a) and breakdown of research-targeted organs in the diabetes pathophysiological studies
(b). The 840 original research publications about GK rats were listed in PubMed at the end of 2017. They were
categorized into two groups by the titles and abstracts: pathophysiological analyses for diabetes and its
complications (Group 1, black bars) and interventional studies using hypoglycemic agents or other therapeu-
tics (Group 2, gray bars). The 488 papers in Group 1 were classified by the organ on which research was
performed (total n ¼ 508 organs in 488 publication)
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reasonable that many researchers have focused on the heart. The
nerve, kidneys, and eyes are also ranked within the list. Indeed,
Goto and colleagues demonstrated the usefulness of GK rats as an
animal model of microvascular complications [67–70]. Of interest,
Goto [71] described in his autobiographical book that another
major aim of the selective breeding study was to produce an animal
model which could contribute to the study of diabetes complica-
tions. Finally, insulin-targeting organs (the liver, muscles, and adi-
pose tissues) are also listed, since insulin resistance plays a certain
role for the development of hyperglycemia in GK rats. Overall, GK
rats have served as a useful animal model for diabetes studies in
various target organs, which corresponds to the clinical feature of
diabetes as a systemic disease. Moreover, studies in the GK rat have
led to important breakthroughs in overall knowledge and treat-
ment strategies in human T2D, e.g., the discovery of genetic
variants affecting the expression of adra2a/ADRA2A and insulin
secretion [48, 72].

1.2 Nagoya-Shibata-

Yasuda (NSY) Mouse

1.2.1 History

The NSY mice were founded by Masato Shibata and Bunji Yasuda
around 1980 [73]. They initially treated outbred ICR mice with
streptozotocin (80 mg/kg, i.v.) and kept them diabetic for one
month, before mating. For the treated mice and their offspring,
intraperitoneal glucose tolerance tests (IPGTT; glucose 2 g/kg)
were performed, and the mice with higher blood glucose levels at
time points of 60 and 120 min during the test were selected and
bred continuously by sister-brother mating. The blood glucose
levels during the IPGTT increased up to the seventh generation
and have been stable thereafter. The colonies were previously kept
at Nagoya University (Nagoya, Japan) and Osaka University
(Osaka, Japan) [74]. Nowadays, NSY mice (NSY/Hos) can be
purchased from a Japanese breeder (Japan SLC, Inc., Hamamatsu,
Japan).

1.2.2 Phenotype In the founders’ early reports [73, 75], the ICR mouse was used as
a control. When compared to ICR mice, male NSY mice show
significantly higher non-fasting blood glucose levels
(~17 mM vs. ~9 mM of ICR mice) with moderately greater body
weight gain (~34.0 g vs. ~28.5 g) at 13–15 weeks of age [75]. After
the colony was divided and placed at Osaka University at the 36th
generation, researchers have used the inbred C3H/He mouse as a
control because the outbred ICR mice have large variations in
glucose tolerance and are not suitable for QTL studies [74]. The
C3H/He mouse is considered as a glucose-tolerant strain as com-
pared to the other inbred mouse strains [76]. Ueda et al. [74, 77]
performed a longitudinal monitoring of glucose tolerance (using
IPGTTs) in male NSY mice and demonstrated that the glucose
tolerance is impaired in an age-dependent manner. While 8-week-
old NSY mice show normal glucose tolerance as compared to
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C3H/He mice, the post-challenge blood glucose levels increase up
to 24 weeks of age [74]. In addition, the elevation of overnight
fasting blood glucose levels in NSY mice becomes evident after
48 weeks of age [77]. The body weight of NSY mice increases
more than that of control C3H/He mice from around 10 weeks
of age, accompanied by increasing fat mass [77].

1.2.3 β-Cell Function NSY mice show evident fasting hyperinsulinemia from 24 weeks of
age. In contrast, insulin responses almost disappear during an
IPGTT in these mice [74]. The data imply that aging NSY mice
have both impaired insulin secretion from β-cells and insulin resis-
tance. Islet morphology and islet insulin content of NSY mice are
similar to those of control C3H/He mice even at 48 weeks of age
[74, 77]. Interestingly, glucose-induced insulin secretion from
isolated islets is impaired already at 12 weeks of age [74], suggest-
ing that there are early defects in β-cell function in NSY mice.
Studies on the β-cell defects in NSY mice, especially with regard
to the stimulus-secretion coupling and insulin granular exocytosis,
are still largely missing. In one study, Hamada et al. [78] treated
isolated islets from 36-week-old NSY mice with the
ATP-dependent K+ channel blocker glibenclamide or with the
voltage-activated Ca2+ channel opener BayK8644 to investigate
possible mechanisms affecting β-cell function and reported that
insulin secretion in response to both stimuli is impaired in NSY
mice as compared to control C3H/He mice [78], indicating
that defect(s) would be located at the voltage-activated Ca2+ chan-
nels or, more likely, the following process of insulin granular
exocytosis.

1.2.4 Pathogenesis Using QTL analyses of F2 mice crossed between male NSY mice
and female C3H/He mice, Ueda et al. [79] identified three major
susceptible loci (Nidd1nsy, Nidd2nsy, Nidd3nsy) on chromosomes
11, 14, and 6, respectively. In addition, Nidd4nys on chromosome
11 has been identified and suggested to affect insulin secretion only
in young NSY mice [79]. As Nidd4nys, Nidd1nys on chromosome
11 is linked to impaired insulin secretion, but also in adult mice.
Nidd1nys contains the genes Tcf2 (encoding hepatocyte nuclear
factor-1b) and Nxn (encoding nucleoredoxin) [80, 81]. Interest-
ingly, the locus is overlapped with a susceptible locus for
streptozotocin-induced diabetes [82]. Thus, the locus might be
unintentionally selected at the initial step of the breeding study,
since the origin of NSY mice is “streptozotocin-induced diabetic”
ICR mice. In contrast to these two loci coupled to impaired insulin
secretion, Nidd2nsy and Nidd3nsy are linked to insulin sensitivity.
The loci Fl1n (chromosome 6) and Bw1n (chromosome 7), which
are linked to fatty liver and body weight, respectively, have also been
identified by the same group [83].
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1.2.5 Trend of Research Compared with the GK rat, fewer articles were listed on PubMed
concerning NSY mice. We detected only 36 articles in total when
searched by two sets of keywords: (1) “Nagoya,” “Shibata,”
“Yasuda,” and “mice” or (2) “NSY” and “mice.” We categorized
them into the same two groups as we did with the GK rat articles
(Group 1 and Group 2). When the 26 papers in Group 1 were
further classified, gene-related studies were the most numerous
(Fig. 5). Phenotyping studies on consomic or congenic strains of
NSY mouse chromosome 11 and/or 14 were also included in these
studies [84, 85]. The second largest volume of the reports was
performed on the kidneys. In addition to the glomerular basement
membrane thickening and mesangial cell increase [86], NSY mice
showed amyloid deposition in the renal glomerulus after 400 days
of age [87]. Studies on the β-cell function and the cause of insulin
resistance are limited, and there is room for additional investiga-
tions to better couple the defects in NSY mice to β-cell function.
NSY mice have so far mainly been used as a polygenic animal model
for investing the genetic background and the age-related etiology
of T2D.

1.3 Oikawa-Nagao

(ON) Mouse

1.3.1 History

The selective breeding for two lines of ON mice, originally known
as “Selectively bred Diet-induced Glucose intolerance-Prone/
Resistant (SDG-P/R) mice” [88], was launched by Shinichi
Oikawa in 2001. The original working hypothesis was to examine
whether HFD-induced glucose intolerance is passed on to the next
generations as a heritable trait. The selective breeding had been
performed using hybrid mice derived from three inbred mouse
lines, C57BL/6J, AKR/N, and C3H/HeJ, to extend genetic
diversity which may play an important role in establishing polygenic

Fig. 5 Breakdown of research-targeted organs in diabetes pathophysiological
studies using Nagoya-Shibata-Yasuda (NSY) mice. By the survey of 36 research
articles about Nagoya-Shibata-Yasuda (NSY) mice in PubMed, 26 papers were
categorized as studies for the pathophysiology of diabetes and its complications.
Then, these papers were further classified by the organ on which research was
performed (total n ¼ 28 organs in 26 publication)
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disease model animals by selective breeding. Initially, we fed the
hybrid mice with HFD (providing 32% energy as fat) for 10 weeks
and thereafter performed an OGTT (glucose 2 g/kg) on the mice.
The mice with higher blood glucose levels at 120 min during the
OGTT (BG120 min) were selected for breeding. In the early genera-
tions of the breeding, we found that some mice showed normal
glucose tolerance even after HFD. Since 2005, therefore, HFD-fed
mice showing both higher and lower BG120 min were selected and
bred repetitively. As a result, two mouse lines with different sus-
ceptibilities (prone and resistant) to HFD-induced glucose intoler-
ance were established [88]. During the selective breeding, sister-
brother mating was avoided to maintain the fertility even after the
HFD feeding. The selection was terminated, when the distributions
of BG120 min reached levels that were distinctively different from
each other (Fig. 6). This occurred at the 23rd generation of SDG-P
and the 22nd generation of SDG-Rmice. At the end of the selective
breeding, we renamed the SDG-P and SDG-R lines to “Oikawa-
Nagao Diabetes-Prone (ON-DP) and Diabetes-Resistant
(ON-DR) mice,” respectively. Both lines of ON mice are main-
tained in the Institute for Animal Reproduction (Kasumigaura,
Japan). Also, new colonies are now developing at Lund University
(Malmö, Sweden).

Fig. 6 Distributions of blood glucose levels at 120 min during an oral glucose
tolerance test in Oikawa-Nagao (ON) mice after a high-fat diet feeding. Blood
glucose level at 120 min during an OGTT (glucose 2 g/kg) in Oikawa-Nagao
Diabetes-Prone (ON-DP, 23th generation) and Diabetes-Resistant (ON-DR, 22th
generation) mice after high-fat diet feeding, providing 32% energy as fat, for
5 weeks (from 5 to 10 weeks of age). The lines display the median with
interquartile range of the plots. ON-DR mice, open circles (male n ¼ 22,
female n ¼ 29). ON-DP mice, closed circles (male n ¼ 31, female n ¼ 31).
∗∗∗P < 0.001 in Student’s t-test vs. ON-DR mice of the same gender.
{{{P < 0.001 using Student’s t-test, male vs. female mice in the same line
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1.3.2 Phenotype As compared to control ON-DR mice, even though male ON-DP
mice have similar fasting and slightly higher post-challenge blood
levels on a chow diet, they become diabetic after 5 weeks of HFD
feeding with moderate fasting hyperglycemia and markedly higher
post-challenge blood glucose levels during an OGTT [89]. While
male ON-DP mice show evident post-challenge hyperglycemia
after 5-week HFD feeding, female ON-DP mice show relatively
lower BG120 min (Fig. 6), indicating that female ON-DP mice are
less prone to HFD-induced hyperglycemia relative to the male.
Similar gender difference in the incidence of diabetes has been
reported in NSY mice [74]. ON-DP mice gain more body weight
during HFD feeding and develop more severe insulin resistance as
compared to ON-DR mice [74, 89]. The excessive weight gain of
ON-DP mice can be explained by hyperphagic behavior under
HFD [88, 90]. As compared to ON-DR mice, ON-DP mice
show higher inflammatory cytokine gene expression levels in the
visceral fat and higher blood pressure after 5-week HFD
feeding [91].

1.3.3 β-Cell Function ON-DP mice have modestly higher post-challenge blood glucose
levels and lower acute insulin response during an OGTT performed
at 5 weeks of age (under normal chow feeding) as compared to
ON-DR mice [89]. While islet morphology and β-cell mass remain
the same in 5-week-old ON-DP and ON-DR mice on a chow diet,
both glucose- and depolarization-induced insulin secretion are
reduced in the ON-DP mouse islets [89]. The reduced insulin
secretory response in ON-DP mouse islets is also observed after
5-week HFD feeding but here accompanied with a markedly
increased β-cell mass as compared to ON-DR mice [89]. Alto-
gether, these findings point toward that β-cell function is impaired
downstream of ATP-dependent K+ channel in ON-DP mice. Con-
sidering that insulin content is rather increased in the ON-DP
mouse islets [89], the impairments most likely are at the level
(s) of the voltage-activated Ca2+ channels and/or the downstream
exocytosis process. The latter hypothesis is supported by reduced
gene expression levels of Stx1a and Snap25 in ON-DP mouse islets
compared to those in ON-DR [89].

1.3.4 Trend of Research Studies in ON-DP/DR mice suggest that β-cell function and feed-
ing behavior could be crucial determinants for the susceptibility to
HFD-induced diabetes. Approaches to clarify the causes of β-cell
dysfunction and hyperphagic behavior under HFD in ON-DPmice
may therefore be meaningful for elucidating the etiology of T2D,
especially related to the modern lifestyle of high-energy diet. In
addition, female ON-DP mice have greater atherosclerotic lesion
formation than ON-DR mice after 20-week atherogenic diet feed-
ing [92], suggesting that ON mice may also be useful for elucidat-
ing the underlying mechanisms of diabetic macrovascular
complications.
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1.4 Comparison of

the Selectively Bred

Diabetes Models

Table 1 presents the phenotypic features of the selectively bred
diabetes models. The GK rat is well-known as an inbred rat strain,
but genetic diversity has been observed between the colonies
[8]. Although ON mice are available as outbred strains so far,
sister-brother mating has been introduced for both lines after the
end of the selective breeding. The differences in the onset and
pathogenesis of diabetes among the three strains are quite interest-
ing. GK rats develop diabetes spontaneously and have a very short
prediabetic window. On the other hand, NSY mice are within a
prediabetic stage until 24 weeks of age [74]. ON-DP mice without
HFD feeding may also serve as a prediabetic model because their

Table 1
Phenotypic comparisons of the selectively bred diabetes models

GK rats NSY mice ON-DP mice

Background strain Wistar ICR C57BL6 � AKR �
C3H

Breeding Inbreeding∗ Inbreeding Closed colony
breeding

Control strain

Outbred Wistar ICR ON-DR

Inbred BN or Fisher C3H N/A

Pathogenesis Polygene � glucotoxicity Polygene � aging Polygene? � diet

Diabetes onset After weaning Around 48 weeks
old

After high-fat diet

Gender difference N/C or male > female Male > female Male > female

Hyperglycemia Severe Mild Mild to moderate

Obesity Lean Mild Mild to moderate

Insulin resistance + + +

β-Cell mass N/C or # N/C? "
β-Cell function

Glucose transport
ATP production
Ion channel activities
Exocytosis

##
#
N/C or #
N/C
#

#
?
?
#?
#?

#
#?
?
#?
#?

Complications Vascular, heart, eye, kidney,
nerve

Kidney Atherosclerosis

Phenotypic comparisons between Goto-Kakizaki (GK) rats, Nagoya-Shibata-Yasuda (NSY) mice, and Oikawa-Nagao

Diabetes-Prone (ON-DP) and Diabetes-Resistant (ON-DR)mice. All comparisons were made at the onset of diabetes by

the differences between each animal model and the control stain. ∗Genetic diversity has been observed between the
colonies. BN Brown Norway; N/A not applied; N/C no change between the animal model and the control
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fasting blood glucose are comparable to those in control ON-DR
mice [88]. Such prediabetic rodent models could be useful for
considering whether the phenotype is a cause or a consequence of
hyperglycemia. NSY mice and ON mice may also provide valuable
information on the etiologies of age-dependent diabetes and diet-
induced diabetes, respectively.

The body weight phenotype of the three models varies in
comparison with their corresponding control strains. However,
insulin resistance is a common feature of the selectively bred diabe-
tes models. Insulin resistance is considered as a phenotype accom-
panied by obesity in general. The presence of insulin resistance in
lean GK rats is inconsistent with this general principle and suggests
that insulin resistance might be controlled independently from
obesity at the genetic level. This concept is supported by data
from the NSY mice, presenting that their insulin resistance suscep-
tible loci Nidd2nsy and Nidd3nsy were linked to neither body
weight nor body mass index [79].

Another common feature of the three models is a defective
stimulus-secretion coupling in the β-cells. It is of great interest
that there is no causal relationship between the secretory dysfunc-
tion and the β-cell mass in these models. Lower β-cell mass has
been suggested to be a part of the pathogenesis of T2D
[93]. Therefore, the impaired insulin response during an OGTT
in T2D has at least partly been considered as a consequence of
decreased β-cell mass. The impaired insulin secretion in T2D has
also been explained by defective β-cell function [93]. Interestingly,
genetic association studies have reported that most of the variants
associated with the risk of T2D are related to β-cell function
[94]. Our recent study using human β-cells actually demonstrated
that the presence and the multiplicity of genetic variants in
major diabetes susceptible genes (in or near KCNQ1, ADRA2A,
KCNJ11, HHEX/IDE, and SLC2A2) were associated with dete-
riorated granule docking and exocytosis [95]. These findings indi-
cate that the genetic background principally regulates β-cell insulin
secretion capacity and that the functional impairments may precede
the β-cell loss. Further research using β-cells from these selectively
bred animal models may provide useful information on the etiology
of T2D in humans.

Based on the potential benefits of the selectively bred diabetes
models for β-cell functional studies, we will introduce the meth-
odologies for evaluating exocytosis using patch clamp technology
in combination with capacitance measurements on single β-cells.
Finally, we will explain how to measure islet expression of miRNAs
and their putative targets and to analyze expression of exocytotic
proteins involved in the exocytosis machinery using isolated islets.
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2 Materials

2.1 Exocytosis

Evaluation by

Capacitance

Measurement on

Single β-Cells

2.1.1 Dispersal and

Plating of Islet Cells

1. Ca2+-free solution: 138 mM NaCl, 5.6 mM KCl, 1.2 mM
MgCl2, 5 mM HEPES, 3 mM glucose, 0.1 mM EGTA
(pH 7.4), 1 mg/mL BSA; sterilize by filtration, aliquot, and
store in �20 �C.

2. Plastic 35 mm cell culture dishes.

3. 10 mL Tubes.

2.1.2 Patch Clamp

Solutions and Materials

1. Standard extracellular (EC) solution: 118 mM NaCl, 20 mM
tetraethyl-ammonium chloride (TEA-Cl; to block voltage-
gated K+ currents), 5.6 mM KCl, 2.6 mM CaCl2, 1.2 mM
MgCl2, 5 mM glucose, 5 mM HEPES (pH 7.4 using
NaOH). RT during experiment; store at 4 �C.

2. Intracellular (IC) solution for trains of depolarizations:
125 mM Cs-Glut, 10 mM NaCl, 10 mM CsCl, 1 mM
MgCl2, 0.05 mM EGTA, 3 mM Mg-ATP, 5 mM HEPES,
and 0.1 mM cAMP (pH 7.15 using CsOH). Keep on ice
during the experiment; store in aliquots at �20 �C.

3. Intracellular (IC) solution for infusion of Ca2+: 138 mM CsCl,
1 mM MgCl2, 5 mM HEDTA, 3 mM Mg-ATP, 10 mM
HEPES, 0.1 mM cAMP (pH 7.15 using CsOH), and
0.57 mM CaCl2 (estimated free Ca2+ concentration is 3 μM).
Keep on ice during the experiment; store in aliquots at�20 �C.

4. Borosilicate glass.

5. Pipette puller.

6. Dental wax.

7. Pipette box with lid (use an insert with drilled holes or molding
clay to store the pipettes).

8. Fire polisher.

9. Cell culture dish insert to minimize the volume of extracellular
solution.

10. 1 mL Syringe with a nonmetallic syringe needle for filling
micropipettes.

11. Patch clamp setup (Fig. 7a).

12. Heater.

13. Peristaltic pump.

2.1.3 Patch Clamp

Protocols

1. Trains of depolarization: Apply a train of ten 500 ms-long
depolarizing pulses from �70 mV to 0 mV. Ca2+ currents are
measured during the depolarizations. Changes in cell mem-
brane capacitance elicited by this protocol are measured by
using the lock-in function of the software applying sine waves
with a frequency of 500Hz to the holding potential (�70mV).
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2. Ca2+ infusions: Perform a continuous recording at a holding
potential of �70 mV. Changes in cell membrane capacitance
are measured by using the lock-in function of the software
applying continuous sine waves with a frequency of 500 Hz
to the holding potential (�70 mV).

Fig. 7 Representative images of patch clamp setup and pipettes. Representative patch clamp setup including
heater and peristaltic pump (a). The microscope and head stage should be placed in the faraday cage for
electronical shielding and on the anti-vibration table. Pipettes before (right) and after (left) coating the tip with
dental wax (b). The pipette being filled with the intracellular solution is tightly attached to the pipette holder on
the head stage before being moved into the extracellular solution in the dish and further on to touch the cell.
This is followed by the formation of “giga-seal” through a small suction via the tube connected to the pipette
holder (c)
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2.2 Transcriptomic

Analysis of miRNAs

and Exocytotic Genes

by Quantitative PCR

1. 100 Fresh islets.

2. QIAzol Lysis Reagent.

3. Chloroform.

4. Absolute ethanol.

5. miRNeasy Mini Kit.

6. cDNA synthesis kits.

7. RNase/DNase-free water.

8. NanoDrop spectrophotometer.

9. Thermocyclers for reverse transcription and qPCR.

10. Real-time PCR instrument system.

11. RNase-free tubes.

2.3 Proteomic

Analysis of Exocytotic

Proteins by Western

Blotting

2.3.1 Sample

Preparation

1. 50 Fresh islets.

2. Phosphate-buffered saline (PBS)

3. RIPA buffer: 150 mM NaCl, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 2 mM EDTA, 50 mM NaF, 50 mM
Tris–HCl (pH8.0).

4. Proteinase Inhibitor Cocktail Tablet.

5. BCA Protein Assay Kit.

6. 4� Loading buffer: 8% SDS, 40% glycerol, 0.4% bromophenol
blue, 400 mM DTT, 200 mM Tris–HCl (pH 6.8).

7. Tubes.

2.3.2 SDS-PAGE 1. 4–15% Mini-PROTEAN® TGXTM Precast Protein Gels.

2. Running buffer: 25 mM Tris, 200 mM glycine, 0.1% SDS.

3. Molecular weight markers.

4. Electrophoresis tank.

2.3.3 Immunoblotting 1. Trans-Blot® Turbo™ Mini PVDF Transfer Packs.

2. Trans-Blot® Turbo™ System.

3. Tris-buffered saline with 0.1% Tween-20 (TBS-T): 150 mM
NaCl, 20 mM Tris–HCl (pH 7.5), 0.1% Tween-20.

4. Blocking and antibody diluent solutions: 5% milk in TBS-T.

5. Primary antibodies (1:1000): STX1a, SNAP25, VAMP2,
STXBP1, cyclophilin B.

6. Secondary antibodies (1:1000): Goat Anti-Rabbit IgG Horse-
radish Peroxidase Conjugate (HRP), Goat Anti-Mouse
IgG HRP.
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7. Clarity™ Western ECL Substrate.

8. CCD camera-based imager.

9. Plastic container.

3 Methods

3.1 Exocytosis

Evaluation by

Capacitance

Measurement on

Single β-Cells

3.1.1 Dispersal and

Plating of Islet Cells

1. Wash the islets once in Ca2+-free solution.

2. Incubate the islets in 1 mL Ca2+-free solution in a 10 mL tube
for 12 min at 37 �C (in water bath).

3. Disperse the islet cells by pipetting up and down with a 1 mL
pipette (blue tip; see Note 1).

4. Add ~8 mL preheated complete growth medium.

5. Centrifuge for 2 min at 250 rcf, RT.

6. Discard the supernatant, but leave ~0.5 mL (depending on the
number of islets used; see Note 2).

7. Resuspend the islet cells in the leftover supernatant.

8. Add a drop of the cell suspension to the middle of a dish.

9. Put the dish in the cell incubator for �2 h to allow the cells to
attach.

10. After�2 h, add complete growthmedium, and keep the dish in
the cell incubator until experiments (see Note 3).

3.1.2 Preparation of

Pipettes for Patch Clamp

1. Pull pipettes from borosilicate glass (pipette resistance
~3–6 MΩ when filled with intracellular solution).

2. Coat the pipette tip with dental wax (Fig. 7b).

3. Fire-polish (see Note 4).

4. Store in a box with lid.

3.1.3 Patch Clamp

Experiment

For most applications, the standard whole-cell configuration of the
patch clamp technique can be used:

1. Take the cells out of the cell incubator.

2. Wash once with EC solution.

3. Place the insert in the dish, and add a drop of EC solution to
avoid drying of the cells.

4. Mount the dish in the patch setup (Fig. 7c).

5. Set the temperature of the perfused EC solution to 32–34 �C
(see Notes 5 and 6).

6. Under the microscope, localize a cell to patch (see Note 7).
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7. Fill a pipette with IC solution using a nonmetallic syringe
needle and attach it to the head stage (Fig. 7c).

8. Before touching the cell, remember to adjust the zero current
potential.

9. Form a giga-seal by applying gentle suction.

10. Put the cells to a holding potential of�70 mVand compensate
for fast capacitance transients.

11. Enter the whole-cell mode by applying a slight suction and
compensate for slow capacitance transients (see Note 8).

12. Run the desired protocol to determine exocytosis (seeNote 9).

13. Allow the ion channels to recover ~30 s before determining cell
type (see below and Note 10).

14. Discard the pipette and move on to the next cell.

3.1.4 Determination of

Cell Type

Rodent β-cells can be identified based on the properties of their
voltage-gated Na+ channels using a standard two-pulse protocol:

1. Apply a conditioning pulse from �70 mV to voltages ranging
from �130 mV to 40 mV.

2. Allow for a subsequent 1 ms resting period at �70 mV.

3. Apply a depolarizing pulse to 0 mV during which the Na+

channel response is measured.

4. Analyze the relationship between the voltage of the condition-
ing pulse and the amplitude of the peak current (reflecting the
Na+ current). In mouse and rat β-cells, a half maximal inactiva-
tion of the Na+ current occurs at ~�80 mV [96, 97].

3.2 Transcriptomic

Analysis of miRNAs

and Exocytotic Genes

by Quantitative PCR

3.2.1 Extraction of Total

RNA Including Small RNAs

1. Transfer 100 islets into a RNase-free tube.

2. Centrifuge the tube briefly to collect islets and remove the
supernatant.

3. Add 700 μL QIAzol into the tube.

4. Homogenize the islets by vortexing until all islets are dissolved
indicating complete cell lysis.

5. Leave the homogenate for 5 min at RT.

6. Add 140 μL chloroform into the tube containing the
homogenate.

7. Alternately vortex for 3–5 s, and shake vigorously to ensure
complete mixing.

8. Leave the tube for 5 min at RT to allow initial phase separation
(see Note 11).
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9. Centrifuge the tube for 15 min at 12 � 103 rcf, 4 �C.

10. Carefully remove the tube without disturbing the phases (see
Note 12).

11. Carefully transfer 300 μL of aqueous phase into a new RNase-
free tube (see Note 13).

12. Add 450 μL 100% ethanol into the tube containing the aque-
ous phase.

13. Mix thoroughly by pipetting up and down.

14. Transfer all the mixture (750 μL) into an RNeasy mini spin
column with a collection tube.

15. Centrifuge for 15 s at 8 � 103 rcf, RT.

16. Transfer the spin column into a new 2 mL collection tube.

17. Add 700 μL buffer RWT.

18. Centrifuge for 15 s at 8 � 103 rcf, RT.

19. Discard the flow through and reuse the collection tube.

20. Add 500 μL buffer RPE into the spin column.

21. Centrifuge for 15 s at 8 � 103 rcf, RT.

22. Discard the flow through and reuse the collection tube.

23. Add 500 μL buffer RPE into the spin column.

24. Centrifuge for 2 min at 8 � 103 rcf, RT.

25. Carefully transfer the spin column into a new collection tube.

26. Centrifuge for 1 min at 8 � 103 rcf, RT, to completely dry the
membrane in the spin column (see Note 14).

27. Transfer the spin column into a new RNase-free tube.

28. Add 30 μL of nuclease-free water into the middle of the spin
column. Make sure that the water gets into the membrane
without touching the surroundings of the membrane.

29. Leave the tube for 1 min at RT to completely saturate the
membrane.

30. Centrifuge for 1 min at 8 � 103 rcf, RT, to elute the RNA.

31. Quantify the concentration and purity of the RNA extract
using NanoDrop spectrophotometer (a sample volume of
1.5 μL is necessary for one quantification).

3.2.2 cDNA Preparation

and qPCR

1. Synthesize cDNA using commercially available kits (see Notes
15 and 16).

2. Run qPCR in triplicates in 384 well plate at 10 μL reaction
volume per well (see Note 17).
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3.3 Proteomic

Analysis of Exocytotic

Proteins by Western

Blotting

3.3.1 Sample

Preparation

1. Transfer 100 islets into a tube.

2. Centrifuge the tube for 30 s at 500 rpm, 4 �C.

3. Remove and discard the supernatant carefully.

4. Add ice-cold PBS 200 μL into the tube.

5. Centrifuge the tube for 30 s at 500 rpm, 4 �C.

6. Remove and discard the supernatant carefully.

7. Repeat steps 4–6 once.

8. Add ice-cold RIPA buffer with proteinase inhibitor cocktail
(one tablet for 25 mL RIPA buffer) 100 μL (see Note 18).

9. Rotate the tube for 30 min at 4 �C.

10. Centrifuge the tube for 10 min at 10 � 103 rcf, 4 �C.

11. Collect the supernatant and transfer it into a new tube.

12. Measure the protein concentration using BCA Protein
Assay Kit.

13. Take an equal protein amount (10–20 μg) of sample into a
new tube.

14. Add the ice-cold RIPA buffer to attain 30 μL of sample
volume.

15. Add 10 μL 4� loading buffer and pipette up and down.

16. Heat the tube for 10 min at 70 �C.

3.3.2 SDS-PAGE 1. Set the gel in an electrophoresis tank.

2. Add sufficient running buffer.

3. Load 40 μL samples onto the wells of the gel, along with
molecular weight markers.

4. Run the gel for 35 min at 200 V.

3.3.3 Immunoblotting 1. Remove the gel from the cover.

2. Assemble the transfer sandwich on a transfer cassette.

3. Make sure no air bubbles are trapped in the sandwich.

4. Place the cassette cover and set into Trans-Blot® Turbo™
System.

5. Transfer for 6 min at 2.5 A (constant), 25 V (see Note 19).

6. Rinse the blot with TBS-T for 10 min.

7. Block the blot for 40 min at RT.

8. Incubate overnight in the primary antibody solution against
the target protein at 4 �C (see Note 20).

9. Rinse the blot with TBS-T for 10 min, two times.

10. Incubate in the HRP-conjugated secondary antibody solution
for 1 h at RT.
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11. Rinse the blot with TBS-T for 10 min, two times.

12. Incubate the blot in 10 mL conjugate of Clarity™ Western
ECL Substrate.

13. Capture the chemiluminescent signals using a CCD camera-
based imager.

4 Notes

1. The solution becomes milky in appearance when the islets are
dispersed. Check under a microscope if you are unsure whether
they have been dispersed or not.

2. We normally add the equivalent of 15–20 islets/dish.

3. We normally leave the cells overnight to allow them to firmly
attach and recover before experiments.

4. To avoid dirt on the pipette tips, we fire-polish them the day of
the experiment

5. At higher temperatures, stable seal formation is much more
difficult.

6. It is important that the surface level of the perfused extracellu-
lar solution is kept stable during the experiment; otherwise,
artifacts resembling capacitance changes can be evoked.

7. The dish contains a mixture of islet cells. However, rodent
β-cells are normally larger (�5 pF) than the other islet cells.

8. Aim for an access (Rseries) of �20 MΩ and a leak current of
�50 pA.

9. If trains of depolarizations are used, allow some time (~45 s) for
the intracellular solution to wash in and the seal to stabilize
before applying the protocol.

10. This program should be run last since the conditioning pulse
triggers exocytosis.

11. The aqueous phase will be the top layer, while the organic
phase will be the reddish-colored bottom layer.

12. The upper aqueous phase should be colorless and contains
mostly RNA. The white interphase will contain large DNA
fragments and some proteins, while most proteins and smaller
DNA fragments will be in the bottom reddish-colored organic
phase.

13. To ensure smooth fluid suction and to avoid phase contamina-
tion, use a pipette set at 150 μL volume and transfer aqueous
phase two times. It is extremely important not to contaminate
the aqueous phase with the white interphase or the red organic
phase. If this happens, recentrifuge the tube again for 15 min at
12 � 103 rcf, 4 �C.
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14. This step ensures residual ethanol is removed.

15. Depending on which RNAs are to be quantified, separate
cDNA kits are used. For mRNAs, random primers are used,
while for miRNAs, stem-loop primers (TaqMan miRNA
assays) for specific miRNAs are used.

16. There are many commercially available cDNA kits, and we
generally use 100 ng of total RNA for cDNA in a 20 μL
reaction volume.

17. For qPCR, we mainly use TaqMan gene-specific assays for both
miRNAs and mRNAs. Alternatively, SYBR green-based qPCR
assays is also available for gene quantification.

18. The volume of RIPA buffer to lyse islets is recommended as
“1 μL for one islet.” In this case, the total protein concentra-
tion will be around 500 μg/mL in the BCA assay.

19. Using the transfer method, small amount of high-molecular-
weight proteins (approx. >120 kD) was left in the transferred
gel. However, proteins of 100 kD or less were transferred
completely. We therefore consider the transfer method is avail-
able at least for these exocytosis proteins, because their molec-
ular weights are from 13 (VAMP2) to 72 kD (STXBP1). If you
want to check high-molecular-weight proteins, we recommend
using a wet transfer method.

20. Beta-actin (ACTB) is not available for the endogenous control,
because ACTB band intensity of GK rat islets tends to be lower
than that of Wistar rat islets.
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Chapter 4

A Review of Mouse Models of Monogenic Diabetes
and ER Stress Signaling

Paraskevi Salpea, Cristina Cosentino, and Mariana Igoillo-Esteve

Abstract

Diabetes is a major public health problem: it is estimated that 420 million people are affected globally.
Monogenic forms of diabetes are less common, but variants in monogenic diabetes genes have been shown
to contribute to type 2 diabetes risk. In vitro and in vivo models of monogenic forms of diabetes related to
the endoplasmic reticulum (ER) stress response provided compelling evidence on the role of ER stress and
dysregulated ER stress signaling on β cell demise in type 1 and type 2 diabetes. In this chapter, we describe
the genetics, background, and phenotype of ER stress-related monogenic diabetes mouse models, and we
comment on their advantages and disadvantages. We conclude that these mouse models are very useful
tools for monogenic diabetes molecular pathogenesis studies, although there is a variability on the
methodology that is used. Regarding the use of these models for therapeutic testing of ER stress mod-
ulators, a specific consideration should be given to the fact that they recapitulate some, but not all, the
phenotypic characteristics of the human disease.

Key words Monogenic diabetes, Endoplasmic reticulum stress, β cell, Akita, Mouse model

1 Introduction

Diabetes is a major public health problem: it is estimated that
420 million people are affected globally [1]. Most types of diabetes
are polygenic: 10–15% of patients have type 1 diabetes, where the
immune system selectively targets insulin-producing pancreatic β
cells, and 80% of them have type 2 diabetes that is characterized by
β cell dysfunction in a context of insulin resistance. Monogenic
forms of diabetes, caused by single-gene mutations, are less com-
mon and represent 2–3% of all cases. Variants in monogenic diabe-
tes genes have been shown to contribute to type 2 diabetes risk
[2]. Monogenic forms of diabetes can therefore serve as experi-
ments of nature that provide us with “human knockout models,” to
obtain insight into the pathogenesis of monogenic and polygenic
diabetes. These diseases can further serve as models to develop
therapies tailored to specific genetic defects or pathways [3].
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ER stress is defined as an imbalance between the protein-
folding capacity of the organelle and the functional demand that
is placed on it. This imbalance leads to accumulation of unfolded or
misfolded proteins in the ER lumen. In order to restore ER homeo-
stasis, cells trigger the ER stress response, also known as the
unfolded protein response (UPR) [4]. There are three main ER
stress signaling branches as part of the UPR: the protein kinase
RNA (PKR)-like ER kinase (PERK), the inositol-requiring protein-
1 (IRE1), and a third branch that is activated by activating tran-
scription factor 6 (ATF6). In addition to these classical ER stress
transducers, the CREB3 and CREB3L1–4 transcription factors
elicit UPR signaling in a cell type and context-specific manner
[5]. Studies on monogenic forms of diabetes related to the ER
stress response produced compelling evidence on the role of ER
stress and dysregulated ER stress signaling in β cell demise in type
1 and type 2 diabetes [6, 7].

In this chapter, we describe mouse models currently used for
the study of ER stress-related monogenic forms of diabetes. These
models are powerful tools to elucidate disease mechanisms and to
assess the role of ER stress in diabetes development. They are also
valuable for in vivo testing of new therapeutic approaches. In this
chapter, we will describe the genetic modifications, phenotypic
characteristics, and advantages and disadvantages of each of these
in vivo models.

2 Akita Mouse Model

The Akita insulin mutation was described for the first time in
C57BL/6NJcl mice [8] and became soon one of the most repre-
sentative model of ER stress-mediated diabetes. Interestingly, INS
mutations were subsequently described to be responsible of neona-
tal diabetes in man [9, 10]. Neonatal diabetes is a rare disorder
characterized by primary β cell dysfunction, typically developed and
diagnosed within the first 6 months from birth, even though some
patients present a delayed onset [11].

Akita mice are characterized by early-age-onset diabetes, inher-
ited in autosomal dominant mode, not accompanied by obesity or
insulitis [8]. The genetic locus identified by linkage analysis was
mapped on chromosome 7 distal to D7Mit189 and was named
Mody4 due to phenotypic and genetic similarities of this model with
the human syndrome of maturity-onset diabetes of the young
(MODY). The authors reported hyperglycemia in mutated mice
just after weaning (7 weeks old). The Akita diabetic mice have
significantly lower levels of circulating insulin when compared to
nondiabetic animals. Further investigations showed a severe
impairment of in vitro insulin secretion already at 4 weeks of age.
Histological and morphometric analysis revealed a decrease of
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active β cells and lower insulin content in islets from diabetic mice.
Significant gender differences in the severity of the disease were
reported. When compared to females, males showed higher glyce-
mia at 7 weeks of age and a continuous progression of the disease
and had significantly shorter survival time than unaffected males.
Female mice exhibited milder phenotype, and their life span was
unaffected by the mutation.

Further investigation on the Mody4 locus showed that this area
includes the important candidate gene Ins2 [12]. Direct amplifica-
tion and sequencing revealed the presence of the missense mutation
G1907A in the exon 3 of one of the Ins2 alleles that led to the
protein variant Cys96Tyr (Ins2C96Y) in Akita mice. The amino acid
substitution occurs in the seventh residue of the A chain of mature
insulin (A7). In silico analysis predicted deleterious consequences
of the Cys96Tyr substitution due to the disruption of disulfide
bonds normally formed between the Cys96 and the Cys31 located
on the seventh residue of the insulin B chain (B7). Although
deleterious effect of the heterozygous mutation is possible, mice
have another functional insulin gene Ins1. This means that Akita
mice still have three functional insulin alleles that can encode for
the correct protein. In line with that, it was shown that the overall
mRNA expression levels of Ins1 and Ins2 genes are unchanged in
Akita diabetic mice compared to wild-type animals. However,
immunofluorescent analysis of pancreatic sections of Akita mice
showed smaller islets and a prominent reduction of insulin-positive
cells when compared to wild-type animals [8, 12–14]. Additionally,
electron microscopy analysis of Akita β cells showed mature insulin
granules reduced in size and number and expanded ER. Further
observations confirmed an impaired proinsulin processing and the
accumulation of high-molecular-weight complexes. Finally, Wang
and colleagues have shown that the molecular chaperones PDI and
BIP, important for correct protein folding, were overexpressed in
Akita mouse islets in the attempt to restore ER homeostasis
[12]. These evidences suggest that, in Akita mice, the activation
of unfolded protein response (UPR) and the incapacity of β cells to
resolve ER stress lead to activation of pro-apoptotic molecules and
cell death. The link between UPR and cell death can be found in
gene expression changes downstream the pathway. While the over-
all protein translation is inhibited during ER stress, the translation
of certain mRNAs is actually induced. The C/EBP homologous
protein (CHOP) is a transcription factor expressed during ER stress
that promotes cell death. To investigate whether CHOP was
responsible for β cell loss in Akita diabetes, a double-mutant
mouse model with mutation in Ins2 and disruption of Chop gene
was established by crossing Chop�/� mice with Ins2WT/C96Y mice
[15]. Islets derived from Ins2WT/C96Y mice at 4 weeks showed
overexpression of CHOP in β cells. The disruption of CHOP
expression protected β cells from apoptosis and consequently
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preserved β cell mass. Furthermore, the development of diabetes
was delayed in Ins2WT/C96Y Chop�/� mice that showed normo-
glycemia until 8 weeks of age.

Homozygous Akita mice were also characterized [13]. These
mice have a more severe phenotype and develop diabetes at 2 weeks
of age. Homozygous mice present hypoplastic islets and very low β
cell density (only 20% of wild type).

While in Akita mice the insulin secretion is profoundly
impaired, the human MODY present a wider variability of the
phenotype. At the time of diagnosis, most of INS patients present
severe hyperglycemia, often accompanied by ketoacidosis that indi-
cates insulin deficiency [10]. However, some INSmutated patients
are characterized by initial normal or in some cases elevated immu-
noreactive C-peptide that decreases in time until reaching unde-
tectable levels. Initial hyperinsulinemia and hyperproinsulinemia
were also reported in some cases of neonatal diabetes
[10, 16]. These observations, together with the absence of gender
differences, differentiate the human MODY syndrome from the
Akita mouse diabetes. Nevertheless, in INS patients, the progres-
sive decrease of circulating C-peptide suggests a proteotoxic mech-
anism with consequent ER stress and β cell apoptosis. These
deleterious events have been studied and can be further character-
ized in Akita mice. Indeed, thanks to the extensive investigation
performed since the first description of the Akita mice, this model
can be considered a prototype of ER stress-induced diabetes.

3 Munich Mouse Model

The so-called Munich mouse model derives from the genomic
missense mutation T1903A in the exon 3 of Ins2, identified by a
mutagenesis screening performed in N-ethyl-N-nitrosourea-trea-
ted mice [17]. This mutation results in the protein variant C95S
present in a neighboring site of the Akita mutation. The substitu-
tion of a Cys with a Ser disrupts the intra-chain A6-A11 disulfide
bond. After the identification of the predicted deleterious muta-
tion, the authors used different parameters to fully characterize the
heterozygous Ins2C95S mutant mice. They observed that body
weight was not changed in these animals at 4 weeks of age, but it
was significantly lower in 3–6-month-old mice compared to wild
type. Fasted and postprandial blood glucose were higher in 1-, 3-,
and 6-month-old mutant mice with respect to aged-matched wild-
type animals. However, their fasted and postprandial insulin levels
were indistinguishable. Male mice showed a more pronounced
progression of the disease and a more severe phenotype at 6 months
of age. Insulin tolerance tests performed in Munich and wild-type
mice showed a smaller decrease in glycemia after 10 min of insulin
injection in the mutant animals, suggestive of insulin resistance.
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Oral glucose tolerance tests (OGTT) confirmed the hyperglycemic
phenotype in heterozygous Munich mice and a more severe pro-
gression of the disease in males. Mutant mice showed reduced
insulinemia during the OGTT compared to controls. This observa-
tion was supported by immunohistochemical analysis that evi-
denced a disruption of pancreatic islet organization with very few
insulin-positive cells and a bigger proportion of glucagon-expres-
sing cells within the islet of Munich mice. Electron microscopy
analysis of Munich β cells evidenced ultrastructural rearrangement
caused by enlarged ER and almost missing insulin granules. Homo-
zygous mutant mice were also characterized. They showed a more
severe phenotype and died within 3 months of age. The full meta-
bolic and phenotypical characterization of heterozygous Munich
mice describes an ideal model of early-onset monogenic diabetes
not accompanied from obesity or insulitis.

4 Eif2s1 (S51A) Mouse Model

The Akita and the Munich diabetes mouse models highlighted the
crucial role of ER homeostasis in the maintenance of β cell function
and survival. The accumulation of misfolded proteins in the ER
lumen, due to genetic mutations or a higher functional demand,
can disrupt the ER homeostasis leading to UPR activation that,
when prolonged, leads to ER stress. One of the key mechanisms to
counteract ER stress is to decrease the total protein synthesis. The
ER stress transducer PERK plays an important role in this process.
Indeed, it phosphorylates the eukaryotic translation initiation fac-
tor 2 (eIF2) in its α subunit in Ser51 (S51) inhibiting its translation
initiation function. To further investigate the role of eIF2α (also
called Eif2s1) in diabetes development, Scheuner and colleagues
[18] used gene targeting to establish a mouse model bearing a
S51A replacement in eIF2α to prevent eIF2 phosphorylation
[18]. For this purpose, the mutated sequence of eIF2α exon
2 was inserted in a loxP-flanked NEO cassette to allow in vivo
ZP3-Cre recombinase-mediated deletion. The construct was elec-
troporated into embryonic stem (ES) cells. The ES cells were then
injected into C57BL/6 blastocysts, and the colony was established
by breeding chimeric males with females.

Homozygous Eif2s1 (S51A) mice had an important reduction
in β cell mass already at birth. These animals died within 18 h after
birth due to severe hypoglycemia associated with decreased gluco-
neogenesis. Mouse embryonic fibroblast (MEF) derived from
homozygous Eif2s1 (S51A) mice was used for in vitro studies that
demonstrated the importance of eIF2α phosphorylation and trans-
lational control for cell survival in response to ER stress. Heterozy-
gous Eif2s1 (S51A) mice were viable and fertile and presented
normal phenotype at birth [19]. However, when challenged with
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a high-fat diet (HFD), these mice developed insulin resistance,
obesity, and diabetes. HFD is an environmental stress that leads
to a higher β cell functional demand. β cell function was also
compromised in heterozygous mice, with a loss of glucose-
stimulated insulin secretion. These animals also exhibited an abnor-
mal distension of the ER lumen. Defective folding and trafficking of
proinsulin could account for the lower number of insulin granules
and impairment in glucose-stimulated insulin secretion in hetero-
zygous Eif2s1 (S51A) mice compared to wild type.

Homozygous and heterozygous Eif2s1 (S51A) mice constitute
a powerful tool for the study of transitional control in ER stress-
mediated diabetes. The inhibition of eIF2 function is essential to
ensure a correct response to ER stress and cell survival; however, it
was shown that prolonged activation of this response leads to β cell
apoptosis. Agents that prevent eIF2α dephosphorylation, such as
salubrinal [20] and guanabenz [21], have been described to be
protective against ER stress-induced apoptosis in rat pheochromo-
cytoma cells, HeLa cells, and primary Akita mutated β cells. How-
ever, both salubrinal and guanabenz have been shown to sensitize
human and rat β cells to fatty acid-induced ER stress and apoptosis
[22–24]. For this reason, eIF2 has been described as the Achilles
heel of pancreatic β cells [7]. Mutations in eIF2α have not been
described in man, but mutations in EIF2S3 (eIF2γ) have been
linked to MEHMO, a multisystemic syndrome characterized by
intellectual disability, epileptic seizures, hypogonadism and hypo-
genitalism, microcephaly, and obesity, in some cases accompanied
by impaired glucose homeostasis [25–27]. Through in vitro func-
tional studies, Skopkova and colleagues showed that eIF2γ frame-
shift mutations lead to reduced translation fidelity, increased ATF4
translation, and CHOP expression [27]. There are no studies on
mouse eIF2γmutant models. C57BL/6 N mouse embryonic stem
cell lines with a gene trap insertion at the locus of the EIF2S3 gene
are available from a random mutagenesis study, but no functional
data has been published [28].

5 Wolcott-Rallison Syndrome Mouse Model

Recessive mutations in EIF2AK3, encoding PERK, give rise to
Wolcott-Rallison syndrome [29]. The disease is characterized by
neonatal or early-infancy-onset non-autoimmune, insulin-depen-
dent diabetes, often with a ketoacidotic presentation. Associated
features are growth retardation, epiphyseal dysplasia, hepatic stea-
tosis and dysfunction, exocrine pancreas insufficiency, intellectual
disability, and microcephaly [30].

Harding et al. [31] first constructed and described a mouse
model of Wolcott-Rallison syndrome, the PERK knockout
(KO) mouse (PERK�/�). For the construction of this model, the
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whole genomic region encoding the PERK transmembrane domain
was replaced by a neomycin-resistance cassette in ES cells. These
mice showed significantly reduced eIF2α phosphorylation and ER
stress. This dysregulated ER stress response led to β cell dysfunction
and loss. Since the main symptom of human Wolcott-Rallison cases
is diabetes, the glucose metabolism of these mice was studied. By
4 weeks of age, both male and female PERK�/� mice showed
hyperglycemia, low body weight, and reduced insulin levels com-
pared to wild-type animals indicative of endocrine pancreas failure.
Pancreas immunostaining showed pancreatic acinar cell loss, along
with exocrine pancreas insufficiency. The PERK�/� mice also pre-
sented growth retardation and high mortality. Heterozygous
PERK mutant mice (PERK+/�) had a milder phenotype character-
ized by impaired glucose tolerance that was evidenced by intraperi-
toneal glucose tolerance tests.

An osteoblast-specific PERK KO (ObPERK�/�) was gener-
ated. LoxP sites were inserted into the intronic sequences flanking
the three exons that encode part of the lumenal domain, the
transmembrane domain, and part of the catalytic domain
[32]. This floxed PERK allele strain was crossed with a transgenic
strain carrying the Cre recombinase under the control of the
Col2.3 promoter to drive Cre expression at the mature osteoblast
stage [33]. This mouse model revealed impaired osteoblast growth
and function due to PERK deficiency, another resemblance with
the human Wolcott-Rallison syndrome [34].

Additional tissue- and cell-specific PERK KO mice were pro-
duced by crossing floxed PERK allele strains with the following Cre
mice: RIP-Cre to generate “bPKO” (β cell specific), Ngn3-Cre to
generate “enPKO” (endocrine pancreas specific), and Pdx-1-Cre to
generate “pcPKO” (pancreas specific) [35]. These mouse models
presented similar phenotypic characteristics than the whole-body
PERK KO, notably hyperglycemia, low insulin levels, and β cell
death. However, there was no evidence in these models of uncon-
trolled protein synthesis, activation of the UPR, and apoptosis.
Instead, these mice showed impaired ER-to-Golgi trafficking and
endoplasmic reticulum-associated protein degradation (ERAD).
These findings were confirmed in additional in vitro cell
studies [36].

Mouse models of Wolcott-Rallison syndrome importantly con-
tributed, and still contribute, to understanding the importance of
the PERK-eIF2α branch on glucose metabolism and pancreatic β
cell homeostasis. The Wolcott-Rallison mouse models present sim-
ilar phenotypic characteristics with Wolcott-Rallison syndrome
patients, suggesting that they can be good tools for testing possible
therapeutic approaches. An additional advantage of these models is
that they do not present phenotypic differences between genders or
mouse strain backgrounds [31, 35]. However, some divergences
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between them must be highlighted, such as the mild phenotype of
the heterozygous perk+/� mice in contrast with human heterozy-
gous carriers of PERK mutations that do not present diabetes.

6 P58IPK �/� Mouse Model

Synofzik et al. [37] described recessive DNAJC3 loss-of-function
mutations in two families with diabetes and neurodegenerative
features, including ataxia, upper motor neuron damage, peripheral
neuropathy, hearing loss, and cerebral atrophy. DNAJC3 encodes
p58IPK, a BiP co-chaperone that inhibits PERK activity and down-
stream signaling and thus exerts a negative feedback on PERK-
eIF2α signaling.

Ladiges et al. [38] created a p58IPK�/� on a C57BL/6 back-
ground. In order to construct this mouse, the P58IPK exon 1 was
replaced by an actin/enhanced GFP/galactosidase/neomycin cas-
sette in ES cells.

The P58IPK�/� mice have decreased adiposity and are smaller
than WT and heterozygous P58IPK+/� mice. They can be easily
distinguished from heterozygous and wild-type mice as early as
2 weeks of age. Four-month-old p58IPK�/� mice show polydipsia,
polyuria, and evidence of glycosuria. They also have increased
glycemia and hypoinsulinemia, when compared to WT littermates;
however, they are not outwardly sick. Intraperitoneal glucose toler-
ance tests (IPGTT) performed in 8-week-old mice showed that
p58IPK�/� had normal glucose tolerance, since they cleared glucose
just as efficiently as wild-type controls when challenged with a
standard glucose load. Immunohistological studies of pancreatic
sections from 6-month-old mice, though, showed pathological
morphology with significantly decreased insulin-producing cells
and increased β cell apoptosis. There are no phenotypic differences
between genders in p58IPK�/� mice. The p58IPK�/� phenotype
was less severe than the phenotype of the eIF2α S51A-mutated
mouse [18] or the PERK�/� mouse [31], probably because
p58IPK plays a regulatory role rather than a direct involvement in
translational attenuation. The heterozygous p58IPK+/�, like
human DNAJC3 heterozygous carriers, have no obvious pheno-
type. DNAJC3 loss of function diabetes is a newly identified mono-
genic form of diabetes. Therefore, the p58IPK�/� mouse can serve
as a tool to further examine the role of p58IPK in ER stress signaling
regulation and to elucidate the molecular pathogenesis of this
disease. However, it is important to highlight that the p58IPK�/�

mouse has a β cell-specific phenotype, while DNAJC3 patients and
PERK-eIF2α mutants/patients also have defects in other tissues.
This drawback must be considered in molecular pathogenesis stud-
ies and in vivo therapeutic tests associated with this model.
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7 Wolfram Syndrome Mouse Model

Wolfram syndrome is a rare autosomal recessive orphan disease.
The clinical manifestations are young-onset diabetes, optic nerve
atrophy, and deafness. Most Wolfram patients carry mutations in
WFS1. WFS1 deficiency results in ER stress, leading to neurode-
generation and pancreatic β cell dysfunction and death [39, 40].

The first Wolfram mouse model was created by Ishihara et al.
[41]. In this model, the WFS1 exon 2 was replaced with a
neomycin-resistance cassette in 129Sv ES cells. The exon 2 ablation
resulted in a WFS1 N-terminus-truncated nonfunctional protein.
Phenotypic studies performed in WFS1�/� mice in a mixed
(129Sv/C57BL/6) background revealed increased non-fasting
blood glucose levels starting at the age of 16 weeks in the KO
animals with respect to wild types. More than 60% of these mice
developed overt diabetes by the age of 36 weeks. WFS�/� mice in
pure C57BL/6 J background showed a less severe phenotype with
no apparent hyperglycemia by the age of 36 weeks. However, these
animals presented impaired glucose tolerance when subjected to
OGTTs and significantly reduced insulin plasma levels when com-
pared to wild-type littermates. Intraperitoneal insulin sensitivity
tests (IPIST) did not show insulin resistance in WFS1�/� mice.
These data indicate that impaired glucose homeostasis in WFS1�/�

animals is caused by insulin secretory defects. Immunostaining
studies in pancreatic sections revealed a progressive β cell loss. In
good correlation, DNA fragmentation experiments showed
WFS1�/� islets to be more susceptible to apoptosis especially
induced by synthetic ER stress.

In 2005, Riggs et al. [42] created a conditional mouse with a β
cell-specific WFS1 exon 8 deletion. For this purpose, Wfs1 exon-8-
floxed mice were crossed with RIP2-Cre animals. This gave rise to β
cell-specific conditional WFS1 KO mice in a mixed 129Sv/
C57BL/6 background. Phenotypic characterization of these ani-
mals revealed impaired glucose tolerance and decreased insulin
secretion after IPGTT. Immunostaining of pancreatic sections
revealed disrupted islet morphology and increased β cell apoptosis.
Electron microscopy analysis of isolated islets from WFS1 KO mice
and wild-type littermates revealed distended ER in β cells from the
WFS1-deficient mice. In good correlation with these findings, islets
from WFS1 KO mice showed increased BiP and CHOP mRNA
expression and caspase 3 activation. This model clearly suggests
that diabetes in Wolfram syndrome results from ER stress-induced
β cell apoptosis.

In 2009, Kõks and colleagues [43] generated a whole-body
WFS1 exon 8 null mouse. These animals, originally on a mixed
129Sv/C57BL/6 background, were glucose intolerant and
showed growth retardation.
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Additional studies with WFS1�/� exon-8-deleted mice showed
that male animals have worse glycemic phenotype than females
[44]. In Wolfram syndrome patients, however, there are no clear
gender differences. Other studies also revealed impaired behavioral
adaptation in stress environment for the WFS1 KO animals [45].

WFS2 (also known as CISD2) mutations lead to Wolfram
syndrome 2 which has similar phenotypic characteristics than Wol-
fram syndrome 1 but is even less frequent [46]. CISD2 knockout
mice, in C57BL6J background, have been generated to study
Wolfram syndrome 2 [47]. To create these animals, exons 2 and
3 of Cisd2 were replaced with a puromycin cassette. The Cisd2
deficiency triggers premature aging, nerve and muscle degenera-
tion as a result of mitochondrial dysfunction, and autophagic cell
death. The Cisd2 knockout mice develop optic nerve degeneration
at 23 weeks of age; however, their glucose tolerance and insulin
secretion are only mildly impaired, with no clear changes in β cell
mass in contrast with the Wfs1-deficient mouse models [47].

The Wolfram syndrome mouse models have been very impor-
tant to understand the implication of ER stress in β cell loss and the
pathogenesis of diabetes in Wolfram syndrome. These models reca-
pitulate some, but not all, of the phenotypic characteristics of
Wolfram syndrome. In the case of Wolfram syndrome mouse mod-
els, some shortcomings have to be taken into consideration when
working with these animals: (1) the fact that Wolfram syndrome
mice present gender differences in the severity of the disease that
have not been reported in Wolfram syndrome patients and (2) the
severity of the disease depends on the mouse strain background
[41], with a more severe phenotype reported in C57BL/6 animals
and a milder one in 129Sv. This can cause variations between
studies and especially if a mixed mouse strain background is used.

8 Conclusions

Several mouse models of monogenic forms of diabetes associated
with ER stress have been developed and recognized as valuable
tools for the elucidation and understanding of disease mechanisms.
Over the years, these models have provided compelling evidence
that unresolvable ER stress is ill tolerated by β cells and that this
leads to diabetes. In addition, these models can serve as valuable
tools for in vivo testing of possible therapeutic agents.

There are some concerns regarding the use of monogenic
diabetes mouse models that are mostly related with differences
between the human and mouse phenotype at homozygous or
heterozygous state, strain-associated phenotype severity, and gen-
der differences as occurs in the Akita andWolfram syndromemouse
models.
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Due to the lack of universal guidelines on the methodology to
be used for the characterization of diabetes in mouse models,
several tests are currently applied for the metabolic phenotyping
of diabetic mice. In line with that, we found that the in vivo
metabolic studies on the different monogenic diabetes mouse mod-
els analyzed in this chapter were performed using diverse
approaches. Indeed, even if the glucose tolerance tests (GTT) and
insulin tolerance tests (ITT) appeared as the gold standard methods
used for the evaluation of the impaired glucose metabolism, some
divergences in the tests were detected, such as route of glucose
administration, time of the test, and period of fasting, that made
difficult the interpretation of the data along studies. In a recent
review, Alquier and Poitout [48] report the most common experi-
mental tests to assess the diabetic phenotype and propose some
guidelines for the design, analysis, and interpretation of the avail-
able tests. In the future, a more organized effort is needed, such as
the formation of a consortium of leading scientist in the field of
diabetes and mouse models in order to create guidelines for dia-
betic mouse model phenotyping.
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Rat Models of Human Type 1 Diabetes
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Abstract

Rat models of human type 1 diabetes have been shown to be of great importance for the elucidation of the
mechanisms underlying the development of autoimmune diabetes. The three major well-established
spontaneous rat models are the BioBreeding (BB) diabetes-prone rat, the Komeda diabetes-prone (KDP)
rat, and the IDDM (LEW.1AR1-iddm) rat. Their distinctive features are described with special reference to
their pathology, immunology, and genetics and compared with the situation in patients with type 1 diabetes
mellitus. For all three established rat models, a distinctive genetic mutation has been identified that is
responsible for the manifestation of the diabetic syndrome in these rat strains.

Key words Type 1 diabetes mellitus (T1DM), Rat models of human type 1 diabetes, BioBreeding
(BB) diabetes-prone rat, IDDM (LEW.1AR1-iddm) rat, Komeda diabetes-prone (KDP) rat

1 Introduction

Three well-established rat models of human type 1 diabetes melli-
tus (T1DM) exist, which were all discovered serendipitously by
attentive observers. All three models are the result of a spontaneous
mutation each, the BioBreeding (BB) rat in a Wistar colony, the
Komeda diabetes-prone (KDP) rat in a Long-Evans colony, and the
IDDM (LEW.1AR1-iddm) rat in a colony (LEW.1AR1) with a
Lewis background. They all develop a severe diabetic syndrome
with a high incidence (>50%) characterized clinically by weight
loss, polydipsia, polyuria, glycosuria, ketonuria, hyperglycemia,
and hypoinsulinemia. The syndrome is so severe that insulin sup-
plementation (i.e., by implantation of a subcutaneous slow-release
insulin pellet) is required to prevent the development of life-
threatening ketoacidosis and to allow breeding with diabetic ani-
mals. Disease frequency is roughly comparable in males and females
in the three strains. So, there is no significant sex bias, and this is
analogous to humans with autoimmune diabetes.
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BB and KDP rats often develop, in addition to insulitis, a
lymphocytic thyroiditis [1–3]. Prevalence is variable among BB
sublines [4]. Other associated autoimmune diseases are uncommon
[2]. In the IDDM rat, affections of other organs have not been
observed [5].

In all strains, the diabetes incidence was initially around 20%.
Upon systematic breeding with matings between sibs, the incidence
increased to more than 50% in subsequent generations in all models
[6–8]. Besides the genotype, quite a number of viruses can induce
autoimmune diabetes in rats [9, 10]. However, since the three rat
strains are kept under specific pathogen-free conditions [8, 9], an
effect of these viruses on diabetes manifestation and incidence can
be excluded.

Islet cell autoantibodies (ICA), specifically against glutamic
acid decarboxylase (GAD), insulin (IAA), and islet antigen-
2 (IA-2), which are characteristic for autoimmune diabetes in
patients with T1DM, have not been observed in the BB rat
[2, 11] and in the IDDM rat [8].

2 BioBreeding (BB) Rat Model

The BioBreeding (BB) rat was discovered in 1974 in a commercial
colony in outbred Wistar rats at the BioBreeding Laboratories in
Ottawa, Canada [12]. The original colony was transferred from the
BioBreeding Laboratories, hence the name BB, to the Health
Protection Branch Laboratories of Health Canada in Ottawa/
Ontario in 1977. This diabetes-prone BB stock has been main-
tained since as a partially inbred colony through matings between
sibs [6]. Affected animals of the Ottawa colony were also founders
of a colony in Worcester (USA), which has been inbred and is now
called BBDP/Wor [2].

Detailed epidemiological data are available for the BB rat
[6, 13–15]. Disease manifestation is typically between 60 and
120 days of life [6, 9, 13, 14]. The mean age of manifestation has
been reported to be around 90 days [6, 13, 14]. Less than 0.5% of
the animals become diabetic before 60 days of age [13], and less
than 10% of the cases are diagnosed in rats older than 120 days
[13]. Cumulative incidence is 50–70% [6, 13]. There exist quite a
number of sublines, also called tertiary colonies, of the diabetes-
prone BB rats in North America and Europe [2, 13], and for some
of them higher diabetes incidence rates of up to 80–90% have been
reported.

2.1 Lymphopenia Lymphopenia (lymphocyte reduction of>90%) is a characteristic of
the BB rat [16–19]. It is already present at birth [20]. The extent of
the T lymphocyte reduction has been reported to be somewhat
variable [19]. Typically, CD4+ T cell numbers are reduced by
around 90% and CD8+ T cells are virtually absent [19]. The
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ART2.1 (formerly RT6.1)-positive T cells are also particularly
reduced. Depletion of ART2.1-positive T cells has been shown to
induce diabetes indicating that the loss of regulatory T cells is
apparently associated with the development of insulitis and diabetes
in the BB rat [21, 22]. Lymphopenia in the BB rat model is due to a
mutation in the Gimap5 gene [18].

While diabetes-prone BB (BBDP) rats are lymphopenic,
diabetes-resistant BB (BBDR) rats are not [23]. But this distinction
is not absolute. The diabetes incidence in the different BBDP lines
is variable, and there have also been reports of a very low incidence
in some lymphopenic lines [23]. On the other hand,
non-lymphopenic BBDR lines have been described, which develop
diabetes, albeit at a very low incidence (<3%) [24]. Incidences of
insulitis and thyroiditis are also low (around 10%) in these colonies.
Nevertheless, it can be concluded that a high incidence of insulitis
as well as thyroiditis occurs as a result of T cell lymphopenia and is
always associated with a high diabetes incidence in the BB rat
[25]. This conclusion is also supported by the BBDRlyp/lyp (lym-
phopenia and diabetes) rat. This model has been generated through
transplantation of bone marrow from congenic BBDR rats, which
gain both lymphopenia and diabetes through a manoeuver, which
consists of an introgression on RNO4 of about 0.33MbDNA from
BBDP rats [26]. This allows the conclusion that it is this critical
region in the congenic BBDRlyp/lyp model that is responsible for
the lymphopenia phenotype as well as the diabetes phenotype
[27]. This is in agreement with the conclusion that the same
mutation is responsible for both phenotypes (see below). Never-
theless, it is not clear why the penetrance of lymphopenia is 100% in
contrast to that of diabetes. But the main conclusion is that a high
incidence of diabetes is always associated with lymphopenia. Thus,
the BB rat is immunodeficient, which is not a characteristic of
human T1DM [28, 29]. It has not been observed in other animal
models of human T1DM such as the IDDM rat [28, 30] and the
KDP rat [31].

3 Komeda Diabetes-Prone (KDP) Rat Model

The Komeda diabetes-prone (KDP) rat, a non-lymphopenic
model, formerly called Long-Evans Tokushima Lean (LETL) rat,
was discovered in 1983 in the Tokushima Research Institute of
Otsuka Pharmaceutical Company (Tokushima, Japan) [31]. The
strain had been obtained a year before as an outbred Long-Evans
strain from Charles River in Canada. In 1990, inbreeding was
started, which resulted in two substrains, the Komeda diabetes-
prone (KDP) and the Komeda nondiabetic (KND) substrains
[7, 32]. The mean age of disease manifestation is between 90 and
100 days of life [32]. Cumulative incidence of 80% has been
reported [32].
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4 LEW.1AR1-iddm (IDDM) Rat Model

The LEW.1AR1-iddm rat (short name, IDDM rat) arose in 1997 in
the MHC congenic LEW.1AR1 strain with a defined genetic back-
ground (LEW.1AR1/Ztm) (RT1.AaB/DuCu) (also designed
RT1r2) (with an intra-MHC recombination of a u haplotype) in
the Institute for Laboratory Animal Science of Hannover Medical
School (Ztm) (Hannover, Germany) [8]. Therefore, this rat model
is also known as the LEW.1AR1/Ztm-iddm rat.

Detailed data on the epidemiology are available. Disease mani-
festation in the IDDM rat is between 40 and 90 days with a
maximum around 60 days of life (Fig. 1) [8]. Less than 1% of
cases were diagnosed in rats older than 90 days (Fig. 1). No rats
become diabetic before day 40 of life (Fig. 1). The mean manifes-
tation was originally reported to be at day 58 of life [8]. The daily
diabetes manifestation rate is documented in Fig. 1, based on data
from a cohort of 4926 diabetic rats during the 20 year period since
the model arose in 1997. For the animals that manifested diabetes
during this 20-year period between 1997 and 2017 (n ¼ 2386),
mean age of diabetes manifestation was 62 days, both in male and
female rats. Of these rats, 44% were male and 56% female. In the age
group between 40 and 55 days of life, there is a slight preference of
diabetes manifestation in female rats, and the same was the case in
the age group between 80 and 90 days (Fig. 1). In the age range
between 56 and 79 days, there is a slight preference for male rats
(Fig. 1).

Fig. 1 Age-dependent diabetes manifestion in the cohort of male and female IDDM rats (seven day walking
mean)
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4.1 Variable T

Lymphocyte

Frequency

The T lymphocyte frequency in peripheral blood is somewhat more
variable in the IDDM rat with a reduction in CD3+ T cells of
around 10% in nondiabetic and 20% in diabetic rats as compared
to the background strain [28]. This marginal reduction is responsi-
ble for a decreased CD4+/CD8+ ratio, which results from a slight
reduction of the CD4+ T cell number rather than the CD8+ T cell
number [28]. The T cells express the ART2.1 (formerly RT6.1)
differentiation antigen [8]. Nonetheless, variability was greater for
both CD4+ and CD8+ T cells [28]. The variable T cell content in
this model is due to the Dock8 mutation, which is also responsible
for diabetes manifestation [28] (see below).

5 LEW.1WR1 Rat Model

The LEW.1WR1 rat is another MHC congenic LEW rat strain
(RT1.AuB/DuCa) (also designed RT1r4) that manifests spontane-
ous autoimmune diabetes in around 2% of animals [15]. Much
higher frequencies can also be induced in this strain [15]. Disease
manifestation is at 59 days of life on average [15]. The MHC
haplotype also includes a class II u allele. This strain is interesting
for purposes of comparison, since it also contains the diabetes
predisposing haplotype, but not a mutation, such as it is the case
in the three well-established T1DM rat models with high diabetes
incidence.

6 The Role of the Different Immune Cell Types in T1DM Development

The initiating event responsible for beta cell autoimmunity that
leads to pancreatic islet immune cell infiltration is unknown. A
presentation of an autoantigen by RT1u molecules is a possibility,
but no primary autoantigen has been identified so far in any of the
rat models of human T1DM [2].

T cells from diabetic BB rats [2, 33, 34] and diabetic IDDM
rats [35, 36] can adoptively transfer diabetes to athymic recipients.
Transfer of autoreactive potential to the LEW.1AR1 background
strain was not effective [35]. But it was possible to confer protec-
tion against diabetes through adoptive transfer of immune cells
from the LEW.1AR1 background strain into young prediabetic
IDDM rats [35]. Thus, regulatory elements of the cellular immune
system apparently protect LEW.1AR1 rats against beta cell autoim-
munity [35]. Only transfer of CD4+ T cells induces diabetes
[36, 37]. Transfer of CD8+ T cells into athymic rats does not
cause diabetes [36]. Rather, CD8+ T cells provide protection
against beta cell destruction [36]. This protection went along
with an accumulation of regulatory T cells in the pancreas-draining
lymph nodes [36].

Rat Models of Human Type 1 Diabetes 73



Treatment with poly I:C, a synthetic double-stranded RNA
molecule that mimics a viral infection and activates the autoaggres-
sive potential of T lymphocytes, stimulates the innate immune
system in a dose-dependent manner both in BB and in IDDM
rats as well as in LEW.1WR1 rats, as documented by an increased
incidence of autoimmune diabetes [2, 8, 21, 35]. Transfer of Con
A-activated lymphocytes to poly I:C-treated IDDM rats before
diabetes manifestation further increased the incidence of
diabetes [35].

All these results prove that autoreactive T cells cause beta cell
destruction and induce a diabetic metabolic state in the rat models
of human T1DM, while regulatory T cells confer protection. The
balance between autoreactive T cells and regulatory T cells ulti-
mately decides whether diabetes is induced or whether its manifes-
tation is prevented in an animal.

6.1 Pancreatic Islet

Immune Cell

Infiltration

Islet immune cell infiltration is the key characteristic of the autoim-
mune process in all rat models of human T1DM. The infiltration
starts from the islet periphery during the prediabetic phase before
diabetes manifestation. This prediabetic phase lasts up to 1 month
in the BB rat [2, 13, 38, 39] and 1 week only in the IDDM rat
[40]. The macrophages are the first immune cell subpopulation
invading the islet periphery [40–44]. They apparently act as initia-
tors of the immune process in the pancreas.

This initial phase is followed by a gradual shift to a predomi-
nance of CD8+ T cells (>50%) in the infiltrate along with a contin-
uously decreasing beta cell mass due to apoptosis, while the
infiltrate gradually migrates from the periphery into the center of
the islet ultimately covering the whole islet [40]. A peri-islet infil-
tration is not a characteristic of the immune cell infiltration process
in the rat models of T1DM [2, 5]. The CD4+ T cell proportion
remains stable (at ~10%) during this progression of infiltration.
Nevertheless, CD4+ T cells apparently play an important role in
the recruitment of CD8+ T cells [40]. The portion of B cells
remains small (<5%). The portion of NK cells is highest (~10%)
in the initial phase of infiltration into the islet core [40], parallel to a
high rate of apoptosis, indicating a role in the beta cell destruction
process [40, 45–47].

In all rat models of human T1DM, the final outcome of the
autoimmune-mediated beta cell-destructive process are so-called
residual end-stage islets with very few or no immune cells. These
end-stage islets are also virtually free of beta cells and composed
only of non-beta cells, mainly alpha cells, but also of all other
known islet cell types [2, 5].

After diabetes manifestation, at that moment when beta cell
loss approaches 70% [40], the immune cell composition of the islet
infiltrate is comparable in all three rat models of spontaneous
autoimmune diabetes and also to that of the human diabetic
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pancreas [48]. Characteristic is always a dominance of T lympho-
cytes, in particular CD8+ T cells and to a lesser extent of CD4+ T
cells over macrophages along with fewer percentages of various
other immune cell types (Table 1). In the BB rat, this dominance
is less prominent, due to the lymphopenia in this model (Table 1).

6.2

Pro-inflammatory

Cytokine Expression

Profile

in the Islet-Infiltrating

Immune Cells

All immune cell types in the islet infiltrate are activated and produce
cytotoxic pro-inflammatory cytokines, in particular TNFα and
IL-1β and to a lesser extent IFNγ [48] (Table 2), which mediate
beta cell death during the T1DM disease process, as documented
by caspase 3 activation. The exception is the KDP model. This rat
model exhibits an expression profile of pro-inflammatory cytokines
in the immune cell infiltrate [48], which differs from that in the BB
and the IDDM rat models as well as from the situation in the
human T1DM pancreas [48] (Table 2). In addition to TNFα,
IFNγ is the other pro-inflammatory cytokine predominating in
the KDP pancreas [48]. The lack of IL-1β expression in the KDP
rat model is in agreement with the lack of iNOS expression in the
infiltrating immune cells [48], at variance from the BB rat and the
IDDM rat, which express both IL-1β and iNOS in the infiltrating
immune cells [48, 49]. Thus, iNOS expression can be classified as a
marker for IL-1β expression. This allows the conclusion that, as
proven also in in vitro studies [50], TNFα is the pro-inflammatory
cytokine in the islet infiltrate crucial for beta cell death in T1DM.
IL-1β expression alone is not sufficient to induce significant beta
cell death.

The infiltration with a lesser number of activated immune cells
in the islets in the BB rat, due to the severe lymphopenia, as
compared to the other rat models, reduces also beta cell toxic
pro-inflammatory cytokine production and can provide an explana-
tion for the longer prodromal phase of islet immune cell infiltration
before outbreak of the disease.

Table 1
Immune cell subpopulations in the infiltrate of pancreatic islets after diabetes manifestation of the BB
rat, the IDDM rat, and the Komeda rat

Immune cell types Diabetic IDDM rat Diabetic BB rat Diabetic KDP rat

MØ (CD68) ++ ++ ++

CD4+ T cells + + +

CD8+ T cells +++ + +++

NK cells (Pen5) + + +

B cells (CD20) (+) (+) (+)

+++ ¼ very strong expression, ++ ¼ strong expression, + ¼ expression, (+) ¼ mild expression
Data compiled in this table were derived from information obtained from [48]
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BB rats have recently been shown to develop early deficits
before diabetes manifestation, in particular reduced insulin secre-
tion and beta cell mass [27]. Thus, the possibility exists that these
early changes may be an element in a predisposition of the BB rats
to the later development of diabetes. On the other hand, it cannot
be excluded that the lymphopenia, present in the BB rats since
birth, may be a contributory factor, for example, to a reduction in
the number of medium- and small-sized islets in the pancreas, as
recently reported [27]. In the pancreas of the IDDM rat, we have
not observed such changes morphologically prior to diabetes man-
ifestation (unpublished observation). In contrast to the IDDM rat,
these disparities limit the suitability of the BB rat and KDP rat
models for prevention studies.

Pancreas-draining lymph nodes are important for the islet-
specific antigen presentation and immune cell activation in the
prediabetic phase during diabetes development and the mainte-
nance of the inflammation in the pancreas after diabetes manifesta-
tion. The activated immune cell types in the lymph nodes are
comparable to those in the pancreatic islet infiltrate with the same
cytokine expression profile [51–53]. After a specific priming pro-
cess, the activated immune cells of the pancreas-draining lymph
nodes migrate into the pancreas either via the circulation or the
lymphatic vessels. Ongoing islet infiltration allows a circulation of
immune cells from the infiltrated islets to the pancreas-draining
lymph nodes [51–53]. This process maintains the infiltration
through a continuous recirculation of the immune cells.

6.3 Gut Dysfunction

in T1DM Rat Models

The gut system is a bridge between environment and metabolic
state. Environmental variables can act as promoters or even triggers
of autoimmune diabetes manifestation. This has been documented
experimentally also in two of the T1DM rat models, the BB rat
[54–57] and the IDDM rat [58]. Diet composition has major
effects on the gut immune system and consequently affects diabetes
development and incidence. Compared with a traditional diet,

Table 2
Cytokine protein and gene expression pattern in the immune cells of the infiltrate after diabetes
manifestation of the BB rat, the IDDM rat, and the Komeda rat

Cytokines Diabetic BB rat Diabetic IDDM rat Diabetic KDP rat

IL-1β + ++ (+)

TNFα ++ ++ ++

IFNγ (+) (+) ++

Caspase 3 + + ++

++ ¼ strong expression, + ¼ expression, (+) ¼ mild expression

Data compiled in this table were derived from information obtained from [48]
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modified diets can reduce the extent of insulitis and diabetes inci-
dence. The challenge is to identify the diet components that pro-
mote diabetes development and possible diet modifications with
protective potential [54]. Particularly prominent has been the pro-
tective effect of low antigen hydrolyzed casein-based diets as also
documented in studies in rat models of T1DM [55, 58]. These
studies provide evidence for a reduced immunoregulatory capacity
due to gut immune cell deficits [56] and are likely to be related to
the mutations in these rats, which are responsible for not only
diabetes manifestation but also for functional changes in the
immune system. These studies document the usefulness of these
rat models for elucidating the bridging function of the gut between
environment and diabetes development. It is important, however,
to emphasize that environmental factors have a modulatory func-
tion but do not completely prevent diabetes manifestation in these
rat models. Environment along with lifestyle and diet changes is
likely to be a significant contributory factor in the steadily increas-
ing incidence of T1DM in humans, as documented by positive
effects of sensible modulation of the intestinal microbiome
[59]. Since, in contrast to humans, laboratory rats live in a well-
defined environment and receive a uniform diet, T1DM rat models
are well suited for analyses of distinct effects of diet components on
diabetes development.

7 Genetics of Autoimmune Diabetes in T1DM Rat Models

The major histocompatibility complex (MHC) (also called theRT1
complex) plays a crucial role for the manifestation of autoimmune
diabetes. The primary genetic prerequisite for disease manifestation
is the diabetes permitting MHC class II haplotype RT1 B/Du

(designed IDDM1) on rat chromosome 20 (RNO20). This is the
MHC II haplotype that all three T1DM rat models have in com-
mon, and it is the principle prerequisite for the development of
autoimmune diabetes [3, 8, 60–64] (Table 3). Even the
LEW.1WR1 strain with its very low 2% diabetes incidence has this
MHC II haplotype [15]. This haplotype determines also the tissue
specificity of the disease. The MHC-dependent genetic predisposi-
tion is responsible for an imbalance between beta cell toxic T cells
and regulatory T cells [65]. This disequilibrating genetic element
results in an activation of autoreactive T cells. However, this genetic
factor is sufficient only for a very low diabetes incidence (no more
than 2%) [15].

The reason for the high disease incidence in the three rat
models of spontaneous autoimmune diabetes is in each case the
result of an additional single spontaneous mutation [3, 18, 64, 66,
67] (Table 3). This mutation causes an aggravation of this disequi-
librium [65]. It is a further perturbation of this balance that results
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in a diabetes manifestation in at least half of the animals. The
LEW.1WR1 rat with a low spontaneous diabetes incidence of only
2% lacks such a specific mutation.

The mutation in the diabetes-prone BB rat has been identified
in the Gimap5 (GTPase of the immune-associated protein 5) (for-
merly also called IAN4 or IAN5) gene on chromosome 4 (RNO4)
(Table 3), being due to a single-nucleotide deletion [66]. The
resulting frameshift causes a large truncation of the protein
[18]. It is the mutation in this single locus, which is responsible
for autoimmune diabetes as well as the severe T cell lymphopenia.
The consequence of the mutation is a virtually complete loss of this
encoded GTPase function [18].

The mutation in the IDDM rat has been identified as a single
base exchange [C/G] in the Dock8 gene on chromosome
1 (RNO1) at the proximal end of Iddm8 [68, 69], resulting in an
amino acid exchange in the protein from glutamine to glutamate
[67] (Table 3). At variance from themutations in the BB rat and the
KDP rat, it is not a nonsense mutation and therefore does not cause
a truncation of the protein. The mutation in the IDDM rat is
functionally critical for the Dock8 gene and has an influence on
the binding properties of the Dock8 protein with the Rho GTPase
Cdc42 affecting the normal function of this protein [67]. This
influences T cell development negatively, resulting in an enhanced
apoptotic T cell death and a reduced proliferation [70]. The muta-
tion in the IDDM rat causes in addition to autoimmune diabetes a
second phenotype due to the effect on T cell development. This is a
somewhat more variable CD3+ T cell frequency in the peripheral
blood of the animals, but in contrast to the BB rat without lym-
phopenia [28]. Both phenotypes are ultimately due to the loss of
function of the regulatory guanosine nucleotide exchange factor
(GEF) of the Rho GTPase Cdc42 [67].

Table 3
Mutations in the BB rat, the IDDM rat, and the Komeda rat

Model BB rat (BioBreeding)
IDDM rat (LEW.1AR1-
iddm) KDP rat (Komeda)

Mean day of diabetes
manifestation

90 62 90–100

MHC II (Iddm1) RT1u/u/u RT1a/u/u (also designed
RT1r2)

RT1u/u/u

Vwa2 variant (Iddm8 ) T (Trp) T (Trp) T (Trp)

Main mutation Gimap5 (Iddm2)
(RNO4)

Dock8 (Iddm8) (RNO1) Cblb (Iddm/kdp1)
(RNO11)

All three rat models have (a) the MHC II B/Du (RT1u) haplotype, (b) carry the Vwa2 variant T, and (c) have a unique

mutation each on different chromosomes responsible for the high incidence of the diabetic phenotype
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The disease mediating mutation in the Cblb (Casitas B-lineage
lymphoma b, a member of the Cbl/Sli family of ubiquitin-protein
ligases) gene on chromosome 11 (RNO11) of the KDP rat is due to
a single base pair exchange [C/T] [64]. It is not present in the
nondiabetic KND strain [64]. This nonsense mutation results in a
removal of 484 amino acids from the protein [64, 71]. The muta-
tion is entirely different from the mutations in the two other rat
models (Table 3), though the gene may also have T cell regulatory
potential [71] and apparently facilitates the activation of autoreac-
tive T cells [72]. But data on possible changes of T lymphocyte
numbers in peripheral blood are not available. The mutation in the
Cblb gene may have an influence on the binding capacity to
GTPases. This mutation may also explain the very different
pro-inflammatory cytokine expression profile in the immune cell
infiltrate in the KDP rat model [48] (Table 2).

8 Comparisons of the Mutations in the Different Rat Models and in Humans
with T1DM

When comparing the mutations in the BB rat and in the IDDM rat,
there are remarkable similarities: in one case, the loss of function of
the GTPase [18] and, in the other case, the compromised function
of the regulatory guanine nucleotide exchange factor (GEF)
[28]. In both rat models of human T1DM, the respective crucial
mutation confers susceptibility to a spontaneous outbreak of auto-
immune diabetes. However, the magnitude of the effects on the T
lymphocytes in the peripheral blood differs very considerably in
that the mutation in the BB rat causes a severe lymphopenia with a
loss of >80–90% of all T lymphocyte subsets [18], while the muta-
tion in the IDDM rat causes a greater variability of the T lympho-
cyte frequency in the peripheral blood. This greater variability goes
along with a small decrease in the T lymphocyte number (~ 20% in
diabetic and ~10% in nondiabetic rats), mainly in the subset of the
CD4+ T cells but not of the CD8+ T cells [28]. This observation
documents that a second phenotype with minor changes in the T
lymphocyte profile is sufficient to accompany the development of a
diabetic metabolic syndrome in the majority of the animals. In this
sense, the diabetic syndrome in the IDDM rat model is reminiscent
of the human T1DM situation, where changes of limited extent in
the T lymphocyte distribution have also been reported and consid-
ered to contribute to T1DMmanifestation [28]. This milder effect
of the mutation on the T lymphocyte status when compared with
the BB rat may also explain the somewhat lower diabetes incidence
in the IDDM rat.
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It has been known for many years that a number of genes can be
involved in the manifestation of autoimmune diabetes in the differ-
ent rat models [2, 32, 68]. The detailed knowledge that has been
obtained about the mutations in these models over the last years
clearly documents that mutations in various genes can be involved
in the manifestation of insulitis and diabetes. So, it is possible
nowadays to specify in the rat models of human T1DM the tradi-
tional generalizing statement that calls T1DM simply a “polygenic”
disease [73].

The mutation in the Dock8 gene of the IDDM rat, a single
nucleotide exchange, causes a milder phenotype. It only reduces
the function of the GEF through a reduction of its activation
capacity of the G protein Rho-GTPase Cdc42. This results in a
greater variability of the T cell content along with a slight T cell
reduction in the range of 10–20% [36]. The likelihood of diabetes
manifestation tends to increase along with the extent of T cell
reduction in this 10–20% range in the IDDM rat with its diabetes
predisposing MHC haplotype [36].

So, the genetic traits in the IDDM rat model allow something
that has not been achieved with the BB rat. It is possible to associate
a mutation causing a primary immunodeficiency disease with an
immune cell dysfunction due to a mutation in the Dock8 gene with
a negative influence on the ability of the G protein Rho-GTPase
Cdc42 to be activated by the regulatory GEF [74]. But for the
manifestation of autoimmune diabetes, a predisposing MHC hap-
lotype is required in addition.

The main mutations in the BB rat and in the KDP rat could not
be associated with a susceptibility to human T1DM[71].Mutations
in the DOCK8 gene have also been reported, both in mice and
humans, causing a DOCK8 deficiency that results in a slight lym-
phocyte dysfunction; however, a diabetic metabolic state has not
been reported [74]. This is not surprising since the additional
presence of a diabetes predisposing MHC haplotype is an indis-
pensable prerequisite for diabetes manifestation. A possible auto-
immune diabetes manifestation in humans with a DOCK8 gene
mutation along with a predisposing MHC haplotype has not been
reported so far.

Since the incidence of T1DM in humans is around 100 times
lower than in the established rat models of T1DM and even lower
than in rats with a predisposing MHC haplotype only, it is not
surprising that a simple transfer of the knowledge obtained through
the elucidations of the mutations responsible for autoimmune dia-
betes manifestation in the rat models is not possible in a one to one
manner to patients with T1DM. The only possible explanation for
this higher diabetes incidence in the rat models of autoimmune
diabetes is that in humans with a predisposing MHC haplotype
additional mutations fostering diabetes manifestation may be of
milder penetrance than in the rat models of human T1DM.
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8.1 Other Mutations

in the Rat Models

of Human T1DM

In addition, a base exchange [C/T] in the von Willebrand factor A
domain-containing protein 2 (Vwa2) gene on chromosome
1 (RNO1) at the distal end of Iddm8 is present in all three
diabetes-prone rat strains (Table 3) resulting in an arginine/tryp-
tophan polymorphism [28]. The fact that it is present also in many
other rat strains excludes the possibility that this genotype is of
major importance for diabetes manifestation in the three diabetes-
prone rat strains [28]. But the fact that the LEW.1WR1 rat strain
with its very low diabetes incidence is also homozygous for this
genotype can be interpreted as an indication that this variation in
the Vwa2 gene may contribute, even though to a very minor extent,
to the pathogenesis of autoimmune diabetes in the rat models of
human T1DM [28].

9 Rat Models of Human T1DM as Tools for the Development of New Therapies
for Patients with T1DM

Reliable animal models of human T1DM are of crucial importance
for the preclinical testing of new antidiabetic therapies before clini-
cal studies can be performed. The NOD mouse has been the most
popular T1DM animal model used for this purpose [75]. However,
though many hundred therapy schemes have shown success in the
NOD mouse model [76], none proved successful in reversing the
disease in clinical studies in patients with T1DM, even in the early
disease phase [75].

The BB rat has been used in the past to assess preventive
intervention strategies (for review, see ref. 2). The most prominent
agent found to provide protection against diabetes manifestation
was the immunosuppressant cyclosporine [2]. But the BB rat has
lost attractiveness for this purpose during the last decade, due to
the problem with the lymphopenia in this model. The KDP rat has
been used rarely for this purpose. The IDDM rat, however, is used
increasingly often both in primary and secondary prevention stud-
ies and has provided reliable results [52, 77].

When administered before diabetes manifestation, FTY720
(fingolimod) has been shown to prevent an outbreak of the disease
by promoting retention of activated immune cells in the lymph
nodes [51]. This protective effect of FTY720 has also been
described in the BB rat [78]. FTY720 may also be an effective
adjuvant when combined in prevention therapies with therapeutic
antibodies, i.e., with anti-TCR [77].

Monotherapy treatments with a variety of therapeutic antibo-
dies, even with anti-TCR [77], failed to reverse the diabetic meta-
bolic state, when administered after outbreak of the disease in the
IDDM rat. Therapy success was achieved only in combination
therapies (for review, see ref. 75). A therapy with recombinant
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TNFα protein, when initiated before islet immune cell infiltration
and diabetes outbreak, has also been shown to provide protection
in the BB rat [79].

A combination of anti-TCR with anti-TNFα proved to be the
most effective one so far in reversing the diabetic metabolic state in
the IDDM rat model of human T1DM [52]. Further effective
combinations of antibodies that show therapeutic effects in other
autoimmune diseases in humans are awaiting publication showing
curative potential not only in the IDDM rat model but also show
promise of successful translation to patients with T1DM in the early
disease phase (for discussion, see ref. 75). Thus, there is hope that
the IDDM rat, the spontaneous rat model of T1DM with the
closest similarity to the human disease, will be valuable in the
translation of new combination therapies with curative potential
to patients with T1DM (for discussion, see ref. 75). For this pur-
pose, models of chemically induced (i.e., alloxan or streptozotocin)
insulin-dependent diabetes that are not of autoimmune nature are
not suited [80].
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Chapter 6

Mouse Models of Autoimmune Diabetes: The Nonobese
Diabetic (NOD) Mouse

Dawei Chen, Terri C. Thayer, Li Wen, and F. Susan Wong

Abstract

There are now a number of different mouse models for type 1 diabetes. The best known is the nonobese
diabetic (NOD) mouse which has a genetic susceptibility to autoimmune diabetes with some features that
are similar to human type 1 diabetes. The mice also have a propensity to other autoimmune diatheses,
including autoimmune thyroid disease and sialadenitis. In addition, it is well known that environmental
factors affect the incidence of disease in these mice. While there are other rodent models, including
numerous transgenic and knockout models, as well as those that express human proteins, none of these
develop spontaneous diabetes over a period of time, when the natural history can be studied. We focus here
on the unmanipulated NODmouse and discuss features of the husbandry and investigation of the mice that
allow for use of these long-studied mice in the pathogenesis of an autoimmune type of diabetes.

Key words NOD mice, Type 1 diabetes, Animal models, Autoimmunity, Genetic susceptibility,
Environment

1 Introduction

In humans and mice, type 1 diabetes (T1D) is an autoimmune
disease characterized by the infiltration of immune cells, which
results in the destruction of insulin-producing pancreatic β cells.
The nonobese diabetic (NOD) mouse strain was originally devel-
oped by Makino and colleagues during the selection of a cataract-
prone strain (cataract Shionogi mice) derived from the outbred Jcl:
ICR line of mice [1, 2]. In the pancreatic islets, immune cell
infiltration starts at about 5–6 weeks of age in females, with a
delay in the male mice. Mononuclear cell infiltrates surround the
islet at this point (peri-insulitis), followed by subsequent invasion of
the islets and the onset of overt diabetes [3]. Typically, female
NOD mice start to develop diabetes between 10 and 14 weeks of
age, whereas diabetes in male mice occurs later [3], and they have a
lower incidence of disease. For this reason, many investigators
choose to study female mice. However, it should be noted that
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the age at which diabetes first develops varies between colonies in
different research institutions. Although B cells, NK cells, dendritic
cells, neutrophils, and macrophages can also be identified in
the lesions, the destruction of insulin-producing β cells in islets is
primarily dependent on autoreactive CD8+ T cells helped by CD4+
T cells.

The most important genetic factor contributing to T1D in
NOD mice is the MHC. NOD mice have the haplotype H2g7

comprising Kd, Aad, Abg7, Enull, and Db; the MHC-I molecules
H-2Kd and H-2Db are found in other strains of mice, but it is the
MHC-II molecule I-Ag7 (ortholog of HLA-DQ) which is unique,
and the mice do not express I-E (ortholog of HLA-DR) because of
a defective Eα locus [3]. I-Ag7 contributes significant susceptibility
to developing diabetes [4]. In addition to the importance of the
MHC to the progression of T1D, non-MHC genes are also found
to contribute to the development of T1D. To date, at least fifty
insulin-dependent diabetes (Idd) loci on at least 11 mouse chromo-
somes have been identified (Idd2-Idd12, Idd13a, Idd13b, and
Idd14-Idd19) through crosses of NOD mice with various
diabetes-resistant strains [4, 5]. These Idd loci contribute to the
development of T1D at either initiation of insulitis or progression
to overt diabetes or both. These loci act in a collective, recessive
manner to determine development of insulitis as well as disease
frequency and severity [6].

The environment is also an important factor, as it is very clear
that NOD mice in different colonies have different incidences of
diabetes [7], and the length of time over which this develops also
varies, as discussed below.

A number of antigen-specific T cells have been identified and
cloned from the NODmouse, and Tcell receptor (TCR) transgenic
mice on the NOD genetic background have been generated
(reviewed in ref. 4).

In addition to these various strains, there are also a number of
immunodeficient derivative strains of NOD mice, which may be
useful for studying individual components of the immune response.
These include those which are globally immunodeficient that
include NOD.scid mice and NOD.RAG2�/� mice as well as
alpha-beta TCR-deficient, B cell-deficient, and more specialized
models where individual immune subsets can be depleted. It should
be noted that this chapter will provide an introductory overview of
care of NOD mice and will not be a comprehensive account of
NOD and derivative mice, which now number in the hundreds,
many of which are available commercially.
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2 Materials

2.1 Housing

of Animals

1. Specific pathogen-free facilities.

2. Isolator or scantainer with appropriate cages.

3. Bedding.

4. Diet.

5. Personal protective equipment, including gloves, scrubs or
overalls, hair net, face mask (if needed), and shoe covers.

2.2 Monitoring Onset

of Diabetes

1. Diastix urine test strips.

2. Glucometer and test strips.

3. Scalpel or surgical scissors.

4. Anesthetic spray, if needed.

3 Methods

3.1 Housing

of Animals

The incidence of diabetes in NOD mice varies between different
institutions and laboratories. It has been suggested that environ-
mental factors are as important as genetic susceptibilities in shaping
the risk of T1D development [4]. Many environmental factors in
NOD mice have been implicated in altering diabetes susceptibility,
including exposure to dietary factors such as wheat [8, 9] and
gluten [9], exposure to infectious organisms [10–12], and changes
to the gut microbiota [4]. The incidence of diabetes is highest
when NOD mice are maintained in a relatively germ-free environ-
ment; however, this dramatically decreases when mice are exposed
to dirty environments and/or infections [3]. Exposure to pin-
worms [13], Salmonella typhimurium [11], mouse hepatitis virus
(MHV) [14], and Schistosoma mansoni [10] has all been associated
with abrogation of diabetes development. Accordingly, consider-
ation should be given to routine monitoring of colonies for health
monitoring of breeding, and experimental animals should be
undertaken according to Federation for Laboratory Animal Science
Associations (FELASA) or similar recommendations [15].

Appropriate housing and dietary requirements need to be care-
fully considered within the host institution and animal housing
facilities:

1. NOD mice are generally bred and maintained in specific
pathogen-free (SPF) facilities that are carefully monitored for
the presence of mouse pathogens. Thus, breeding pairs and
small colonies can be kept in micro-isolators, although, more
commonly, mice of this type are housed in individually venti-
lated cages or scantainers.
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2. It is good practice to rotate breeders, and because of the
propensity of the mice to develop diabetes, it is advisable to
restrict the breeding to 2–3 litters, as the females will not be
able to care for the litters if they develop diabetes (which can
occur any time after the age of 10–14 weeks as above).

3. A new colony can be established with 2–4 breeding pairs. NOD
mice are generally very good breeders, regularly producing
litter sizes of eight mice or more. The colony may be main-
tained by brother-sister mating.

4. Limiting the number of staff members to access to the animal
facilities may be useful, and all individuals involved in the care
and use of the mice should be educated as to the needs for
housing and monitoring experimental and potentially diabetic
animals. Dependent on local institutional rules, researchers and
caretakers should wear protective equipment, including hair
coverings, gloves, scrubs, shoe covers or overalls, and masks,
to prevent the spread of pathogens to the mice and exposure to
allergens to humans.

5. Food, water, bedding, cages, and other materials that mice will
contact should be sterilized or disinfected. Water should be
acidified to pH 2.5–3.0 to control Pseudomonas species
contamination.

6. Mice should be assessed for diabetes regularly, depending on
the experimental conditions and strain (see Note 1). NOD
female mice may develop diabetes at 10–14 weeks old. Wet
bedding should be changed immediately.

7. Sentinel cages can be set up within each isolator and scantainer
to monitor for infection. Fecal pellets may be collected and
screened by PCR for infection by pinworm, for example.

3.2 Monitoring

for Diabetes

Regular monitoring of mice for diabetes is important to maintain
colony incidence and highlight any potential contamination that
may interfere with studies. Monitoring the welfare of the mice is
also critical to prevent undue stress to diabetic animals:

1. Animals are tested daily to weekly, depending upon experimen-
tal conditions (seeNote 1) by urinalysis using Diastix test strips,
in the first instance. A small drop of urine is placed on the test
strip.

2. Following manufacturer’s directions, the test strip is assessed
for any color change and compared to the scale provided.

3. If there is no color change, the mouse is likely to be
nondiabetic.

4. If glycosuria is noted by a color change on the urine test,
indicating positive urinalysis, the mouse should be retested
24 h later. If a positive urinalysis is confirmed, then blood
glucose is measured.
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5. Positive diabetes diagnosis is determined by blood glucose
measurement:

(a) Spray tail with anesthetic spray if needed.

(b) Using a clean scalpel, the tip of the mouse tail is cut.

(c) A small drop of blood is placed on the test strip mounted
in a glucometer; set up according to manufacturer’s direc-
tions (see Note 2).

(d) Diabetes is generally diagnosed with a blood glucose over
13.9 mmol/L (250 mg/dL).

6. Mouse gender and age are recorded to establish an incidence
curve (Fig. 1) and should be monitored regularly to assess
maintenance of a high incidence of diabetes. A decrease in the
incidence of diabetes may be an early warning of infection.

7. Diabetic mice can be used for further experiments or culled by
approved methods (see Note 3).

4 Notes

1. NOD mice monitored for development of spontaneous diabe-
tes are checked weekly. Mice receiving immunization or adop-
tive transfer of diabetogenic cells should be monitored daily, as
onset may be rapid (within days).

Fig. 1 Incidence of spontaneous diabetes in NOD mice. NOD mice were observed
over a period of 35 weeks and tested weekly for glycosuria with diabetes
confirmed by a blood glucose of >13.9 mmol/l (250 mg/dl)
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2. Blood is drawn up by capillary action. Ensure there is enough
blood to fill the test strip; otherwise, an error will occur, and
test will need to be repeated. Carefully place the blood in the
area where the test strip indicated, and avoid blood spill over
the area, which will also lead to error readings.

3. Approximately 70–90% of females and 30–40% of males may
develop diabetes by 30 weeks, dependent on the individual
colony; in the example shown, median female incidence was
19 weeks (Fig. 1).
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Chapter 7

Mouse Models of Virus-Induced Type 1 Diabetes

Gustaf Christoffersson and Malin Flodström-Tullberg

Abstract

Virus infections have been linked to the induction of autoimmunity and disease development in human type
1 diabetes. Experimental models have been instrumental in deciphering processes leading to break of
immunological tolerance and type 1 diabetes development. Animal models have also been useful for
proof-of-concept studies and for preclinical testing of new therapeutic interventions. This chapter describes
two robust and clinically relevant mouse models for virus-induced type 1 diabetes; acceleration of disease
onset in prediabetic nonobese diabetic (NOD) mice following Coxsackievirus infection and diabetes
induction by lymphocytic choriomeningitis virus (LCMV) infection of transgenic mice expressing viral
neo-antigens under control of the rat insulin promoter (RIP).

Key words Coxsackievirus, Enterovirus, Diabetes, Immunization, Infection, Lymphocytic chorio-
meningitis virus, Peptides, T lymphocytes, Type 1 diabetes, Virus-induced type 1 diabetes

1 Introduction

Type 1 diabetes results from a selective destruction of the insulin-
producing pancreatic beta cells and requires daily insulin injections
for survival. The disease is one of the most common chronic dis-
eases in children but can also develop in adulthood. Although the
disease processes in human type 1 diabetes remain incompletely
known, many observations point to a critical role played by auto-
reactive CD4+ and CD8+ T lymphocytes in causing beta cell
destruction. The risk of developing type 1 diabetes is modulated
by both genetic and environmental factors. Among the environ-
mental factors proposed to contribute to disease development,
infections with common viruses (e.g., enteroviruses, EV) have
been hypothesized to play an important role either in inducing or
accelerating the autoimmune reaction to the pancreatic beta cell
[1–4].

Experimental animal models have proven useful in studies on
the etiology and pathogenesis of type 1 diabetes [5–7]. This is
particularly true for virus-induced type 1 diabetes, for which
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models have assisted in the identification of several potential sce-
narios for how a viral infection can either contribute to or prevent
disease development (e.g., [8–13]). These type of models have also
been employed for proof-of-concept studies and preclinical assess-
ment of novel therapeutics (e.g., [10, 14–17]). Two rat models for
virus-induced diabetes are discussed in a separate chapter in this
book. In this chapter, we describe murine models of type 1 diabetes
induced by virus infection: one model of spontaneous disease
development in which an EV infection can alter the kinetics of
disease development and another model which is based on geneti-
cally modified mice that are susceptible to diabetes induced by
lymphocytic choriomeningitis virus (LCMV).

The nonobese diabetes (NOD) mouse model is a commonly
used animal model for the study of type 1 diabetes (reviewed in refs.
5–7). Starting around 10–14 weeks of age, female NOD mice
develop severe and chronic hyperglycemia with a diabetes incidence
reaching 65–95% by 30 weeks of age. There are numerous simila-
rities between type 1 diabetes in humans and the disease in NOD
mice including the appearance of islet autoantibodies and recruit-
ment of immune cells (primarily lymphocytes) to the pancreas in
the prediabetic stage and hyperglycemia and glucosuria at the time
of disease onset. A difference is that male NOD mice have a lower
susceptibility to disease development than female NOD mice and
seldom reach an incidence above 40% by the age of 30 weeks. In
humans, there is no gender difference in the risk for disease devel-
opment besides a slightly higher risk for adolescent males to
develop the disease as compared to age-matched females (e.g.,
[18]).

Diabetes development in the NOD mouse is preceded by a
symptom-free, prediabetic phase that starts around 3–4 weeks of
age. At this age, immune cells (e.g., dendritic cells and T cells)
begin to infiltrate the pancreas and surround the islets of Langer-
hans (commonly denoted “peri-insulitis”). Despite steadily increas-
ing in numbers, T cells do not attack the beta cells until weeks later.
Once the T cell attack commences, beta cells are rapidly destroyed,
and when beta cell loss reaches above 70–75%, the animals develop
severe hyperglycemia [5–7].

Coxsackie B viruses (CVBs) belong to the EV genus and consist
of six serotypes (CVB1–6). Infections with CVBs have been linked
to the induction of islet autoimmunity and type 1 diabetes in
humans [2–4]. Early studies by Serreze et al. demonstrated that a
CVB4 infection in prediabetic NOD mice led to faster disease
development [13]. The majority of the infected animals developed
diabetes within two weeks of viral challenge. Later studies have
shown a similar acceleration of disease onset if female NOD mice
are infected with other serotypes of CVBs, including CVB1 [16] or
CVB3 [19]. A requirement for the faster disease onset appears to be
the presence of a critical mass of autoreactive T cells within the islets
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of Langerhans [13, 20], which may become activated by so-called
bystander activation [9]. A faster disease progression has also been
observed among autoantibody-positive humans who encountered
an enterovirus infection prior to clinical disease onset, as compared
to autoantibody-positive individuals who did not (the DAISY
study) [21]. Although the study was small and should be repeated
in a larger cohort of autoantibody-positive cases, the results
increased the validity of the CVB-induced accelerated disease
model in NOD mice as a model of the human disease.

Transgenic mice expressing a viral neo-antigen under control of
the rat insulin promoter (RIP) have for the past three decades also
provided a valuable model for understanding the pathogenesis of
type 1 diabetes [11, 12, 22–24]. These mice express the glycopro-
tein (GP) or nucleoprotein (NP) of the LCMVon their β-cells. This
enables the induction of autoimmune diabetes by activation of the
immune system by either infection with LCMV or activation by
immunization with the corresponding antigen.

There are two strains of RIP-GP mice: the strain commonly
referred to as RIP-GP Berlin expresses the glycoprotein from the
LCMV strain WE [11], and the strain commonly referred to as
RIP-GP Armstrong expresses the glycoprotein from the LCMV
strain Armstrong [12]. These strains develop diabetes with differ-
ent kinetics and incidence following LCMV infection due to differ-
ences in amount of antigen expressed on the β-cells. The Berlin
strain reaches 100% incidence in 7–8 days, whereas the Armstrong
strain reaches 75–80% incidence in 10–12 days [25]. The RIP-GP
Armstrong strain is also less susceptible to adoptive transfer/pep-
tide immunization-induced diabetes where only about 10% of the
mice have sustained hyperglycemia. The Berlin strain is on the other
hand more susceptible to this protocol and develops diabetes at
close to 100% incidence in 8–12 days [25].

In the RIP-NP model, the NP antigen is also expressed in the
thymus, why deletion of high-affinity anti-self CD8+ T lymphocytes
occurs, resulting in a slow-onset type 1 diabetes (1–6 months)
following LCMV infection. Onset of diabetes in this model is
dependent on both CD4+ and CD8+ T lymphocytes, whereas the
CD4+ T lymphocytes are dispensable in the RIP-GP model [26].

In this chapter, we describe the basic method for CVB-induced
accelerated disease onset in the NOD mouse model. Furthermore,
we provide protocols for how to induce diabetes in transgenic mice
expressing LCVM antigens under the RIP promoter. Additionally,
the induction of diabetes in RIP-LCMV transgenic mice by adop-
tive transfer and peptide immunization is described. Variation in
susceptibility to infection and disease development as well as other
detailed technical aspects such as the need for an animal biosafety
level 2 (ABSL2) facility is discussed in Subheading 4 (Notes).
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2 Materials

2.1 Induction

of Diabetes by CVB

Infection

1. Female NODmice aged 8–12 weeks (e.g., from the Jackson lab
or Taconic Biosciences).

2. Coxsackie B virus (ATCC).

3. Plain media (RPMI or similar).

4. 1 mL syringes

5. 25 gauge needle

6. Blood glucose measurement equipment.

7. Surgical equipment (scissors and forceps).

2.2 Induction

of Diabetes by LCMV

Infection

1. Transgenic mice, RIP-GP Armstrong or RIP-NP (Jackson
Laboratories), RIP-GP Berlin [11].

2. Virus should be prepared beforehand by a single passage of
LCMV Armstrong clone 53b [12] on BHK-21 cells. Deter-
mine virus titer through plaque assay, and freeze aliquots at
�80 �C.

3. Sterile phosphate-buffered saline (PBS).

4. Insulin syringes (31G).

5. Blood glucose measurement equipment.

2.3 Diabetes

Induction in RIP-GP

Mice Through Adoptive

Transfer/Peptide

Immunization

(Nonviral)

2.3.1 Preparation of P14

Splenocytes

1. P14 T cell receptor (TCR) transgenic mice on C57Bl/6 back-
ground (Jackson Laboratories) (see Note 1).

2. CO2 or isoflurane anesthetic equipment for euthanasia of mice.

3. Surgical equipment (scissors and forceps).

4. Sterile Hank’s buffered saline solution (HBSS) without Ca2+

and Mg2+.

5. Sterile Hank’s buffered saline solution (HBSS) with Ca2+ and
Mg2+ and 2% fetal calf serum (FCS).

6. 1 mL sterile syringe

7. Sterile plastic Petri dish.

8. Sterile cell strainers (70 μm and 100 μm pores).

9. 15 and 50 mL sterile conical plastic tubes

10. Ammonium-chloride-potassium (ACK) lysing buffer.

11. Refrigerated centrifuge.

2.3.2 Isolation of P14

CD8+ T Cells

1. P14 TCR transgenic mice on C57Bl/6 background (Jackson
Laboratories) (see Note 1).

2. CO2 or isoflurane anesthetic equipment for euthanasia of mice.

3. Surgical equipment (scissors and forceps).
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4. Sterile Hank’s buffered saline solution (HBSS) without Ca2+

and Mg2+.

5. Sterile Hank’s buffered saline solution (HBSS) with Ca2+ and
Mg2+ and 2% FCS.

6. 1 mL sterile syringe

7. Sterile cell strainers (70 μm and 100 μm pores).

8. 15 and 50 mL sterile conical plastic tubes

9. Ammonium-chloride-potassium (ACK) lysing buffer.

10. Refrigerated centrifuge.

11. Kit for isolating CD8+ T cells (e.g., MACS CD8a+ T cell
isolation kit, Miltenyi Biotec).

12. Buffer(s) associated with isolation kit of choice.

2.3.3 Peptide Immuni-

zation with LCMV-GP

1. RIP-GP Berlin [11] or RIP-GP Armstrong (Jackson Labora-
tories) transgenic mice.

2. P14 TCR transgenic splenocytes (P14 TCR transgenic mice
available from Jackson Laboratories) (see Note 1).

3. Synthetic LCMV-GP peptide (GP33–41, NH2-KAVYNFATM-
COOH, Genscript) (see Note 2).

4. Adjuvant CpG (IDT).

5. Sterile ultrapure water.

6. Sterile phosphate-buffered saline (PBS).

7. Polyinosinic:polycytidylic acid (poly(I:C), Sigma).

8. Insulin syringes (31G).

9. Isoflurane anesthetic equipment (if required by institutional
animal care and use committee).

10. Blood glucose measurement equipment.

3 Methods

3.1 Acceleration

of Diabetes

Development in NOD

Mice by Coxsackie B

Virus Infection (See

Note 3)

1. Thaw CVB stock on ice (see Note 4). Vortex the tube to mix
the tube contents.

2. Dilute the virus in plain media to desired concentration (see
Note 5).

3. Bring syringes and glucose measurement equipment to the
animal facility (see Note 6).

4. Once at the animal BSL2 unit, work in a laminar flow hood to
prevent contamination.

5. Measure weight and blood glucose levels of all mice to be
infected with CVB or infected in mock.
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6. Inject 150 μL virus (e.g., 104 PFU) intraperitoneally in each
mouse (seeNote 7). Mock (media alone) infected animals serve
as control.

7. Return mice to their cages.

8. Properly dispose of or decontaminate any material that has
been in contact with virus.

9. Monitor animal health including weights daily for the first
7 days, every second day for day 7–14 p.i., and after 14 days
weekly unless more frequently required due to local ethical
guidelines. Blood glucose measurements are recommended
biweekly during the two first weeks and after that on a weekly
basis. If blood glucose is high (>13.8 mmol/l or >250 mg/
dl), measure blood glucose also on the next day, and if it is still
high, sacrifice mice and collect pancreata for histological evalu-
ation (see Note 8).

3.2 Induction

of Diabetes by LCMV

Infection

There are two basic approaches for induction of diabetes in the
RIP-GP/NP mice: infection with LCMV or (for RIP-GP mice
only) transfer of GP-specific P14 CD8+ T cells followed by a
peptide immunization protocol. P14 CD8+ T cells are specific for
the GP33–41 antigen presented on MHC class I molecules H-2Db

[27]. As presented in the introduction, the RIP-GP Armstrong
strain is not very susceptible to the nonviral induction protocol.
Additionally, we have recently further developed the immunization
protocol, decreasing the amount of GP33–41 peptide administered,
and using isolated CD8+ P14 T cells [28], why two different
approaches will be mentioned in the methods section below. The
different induction protocols are also shown schematically in Fig. 1:

1. Bring out LCMV viral stock aliquots from freezer. Keep on dry
ice as long as possible.

2. Bring PBS, insulin syringes, pipette and pipette tips, and
glucose measurement equipment to the animal facility (see
Note 6).

3. Once at the ABSL2 unit, work in a laminar flow hood to
prevent contamination.

4. Measure and note the blood glucose values of all mice to be
infected.

5. Add PBS to the thawed viral stock to a dilution of 105 plaque-
forming units (PFU)/mL.

6. Inject 100 μL virus (i.e., 104 PFU) intraperitoneally in each
mouse.

7. Return mice to their cages.

8. Properly dispose of or decontaminate any material that has
been in contact with virus.
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9. For the RIP-GP Berlin strain, subsequent daily blood glucose
measurements need to commence at 4 days post-infection (first
animals diabetic ~day 5–6). For the RIP-GP Armstrong strain,
daily blood glucose measurements can commence at 6 days
post-infection (first animals diabetic ~day 7–8). In slow-onset
RIP-NP mice, blood glucose levels need to be followed at a
frequency suitable for the experiment protocol and local animal
ethics guidelines (see Notes 8 and 9).

3.3 Diabetes

Induction in RIP-GP

Mice Through Adoptive

Transfer/Peptide

Immunization

(Nonviral)

3.3.1 Preparation of P14

Splenocytes

1. Humanely euthanize P14 mice according to experiment pro-
tocol and local ethics guidelines.

2. Use scissors to make an incision in the left flank of the mouse to
expose the spleen.

3. Remove the spleen and place in a tube containing 5 mL HBSS
without Ca2+ and Mg2+ and place on ice.

4. Work in a sterile environment; place a cell strainer in a
Petri dish.

5. Pour the spleen and HBSS from the tube onto the cell strainer.

Fig. 1 Schematic illustrations of diabetes induction protocols in LCMV-RIP-GP/NP mice. The figure outlines
how diabetes can be induced in LCMV-RIP-GP/NP mice using LCMV or via the transfer of splenocytes/T cells
specific for LCMV antigen followed by peptide immunization and stimulation with a viral mimic (poly(I:C)). The
time to diabetes development is indicated. Arm Armstrong strain of LCMV; Berlin Berlin strain of LCMV; GP
glycoprotein of LCMV; i.p. intraperitoneal; NP nucleoprotein of LCMV; PFU plaque-forming units; poly(I:C)
polyinosinic:polycytidylic acid; RIP rat insulin promoter; s.c. subcutaneous
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6. Use the plunger from a 1mL sterile syringe to mince the spleen
against the strainer. Mince until only the fibrous capsule of the
spleen remains.

7. Take 5 mL of fresh, cold HBSS without Ca2+ and Mg2+ and
wash the cell strainer so that remaining cells end up in the
Petri dish.

8. Discard the cell strainer.

9. Transfer the cell suspension (~10 mL) to a 15 mL plastic
conical tube and centrifuge at ~400 � g, 6 min, 4 �C.

10. Discard the supernatant.

11. Add 2 mL ACK lysis buffer to the tube and resuspend the
pellet. Allow to sit at room temperature for 2 min.

12. Fill up the tube with HBSS (with Ca2+ and Mg2+) containing
2% FBS.

13. Centrifuge at ~400 � g, 6 min, 4 �C.

14. Discard the supernatant.

15. Resuspend in 5 mL HBSS (with Ca2+ and Mg2+) containing
2% FBS.

16. Pour the cell suspension over a cell strainer placed on top of a
50 mL conical tube. Rinse the 15 mL tube with an additional
5 mL of HBSS (with Ca2+ and Mg2+) containing 2% FBS and
pour this over the cell strainer to rinse off any cells that may
remain in the tube and strainer.

17. Perform cell count.

18. Centrifuge at ~400 � g, 6 min, 4 �C.

19. Resuspend cells in sterile PBS at desired dilution. Keep on ice.

3.3.2 Isolation of P14

CD8+ T Cells (Alternative

Protocol)

1. Humanely euthanize P14 mice according to experiment pro-
tocol and local ethics guidelines.

2. Use scissors to make an incision in the left flank of the mouse to
expose the spleen.

3. Remove the spleen and place in a tube containing HBSS and
put on ice.

4. Work in a sterile environment; place a cell strainer in a
Petri dish.

5. Pour the spleen and HBSS from the tube onto the cell strainer.

6. Use the plunger from a 1mL sterile syringe to mince the spleen
against the strainer. Mince until only the fibrous capsule of the
spleen remains.

7. Take 5 mL of fresh, cold HBSS and wash the cell strainer so
that remaining cells end up in the Petri dish.

8. Discard the cell strainer.
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9. Transfer the cell suspension (~10 mL) to a 15 mL plastic
conical tube and centrifuge at ~400 � g, 6 min, 4 �C.

10. Discard the supernatant.

11. Add 2 mL ACK lysis buffer to the tube and resuspend the
pellet. Allow to sit at room temperature for 2 min.

12. Fill up the tube with HBSS (with Ca2+ and Mg2+) containing
2% FBS.

13. Centrifuge at ~400 � g, 6 min, 4 �C.

14. Discard the supernatant.

15. Resuspend in 5 mL HBSS (with Ca2+ and Mg2+) containing
2% FBS.

16. Pour the cell suspension over a cell strainer placed on top of a
50 mL conical tube. Rinse the 15 mL tube with an additional
5 mL of HBSS (with Ca2+ and Mg2+) containing 2% FBS and
pour this over the cell strainer to rinse off any cells that may
remain in the tube or strainer.

17. Perform cell count.

18. Centrifuge at ~400 � g, 6 min, 4 �C.

19. Resuspend cells in a buffer and dilution stated by your CD8+ T
cell isolation protocol.

20. Perform CD8+ T cell isolation.

21. Perform cell count.

22. Centrifuge at ~400 � g, 6 min, 4 �C.

23. Resuspend isolated P14 CD8+ T cells in sterile PBS at desired
dilution. Keep on ice.

3.3.3 Induction

of Diabetes

1. On day 0, inject 1.5 � 107 P14 splenocytes intravenously in
each RIP-GP mouse.

2. The following day (day 1), inject 2 mg GP33–41 peptide in
ultrapure water containing 50 μg of CpG adjuvant
intraperitoneally.

3. On day 3, inject 2 mg GP33–41 peptide in ultrapure water
containing 50 μg of CpG adjuvant intraperitoneally.

4. On day 6 after P14 transfer, inject 500 μg poly(I:C)
intraperitoneally.

5. On following days, monitor blood glucose levels. If blood
glucose is high (>13.8 mmol/L or >250 mg/dL), measure
blood glucose also on next day and, if it is still high, sacrifice
mice and collect pancreata for histological evaluation (see
Notes 8–12).
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3.3.4 Induction

of Diabetes (Alternative

Protocol)

1. On day 0, inject 1 � 106 P14 CD8+ T cells intravenously in
each RIP-GP mouse.

2. The following day (day 1), inject 1 mg GP33–41 peptide in
ultrapure water containing 50 μg of CpG adjuvant subcutane-
ously (over the interscapular space).

3. On day 3, inject 1 mg GP33–41 peptide in ultrapure water
containing 50 μg of CpG adjuvant subcutaneously (over the
interscapular space).

4. On day 6 after P14 CD8+ T cell transfer, inject 500 μg poly(I:
C) intraperitoneally.

5. On following days, monitor blood glucose levels. If blood
glucose is high (>13.8 mmol/L or >250 mg/dL), measure
blood glucose also on next day and, if it is still high, sacrifice
mice and collect pancreata for histological evaluation (see
Notes 8–12).

4 Notes

1. In intravital imaging experiments, transferred P14 cells can be
taken from mice expressing fluorescent reporters (e.g., GFP,
dsRed) [29].

2. Peptide should be sterile filtered following resuspension prior
to storage. PBS, syringes, and needles must be sterile as well.

3. The protocols described here have been developed by several
laboratories, and some smaller variations in the protocols may
exist between different laboratories. It is instrumental for each
laboratory to optimize the protocols for its environment and
material.

4. CVB stocks can be prepared in, for example, HeLa or Vero cells
[30]. It is recommended that virus is extracted by repeated
freeze-thawing followed by purification using a sucrose gradi-
ent and ultracentrifugation [31]. Titrations of virus stocks can
be performed either by the TCID50 method or by standard
plaque assay for EVs on HeLa cells [30].

5. At high infectious doses, a CVB infection is lethal. The lethal
dose varies depending on virus stock, mouse strain, and animal
facility. It is recommended that pilot experiments are con-
ducted to identify the dose of CVB that induces systemic
virus infection without causing significant weight loss and/or
death. Systemic virus spread can be monitored, for example, by
a histological assessment of the pancreas after termination of
the experiment. If infected, the acinar cells of the exocrine part
of the pancreas will be destroyed over time [8, 10, 17, 32,
33]. A small blood sample (e.g., 20 μL, diluted 1:1 in 12 mmol
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EDTA) can be retrieved on day 3 or 4 p.i. for viremia measure-
ments using standard plaque assay [30].

6. Since both CVB and LCMVare classified as BSL2 agents, mice
need to be housed in an ABSL2 facility following infection with
CVB or LCMV. All samples from infected mice need to be
handled with regard to biohazard regulations or be treated to
inactivate the virus (e.g., by paraformaldehyde, bleach or simi-
lar). Note that EtOH is not effective in inactivating CVB.

7. The age at which prediabetic NOD mice will develop diabetes
with a faster kinetic after CVB infection may vary between
laboratories. It is advised that animals are infected around
1–2 weeks prior to the age at which the first female NOD
mice in the colony spontaneously develop diabetes.

8. Commonly used protocols deem animals diabetic when pre-
senting with a blood glucose level >13.8 mmol/l or
>250 mg/l on two consecutive days. Local animal ethics
guidelines may however vary and should be applied when
required.

9. Islet-specific T cells can be tracked in blood, tissue homoge-
nates, or tissue sections using GP-specific tetramers.

10. If the adoptive transfer protocol is used, P14 T cells can be
tracked when using donors and recipients with different con-
genic markers such as Ly5.1/5.2.

11. Incidence of diabetes can be increased in the RIP-GP Arm-
strong strain when using the adoptive transfer/peptide immu-
nization protocol. By introducing CD4+ T cell help by transfer
of 1.5 � 107 in vitro-activated Smarta TCR transgenic spleno-
cytes on day 4 following P14 splenocyte transfer, the incidence
rises to ~60% from 0% to 10% [25]. Smarta TCR transgenic
CD4+ T cells are specific for the LCMV-GP64–80 peptide pre-
sented on MHC class II molecules I-Ab [34].

12. The effect of regulatory T cells (Tregs) can be studied in the
RIP-GP Berlin model using the adoptive transfer/peptide
immunization protocol. Transfer of 1 � 106 in vitro-generated
Smarta CD4+ Tregs on day 8 following P14 splenocyte transfer
reduces incidence to ~20% from ~100% [25].
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Chapter 8

Rat Models of Virus-Induced Type 1 Diabetes

James C. Needell and Danny Zipris

Abstract

Studies performed in humans and animal models have implicated the environment in the etiology of type
1 diabetes (T1D), but the nature and timing of the interactions triggering β cell autoimmunity are poorly
understood. Virus infections have been postulated to be involved in disease mechanisms, but the underlying
mechanisms are not known. It is exceedingly difficult to establish a cause-and-effect relationship between
viral infection and diabetes in humans. Thus, we have used the BioBreeding Diabetes-Resistant (BBDR)
and the LEW1.WR1 rat models of virus-induced disease to elucidate how virus infection leads to T1D. The
immunophenotype of these strains is normal, and spontaneous diabetes does not occur in a specific
pathogen-free environment. However, β cell inflammation and diabetes with many similarities to the
human disease are induced by infection with the parvovirus Kilham rat virus (KRV). KRV-induced diabetes
in the BBDR and LEW1.WR1 rat models is limited to young animals and can be induced in both male and
female rats. Thus, these animals provide a powerful experimental tool to identify mechanisms underlying
virus-induced T1D development.

Key words BioBreeding Diabetes-Resistant (BBDR) rat, Chang human liver cell line, H-1 parvovirus,
Kilham rat virus, LEW1.WR1 rat, Normal rat kidney (NRK) cell line

1 Introduction

Type 1 diabetes (T1D) is a multistage proinflammatory disorder
that results from specific islet beta cell destruction and loss of
insulin secretion [1–3]. Although there is compelling evidence
that genetic factors determine susceptibility to T1D, many lines of
evidence, including the dramatic rise of diabetes incidence in recent
decades, indicate an important role for nongenetic factor [4–
8]. Indeed, a large body of evidence supports the notion that
environmental factors are linked with mechanisms that trigger β
cell autoimmunity [9–16]. However, no single environmental fac-
tor has as yet been definitively associated with disease
pathogenesis [15].

Viruses have been hypothesized to play a role in disease
mechanisms; however, the nature of these viruses and the mecha-
nism by which they trigger diabetes are currently unknown [13, 14,
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17–25]. Ethical considerations prohibit us from performing human
experimentation that involves infectious agents, and therefore
establishing a cause-and-effect relationship between virus infection
and diabetes in genetically susceptible individuals and identifying
mechanisms of virus-induced disease are extremely difficult. We
have therefore used the diabetes-prone BioBreeding Diabetes-
Resistant (BBDR) and LEW1.WR1 rat models of Kilham rat virus
(KRV)-induced T1D to better understand how virus infection leads
to β cell inflammation and destruction.

1.1 Kilham Rat Virus

and H-1 Parvovirus

KRV and the homologous H-1 parvovirus belong to the
Parvoviridae virus group, a family of single-stranded DNA viruses
that infect various species [26–29]. Parvoviruses are among the
smallest eucaryotic viruses, and they have been isolated from a
wide variety of hosts including rodents and humans [26–29]. The
virus genomic DNA consists of 5 Kb nucleotides and is encapsi-
dated by protein in an icosahedral nonenveloped particle
[26, 28]. Vertebrate parvoviruses are divided into two subgroups
based on their ability to replicate autonomously in infected cells.
The adeno-associated virus subgroup is defective and requires coin-
fection with adenovirus for its replication, whereas the autonomous
virus subgroup does not require helper viruses for replication,
albeit they require the host cell to be in the late S or G2 phase for
successful infection [30]. KRV encodes three structural proteins
(VP1, VP2, and VP3) and two nonstructural proteins (NS1 and
NS2) [31, 32]. The replication of KRV takes place in the nucleus of
infected cells, and the genome is not integrated with that of the cell
[33]. KRV infects lymphoid organs such as the spleen, thymus,
lymph nodes [34], and Peyer’s patches [35]. We recently obtained
evidence that KRV proteins can be detected in β cells on day 5 post-
infection; however, islet destruction and diabetes are observed only
after insulitis is detected at 2–4 weeks following infection
[36]. KRV shares a high degree of homology with H-1; KRV and
H-1 VP proteins are ~80% homologous, and their NS proteins are
100% homologous [27].

1.2 BioBreeding

Diabetes-Resistant

(BBDR) and LEW1.WR1

Rats

There are two inbred strains of BB rats: the diabetes-prone BB
(BBDP) rat that develops spontaneous diabetes and the diabetes-
resistant BB (BBDR) rat. BBDR rats were derived from BBDP
forebears bred for resistance to autoimmunity [37, 38]. The
BBDR and LEW1.WR1 rats share the high-risk class II major
histocompatibility complex (MHC) allele designated RT1B/Du.
In contrast to BBDP rats that develop severe lymphopenia, both
the BBDR and LEW1.WR1 rats exhibit a normal immunopheno-
type [38, 39] and both develop T1D following infection with KRV
[40]. Diabetes does not develop spontaneously in these rat strains
in a specific pathogen-free environment. Hyperglycemia is typically
observed in BBDR and LEW1.WR1 rats infected with 1 � 107
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PFUs of KRV on days 14–28 post-virus inoculation at disease
incidences of ~25% and ~60%, respectively [6, 7, 35, 41–44] via
mechanisms associated with alterations in the intestinal micro-
biome [35] and the upregulation of both adaptive [41, 45] and
innate immunity [16, 46–48]. Activation of the innate immune
system prior to virus infection with Toll-like receptor (TLR) ago-
nists such as the virus mimic polyinosinic:polycytidylic acid (poly (I:
C)) considerably exacerbates disease development [35, 44, 46–
48]. The animal disease closely resembles the human disorder
with respect to histopathology, pathogenesis, lack of sex bias, and
MHC class II association [49].

Infecting animals with the KRV homolog H-1 parvovirus leads
to virus-specific humoral and cellular immune responses as does
KRV in BBDR and LEW1.WR1 rats; however, H-1 induces innate
immune activation to a lesser degree than KRVand does not induce
T1D and as such has been used as a control in our studies
[44]. KRV-induced β cell autoimmunity does not develop in rat
strains such Wistar Furth, PVG.R8, and BBDP rats [41–44]. The
ability to induce virus-induced T1D is not KRV-specific, since
viruses from other viral groups, i.e., enterovirus, poxvirus, and
herpesvirus, can also lead to disease onset [50, 51]. Virus-induced
diabetes in the BBDR and LEW1.WR1 rat models is
MHC-dependent, rat- and strain-specific, and limited to young
animals immediately following weaning and can be equally induced
in male and female rats [50]. Finally, infection with KRV results in
the development of β cell inflammation (insulitis) but not exocrine
pancreatitis [47]. Diabetes is diagnosed when a persistent elevation
in blood glucose levels is observed.

2 Materials

1. KRV stock (ATCC® VR-1790™).

2. Normal rat kidney cell line (NRK, ATCC® CRL-6509™).

3. Chang liver cell line (ATCC® CCL-13™).

4. 150 cm2 tissue culture flasks.

5. 6-well plates.

6. Complete DMEM (cDMEM) supplemented with 10% FBS,
100 U/mL penicillin/streptomycin, and 2 mM L-glutamine.

7. 50 μM 2-mercaptoethanol

8. Agarose, UltraPure.

9. Crystal violet.

10. Formaldehyde.

11. Sterile PBS.
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12. Water bath.

13. BBDR and LEW1.WR1 rats of either sex at 21–25 days of age.

14. Poly (I:C), sodium salt (Sigma).

15. 1 mL syringes

16. Diastix Reagent Strips for Urinalysis (Bayer).

17. Scalpel blade.

18. Clean gauze.

19. Blood glucose meter (we use the OneTouch Ultra2 meter).

3 Methods

3.1 KRV Production 1. Plate 150 cm2 tissue culture flasks with NRK cells (ATCC®

CRL-6509™) in cDMEM.

2. Incubate NRK cultures at 37 �C for 24 h to ~50% confluency.

3. Remove supernatants, cover cells with 15 mL of 1:10 dilution
of KRV stock, and incubate for 1.5 h (see Note 1).

4. Add 30 mL of cDMEM to culture flasks and incubate for
4 days.

5. Remove medium to 50 mL sterile test tubes and centrifuge at
800 � g to remove cell debris.

6. Aliquot and keep at �80 �C until use.

3.2 KRV Plaque

Assay

1. The day prior to the assay, plate NRK cells in 6-well plates with
cDMEM and incubate at 37 � C.

2. The day after plating, visually check the confluency and viability
of the cells prior to starting the assay to ensure standard cellular
morphology and a ~50% confluent monolayer is present.

3. Remove media and add 1 mL of fresh cDMEM.

4. Prepare tenfold serial dilutions of KRV.

5. Add 0.1 mL of virus dilutions to each well and gently rock to
mix, and incubate for 1.5 h with rocking every 20 min.

6. Prepare an agarose overlay mixture. First, equilibrate water
bath to 56 � C. Determine the total volume of agar solution
needed: multiply 4 mL/plate by the number of plaque assays.
Of this total volume, one half is autoclaved dH2O + agarose to
make a 2% solution, and the other half is cDMEM.

7. Add the appropriate amount of autoclaved dH2O into an
appropriately sized sterile glass bottle and slowly add the aga-
rose while gently swirling to mix the dH2O and agarose.
Microwave the mixture until just boiling until the agarose has
completely dissolved and then transfer to the 56 � Cwater bath.
Allow mixture to cool to 56 � C.
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8. Place the DMEM medium in a 56 � C water bath.

9. Add an equal volume of the DMEM to the agarose solution to
complete the final agar solution and mix well.

10. Carefully aspirate off media from the cells and slowly add 4 mL
of the agar solution to each plate and allow agar to solidify.
Ensure the solution is warm, but not hot to the touch to
prevent cell death and reduced viral titers (see Note 2).

11. Incubate cultures at 37 �C.

12. After adding the overlay, incubate plates for 5–6 days to pro-
duce distinct plaques. Once liquid is overlaid, plates are incu-
bated at 37 �C (see Note 3).

13. At the end of the incubation, carefully remove agar plug using a
spatula.

14. Add 1 mL of 0.1% crystal violet solution (0.1% w/v crystal
violet, 1% formaldehyde in PBS).

15. The solution is allowed to sit for several minutes and then the
crystal violet solution is removed.

16. Rinse cells with 1 mL of PBS.

17. Count the plaques in each well, taking the average for any
technical replicates of the same dilution. The negative control
should have a uniform monolayer and can be used as a refer-
ence control.

18. Determine the viral titer of the stock sample by taking the
average number of plaques for a dilution and the inverse of
the total dilution factor (see formula below):

PFU=mL ¼ Average number of plaques
Dilution� Volume of diluted virus volume added

3.3 H-1 Parvovirus

Production and Plaque

Assay

For H-1 parvovirus production and titration. follow the above
protocols using the Chang liver cell line.

3.4 KRV and Poly

(I:C) plus KRV-Induced

Diabetes

1. For KRV inoculation, inject 21- to 25-day-old BBDR or
LEW1.WR1 rats intraperitoneally with 1 � 107 PFUs of KRV
in a total volume of 0.5 mL of PBS.

2. For KRV plus poly (I:C) treatment, make a 1 mg/mL solution
of poly (I:C) in sterile PBS.

3. Administer 21–25 days of age rats with 3 μg of poly (I:C) per
1 g of body weight in a total volume of 0.5 mL PBS intraperi-
toneally on 3 consecutive days. On the fourth day, inject the
poly (I:C)-treated animals with 1� 107 PFUs of KRV in a total
volume of 0.5 mL of PBS.
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3.5 Diabetes

Monitoring

1. Beginning 10 days following treatment, test for glycosuria
three times weekly for up to 40 days following treatment. For
the urine test, rats are manually restrained and the abdomen is
gently depressed until the animal urinates (only one drop is
needed on the test strip). Apply the indicator end of the glucose
strip on the urine and evaluate the color change on the test strip
to assess the glucose level (see Note 4).

2. Once glucosuria is observed, diabetes is confirmed by monitor-
ing glucose levels in a drop of blood by tail nicks. To perform
tail nicks, bedding material and feces are removed and the tail is
disinfected with 70% ethanol and rinsed with water. Using a
new scalpel blade, cut approximately 1–2mm of the distal tail at
an angle perpendicular to the work surface is done. Gentle
pressure proximal to the collection site is applied to occlude
venous return and ease collection, and a volume of about two
blood drops is applied on the glucose strip. Gentle pressure for
30–45 s on the wound using clean gauze is used, to stop any
hemorrhaging. Disease is diagnosed on the basis of a plasma
glucose >250 mg/dL.

4 Notes

1. Periodic rocking to ensure even coverage and prevent the
cellular monolayer from drying.

2. Most agarose overlays will begin to solidify below 42 �C; work
quickly and/or prepare small batches to prevent solidification
while handling.

3. Plates should not be moved as movement of the liquid overlays
during the incubation period will result in smeared plaques.
Agarose overlays are semisolid and can be moved or checked
periodically under a light microscope to monitor plaque
development.

4. Urine test strips cannot detect glucose until the blood glucose
level is ~180 mg/dL. It is a less invasive method to determine
whether the animal has developed hyperglycemia.

References

1. Schranz DB, Lernmark A (1998) Immunology
in diabetes: an update. Diabetes Metab Rev
14:3–29

2. Seissler J, De Sonnaville JJ, Morgenthaler NG
et al (1998) Immunological heterogeneity in
type I diabetes: presence of distinct autoanti-
body patterns in patients with acute onset and
slowly progressive disease. Diabetologia
41:891–897

3. Srikanta S, Ganda OP, Jackson RA et al (1983)
Type I diabetes mellitus in monozygotic twins:
chronic progressive beta cell dysfunction. Ann
Intern Med 99:320–326

4. Jun HS, Yoon JW (2003) A new look at viruses
in type 1 diabetes. Diabetes Metab Res
19:8–31

5. Jun HS, Yoon JW (2001) The role of viruses in
Type I diabetes: two distinct cellular and

112 James C. Needell and Danny Zipris



molecular pathogenic mechanisms of virus-
induced diabetes in animals. Diabetologia
44:271–285

6. Knip M, Simell O (2012) Environmental trig-
gers of type 1 diabetes. Cold Spring Harb Per-
spect Med 2:a007690

7. Knip M, Veijola R, Virtanen SM et al (2005)
Environmental triggers and determinants of
type 1 diabetes. Diabetes 54:S125–S136

8. Soltesz G, Patterson CC, Dahlquist G (2007)
Worldwide childhood type 1 diabetes inci-
dence--what can we learn from epidemiology?
Pediatr Diabetes 8(Suppl 6):6–14

9. Filippi CM, Von Herrath MG (2008) Viral
trigger for type 1 diabetes: pros and cons. Dia-
betes 57:2863–2871

10. Forlenza GP, Rewers M (2011) The epidemic
of type 1 diabetes: what is it telling us? Curr
Opin Endocrinol Diabetes Obes 18:248–251

11. Gale EM (2002) The rise of childhood type
1 diabetes in the 20th century. Diabetes
51:3353–3361

12. Hu Y,Wong FS, Wen L (2017) Antibiotics, gut
microbiota, environment in early life and type
1 diabetes. Pharmacol Res 119:219–226

13. Kondrashova A, Hyöty H (2014) Role of
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Chapter 9

Large Animal Models of Diabetes

Barbara Ludwig, Eckhard Wolf, Uwe Schönmann, and Stefan Ludwig

Abstract

Safe and reliable large animal diabetes models are a key prerequisite for advanced preclinical studies on
diabetes. Chemical induction is the standard model of diabetes in rodents but is often critiqued in higher
animals due to reduced efficacy, relevant side effects, and inadequate mortality rate. In this chapter, we aim
to describe both pharmacological and surgical approaches for reproducible and safe diabetes models in
minipigs and primates. In addition, genetically modified pig models for diabetes research are described.

Key words Diabetes model, Diabetes induction, Pig model, Primate model, Streptozotocin,
Pancreatectomy

Abbreviations

BG Blood glucose
BW Body weight
im Intramuscular
iv Intravenous
NHP Nonhuman primate
sc Subcutaneous
STZ Streptozotocin

1 Introduction

A reliable and safe model of insulin-deficient diabetes in large
animals is a key prerequisite in preclinical research of various thera-
peutic approaches, particularly islet transplantation including dif-
ferent islet sources such as human, xenogeneic or iPS-/ES-derived
insulin-producing cells and (bio-)artificial devices. The pig is espe-
cially eligible due to the resemblance of the gastrointestinum, the
morphology of the pancreas, metabolic responses, and the pharma-
cokinetics to humans [1]. Miniature pigs such as the Goettingen
minipigs are particularly suitable for long-term studies because of
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their small size, comparably low costs (e.g., versus primates), and
benign personality. Although the use of nonhuman primates in
diabetes research is still required especially for safety evaluation of
novel cell-based diabetes therapies in order to fulfill the require-
ments of competent authorities and recommendations of the
respective professional societies [2], these models are critically dis-
cussed due to ethical considerations. Also, species-specific charac-
teristics with regard to glucose metabolism and insulin action must
be considered [1, 3, 4]. Generally, there are two different methods
for diabetes induction available, chemically with the beta cell-spe-
cific toxin streptozotocin (STZ) or alloxan and the surgical
approach of (sub)total pancreatectomy [5]. The usage of chemical
ablation is considered the standard method in rodents and is also
recommended by many authors for large animals [6, 7]. However,
the efficacy in large animals can be unreliable due to the very narrow
window of dosing and a lot-to-lot variability of streptozotocin.
Moreover, after induction of hyperglycemia, a relevant recovery of
endogenous beta cells may occur during long-term studies and
challenge the obtained results [8, 9]. Therefore, the surgical
approach of complete pancreatectomy for induction of insulin-
deficient diabetes is a valuable alternative. Following a reliable
diabetes induction, the establishment of an optimal regimen for
postoperative diabetes care particularly for prolonged follow-up
periods is of critical importance to generate valuable experimental
data. Generally, conventional blood glucose monitoring (compara-
ble to self-monitoring of blood glucose in patients) is an appropri-
ate way. However, the recent advances in diabetes technology and
continuous glucose monitoring systems (CGMS), diabetes aids
that are successfully used in clinical practice are also applicable in
large animal diabetes models. Furthermore, insulin application
methods of multiple daily injections can ideally be replaced by
continuous subcutaneous insulin infusion pumps. The protocols
are applicable in both pig and (with limitations) primates for phar-
macological testing and medical or biological device implantation
studies.

2 Materials

2.1 Anesthesia/

Premedication

1. Ventilation and respiratory monitoring equipment (we use the
EVITA XL).

2. Endotracheal tubes.

3. Central venous line.

4. Benzodiazepine (short acting such as midazolam).

5. Antimuscarinic/anticholinergic agent (we use atropine).

6. NMDA receptor antagonist.

7. Crystalloid solution (such as saline or Ringer’s lactate).
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2.2 Posto-

perative Care

1. Analgesic (non-opioid, such as metamizole).

2. Antibiotic.

2.3 Pancreatectomy 1. Surgical abdomen instrument kit.

2. Absorbable suture.

2.4 Glucose

Monitoring

1. Standard glucometer.

2. Flash glucose monitoring system.

3. Continuous glucose monitoring system.

2.5 Insulin

Application

1. Insulin pen system.

2. Insulin pump system.

3. Long-acting insulin (such as insulin glargine).

4. Short-acting insulin (such as insulin glulisine).

2.6 Treatment

for Exocrine Pancreas

Insufficiency

1. Pancrelipase.

3 Methods

3.1 Animals All studies in animals must be approved and in accordance with the
guidelines established by the respective institutions and competent
authorities.

When a large animal diabetes model is planned, one has to
thoroughly consider various practical issues that determine the
most suitable breed, the optimal age, and weight. In our experi-
ence, miniature pigs, such as the Göttingen minipig, are most
suitable because of their small size and weight, easy handling, and
benign personality. These factors are of high relevance especially for
studies with a prolonged follow-up.

For a nonhuman primate (NHP) diabetes model with long-
term follow-up, rhesus macaques or cynomolgus monkeys are
appropriate species. Studies must be performed at professionalized
primate centers with specialized infrastructure and personnel. The
NHP model has several limitations and specificities with regard to
glucose metabolism (insulin action, kinetics, etc.) [20, 21] as well as
practical issues such as potential risks during handling and intoler-
ance against foreign materials (catheters, sensors, etc.). All these
factors may significantly influence the study outcome and must be
considered at an early stage of planning an experiment.

Adapted to the respective species, the animal house infrastruc-
ture should facilitate individual housing and standard physical envi-
ronment and operating conditions (19–23 �C; 40–70% relative
humidity; 12:12 h day/night cycle). Moreover, depending on the
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study subject and protocol, individual feeding schedules must be
implementable, and water must be provided ad libitum. Further-
more, one should guarantee a daily clinical monitoring including
assessment of activity level, body condition, body weight (once
weekly), skin quality, hydration status, posture, respiration, and
social behavior. In addition, and depending on the study protocol,
control of metabolic parameters and therapeutic interventions
(e.g., insulin application) must be performed potentially several
times per day.

3.2 Blood Sampling Depending on the type of study that is planned, regular and poten-
tially frequent blood sampling, iv medication, and performance of
functional tests such as intravenous glucose tolerance tests might be
required.

3.2.1 Pig Model An easy, permanent, and non-traumatizing venous access is of
critical importance. In our experience, the establishment of a cen-
tral venous line prior or in parallel to the study initiation is of major
advantage. Adopting the following protocol, a durable access can
be ensured even in long term without infectious or other
complications:

1. A triple lumen catheter is prepared for placement into the right
v. jugularis.

2. Midazolam (1 mg/kg) and ketamine (10 mg/kg) are adminis-
tered intramuscularly (im) for sedation (see Note 1).

3. The right neck region is cleaned, shaved, disinfected, and cov-
ered with surgical drapes.

4. Via a 5 cm paratracheal incision, the internal jugular vein is
dissected, encircled, and cranially ligated.

5. Through a longitudinal incision, the triple lumen catheter is
inserted and fixed.

6. To prevent manipulation and dislocation, the catheter is tun-
neled subcutaneously and exposed on the back of the animal.

7. A circular bandage is used for protection (Fig. 1).

For long-term studies, the central venous line can be replaced
as needed simply by the Seldinger technique (see Note 2).

3.2.2 NHP Model For long-term studies in primates, sufficient sedation is required for
any invasive procedure such as functional tests or iv medication.
However, an extensive training program, adapted to the specific
demands of the study (glucose monitoring, exogenous insulin
treatment) is obligatory depending on the standards of the respec-
tive primate center.
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3.3 Anesthesia The procedure is generally equally applicable to pigs and NHP.
However, local expertise and center-specific standards should be
respected. The following protocol describes the detailed procedure
exemplary for pigs.

Prior to intervention, the animals must be fasted overnight
with free access to water. The premedication is performed as
described above (Subheading 3.2.1). If vascular access is not yet
available, it can easily be established by puncture of an ear vein.
When sufficient sedation is achieved, animals are placed on the
operating table and kept in supine position during the entire pro-
cedure. Intramuscular premedication can be augmented by intra-
venous injection of ketamine and/or midazolam if necessary, but
the animal should always show sufficient spontaneous breathing
activity, even in supine position. For maintenance anesthesia, the
following steps should be followed:

1. The trachea of the animals is intubated transorally with a cuffed
endotracheal tube.

2. The lungs are ventilated with a standard ventilator (ideally with
options for children) set in volume-controlled mode using the
following settings: fraction of inspired oxygen of 0.5, VT of
8 mL/kg, positive end-expiratory pressure of 5 cmH2O, inspi-
ratory:expiratory ratio in the range of 1:1 to 1:2, and respira-
tory rate adjusted to achieve an end-tidal CO2 between 35 and
45 mmHg (we recommend use of capnometry or capillary
blood gas monitoring).

3. Anesthesia is performed as total intravenous anesthesia with
midazolam (0.5 mg/kg bolus and 1 mg/kg/h) and ketamine
(2 mg/kg bolus and 15mg/kg/h). If neuromuscular blockade
is desired, paralysis is achieved with atracurium (1 mg/kg bolus
and 3 mg/kg/h).

Fig. 1 Göttingen minipig with central venous line subcutaneously tunneled to the
neck region for physical protection. An insulin pump (mylife OmniPod) is placed
in the shaved neck region for continuous insulin delivery [32]
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4. Intravascular volume is maintained with a crystalloid solution
at a rate of 10 mL/kg/h.

For monitoring, oxygen saturation (see Note 3) should be
measured continuously as well as a standard electrocardiogram.

In the case of continuous neuromuscular blockade, atracurium
infusion should be stopped approximately 20 min before the end of
surgery. When surgery has reached its end, midazolam and keta-
mine can be stopped, and slow infusion of metamizole (see Sub-
heading 3.5.1) should be started. When sufficient spontaneous
breathing activity is detectable, the pig may be disconnected from
the ventilator and brought to the recovery room with the uncuffed
endotracheal tube still in place, breathing room air. The pig should
be placed in a lateral position, the pulse oximetry still in place.
Extubation can be performed when the animal tries to stand up
on its own feet or shows recurring coughing. Oxygen saturation
should be >90% at all times.

3.4 Diabetes

Induction Using

Streptozotocin

Chemical induction of diabetes using streptozotocin is the standard
model in rodents. Various authors and research groups recommend
this method also for the pig and NHP model [7]. By all means,
special attention and care should be exercised in order to minimize
side effects and even mortality rate in this model. We recommend
the following protocol for safe and most reliable pharmacological
diabetes induction:

1. Animals should be fasted overnight prior to STZ injection and
for at least 2 h thereafter (see Note 4).

2. Filter-sterilized streptozotocin is diluted in 100 mM sodium
citrate to 25 mg/mL (pH 4.5) and administrated intravenously
(ideally via a central venous line) at 50 mg/kg and 150 mg/kg
body weight (BW) for primates or pigs, respectively.

3. For safety monitoring, hepatic function and renal function
should be assessed prior to and 1 and 4 weeks after STZ
injection by assessment of serum aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and plasma creatinine
(see Note 5).

Using this protocol, animals should develop a significant
increase in blood glucose within 1 week, but especially in pigs,
this effect is partially reversible. A number of animals might recover
with regard to blood glucose control and endogenous insulin
secretion within the following weeks. Therefore, a uniformly
induced irreversible diabetes cannot be achieved in our experience.
Increasing the dosage of STZ (e.g., to 200 mg/kg BW in pigs) is
not the solution since in our (and others) experience the renal and
hepatic toxicity significantly increases.
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3.5 Diabetes

Induction by Total

Pancreatectomy

3.5.1 Pig Model

In order to achieve irreversible insulin-deficient diabetes, surgical
pancreatectomy is the recommended procedure according to our
experience.

After anesthesia is established, the abdominal region is cleaned
and shaved prior to disinfection and covered with surgical drapes.
The surgical procedure should be carried out according to the
following procedure:

1. After median laparotomy, a routine splenectomy is performed
(see Note 6).

2. The tail of the pancreas is carefully dissected from the sur-
rounding tissue, starting laterally. The upper and lower margins
of the pancreas tail are detached from the retroperitoneal
attachments.

3. The tail and the distal parts of the body are mobilized to the
junction of the splenic vein, superior mesenteric vein, and
portal vein. The posterior attachments of the pancreas and all
tissues between the splenic artery and the junction of the
splenic vein and portal vein are divided. The body of the
pancreas is dissected and freed from the portal vein, tied off
the vascular branches between them.

4. The dissection is continued along the superior margin of the
pancreas, and the left gastric artery is dissected and separated
from its origin at the splenic artery.

5. Next, the body of the pancreas that wraps the portal vein with a
large anterior and thin posterior ring is dissected and liberated.

6. The head of the pancreas is then dissected and mobilized to the
right of the aorta. The duodenum is pulled up and the pancreas
dissected and liberated from the right portion of the portal vein
and the intrahepatic vena cava.

7. The pancreas is then carefully separated from the duodenum,
preserving the duodenal vascular arcade, and the pancreatic
branches can be individually tied and divided, separating the
head of the pancreas from the duodenum.

8. The pancreas is then excised by dissection, ligation, and divi-
sion of the small vessels from the superior mesenteric artery to
the pancreas.

9. The portal ring around the portal vein is dissected from the
surrounding structures. The inferior and anterior portion of
the pancreas head attached to the mesocolon is transected to
remove the organ, finishing the total pancreatectomy.

10. The pancreas is ready to be removed after sectioning of the
portal ring.
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11. In the end, both the duodenum and the common bile duct
were preserved. The bile duct can be preserved because, in
contrast to humans, in swine the bile duct ends in the duode-
num apart from the pancreatic duct (Fig. 2).

12. To prevent herniation, the relatively loose duodenum is fixed
to the retroperitoneal space.

13. The abdomen and the skin were sutured with absorbable
material.

For 2–5 days postoperatively, the animals should receive anal-
gesia with metamizole (single dose of 500 mg iv, maximum daily
dose of 1500 mg iv) according to clinical appearance (see Note 7)
[10]. Prophylactic antimicrobial therapy should be administered
with single shot of an antibiotic such as tazobactam.

Enteral feeding can be allowed 24 h post-pancreatectomy, and
substitution of exogenous pancreatic enzymes should be started
(see Note 8).

3.5.2 NHP Model In order to reach optimal efficiency and reduce the surgical risk
associated with total pancreatectomy, we recommend for the NHP
model a combination of subtotal pancreatectomy followed by
low-dose STZ application.

Rhesus macaques (Macaca mulatta) of�10 kg body weight are
suitable animals for this procedure.

Fig. 2 Intraoperative situs with duodenum (D), duodenal lobe of the pancreas
(DL), connecting lobe of the pancreas (CL), stomach (S), V. mesenterica superior
(SMV), and splenic lobe of the pancreas (SL) [32]
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1. The animals are fasted overnight with free access to water.

2. After premedication (as described above), the anesthesia can be
performed as total iv anesthesia (see above).

3. The abdominal region is cleaned and shaved before disinfection
and covered with surgical drapes.

4. After median laparotomy, the pancreas is carefully dissected
from the surrounding tissue and liberated.

5. Particular precaution must be exercised in the duodenal part of
the pancreas, preserving the duodenal vascular arcade and
thereby preventing ischemic complications. Therefore, a very
small part of pancreatic tissue is left in situ (see Note 9).

6. The abdomen and the skin are sutured with absorbable
material.

Postoperatively, insulin therapy must be started immediately by
either multiple daily injections of long- and short-acting insulin or
when primate jackets or vests are used, continuous glucose systems
can be installed and operated remote-controlled (see also Subhead-
ing 3.7).

3.6 Metabolic

Monitoring

In case of an insulin dependent, particularly a completely insulin-
deficient diabetes, regular blood glucose monitoring should be
performed according to clinical practice. We suggest a three to
four times daily blood glucose testing in order to avoid hypoglyce-
mia and hyperglycemic excursions. For conventional capillary
blood glucose (BG) testing (using a standard commercial gluc-
ometer) in pigs, the ear tip is the most appropriate site for testing.
However, even trained pigs are not much in favor of this procedure
particularly for long-term studies. Therefore, we highly recom-
mend to utilize either a flash glucose monitoring system (FreeStyle
Libre®, Abbott) or a continuous glucose monitoring system
(CGMS). With the former, BG levels can be obtained from a sensor
that is placed subcutaneously (no calibration, life span of 2 weeks)
simply by scanning. This painless, even contact-free procedure
allows to display the current glucose reading, also the latest 8 h of
continuous glucose data and a trend arrow that shows if glucose
levels are going up or down or changing slowly. In our experience,
this system is the most suitable method for BG monitoring and
with regard to error-rate and ease of use in pigs also superior to
CGM systems (seeNote 10). In primates, artificial devices can only
be applied if primate vests or jackets are used. For long-term studies
it seems a valuable alternative to training the animals in finger prick
testing.

For additional functional beta cell testing in animals under-
going diabetes induction (residual endogenous insulin secretion)
or after beta cell replacement therapy (reconstituted endogenous
insulin secretion), an intravenous glucose tolerance test is a well-

Large Animal Models of Diabetes 123



tolerated, viable, and reliable method. The key prerequisite is a
stable venous line, ideally a permanent central venous line (see
above) for easy blood sampling as described for the pig model. In
this setting, no anesthesia or sedation is needed, and the test can be
performed stress-free for both the animal and the experimenter. In
primates, general anesthesia is usually necessary to perform these
tests.

To obtain solid results, we recommend the following protocol
(to be adapted to the respective research question):

1. Depending on the research question and the diabetic status of
the animal, exogenous insulin treatment should be suspended
prior to the test.

2. After overnight fasting and retrieving baseline samples, a sterile
glucose solution at a dose of 0.5 g/kg bodyweight is quickly
injected intravenously (iv).

3. Serum samples for measurement of glucose and potentially
hormone levels are taken at the desired time points (e.g.,
5, 10, 20, 30, 60, 90, 120, and 180 min post glucose
injection).

4. Hormone levels can be determined using species-specific
enzyme-linked immunosorbent assay (ELISA) or radioimmu-
noassay (RIA).

If the animals are completely insulin deficient, we recommend
continuing insulin treatment with long-acting insulin or basal rate
of insulin pump prior and during the test to prevent ketoacidosis.

3.7 Insulin

Substitution

Insulin treatment can generally be performed either by multiple
daily injections (MDI) by sc injection of long-acting insulin and
repeated application of rapid-acting insulin or by insulin pump
therapy (continuous subcutaneous insulin infusion; CSII). From
our experience, in pigs, the latter method is strongly recommended
due to the possibility of subtle adjustment of baseline insulin doses
and the atraumatic application of bolus insulin. The insulin catheter
(or patch pump) should be placed in the shaved neck region of the
animal and replaced every 2 days. This procedure is easily manage-
able even without sedation in trained animals (see Note 11). The
insulin dose should be determined by stepwise adjustments in order
to reach near-normal glycemic control with avoidance of hypogly-
cemic events. In primates, this approach again depends on the
utilization of primate vests or jackets.

3.8 Genetically

Tailored Pig Models

for Diabetes Research

In addition to partial or total pancreatectomy and chemical
destruction of the insulin-producing beta cells, dietary interven-
tions (e.g., feeding a high-calorie, high-fat diet to induce obesity)
and genetic modifications have been used to generate pig models
for diabetes research. Obesity in pigs is routinely induced by high-
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fat and/or high-carbohydrate diets (reviewed in ref. 11). Minipig
lines such as Ossabaw, Yucatan, or Göttingen minipigs are most
widely used since they can be maintained to adulthood at reason-
able costs. Dietary supplementation of cholesterol causes additional
dyslipidemia (elevated cholesterol, low-density and high-density
lipoprotein). While impaired glucose tolerance was inconsistently
observed, diet-induced obesity in domestic or minipigs did not lead
to an overt diabetic phenotype (reviewed in ref. 11). This requires
additional manipulations, such as damage of beta cells by strepto-
zotocin or alloxan, or impairment of beta cell function by specific
genetic modifications. Genetic engineering of pigs has been
remarkably refined (reviewed in ref. 12) and is the most recent
approach of generating tailored large animal models for diabetes
research. A broad spectrum of techniques for targeted genetic
modification of pigs facilitates the generation of large animal mod-
els that mimic disease mechanisms of various types of diabetes
mellitus on a molecular level (reviewed in ref. 13). The combina-
tion of dietary intervention and genetic modification appears to be
particularly suitable to mimic several aspects of the multifactorial
type 2 diabetes mellitus (reviewed in ref. 11, 14.

3.8.1 GIPRdn Transgenic

Pigs: A Prediabetic Large

Animal Model

Many type 2 diabetic patients show a reduced incretin effect that is
explained by a reduced function of the incretin hormone GIP
(glucose-dependent insulinotropic polypeptide). The incretin hor-
mones GIP and GLP1 (glucagon-like peptide-1) are secreted upon
nutrient ingestion by specific endocrine cells in the small intestine.
Among other functions, incretins bind to specific receptors of beta
cells and potentiate insulin secretion. To mimic the reduced func-
tion of GIP in a large animal model, we generated transgenic pigs
expressing a dominant-negative GIP-receptor (GIPRdn) under the
control of a rat Ins2 promoter sequence [15]. GIPRdn binds GIP
with similar affinity as the intact GIPR (a classical seven transmem-
brane domain G-protein coupled receptor); however—due to the
deletion of eight amino acids and an additional amino acid
exchange in the third intracellular domain of the receptor—it
does not transduce the signal [16]. The GIPRdn transgenic pig
model resembles important aspects of prediabetes, including a
reduced incretin effect, impaired glucose tolerance, initially delayed
and in later stages quantitatively reduced insulin secretion (Fig. 3)
and a progressive reduction of beta cell mass. The reproducible and
progressive phenotype of this model was used in a targeted meta-
bolomics approach to identify biomarker candidates that change in
their plasma concentration with progression of the phenotype in
the prediabetic period. In particular, metabolomic signatures of
amino acids and lipids were identified that showed a high correla-
tion with beta cell mass [17]. Moreover, the GIPRdn transgenic pig
model was used to characterize effects of the GLP1 receptor ago-
nist liraglutide, which is clinically approved for treatment of adult
type 2 diabetics, in juvenile organisms [18].
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3.8.2 INSC94Y Transgenic

Pigs: A Clinically Diabetic

Large Animal Model

The expression of mutant insulin may—depending on the type of
mutation and the expression level—lead to permanent neonatal
diabetes mellitus (now termed mutant insulin gene-induced diabe-
tes of youth—MIDY) (reviewed in [19]). In humans, more than
50 different mutations of the INS gene are known. We generated
transgenic pigs that express mutant insulin C94Y [19]. A
corresponding mutation was also found in MIDY patients. The
C94Y mutation in our pig model disrupts one of the two disulfide
bonds between the A and B chain of the insulin molecule, resulting
in misfolded insulin, accumulation of proinsulin in the endoplasmic
reticulum (ER), and chronic ER stress that cannot be solved by
intrinsic repair mechanisms, the so-called unfolded protein
response (UPR). This finally results in beta cell apoptosis. MIDY
piglets get diabetic within the first week after birth. Since beta cell
mass is unaltered at this stage, a deficit in insulin secretion seems to
be the primary cause. With increasing age, a loss of beta cell mass is
observed. At age 4.5 months, the beta cell mass of MIDY pigs is
70% reduced compared to their wild-type littermates, and the beta
cells show morphological hallmarks of ER stress (Fig. 4). We thus
developed an insulin substitution therapy that restored normogly-
cemia and almost normal growth.

Fig. 3 Progressive deterioration of oral glucose tolerance in prediabetic GIPRdn transgenic pigs (from [15])
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MIDY pigs are an interesting model for a broad range of
applications, such as the preclinical testing of novel treatments or
diagnostics (e.g., new insulin formulations, continuous glucose
monitoring systems, insulin pumps, artificial pancreas) or the eval-
uation of early stages of diabetic complications in the kidneys, eyes,
or microvasculature. Already at age 5 months, reduced capillariza-
tion and pericyte investment was observed in the myocardium of
MIDY pigs compared to age-matched controls. After experimental
induction of an ischemic lesion, the myocardium responded with
increased fibrosis. Local gene therapy with thymosin B4 markedly
improved capillarization and pericyte investment in wild-type pigs,

Fig. 4 Consequences of expression of mutant insulin C94Y in MIDY pigs. (a) Permanently elevated fasting
blood glucose levels. (b) Decreasing plasma C-peptide concentrations indicating perturbed insulin secretion
and a decrease in beta cell mass. (c, d) Ultrastructural changes of beta cells from MIDY pigs (age, 4.5 months),
which are indicative of ER stress. Beta cells of wild-type (WT) pigs (c) show multiple insulin granules (blue
arrows). In beta cells from MIDY pigs, the number of insulin granules is markedly reduced, and characteristic
dilations of the endoplasmic reticulum are visible (d; red arrows; from [19])
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but only to a lesser extent in MIDY pigs [20]. These findings are
clinically relevant since reduced capillarization and pericyte invest-
ment is also observed in the myocardium from diabetic patients.

3.8.3 The Munich

MIDY-Pig Biobank: A

Unique Resource

for Studying Systemic

Consequences of Diabetes

Mellitus

To study the consequences of insulin insufficiency and chromic
hyperglycemia in a multi-organ, multi-omics approach, we estab-
lished a comprehensive biobank from four 2-year-old MIDY pigs
and five age-matched controls ([21]; see report in [22]). In this
context, the first standardized protocol for systematic sampling and
processing of a broad spectrum of organs and tissues from porcine
biomedical models was established [13]. The Munich MIDY-Pig
Biobank harbors more than 20,000 redundant samples of different
body fluids and of ~50 different organs and tissues. Tissue samples
were preserved to facilitate holistic molecular profiling studies (e.g.,
of transcriptome, proteome, lipidome, metabolome) and transcript
and protein localization studies as well as qualitative and quantita-
tive pathohistological investigations. The retina of MIDY pigs
showed interesting diabetes-associated alterations with similarities
to diabetic retinopathy in human patients [23].

3.8.4 Transgenic Pigs

Expressing Mutant HNF1A:

A Model for MODY3

Different autosomal dominant mutations in the hepatocyte nuclear
factor-1α (HNF1A) gene, located on human chromosome 12q, are
responsible for defects in insulin secretion and derailed glucose
homeostasis and have been categorized as maturity onset diabetes
of the young 3 (MODY 3) (reviewed in ref. 24). To generate a large
animal model for this condition, Umeyama et al. [24] produced
transgenic pigs expressing a dominant-negative human HNF1A
(P291fsinsC). The expression vector included the mutant
HNF1A cDNA under the transcriptional control of cytomegalovi-
rus immediate-early gene enhancer/porcine insulin promoter
sequences and flanked by chicken β-globin insulators. Expression
of transgene-derived mRNA was shown in the brain, heart, lung,
liver, pancreas, spleen, and kidney, and the 315 amino acid HNF1A
(P291fsinsC) protein was detected in the brain, lung, heart, pan-
creas, spleen, and kidney. Persistent diabetes with non-fasting
blood glucose levels above 200 mg/dl was observed in four
longer-living transgenic pigs. Histological analysis revealed abnor-
mal pancreatic islet morphogenesis, immature renal development,
and pathological alterations of the kidneys, such as glomerular
hypertrophy and sclerosis [25] as well as liver alterations
[24]. Since expression of the transgene was not limited to pancre-
atic beta cells, it is not clear whether the kidney lesions were caused
by the diabetic condition or toxic effects of the locally expressed
HNF-1α (P291fsinsC) protein. The latter is likely the case, since
INSC94Y transgenic pigs (see above) develop similar hyperglycemia
but show no signs of diabetic nephropathy, at least before
12 months.
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3.8.5 INS-eGFP

Transgenic Pigs: A Model

for Ex Vivo Studies of Beta

Cell Maturation

Functional studies of the endocrine cells in the islets of Langerhans
are a prerequisite for better understanding the various forms of
diabetes. Since the access to human islets from healthy or diabetic
subjects is limited, islets from rodent models are often used for
in vitro studies, revealing important knowledge on beta cell func-
tion. Several therapeutic concepts for diabetes mellitus are based on
the idea to activate the regeneration of beta cells or the transdiffer-
entiation of pancreatic progenitor cells or other endocrine cell types
into beta cells. Due to structural (e.g., distribution of the various
endocrine cell types) and molecular differences (e.g., transcription
factors of endocrine cells) between rodent and human islets of
Langerhans, findings in rodent islets may not adequately resemble
the situation in human islets. Alternatively, porcine islets of Lan-
gerhans can be used as a model. Islets of adult pigs are structurally
similar to human islets, but their isolation is difficult and expensive.
In contrast, the isolation of neonatal islet-like cell clusters (NICCs)
from piglets is less difficult, but NICCs are immature and require
maturation in vitro. To facilitate monitoring of this process in living
cells, we generated transgenic pigs expressing enhanced green fluo-
rescent protein (eGFP) under the control of the porcine INS
promoter [26]. The use of this model facilitates in vitro and
in vivo maturation studies of NICCs (Fig. 5) andmolecular analyses
of FACS-sorted beta cells.

3.8.6

Pancreatogenesis-Disabled

Pigs: Potential Hosts

for Human Pancreas

Development?

The group of Hiromitsu Nakauchi (TokyoUniversity) provided the
first proof of concept for developing an allo- or xenogeneic pan-
creas in interspecific chimeras [27]. They used mouse blastocysts
with defective copies of the pancreatic and duodenal homeobox
1 (Pdx1) gene, which is essential for pancreas development.
Embryos and fetuses developing from these blastocysts have an
empty pancreas niche, and apancreatic pups die shortly after birth
from severe hyperglycemia. This lethal phenotype could be rescued
by injecting Pdx1-intact mouse embryonic stem cells (ESC) or
induced pluripotent stem cells (iPSC) or rat iPSC into the PDX1-
defective blastocysts. The resulting chimeras had a pancreas entirely
derived from injected pluripotent stem cells, demonstrating that
intra- and interspecific blastocyst complementation with pluripo-
tent stem cells can form an entire organ in a host engineered to have
a free developmental niche.

As a first step toward generation of a human pancreas in an
animal host, Matsunari et al. [28] generated pancreatogenesis-
disabled transgenic pigs that express Hes1 (Hairy enhancer split-1)
under PDX1 promoter control. Since no fully functional porcine
pluripotent stem cells are available, blastocyst complementation was
performed with embryonic blastomeres expressing the fluorescent
marker Kusabira-Orange (K-O). The resulting chimeric fetuses and
offspring had pancreata derived entirely from the K-O-labeled cells.
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The availability of specific organogenesis-impaired pig hosts
opens the possibility of targeted organ generation from human
pluripotent stem cells (PSC), but whether this is feasible between
phylogenetically distant species remains to be seen. A recent study
evaluated the ability of different types of human PSC to contribute
to chimeras after injection into porcine and bovine blastocysts.
While naı̈ve PSC were reported to engraft in blastocysts of both
host species, contribution to postimplantation pig embryos was
limited. A higher (although still very low) degree of chimerism
was observed when using an intermediate PSC type [29]. These
observations suggest that species barriers prevent extensive postim-
plantation chimerism.

3.9 Summary In summary, in our experience, the large animal diabetes model
using minipigs and primates by (sub)total pancreatectomy is a
feasible approach for diabetes studies when complete endogenous
insulin deficiency is the primary prerequisite. A skilled and com-
mitted team of surgeon, anesthesiologist, veterinarian,

Fig. 5 Neonatal islet-like cell clusters (NICCs) from INS-eGFP transgenic pigs can
be used to study cell proliferation and maturation of NICCs in vitro and in vivo
(from [26])
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diabetologist, and students/technicians as well as an adequate envi-
ronment for the intervention and the follow-up are essential pre-
requisites for the establishment of such model. With appropriate
postoperative care, pancreatectomized minipigs can be kept with-
out complications and are well suitable for, e.g., transplantation
experiments. Genetic engineering of pigs is now well established
and facilitates the generation of tailored (pre)diabetic pig models
and improved donors for islet xenotransplantation ([30]; reviewed
in ref. 31).

Although still required in some settings and regulatory situa-
tions, the imperative of the primate model should be evaluated very
critical for practical reasons, ethical considerations, and suitability
for metabolic studies.

4 Notes

1. For premedication, always attach the syringe with the medica-
tion mixture to a long extension line type Heidelberger.
Thereby, you can follow the potentially moving animal after
placing the needle and continue injecting.

2. Use the sterile plastic cover, which the venous line is usually
protected within the packing and pull it through the “tunnel.”
Thereby, it is much easier to establish a safe and strainless
permanent central venous line access.

3. In pigs, the oxygen probe (standard probe placed on fingertip
in humans) can be pulled across the tail for secure and sensitive
measurement.

4. Fasting period prior to and after STZ administration increases
the susceptibility of beta cells for STZ-induced damage and
therefore the efficacy of the toxin.

5. In our experience, pigs tolerated doses 150 mg/kg STZ with-
out significant increase of AST, ALT, or creatinine.

6. Splenectomy preceding manipulation on the pancreas signifi-
cantly simplifies the procedure by creating space through
removal of this relatively large organ and elimination of the
risk of distortion of the splenic artery following pancreatec-
tomy with subsequent infarctions. CAVEAT: Splenectomy
compromises the immune competence of the animal (poten-
tially critical in transplantation studies involving immunosup-
pression), and impact of splenectomy on immunological read-
outs must be considered.

7. We recommend applying analgesics slowly (e.g., during 1 h) in
combination with fluid substitution (e.g., sodium chloride
0.9%, 200 mL).
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8. We recommend starting with low-dose substitution (e.g.,
Creon 25,000 IU/day). However, one should test temporarily
stopping the medication, since in our experience minipigs did
not show any clinical symptoms of exocrine pancreas insuffi-
ciency, and therefore we could discontinue substitution.

9. Importantly, this strategy of subtotal pancreatectomy also
allows for preserving the anatomical drainage of the bile duct.

10. Regardless of placing the CGM probe or the flash glucose
sensor, we recommend the thoroughly shaved and cleaned
neck region of the pig for insertion. The skin is considerably
less compact and error rate is significantly lower.

11. Due to the high learning aptitude of pigs, one should associate
the procedure from the very beginning with a favorite treat
(e.g., strawberry yoghurt). The animals then even learn to lie
down and tolerate exchange of catheter without any sedation
needed.
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Chapter 10

Use of Streptozotocin in Rodent Models of Islet
Transplantation

Aileen J. F. King, Elisabet Estil·les, and Eduard Montanya

Abstract

Streptozotocin (STZ) selectively destroys beta cells and is widely used to induce experimental diabetes in
rodents. Rodent beta cells are very sensitive to the toxic effects of STZ, while human beta cells are highly
resistant to STZ. Taking advantage of this characteristic, here, we describe two protocols for the induction
of STZ-diabetes. In the first model, hyperglycemia is induced prior to islet transplantation, whereas in the
second model, STZ is injected after islet transplantation. The former model has many applications and thus
is the most commonly used method. However, when implanting human islets into mice, there are clear
benefits to administering STZ after the transplantation. It reduces the cost and burden of experiments and
the number of human islets needed for transplantation and improves the welfare and survival of animals
used in the experiments. In both methods, a key step in the experimental protocol is to remove the graft-
bearing kidney at the end of the experiment and monitor onset of hyperglycemia. This can be used to
demonstrate that the glycemic control of the animal is due to the engrafted islets and not regeneration of
endogenous beta cells. This chapter outlines protocols of administering streptozotocin pre- and post-islet
transplantation in mice as well as nephrectomy to remove the graft-bearing kidney.

Key words Streptozotocin, Human islet transplantation, Pancreatic beta cell, Nephrectomy

1 Introduction

Inducing diabetes by chemical means is a relatively cheap and
reliable method of inducing hyperglycemia “on demand.” It can
be used in a wide variety of species and experimental settings, but
for this chapter, we will concentrate on murine recipients of either
human or mouse islet transplants. Alloxan and streptozotocin
(STZ) are compounds commonly used to induce beta cell death
and thereby hyperglycemia through lack of insulin production.
Their structural similarity to glucose allows uptake by GLUT2
transporters, and thus these compounds selectively accumulate
within the beta cells. Streptozotocin alkylates DNA and subsequent
activation of poly-(ADP-ribose) polymerase (PARP) leads to
energy depletion. Alloxan induces the formation of free radicals,
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which beta cells have a poor defense mechanism against. It also
causes oxidation of essential-SH groups, inhibiting key proteins
such as glucokinase. In both cases, the actions of the compounds
lead to rapid beta cell death. This chapter will focus on the use of
streptozotocin. In high doses, diabetes can typically be induced
within days. However, if the aim is to transplant rodent islets into
a stably hyperglycemic animal, it is advisable to wait at least
5–7 days before transplantation.

It should be noted that the susceptibility to streptozotocin is
species, strain, and gender dependent. Thus, doses may have to be
optimized for the model in which it is to be used. In the traditional
model of STZ-induced diabetes used in experimental islet trans-
plantation, STZ is injected first, and when diabetes is confirmed,
transplantation is performed. In rodent islet transplantation, the
availability of donors and recipients is at the discretion of the
investigator, and islet isolation and transplantation can be planned
well in advance and performed at the most convenient time after
diabetes is confirmed in the recipient. In contrast, the availability of
human islets depends on organ donation, and prospective
STZ-diabetic recipients, usually fragile immunodeficient mice,
must be kept in the Animal Care Facility for unpredictable lapses
of time, requiring more intensive care, including daily treatment
with insulin, until a human islet preparation is available. After STZ
injection, and despite insulin treatment, their condition often dete-
riorates, and mortality is increased [1]. Based on the well-known
resistance of human islets to STZ [2], we have described a new
model in which STZ-diabetes is induced after human islet trans-
plantation [3]. We have shown that STZ has no detectable toxic
effects on β-cell death, mass, and function of human transplanted
islets. This model has several advantages. First, it reduces the bur-
den and cost of the experiments, since it is not necessary to main-
tain a pool of chronically hyperglycemic immunodeficient
recipients for undetermined periods of time waiting for a human
islet preparation to become available. Second, it reduces the num-
ber of human islets that must be transplanted, since it is well
established that restoration of normoglycemia in STZ-diabetic
recipients requires the transplantation of a higher islet number
than that needed to maintain normoglycemia [4–7]. Third, it
reduces the number of animals used in the experiments, increasing
the survival, and also the welfare, of the animals. Moreover, the
model is close to the usual clinical practice, where normoglycemia is
maintained before and after islet transplantation to avoid the dele-
terious effects of hyperglycemia on beta cells.

At the end of any experiment using streptozotocin for beta cell
depletion, it is essential to show that the glycemic control of the
animal is due to the implanted islets rather than regeneration of the
beta cells of the endogenous pancreas. This can be investigated by
carrying out a nephrectomy of the graft-bearing kidney. After the
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removal of the implanted islets by this method, the animal should
develop hyperglycemia if the graft was responsible for the glycemic
control of the animal.

This chapter will therefore outline the methods of injecting
STZ before islet transplantation, injecting STZ after islet transplan-
tation, and the removal of the graft-bearing kidney. These methods
are suitable for use in mice and rats, but this chapter will focus on
the use of mice as recipients (for methods regarding the use of STZ
in larger animals, see Chapter 9).

2 Materials

2.1 Animals 1. In the model where STZ is administered before islet transplan-
tation, the recipient strain will depend on the experimental
design. If immune rejection is of interest (or conversely to be
avoided), the source of the islets should be taken into consid-
eration when choosing the recipient (see Note 1).

2. In the context of using STZ after human islet transplantation,
immunodeficient mice should be used as recipients, e.g., Athy-
mic Nude-Foxn1nu mice (see Note 2).

2.2 Streptozotocin

Solution

and Administration

1. Citric acid.

2. Sterile saline solution.

3. Streptozotocin (STZ) (see Note 3).

4. 22-μm pore filter.

5. 1.5-mL sterile microcentrifuge tubes.

6. 1-mL sterile syringes with 25- or 27-gauge needle.

7. Aluminum foil.

2.3 Islet

Transplantation

1. Islets (the source will depend on the objective of the experi-
ment) in an appropriate media or saline in 1.5-mL sterile
microcentrifuge tubes (see Note 4).

2. Media appropriate for the islets.

3. Sterile saline.

4. 5-mL syringe and 19G needle.

5. Hamilton syringe (500 μL).
6. PE50 tubing (see Note 5).

7. Connector tubing (plastic tubing of around 3–5 mm in length,
suitable to connect PE50 tubing to the end of a P200 pipette
tip).

8. Centrifuge and suitable inserts (see Note 6).
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9. P200 pipette and tips (with some tips cut to fit the Hamilton
syringe).

10. Anesthetic (see Note 7).

11. Analgesic (see Note 7).

12. Surgical instruments (scalpel, two pairs of forceps, scissors,
watchmaker forceps, needle holder).

13. Razor.

14. Antiseptic skin scrub.

15. Heating pad.

16. Gauze.

17. 23G needle.

18. Cauteriser.

19. Suture appropriate for the peritoneum and skin.

2.4 Equipment

to Monitor Glycemic

Control

1. Scales.

2. Sterile needles (we suggest 25–30 gauge; see Note 8).

3. Blood glucose meter (any model, e.g., Accu-Chek Performa;
see Note 9).

4. Blood glucose test strips to fit meter.

2.5 Nephrectomy 1. Anesthetic (see Note 7).

2. Analgesic (see Note 7).

3. Razor.

4. Antiseptic skin scrub.

5. Heating pad.

6. Gauze.

7. Surgical instruments (scalpel, two pairs of forceps, scissors,
hemostatic clamp, needle holder).

3 Methods

We will describe two methods of administering STZ below. In the
first, hyperglycemia is induced with a single high dose of STZ prior
to islet transplantation. In the latter, we will describe a model where
STZ is administered after islet transplantation. This is useful in
models where the implanted islets have specific resistance to STZ
(e.g., human islets), and the goal is to specifically destroy endoge-
nous beta cells in a species that is STZ susceptible (e.g., mouse)
after the implanted islets have engrafted.
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3.1 Prepare Citrate

Buffer

1. Make an 11 mM citric acid solution in saline.

2. Mix and adjust the pH of the solution to pH 4.5 (seeNote 10).

3.2 Streptozotocin

Injection Before Islet

Transplantation

3.2.1 Inject STZ

1. Weigh mouse to determine the amount of STZ needed.

2. Weigh appropriate amount of STZ and cover it with
aluminum foil.

3. Dissolve the weighed STZ in citrate buffer (pH 4.5) in a sterile
microfuge tube (see Note 11). Vortex until STZ is completely
in solution. This must be done immediately prior to injection,
since STZ degrades rapidly once in solution (see Note 12).

4. Filter-sterilize the STZ solution using a 0.22-μm pore filter.

5. Inject the appropriate volume of STZ solution intraperitoneally
using 1-ml sterile syringes with 25–27G needles according to
local guidelines. To calculate the volume to inject, use the
following formula (see Note 13):

Volume mLð Þ ¼ 180 mg=kg � weight of mouse kgð Þ
Concentration of STZ mg=mLð Þ

Return the mice to their home cages. Provide free access to
normal food and water.

6. Monitor the mice over the next few days by weighing them and
measuring blood glucose at least three to four times a week (see
Note 14).

7. Five to 7 days after the STZ injection, check if the mice
are overtly hyperglycemic before commencing the study (see
Note 15).

3.2.2 Prepare Islets

for Transplantation

This step should be carried out as surgery is starting (see
Note 16).

1. Attach a 200-μL pipette tip to the Hamilton syringe (see
Note 17).

2. Fill the Hamilton syringe and tip with media or saline as appro-
priate, with no air bubbles.

3. Aspirate the islets into the tip (see Note 18) and allow to pellet
by gravity (see Note 19).

4. Attach the PE50 tubing to the pipette tip which is attached to
the Hamilton syringe and carefully inject the liquid and islet
pellet into the tubing, around 5 cm down. Bend the PE50
tubing back on itself just after the pellet and hold in place
using a piece of connector tubing.

5. Remove the tip with PE50 tubing from the Hamilton syringe
and place in a centrifuge for 2 min at 200 RCF (see Notes 6
and 20).

6. Reattach the tip with PE50 tubing to the Hamilton syringe,
ensuring no air bubbles (see Note 21).
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3.2.3 Islet

Transplantation

to the Subcapsular Kidney

1. Anesthetize the mouse with isoflurane or another appropriate
anesthetic.

2. Shave the fur on the left flank and treat the skin with surgical
scrub, followed by 70% alcohol.

3. Administer analgesic and lay the mouse on a heat pad.

4. Lay drapes over the mouse, with the operation area exposed,
and check if the mouse is adequately anesthetized (e.g., by lack
of reaction to a paw pinch).

5. Use a scalpel to make a 1.5–2-cm incision in the skin over the
left kidney.

6. Use scissors to cut a small incision on the peritoneum above the
left kidney.

7. Externalize the kidney by gently pressing under each side of the
kidney to allow it to pop out.

8. Keep the kidney moist using sterile saline.

9. Make an incision in the kidney capsule by using either a scalpel
or by dragging a 23G needle (see Note 22).

10. Using the watchmaker forceps to lift the kidney capsule, place
the PE50 tubing (prepared in Subheading 3.2.2) under the
kidney capsule and push the tube toward the top quarter of the
kidney.

11. Use the Hamilton syringe screw function to slowly inject the
islet pellet under the kidney capsule. Carefully pull the PE50
tubing out.

12. Cauterize the kidney capsule at the incision.

13. Suture the peritoneum.

14. Suture the skin.

15. Let the mouse recover (see Note 23).

16. Monitor weight and blood glucose concentrations for the
remainder of the study.

3.3 STZ Injection

After Islet

Transplantation

In this protocol, human islets are transplanted to inmunodeficient
recipients and STZ is injected several days after islet transplantation
to destroy the beta cells of the endogenous pancreas. This capita-
lizes on the differing susceptibilities between human and mouse
beta cells to the effects of STZ and negates the welfare and cost
implications of keeping diabetic animals while waiting for human
islets to become available. Depending on the transplanted human
beta cell mass, hyperglycemia will or will not be detected after STZ
injection (see Note 24). Frequency of blood glucose and body
weight measurements should be planned according to the aim
and objectives of the study.
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3.3.1 Prepare Islets

for Transplantation

This step should be carried out as surgery is starting (see
Note 16).

1. Attach a 200-μL pipette tip to the Hamilton syringe (see
Note 17).

2. Fill the Hamilton syringe and tip with media or saline as appro-
priate, with no air bubbles.

3. Aspirate the islets into the tip (see Note 18) and allow to pellet
by gravity (see Note 19).

4. Attach the PE50 tubing to the pipette tip which is attached to
the Hamilton syringe and carefully inject the liquid and islet
pellet into the tubing, around 5 cm down. Bend the PE50
tubing back on itself just after the pellet and hold in place
using a piece of connector tubing.

5. Remove the tip with PE50 tubing from the Hamilton syringe
and place in a centrifuge for 2 min at 200 RCF (see Notes 6
and 20).

6. Reattach the PE50 tubing to the Hamilton syringe, ensuring
no air bubbles (see Note 21).

3.3.2 Islet

Transplantation

to the Subcapsular Kidney

1. Anesthetize the mouse with isoflurane or another appropriate
anesthetic.

2. Shave the fur on the left flank and treat the skin with surgical
scrub, followed by 70% alcohol.

3. Administer analgesic and lay the mouse on a heat pad.

4. Lay drapes over the mouse, with the operation area exposed,
and check if the mouse is adequately anesthetized (e.g., by lack
of reaction to a paw pinch).

5. Use a scalpel to make a 1.5–2-cm incision in the skin over the
left kidney.

6. Use scissors to cut a small incision on the peritoneum above the
left kidney.

7. Externalize the kidney by gently pressing under each side of the
kidney to allow it to pop out.

8. Keep the kidney moist using sterile saline.

9. Make an incision in the kidney capsule by using either a scalpel
or by dragging a 23G needle (see Note 22).

10. Using the watchmaker forceps to lift the kidney capsule, place
the PE50 tubing (prepared in Subheading 3.2.2) under the
kidney capsule and push the tube toward the top quarter of the
kidney.

11. Use the Hamilton syringe screw function to slowly inject the
islet pellet under the kidney capsule. Carefully pull the PE50
tubing out.

Use of Streptozotocin in Rodent Models of Islet Transplantation 141



12. Cauterize the kidney capsule at the incision.

13. Suture the peritoneum.

14. Suture the skin.

15. Let the mouse recover (see Note 23).

Return the mice to their home cages for 10–14 days during
which time the islets should engraft.

3.3.3 Streptozotocin

Injections

Ten to 14 days after transplantation, treat mice with five con-
secutive intraperitoneal daily doses of 70 mg/kg of body
weight of STZ.

1. Weigh the mouse to determine the amount of STZ needed.

2. Weigh appropriate amount of STZ and cover it with
aluminum foil.

3. Dissolve the weighed STZ in citrate buffer (pH 4.5) in a sterile
microfuge tube (seeNote 3). Vortex until STZ is completely in
solution. This must be done immediately prior to injection,
since STZ degrades rapidly once in solution (see Note 4).

4. Filter-sterilize the STZ solution using a 0.22-μm pore filter.

5. Inject the appropriate volume of STZ solution intraperitoneally
using 1-ml sterile syringes with 25-gauge 5/8 in. needle. To
calculate the volume to inject, use the following formula:

Volume mLð Þ ¼ 70 mg=kg � weight of mouse kgð Þ
Concentration of STZ mg=mLð Þ

6. Return the mice to their home cages. Provide free access to
normal food and water.

7. Repeat steps 2–6 on the next 4 consecutive days to complete
five daily injections.

8. Monitor weight and blood glucose concentrations as appropri-
ate, depending on study design.

3.4 Monitoring

Animals

1. Monitor body weight and blood glucose concentrations regu-
larly depending on the study design (see Note 25). In the first
week after treatments, this should be every 1–2 days to check
animal welfare. This can be reduced to one to two times a week
in stable animals. Always check local guidelines and veterinary
advice.

2. To measure blood glucose concentrations: obtain a drop of
blood, in non-fasting conditions at the same time of the day,
through a needle prick to the tip of the tail, and measure blood
glucose level with a glucometer (see Notes 9 and 26).
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3.5 Nephrectomy Nephrectomizing to confirm that the animal reverts to hyperglyce-
mia (in the case of STZ before transplantation models) or becomes
hyperglycemic (in the case of STZ after transplantation) is an
important control to ensure that the normoglycemic status is
indeed dependent on the graft rather than regeneration of endoge-
nous beta cells.

1. Anesthetize the mouse with isoflurane or another appropriate
anesthetic.

2. Shave the fur on the left flank and treat the skin with surgical
scrub, followed by 70% alcohol.

3. Administer analgesic and lay the mouse on a heat pad.

4. Lay drapes over the mouse, with the operation area exposed,
and check if the mouse is adequately anesthetized (e.g., by lack
of reaction to a paw pinch).

5. Use a scalpel to make a 1.5–2-cm incision in the skin over the
left kidney.

6. Use scissors to cut a small incision on the peritoneum above the
left kidney.

7. Use scissors to carefully free the kidney from surrounding
tissue (being careful not to cut the renal artery or vein).

8. Externalize the kidney.

9. Clamp the renal artery, renal vein, and ureter using a hemo-
static clamp.

10. Use a scalpel to cut the kidney free, above the point of
clamping.

11. Ligate the artery, vein, and ureter using nonabsorbable suture.
Repeat this two to three times, each time ensuring that a tight
ligation is achieved that will prevent bleeding.

12. On the last ligation, leave longer ends of the suture which you
can hold with forceps when you release the clamp. If there is
any sign of bleeding, re-clamp immediately below this suture
and repeat step 11.

13. When satisfied that there is no bleeding from the vessels, cut
the suture from the last ligation to a shorter length and then
suture the peritoneum and skin.

14. Monitor the recovery of the mouse (see Note 23).

15. Measure blood glucose concentrations every day. When stable
hyperglycemia has been detected (>20 mM for 3 consecutive
days), the mouse should be killed. This typically occurs in the
first week.

16. The pancreas can also be removed when the animal is killed
which can serve as additional evidence of a lack of endogenous
beta cell regeneration by histological processing and staining
for insulin.
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4 Notes

1. Male mice are often used as recipients to avoid effects of the
estrus cycle. If female mice are used as recipients, it should be
noted that female mice may be more resistant to the effects of
streptozotocin and the dose may need to be adjusted. It should
be noted that different strains can also have different suscept-
ibilities to STZ. It is most common to use adult mice as
recipients at around 8–12 weeks. If the experimental design
requires that the islets are not rejected, then either immune-
deficient animals should be used or inbred recipients should be
used in conjunction with donor islets from the same strain. All
experimental protocols using live animals must be reviewed and
approved by the Ethical Committee for Animal Experimenta-
tion of the Institution.

2. Manipulations of immunodeficient animals must be performed
in a sterile environment (laminar air-flow hood) with sterile
materials. Although immune competent animals could be
used when transplanting human islets to mice, this would be
specifically in studies where the xenogeneic immune response is
of interest.

3. Wear appropriate personal protective equipment for handling
STZ (gloves, mask, and lab coat), and diligently follow all waste
disposal regulations when disposing waste materials.

4. The microcentrifuge tube containing the islets can be stored on
ice prior to transplantation, but prolonged periods (>2 h)
should be avoided.

5. To avoid islets sticking to the tube, it is recommended that the
tubing is pre-treated with a silicon coating such as Sigmacote.
The tube should then be sterilized (we recommend gas
sterilization).

6. The centrifuge is needed at the time of transplantation and thus
should be either permanently in the animal facility or portable.
As inserts, we use 1-mL syringes with the plunger removed and
tip cut off. We place these modified 1-mL syringes within a
15-mL tube with the barrel flange resting on the top. This is
used to contain the PE50 tubing for centrifugation. Once the
islets have been loaded, the PE50 tubing attached to the cut
pipette is inserted through the syringe with the cut pipette tip
resting in the top of the syringe.

7. Veterinary advice should be sought and local guidelines
followed.

8. The smallest needle possible should be used to generate a drop
suitable for the chosen blood glucose meter. For meters that
require a larger volume of blood, a larger needle can be used.
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9. Most laboratories use blood glucose meters suitable for human
use. It has been argued that these are not the best solution for
rodents, but nonetheless they are the most widely used due to
their ease of use and reasonable price. The upper limit of the
meter should be considered (which typically varies between
27 mM and 33 mM), especially in studies using high single
doses of streptozotocin. Some specialized meters are available
that are suitable for rodent use and can measure blood glucose
concentrations of up to 50 mM. However, such meters and
their strips are substantially more expensive and may require a
bigger blood droplet.

10. Citrate buffer can be stored at 4 �C for 1 month.

11. If an STZ concentration of 15 mg/mL of citrate buffer is used,
the content of a 1.5-mL sterile microcentrifuge tube will allow
the injection of 6–8 mice with a body weight of around 35 g.

12. STZ degrades within 15–20 min after dissolving in citrate
buffer. The solution should be inspected visually to ensure
the total dissolution of STZ prior to administration. The
reconstituted solution is clear and colorless. It has to be used
directly after preparation, and it cannot be stored.

13. The efficacy of streptozotocin in inducing hyperglycemia
depends on the strain and gender of the mouse. We use
180 mg/kg for male C57BL/6 mice. When starting a study
with a new strain, it is suggested that a literature search is
carried out, and once a dose has been chosen, the mice are
closely monitored. Mice losing excess weight (>15% in 72 h)
should be killed. If mice consistently fail to become diabetic, an
increased dose could be considered. If an individual mouse
does not become diabetic, local guidelines may allow a second
injection of STZ, but it is not recommended to exceed that.
Some laboratories recommend fasting the mice prior to the
injection, but we have not found that necessary.

14. It is expected that hyperglycemia develops within 1–2 days and
there is a modest reduction in weight. If animals lose excessive
weight (>15% in 72 h or 20% overall) or show signs of mark-
edly decreased condition, they should be killed. Depending on
local guidelines and the study design, insulin can be used to
prevent excess weight. In our hands, this is usually not neces-
sary, and while hyperglycemic, the mice lose around 10% body
weight. STZ can cause liver and kidney toxicity, and if this is
suspected, the animal should be killed and a lower dose of STZ
considered.

15. There is no consensus of when mice should be considered
diabetic. Normally used thresholds of designating an animal
hyperglycemic include blood glucose values above 13.4 mM,
16.7 mM, or 20 mM.
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16. Ideally, a second person should prepare the islets for transplan-
tation to coincide with the surgeon having the animal ready to
implant the islets. This avoids the islets being stored in pelleted
form within the tubing for prolonged periods.

17. The top of the pipette tip will need to be cut prior to attaching
the Hamilton syringe. It is suggested that this is done prior to
autoclaving the pipette tips to keep them as sterile as possible.

18. If the islets are in a microcentrifuge tube, they will most likely
have sedimented to the bottom by gravity and can be picked
from the bottom. A short centrifuge can also be used to pellet
the islets at the bottom of the tube, which may be necessary for
larger numbers of islets. At this stage, the Hamilton syringe
plunger can be used unthreaded to allow the uptake of the
islets.

19. Take up a little air after the islets and hold the Hamilton syringe
upright to allow the islets to settle at the bottom of the tip.

20. During the centrifugation stage, thread the plunger in the
Hamilton syringe.

21. The liquid level at the top of the pipette tip will be lowered
after centrifugation which will need topping up to ensure no air
is introduced when reassembling the Hamilton syringe.

22. The incision should be made toward the lower pole of the
kidney, which allows a larger area for islets to be
implanted into.

23. The mouse should make a rapid recovery, showing normal
movement within a few hours. The recovery is more rapid
after islet transplantation compared with after nephrectomy.

24. Typically, larger numbers of human islets are needed to achieve
normoglycemia compared to rodent islets.

25. Body weight is an essential measurement in animals that have
been treated with STZ. While a small reduction in body weight
after STZ treatment is normal (~10%), excessive loss of weight
could either be due to toxic effects of STZ or due to excessive
hyperglycemia. Animals showing excess body weight loss
(>20%) should be killed. To show improved blood glucose
homeostasis, a reduction in blood glucose must also be accom-
panied by stabilization or a gain in body weight.

26. Blood glucose should be measured while inducing as a little
stress as possible in the mouse. This includes using the smallest
needle possible to gain an appropriate amount of blood for the
chosen blood glucose meter. Also the mouse should not be
heavily restrained; holding the end of the tail lightly while
allowing the animal to move is recommended.
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Chapter 11

Transplantation of Islets of Langerhans into the Anterior
Chamber of the Eye for Longitudinal In Vivo Imaging

Christian M. Cohrs, Chunguang Chen, and Stephan Speier

Abstract

Noninvasive in vivo imaging techniques are attractive tools to longitudinally study various aspects of islet of
Langerhans physiology and pathophysiology. Unfortunately, most imaging modalities currently applicable
for clinical use do not allow the comprehensive investigation of islet cell biology due to limitations in
resolution and/or sensitivity, while high-resolution imaging technologies like laser scanning microscopy
(LSM) lack the penetration depth to assess islets of Langerhans within the pancreas. Significant progress in
this area was made by the combination of LSM with the anterior chamber of the mouse eye platform,
utilizing the cornea as a natural body window to study cell physiology of transplanted islets of Langerhans.
We here describe the transplantation and longitudinal in vivo imaging of islets of Langerhans in the anterior
chamber of the mouse eye as a versatile tool to study different features of islet physiology in health and
disease.

Key words Islets of Langerhans, In vivo imaging, Anterior chamber of the eye, Transplantation,
Diabetes

1 Introduction

In vitro studies have significantly contributed to our current under-
standing of physiological and pathological processes in the islets of
Langerhans. However, in vitro experimental settings often do not
fully reflect the in vivo situation, thus making it necessary to per-
form experiments that better resemble the physiological systemic
conditions. Apart from new in situ approaches (see Chapter 20—
Panzer et al.) where the natural environment of islets is preserved,
various noninvasive in vivo imaging techniques including computer
tomography (CT), magnetic resonance imaging (MRI), or positron
emission tomography (PET) are being used to investigate islet mass
and function. However, while these imaging modalities have the
penetration depth to assess islets within the pancreas in the abdom-
inal cavity, they are limited in their potential to assess islet cell
physiology by low spatial and/or temporal resolution, reduced
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signal sensitivity, or both [1]. Contrariwise, high-resolution imag-
ing technologies like laser scanning microscopy (LSM) lack the
penetration depth to assess islet biology within the pancreas
in vivo [2].

Utilization of the anterior chamber (AC) of the mouse eye as a
natural body window for longitudinal LSM imaging of transplanted
islets of Langerhans [3, 4] overcomes the limitations of penetration
depth, enabling the longitudinal study of islet cell biology in vivo.
The initial experiments described by Speier et al. in 2008 have
shown that islets transplanted into the AC develop the typical
endogenous fenestrated endothelium, become re-innervated, and
regain function after engraftment, resembling the endogenous
in vivo situation within the pancreas [3, 4]. By choosing appropri-
ate recipient mouse strains in combination with donor islets from
mouse, pig, and human, syngeneic as well as allo- and xenotrans-
plantations have been performed to assess in vivo islet biology of
different species [5–17]. In addition to address general islet physi-
ology, including cell morphology and function [3, 11, 13, 14],
various studies investigating type 1 and type 2 diabetes pathogene-
sis have been reported using this innovative approach, providing
novel insight into disease development [5, 9, 10, 15]. Thereby, the
availability of genetically encoded reporters expressed in donor
islets facilitated and corroborated the versatility of this powerful
noninvasive imaging technique to study islet biology in health and
disease.

Here, we provide a detailed description of islet transplantation
into the anterior chamber of the mouse eye and their longitudinal
confocal or two-photon LSM imaging using the example of islet
engraftment and revascularization.

2 Materials

2.1 Animals Donor as well as recipient mice have to be carefully chosen accord-
ing to the aim of the study. While the donor and recipient strain
should be identical for syngeneic islet transplantation, allo- or
xenotransplantation requires the use of an immune-deficient recip-
ient mouse strain. Additionally, using albino mouse strains as reci-
pients will facilitate imaging of the grafts due to the non-pigmented
iris (see Note 1).

2.2 Reagents 1. PBS sterile.

2. Isoflurane.

3. 100% O2.

4. Pilocarpine: prepare a 0.2–0.4% pilocarpine solution diluted in
0.9% NaCl.
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5. Vidisic or similar eye liquid gel.

6. Vascular labels: Fluorescently labeled Dextran (e.g., FITC-
Dextran), Qtracker Vascular Label (655 or 705).

7. Carprofen or similar (see Note 2).

2.3 Equipment

2.3.1 General Equipment

1. Syringes: 1 mL, 5 mL.

2. Cannulas: 25G, 27G, 30G.

3. Pipettes: 1000 μL, 200 μL, 20 μL, 10 μL.
4. Cell culture dishes: 100 mm, 60 mm, 35 mm.

5. Cotton swabs.

6. 80% Ethanol.

2.3.2 Transplantation 1. Anesthesia unit for rodents.

2. 0.5-mL micro syringe (Hamilton).

3. Polyethylene tubing: 0.4 mm inner diameter (i.d.) and 0.8 mm
outer diameter (o.d.).

4. Stereomicroscope.

5. Head-holding unit with gas mask and eye stabilizer connected
to a UST-2 Solid Universal Joint and Dumont no. 5 forceps
covered with polyethylene tubing (i.d. ¼ 0.8 mm, o.d. ¼
1.2 mm) (Fig. 1a).

6. Custom-made beveled glass cannula (i.d. 0.32 mm,
o.d. 0.4 mm).

2.3.3 Imaging 1. Upright laser scanning microscope equipped with Argon and
HeNe lasers as well as a two-photon laser with respective
non-descanned detectors. In order to image single islets, a
10–40� water immersion objective with a long working dis-
tance should be used.

2. Custom-made stage with head holder adapter, nose piece, and
eye stabilizer connected to a UST-2 Solid Universal Joint and a
heating pad (Fig. 2a).

3. For mouse intubation: Mouse intubation kit with an IV cathe-
ter, 20 GA, 1.1 � 25 mm (we use the MiniVent Ventilator for
Mice, Model 845).

3 Methods

3.1 Transplantation

of Pancreatic Islets

into the Anterior

Chamber of the Eye

1. Isolated pancreatic islets should be cultured in suitable media
and should be recovered after isolation at least overnight.

2. Prepare all solutions and have all equipment ready before start-
ing the transplantation.
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(a) Fill the 0.5-mL micro syringe with sterile PBS.

(b) Connect the polyethylene tubing with a 30G cannula and
connect it to the micro syringe.

(c) Insert the glass cannula (approximately half of its length)
into the other end of the polyethylene tubing and glue at
the tubing/cannula junction using superglue.

Fig. 1 Islet of Langerhans transplantation into the anterior chamber of the mouse eye. Custom-made stage
with mouse head holder for islet transplantation (a) with fixed micro syringe (1), universal joint holding curved
forceps for eye exposure (2), and the head holder unit with tubing connections for isoflurane anesthesia for the
nose piece (magnified view in (b)) (3). Picture of a mouse eye after successful mouse islet transplantation (c).
Scale bar ¼ 500 μm

Fig. 2 Setup for in vivo imaging. Custom-made stage with mouse head holder for in vivo imaging (a) with a
heating pad to control the body temperature of the anesthetized mouse (1), universal joint holding curved
forceps for eye exposure (2), and the head holder unit (3). Picture of a mouse before starting the imaging
session with the head fixed by the head holder and the eye being exposed by the eye stabilizer (b)
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(d) Briefly prime the 35-mm dishes with culture media,
remove excessive solution, and wash and fill the dish
with sterile PBS (see Note 3).

(e) Prepare Carprofen and prefill a 1-mL syringe equipped
with a 30G cannula.

(f) Prefill another 1-mL syringe with sterile PBS and connect
a 27G cannula.

(g) Briefly disinfect all surfaces using 80% ethanol.

3. Transfer up to 30 islets from the culture medium to a 35-mm
cell culture dish filled with sterile PBS. Rotating the dish in
small circles will gather the islets in the middle of the dish to
facilitate aspiration.

4. Slowly aspirate islets to the glass cannula attached to the poly-
ethylene tubing and the micro syringe in a minimal volume
(up to 20 μL) as larger volumes will complicate injection into
the anterior chamber of the eye. For further reduction of the
injection volume, fix the cannula in an upside down position
until infusion as this will allow the islets to settle at the end of
the cannula.

5. Place the mouse in an incubation chamber pre-flooded with
2–3% isoflurane (v/v) in O2 to induce anesthesia. Subsequently
transfer the mouse to the head holder equipped with a gas mask
(nose piece) connected to the isoflurane/O2 mixture (see
Fig. 1a, b). Depending on the mouse strain, the isoflurane
concentration can be reduced to 1.5–2%. For postoperative
pain relief, administer adequate amounts of analgesic drugs
(see Note 1).

6. Fix the mouse in the head holder and turn the mouse eye used
for transplantation upward. Use the eye stabilizer covered with
a polyethylene tubing at the end that is attached to the UST-2
Solid Universal Joint to slightly expose the eye until the cor-
neoscleral junction is visible to achieve proper stabilization for
transplantation (see Note 4).

7. Use the 1-mL syringe filled with sterile PBS and cover the eye
with a drop of PBS. Subsequently, use the 27G needle to
puncture the cornea close to the sclera. This is best performed
when the needle is inserted in an upright angle that allows fast
closure of the incision afterward and minimizes the possibility
to damage the iris that causes bleedings (see Note 5).

8. Carefully insert the blunt cannula with the previously aspirated
islets into the incision making sure that the iris is again not
being damaged by the cannula. Slowly infuse the islets into the
anterior chamber with the minimal amount of solution possible
(see Note 6). After infusion, slowly withdraw the cannula and
close the incision by gently pushing the cornea at the site of the
incision.
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9. If islets are clustering together due to the infusion process,
careful movement of the single islets can be achieved by apply-
ing minimal pressure to the cornea using the blunt cannula. If
possible, acquire a picture of the transplanted eye (Fig. 1c).

10. Carefully remove the eye stabilizer and allow the islets to settle
onto the iris for an additional 10–15 min.

11. Place a drop of Vidisic onto the transplanted eye to ensure
moistening.

12. Stop the isoflurane anesthesia, turn the mouse back into a
horizontal position, and leave the mouse in the nose piece
providing the mouse with additional O2. Before the mouse
wakes up, remove the mouse from the holder and place it
back into a new cage placed onto a heating plate and ensure
full recovery of the mouse.

13. To ensure a successful transplantation, observe the trans-
planted eye the following days for potential irritations.

14. Before imaging the first time, allow the cornea to heal for at
least 2 days.

3.2 Imaging

of Transplanted Islets

in the Anterior

Chamber of the Eye

1. Place the mouse in an incubation chamber pre-flooded with
2–3% isoflurane (v/v) in O2 to induce anesthesia for 7–10 min.

2. In order to reduce movement artifacts during imaging caused
by gasping under isoflurane anesthesia, intubate the mouse by
using an iv catheter (20G) and the mouse intubation kit.
Connect the iv catheter to the MiniVent ventilator for mice
using a stroke volume of 270 μL and a frequency of
240 strokes/min.

3. Place the mouse onto the custom-made stage equipped with a
heating pad set to 37 �C (Fig. 2a).

4. Fix the mouse into the head holder. Further fix the mouse at
the nose piece. Use the eye stabilizer covered with a polyethyl-
ene tubing at the end that is attached to the UST-2 Solid
Universal Joint to slightly expose the eye until the corneoscleral
junction is visible to achieve proper stabilization (Fig. 2b) (see
Note 5).

5. Place the mouse under an upright microscope and use a
low-magnification objective (if applicable) to get an overview
of the islet graft localization on the iris (see Note 7).

6. For muscle dilation, cover the eye with 0.2–0.4% pilocarpine
for 10 min.

7. Based on the transplanted islets and the potential fluorescent
markers being expressed in the endocrine cells, choose a suit-
able vascular label that will be delivered by iv tail vein injection.
Injection of the dye can be performed during pilocarpine
incubation time.
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8. Remove pilocarpine using a cotton swab and place a drop of
Vidisic onto the eye. Vidisic serves as immersion liquid for
imaging with the higher magnification water immersion
objectives.

9. Change to a water immersion dipping objective with a long
working distance (10–40� objectives).

10. For morphology and volume, islets can be imaged by assessing
islet backscatter. This can be achieved by using, e.g., the
633-nm laser (also other laser lines can be used; see [13]) to
acquire reflection at a narrow emission range � 5 nm of the
laser wavelength (see Note 8).

11. Depending on the used LSM system, additional fluorescent
reporters might be simultaneously or independently imaged
from the backscatter acquisition (see Note 8).

12. To ensure imaging the vasculature and potential other fluores-
cent reporters within the donor islets, two-photon imaging can
be performed after acquiring the confocal images of the islet.
This will allow assessing fluorescent signals throughout the
entire islet (see Note 8).

13. Repeat steps 10–12 for all islets that can be imaged within the
anterior chamber of one mouse (see Note 9).

14. After imaging is finished, remove the mouse from the micro-
scope, free the eye, bring the mouse into a horizontal position,
and unfix the mouse head from the head holder.

15. If using isoflurane, stop anesthesia and only deliver O2 through
the MiniVent ventilator to facilitate fast recovery of the mouse
(approximately 2–3min). When whiskers start moving, remove
the iv catheter and place the mouse back into a cage on a
heating plate to ensure stable body temperature during the
recovery phase.

16. Make sure that the mouse fully recovers from anesthesia.

17. Repeat steps 1–16 for every desired time point (see Note 10).

18. For image processing and analysis, use the microscope soft-
ware, ImageJ, or any suitable program for 3D rendering and
quantification (e.g., Imaris).

4 Notes

1. All experiments on living animals have to be permitted in
advance by the local ethical authorities.

2. For pain relief, use drugs that are in concert with suggestions
by the local ethical authorities. Make sure that the injection
performed before transplantation of the islets will last at least
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for 12 h. If animals show any sign of pain after 12 h, inject an
additional dose of the drug. Usually, animals show no sign of
pain after 24 h. Check carefully the transplanted eye and the
general appearance of the animal daily within the first week
after transplantation.

3. Quickly rinse the dish with culture media before adding sterile
PBS as the FBS within the media will prevent the islets sticking
to the surface of the cell culture dish.

4. Fix the eye carefully. Always make sure that blood flow is still
visible in blood vessels of the iris as complete clamping for the
entire transplantation procedure will damage the eye.

5. As sharp needles are necessary to perform an accurate incision,
use a fresh cannula for each mouse.

6. Avoid infusing excessive amounts of solution as this would
result in too high pressure within the anterior chamber. This
may cause irritation of the eye and may result in poor trans-
plantation outcome as islets tend to get pushed out of the
incision as soon as the cannula is being removed. Additionally,
avoid pressurized infusion of the islets as this will alter mor-
phology and can also lead to disintegration of single islets.

7. Before imaging the islets within the anterior chamber for the
first time, it is advantageous to draw an “islet map” of the
anterior chamber of the eye. This facilitates relocation of the
imaged islets at every following imaging time point.

8. Do not exceed a laser power of over 20 mWonto the sample as
this may cause irritation of the islets and the iris if performed
multiple times.

9. In order to minimize the burden on the mouse, limit the entire
anesthesia time (induction of anesthesia—waking up after
imaging) to 1.5 h per imaging time point. This usually allows
imaging of seven to ten islets with both reflection and
two-photon acquisition.

10. Although engraftment and revascularization is initiated shortly
after transplantation and develops fast, avoid imaging single
mice too often. It is beneficial to keep at least 2–3 days recovery
time between two imaging sessions.
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Chapter 12

Multicolor Labeling and Tracing of Pancreatic Beta-Cell
Proliferation in Zebrafish

Sumeet Pal Singh and Nikolay Ninov

Abstract

During embryogenesis, beta-cells arise from the dorsal and ventral bud originating in the endoderm germ
layer. As the animal develops to adulthood, the beta-cell mass dramatically increases. The expansion of the
beta-cell population is driven by cell division among the embryonic beta-cells and supplanted by neogenesis
from post-embryonic progenitors. Here, we describe a protocol for multicolor clonal analysis in zebrafish to
define the contribution of individual embryonic beta-cells to the increase in cell numbers. This technique
provides insights into the proliferative history of individual beta-cells in an islet. This insight helps in
defining the replicative heterogeneity among individual beta-cells during development. Additionally, the
ability to discriminate individual cells based on unique color signatures helps quantify the volume occupied
by beta-cells and define the contribution of cellular size to the beta-cell mass.

Key words Single cell, Lineage tracing, Brainbow, Quiescence, Heterogeneity

1 Introduction

1.1 Pancreatic

Beta-Cell Development

in Zebrafish

The zebrafish pancreas shares physiological similarities with the
human pancreas. Similar to the mammalian counterpart, the adult
zebrafish pancreas consists of the endocrine lineage organized into
multiple islets of Langerhans surrounded by the exocrine lineage
[1]. The exocrine lineage is composed of acinar and ductal cells and
aids in the digestive process. The endocrine islets are composed of
insulin-producing beta-cells, glucagon-producing alpha-cells,
somatostatin-producing delta-cells, ghrelin-producing epsilon-
cells, and pancreatic polypeptide (PP)-producing cells. Cell abla-
tion experiments and direct visualization of the glucose-stimulated
calcium influx have confirmed the role of the pancreatic beta-cells in
regulating blood glucose levels in zebrafish [2, 3].

Similar to the mammalian counterpart, the zebrafish pancreas
develops from the endoderm germ layer [4]. The endoderm germ
layer forms during gastrulation between 6 and 9 h post-fertilization
(hpf). The first appearance of the beta-cells in the zebrafish embryo
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occurs as dispersed cells in the dorsal bud anlage within the endo-
derm around 14 hpf [5]. The dorsal bud-derived beta-cells (DBCs)
express the insulin gene and coalesce together by 24 hpf to form the
embryonic islet (Fig. 1a). Additional beta-cells differentiate from
the ventral pancreatic bud and are added to the embryonic islet
around 48 hpf. The dorsal and ventral bud-derived beta-cells
(D + VBCs) constitute the primary islet of the zebrafish (Fig. 1a).
As development proceeds, more beta-cells differentiating from the
Notch-positive ductal cells are added to the primary islet [6, 7]. In
addition, the Notch-positive ductal cells differentiate to form smal-
ler clusters of endocrine cells within the pancreas, called secondary
islets. The secondary islets lie posterior to the primary islet
(Fig. 1a). The simple and stereotypical architecture of the zebrafish
islets helps identify and isolate the zebrafish primary islet at any
developmental stage.

1.2 Lineage Tracing

of Beta-Cells Using

a Multicolor Barcode

Technique

During development, the number of beta-cells increases as the
animal develops to adulthood. This increase in cell numbers is
driven in part by nutrient-dependent replication of differentiated
beta-cells [8]. However, not all beta-cells harbor equal replication
potential. Specifically, in zebrafish, the dorsal bud DBCs were
shown to be largely quiescent until 12 dpf [9]. In contrast, the
ventral bud-derived beta-cells (VBCs) proliferate to support the
increase in beta-cell numbers. However, it remained unclear if the
DBCs were quiescent throughout the lifetime of the zebrafish or if
their quiescence was flexible in nature.

To illuminate the dynamics of cell proliferation in beta-cells
during development, we adapted the multicolor barcode system,
called Brainbow [10]. The Brainbow system elegantly modifies the
Cre-Lox recombination system to produce a palette of multiple
colors. The modification consists of a Cre-reporter construct in
which different colored fluorescent proteins are flanked with spe-
cific Lox sites (Fig. 1b). In the Brainbow1.0L construct, the red
fluorescent protein (RFP) is expressed in the non-recombined
(or “default”) state. Upon exposure to Cre recombinase, the red
fluorescent protein is replaced by either yellow or blue fluorescent
proteins. The replacement depends on the type of Lox site excised
by the Cre recombinase and is stochastic. If multiple copies of the
construct are integrated into the genome, each cassette can inde-
pendently undergo changes in the fluorescent protein upon induc-
tion of Cre recombinase (Fig. 1c). The combination of different
levels of red, green, and blue fluorescent proteins being expressed
from each cassette after recombination determines the color signa-
ture of the cell. As the recombination is irreversible, the color
signature is passed onto the daughter cells upon cell division.
Individual cells with unique color signatures can divide and form
multicellular clones, or remain as single cells, indicating quiescence
(Fig. 1d). This allows recording of the proliferative histories of
individual cells.
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Fig. 1 Multicolor lineage tracing of zebrafish beta-cells. (a) Cartoon depicting the development of the zebrafish
pancreas. Around 24 hpf, the dorsal bud-derived beta-cells coalesce together to form the embryonic islet.
Ventral bud-derived beta-cells are added to the islet by 48 hpf, giving rise to the primary islet. As development
proceeds, Notch-responsive cells (NRCs) can differentiate into beta-cells, which contribute to the beta-cell
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The capacity to follow individual cell lineages depends on the
discriminatory power of the color signature. Color signatures can
be broadly divided into two categories: dichromatic (those that are
formed by combination of two fluorescent proteins) and trichro-
matic (those that are formed by combination of three fluorescent
proteins) (Fig. 1c). A single recombination event induces the
expression of green or blue fluorescent proteins, which along with
the default red fluorescent protein generates a dichromatic cell. On
the other hand, two independent recombination events are
required to add green and blue fluorescent proteins to the default
red fluorescent protein, thereby generating a trichromatic cell. As
Cre-Lox recombination is a stochastic event, the proportion of
trichromatic cells induced within the beta-cell population will be
lower than the proportion of dichromatic cells. The lower propor-
tion of trichromatic cells reduces the probability to label two cells
with the same color combination. This increases the uniqueness of
the color signature and increases the confidence when tracing
individual cells [10, 11]. The computational pipeline presented in
the chapter automatically restricts the clonal analysis to trichro-
matic cells.

In this protocol, we will outline the steps needed to adapt the
system to zebrafish beta-cells and use the adapted version to analyze
the proliferation of the DBCs [3]. The adapted system, called Beta-
bow, drives the Brainbow1.0L construct from the beta-cell specific
insulin promoter. Using Beta-bow, we showed that most DBCs
remain quiescent until 15 days post-fertilization (dpf). However,
between 15 and 30 dpf, a subset of DBCs generated multicellular
clones, suggesting the initiation of cell division within this quies-
cent beta-cell population [3]. Using the steps outlined here, the
protocol can be adapted to other cells undergoing proliferation.

�

Fig. 1 (continued) numbers in the primary islet. Additionally, the NRCs contribute to the generation of
secondary islets posterior to the primary islet. (b) The multicolor labeling cassette, Brainbow-1.0L, contains
fluorescent proteins flanked with specific Lox sites. Upon induction of the Cre recombinase, the DNA is excised
using either the Lox2272 or LoxP site, which leads to a switch from RFP expression to CFP or YFP expression,
respectively. (c) The multicolor labeling cassette can be inserted as multiple repeats within the genome. This
gives rise to discrete recombination events within each cell. Each recombination event can independently
switch RFP expression to CFP or YFP, which results in the development of a color palette. The palette is
broadly classified into two categories: dichromatic (composed of the default RFP and either CFP or YFP) and
trichromatic (composed of the default RFP, along with both CFP and YFP). A dichromatic color can arise from a
single recombination event, while a trichromatic signature requires at least two independent recombination
events within the same cell. (d) The Cre-recombination induced trichromatic cell can remain as a single cell,
indicating quiescence, or divide to form a multicellular clone. The cells belonging to the multicellular clone
share a similar color signature. Figure adapted from [3]
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2 Materials

The section outlines the reagents required for all the steps of
protocol, from generating a transgenic line to image acquisition
and analysis. To adapt the protocol to different tissues, certain steps
would need to be modified, and tips for doing so are presented in
the Notes section.

2.1 Construction

of ins:BB1.0L; cryaa:

RFP (Beta-bow)

1. Thy1-BB1.0L plasmid (Addgene Plasmid Number: 18725)
(see Note 1 for variants of multicolor reporter system).

2. ins:MCS; cryaa:RFP vector (Addgene Plasmid Number:
110282). This vector designed in author’s lab contains the
zebrafish insulin promoter with a beta-globin intron upstream
of a multiple cloning site (MCS); alongside the zebrafish crys-
talline, alpha A (cryaa) promoter driving red fluorescent pro-
tein (RFP). The cryaa:RFP helps mark the transgenic lines with
red fluorescence, which is clearly visible in the eye. The entire
plasmid is flanked with I-SceI sites to facilitate transgenesis
[12] (see Note 2 for tissue-specific adaptations).

3. Restriction enzymes for cloning: Eco53kI, NsiI, and EcoRV.

4. DNA ligation and cloning setup.

5. PCR primers:

insulin_Vector_FP: ACACCCTGGTCATCATCCTG

BB1.0L_RP: CACCTTGTAGATCAGCGTGC

2.2 Transgenesis 1. Endotoxin-free DNA Maxiprep kit.

2. I-SceI meganuclease enzyme.

3. Zebrafish Microinjection System, as outlined in [13, 14].

2.3 Inducing Cre-Lox

Recombination

for Generation

of Multiple Colors

1. Cre-driver line: Tg(ins:Cre-ERT2; cryaa:CFP) [3].

2. 4-Hydroxytamoxifen (4-OHT): 2 mM solution in 100% etha-
nol. Prepare 20 μL aliquots of the 2 mM stock solution in 0.5-
mL Eppendorf tubes and store in �20 �C. Thaw aliquots at
room temperature before use. Avoid multiple freeze-thaw of
single aliquot. Carefully observe any precipitation in the stock
solution. Precipitated 4-OHT can be re-dissolved by heating
the solution to 65 �C for 5–10 min [15].

3. Zebrafish embryo medium (E3 medium) [16].

4. 6-well clear plastic plates.

2.4 Beta-bow

Sample Preparation

1. Tricaine methane sulfonate (MS222): 200 mg/l solution in
fish water.

2. Phosphate-buffered saline (PBS).
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3. Paraformaldehyde: 4% in PBS. Can be prepared in bulk, ali-
quoted in 15-mL plastic tubes and frozen for long-term stor-
age. For use, thaw one aliquot and use the appropriate amount.
The remaining solution can be stored at 4 �C for 1 week.

4. Triton X-100.

5. Fine dissecting forceps.

6. 90-mm petri dish.

7. Glass microscope slides: 76 � 26 mm (length � width).

8. Precision glass coverslips: 24 � 60 mm (length � width),
170 μm � 5 μm thickness.

9. Mounting medium without DAPI (purchase “Fluoromount-
G” or “Vectashield Antifade Mounting Medium for Fluores-
cence (H-100)” or similar).

10. Stereo microscope equipped with fluorescence lamp and red
filter cube (TRITC: excitation, 532–554 nm; emission,
570–613 nm, or Texas Red: excitation, 540–580 nm; emis-
sion: 592–667 nm).

2.5 Confocal

Imaging

1. Confocal microscope (ZEISS LSM780 or similar).

2. Lasers for exciting CFP (450 nm), YFP (514 nm), and RFP
(581 nm).

3. Objective lens: 40 � 1.2 NA, water immersion (or similar).

2.6 Beta-bow Image

Analysis

1. Fiji, downloaded from https://fiji.sc/

2. Beta-bow analysis scripts, downloaded from the author’s
github page: https://github.com/sumeetpalsingh/Beta-bow

3. ImageJ plugin for 3D object counting [17], downloaded from
http://imagej.net/3D_Objects_Counter

4. R, downloaded from https://www.r-project.org/

5. RStudio, downloaded from https://www.rstudio.com/

3 Methods

Here, we outline the procedure for multicolor lineage tracing of
beta-cells derived from the dorsal bud until 30 days post-
fertilization (dpf). Maintain the zebrafish under standard condi-
tions at 28 �C, and carry out animal experiments in accordance to
the animal welfare laws.

3.1 Generation

of the Beta-bow

Transgenic Zebrafish

1. Digest 5 μg of Thy1-BB1.0L plasmid with Eco53kI and NsiI at
37 �C for 2 h. The digestion will yield six DNA fragments of
approximate length 4.5 kb, 3.3 kb, 2.7 kb, 1 kb, 322 bp, and
273 bp. The 3.3-kb fragment contains the BB1.0L construct
(see Note 3).
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2. Digest 5 μg of ins:MCS; cryaa:RFP vector with EcoRV and
NsiI at 37 �C for 2 h. The digestion will linearize the vector and
yield a DNA fragment of approximately 9 kb.

3. Run the digested products on a 0.7% agarose DNA electropho-
resis gel. To efficiently resolve the five digestion products from
Thy1-BB1.0L digestion, run at a moderate voltage (90 V).

4. Cut the 3.3-kb band from the Thy1-BB1.0L digestion and the
9-kb band from the ins:MCS; cryaa:RFP digestion. Collect the
cut gel pieces in separate 1.5-mL Eppendorf tubes, and purify
the fragments using a DNA gel extraction kit.

5. Ligate the two fragments using T4 DNA ligase. For this,
prepare a 20 μl reaction that contains 1� T4 DNA Ligase
Buffer, 2 μL T4 DNA Ligase, and volume of the two fragments
that provide the following amount of DNA: 50 ng of Vector
(ins:MCS; cryaa:RFP, 9 kb), 50 ng of Insert (Thy1-BB1.0L,
3.3 kb). This amount of DNA fragments used for ligation
provides a 1:3 molar ratio for Vector:Insert. Carry out the
ligation reaction for 2 hours to overnight at room temperature.

6. Transform 5 μL of the ligation reaction into chemically compe-
tent bacteria using the protocol provided by the manufacturer
(seeNote 4). Recover the transformed bacteria for 1 h in 1 mL
SOB media. Plate 200 μL of recovered cells on ampicillin
containing LB agar plates, and let the bacteria grow overnight
at 37 �C.

7. Identify the correctly cloned colonies by PCR using the insu-
lin_Vector_FP and BB1.0L_RP. Colonies with correctly cloned
plasmid will yield a band of approximately 650 bp (Fig. 3a).
The positive colonies now contain the ins:BB1.0L; cyaaa:RFP
(abbreviated as Beta-bow) plasmid (Fig. 3b).

8. Inoculate two correct colonies into 100 mL of LB media con-
taining ampicillin and maxiprep the plasmid using the manu-
facturer’s instructions. Verify the success of the cloning by
sequencing the plasmid using insulin_Vector_FP primer.

9. The Beta-bow plasmid is flanked with I-SceI meganuclease sites
for efficient transgenesis (see Note 5). Inject the Beta-bow
plasmid into the one-cell stage zebrafish along with I-SceI
meganuclease for transgenesis as outlined in [13]. The injected
embryos will give rise to mosaic animals with random integra-
tion of the Beta-bow plasmid, termed F0 animals.

10. Screen the F0 mosaic embryos for red fluorescence in the eye
(red eye) at 5 days post-fertilization (dpf). Keep the red eye
embryos for growing to adulthood.

11. Once the F0 animals reach sexual maturity (around 3 months
post-fertilization (mpf)), screen them for germline transmis-
sion of the transgene. For this, cross individual F0 animals to a
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wild-type animal, and screen the embryos (F1) for red eye
marker at 5 dpf. The F1 embryos with red eye represent
Beta-bow transgenic line: Tg(ins:BB1.0L; cryaa:RFP), abbre-
viated as Beta-bow. The animals are grown to adulthood and
regularly crossed to wild-type animals to maintain the line (see
Note 6).

3.2 Treatment

with 4-OHT to Induce

Stochastic

Recombination

1. Cross Beta-bow animals to the Cre-driver line, Tg(ins:Cre-
ERT2; cryaa:CFP), to obtain embryos. To ensure accurate
staging of embryos, separate male and female fish in the even-
ing prior to the mating. In the morning of the cross, set the
males and females together in one mating tank. After 1 hour,
collect the embryos that were deposited from the cross, and
note the time of collection. Store the embryos in clean E3
medium.

2. Approximately 25% of the embryos from the cross will be
positive for both transgenes. However, the presence of the
transgenes can only be observed after 3 days post-fertilization
(dpf), when the red and cyan fluorescent protein signals (from
Beta-bow and Cre-driver line, respectively) become clearly
expressed in the retina. Since the induction of Cre-based
recombination needs to be done prior to 3 dpf, use all the
embryos from the cross for 4-OHT treatment.

3. At 24 h post-fertilization (hpf), manually dechorionate the
embryos by gently pulling the egg shell apart with forceps.

4. Transfer 25 dechorionated embryos to a single well of a six-well
plastic dish. Fill multiple wells if needed (see Note 7).

5. For each well, prepare 10 mL of 4-OHT working solution at
1 μM concentration by dissolving 5 μL of 2 mM stock solution
in E3 medium (seeNote 8). For multiple wells, a larger volume
of working solution can be prepared by appropriately scaling up
the volume of 4-OHT.

6. Replace the solution in the six-well plate with the 4-OHT
working solution. Protect the plate from light.

7. After 6 h, transfer the embryos to a new dish containing E3
medium (see Note 9).

8. Rinse the embryos three times for 30 min each and again
transfer to a new dish. At this step, embryos from multiple
wells can be combined and placed in a 90-mm plastic dish.

3.3 Beta-bow Image

Acquisition

For multicolor analysis of DBC proliferation, the islets are imaged
using a confocal microscope. This requires dissection, fixation, and
mounting on an imaging slide. We perform imaging at three time
points: 3.5 dpf, 15 dpf, and 30 dpf (Fig. 2a). The 3.5 dpf stage
provides a control stage for labeling efficiency, i.e., the samples

166 Sumeet Pal Singh and Nikolay Ninov



Dorsal Bud-Derived Beta-Cell-Tracing 

Tg(ins:β-bow)
Tg(ins:CreER)

A

Beta-bowMacro
(Semi-supervised color histogram and location extraction)

Ternary-Plot Macro
(Representation of color signatures)

B C

3.5 dpf

10 μm

15 dpf

10 μm 10 μm

30 dpf

D’

D

N
um

be
r 

of
 c

lo
ne

s 
pe

r 
is

le
t

F

E

Fig. 2 Clonal analysis of dorsal bud-derived beta-cells using the Beta-bow system. (a) A schematic depicting
the timeline for lineage tracing of DBCs. The DBCs are labeled by 4-OHT treatment of Tg(ins:beta-bow); Tg(ins:
CreERT2) embryos from 24 to 30 hpf. Samples are collected at 3.5, 15, and 30 dpf. The primary islets from the
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mostly contain individual trichromatic cells. At 15 and 30 dpf, we
quantify the clones obtained from individual cells to understand the
diversity in proliferation of individual DBCs.

1. Isolate the islets from Tg(ins:BB1.0L; cryaa:RFP); Tg(ins:Cre-
ERT2; cryaa:CFP) double transgenic fish at the appropriate
stage. For this, euthanize the fish using prolonged incubation
in MS222. Gently transfer the fish in a petri dish containing the
MS222 solution and wait until the animal shows no opercular
(gills) movement. Typically, this takes 5 min.

2. Fix the entire fish by transferring the animal to 4% paraformal-
dehyde + 1% Triton X-100 solution. Fix the fish for 2 days at
4 �C (see Note 10).

3. Replace the 4% paraformaldehyde + 1% Triton X-100 solution
with PBS, and perform three to five quick PBS washes.

4. Manually dissect the pancreas and isolate the primary islet. The
islet will be bright red due to the fluorescence from the RFP
expressed in the beta-cells. Thus, perform the dissections under
a stereo microscope equipped with fluorescence lamp and a
filter cube for RFP (see Note 11 for dissection and mounting
of 3.5 dpf islet).

5. Clean the primary islet by carefully removing the surrounding
tissue. Use the red fluorescence as a guide and take precaution
not to injure or poke the islet. After clearing, the individual cells
on the islet surface become discernable.

�

Fig. 2 (continued) DBCs labeled animals were imaged using a confocal microscope and analyzed using
ImageJ macros (b, c). (b) The Beta-bow macro determines the color signatures of user-selected beta-cells.
The macro requires a manual selection of the nucleus of each multicolor beta-cell. After the selection, the
color information is automatically extracted and saved for future processing. (c) The color signatures of beta-
cells can be plotted on a ternary plot using the TernaryPlot macro, which provides a rapid visual representa-
tion. (d) The labeled islets were analyzed at 3.5, 15, and 30 dpf. Analysis of the trichromatic cells within each
islet revealed two kinds of labeled DBCs: ones that remained as single cells (marked with arrows) and others
that proliferated to form multicellular clones (marked with arrowheads). A visual representation of the color
signature for trichromatic cells is provided as ternary plots (d0). (e) Quantification showing the clonal
distribution of the traced DBCs as a percentage of cells that remain as single cells or form multicellular
clones. The total number (n) of traced DBCs is depicted at the bottom of the barplots. The clonal distribution at
3.5 dpf consisted primarily of single cells (94.1%). The distribution did not significantly change till 15 dpf.
However, at 30 dpf, the distribution diverged significantly as compared to the 3.5 dpf stage and consisted of
only 40% single cells (Fisher’s exact test, NS: p > 0.05; ∗∗∗p � 0.001). (f) Frequency of trichromatic
events for different stages. Quantification of the presence of trichromatic events (single cells or multicellular
clones) within the primary islets from animals labeled to trace the DBCs. The quantification depicts violin plots,
which shows the probability distribution for islets from 3.5, 15, and 30 dpf stages (n> 50 for each stage). The
frequency of trichromatic events per islet remains similar between the three stages (mean equals 0.8
(3.5 dpf), 0.87 (15 dpf), and 0.77 (30 dpf)). Figure adapted from [3]
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6. Prepare a glass slide with a drop (5–10 μL) of mounting media,
and transfer the islets. Carefully cover the islet preparation with
a glass cover slip while avoiding any air bubbles (see Note 12).

7. In a confocal microscope, use 40 � 1.2 NA water immersion
objective for imaging the Beta-bow islet. Locate the islet using
the red fluorescence to guide you, and start the acquisition
phase.

8. Set up a sequential acquisition for RFP, YFP, and CFP fluores-
cence. Excite the RFP, YFP, and CFP using the 561-, 514-, and
450-nm laser lines, respectively (see Note 13). Capture their
signal by setting the detectors approximately as follows: for
RFP, 570–650 nm, false color “red”; for YFP, 524–555 nm,
false color “green”; for CFP, 460–505 nm, false color “blue.”
With this setting, the red channel will record the default RFP
fluorescence, while the green and blue channels will record
fluorescence signal generated by 4-OHT-based recombination.

9. Set up a Z-stack by moving through the islet in red channel.
Image the entire thickness of the primary islet with a
Z-thickness of 0.51 μm. Set the image resolution at
1024 � 1024 pixels, averaging at 1.

10. Acquire the channels sequentially and save the images for post-
processing in Fiji.

3.4 Clonal Analysis 1. Open the image file in FIJI using “LSM Toolbox.” For this,
select “Plugin” ! “LSM Toolbox” ! “Show LSM toolbox.”
In the “LSM toolbox,” click “Open LSM” and select the image
file (see Note 14).

2. Obtain color signatures of individual beta-cells that underwent
recombination. Such cells would express the YFP or CFP and
be marked by signal in the green or blue channels. Color
signatures are obtained by extracting the normalized fluores-
cent intensities corresponding to the three fluorescent channels
from within the nuclear region of the labeled cells. For this, the
nuclei of beta-cells are selected manually, and the color profile
(intensity for red, green, and blue (RGB) channels) is obtained
using a custom macro “betabow.ijm.” betabow.ijm provides a
semi-supervised interface for recording the color profiles of
multiple selected regions. To this end, run the betabow.ijm
macro after opening the image file. Select the nucleus of indi-
vidual beta-cells that display recombination. Move through the
confocal stack to mark every beta-cell one by one and extract
the color profiles. Be careful to select each cell only once. The
macro will keep a record of the mean and the standard devia-
tion for RGB channels, along with the X, Y, and Z coordinates
of the selected region (Fig. 2b). If a wrong region is uninten-
tionally selected, the macro has the option for ignoring the
selection.
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3. The fluorescence signal from the red channel (the default
color) can bleed-through into the green and blue channels.
To account for such bleed-through, background subtraction
is performed using non-recombined beta-cells. For back-
ground subtraction, select three unrecombined cells at the
end of the analysis. The unrecombined cells will be used to
estimate the background signal in the green and blue channels.
The mean green and blue intensities from unrecombined cells
represent the background intensity, which is subtracted from
the color profile of recombined cells.

4. Background removal and normalization is done automatically
by the analysis macros. For normalization, background
subtracted RGB values for each cell are transforming into
percentages as follows: Cnormalized ¼ Cmean/
(Rmean + Gmean + Bmean) � 100, where C is R, G, or
B. (RGB)normalized defines the color signature of a
particular cell.

5. To visualize the color signatures, plot the normalized values
onto a ternary plot [11] (Fig. 2c). A ternary plot consists of an
equilateral triangle, in which the vertices represent one partic-
ular dimension, a single color in this case, while the sides travel
between the two adjacent dimensions. A point on the side of
the triangle would only have two colors, while points toward
the middle would contain all three colors. For this, the output
of betabow.ijm is passed onto the “TernaryPlot.ijm” macro.
The macro will normalize the color profile and plot a ternary
plot with the color signature. Each point on the plot will
correspond to one beta-cell selected during the color extrac-
tion step (see Note 15).

6. To statistically test clonality within the islet, run the “Equiva-
lence.ijm” macro on the output from betabow.ijm. The Equiv-
alence.ijm macro utilizes “Equivalence Acceptance Criteria” by
performing “two one-sided test (TOST) procedure” on the
normalized RGB values. TOST, with the null hypothesis that
the two observations are not equivalent, utilizes confidence
intervals based on mean and standard deviation of RGB values
for calculating similarity between two observations. TOST
allows to test whether trichromatic beta-cells in an islet share
a similar color signature. Specifically, two beta-cells that pass
TOST with p< 0.05 are paired together. Pairs of beta-cells that
share a common beta-cell are also considered to be within one
clone (see Note 15). Trichromatic cells that do not belong to
any pair in the islet are considered to be single cells.

3.5 Analysis

of Clonal Dynamics

with Age

1. To understand the clonal dynamics of DBCs during zebrafish
development, label the beta-cells at 24 hpf and analyze the
islets at 3.5, 15, and 30 dpf (Fig. 2a).
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2. For each stage of analysis, obtain multiple (at least 30) trichro-
matic events. Each trichromatic event would consist of either a
single cell or a multicellular clone (Fig. 2d). A single trichro-
matic cell would have a color signature that was never repeated
in the entire islet that contained the cell. On the other hand,
the cells within a multicellular clone would share a similar
trichromatic color signature. Typically, such cells occur adja-
cent to each other due to limited mixing of cells.

3. To analyze proliferative histories, compare the percentage of
multicellular clones at 3.5 dpf with 15 and 30 dpf by
performing Fisher’s exact test. For this, use the function in R:
fisher.test(x ¼ matrix(c(Single3.5dpf, Multi3.5dpf, SingleStage,
MultiStage), nrow ¼ 2, ncol ¼ 2), alternative ¼ “two.sided”).
Here, Single3.5dpf and Multi3.5dpf are the number of single cells
and multicellular clones obtained at 3.5 dpf, respectively, and
SingleStage and MultiStage are the number of single cells and
multicellular clones obtained at the test stage, respectively. The
function will test if the clonal distribution (single cells versus
multicellular clones) at 15 or 30 dpf varies significantly from
3.5 dpf.

4. For instance, at 3.5 dpf, 94.1% of the labeled DBCs remained
as single cells (Fig. 2e). Moreover, at 15 dpf, the traced DBCs
showed a similar clonal distribution, with 85.5% of traced beta-
cells remaining as single cells. This indicates that a majority of
DBCs remain quiescent from 3.5 to 15 dpf. In contrast, at
30 dpf, only 40% of the traced DBCs remain as single cells,
while the rest (60%) form multicellular clones. These data
provide two key conclusions: first, a subset of DBCs proliferate
between 15 and 30 dpf, and second, a subset of DBCs do not
contribute to the increase in beta-cell numbers. These observa-
tions together point to the proliferative heterogeneity among
the nominally homogenous DBCs.

5. Additionally, keep a record of the number of trichromatic
events (single cells or multicellular clones) within an islet. The
frequency of trichromatic events recorded per islet should
remain similar between stages (Fig. 2f). A stable frequency
suggests lack of de novo recombination. This increases the
confidence in the analysis of uniquely labeled cells (see
Note 16).

3.6 Estimating

the Volume

of Individual

Beta-Cells

1. Open the Beta-bow in Fiji and separate the color channels
using “Image” ! “Color” ! “Split Channels.”

2. Close the Red channel, and merge the Green and Blue channels
using “Image” !“Merge Channels.” The use of only the
Green and Blue channels allows analysis of individual cells
that have distinct labeling from their neighbors.
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3. Convert the image to 8-bit using “Image” ! “Type” ! “8-
bit.”

4. Open the 3D Objects Counter Menu using “Plugin” ! “3D
Object Counter” ! “3D-OC Set Measurements,” and only
select “Volume” in “Parameters to calculate.”

5. Run the 3D Objects Counter plugin using “Plugin” ! “3D
Object Counter” ! “3D Object Counter.” Use the “Thresh-
old” slider to define the intensity value which would separate
the image pixels into two populations: background (intensities
below the selected value) and object. Change the “Slice” slides
to move through the Z-stack. Pick a threshold value where the
cells are clearly defined with the background removed (Fig. 3a).

Single β–cell volume
(G+B Channel) 

BA Total β–cell volume
(RGB Channels) 

Fig. 3 Estimation of cell volume from Beta-bow images. The confocal images of labeled DBCs were used for
measuring the volume of single beta-cells (a), or the total volume occupied by beta-cells within the primary
islet. (b) The analysis of cell volume utilizes the recombined colors (blue and green) to distinguish individual
cells, while the measurement of total volume utilizes the red color for estimating the total volume occupied by
all beta-cells. Figure adapted from [3]
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6. Run the 3D Object Counter by pressing “OK.” The plugin
generates a list of object and its corresponding volume.

7. Manually check the generated results by clicking on the
object’s number in the result window, and remove results that
comprise two cells. Adjacent cells with similar color profiles are
not successfully separated, and thus should be excluded from
the analysis.

8. The volume of individual cells from 3.5, 15, and 30 dpf islets
will provide a distribution of individual beta-cell volumes for
each stage. The distribution can be used to extract parameters
about single beta-cell volume, such as the mean volume at each
stage (Vmean, Stage).

9. Compare the distribution of beta-cell volumes between each
stage using ANOVA. A lack of significant increase in the
volumes of beta-cells would imply that the beta-cell expansion
is not driven by cellular hypertrophy.

3.7 Estimating

the Total Volume

of Beta-Cells

in the Primary Islet

1. Open the Beta-bow in Fiji and convert the image to 8-bit using
“Image” ! “Type” ! “8-bit.” For estimating the total vol-
ume of the beta-cells in the primary islet, the fluorescence
signal from all three (RFP, CFP, YFP) channels is used to
label the cells.

2. Follow steps 4–6 from Subheading 3.6. Pick a threshold value
such that the entire area covered by beta-cells is selected
(Fig. 3b).The plugin would now generate multiple objects
corresponding to connected regions between beta-cells in the
primary islet.

3. Add the volume of all the objects to obtain the total volume of
beta-cells in the primary islet. Compile the data from each stage
to obtain the change in the total volume of beta-cells belonging
to the primary islet during zebrafish development.

4. Steps 1–3 are automated using the macro “Process_Folder_-
vol.ijm” available in the github folder. The macro is capable of
processing a folder with images from Beta-bow primary islets
and returns a single results table with total volume for each
image.

3.8 Controls

for 4-OHT-Based

Recombination

Recombination from the Cre-Lox system can occur without
4-OHT treatment. To characterize the background recombination
in the system, we carry out control treatments in two ways: Firstly,
we treat a separate set of embryos with ethanol, which is the
4-OHT vehicle; and secondly, we treat the embryos before the
onset of insulin gene expression.

1. For vehicle treatment, treat 25 dechorionated embryos
with 0.05% ethanol in a single well of a six-well dish for 6 h
(see Note 7).
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2. For labeling the embryos before the onset of insulin, treat the
embryos with 1 μM 4-OHT from 6 hpf to 12 hpf. Insulin
expression starts around 14 hpf in zebrafish [5]. Thus, treat-
ment from 6 to 12 hpf should not activate the Cre-ERT2, which
is expressed from the insulin promoter in the Cre-driver line.

3. For both controls, transfer the embryos to a new dish after the
treatment and rinse with E3 medium three times for 30 min
each. After the final rinse, transfer the embryos for raising till
30 dpf, and obtain images for control samples as in Subheading
3.3 (Fig. 4).

3.9 Estimation

of Background

Recombination

Frequency

To estimate the frequency of background recombination in the
Beta-bow animals, calculate the probability for appearance of
recombined cells in the primary islet from 30 dpf animals used as
controls for 4-OHT-based recombination (Subheading 3.8).

1. Mount and image primary islets from 30 dpf control animals.
Manually count the number of cells with CFP or YFP expres-
sion (nCFP,YFP) (see Note 17).

2. Calculate the volume occupied by the beta-cells in the primary
islets using RFP fluorescence (Vtotal).

3. Estimate the number of beta-cells in the primary islet by divid-
ing the total volume of beta-cells to the average volume of
single beta-cells at 30 dpf (ntotal ¼ Vtotal/Vmean, 30 dpf) (see
Note 18). The average volume of single beta-cells is obtained
from Subheading 3.6.

4. Calculate the probability for single-recombination events as the
ratio of the number of cells with CFP or YFP expression to the
number of beta-cells (psingle ¼ nCFP,YFP/ntotal).The probability
for double-recombination event within the same cell, which
is required for generation of trichromatic cells, equals
the square of the probability for single-recombination event
( pdouble ¼ psingle

2). pdouble represents the background recombi-
nation frequency for Beta-bow.

4 Notes

1. Multiple variants of the multicolor reporter systems have been
developed (Table 1). These variants allow labeling with differ-
ent combinations of fluorescent proteins as compared to
BB1.0L system. A distinct advantage of recently developed
Brainbow-3 versions is the possibility of signal amplification
using antibody staining [18]. BB1.0L contains variants of GFP,
and hence all three fluorescent proteins (CFP, YFP, RFP) are
recognized by the same antibody. The inability to amplify the
native fluorescence signal in histological samples can limit the
ability to trace cells deep within a tissue or couple the
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multicolor lineage tracing with a staining protocol that destroys
GFP fluorescence. However, protocols that improve the optical
transparency of fixed tissue using tissue clearing could be used
to help in analyzing cells deep inside the sample [19].

2. We have described the generation of ins:BB1.0L construct that
is useful for lineage tracing of zebrafish beta-cells. To generate
constructs for other tissues, the BB1.0L construct would need
to be cloned downstream of a tissue-specific promoter. Since

Beta-bow - controlling recombination using the duration of 4-OHT-exposure
Tg(ins:β-Bow); Tg(ins:CreER)
1 uM 4-OHT, 6 – 12 hpf
30 dpf

n = 6/7 n = 1/7
10 μm50 μm 50 μm

B

n = 8/10 n = 2/10
10 μm

Tg(ins:β-Bow); Tg(ins:CreER)
No 4-OHT
30 dpf

50 μm 50 μm

A Beta-bowVehicle Controls

Fig. 4 Background recombination in Beta-bow islets. Maximum intensity projection of the islets from 30 dpf Tg
(ins:beta-bow); Tg(ins:CreERT2) animals that were treated during the embryonic stage for assessment of
background recombination. Animals were either treated with vehicle (0.05% ethanol) from 24 to 30 hpf (a) or
with 1 μM 4-OHT from 6 to 12 hpf (b). 8/10 and 6/7 islets from vehicle and 4-OHT treatment, respectively,
showed no leaky recombination. Islets with background recombination displayed beta-cells with dichromatic
labeling (arrowheads). No trichromatic cells were observed under both treatments. Figure adapted from [3]
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BB1.0L fragment is prepared using EcoRV/NsiI restriction
digestion, it would be advisable to have a blunt-end enzyme
site followed by a site against NsiI, PstI, or SbfI downstream of
the tissue-specific promoter. PstI and SbfI generate sticky ends
that are compatible with NsiI.

3. We have found it extremely difficult to PCR amplify the
BB1.0L construct. This is possibly due to the repetitive nature
of the construct, which contains three copies of GFP variants.
Thus, we suggest a restriction digestion-based approach for
cloning of the BB1.0L construct.

4. We have had better success using chemically competent cells
over electro-competent cells for this particular ligation. Using
5 μL of ligation solution directly for transformation with
electro-competent cells leads to sparking, while using lower
amount of ligation solution decreases the efficiency of transfor-
mation. One way to circumvent the problem is to remove the
salts from the ligation solution using DNA desalting columns.

5. I-SceI meganuclease-based transgenesis leads to random inte-
gration of the injected plasmid as a concatemer (repeated cop-
ies of the DNA fragment at a single genomic locus) [12]. This
is beneficial for multicolor lineage tracing as increasing the
numbers of BB1.0L copies generates greater color diversity
and helps with cellular barcoding.

6. Generate five to ten independent Beta-bow transgenic lines for
testing. Each independent Beta-bow transgenic line will con-
tain different number of ins:BB1.0L copies integrated into the
genome and a different locus of integration. The number of
copies and integration location can influence the efficiency of
recombination. It is better to generate multiple (five to ten)

Table 1
Multicolor reporter systems

Multicolor reporter systems Fluorescent proteins Antibody-based amplification

Brainbow-1.0 [10] RFP, CFP, YFP Not possible

Brainbow-1.1 [10] OFP, RFP, YFP, CFP Not possible

Brainbow-2.1 [10] EGFP, YFP, RFP, CFP Not possible

dBrainbow [21] EGFP-V5, EBFP-HA, mKO2-myc Possible

Cytbow [11] EBFP2, tdTomato, mCerulean, EYFP Not possible

Brainbow-3 [18] mOrange2, EGFP, mKate2 Possible

The table lists various multicolor reporter systems available for lineage tracing. The fluorescent proteins contained within

each system and the possibility to amplify fluorescent signal with antibody staining are reported. V5, HA, and myc in

dBrainbow are epitope tags which can be used for antibody staining. Abbreviations for fluorescent proteins: RFP (red

fluorescent protein), CFP (cyan fluorescent protein), YFP (yellow fluorescent protein), OFP (orange fluorescent protein),
EGFP (enhanced green fluorescent protein), EBFP (enhanced blue fluorescent protein), mKO2 (monomeric Kusabira-

Orange2)
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independent lines and characterize the recombination effi-
ciency for each one separately. Choose the line that yields
multiple colors upon induction of recombination according
to the steps outlined in Subheadings 3.2–3.4. Alternatively,
the transgenic lines can be prioritized by the number of
BB1.0L copies inserted in the genome. The number of inser-
tions can be characterized by quantitative PCR (qPCR) as
outlined in [20]. The line with the highest number of inser-
tions can be utilized for experiments.

7. Since the embryos are not sorted for the transgene expression,
only 25% of the treated embryos will be double positive. Thus,
each batch of 25 embryos will give approximately six animals
for analysis. Set up multiple wells to increase the sample
number.

8. To obtain the appropriate concentration of 4-OHT for induc-
tion of trichromatic cells, we suggest performing a pilot exper-
iment with different doses (0.1, 1, 10 μM) of 4-OHT for 6 hrs.
Analyze the presence of trichromatic cells at 48 h after labeling.
A low dose of 4-OHT will lead to limited color diversity and
possible absence of trichromatic cells. Importantly, a strong
induction of recombination with high dose of 4-OHT will
also reduce the color diversity as cells lose the red fluorescence
(default color from Brain-bow construct) and only retain green
or blue fluorescence [20]. Once an appropriate concentration
of 4-OHT is determined using the pilot experiment, the time
period of labeling can be reduced below 6 h by appropriately
increasing the concentration of 4-OHT (e.g., incubation in
1 μM 4-OHT for 6 h was equivalent to an incubation in
2 μM 4-OHT for 3 h (data not shown)). Reducing the time
period of incubation can help restrict the recombination to a
short time window of development.

9. It is preferable to remove the embryos from the dish in which
the 4-OHT treatment took place to avoid any recombination
from leftover 4-OHT.

10. Permeabilization with 1% Triton X-100 during fixation is
optional. However, it makes dissection of the tissue easier.

11. For 3.5 dpf samples, the dissection of the primary islet from the
rest of the pancreas may be difficult. For such samples, dissec-
tion andmounting of the entire pancreas are sufficient to image
the islet. In the larvae, the pancreas lies on the right side of the
zebrafish body. Carefully remove the skin and tissues surround-
ing the pancreas and transfer the entire organ to a slide contain-
ing the appropriate mounting media.

12. We do not use any spacers between the glass slide and cover slip
to mount an islet. This flattens the tissue and reduces the time
needed to image the entire islet.
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13. It is possible to excite the CFP using the DAPI laser line
(405 nm), but the signal is very weak and diminishes rapidly
with the thickness of the tissue.

14. For formats not supported by the “LSM Toolbox,” convert
them first to TIFF for analysis.

15. The ternary plot macro (“TernaryPlot.ijm”) and clonal analysis
macro (“Equivalence.ijm”) restrict their analysis to trichro-
matic cells. To ascertain the presence of all three colors within
a cell, the mean of fluorescent intensity is tested to be statisti-
cally different from zero. To do so with p <0.01, which corre-
sponds to a distance of 2.58 standard deviation (sd) from the
mean, the following formulation was used: Cmean - 2:58 ∗
Csd >0, where C is R, G, and B. A cell which satisfies the
criteria for all three channels is considered as triple positive.

16. Restricting the lineage analysis to trichromatic cells only comes
at a cost. Some samples do not contain clonal information.
However, the analysis of trichromatic cells provides sparse
labeling of beta-cells.

17. We did not observe any trichromatic cells in the control sam-
ples. The leaky recombination yields cells with either RFP+YFP
expression or RFP + CFP expression.

18. For our samples, the average volume of an individual beta-cell
at 30 dpf (Vmean, 30 dpf) equaled 184.70 μm3 [3]. This number
was obtained from the analysis of primary islets that originated
from animals which were recombined at 24 hpf with 1 μM
4-OHT treatment for 6 h.

Zebrafish Husbandry: The protocol mentioned in this chapter was
conducted in accordance with the Animal Welfare Act and with
permission of the Landesdirektion Sachsen, Germany (AZ 24–9168,
TV38/2015, A12/2016, A13/2016, and all corresponding amend-
ments). Ensure compliance with the local animal welfare laws before
conducting any experiments.
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Chapter 13

Generating Beta-Cell-Specific Transgenic Mice Using
the Cre-Lox System

Lorna I. F. Smith, Thomas G. Hill, and James E. Bowe

Abstract

Beta-cell-specific transgenic mice provide an invaluable model for dissecting the direct signaling mechan-
isms involved in regulating beta-cell structure and function. Furthermore, generating novel transgenic
models is now easier and more cost-effective than ever, thanks to exciting novel approaches such as
CRISPR.
Here, we describe the commonly used approaches for generating and maintaining beta-cell-specific

transgenic models and some of the considerations involved in their use. This includes the use of different
beta-cell-specific promoters (e.g., pancreatic and duodenal homeobox factor 1 (Pdx1), rat insulin 2 pro-
moter (RIP), and mouse insulin 1 promoter (MIP)) to drive site-specific recombinase technology. Impor-
tant considerations during selection include level and uniformity of expression in the beta-cell population,
ectopic transgene expression, and the use of inducible models.
This chapter provides a guide to the procurement, generation, and maintenance of a beta-cell-specific

transgene colony from preexisting Cre and loxP mouse strains, providing methods for crossbreeding and
genotyping, as well as subsequent maintenance and, in the case of inducible models, transgenic induction.

Key words Beta-cell, Transgenic mouse, Cre-Lox, FLP-FRT, Tissue specific

1 Introduction

Beta-cell-specific transgenic mice provide an invaluable tool for
dissecting the direct signaling mechanisms that regulate islet func-
tion in vivo. Global knockout or knock-in mouse models often
exhibit altered metabolism, fertility, and, in extreme cases,
increased morbidity and mortality, due to phenotypic effects in
other tissues, confounding interpretation of beta-cell physiology.
Furthermore, beta-cell-specific knockouts remove the possibility of
indirect effects on beta-cell function via other tissues, either locally
to create structural changes to the pancreas, or via endocrine effects
by organs such as the hypothalamus.

Aileen J. F. King (ed.), Animal Models of Diabetes: Methods and Protocols, Methods in Molecular Biology, vol. 2128,
https://doi.org/10.1007/978-1-0716-0385-7_13, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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1.1

Beta-Cell-Specific

Driver Lines

Recent years have seen a rapid development in the accessibility,
efficiency, and power of genetic tools to generate novel transgenic
mouse lines, and advances such as CRISPR will increasingly influ-
ence the development of tissue-specific mouse models going for-
ward. However, for the purposes of this guide, we focus on the
generation and use of the most commonly used and well-
established approaches for generating beta-cell transgenics.

Cre-loxP and similar site-specific recombinase (SSR) technolo-
gies such as FLP-FRT, originating from bacteriophage P1 and
Saccharomyces cerevisiae, respectively [1, 2], provide a crucial tool
for both beta-cell-specific knock-in and knockout of genes. These
systems work via a two-gene mechanism. A tissue-specific pro-
moter-driven Cre or FLP recombinase enzyme is inserted into the
genome. Separately, loxP or FRT target sequences are inserted
flanking a gene of interest or section of coding DNA. Tissue-
specific expression of Cre or FLP catalyzes the recombination of
DNA between the flanking loxP or FRT target sequences, deleting
or inserting the gene of interest specifically in cells with recombi-
nase activity (Fig. 1). A more detailed description of the mechan-
isms by which Cre-loxP and other systems cause site-specific
transgenic recombination canbe found elsewhere [3, 4].Generation
of these mouse strains provides a versatile tool which can be reused
for many other research purposes, looking at the same gene in other
tissues of interest, by combining with another promoter-driven
recombinase mouse strain, or for studying a range of knock-in/
knockout recombination for the same or different genes within the
same tissue. Though both Cre-loxP and FLP-FRT are highly similar
systems, Cre-loxP is currently accepted as the better tool for use in

Fig. 1 Common methods of DNA recombination by Cre recombinase and loxP sites. During gene excision (a),
where two loxP sites are in the same direction, Cre recombinase expression will cause the DNA region and
gene located between the two sites to be excised from the DNA strand. During gene insertion (b), the presence
of a loxP site in the DNA strand will become the site of insertion for a circular DNA plasmid also containing a
loxP sequence and the gene of interest. The action of Cre has a greater tendency toward gene excision but can
be shifted toward gene insertion by increasing the concentration of loxP gene plasmids. Figure adapted from
[3, 4]
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mammalian genomes due to its higher affinity for the loxP site than
FLP for FRT [3, 5]. The flexibility of this system has led to the rapid
creation of expansive databases of tissue-specific Cre and floxed
gene mouse lines available to researchers [6, 7], with the database
for FLP-FRT mice available also growing.

Generation of a successful beta-cell-specific transgenic mouse
relies upon the promoter gene which drives Cre or FLP recombi-
nase activity being expressed exclusively in the beta-cells (Fig. 2).
Furthermore, the selected promoter must regulate a gene which is
highly and consistently expressed in the beta-cell, in order to ensure
sufficient expression of the transgene. Currently, fragments from
three gene promoters are most commonly used, that of pancreatic
and duodenal homeobox factor 1 (Pdx1), rat insulin 2 promoter
(RIP), and the more recently developed mouse insulin 1 promoter
(MIP). Details of these and other beta-cell-specific transgene dri-
vers (in addition to those for use in other pancreatic cell types) have
been discussed in more detail elsewhere [8].

The majority of beta-cell-specific transgenic lines employ RIP
fragments, most likely due to their high levels of expression in beta-
cells and short fragment size of approximately 0.6 kb [8, 9]. How-
ever, high levels of ectopic expression have been observed for many
strains of transgenic mice which use this driver in brain areas related
to glucose homeostasis, such as the cortex, the striatum, and
throughout the hypothalamus, with particularly high concentra-
tions in the arcuate nucleus [10, 11]. Previous attempts to increase
cell specificity by increasing the promoter length and regulatory
units significantly decreased the population of beta-cells in which
transgenic expression was maintained [8]. Furthermore, in

Fig. 2 Mechanisms of a tissue-specific Cre-loxP mouse knockout model. In the cells of the target tissue (a),
the tissue-specific promoter promotes the transcription and expression of Cre recombinase, which then
excises the gene of interest from between the loxP sites to cause gene deletion and knockout. In the rest of the
body (b), the tissue-specific promoter is not active, and therefore Cre recombinase is not expressed.
Therefore, the gene of interest remains present in the DNA and is expressed as normal in these nontarget
cells. Figure adapted from [85]
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RIP-Cre-loxP models, beta-cell specificity was increased by mutat-
ing Cre to decrease activity, though this reduced recombination
efficiency by 35% [12]. Despite these issues, the RIP promoter can
still provide a useful tool for the study of beta-cell-specific function;
different RIP-driven transgene strains have different patterns of
ectopic expression [11] and may therefore have ectopic expression
in neurons only where the manipulated gene in question is not
expressed or may not be relevant to their role. Regardless, the ways
in which ectopic transgenic activity may influence results should be
investigated, accounted, and, if possible, controlled for. Further-
more, there is some evidence that the presence of the RIP-Cre
transgene has negative effects on beta-cell mass and function
[13–15].

Expression of Pdx1 in the adult mouse is restricted to the beta-
cell and approximately 20% of pancreatic delta cells. However, Pdx1
is essential for fetal development of the entire endocrine pancreas,
with expression in the pancreatic endoderm domain from E8.5
[16], and is expressed in both alpha and beta progenitor cells in
mice even at P21 [17]. Therefore, the use of a typically 4.5-kb Pdx1
fragment in the generation of beta-cell-specific transgenic mice is
most useful when using an inducible transgenic model, in order to
delay recombination to when Pdx1 expression is restricted mainly
to beta-cells. Inclusion of a 1-kb fragment of Pdx1 promoter con-
taining regulatory areas I and II, such as in the Tg(Pdx1-cre)PBMga

and pdx1PBCreER™, can also help to improve beta-cell specificity
[18, 19]. Leakage of expression has also been observed in the
hypothalamus of some Pdx1-driven transgenic strains, although
seen in fewer hypothalamic regions than the RIP-driven strains
[10, 11].

The beta-cell-specific driver most recently developed, likely due
to its much larger promoter fragment size required of 8.3–8.5 kb, is
that of MIP. This driver was first used in the development of a
MIP-GFP mouse [20] and was subsequently used to produce the
inducible MIP-CreERT1Lphi mouse strain. The MIP-CreERT1Lphi

was superior to established RIP-Cre and PDX1-Cre lines in terms
of tissue specificity, due to a complete lack of off-target Cre activity,
including a lack of ectopic brain expression [11, 21]. However,
some ectopic GFP expression in the MIP-GFP mouse was seen
under stress conditions [22], which implies that not necessarily all
developed versions of a MIP-driven transgene will be immune from
the problem of ectopic expression. The insulin 1 gene appears to
have low expression in approximately 10–35% of mature mouse
beta-cells [23] and appears weaker/more variable than that of
insulin 2 expression [9, 24, 25]. Unfortunately, while the MIP--
CreERT1Lphi mouse does have excellent tissue specificity, it also
exhibits inappropriate human growth hormone (hGH) expression
in β-cells, due to the use of a hGHminigene for the insertion of the
Cre transgene [26], an issue also affecting some strains of RIP-Cre
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and Pdx1-Cre mice [27]. These low levels of hGH expression lead
to activation of the prolactin receptor and subsequent increased
islet serotonin levels [26, 28, 29]. Thus, the presence of the Cre
transgene in the MIP-CreERT1Lphi mice has beta-cell effects in
itself, and this must be accounted for in any transgenic mice gen-
erated using this line. In order to circumvent these intrinsic
hGH-mediated effects, additional beta-cell-specific transgenic
lines have since been developed, the Ins1tm1.1(cre)Thor mouse
(known as Ins1Cre) and the inducible Ins1tm2.1(cre/ERT2)Thor

mouse (known as Ins1CreERT2) [30]. These mouse lines also have
Cre activity driven by the Ins1 promoter and conditionally avoid
ectopic Cre expression within the brain but importantly lack the
hGH minigene fragment [30].

1.2 Inducible

Transgenic Models

The development of inducible Cre-loxP and Flp-FRT transgenics has
allowed researchers to study the importance of a gene during a
specific stage of life, avoiding potential effects of tissue-specific
knockout during development. The first inducible system to be
developed was the Tet-Off system [31], rapidly followed by
Tet-On [32]. This complementary pair of systems depends on the
administration of tetracycline, or more commonly the tetracycline
derivative, doxycycline (dox), which binds to a transcriptional activa-
tor protein, expressed in the target tissue, in order to either induce
(Tet-On) or suppress (Tet-Off) transcription of Cre (Fig. 3). Tissue-
specific expression is regulated instead by using the beta-cell-specific
promoter to drive expression of the tetracycline-controlled transcrip-
tional activator protein (tTA), which in turn regulates the transcrip-
tion of Cre [33]. In the Tet-Off system, activity of Cre is suppressed
during administration of dox, which inhibits tTA from binding the
Cre promoter. Cre is therefore only able to alter target gene expres-
sion once administration of dox is discontinued [33]. In the Tet-On
system, reverse tetracycline-controlled transactivator protein (rtTA)
is non-functional without dox, which binds rtTA and allows it to
transcribe Cre. Cre-mediated gene knock-in or knockout can there-
fore only occur once dox is administered [4, 33].

The tamoxifen-inducible system is the more commonly utilized
inducible system [34] and instead targets Cre function at the
protein level (Fig. 4). Cre recombinase is fused to a mutated
estrogen receptor (ER) ligand-binding domain, which is unable
to bind endogenously expressed 17β-estradiol, and instead can
only be activated by administration of synthetic ligand tamoxifen
[35]. Without tamoxifen, the Cre-ERT fusion protein is seques-
tered in the cytoplasm bound to heat-shock protein (Hsp) 90, until
the active metabolite of the administrated tamoxifen,
4-hydroxytamoxifen, displaces Hsp90 and allows Cre-ERT to
enter the nucleus, where it can then cause recombination at the
loxP sites [4, 36, 37].
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While highly advantageous, inducible models do come with
some disadvantages. Firstly, target gene expression is altered
through the exogenous administration of a chemical, of which
both the chemical and the method through which it is administered
can lead to side effects. Furthermore, knockout within the target
tissue is often not as effective, with a gene knockdown efficiency of
50–90% common [19, 37–39], as well as basal leakage of expression
[39–41]. It is important to note that the larger the dose or the
longer the duration of administration, the more effective the
knockdown is likely to be, but also the greater the potential side
effects. Tamoxifen is a selective estrogen receptor modulator
(SERM), and therefore it has a vast array of side effects, including

Fig. 3 Tetracycline -On and -Off knockout models. In these systems, Cre recombinase expression is
dependent on the tetracycline response element (TRE) in its promoter. In the Tet-On system (a, c), reverse
transcription-activating (rtTA) protein is unable to bind to the Cre promoter, and normal target gene expression
occurs (a). Treatment with doxycycline allows rtTA to bind the Cre promoter and elicit target gene deletion and
knockout (c). In the Tet-Off system (b, d), Cre is expressed by default, and target gene knockout occurs in the
absence of doxycycline (b). Doxycycline treatment prevents the binding of tetracycline transcription-activating
(tTA) protein to the Cre promoter (d), suppressing Cre recombinase expression, with the target gene
maintaining normal expression until doxycycline is removed. Figure adapted from [4, 33]
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on fertility [19, 42], cardiac tissue [43, 44], bone turnover [45],
and more importantly on adipogenesis, obesity, and beta-cell pro-
liferation and function [28, 46, 47]. As an antibiotic, tetracycline
has cytotoxic effects on mitochondrial function, lipid metabolism,
and the liver [48–50], in addition to effects on the gut flora [51],
which can alter food absorption. It is therefore essential the use of
these exogenous chemical inducers be controlled for.

1.3 CRISPR

and Other Approaches

Although the process of creating transgenic knock-in or knockout
mice has been established for over 30 years [52], this process has
recently been simplified due to the development of clustered regu-
larly interspaced short palindromic repeats/CRISPR associated
protein 9 (CRISPR/Cas9) genome editing technology. Originat-
ing from bacterial genomes, where it functions as a prokaryotic
antiviral system [53], the ability of CRISPR/Cas9 to target any
region of the genome occurs through non-coding guiding RNA
(gRNA), which uses complementary base pairing to bind the target
DNA, guiding the Cas9 nuclease to introduce a controlled break in
the DNA, through which gene insertion or deletion can then occur
[54]. The methodology through which CRISPR is utilized for the
generation of transgenic mouse strains is described in detail else-
where [55–57]. Importantly, it can be used as a tool to more rapidly
expand the library of “floxed” genes, of which only 25% of the
mouse genome has so far been targeted [55]. Thus, if researchers
intend to target a beta-cell gene for which no established LoxP or

Fig. 4 Tamoxifen-inducible Cre-loxP mouse knockout model. Cre recombinase is fused to the estrogen
receptor (Cre-ER) and remains in the cytoplasm, bound to heat-shock protein 90 (HSP90) (a). Cre-ER is
therefore unable to access the DNA, and gene expression continues as normal. Upon administration of the
SERM tamoxifen (TMX) (b), its metabolite 4-hydroxytamoxifen displaces HSP90 to bind Cre-ER. This allows the
Cre-ER fusion protein to translocate into the nucleus and excise the target gene from between the two loxP
sites, causing gene deletion and knockout. Figure adapted from [36]
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FLTmodel exists, CRISPR enables the relatively easy generation of
these novel lines allowing subsequent beta-cell manipulation.

1.4 Validation

of Gene Manipulation

This chapter covers the considerations, options, and techniques
involved in generating a beta-cell transgenic mouse line, including
breeding strategies, genotyping, and transgenic induction. How-
ever, it is also important to validate any novel tissue-specific model
to confirm effective and specific gene manipulation. There are
several different options for validating successful beta-cell-specific
manipulation of the target allele, with the choice depending on the
nature of the end protein being knocked down, the techniques
available to the researcher, and the specific mouse lines used in
the generation of the new model. Describing these approaches in
detail is beyond the scope of this chapter; however, it is important
to note the options available.

Once the experimental mice have been generated, islet isolation
allows for direct analysis of the genomic DNA, mRNA expression,
and protein content of the islets. Detailed technical guides to islet
isolation in mice have been previously published describing this
methodology [58]. While the isolated islets will contain other
non-beta-cells, the predominance of beta-cells within the isolated
islets allows the simplest approach to validating the knockout
model. However, keep in mind that many islet preparations will
contain heterogeneous mixtures of cell types. Therefore, some level
of unrecombined product may be observed in successful transgenic
beta-cells.

Analysis of the genomic DNA in isolated islets will confirm the
presence of gene recombination in transgenic mouse islets. This
requires that you have a PCR assay that will distinguish the trans-
genic allele from the wild-type allele. Most genotyping protocols
for floxed mice have not been designed for this purpose; therefore,
you may need to check the literature for such an assay or design
your own. Other tissues from transgenic mice and islets from
control mice should also be included in this analysis to confirm
specificity. In addition to genomic DNA analysis, islet mRNA can
also be extracted and analyzed to assess transcription of the
target allele. Quantitative PCR requires specific primers for the
target gene of interest and will validate the extent of gene knock-
down or upregulation. More detailed methodology covering the
analysis of genomic DNA or mRNA can be found in previous
dedicated guides [59].

Analysis of islet protein expression is also useful for validation of
transgenic models and is commonly done either through western
blotting of protein samples from isolated islets or through histo-
logical approaches. Both approaches rely on the availability of
specific antibodies against the target peptide. Western blotting
will offer an approximately quantitative measure of islet protein
based on changes in band density, though it has the disadvantage
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that it is not possible to discriminate between beta-cells and other
cell types. If islet isolation is not available as a technique, then
histological approaches are a suitable option for validating a novel
beta-cell transgenic model and have the advantage that protein
expression specifically within the beta-cells can be assessed. The
use of fixed pancreas sections from transgenic mice to stain for
both insulin and the target peptide can be used to effectively
validate the model. Detailed methodology covering both western
blotting and histological approaches can again be found in separate
specific guides [60–62]. Finally, if reporter genes, such as LacZ,
have been incorporated into the transgenic model, then these can
be an invaluable tool for the histological validation of both the
efficacy and tissue specificity of the model [63].

2 Materials

2.1 Colony

Maintenance

and Breeding

2.1.1 Initial Generation

of Your Cre-loxP Crossed

Mouse Colony

Having selected and located your chosen mouse strain or strains,
options for their procurement are varied. Some strains may be
maintained in repositories as active colonies, and live mice may be
purchased directly. However, frequently, strains can only be bought
as embryos or sperm. In this case, the mice will need to be rederived
in house, for which 3–6 months must be allowed. Many institutes
will have their own system for the process of rederivation.

1. Chosen Cre-expressing mouse of breeding age (see Notes 1
and 2).

2. Gene of interest loxP mouse of breeding age.

2.1.2 Experimental

Colony Maintenance

1. Cre-loxP mice.

2. loxP mice (see Note 3).

3. Cre mice (see Note 4).

2.2 Genotyping All solutions are to be prepared using ultrapure water (prepared by
purifying deionized water, to a sensitivity of 15 MΩ-cm at room
temperature) and analytical grade reagents (unless otherwise
stated). All reagents are prepared and stored at room temperature
(unless otherwise stated). Disposal of waste materials should adhere
to all waste disposal regulations.

2.2.1 DNA Extraction

from Ear Biopsy

1. Ear punch.

2. Forceps.

3. 1.5-mL microcentrifuge tubes.

4. 0.1 M sodium hydroxide (NaOH).

5. 1 M Tris, pH 7.4.

6. Absolute ethanol (see Note 5).
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7. 3 M Sodium acetate (C2H3NaO2).

8. 70% Ethanol solution in water.

2.2.2 Genotyping: PCR 1. DNA polymerase master mix; store at �20 �C (see Note 6).

2. Cre Forward and Reverse Primers; store at �20 �C (see
Note 7).

3. loxP Forward and Reverse Primers; store at �20 �C.

4. Molecular Grade Water.

2.2.3 Gel Electrophoresis 1. 10� TAE: 400 mM Tris, 200 mM acetic acid, and 10 mM
EDTA (pH 8.0) (see Note 8).

2. Agarose.

3. SYBR Safe (see Note 9).

4. DNA electrophoresis gel mold and comb set.

5. 6� Loading buffer: 0.25% bromophenol blue, 0.25% xylene
cyanol FF, 30% glycerol in Molecular Grade Water; store at
4 �C (see Note 10).

6. DNA ladder; store at 4 �C (see Note 11).

2.3 Induction

of Knockout

in Inducible Models

2.3.1 Tamoxifen

1. Tamoxifen free base (see Note 12).

2. Peanut oil (see Note 13).

3. 1-mL Sterile syringe.

4. 27G � 20 mm/0.7500 sterile needle.

2.3.2 Tetracycline 1. 5% sucrose in drinking water solution.

2. Doxycycline.

3 Methods

3.1 Colony

Maintenance

and Breeding

3.1.1 Initial Generation

and Maintenance of Your

Cre-loxP Crossed Mouse

Colony

1. Following rederivation, establishing a colony of your Cre-loxP
mouse requires the generation of mice which have homozy-
gous expression of the loxP-flanked or “floxed” site (fl/fl) and
heterozygous expression of the beta-cell-specific Cre (Cre/+)
(see Note 14). This is achieved by performing two generations
of crossbreeding (Fig. 5).

2. The initial founder mice will be in two distinct colonies; the
Cre-expressing colony which is heterozygous for Cre expres-
sion driven by the beta-cell-specific driver of choice (Cre/+)
and the loxP colony which is homozygous for the floxed gene
of interest (fl/fl) (see Note 15).

3. Breeding between these colonies (see Note 2) will produce a
first generation of offspring which are 100% heterozygous for
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expression of the floxed gene (fl/+), while 50% will have het-
erozygous expression of the Cre transgene (Cre/+).

4. Once adult, the first generation of offspring is then used for a
second round of breeding. A heterozygous-Cre, heterozygous-
floxed mouse can be mated with a mouse (fl/fl) from the
original loxP colony. This will generate a second generation of
offspring, of which 50% will be homozygous floxed (fl/fl) and
50% heterozygous floxed (fl/+), while 50% will have heterozy-
gous expression of the Cre transgene (Cre/+). Thus, 25% of
the second-generation offspring will be experimental mice con-
taining both homozygous floxed (fl/fl) and heterozygous Cre
(Cre/+) expression.

5. The Cre-loxP colony can now be maintained by breeding
experimental mice (fl/fl: Cre/+) with a further homozygous
floxed (fl/fl) mouse, which will produce 50% heterozygous
Cre, homozygous floxed (fl/fl: Cre/+) and 50% Cre negative,
homozygous floxed (fl/fl: Cre/+) mice (see Note 3).

Fig. 5 Breeding strategy for obtaining and maintaining Cre-loxP mice from two separate colonies of the Cre
strain and the loxP strain. Founder mice from the chosen Cre colony (genotype: heterozygous Cre (Cre/+)) are
crossed with mice from the relevant loxP colony (genotype: homozygous floxed for the gene of interest (fl/fl)).
This produces a first-generation litter where all mice will be heterozygous for the floxed gene (fl/+), but only
50% of the offspring will also be heterozygous for Cre (Cre/+). The first-generation offspring with the fl/+,
Cre/+ genotype can then be crossed with a homozygous floxed mouse (fl/fl) from the original loxP colony. This
produces the second generation of offspring which may have one of four different genotypes: 25% fl/fl, Cre/+;
25% fl/fl, +/+; 25% fl/+, Cre/+; 25% fl/+, +/+. The fl/fl, Cre/+ genotype is the desired genotype for
experimental mice, highlighted here in red. These second-generation mice can either be directly used
experimentally or mated with further homozygous floxed mice to produce third-generation offspring with a
50% experimental genotype
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3.1.2 Maintaining Your

Cre Colony (See Note 4)

1. Cross heterozygous Cre mice with wild-type mice from the
appropriate background strain. This produces 50% offspring
which are heterozygous for the Cre transgene and 50% wild-
type offspring.

3.1.3 Reverse Generating

Your Cre Colony

1. If the Cre colony is not maintained and experiments to test the
Cre control are later required, or if the generation of a new
Cre-loxP combination is desired, the Cre mouse strain can be
reverse generated from the Cre-loxP colony by the steps
detailed below.

2. Cross a wild-type background strain mouse with a heterozy-
gous Cre, homozygous floxed mouse (+/+: +/+ X Cre/+:
fl/fl) to produce 50% offspring heterozygous Cre, heterozy-
gous floxed (Cre/+: fl/+) and 50% offspring Cre negative,
heterozygous floxed (+/+: fl/+).

3. Cross a wild-type background strain mouse with a heterozy-
gous Cre, heterozygous floxed offspring from step 1 (+/+: +/
+ X Cre/+: fl/+). This will produce 25% target mice of hetero-
zygous Cre, floxed gene negative (Cre/+: +/+) for restoring
your Cre colony.

3.2 Genotyping

3.2.1 DNA Extraction

from Ear Biopsy (SeeNote

16)

1. Ear punch biopsies may be taken for genotyping from as early
as postnatal day 14, with only a 2-mm-diameter sample
required for obtaining an appropriate genomic DNA (gDNA)
yield [64]. Biopsies may be processed immediately as described
below, stored at 4 �C for up to a week, or stored at �20 �C for
longer-term storage.

2. To the tissue, add 30 μL 0.1 M NaOH and incubate at 95 �C
for approximately 10 min (see Note 17).

3. Allow to cool to room temperature for a minimum of 5 min.

4. Add 5 μL 1 M Tris (pH 8.0) and vortex the sample for approx-
imately 5 s.

5. Briefly spin down samples at maximum speed for 10 s.

6. For most genotyping protocols, these steps will be sufficient to
generate a gDNA sample for effective genotyping. In this case,
the gDNA may be stored at �20 �C until ready for PCR; 3 μL
of sample can be added to the PCR reaction. However, if a
more purified gDNA sample is required for more efficient
genotyping, then the following optional steps 7–13 may also
be performed.

7. Add 70 μL ethanol and 12 μL 3 M sodium acetate.

8. Spin 20min at 4 �C,maximum speed (approximately 18,000� g).

9. Remove supernatant.

10. Wash pellet with 250 μL 70% ethanol (see Note 18).
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11. Spin 10 min at 4 �C, maximum speed (approximately
12,000 � g).

12. Remove supernatant.

13. Allow pellet to air dry before resuspending in 20 μL Molecular
Grade Water (see Note 19).

14. Store gDNA at �20 �C until ready for PCR; 2–3 μL of sample
can be added to the PCR (see Note 20).

3.2.2 Genotyping: PCR 1. A typical PCR reaction mix is given below (see Note 21):

Polymerase chain reaction

For 1 reaction 30 μL

2� DNA polymerase master mix (see Note 6) 15 μL

Forward primer 1 μM 1.5 μL

Reverse primer 1 μM 1.5 μL

Molecular Grade Water 9 μL

Sample gDNA/positive or negative control DNA 3 μL

2. The reaction mix for each gDNA sample can then be briefly
spun down, placed in a thermal cycler, and any product DNA
amplified through the following steps:

(a) Initial denaturation step at 94–98 �C of 1–3 min (see
Note 22).

(b) Denaturation step at 94–98 �C of 15 s–1 min.

(c) Annealing step at approximately 5 �C below the primer Tm

for approximately 30 s (see Note 23).

(d) Elongation step, the temperature will be dictated by the
DNA polymerase used and the length of time determined
by the DNA polymerase used and primer product length
(see Note 24).

(e) Repeat steps 2–4 (25–30 cycles are generally sufficient).

(f) A final elongation step of approximately 5 min.

(g) Cool samples to 4 �C and hold until the samples can be
removed and stored at�20 �C or used immediately for gel
electrophoresis.

3.2.3 Gel Electrophoresis 1. Make the working 1� concentration for TAE or TBE buffer by
diluting 100 mL 10� TAE/TBE in 900 mL distilled water.

2. Make a 2% agarose gel by adding 2 g agarose to 100 mL 1�
TAE in a conical flask (see Note 25). Dissolve agarose by
heating; this is typically performed in a microwave for
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approximately 2 min under supervision to prevent boiling over,
with regular intervals for mixing by swirling the flask.

3. Allow to cool slightly, and then add 5 μL SYBR Safe (seeNotes
9 and 26), before pouring gel into the mold with an appropri-
ate comb to set.

4. Place the gel inside the electrophoresis tank and fill the tank
with appropriate buffer (TAE or TBE) so the gel is completely
submerged.

5. Prepare appropriate volumes of gDNA sample (approximately
10 μL per well) and DNA ladder and add loading buffer, if not
already present (see Note 10), at the ratio indicated.

6. Load samples into the gel wells with a DNA ladder (see
Note 11) loaded into DNA wells adjacent to sample wells (see
Note 27).

7. Run gel at 100–150 V for 40 min–1 h, depending on the band
size and whether you want to detect separation of different
sized bands (see Note 28).

8. Visualize your gel using a UV transilluminator or gel imaging
system, being sure to use appropriate eye protection, and cap-
ture gel images if possible. Individual mice can be genotyped
based on the presence or location of bands (see Note 29).

3.3 Induction

of Knockout

in Inducible Models

3.3.1 Tamoxifen (See

Note 30)

1. Tamoxifen is hazardous and should be handled with care (see
Note 31).

2. Dissolve tamoxifen in peanut oil at a concentration of 20 mg/
mL by agitation or shaking or rotation overnight at 37 �C. The
solution is light sensitive and should be kept in an amber or foil
wrapped container. Once in solution, store at 4 �C for the
duration of injections.

3. 100 μL of the 20 mg/mL tamoxifen/peanut oil solution
should be administered via intraperitoneal (i.p.) injection to
the adult mouse (2 mg/mouse) in order to induce recombina-
tion (see Note 32).

4. This i.p. administration of 100 μL of the 20 mg/mL tamoxi-
fen/peanut oil solution should be repeated for 4 consecutive
days, adjusting slightly the location of injection in the lower left
quadrant of the mouse peritoneal cavity, in order to minimize
irritation at the puncture site (see Note 33).

5. Mice should be housed in filter top cages and isolated in a
ventilation cabinet, marked as biohazards for the duration of
the injection period and for a minimum of 72 h after adminis-
tration of the final tamoxifen injection. They should be
observed for any adverse reactions during this time, with any
animals which die or are culled placed in biosafety bags for
infectious waste incineration. All contaminated bedding should
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be removed within a ventilated area while wearing appropriate
PPE and disposed of as hazardous materials. Cages should also
be placed within sealed bags labeled “Cytotoxic – Tamoxifen”
and transported to the washroom where they can be placed
into the cage wash while wearing PPE. These precautions
should be observed until 72 h after final injection, at which
time cages and bedding should be changed. You should com-
municate your intention to use tamoxifen and discover any
further potential precautions or procedures enforced by your
institute (see Note 31).

6. Following final administration, mice should be left for a mini-
mum of 7 days prior to initiation of experimentation (see
Note 34).

3.3.2 Tetracycline 1. Make up drinking water with 5% sucrose (see Note 35).

2. Dissolve 2 mg/mL of the tetracycline analogue doxycycline in
drinking water with sucrose [65, 66]. The solution is light
sensitive and should be kept in an amber or foil wrapped
water bottle.

3. The water bottle should then be provided to experimental mice
ad libitum for 3 days for Tet-On mice to induce recombination
(see Note 36) or be provided continuously to Tet-Off mice,
exchanging with a fresh bottle every 3 days, until the time at
which you wish Cre-loxP recombination to occur.

4 Notes

1. This chapter will describe the techniques required when work-
ing with an inducible Cre-loxP mouse model for generating
beta-cell-specific knockout. These methods are fully applicable
to the use of the alternative FLP-FRT SSR, while also adaptable
for the use with other tissue-specific knock-in and knockout
mouse models. In the analogous FLP-FRT system, the
Cre-expressing colony is your FLP mice and the loxP colony
is your FRT mice.

2. Sexual maturity in mice is typically from 6 weeks of age, though
this varies between strains. Earlier pairings can result in smaller
litter sizes, and mice are typically mated between 6 and 8 weeks.
Reproductive lifespan also varies between individual mouse
strains, ranging between 22 and 38 weeks.

3. Due to the heterozygous expression of Cre, the loxP colony
without the presence of the Cre gene is automatically main-
tained in the process of maintaining the Cre-loxP colony. These
littermates make important controls for comparing against the
effects of the Cre knockout and the effects of inducible
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knockout agents such as tamoxifen and tetracycline. Addition-
ally, the process of insertion of the loxP sites can inadvertently
alter expression of the target gene globally; using these
Cre-negative loxP littermates as controls will ensure any effect
measured is due to knockout of the gene in your selected tissue
and not the result of changes in expression elsewhere due to
global disruption by the presence of the loxP sites.

4. It is advisable to maintain the colony of Cre mice by cross-
breeding with wild-type individuals from the background
strain. This can provide an important control for examining
any effects of the Cre transgene itself on beta-cell function
[13]. Additionally, it is important to prevent excessive
inbreeding over time, which can lead to genetic abnormalities.
Excessive inbreeding and overuse of individual breeders can
lead to reduced litter sizes, smaller offspring, and greater mor-
tality and morbidity in neonates. New animals can be intro-
duced from the Cre colony to the Cre-loxP colony every
6–12 months to prevent inbreeding.

5. Subheading 2.2.1, items 6–8 are optional if requiring a more
purified gDNA sample.

6. DNA polymerase often needs to be accompanied by a specific
buffer providing optimal conditions for its activity, as well as
deoxynucleotides (dNTPs). Reagents such as Mg2+, which are
required by thermostable DNA polymerases such as Taq, K+,
which is often reduced from its normal final concentration of
50 mM when longer PCR products are required, and DMSO
which can lower melting temperature (Tm) of base pairs, may
also be present [67]. Many commercially available DNA poly-
merases can be purchased as a “master mix,” combining the
enzyme with its appropriate buffer and containing the optimal
concentrations of these additional reagents.

7. Primer sequences for genotyping the appropriate Cre strain
and floxed gene can usually be obtained from either the labo-
ratory or the commercial supplier that supplied the mouse
lines. A separate PCR will be required for each transgene;
therefore, each mouse sample will undergo one reaction for
the Cre gene and another for the floxed gene.

8. There are two commonly used buffers for gel electrophoresis:
TAE: Tris (2-amino-2-[hydroxymethyl]-1,3-propanediol),
acetic acid, and EDTA (ethylenediaminetetraacetic acid), or
TBE buffer: Tris, boric acid, and EDTA, which both work
well for separation of DNA fragments ranging from several
hundred to several thousand bp, a range encompassing the
typical product size of genotyping primers [68]. Both can be
made at a 10� stock for storage and can then be diluted in
distilled water for use in electrophoresis. Opinions over which
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buffer gives better band definition differ, but it is generally
agreed 10� TAE stock solution lasts longer, while 10� TBE
precipitates over time. 10� TBE: 890 mM Tris, 890 mM boric
acid, 20 mM EDTA (pH 8.0).

9. Or equivalent noncarcinogenic alternative to ethidium
bromide.

10. Some DNA polymerase master mixes and DNA ladders already
contain a loading buffer, so check first before adding. There are
many recipes for loading buffers also containing loading dyes
such as Orange G and Cresol Red, alternative density agents
such as sucrose or Ficoll, as well as DNA protective stabilizers
such as 10 mM Tris–HCl (pH 7.5) and 50 mM EDTA
(pH 8.0). The dyes each have different migration through
different percentage agarose gels which can be an important
consideration when looking at a particular PCR product size.

11. Ensure this ladder is appropriate for the size of the PCR
product, typically a 100-bp or 1-kb DNA ladder is appropriate.

12. This is metabolized to the active 4-hydroxytamoxifen in vivo.

13. This is a delivery vehicle for highly lipophilic compounds such
as tamoxifen and can be exchanged for other non-polar sol-
vents such as corn oil.

14. The abbreviation “fl” is used to refer to the “floxed” gene,
while the wild-type or unmodified version of a gene is denoted
as +.

15. In the analogous FLP-FRT system, the Cre-expressing colony
is your FLP mice, heterozygous for FLP expression and homo-
zygous negative for an FRT-flanked site. The loxP colony is
your FRT mice, homozygous negative for FLP expression and
homozygous positive for an FRT-flanked site.

16. The preferred method for obtaining a tissue sample for geno-
typing, used in 85% of labs, is to perform an ear biopsy, using
either an ear punch or notch [69]. This method also provides a
means of identification, based on the number and location of
the punches or notches on each ear. Tail biopsies have been
used historically; however, their use should be considered as a
last resort for obtaining tissue, due to complications associated
with damage to the tail vertebrae and associated nervous tissue.
Tail biopsies should not be taken from mice significantly youn-
ger than 3 weeks or older than 4 weeks of age without good
scientific justification, and similarly, toe amputation should not
be considered as a method for obtaining gDNA at any age.
Collection of a 20–50-μL blood sample after 2 weeks of age is
an alternative in mice where identification is not required, with
the additional advantage of being easily repeated [64], though
there are some added technical problems when preparing the
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DNA due to the low proportion of nucleated white blood
cells [70].

Noninvasive alternatives can provide a method of genotyp-
ing in individuals younger than 2 weeks of age; however, they
can often present with their own problems. Collection of
gDNA from hair follicles [71] can be subject to cross contami-
nation between litter mates, and care not to damage the rectum
is needed when obtaining rectal epithelial samples. Collection
of oral epithelial cells via an oral swab [72] or intestinal epithe-
lial cells from stools [73, 74] can provide adequate material for
genotyping and is strongly encouraged by bodies such as the
British Veterinary Association Animal Welfare Foundation
(BVA AWF). The presence of nucleases and other enzymes in
stool samples means a commercial kit is required for their
removal, in order to protect the gDNA from degradation and
to ensure the downstream PCR are not inhibited [75]. Further-
more, the PCR amplification products from stool samples can
still be weaker than from those seen from tissue biopsy, with
the added problem that where a form of identification is
required, noninvasive identifiers such as use of marker pens or
fur shaving are only visible for 1–2 weeks [75].

17. The following visual signs of tissue degradation indicate the
tissue has been incubated long enough; edges of the tissue
should appear paler or translucent, and in some cases, the
solution will begin to appear brown after mixing by vortex. If
unsure, vortex the sample, briefly spin down, and return the
sample to 95 �C for another 10 min.

18. If you have trouble visualizing the pellet, replace step 10 with
the following: add 1 μL 20 μg/μL glycogen and 250 μL etha-
nol to sample; store at �20 �C for 30 min.

19. If water is added before all ethanol has evaporated, you may
have trouble getting the DNA back into solution. You can try
mixing samples by vortex or incubating for 1 h at 55 �C in
order to assist dissolution.

20. For a more highly purified DNA preparation, a phenol/chlo-
roform extraction following overnight DNA digestion with
Proteinase K can be performed [76].

21. False-positive bands can often be as a result of contaminated
primers; therefore, it is advisable to aliquot multiple primer
stocks in order to minimize risk of contamination and easily
replace contaminated stocks. It is also advisable to create a
“master mix” combining first water and the DNA polymerase
master mix and then adding the forward and reverse primers, in
order to prevent primer contamination of the DNA polymer-
ase, particularly when you intend to use it to detect both Cre
and your floxed gene. This master mix can then be distributed
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to your tubes before addition of the sample DNA, in order to
prevent cross contamination between samples being measured.

22. Any longer and the enzymatic activity of the DNA polymerase
may be destroyed. “Hot start” PCR can help to reduce non-
specific bands and increase amplicon yield [67]. Under these
conditions, this denaturation step lasts up to 9 min, and the
DNA polymerase is added to the reaction after this cycle is
completed or alternatively is specifically a hot start-specific
polymerase which is activated by the denaturation step.

23. This may need to be optimized by raising the temperature by
1 �C until reaching the official primer annealing temperature
and can last between 15 s and 1 min.

24. For example, Taq DNA polymerase has an optimal temperature
of 72–74 �C and requires 1 min per 1 kb of DNA to be
amplified.

25. Smaller (75–2000 bp) DNA products seen when genotyping
work best using a 2–4% agarose gel. The volume should be
adjusted depending on the size of the agarose gel mold.

26. If fluorescence across agarose gel is uneven, affecting clarity of
bands, try post-staining gel with 20 μL SYBR Safe in 100 mL
TBE or TAE for 30 min under gentle agitation.

27. Check for leakage of sample out from well by looking for dye
entering neighboring wells or floating into buffer as this could
cause contamination of neighboring samples. This can be
avoided by dispensing loading volume slowly and avoiding
expulsion of bubbles from the pipette tip, or by decreasing
the loading volume. If necessary, leave empty wells between
wells loaded with samples.

28. Voltage can be adjusted and lowered to reduce heating of the
gel and provide higher resolution and prevent asymmetrical
running of samples, helping to produce a more distinct separa-
tion of bands. If upon imaging of the gel, further separation of
DNA bands is required, the gel can be returned to the tank and
voltage reapplied. A more detailed description of optimization
techniques for gel electrophoresis is discussed elsewhere [68].

29. While the presence of the Cre transgene in a mouse gDNA
sample appears as a binary presence or absence of a product
band in an agarose gel, detection of a floxed gene is most often
detected by a shift in the position of the DNA band, unless one
primer spans part of the loxP site itself. This is due to insertion
of the loxP site sequence into the target gene, making the
product slightly larger than the unmodified, wild-type version
of the gene. This slightly larger DNA product does not travel as
quickly through the gel during electrophoresis and can there-
fore be detected higher up on the gel. A heterozygous gDNA
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sample will therefore be seen as two DNA bands appearing
closely together as both the wild-type and floxed gene variants
will be present. It is therefore important to include a homozy-
gous floxed, a homozygous wild-type, and a heterozygous
control sample on the gel, in order to ensure the gel has been
run long enough for adequate separation of the bands to occur
and to correctly interpret the results.

30. We have selected tamoxifen administration by i.p. injection,
due to its relative ease of administration and reliability of
dosing. However, other suitable methods of tamoxifen admin-
istration include oral gavage [77], subcutaneous injections
[78], and tamoxifen-supplemented feed [79].

31. PPE, including lab coat, gloves, and face mask, should be worn
while handling tamoxifen, which is a hazardous substance.
Preparation of syringes and injections should be performed
within a minimum Class II Biosafety cabinet, with appropriate
PPE. Used needles and syringes can be placed in a sharps
container, while any materials coming into contact with tamox-
ifen should be disposed of as cytotoxic waste or decontami-
nated with disinfectant and water. You should review the
MSDS for further information and your institution’s own
Standard Operating Procedures or Environmental Health and
Safety policies.

32. As a selective estrogen receptor modulator, we recommend
administration of tamoxifen after onset of sexual maturity at
6–8 weeks in mice to avoid confounding factors. However, if
necessary, mice younger than this should be administered with
tamoxifen at 75 mg/kg body weight.

33. Duration of injections may vary; research has indicated 90%
knockdown from as little as two consecutive 1 mg/mouse/day
i.p. injections in some tamoxifen-inducible Cre mouse models,
which has beneficial implications for improving animal welfare
and reducing workload. However, a small but significant
increase in knockdown was seen between two and five consec-
utive injections [79].

34. It is advisable to factor in a longer period of washout, taking
into account the effects and tissues being measured. Evidence
for tamoxifen-induced recombination in beta-cells at 3 months
after a series of three subcutaneous tamoxifen injections [78]
and in white adipose tissue at 2 months after 5 consecutive days
of oral gavage or i.p. injection [47] emphasizes the need for
tamoxifen-administered controls and for the effects of tamoxi-
fen to be taken into account when analyzing results (see Sub-
heading 1.3).

35. This most commonly used method of administration of doxy-
cycline is through the drinking water, which requires a
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sweetener in order to improve palatability [80]. This will
impact glucose homeostasis studies, as well as behavioral stud-
ies such as the Sucrose Preference Test and 5% sucrose should
be provided to any control mice for the same duration. Alter-
natively, sweeteners such as Splenda, Aspartame, and Xylitol
can be used at 4 mg/mL. Alternative methods of administra-
tion include doxycycline-containing food pellets [33, 81], oral
gavage [82], or i.p. injection [83]. Comparisons of doxycycline
delivery methods can be seen elsewhere [80].

36. Duration and dosing of the doxycycline administration in
Tet-On systems varies from 2 to 3 days [65, 66, 80] to
2 weeks [84] and may need to be altered depending on knock-
down efficiency of the strain being used.

References

1. Hoess RH, Ziese M, Sternberg N (1982) P1
site-specific recombination: nucleotide
sequence of the recombining sites. Proc Natl
Acad Sci U S A 79(11):3398–3402

2. McLeod M, Craft S, Broach JR (1986) Identi-
fication of the crossover site during
FLP-mediated recombination in the Saccharo-
myces cerevisiae plasmid 2 microns circle. Mol
Cell Biol 6(10):3357–3367

3. Tahimic CGTS, Sakurai K, Aiba K, Nakatsuji N
(2013) Cre/loxP, Flp/FRT systems and plu-
ripotent stem cell lines. In: Renault SD, Duch-
ateau P (eds) Site-directed insertion of
transgenes, Topics in current genetics, vol
23, pp 189–209. https://doi.org/10.1007/
978-94-007-4531-5_7

4. Zhang J, Zhao J, Jiang WJ, Shan XW, Yang
XM, Gao JG (2012) Conditional gene manip-
ulation: Cre-ating a new biological era. J Zhe-
jiang Univ Sci B 13(7):511–524. https://doi.
org/10.1631/jzus.B1200042

5. Ringrose L, Lounnas V, Ehrlich L, Buchholz F,
Wade R, Stewart AF (1998) Comparative
kinetic analysis of FLP and cre recombinases:
mathematical models for DNA binding and
recombination. J Mol Biol 284(2):363–384.
https://doi.org/10.1006/jmbi.1998.2149

6. BCBC (2015) Beta cell biology consortium
resource catalog. http://www.betacell.org.
Accessed 08 Aug 2019

7. IMSR (2019) International mouse strain
resource. http://www.findmice.org. Accessed
08 Aug 2019

8. Magnuson MA, Osipovich AB (2013)
Pancreas-specific Cre driver lines and consid-
erations for their prudent use. Cell Metab 18
(1):9–20. https://doi.org/10.1016/j.cmet.
2013.06.011

9. Johnson JD (2014) A practical guide to genetic
engineering of pancreatic beta-cells in vivo:
getting a grip on RIP and MIP. Islets 6(3):
e944439. https://doi.org/10.4161/
19382014.2014.944439

10. Song J, Xu Y, Hu X, Choi B, Tong Q (2010)
Brain expression of Cre recombinase driven by
pancreas-specific promoters. Genesis 48
(11):628–634. https://doi.org/10.1002/
dvg.20672

11. Wicksteed B, Brissova M, Yan W, Opland DM,
Plank JL, Reinert RB, Dickson LM, Tamarina
NA, Philipson LH, Shostak A, Bernal-
Mizrachi E, Elghazi L, Roe MW, Labosky PA,
Myers MG Jr, Gannon M, Powers AC, Demp-
sey PJ (2010) Conditional gene targeting in
mouse pancreatic ss-Cells: analysis of ectopic
Cre transgene expression in the brain. Diabetes
59(12):3090–3098. https://doi.org/10.
2337/db10-0624

12. Gong GC, Fan WZ, Li DZ, Tian X, Chen SJ,
Fu YC, Xu WC, Wei CJ (2015) Increased spe-
cific labeling of INS-1 pancreatic beta-cell by
using RIP-driven Cre mutants with reduced
activity. PLoS One 10(6):e0129092. https://
doi.org/10.1371/journal.pone.0129092

13. Lee JY, Ristow M, Lin X, White MF, Magnu-
son MA, Hennighausen L (2006) RIP-Cre
revisited, evidence for impairments of pancre-
atic beta-cell function. J Biol Chem 281
(5):2649–2653. https://doi.org/10.1074/
jbc.M512373200

14. Pomplun D, Florian S, Schulz T, Pfeiffer AF,
Ristow M (2007) Alterations of pancreatic
beta-cell mass and islet number due to Ins2-
controlled expression of Cre recombinase:
RIP-Cre revisited; part 2. Horm Metab Res

Generating Beta-Cell-Specific Transgenic Mice Using the Cre-Lox System 201

https://doi.org/10.1007/978-94-007-4531-5_7
https://doi.org/10.1007/978-94-007-4531-5_7
https://doi.org/10.1631/jzus.B1200042
https://doi.org/10.1631/jzus.B1200042
https://doi.org/10.1006/jmbi.1998.2149
http://www.betacell.org
http://www.findmice.org
https://doi.org/10.1016/j.cmet.2013.06.011
https://doi.org/10.1016/j.cmet.2013.06.011
https://doi.org/10.4161/19382014.2014.944439
https://doi.org/10.4161/19382014.2014.944439
https://doi.org/10.1002/dvg.20672
https://doi.org/10.1002/dvg.20672
https://doi.org/10.2337/db10-0624
https://doi.org/10.2337/db10-0624
https://doi.org/10.1371/journal.pone.0129092
https://doi.org/10.1371/journal.pone.0129092
https://doi.org/10.1074/jbc.M512373200
https://doi.org/10.1074/jbc.M512373200


39(5):336–340. https://doi.org/10.1055/s-
2007-976538

15. Teitelman G, Kedees M (2015) Mouse insulin
cells expressing an inducible RIPCre transgene
are functionally impaired. J Biol Chem 290
(6):3647–3653. https://doi.org/10.1074/
jbc.M114.615484

16. Bernardo AS, Hay CW, Docherty K (2008)
Pancreatic transcription factors and their role
in the birth, life and survival of the pancreatic
beta cell. Mol Cell Endocrinol 294(1–2):1–9.
https://doi.org/10.1016/j.mce.2008.07.006

17. Herrera PL (2000) Adult insulin- and
glucagon-producing cells differentiate from
two independent cell lineages. Development
127(11):2317–2322

18. Wiebe PO, Kormish JD, Roper VT, Fujitani Y,
Alston NI, Zaret KS, Wright CV, Stein RW,
Gannon M (2007) Ptf1a binds to and activates
area III, a highly conserved region of the Pdx1
promoter that mediates early pancreas-wide
Pdx1 expression. Mol Cell Biol 27
(11):4093–4104. https://doi.org/10.1128/
MCB.01978-06

19. Zhang H, Fujitani Y, Wright CV, Gannon M
(2005) Efficient recombination in pancreatic
islets by a tamoxifen-inducible Cre-recombi-
nase. Genesis 42(3):210–217. https://doi.
org/10.1002/gene.20137

20. Hara M, Wang X, Kawamura T, Bindokas VP,
Dizon RF, Alcoser SY, Magnuson MA, Bell GI
(2003) Transgenic mice with green fluorescent
protein-labeled pancreatic beta -cells. Am J
Physiol Endocrinol Metab 284(1):
E177–E183. https://doi.org/10.1152/
ajpendo.00321.2002

21. Tamarina NA, Roe MW, Philipson L (2014)
Characterization of mice expressing Ins1 gene
promoter driven CreERT recombinase for con-
ditional gene deletion in pancreatic beta-cells.
Islets 6(1):e27685. https://doi.org/10.4161/
isl.27685

22. Kojima H, Fujimiya M, Matsumura K,
Nakahara T, Hara M, Chan L (2004) Extra-
pancreatic insulin-producing cells in multiple
organs in diabetes. Proc Natl Acad Sci U S A
101(8):2458–2463

23. Szabat M, Pourghaderi P, Soukhatcheva G,
Verchere CB, Warnock GL, Piret JM, Johnson
JD (2011) Kinetics and genomic profiling of
adult human and mouse beta-cell maturation.
Islets 3(4):175–187

24. Hay CW, Docherty K (2006) Comparative
analysis of insulin gene promoters: implications
for diabetes research. Diabetes 55
(12):3201–3213. https://doi.org/10.2337/
db06-0788

25. Roderigo-Milne H, Hauge-Evans AC, Persaud
SJ, Jones PM (2002) Differential expression of
insulin genes 1 and 2 in MIN6 cells and pseu-
doislets. Biochem Biophys Res Commun 296
(3):589–595

26. Oropeza D, Jouvet N, Budry L, Campbell JE,
Bouyakdan K, Lacombe J, Perron G,
Bergeron V, Neuman JC, Brar HK, Fenske
RJ, Meunier C, Sczelecki S, Kimple ME,
Drucker DJ, Screaton RA, Poitout V,
Ferron M, Alquier T, Estall JL (2015) Pheno-
typic characterization of MIP-CreERT1Lphi
mice with transgene-driven islet expression of
human growth hormone. Diabetes 64
(11):3798–3807. https://doi.org/10.2337/
db15-0272

27. Brouwers B, de Faudeur G, Osipovich AB,
Goyvaerts L, Lemaire K, Boesmans L, Cauwe-
lier EJ, Granvik M, Pruniau VP, Van
Lommel L, Van Schoors J, Stancill JS,
Smolders I, Goffin V, Binart N, in’t Veld P,
Declercq J, Magnuson MA, Creemers JW,
Schuit F, Schraenen A (2014) Impaired islet
function in commonly used transgenic mouse
lines due to human growth hormone minigene
expression. Cell Metab 20(6):979–990.
https://doi.org/10.1016/j.cmet.2014.11.
004

28. Carboneau BA, Le TD, Dunn JC, Gannon M
(2016) Unexpected effects of the MIP-CreER
transgene and tamoxifen on beta-cell growth in
C57Bl6/J male mice. Physiol Rep 4(18).
https://doi.org/10.14814/phy2.12863

29. Kim H, Kim H, Kim K, German MS, Kim H
(2018) Ectopic serotonin production in beta-
cell specific transgenic mice. Biochem Biophys
Res Commun 495(2):1986–1991. https://
doi.org/10.1016/j.bbrc.2017.12.005

30. Thorens B, Tarussio D, Maestro MA,
Rovira M, Heikkila E, Ferrer J (2015) Ins1
(Cre) knock-in mice for beta cell-specific gene
recombination. Diabetologia 58(3):558–565.
https://doi.org/10.1007/s00125-014-3468-
5

31. Gossen M, Bujard H (1992) Tight control of
gene expression in mammalian cells by
tetracycline-responsive promoters. Proc Natl
Acad Sci U S A 89(12):5547–5551

32. Gossen M, Freundlieb S, Bender G, Muller G,
Hillen W, Bujard H (1995) Transcriptional
activation by tetracyclines in mammalian cells.
Science 268(5218):1766–1769

33. Toselli C, Hyslop CM, Hughes M, Natale DR,
Santamaria P, Huang CT (2014) Contribution
of a non-beta-cell source to beta-cell mass dur-
ing pregnancy. PLoS One 9(6):e100398.
https://doi.org/10.1371/journal.pone.
0100398

202 Lorna I. F. Smith et al.

https://doi.org/10.1055/s-2007-976538
https://doi.org/10.1055/s-2007-976538
https://doi.org/10.1074/jbc.M114.615484
https://doi.org/10.1074/jbc.M114.615484
https://doi.org/10.1016/j.mce.2008.07.006
https://doi.org/10.1128/MCB.01978-06
https://doi.org/10.1128/MCB.01978-06
https://doi.org/10.1002/gene.20137
https://doi.org/10.1002/gene.20137
https://doi.org/10.1152/ajpendo.00321.2002
https://doi.org/10.1152/ajpendo.00321.2002
https://doi.org/10.4161/isl.27685
https://doi.org/10.4161/isl.27685
https://doi.org/10.2337/db06-0788
https://doi.org/10.2337/db06-0788
https://doi.org/10.2337/db15-0272
https://doi.org/10.2337/db15-0272
https://doi.org/10.1016/j.cmet.2014.11.004
https://doi.org/10.1016/j.cmet.2014.11.004
https://doi.org/10.14814/phy2.12863
https://doi.org/10.1016/j.bbrc.2017.12.005
https://doi.org/10.1016/j.bbrc.2017.12.005
https://doi.org/10.1007/s00125-014-3468-5
https://doi.org/10.1007/s00125-014-3468-5
https://doi.org/10.1371/journal.pone.0100398
https://doi.org/10.1371/journal.pone.0100398


34. Metzger D, Clifford J, Chiba H, Chambon P
(1995) Conditional site-specific recombination
in mammalian cells using a ligand-dependent
chimeric Cre recombinase. Proc Natl Acad Sci
U S A 92(15):6991–6995

35. Feil R, Brocard J, Mascrez B, LeMeur M,
Metzger D, Chambon P (1996) Ligand-
activated site-specific recombination in mice.
Proc Natl Acad Sci U S A 93
(20):10887–10890

36. Tian Y, James S, Zuo J, Fritzsch B, Beisel KW
(2006) Conditional and inducible gene recom-
bineering in the mouse inner ear. Brain Res
1091(1):243–254. https://doi.org/10.1016/
j.brainres.2006.01.040

37. Chow LM, Tian Y, Weber T, Corbett M,
Zuo J, Baker SJ (2006) Inducible Cre recom-
binase activity in mouse cerebellar granule cell
precursors and inner ear hair cells. Dev Dyn
235(11):2991–2998. https://doi.org/10.
1002/dvdy.20948

38. Casanova E, Fehsenfeld S, Lemberger T, Shim-
shek DR, Sprengel R, Mantamadiotis T (2002)
ER-based double iCre fusion protein allows
partial recombination in forebrain. Genesis 34
(3):208–214. https://doi.org/10.1002/gene.
10153

39. Kistner A, Gossen M, Zimmermann F,
Jerecic J, Ullmer C, Lubbert H, Bujard H
(1996) Doxycycline-mediated quantitative
and tissue-specific control of gene expression
in transgenic mice. Proc Natl Acad Sci U S A 93
(20):10933–10938

40. Agha-Mohammadi S, O’Malley M, Etemad A,
Wang Z, Xiao X, Lotze MT (2004) Second-
generation tetracycline-regulatable promoter:
repositioned tet operator elements optimize
transactivator synergy while shorter minimal
promoter offers tight basal leakiness. J Gene
Med 6(7):817–828. https://doi.org/10.
1002/jgm.566

41. Liu Y, Suckale J, Masjkur J, Magro MG,
Steffen A, Anastassiadis K, Solimena M
(2010) Tamoxifen-independent recombina-
tion in the RIP-CreER mouse. PLoS One 5
(10):e13533. https://doi.org/10.1371/jour
nal.pone.0013533

42. Patel SH, O’Hara L, Atanassova N, Smith SE,
Curley MK, Rebourcet D, Darbey AL, Gannon
AL, Sharpe RM, Smith LB (2017) Low-dose
tamoxifen treatment in juvenile males has long-
term adverse effects on the reproductive sys-
tem: implications for inducible transgenics. Sci
Rep 7(1):8991. https://doi.org/10.1038/
s41598-017-09016-4

43. Bersell K, Choudhury S, Mollova M, Polizzotti
BD, Ganapathy B, Walsh S, Wadugu B, Arab S,
Kuhn B (2013) Moderate and high amounts of

tamoxifen in alphaMHC-MerCreMer mice
induce a DNA damage response, leading to
heart failure and death. Dis Model Mech 6
(6):1459–1469. https://doi.org/10.1242/
dmm.010447

44. Koitabashi N, Bedja D, Zaiman AL, Pinto YM,
Zhang M, Gabrielson KL, Takimoto E, Kass
DA (2009) Avoidance of transient cardiomy-
opathy in cardiomyocyte-targeted tamoxifen-
induced MerCreMer gene deletion models.
Circ Res 105(1):12–15. https://doi.org/10.
1161/CIRCRESAHA.109.198416

45. Zhong ZA, SunW, Chen H, Zhang H, Lay YE,
Lane NE, Yao W (2015) Optimizing
tamoxifen-inducible Cre/loxp system to
reduce tamoxifen effect on bone turnover in
long bones of young mice. Bone 81:614–619.
https://doi.org/10.1016/j.bone.2015.07.
034

46. Guillaume M, Handgraaf S, Fabre A,
Raymond-Letron I, Riant E, Montagner A,
Vinel A, Buscato M, Smirnova N, Fontaine C,
Guillou H, Arnal JF, Gourdy P (2017) Selec-
tive activation of estrogen receptor alpha acti-
vation function-1 is sufficient to prevent
obesity, steatosis, and insulin resistance in
mouse. Am J Pathol 187(6):1273–1287.
https://doi.org/10.1016/j.ajpath.2017.02.
013

47. Ye R, Wang QA, Tao C, Vishvanath L, ShaoM,
McDonald JG, Gupta RK, Scherer PE (2015)
Impact of tamoxifen on adipocyte lineage
tracing: inducer of adipogenesis and prolonged
nuclear translocation of Cre recombinase. Mol
Metab 4(11):771–778. https://doi.org/10.
1016/j.molmet.2015.08.004

48. Morimoto M, Kopan R (2009) rtTA toxicity
limits the usefulness of the SP-C-rtTA trans-
genic mouse. Dev Biol 325(1):171–178.
https://doi.org/10.1016/j.ydbio.2008.10.
013

49. Begriche K, Massart J, Robin MA, Borgne-
Sanchez A, Fromenty B (2011) Drug-induced
toxicity on mitochondria and lipid metabolism:
mechanistic diversity and deleterious conse-
quences for the liver. J Hepatol 54
(4):773–794. https://doi.org/10.1016/j.
jhep.2010.11.006

50. Moullan N, Mouchiroud L, Wang X, Ryu D,
Williams EG, Mottis A, Jovaisaite V, Frochaux
MV, Quiros PM, Deplancke B, Houtkooper
RH, Auwerx J (2015) Tetracyclines disturb
mitochondrial function across eukaryotic mod-
els: a call for caution in biomedical research.
Cell Rep. https://doi.org/10.1016/j.celrep.
2015.02.034

51. Yin J, Zhang XX, Wu B, Xian Q (2015) Meta-
genomic insights into tetracycline effects on

Generating Beta-Cell-Specific Transgenic Mice Using the Cre-Lox System 203

https://doi.org/10.1016/j.brainres.2006.01.040
https://doi.org/10.1016/j.brainres.2006.01.040
https://doi.org/10.1002/dvdy.20948
https://doi.org/10.1002/dvdy.20948
https://doi.org/10.1002/gene.10153
https://doi.org/10.1002/gene.10153
https://doi.org/10.1002/jgm.566
https://doi.org/10.1002/jgm.566
https://doi.org/10.1371/journal.pone.0013533
https://doi.org/10.1371/journal.pone.0013533
https://doi.org/10.1038/s41598-017-09016-4
https://doi.org/10.1038/s41598-017-09016-4
https://doi.org/10.1242/dmm.010447
https://doi.org/10.1242/dmm.010447
https://doi.org/10.1161/CIRCRESAHA.109.198416
https://doi.org/10.1161/CIRCRESAHA.109.198416
https://doi.org/10.1016/j.bone.2015.07.034
https://doi.org/10.1016/j.bone.2015.07.034
https://doi.org/10.1016/j.ajpath.2017.02.013
https://doi.org/10.1016/j.ajpath.2017.02.013
https://doi.org/10.1016/j.molmet.2015.08.004
https://doi.org/10.1016/j.molmet.2015.08.004
https://doi.org/10.1016/j.ydbio.2008.10.013
https://doi.org/10.1016/j.ydbio.2008.10.013
https://doi.org/10.1016/j.jhep.2010.11.006
https://doi.org/10.1016/j.jhep.2010.11.006
https://doi.org/10.1016/j.celrep.2015.02.034
https://doi.org/10.1016/j.celrep.2015.02.034


microbial community and antibiotic resistance
of mouse gut. Ecotoxicology 24
(10):2125–2132. https://doi.org/10.1007/
s10646-015-1540-7

52. Thomas KR, Capecchi MR (1987) Site-
directed mutagenesis by gene targeting in
mouse embryo-derived stem cells. Cell 51
(3):503–512

53. Szczepankowska A (2012) Role of CRISPR/
cas system in the development of bacteriophage
resistance. Adv Virus Res 82:289–338.
https://doi.org/10.1016/B978-0-12-
394621-8.00011-X

54. Singh P, Schimenti JC, Bolcun-Filas E (2015)
A mouse geneticist’s practical guide to
CRISPR applications. Genetics 199(1):1–15.
https://doi.org/10.1534/genetics.114.
169771

55. Quadros RM, Miura H, Harms DW,
Akatsuka H, Sato T, Aida T, Redder R,
Richardson GP, Inagaki Y, Sakai D, Buckley
SM, Seshacharyulu P, Batra SK, Behlke MA,
Zeiner SA, Jacobi AM, Izu Y, Thoreson WB,
Urness LD, Mansour SL, Ohtsuka M, Guru-
murthy CB (2017) Easi-CRISPR: a robust
method for one-step generation of mice carry-
ing conditional and insertion alleles using long
ssDNA donors and CRISPR ribonucleopro-
teins. Genome Biol 18(1):92. https://doi.
org/10.1186/s13059-017-1220-4

56. Ohtsuka M, Sato M, Miura H, Takabayashi S,
Matsuyama M, Koyano T, Arifin N,
Nakamura S, Wada K, Gurumurthy CB
(2018) i-GONAD: a robust method for in
situ germline genome engineering using
CRISPR nucleases. Genome Biol 19(1):25.
https://doi.org/10.1186/s13059-018-1400-
x

57. Burgio G (2018) Redefining mouse transgen-
esis with CRISPR/Cas9 genome editing tech-
nology. Genome Biol 19(1):27. https://doi.
org/10.1186/s13059-018-1409-1

58. Ramirez-Dominguez M (2016) Isolation of
mouse pancreatic islets of langerhans. Adv
Exp Med Biol 938:25–34. https://doi.org/
10.1007/978-3-319-39824-2_3

59. Biassoni R, Raso A (2016) Quantitative real-
time PCR: methods and protocols. Springer,
New York

60. Kalyuzhny AE (2017) Signal transduction
immunohistochemistry : methods and proto-
cols. Methods in molecular biology, 2nd edn.
Humana Press, New York, NY, p 1554.
9781493967575

61. Kurien BT, Scofield RH (2006) Western blot-
ting. Methods 38(4):283–293. https://doi.
org/10.1016/j.ymeth.2005.11.007

62. Lin F, Prichard J (2015) Handbook of practical
immunohistochemistry: frequently asked ques-
tions, 2nd edn. Springer, New York

63. Loughna S, Henderson D (2007) Methodolo-
gies for staining and visualisation of beta-
galactosidase in mouse embryos and tissues.
Methods Mol Biol 411:1–11

64. Bonaparte D, Cinelli P, Douni E, Herault Y,
Maas M, Pakarinen P, Poutanen M, Lafuente
MS, Scavizzi F, Federation of European Labo-
ratory Animal Science Associations Working
Group (2013) FELASA guidelines for the
refinement of methods for genotyping
genetically-modified rodents: a report of the
Federation of European Laboratory Animal
Science Associations Working Group. Lab
Anim 47(3):134–145. https://doi.org/10.
1177/0023677212473918

65. Cheng Y, Su Y, Shan A, Jiang X, Ma Q,
Wang W, Ning G, Cao Y (2015) Generation
and characterization of transgenic mice expres-
sing mouse Ins1 promoter for pancreatic beta-
cell-specific gene overexpression and knockout.
Endocrinology 156(7):2724–2731. https://
doi.org/10.1210/en.2015-1104

66. Rao P, Monks DA (2009) A tetracycline-
inducible and skeletal muscle-specific Cre
recombinase transgenic mouse. Dev Neurobiol
69(6):401–406. https://doi.org/10.1002/
dneu.20714

67. Lorenz TC (2012) Polymerase chain reaction:
basic protocol plus troubleshooting and opti-
mization strategies. J Vis Exp 63:e3998.
https://doi.org/10.3791/3998

68. Sanderson BA, Araki N, Lilley JL, Guerrero G,
Lewis LK (2014) Modification of gel architec-
ture and TBE/TAE buffer composition to
minimize heating during agarose gel electro-
phoresis. Anal Biochem 454:44–52. https://
doi.org/10.1016/j.ab.2014.03.003

69. Mazlan NH, Lopez-Salesansky N, Burn CC,
Wells DJ (2014) Mouse identification methods
and potential welfare issues: a survey of current
practice in the UK. Animal Technology and
Welfare 13(1): 1–10

70. Winberg G (1991) A rapid method for prepar-
ing DNA from blood, suited for PCR screening
of transgenes in mice. PCR Methods Appl 1
(1):72–74

71. Schmitteckert EM, Prokop CM, Hedrich HJ
(1999) DNA detection in hair of transgenic
mice – a simple technique minimizing the dis-
tress on the animals. Lab Anim 33
(4):385–389. https://doi.org/10.1258/
002367799780487922

72. Meldgaard M, Bollen PJ, Finsen B (2004)
Non-invasive method for sampling and

204 Lorna I. F. Smith et al.

https://doi.org/10.1007/s10646-015-1540-7
https://doi.org/10.1007/s10646-015-1540-7
https://doi.org/10.1016/B978-0-12-394621-8.00011-X
https://doi.org/10.1016/B978-0-12-394621-8.00011-X
https://doi.org/10.1534/genetics.114.169771
https://doi.org/10.1534/genetics.114.169771
https://doi.org/10.1186/s13059-017-1220-4
https://doi.org/10.1186/s13059-017-1220-4
https://doi.org/10.1186/s13059-018-1400-x
https://doi.org/10.1186/s13059-018-1400-x
https://doi.org/10.1186/s13059-018-1409-1
https://doi.org/10.1186/s13059-018-1409-1
https://doi.org/10.1007/978-3-319-39824-2_3
https://doi.org/10.1007/978-3-319-39824-2_3
https://doi.org/10.1016/j.ymeth.2005.11.007
https://doi.org/10.1016/j.ymeth.2005.11.007
https://doi.org/10.1177/0023677212473918
https://doi.org/10.1177/0023677212473918
https://doi.org/10.1210/en.2015-1104
https://doi.org/10.1210/en.2015-1104
https://doi.org/10.1002/dneu.20714
https://doi.org/10.1002/dneu.20714
https://doi.org/10.3791/3998
https://doi.org/10.1016/j.ab.2014.03.003
https://doi.org/10.1016/j.ab.2014.03.003
https://doi.org/10.1258/002367799780487922
https://doi.org/10.1258/002367799780487922


extraction of mouse DNA for PCR. Lab Anim
38(4):413–417. https://doi.org/10.1258/
0023677041958981

73. Broome RL, Feng L, Zhou Q, Smith A,
Hahn N, Matsui SM, Omary MB (1999)
Non-invasive transgenic mouse genotyping
using stool analysis. FEBS Lett 462
(1–2):159–160

74. Chen Z, Mantha RR, Chen JS, Slivano OJ,
Takahashi H (2012) Non-invasive genotyping
of transgenic animals using fecal DNA. Lab
Anim (NY) 41(4):102–107. https://doi.org/
10.1038/laban0412-102

75. Hamann M, Lange N, Kuschka J, Richter A
(2010) Non-invasive genotyping of transgenic
mice: comparison of different commercial kits
and required amounts. ALTEX 27(3):185–190

76. Jackson DP, Lewis FA, Taylor GR, Boylston
AW, Quirke P (1990) Tissue extraction of
DNA and RNA and analysis by the polymerase
chain reaction. J Clin Pathol 43(6):499–504

77. Seibler J, Zevnik B, Kuter-Luks B, Andreas S,
Kern H, Hennek T, Rode A, Heimann C,
Faust N, Kauselmann G, Schoor M,
Jaenisch R, Rajewsky K, Kuhn R, Schwenk F
(2003) Rapid generation of inducible mouse
mutants. Nucleic Acids Res 31(4):e12

78. Reinert RB, Kantz J, Misfeldt AA,
Poffenberger G, Gannon M, Brissova M,
Powers AC (2012) Tamoxifen-induced Cre--
loxP recombination is prolonged in pancreatic
islets of adult mice. PLoS One 7(3):e33529.
https://doi.org/10.1371/journal.pone.
0033529

79. Andersson KB, Winer LH, Mork HK, Molk-
entin JD, Jaisser F (2010) Tamoxifen

administration routes and dosage for inducible
Cre-mediated gene disruption in mouse hearts.
Transgenic Res 19(4):715–725. https://doi.
org/10.1007/s11248-009-9342-4

80. Cawthorne C, Swindell R, Stratford IJ, Dive C,
Welman A (2007) Comparison of doxycycline
delivery methods for Tet-inducible gene
expression in a subcutaneous xenograft
model. J Biomol Tech 18(2):120–123

81. Redelsperger IM, Taldone T, Riedel ER,
Lepherd ML, Lipman NS, Wolf FR (2016)
Stability of doxycycline in feed and water and
minimal effective doses in tetracycline-
inducible systems. J Am Assoc Lab Anim Sci
55(4):467–474

82. Le YZ, Zheng W, Rao PC, Zheng L, Anderson
RE, Esumi N, Zack DJ, Zhu M (2008) Induc-
ible expression of cre recombinase in the retinal
pigmented epithelium. Invest Ophthalmol Vis
Sci 49(3):1248–1253. https://doi.org/10.
1167/iovs.07-1105

83. Schonig K, Schwenk F, Rajewsky K, Bujard H
(2002) Stringent doxycycline dependent con-
trol of CRE recombinase in vivo. Nucleic Acids
Res 30(23):e134

84. Sinha M, Lowell CA (2017) Efficiency and
specificity of gene deletion in lung epithelial
doxycycline-inducible Cre mice. Am J Respir
Cell Mol Biol 57(2):248–257. https://doi.
org/10.1165/rcmb.2016-0208OC

85. Chai OH, Song CH, Park SK, Kim W, Cho ES
(2013) Molecular regulation of kidney devel-
opment. Anat Cell Biol 46(1):19–31. https://
doi.org/10.5115/acb.2013.46.1.19

Generating Beta-Cell-Specific Transgenic Mice Using the Cre-Lox System 205

https://doi.org/10.1258/0023677041958981
https://doi.org/10.1258/0023677041958981
https://doi.org/10.1038/laban0412-102
https://doi.org/10.1038/laban0412-102
https://doi.org/10.1371/journal.pone.0033529
https://doi.org/10.1371/journal.pone.0033529
https://doi.org/10.1007/s11248-009-9342-4
https://doi.org/10.1007/s11248-009-9342-4
https://doi.org/10.1167/iovs.07-1105
https://doi.org/10.1167/iovs.07-1105
https://doi.org/10.1165/rcmb.2016-0208OC
https://doi.org/10.1165/rcmb.2016-0208OC
https://doi.org/10.5115/acb.2013.46.1.19
https://doi.org/10.5115/acb.2013.46.1.19


Chapter 14

The Glucose Tolerance Test in Mice

Patricia Fonseca Pedro, Anastasia Tsakmaki, and Gavin A. Bewick

Abstract

Type 2 diabetes is characterized by glucose intolerance, caused by insulin resistance in peripheral metabolic
tissues and by impaired glucose-stimulated insulin secretion, the hallmark of beta-cell dysfunction. The
glucose tolerance test is used in clinic and research to identify individuals with impaired glucose tolerance
and overt type 2 diabetes. It is the most routinely used physiological test for first pass assessment of glucose
homeostasis in rodents because of its simplicity. The GTTmeasures changes in blood glucose concentration
over a 2-h period following the administration of a bolus of glucose. However, this simplicity belies several
important considerations which need to be addressed, to aid reproducibility and produce interpretable data.
Here, we describe in detail how to perform a GTT using four different routes of glucose administration:
intraperitoneal, oral, voluntary oral, and intravenous.

Key words Diabetes, Glucose tolerance, Insulin, Beta-cell

1 Introduction

The glucose tolerance test (GTT) measures the clearance of a
glucose load from the body. It is used to detect pathological
changes in glucose metabolism which are associated with diabetes
and metabolic disease. Animals are fasted and blood glucose levels
determined before a solution of glucose is administered. Subse-
quently, blood glucose concentrations are measured across a 2-h
time frame. It is the most common physiological test carried out in
metabolic research particularly for phenotyping transgenic mice
and/or in response to metabolic challenges such as high-fat feeding
or other stimuli. The procedure is simple to carry out and does not
require specific technical training beyond confidence in basic animal
handling and substance administration. However, there are several
important considerations to address which affect the design of a
GTT protocol.

The route of administration is a key consideration when design-
ing a GTT. Choice of route will be dictated by the research question
to be answered. Oral administration of a glucose bolus can be
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achieved by intragastric delivery via feeding needle or catheter or by
training mice to self-administer glucose in a short time frame either
in liquid or gel form. Oral delivery has the advantage of mimicking
physiology and engaging the incretin response, but the rate of
gastric emptying can have a profound effect on glucose absorption
and therefore on glucose tolerance. These parameters can be
removed from the interpretation by delivering the glucose bolus
either intraperitoneally or intravenously. It should be noted that the
peak plasma glucose will be lower for OGTT compared to IP or
IVGTT. There are other considerations to account for before
embarking on experimentation including age, diet, strain, sex,
glucose dose, protocol timings, etc. Each of these is discussed in
the notes section accompanying the detailed methods below.

The GTT is a simple test which can be used to generate fast
accurate metabolic data regarding glucose tolerance. Its interpreta-
tion is most powerful when performed in conjunction with the
measurement of plasma insulin during the GTT and with an under-
standing of insulin sensitivity derived either from an insulin toler-
ance test or clamp studies.

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water, to attain a sensitivity of 18 MΩ-cm at 25 �C) and
analytical grade reagents. Prepare and store all reagents as
indicated.

2.1 Intraperitoneal

and Intravenous

Glucose Tolerance

Test

1. 45% D-(+)-Glucose solution in H2O, sterile-filtered.

2. Dulbecco’s Phosphate Buffered Saline Modified, without cal-
cium chloride and magnesium chloride, liquid, sterile-filtered.

3. 1-mL syringe without needle.

4. 27G or 30G needle.

5. Glucose monitor.

6. Glucose strips.

7. Restraint device (optional).

8. Timer.

2.2 Oral Glucose

Tolerance Test

1. D-(+)-Glucose solution, 45% in H2O, sterile-filtered.

2. Dulbecco’s Phosphate Buffered Saline Modified, without cal-
cium chloride and magnesium chloride, liquid, sterile-filtered,
suitable for cell culture.

3. 1-mL syringe without needle.

4. Feeding needle for mouse.

5. 27G or 30G needle.
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6. Glucose monitor.

7. Glucose strips.

8. Restraint device (optional).

9. Timer.

2.3 Voluntary Oral

Glucose Tolerance

Test

1. Gelatine, any commercially available for baking.

2. D-(+)-Glucose.

3. 27G or 30G needle.

4. Glucose monitor, Roche.

5. Glucose strips, Roche.

6. Parafilm.

7. 30-mm petri dish or small weigh boat.

8. Restraint device (optional).

9. Timer.

3 Methods

All experimental procedures that involve animals (rodents) should
receive approval from the local ethical committee. Humane treat-
ment of animals should be practiced at all times; best practices can
be found at www.Lasa.co.uk, and we encourage the use of the
ARRIVE guidelines for transparency and reproducibility; these
can be found at https://www.nc3rs.org.uk/arrive-guidelines. Ani-
mals can be obtained from either a commercial supplier or a local
breeding program. For non-genetic studies, we use the inbred
C57Bl/6 or the outbred CD1 strain (see Note 1). To determine
the effect of exogenous substances on glucose tolerance, we rou-
tinely use young adult male mice between 8 and 12 weeks of age
housed under temperature controlled (22 � 2 �C) and light con-
ditions (12-h light:12-h dark cycle) with ad libitum access to drink-
ing water and standard rodent chow prior to the experiment and ad
libitum access to drinking water during the experiment. However,
mice of any age can be used; typically, high-fat-fed mice with
obesity and insulin resistance will be in the region of 20–30 weeks
of age depending on the feeding protocol used (seeNote 2 for more
information on age, sex, and diet).

3.1 Administered

Glucose Tolerance

Tests (IP, IV, OGTT)

1. We recommend acclimatizing mice to all handling procedures
(e.g., scruffing, or appropriate restraint method) and adminis-
tration protocols where possible to minimize stress (seeNote 3).

2. Weigh the mice. For mice of differing fat mass, we recommend
dosing the bolus of glucose on lean mass if body composition
data is available (see Note 4).
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3. Fast the mice for 6 h (e.g., from 8 am to 2 pm) (see Note 5 for
duration of fast discussion).

4. Prepare an experiment data sheet, glucose strips, syringes, and
needles. Calculate the volume of glucose solution required for
each individual mouse. To inject 2 g of glucose/kg body
weight, the injection volume required is 30% glucose
(μL) ¼ 6.667 � body weight (g). Calculate the total volume
of glucose required for all mice receiving glucose plus 20%, to
account for dead space in the syringes. Make up this volume of
30% glucose solution by diluting the 45% solution 1 in 3 with
DPBS, filter sterilize.

5. For IP and IV glucose tolerance testing, the syringes can be
preloaded in the lab before the study begins and transported to
the animal facility. For OGTT, the volume required for each
mouse should be recorded on the data sheet; syringe loading is
carried out for each mouse during the procedure.

6. Blood sampling can be achieved from the tip of the tail using a
scalpel, scissors, or needle. We recommend using a 27 or 30G
needle to make a small puncture wound at the very tip of the
tail as this method is least traumatic. A small drop of blood,
<5 μL, is placed on the glucose strip in the glucose monitor.
Record the glucose concentration in the data sheet. This repre-
sents baseline t ¼ 0 and should be measured for each mouse.

7. Administer the glucose load:

(a) IPGTT: Restrain the animal appropriately, scruffing is
simplest and quickest. Inject the animal in the lower
right quadrant of the ventral flank.

(b) IVGTT: Restrain the mouse appropriately (we use a plas-
tic restrain tube). Inject the glucose bolus into the tail
vein. Warming the tail to achieve vasodilation can aid the
intravenous injection.

(c) OGTT: Restrain the animal appropriately; scruffing is
simplest and quickest. Deliver the glucose bolus intragas-
trically using a feeding needle.

8. Routinely blood glucose concentrations are measured at
15, 30, 60, and 120 min after glucose delivery (see Note 6).
For each time point, bleeding can be restarted by removing the
clot by gentle brushing with a tissue. The tail can be lightly
massaged if the blood flow is insufficient. Results are recorded
in the data sheet. We do not recommend restraining the mouse
for glucose measurement, but if required, a restraint device may
be used as long as the animals are acclimatized to it.

9. If plasma insulin measurements are required, collect 40 μL of
whole blood in a suitable blood collection tube. Insulin should
only be measured at relevant time points, often t ¼ 0 and a
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combination of either t ¼ 5, 15, or 30. Spin the blood for
1 min at 16 kg and collect plasma in a clean tube (approx.
20 μL). Store plasma on ice and long term at �20 �C.

10. At the end of the study, ensure that the incision is clotting by
briefly applying pressure to the tail tip.

11. Place the mouse in a clean cage with water and food available ad
libitum.

12. Monitor the animals carefully to observe any abnormal behav-
ior(s).

13. The results are presented as average blood glucose concentra-
tion against time. Additionally, the data can be presented as
area under the curve above baseline; this is particularly useful if
fasting baseline glucose concentrations differ between groups
as is often the case in diabetic/obese insulin-resistant mice (see
Fig. 1 for examples).

Fig. 1 Casting a glucose jelly: A small square of parafilm is placed at the bottom of a 3-mm petri dish and
placed on top of dry ice (a). The appropriate volume of jelly is dispensed by pipette onto the parafilm (b) and a
lid placed on the dry ice. Jellies should set in 5 min (c, d) and can be stored at�20 �C until the day of the GTT
when it is presented to the mice within a petri dish (e)
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3.2 Voluntary

Glucose Tolerance

Test (Self-

Administered Glucose)

3.2.1 Preparation of

Solutions for Glucose Jelly

1. Make up a 20% gelatine solution.

(a) Weigh 10.0 g of gelatine and transfer to a 250-mL beaker.

(b) Add 50 mL of deionized water.

(c) Use a microwave to warm up the solution until gelatine is
completely dissolved and clear (see Note 7). Aliquot the
solution while warm (seeNote 8) and store at�20 �C. For
thawing, the solution should be carefully warmed in a heat
block until clear and runny.

2. Make up a 60% glucose solution.

(a) Weigh 60.0 g of D-glucose and transfer to a glass beaker.

(b) Make up to 100 mL of deionized water. Use a stirring hot
plate to stir the solution with gentle heating to fully
dissolve the glucose powder (see Note 9).

3.2.2 Preparation of

Glucose Jelly (30%

Glucose, 30 mg in 100 μL)

To make approximately 10 jellies (200 μL each)

1. Mix 1 mL of 60% glucose, 500 μL of 20% gelatine, and 500 μL
of deionized water. Keep this solution warm on a heating block
(see Note 10).

2. Calculate the glucose weight needed for each mouse on the
basis of individual weight (2 g glucose/kg) and subsequently
calculate the jelly volume needed for each animal (e.g., a 30.0-g
mouse requires 60.0 mg of glucose which can be delivered in a
200-μL jelly; jelly volume in μL ¼ body weight in g � 6.667)

3. Place 15 mm approx. squares of parafilm at the bottom of
30-mm petri dishes and transfer these to dry ice (Fig. 2).

4. Pipette each individual volume of glucose jelly solution onto
the parafilm in each petri dish.

5. Close the lid of the dry ice box and wait 5 min, to facilitate fast
setting of the jellies.

6. Separate parafilm from jellies and store clearly labelled at
�20 �C until ready to use.

3.2.3 Conditioning Mice

for the Glucose Tolerance

Test

The voluntary administration protocol requires mice to be
conditioned to eat the glucose jellies in a defined timeframe.

1. Singly house the mice and fast overnight (from 6 pm).

2. The following morning, between 9 and 9:30 am, each mouse is
presented with a petri dish containing a 200-μL glucose jelly.

3. Leave the jelly in each cage for 30 min. All mice may not eat the
jelly in this time.

4. For the following two mornings (without fasting), present
mice with a 200-μL glucose jelly between 9 and 9:30 am. On
the third morning, all mice should eat the jelly in less than
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5 min, and most will finish the jelly in a much shorter time
frame. Mice which do not finish the jelly within 5 min should
be excluded from the cohort. GTTs can be conducted on the
conditioned cohort 1 week later (see Note 11).
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Fig. 2 Typical glucose tolerance curves: (a) Glucose excursion following liraglutide, a long-acting GLP-1
agonist which stimulates insulin secretion n ¼ 8. Liraglutide was delivered by intraperitoneal injection 2 h
prior to IP glucose bolus (2 g/kg). Glucose was measured at�120, 0, 15, 30, 90, and 120 min post IP glucose
bolus. (b) Glucose excursion comparing control mice (n ¼ 10) with mice treated with low-dose streptozotocin
(STZ), a beta-cell toxin. A GTT was conducted 25 days after STZ administration when overt diabetes in the STZ
group had been established. Glucose was measured at 0, 15, 30, 90, and 120 min following glucose (1.5 g/kg)
bolus administration
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5. In our experience, mice retain their conditioned memory for
glucose jellies for more than a month without having to repeat
the conditioning process.

6. The day before the study (or up to a few days before), weigh
the mice. For mice of differing fat mass, we recommend dosing
the bolus of glucose on lean mass if body composition data is
available. Cast jellies for each mouse according to body weight
or lean mass as described above.

3.2.4 Voluntary Glucose

Tolerance Test

1. Fast the mice for 6 h (e.g., from 8 am to 2 pm) transferring the
mice to individual cages, if not already housed in this way (see
Note 5).

2. Prepare an experiment data sheet and all apparatus required.

3. Blood sampling can be achieved from the tip of the tail using a
scalpel, scissors, or 27G needle. We recommend using a needle
to make a small puncture wound at the very tip of the tail as this
method is least traumatic. A small drop of blood, <5 μL, is
placed on the glucose strip in the glucose monitor. Record the
glucose concentration in the data sheet. This represents base-
line t ¼ 0 and should be measured for each mouse.

4. Present each mouse with the correct volume of jelly. Any
mouse which does not eat the jelly within 5 min should be
excluded. The petri dish can be removed at the first sampling
time point.

5. Routinely, blood glucose concentrations are measured at
15, 30, 60, and 120 min after glucose delivery. For each time
point, bleeding can be restarted by removing the clot with
gentle brushing with a tissue. The tail can be lightly massaged
if the blood flow is insufficient.

6. If plasma insulin measurements are required, collect 40 μL of
whole blood in a suitable collection tube with heparin or EDTA
to prevent clotting. Insulin should only be measured at relevant
time points, often t ¼ 0 and a combination of either t ¼ 5,
15, or 30. Spin the blood for 1 min at 16 kg and collect plasma
in a clean tube (approx. 20 μL). Store plasma on ice and long
term at �20 �C.

7. At the end of the study, ensure that the incision is clotting by
briefly applying pressure to the tail tip.

8. Place the mouse in a clean cage with water and food available ad
libitum.

9. Monitor the animals carefully to observe any abnormal behav-
ior(s).

10. The results are presented as average blood glucose concentra-
tion against time. Additionally, the data can be presented as
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area under the curve above baseline; this is particularly useful if
fasting baseline glucose concentrations differ between groups
as is often the case in diabetic/obese insulin-resistant mice.

4 Notes

1. The choice of mouse strain is a key consideration. Outbred
versus inbred mice exhibit differences in sensitivity, while com-
prehensive investigation of glucose metabolism in commonly
used inbred strains has identified strain-dependent differences
in insulin secretion and sensitivity. Furthermore, the back-
ground of a genetically modified animal is an important deter-
mining factor for its glucose tolerance. Not to mention the
well-documented effect of Cre recombinase expression on
whole-body glucose homeostasis particularly when expressed
in metabolically relevant tissues and cells. It is therefore of
critical importance to run the appropriate controls and to
clearly document the strains used. Additionally, efforts should
be made to reduce genetic drift which can occur in long-term
isolated colonies.

2. Insulin sensitivity coupled with glucose tolerance is markedly
reduced with advancing age, and there are clear differences in
glucose tolerance between sexes. As such, it is recommended
that age- and sex-matched mice are used when evaluating
glucose tolerance. Furthermore, dietary composition is an
important modifier of glucose tolerance as is body composi-
tion, particularly degree of adiposity, and body weight. It is
therefore important from both an intra- and inter-lab repro-
ducibility stand point to include manufacture details of the diet
composition, to use weight-matched mice where possible, and
to provide a measure of body composition.

3. Stress has a large impact on delicate physiological parameters;
for example, the stress hormone cortisol acts as a functional
antagonist to insulin while stress readily impacts food intake. It
is essential to acclimatize mice to the handling procedures and
wherever possible to the administration route to reduce varia-
bility between mice during a GTT.

4. Routinely, the glucose dose is calculated by weight, often
between 1 and 2 g/kg. This has the advantage of reducing
variability but may suffer in the context of obesity where differ-
ences in body weight are driven by fat mass and not lean mass,
the major site of glucose utilization. Correcting for lean mass, if
data is available, may be more relevant than correcting dose for
body weight. Andrikopoulos et al. concluded 2 g/kg dose
according to body weight was an appropriate dose for discrim-
inating differences in glucose tolerance between high-fat- and
chow-fed mice [1].
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5. Mice are nocturnal and exhibit circadian entrainment of meta-
bolically active tissues which influences insulin sensitivity and
beta-cell function. A large percentage of their night time feed is
taken just after lights-out and at a time relatively close to lights-
on with grazing in between. Day time feeding is characterized
by grazing periods which can constitute up to 30% of total daily
intake. For practical reasons, unless reverse lighting is available,
most labs study glucose tolerance during the daytime when
mice eat the least and are unused to handling meal challenges.
To reduce variations in baseline glucose, mostly dictated by
recency of food intake, it is common practice to fast mice
before administering a glucose tolerance test. The most rou-
tinely used fasting paradigm is a 14–18-h overnight fast with
the GTT carried out in the morning after lights-on (8–10 am).
This establishes a very reproducible plasma glucose baseline but
at the expense of most of the liver glycogen stores and is
perhaps more representative of starvation than physiological
glucose regulation. To account for this, 5–6-h fasting is becom-
ing more common place. Indeed, a 6-h fast provides a more
physiological context, preserving liver glycogen and preventing
the increase in insulin-stimulated glucose utilization following
prolonged fasting in mice. A 6-h fast generated clearer data
with more statistical significance, when comparing high-fat-
and chow-fed C57Blk/6 mice [1].

6. Blood glucose can be additionally sampled at t¼ 5, 10, 45, and
90 min if required.

7. Use a low-power setting on the microwave; if the microwave is
used on a high-power setting, the gelatine solution is prone to
spill.

8. Gelatine solution solidifies at room temperature; aliquot before
it reaches room temperature.

9. Solution should be aliquoted while warm and stored at
�20 �C. For thawing, solution should be carefully warmed in
a heat block.

10. The gelatine and glucose solutions should be clear and runny
to ensure proper mixing and ease of pipetting.

11. Not all mice are amenable to conditioning although these mice
are rare. It is important to start the conditioning with two or
three extra mice to account for any untrainable mice within a
cohort.
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Chapter 15

Assessment of Insulin Tolerance In Vivo in Mice

Irene Cózar-Castellano and Germán Perdomo

Abstract

Insulin resistance in humans and mice is an important hallmark of metabolic diseases. Therefore, assessment
of insulin sensitivity/resistance in animal models provides valuable information in the pathophysiology of
diabetes and obesity. Depending on the nature of the information required, we can choose between direct
and indirect techniques available for the determination of insulin sensitivity. Thus, the complex
hyperinsulinemic-euglycemic glucose clamps and the insulin suppression test assess insulin-mediated glu-
cose utilization under steady-state conditions, whereas less complex methods, such as the insulin tolerance
test (ITT), rely on measurements of blood glucose levels in animals subjected to intraperitoneal insulin
loading. Finally, surrogated indexes derived from blood glucose and plasma insulin levels are also available
for assessment of insulin sensitivity/resistance in vivo. In this chapter, we focus on the intraperitoneal
insulin tolerance test (IPITT) protocol for measuring insulin resistance in mice.

Key words Insulin sensitivity, Insulin resistance, Glucose homeostasis, Metabolism, High-fat diet

1 Introduction

Type 2 diabetes mellitus (T2DM) has reached an epidemic level
worldwide [1]. The global prevalence of T2DM in the last three
decades increased from 4.3% to 7.9–9% in women and men, respec-
tively [2]. It is predicted that by 2040, there will be 642 million
people living with diabetes in the world [3]. A hallmark of T2DM is
the presence of insulin resistance, a condition characterized by
reduced response to circulating levels of insulin in the peripheral
tissues, such as skeletal muscle, liver, and adipose tissue [4]. In fact,
in the years preceding the onset of T2DM, progressive amelioration
of insulin sensitivity in the liver and peripheral tissues arises. In
parallel, pancreatic β-cell insulin secretion is increased in the first
stage of insulin resistance, which is followed by a failure of β-cell
function leading to reduced insulin production and secretion [5].

The epidemics of diabetes and obesity have reinforced the
motivation to investigate whole-body glucose metabolism and
insulin action in mouse models of obesity and diabetes. However,
despite considerable efforts made in the last decades, the
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identification of the molecular mechanisms underlying insulin resis-
tance remains to be fully elucidated.

The “gold standard” for accurately determining insulin resis-
tance is the hyperinsulinemic-euglycemic clamp [6]. However, this
technique cannot be implemented on a routine basis in most
laboratories. Thus, insulin tolerance test (ITT) was developed and
implemented as a simple way to evaluate insulin action in vivo in
mice. In brief, ITT consists in intraperitoneal injection of an insulin
bolus, and the rate of fall of glucose is assessed every 15 min over a
90–120-min period. The decay in blood glucose levels mirrors the
insulin action on peripheral tissues such as liver, skeletal muscle, and
adipose tissue [7]. The magnitude in the fall of glucose depends on
insulin dose, basal glucose level, and hormone-mediated counter-
regulatory mechanisms to restore blood glucose homeostasis
[8]. Other considerations include age and sexual dimorphism.
Thus, it is recommended that ITT must be assessed in age- and
sex-matched mice [7, 8]. Finally, reproducible results rely on expe-
rienced personnel to avoid causing stress and anxiety to the mice
before and during the ITT.

2 Materials

1. Mice (we use C57Bl/6).

2. Insulin solution (we use Humulin® R [100 U/mL]).

3. Blood glucose monitor and test strips for glucose measurement
(we use Breeze 2 glucometer).

4. Sterile saline buffer.

5. Scalpel blade.

6. Sterile alcohol pads.

7. Scales suitable for weighing animals.

8. 1-mL syringe and 30-G � 1/2-in. needles.

9. Timer.

10. Clean mouse cages.

3 Methods

1. Begin the experiment between 8:00 and 9:00 a.m. by placing
mice into a new cage with clean bedding (without feces and
food pellets) and free access to water (seeNotes 1–4). A period
of acclimatization between placing mice in the new cage and
the beginning of the experiment is recommended (e.g.,
15 min).
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2. Prepare an experimental record table to register body weight,
blood glucose levels at basal (t ¼ 0) and at every time points
(t ¼ 0, 15, 30, 90, 120 min), and insulin volume to be injected
in mice (see Table 1).

3. Pick up the mouse with gloves and weigh it using the scale.
Record the value in the table.

4. Measure baseline glucose levels drawing blood from the saphe-
nous vein or from the tail vein by placing one drop of blood
onto the glucometer strip (seeNote 5). Record the value in the
table (t ¼ 0) (see Notes 5 and 6).

5. Using mouse weight data, calculate and record in table the
volume of insulin that is necessary to inject 0.75 U/kg of
body weight for each mouse (see Note 7).

6. Dilute the stock solution of insulin (typically, for a 25-g mouse,
insulin is diluted 1:1000) and prepare a sterile solution of
insulin in saline buffer (0.9% NaCl) (see Note 8).

7. Preload 1-mL syringes with the insulin solution (usually the
volume to inject per mouse is ~100–200 μL) being careful to
remove air from the syringes.

8. Pick up mouse with gloves and restrain it with the other hand.
Alternatively, you can use a mouse restrainer for this purpose
(see Note 9).

9. Proceed with the intraperitoneal insulin injection in each
mouse at 60-s interval between mice (depending on your
experience, you may increase the time by 1–2 min.) Start the
timer when the first mouse is injected. It is important to
maintain the time course from one injection to other.

Table 1
Example of an experimental table record for an IPITT

Mouse ID# Body weight (g) Insulin solution to inject (μL)

Blood glucose levels (mg/dL)

00 150 300 600 900

1

2

3

4

5

6

7

8
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10. Starting with the first mouse injected and following the same
interval established for injections, repeat blood glucose mea-
surements at 15, 30, 60, 90, and 120min after insulin injection
by gently removing the scab and massaging the tail tip. Record
the values of blood glucose levels at each time point (seeNotes
10–15).

11. At the end of the experimental session, clean the mouse tail tip
with alcohol pads and return mice into cages with food and
water. Monitor mice for the next 2 h checking for normal
behavior (i.e., mice get regular access to food and water, avoid-
ing hypoglycemia).

12. Analyze data by plotting glucose values vs. time (see Note 14
and Fig. 1).

4 Notes

1. It is recommended to perform the IPITT at the same hour in
the morning, particularly when different cohorts of mice are
used, because physiological parameters change throughout the
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Fig. 1 Illustration of a representative insulin tolerance test. (a) Graph depicts absolute blood glucose levels. (b)
Area under the curve. (c) Graph depicts blood glucose levels relative to initial values in percentage. (d) Area
under the curve. Data are mean � SEM for n ¼ 5. The group of mice plotted as white symbols is insulin
resistant compared to mice plotted with black symbols
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day. In rodents, eating is cyclic and the maximum rate occurs
during the night. In fact, feeding mice in the daytime disrupts
rhythms in body temperature and activity. Thus, it is very
important to perform IPITT at the same hour in the morning.
In case you decide to fast for 2 h, start the fasting at 8:00 a.m.,
and keep consistency with your experiments.

2. Take into consideration the size of the experimental number of
animals to minimize technical variations. It is advisable that no
more than 15 mice should be tested during the same experi-
mental setting. Ideally, two trained people should participate
during the IPITT, each one of them performing specific roles
in the experiment (i.e., one person injecting mice and the other
measuring blood glucose levels). Insulin should be injected by
the same personnel to all mice, even if using different cohorts
of animals for the experiment.

3. Whenever possible randomize mice and exclude mice with
extreme body weight and/or blood glucose levels, avoiding
grouping bias during the experimental setting.

4. Long-term fasting conditions are not recommended for IPITT,
due to increased risk of hypoglycemia after insulin injection.
Although fasting is not necessary, a 2-h fasting before the
IPITT will help to keep blood glucose levels of mice to a similar
range of values. Importantly, during the IPITT, remove food
and feces, but leave water, placing animals into a clean cage to
avoid any intake during the course of the experiment.

5. In case you have two experimental groups (e.g.,
WT vs. transgenic mouse; regular chow diet vs. high-fat diet),
the cohort of mice should be representative of both groups.
Avoid assessing IPITT with one of the experimental groups in
one day and the next day the second one. It is preferable to have
mice from both groups each time an IPITT is carried out. To
obtain blood, you may use a scalpel to remove soft tissue from
the tip of the tail (~1 mm). The disadvantages of this technique
are permanent damage to the tail and pain to the mouse. It is
recommended to warm mice using a red light. This technique
may be useful if larger volumes of blood are required, for
example, to measure hormones. Alternatively, a small (27G or
30G) needle prick to the very end of the tail followed by gently
squeezing the tail usually generates a blood droplet large
enough for most blood glucose meters. Blood sampling from
the lateral saphenous vein may be preferable to avoid tail dam-
age and is relatively quick. Restrain the mouse and puncture the
site with a needle (27G or 25G) or lance. Stop the bleeding by
gentle finger pressure over the puncture site. Minimize the
number of attempts to take blood (no more than three in any
one attempt). The scab or blood clot is removed for multiple
samples. Anesthesia or sedation is not necessary.
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6. In case you are using genetically modified obese mouse models
(db/db, ob/ob) or diet-induced obese mice, you may need to
dilute your blood samples to get accurate blood glucose values.

7. The dose of insulin may vary from 0.5 to 7.5 U/kg of body
weight depending on the genetic background of mice, body
weight, age, nutritional status, and diabetic status. As a rule,
older and heavier mice need higher doses of insulin. We typi-
cally use 0.75 U/kg insulin for injection in C57BL/6J mice fed
with a regular diet, 2–7.5 U/kg in the C57BL/6J diet-induced
obesity model, 2–7.5 U/kg in the db/dbmice, and 0.75 U/kg
in the CD-1 mice fed with a regular diet. These suggested
insulin doses may be too high (and result in severe or fatal
hypoglycemia, below 36 mg/dL) or too low (glucose levels do
not fall by ~50%); thus, it is advisable to perform a preliminary
test with a small number of mice for your specific mouse strain
and conditions of study, and if hypoglycemia is detected, inject
glucose (see Note 11).

8. It is recommended to use a fast-acting insulin because of the
short-time duration of the IPITT. Immediately before the
experiment, dilute insulin to the desired dose in sterile saline
buffer (0.9% NaCl) and keep it on ice. Use always freshly
prepared insulin. Avoid using phosphate-buffered saline
(PBS) to dilute the insulin because the pH of insulin is low
and it becomes neutralized with the PBS and precipitates. In
addition, it is important to maintain sterile conditions for both
insulin and buffer, because you may need to perform other
metabolic tests in the same experimental mice.

9. To perform good intraperitoneal injections, insert the needle
with an angle of ~25� to the abdominal wall in the lower right
or ~45� in the left quadrant of the abdomen trying to avoid
hitting the bladder, the liver, or other internal organs. Likewise,
avoid subcutaneous injection. Of note, in obese mice, be aware
to avoid fat pad areas. A new needle should be used for each
animal, which will reduce the discomfort caused by the proce-
dure and reduce the risk of infections. Furthermore, insulin
solution should be injected at body temperature to further
reduce mice discomfort.

10. Table 1 shows an example for the experimental record table.

11. Get ready with a glucose solution (20% glucose in water) just in
case insulin injections cause hypoglycemia to your mice. If this
is the case, rescue your mouse from hypoglycemia by injecting
0.5–1.0 g of glucose/kg.

12. The depth and the rate of fall of glucose depends on insulin
dose Thus, in wild-type mice fed with a regular diet, glucose
levels typically fall by ~50% from the basal level after 30 min of
insulin injection. Afterward, glucose slowly returns toward
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basal levels. Other parameters that also affect the glucose levels
after insulin injection are the prevailing blood glucose concen-
tration at the beginning of the experiment and the glucose
threshold (~80 mg/dL) for hormone counterregulatory pro-
cesses to maintain glucose homeostasis.

13. You can end the experiment if glucose returns to basal levels at
90 min. Otherwise, prolong the experiment up to 120 min.

14. Whenever possible use the same glucometer and strips, because
diverse commercial brands usually give slightly different blood
glucose levels or have different upper limits (usually
33–50 mM). This is particularly important if different cohorts
of mice are used for the experimental setting. In the case of
some glucometers, regular calibration with the standard strip is
recommended.

15. The fall in blood glucose levels during the IPITT is often
presented as a percentage of basal glucose
concentration vs. time. Alternatively, data can be presented by
plotting absolute glucose values (mg/dL) in the y-axis vs. time
(min) in the x-axis. In addition, calculations of areas under the
curve provide valuable information. If you have values from
both sexes, it is recommended to plot the data separately, due
to different insulin sensitivity in males vs. females.
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Chapter 16

Continuous Glucose Monitoring in Conscious
Unrestrained Mice

Aileen J. F. King, Matilda R. Kennard, and Manasi Nandi

Abstract

Measurement of blood glucose concentration is a common end point in studies using animal models of
diabetes. Usually a blood glucose meter is used to measure non-fasted blood glucose concentrations,
typically at frequencies of between 1 and 7 times per week. This process involves pricking the tip of the
tail to collect a small blood sample (0.5–5 μL), which could potentially cause a stress response and affect
blood glucose concentrations. Moreover, with blood glucose concentrations constantly fluctuating in
response to feeding and activity, a single-point measurement can easily misrepresent the actual glycemic
control of the animal. In this chapter, we discuss the use of continuous glucose monitoring in mice by radio-
telemetry which allows second-by-second changes in blood glucose to be captured without restraining the
mouse. Glucose excursions rather than single-point measurements may prove more useful in detecting
effects of treatments, and lack of handling may avoid stress responses causing artefacts. We outline what is
involved in implanting such devices into mice including some practical tips to maximize success.

Key words Continuous glucose monitoring, Mice, Glucose telemetry

1 Introduction

Measurements of blood glucose concentrations are often used in
animal models of diabetes to monitor the development of the
disease or the efficacy of a treatment. Although this has been
standard practice for many years, there are limitations of single-
point measurements. This includes the requirement to handle the
animal in order to obtain a blood sample from the tail, which could
cause stress artefacts [1]. In addition, there is a limit to how often
blood glucose concentrations can be measured as repetitive sam-
pling can cause damage to the tail, and limited volumes of blood
should be extracted from a welfare point of view [2]. Moreover,
blood glucose concentrations of all animals fluctuate in response to
feeding and activity levels [3, 4], and this variability is not captured
by traditional single-point measurements. Monitoring the excur-
sions in blood glucose that occur during active feeding phases and
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inactive resting phases or in response to therapeutic interventions
will enhance our mechanistic understanding of diseases such as
diabetes and provide more detailed information on the effects of
novel therapeutics or interventions.

Recent technological developments now allow us to measure
blood glucose in unrestrained rodents, through the use of indwell-
ing devices coupled to radio-telemetry transmitters. Using this
method, blood glucose concentrations, activity, and temperature
can be measured continuously (e.g., second-by-second data with
averages reported at user-defined intervals such as every 10 or 60 s)
over several weeks. The benefit of this method is that circadian
variability is captured and the impact of therapeutic interventions
can be monitored in real time. Furthermore, animals can act as their
own controls as baseline readings can be acquired prior to any
intervention. Other benefits include the ability to measure blood
glucose without restraining the animal, the ability to measure blood
glucose during the active night phase, and perhaps most impor-
tantly being able to measure glucose excursions. Indeed, minimal
glucose fluctuations demonstrate good blood glucose control, and
it could be argued that that should be the ultimate end point of
studies [5, 6]. However, the price of the devices, acquisition equip-
ment, and the need for specialized surgery may become a limiting
factor. Nevertheless, we believe the benefits of the technique may
outweigh these disadvantages. In this chapter, we will describe the
methodology for mice as this is the most commonly used species for
diabetes research.

It is important to note that experiments using radio-telemetry
to monitor blood glucose concentrations need to be well planned.
Considerations before commencing the study include choosing an
appropriate animal model and ensuring you have the correct com-
ponents of the telemetry system. Prior to any study on research
animals, a full harm:benefit analysis should be conducted [7].

The study can be divided into the following stages, and blood
glucose monitoring can take place over days or weeks.

Stage 1: Surgical implantation of telemetry device into recipi-
ent animal under recovery anesthesia (see Subheadings 3.2 and 3.3).

Stage 2: Perioperative recovery and health monitoring (see
Subheading 3.4).

Stage 3: Calibration of blood glucose measurements (see Sub-
heading 3.5).

Stage 4: Continuous blood glucose, temperature, and activity
monitoring of animal (e.g., 10 s averages) in “baseline” state (see
Subheading 3.6).

Stage 5: Experimental manipulation of animal if required, e.g.,
induction of diabetes, administration of pharmacological or dietary
agents, glucose tolerance tests, exercise, etc.

Stage 6: Continuous monitoring of animal post experimental
manipulation.
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Stage 7: Termination of experiment, acquisition of blood sam-
ples, tissues, etc., from animal and careful removal of telemetry
device (see Subheading 3.7).

Glucose telemetry probes can be implanted into naı̈ve (normo-
glycemic) male or female animals in which diabetes will later
develop or be induced (see Note 1). Alternatively, diabetic animals
can be used at the outset. Prior to surgery, the clinical condition of
the animals should be inspected to ensure that they are suitable for
recovery surgery particularly with respect to hyperglycemic ani-
mals. All surgical procedures for recovery animals should be per-
formed under aseptic conditions. The methods detailed are suitable
for individuals with previous experience in small animal surgery
with additional relevant training which can be obtained from the
device manufacturer.

Animals should typically be >20 g in weight (see Note 2), and
investigators should take into account a potential 10–15% weight
loss post-surgery and select suitable recipients accordingly. In expe-
rienced labs, typically, 80–95% of implanted animals provide reli-
able data at 28 days. It is therefore recommended that this is
considered when designing the study and the sample size calcula-
tion reflects this.

Full physical and behavioral examination of the animal should
be conducted to ensure it is fit for recovery surgery, e.g., an alert
animal showing no signs of pain or distress and of a suitable weight
(see Note 2). The body weight of diabetic animals can often differ
from naı̈ve controls. If implanting mice with existing diabetes, it is
recommended that stable diabetes (e.g., stable weight and blood
glucose over several days) is established before probe implantation.
For paired comparisons and to monitor diabetes development,
healthy normoglycemic animals are recommended with induction
of diabetes after a surgical recovery period (7 days) followed by
baseline recordings (5–7 days).

If using carotid artery implantation, the colony should be
assessed to ensure the animals have an intact circle of Willis (see
Note 3). In addition, battery life and/or sensor life may vary from
manufacturer to manufacturer but needs to be carefully considered
when designing the duration of the study.

The glucose sensor tip needs to be positioned such that blood
glucose and oxygen come into contact with the surface of the
sensor. As blood glucose monitoring may be performed over sev-
eral weeks, the recommended placement of the sensor would be
into a wide vessel with free-flowing blood to minimize risk of clot
formation (e.g., the aortic arch in a mouse).

The transmitter body can be positioned subcutaneously
(abdominal flank) or intraperitoneally. Accurate core body temper-
ature data acquisition is achieved via intraperitoneal positioning.
However, this site may not be suitable if the animal will
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subsequently undergo further abdominal surgery, such as islet
transplantation.

1. For subcutaneous positioning, placement of the glucose sen-
sor tip into the carotid artery precedes positioning of the
transmitter body in the subcutaneous abdominal flank.

2. For intraperitoneal positioning, the insertion of the transmit-
ter body into the peritoneal cavity precedes glucose sensor tip
insertion into the carotid artery.

Surgery should always be conducted in accord with the device
manufacturer’s instructions, and full surgical training for this spe-
cific surgery is highly recommended.

2 Materials

2.1 Telemetry Device 1. Telemetry devices are available from commercial suppliers (see
Note 4; Fig. 1). A glucose telemetry probe will typically consist
of a glucose sensor portion (which is inserted into a blood
vessel). The sensor is coupled to a radio-transmitter device
(positioned in the peritoneal cavity or subcutaneously under
the skin on the flank) which relays the blood glucose signal to a
data acquisition system.

Fig. 1 HD-XG glucose implant from Data Sciences International. Upper panel:
whole implant. Lower panel: magnified view of sensor which is placed in the
carotid artery. The white marker band is used to establish which depth the
sensor is at within the vessel
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2. Data acquisition system: a receiver pad placed beneath the
cage, collects digitized signals from the telemetry device and
relays data to a central data acquisition matrix. The matrix is
connected to a computer with relevant data analytical soft-
ware (see Note 4).

2.2 Surgical

Equipment

and Supplies

1. Radio-telemetry hardware and software.

2. Binocular surgical magnification and light source (see Note 5).

3. Supplemental heating, e.g., homeothermic heating blanket or
heating pad.

4. Surgical instruments. We typically use:

(a) Straight scissors (for cutting the skin).

(b) Elastic stay hooks or other retraction device.

(c) Two watchmaker forceps.

(d) Two straight forceps.

(e) Two blunt curved forceps.

(f) Two Spencer Wells forceps.

(g) 25-gauge hypodermic needle.

(h) Vessel cannulation forceps.

(i) Needle holder.

5. Disposable surgical supplies. We typically use:

(a) Sterile gloves.

(b) Gown.

(c) Mask.

(d) Hairnet.

(e) Skin disinfectant (e.g., iodine).

(f) Sterile saline.

(g) 70% Isopropyl alcohol.

(h) Artificial tears ointment.

(i) Depilatory cream or shaver.

(j) Sterile drapes.

(k) Micropore/surgical tape.

(l) Sterile gloves.

(m) Sterile gauge sponges.

(n) Sterile cotton tipped applicators.

(o) Surgical sutures for vessel occlusion (nonabsorbable: 5-0
or 6-0).

(p) Hemostatic agent or device (see Note 6).
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(q) Surgical suture for wound closure (5-0 with a curved
needle) or staples.

(r) 1, 2, and 5cc syringes.

6. Perioperative care (see Note 7):

(a) Antibiotics.

(b) Analgesics.

(c) Fluid resuscitation.

(d) Heated cabinet for recovery.

(e) Palatable feed.

7. Anesthesia: inhaled anesthetic. Induction: 2.5% isoflurane and
1 L/min oxygen, maintenance: 1.5% isoflurane and 0.5 L/min
oxygen. Always seek veterinary advice to ensure appropriate
anesthetic regime is used.

3 Methods

3.1 Switching

on the Device

1. Switch on the device using a magnet.

2. Confirm the device is switched on by listening to an AM radio
tuned to its lowest frequency (e.g., 550 kHz) (see Note 8).

3.2 Implantation

Surgery:

Subcutaneous Device

Placement

The device should be prepared ready for use alongside the surgical
field (see Note 9).

1. Ensure there are no magnets on the surgical table, as this could
pull the telemetry device out of the animal during
implantation.

2. Anesthesia should be induced according to local guidelines and
righting reflex and response to noxious stimulation (e.g., paw
pinch) conducted to ensure sufficient depth of anesthesia (see
Note 10).

3. The animal should be laid supine with the head facing the
surgeon and the surgical incision site prepared (see Note 11).
The light source and microscope field of view should focus on
the neck and thorax region. The anesthetic nose cone should
be secured in place (e.g., using micropore tape) and respiration
rate (40–60 breaths per minute) and reflexes monitored con-
tinuously throughout surgery. The depth of inhaled anesthesia
can be controlled rapidly as required (see Note 10).

4. Preoperative analgesic should be administered (see Note 7).

5. An ocular lubricant (e.g., gel tears) should be administered to
each eye to minimize direct contact with gaseous anesthetic
agent and the front paws secured to the mat using micropore
tape (if required).
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6. A clean vertical midline incision (~1–2 cm) at the level of the
neck should be made using sharp scissors. The salivary glands
should be separated using blunt dissection. Stay hooks or
retraction devices can be used if required to open up the region.

7. The left carotid artery should be identified and carefully sepa-
rated from the vagus nerve (see Note 12). The section of
carotid artery should be isolated using blunt forceps and
three nonabsorbable sutures placed loosely underneath it (see
Fig. 2).

8. Saline should be used to moisten tissues at all times and excess
solution cleared with a sterile cotton bud.

9. A permanent tie should be made using the suture proximal to
the brain (cranial ligation). The middle tie should be kept loose
(safety tie), and the suture closest to the heart should tempo-
rarily occlude the blood vessel (caudal occlusion). This can be
achieved by pulling gently on the sutures using Spencer Wells
forceps which are then laid carefully alongside or over the
animal.

10. The tip of a 26-gauge needle should be bent to provide a hook
to puncture the occluded vessel. A small amount of blood will
escape, but a sufficient caudal occlusion will ensure minimal
blood loss.

11. The needle tip can be used to widen the hole facilitating
introduction of the glucose sensor. Using vessel cannulation
forceps, insert the sensor under the needle introducer and into
the vessel. Care should be taken to avoid direct contact with
the exposed part of the sensor. Once inserted, carefully tighten

Fig. 2 Left carotid artery isolated with occlusion sutures in place (a). This illustration is orientated with the
head at the bottom of the page. Correct placement of the sensor into the aortic arch (b)
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the middle safety suture while slowly advancing the sensor
toward the aortic arch by loosening the tension on the caudal
suture tie. The sensor should advance easily without any signif-
icant resistance. Marker bands on the sensor can facilitate
correct placement into the aortic arch (Figs. 1 and 2).

12. The caudal tie and middle tie should then be tightened with a
double knot around the sensor wire to secure in place.

13. The transmitter portion should now be inserted into the
abdominal flank. Loosen the skin using blunt straight forceps
from the same neck incision toward the flank on the right-hand
side. Once a subcutaneous pocket has been created, flush the
pocket with sterile saline and absorb excess fluid using a sterile
cotton bud.

14. Carefully insert the transmitter by gently advancing toward the
subcutaneous flank pocket by external massage. Care should be
taken to avoid excess pressure on the rib cage. The transmitter
should sit as low as possible in the flank hindlimb region.

15. The neck incision should be closed using noncontinuous
(interrupted) stitches with absorbable sutures. Anesthetic
should be lightened at this stage.

16. Finally, administer a local analgesic close to the neck suture site,
and we also recommend subcutaneous fluid resuscitation to
facilitate rapid recovery (see Note 7).

17. Remove the animal from the surgical area and place in intended
warmed monitoring cage with recommended postoperative
care and careful observation (see Notes 7 and 13).

18. A quick check that the device is functioning should be per-
formed at this stage, after which the animal should be given a
full recovery period (typically 7 days) prior to experimental
manipulations, though data acquisition from the implant is
recommended throughout.

3.3 Implantation

Surgery:

Intraperitoneal Device

Placement

The device should be prepared ready for use alongside the surgical
field (see Note 9).

1. Ensure there are no magnets on the surgical table, as this could
pull the telemetry device out of the animal during
implantation.

2. Anesthesia should be induced according to local guidelines and
righting reflex and response to noxious stimulation (e.g., paw
pinch) conducted to ensure sufficient depth of anesthesia (see
Note 10).

3. The animal should be laid supine with the head facing the
surgeon (see Note 11). The light source and microscope field
of view should focus on the mid-abdominal region. The anes-
thetic nose cone should be secured in place (e.g., using
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micropore tape) and respiration rate (40–60 breaths/min) and
reflexes monitored continuously throughout surgery. The
depth of inhaled anesthesia can be controlled rapidly as
required (see Note 10).

4. Preoperative analgesic should be administered (see Note 7).

5. An ocular lubricant (e.g., gel tears) should be administered to
each eye to minimize direct contact with gaseous anesthetic
agent and the front paws secured to the mat using micropore
tape (if required).

6. A clean vertical midline incision (~2–3 cm) should be made
using sharp scissors in the mid-abdominal area. Stay hooks or
retraction devices can be used if required to open up the region.

7. The transmitter implant should be placed on top of the intes-
tines and the peritoneal cavity irrigated with sterile saline. The
transmitter implant should be parallel to the long axis of
the body.

8. Exteriorize the sensor through the abdominal wall using an
18-gauge needle.

9. The abdominal wall should be closed with interrupted sutures
with the suture rib of the implant incorporated into the closure
and the connector outside the abdominal cavity.

10. A clean vertical midline incision (~1–2 cm) at the level of the
neck should be made using sharp scissors.

11. Tunnel the solid trocar subcutaneously from the neck incision
to the abdominal incision where the sensor is exteriorized.

12. Slide the hollow trocar sleeve over the trocar and remove the
solid trocar.

13. Insert the sensor into the open end of the hollow trocar sleeve
and withdraw the sleeve from the neck incision. The sensor
should now be exiting the open neck incision.

14. Place a sterile, saline-moistened gauze over the abdominal
incision to maintain tissue hydration. The skin incision is left
open at this time to allow for adjusting the excess lead into the
abdominal cavity.

15. The salivary glands should be separated using blunt dissection.
Stay hooks or retraction devices can be used if required to open
up the region.

16. The left carotid artery should be identified and carefully sepa-
rated from the vagus nerve (see Note 12). The section of
carotid should be isolated using blunt forceps and three non-
absorbable sutures placed loosely around it (see Fig. 2).

17. Saline should be used to moisten tissues at all times and excess
solution cleared with a sterile cotton bud.
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18. A permanent tie should be made using the suture proximal to
the brain (cranial ligation). The middle tie should be kept loose
(safety tie), and the suture closest to the heart should tempo-
rarily occlude the blood vessel (caudal occlusion). This can be
achieved by pulling gently on the sutures using Spencer Wells
forceps which are then laid carefully alongside the animal.

19. The tip of a 25- or 26-gauge needle should be bent to provide a
hook to puncture the occluded vessel. A small amount of blood
will escape, but a sufficient caudal occlusion will ensure mini-
mal blood loss.

20. The needle tip can be used to widen the hole facilitating
introduction of the glucose sensor into the vessel. Using vessel
cannulation forceps and avoiding handling the tip of the sen-
sor, the sensor can be inserted into the vessel. Once inserted,
carefully tighten the middle safety suture while slowly advanc-
ing the sensor toward the aortic arch by loosening the tension
on the caudal suture tie. The sensor should advance easily
without any significant resistance. A white marker band is
usually on the sensor to facilitate correct placement into the
aortic arch (Figs. 1 and 2).

21. The caudal tie and middle tie should then be tightened around
the sensor wire to secure in place.

22. The neck incision should be closed using interrupted stitches
with absorbable sutures.

23. A suture should be placed around the lead as it exits the
abdominal wall to secure it in place.

24. The abdominal skin incision should be closed using inter-
rupted stitches with absorbable sutures. Anesthetic should be
lightened at this stage.

25. Finally, administer a local analgesic close to both suture sites,
and we also recommend subcutaneous fluid resuscitation to
facilitate rapid recovery (see Note 7).

26. Remove the animal from the surgical area and place in intended
warmed monitoring cage with recommended postoperative
care and careful observation (see Notes 7 and 13).

27. A quick check that the device is functioning should be per-
formed at this stage, after which the animal should be given a
full recovery period (typically 7 days) prior to experimental
manipulations, though data acquisition from the implant is
recommended throughout.

3.4 Surgical

Recovery

Full postoperative recovery of all experimental animals is necessary
prior to collecting any experimental data. This will ensure that post-
surgery stress does not confound the results but also will allow
accurate calibration of the device.
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After immediate postoperative recovery (see Notes 7 and 13),
animals should be carefully monitored. Signs of good health should
be apparent such as normal gait and being well-groomed. Animals
can initially lose 10–15% weight post-surgery, and a good indica-
tion of appropriate recovery from surgery is regaining this weight.
In our experience, 7 days is sufficient for animals to return to
baseline body weight, and we therefore suggest a 7-day recovery
period before device calibration. To minimize confounding factors
such as stress, mice should be housed in dedicated telemetry labs
with minimal noise and electrical interference (e.g., use of Faraday
cages around cage racks), where feasible. Although only one animal
per cage can carry the telemetry device, it is suggested that at least
one non-implanted or sham-implanted animal is kept in the same
cage to avoid the stress of single housing, although if mice are
particularly aggressive toward their cage-mate, this may not be
advisable [8]. It may be feasible that devices that can transmit at
different frequencies will be made available, allowing group hous-
ing and monitoring to become standard procedure in the future.

3.5 Calibration The glucose telemetry device requires in vivo calibration in order to
have physiologically accurate measurements and ongoing refer-
ences to adjust for sensitivity loss over time. Device manufacturers
recommend that the initial calibration is performed at least 5 days
after implantation to allow stabilization of the probe, but we typi-
cally conduct this at 7 days (for reasons described above). A blood
glucose meter (see Note 14) is required to measure blood glucose
concentrations for the calibration. Blood samples can be acquired
by using a 27G or 30G needle to prick the end of the mouse’s tail as
typically small blood samples (<2 μL) are required for most blood
glucose meters. However, it has been suggested that blood col-
lected from the saphenous vein is more representative of core blood
glucose concentrations.

Initially, a multipoint calibration should be carried out. Manu-
facturer’s advice should be followed, but blood glucose levels
should ideally differ by at least 11 mM between the minimum to
maximum points of the multipoint calibration. This should be
achieved by either an oral or intraperitoneal glucose tolerance test
as intravenous glucose tolerance tests are not recommended for
calibrations. If the animal is already overtly hyperglycemic (blood
glucose concentrations >20 mM), it may not be advisable to inject
more glucose into the animal, and alternatively the blood glucose
can be decreased using insulin to achieve a second calibration point
(see Note 15). In both situations, observing the real-time dose
response on the data analysis software will ensure the most accurate
calibration.

After the initial multipoint calibration, a single-point calibra-
tion should be carried out at least twice a week, and a final multi-
point calibration should be carried out at the end of the study.
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However, this matches the manufacturer’s most conservative
recommendations, and ideally calibrations should be carried out
more frequently. In addition, if the device is switched off for more
than a few hours during the study (see Note 16), a multipoint
calibration performed several hours after the device is switched on
may be beneficial.

3.6 Monitoring Blood glucose data is recorded every second and typically averaged
over 10 s intervals for acute challenges and 1 or 5 min for chronic
evaluations. This will require suitable data acquisition software (see
Note 3). The frequency of data acquisition will depend on the
study design. Careful notes should be taken of what times any
intervention was carried out on the animal (treatments, husbandry,
etc.) so that any effect can later be taken into consideration during
data analysis. As mentioned previously, the life length of the device
is based on the enzymatic reaction of the glucose sensor. This is
typically guaranteed to last 4 weeks by the manufacturer, but in our
experience, the probes can last two to three times longer than this.

3.7 Termination

of the Experiment

At the end of the experiment, the animal should be killed according
to local ethical guidelines, and any relevant tissues should be
removed for analysis. Note that cervical dislocation should not be
performed until the probe has been removed. The probe should
then be carefully dissected out and cleaned according to manufac-
turer’s specifications. Please note that after implantation, the probe
should not be reused in any other animal. However, manufacturers
may operate a refurbishment/exchange program.

4 Notes

1. Implantation of the probe could potentially alter the onset or
progression of the disease. It is therefore recommended that an
initial comparison of your model is made with sham-implanted
and untreated controls.

2. In our experience using naı̈ve normoglycemic animals, body
weight of greater than 23 g increases the chances of successful
surgery and recovery.

3. Insertion of the glucose sensor into the left carotid artery
means that this vascular supply to the brain will be cut off.
Therefore, it is important to check that the colony has an intact
circle of Willis (vascular network perfusing brain) such that full
perfusion can still be achieved via the right carotid artery. If the
circle of Willis is not fully intact, this may result in reduced
brain perfusion and associated complications post-recovery.
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4. This chapter was based on using the HD-XG implant from
Data Sciences International (Fig. 1). It consists of two por-
tions: a transmitter body and a glucose sensor.

(a) Transmitter body, encased in a biocompatible housing,
consists of:

l Electronics module that translates glucose fluctuations
into digitized signals and transmits them to a receiver

l Battery – providing the power supply for the electron-
ics module

l Reference electrode that acts as an electrical reference
for the current being measured by the glucose sensor

l Magnetically activated switch which is turned off and
on by holding a magnet close to the cage without
necessitating any restraint of the animal.

(b) Glucose sensor section: This portion extends out of the
device body and is encased in silicone tubing and relays
blood glucose fluctuations to the electronics in the device
body.

l Lead – provides connection to the connector board
from the implant housing

l Connector board: provides a connection between the
lead and the blood glucose sensor

l Glucose sensor: an enzymatic sensor utilizing glucose
oxidase

(c) Receiver pads and acquisition software are available from
supplier. Software examples include Ponemah.

5. We recommend a wall mounted dissecting microscope with
cold light source.

6. We sometimes use absorbable 3 mm2 pieces of hemostatic
gelatin sponge (Spongostan) to control bleeds if the bleeding
exceeded what could be controlled using a cotton bud. How-
ever, in most cases, a hemostatic agent or device is not
necessary.

7. Perioperative care: While we did not use antibiotics, they can
be used at the discretion of the investigator in conjunction with
veterinary advice. Local guidelines should be followed, but to
aid recovery, we carried out the following steps:

(a) We used the following perioperative analgesic: subcuta-
neous NSAID (e.g., Carprieve) prior to surgery and at
regular intervals during the recovery phase (approximately
5–7 days) in accordance with veterinary advice. Bupiva-
caine administered locally at the wound site prior to recov-
ery from anesthesia.
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(b) We fluid resuscitated animals with 30% glucose in saline
(4 � 100 μL subcutaneous injections in four quadrants
prior to recovery from anesthesia).

(c) We used DietGel Recovery from ClearH2O, a palatable
feed, placed on the cage base pre- and post-surgery to
allow acclimatization and easy access for 24–48 h follow-
ing surgery.

(d) Immediately post-surgery, animals were recovered in an
incubator set to 27 �C until fully mobile.

8. It is suggested that the battery is switched on immediately prior
to surgery while the implant is still within its package. Once the
device is implanted, it is recommended that it should not be
switched off as this can negatively affect the sensor life.

9. Check device according to manufacturer’s instruction. Main-
tain device in sterile saline until ready for implantation. The
device should be switched on using the magnet and handled
carefully at all times.

10. Anesthesia: We used inhaled isoflurane coupled in a vaporizer
coupled to 95% oxygen, 5% carbon dioxide at an appropriate
flow rate (typically ~1 L/min). The whole system was coupled
to a scavenger to ensure surgeons were protected.

(a) Induction: The isoflurane vaporizer was set to 3–5%.
Anesthetic was introduced into the induction chamber
prior to the introduction of the animal until righting
reflex was no longer apparent.

(b) Maintenance: After removal from the chamber and place-
ment onto the surgical area, anesthesia was maintained via
a nose cone, and the isoflurane vaporizer was set to
~1.5–2% and modulated as necessary throughout surgery.

11. The neck region (and for intraperitoneal implantation: the
abdomen) can be shaved or fur removed using depilatory
cream. Skin should be disinfected using iodine or equivalent
solution and sterile saline. A sterile drape should be placed over
the animal exposing the surgical field only.

12. The carotid arteries lie parallel and close to the trachea. To
isolate, blunt dissection using curved forceps along the left-
hand side of the airway, and a large red pulsing carotid vessel
should be visible. Care should be applied as carotid artery
adheres to the vagus nerve (appearance of dental floss). Dam-
age to the vagus by over manipulation can lead to autonomic
complications such as Horner’s syndrome which can be diag-
nosed via the appearance of a drooping eyelid.

13. Recovery from anesthetic and return of righting response and
full mobility should occur within 30 min following placement
of animal in cage. Animals are then transferred to recovery
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incubators for between 4 and 12 h. If recovery is not observed
in this period or if movements/breathing is labored or
restricted, veterinary advice should be sought immediately
and animals humanely killed if necessary.

14. We recommend the Nova Biomedical Glucose Meter which is
suitable for use in laboratory animals and has an extended
monitoring range of up to 50 mM.

15. If a normoglycemic or only slightly hyperglycemic animal is
being used, the most appropriate manner in which to create
two distinct blood glucose concentrations is to inject glucose
(we recommend 2–3 g/kg intraperitoneal administration). If
the mouse is already overtly diabetic (blood glucose concen-
trations >20 mM), it is not appropriate to load more glucose,
and thus blood glucose can be decreased using insulin.

16. It is highly recommended the telemetry device is left ON
throughout the study as this improves glucose sensor stability
and longevity. The operational life length of the implant is
dependent on an enzymatic reaction on the sensor rather
than battery life, and thus turning the device off does not
prolong the length of time that data can be collected. Indeed,
the enzymatic reaction continues even if the device is turned
off, and product buildup on the sensing electrode may
damage it.
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Chapter 17

Assessing Mouse Islet Function

Patricio Atanes, Inmaculada Ruz-Maldonado, Oladapo E. Olaniru,
and Shanta J. Persaud

Abstract

Islets of Langerhans are clusters of endocrine cells embedded within the exocrine pancreas. Islets constitute
only approximately 1–2% of the total pancreas mass in all species, so methods have been developed to digest
the pancreas and purify islets from the surrounding acinar cells. This chapter provides detailed protocols for
isolation of mouse islets and their in vitro functional characterization in terms of assessments of islet
viability, hormone content and secretion, second messenger generation and β-cell proliferation.

Key words Islets of Langerhans, β-cell, Mouse islet isolation, Islet viability assays, Islet hormone
secretion, Second messengers

1 Introduction

Islets of Langerhans are small endocrine cell clusters distributed
throughout the pancreas. They consist of five distinct cell types that
secrete hormones involved in the regulation of fuel homeostasis:
β-cells (insulin), α-cells (glucagon), δ-cells (somatostatin), PP-cells
(pancreatic polypeptide) and ε-cells (ghrelin) [1, 2]. Islet size is
remarkably consistent between species despite interspecies differ-
ences in the arrangement of the different islet cell types [3]. For
example, the volume of a human pancreas is several thousand times
bigger than a rodent’s, but rather than scaling being achieved
through increased islet size it occurs through increased islet num-
ber, such that a human pancreas contains approximately 1 million
islets while a mouse pancreas contains only a few hundred [4]. Islets
of all mammalian species are around 50–250 μm in diameter and
each islet contains 1,000–3,000 cells [5]. In rodent islets 60–80% of
the cells are β-cells, while α-, δ-, PP- and ε-cells account for
15–20%, <10%, <5% and <1% of the cell population, respectively
[1, 6]. Human islets are the gold standard model for clinically
relevant studies, but the majority of the physiological and pharma-
cological experimental assessments of islet function have been
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carried out using isolated rodent islets due to the limited availability
of human islets for research [7]. Recent studies have focused on
comparative gene expression profiles between human and mouse
islets. These have characterized conserved signaling pathways,
establishing mouse islets as suitable surrogates for human islets,
although some key differences between species have been identified
[8–12].

Defining the processes by which islet function is normally
regulated is important in understanding islet dysregulation that
contributes to the pathogenesis of diabetes and in guiding the
development of new therapies for diabetes [13]. As islets contribute
only 1–2% of the total pancreas mass, robust protocols have been
developed for isolation of high-purity islets [14] so that studies of
gene and protein expression can be performed with confidence, and
potential interactions of the exocrine acinar cells can be ruled out in
functional studies. Obtaining a high yield of islets from the mouse
pancreas, free from contaminating acinar cells, is one of the most
important factors for functional islet biology experiments in vitro,
and success depends on variables such as correct positioning of the
clamp over the duodenal opening of the common bile duct, precise
bile duct cannulation, careful removal of the pancreas, optimal
enzymatic digestion time and removal of exocrine cell contamina-
tion during islet purification.

The protocols in this chapter describe methods for the isolation
and purification of islets from the collagenase-perfused mouse pan-
creas, maintenance of isolated islets in culture, assessment of islet
viability, quantification of islet hormone content and secretion, and
of intracellular calcium and cAMP levels, β-arrestin assays using
conditioned media from islets, and in vitro/in vivo BrdU incor-
poration into proliferating β-cells.

2 Materials (See Note 1)

2.1 Mouse Islet

Isolation and

Purification

1. Small bulldog clamp.

2. Dissecting scissors, 110 mm.

3. Graefe forceps, 100 mm.

4. Small iris scissors for internal use, 90 mm.

5. 27- and 30-gauge sterile hypodermic needles.

6. Luer lock syringe, 2.5 mL.

7. Falcon™ 50 mL conical centrifuge tubes.

8. Scale balance AJ100.

9. Temperature-controlled water bath.

10. Petri dishes.

11. Tissue culture incubator.
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12. Tissue culture laminar flow hood.

13. SZ61 stereo zoom dissecting microscope.

14. Collagenase type XI from Clostridium histolyticum.

15. Histopaque®-1077 sterile-filtered, density: 1.077 g/mL.

16. Medical wipes.

17. 70% ethanol solution.

18. 425 μm steel mesh.

19. Universal 320R centrifuge for Falcon™ 50 mL conical centri-
fuge tubes.

20. Minimum Essential Medium supplemented with 100 U/mL
penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, and
10% newborn calf serum (complete MEM).

21. RPMI-1640 medium, supplemented with 100 U/mL penicil-
lin, 100 μg/mL streptomycin, 2 mM L-glutamine, and 10%
fetal bovine serum (complete RPMI-1640 medium).

2.2 Maintenance of

Islets in Culture

1. Complete RPMI-1640 medium.

2. Petri dishes.

3. Tissue culture laminar flow hood.

4. Tissue culture incubator.

2.3 Viability Assays

2.3.1 Trypan Blue

Exclusion Test

1. 96-well microplate.

2. Trypan blue, diluted to 0.2% in phosphate-buffered saline.

3. Complete RPMI-1640 medium.

4. Tissue culture incubator.

2.3.2 ATP Synthesis 1. 96-well microplate, white.

2. Complete RPMI-1640 medium.

3. CellTiter-Glo® 3D Cell Viability Assay.

4. Optoelectronically controlled shaker.

5. Luminometer plate reader.

2.3.3 MTT Assay 1. 96-well microplate.

2. Complete RPMI-1640 medium.

3. 1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) in complete RPMI-1640 medium;
make up fresh when needed.

4. Tissue culture incubator.
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5. Acidified isopropanol: 48 mL isopropanol plus 250 μL
concentrated HCl.

6. Microplate reader.

2.3.4 Caspase Assay 1. 96-well microplate, white.

2. 35 mm Petri dishes.

3. Caspase-Glo® 3/7 Assay.

4. Complete RPMI-1640 medium (2 or 10% FBS).

5. Recombinant murine TNF-α (1 U/μL), IFN-γ (1 U/μL), and
IL-1β (0.25 U/μL).

6. Optoelectronically controlled shaker.

7. Luminometer plate reader.

2.3.5 Quantification of

Islet Hormone Content

1. 10 mM HCl, diluted as appropriate from concentrated HCl
stock.

2. 0.5 M Monobasic sodium phosphate (NaH2PO4); adjust pH
to 7.4 with 5 M NaOH and add 0.5 mg/mL bovine serum
albumin (BSA).

3. Sonicator.

4. 125I-insulin, iodionated in-house.

5. Anti-insulin antibody, generated in-house in guinea pigs.

6. Insulin standard.

7. 125I-glucagon.

8. Anti-glucagon antibody, generated in-house in guinea pigs.

9. Glucagon standard.

10. Somatostatin radioimmunoassay kit.

11. Borate buffer: 133.4 mM boric acid, 10 mM ethylenediamine-
tetraacetic acid (EDTA), 67.5 mM NaOH in distilled water;
adjust pH to 8.0 with 10 mM HCl and then add 1 mg/mL
BSA. Store at 4 �C.

12. 30% (w/v) polyethylene glycol (PEG): Dissolve 600 g PEG in
1 L distilled water and then make up to 2 L with distilled water.

13. Precipitant: Dissolve 0.1% γ-globulins in phosphate buffered
saline, add an equal volume of 30% PEG, and supplement with
0.05% v/v polyoxyethylene (20) sorbitan monolaurate (Tween
20).

14. Wizard automatic gamma counter.

15. 0.5 mL Eppendorf® safe-lock microcentrifuge tubes.

16. Centrifuge for 0.5 mL Eppendorf® safe-lock microcentrifuge
tubes.
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2.4 Functional

Assays

2.4.1 Quantification of

Islet Hormone Secretion in

Static Incubations

1. 1.5 mL Eppendorf® safe-lock microcentrifuge tubes.

2. Falcon™ 15 mL conical centrifuge tubes.

3. Physiological salt solution: 111 mM sodium chloride (NaCl),
27 mM sodium hydrogen carbonate (NaHCO3), 5 mM potas-
sium chloride (KCl), 1 mM magnesium chloride hexahydrate
(MgCl2·6H2O), 0.28 mM magnesium sulfate heptahydrate
(MgSO4·7H2O), 0.12 mM potassium dihydrogen orthophos-
phate (KH2PO4) in distilled water. Adjust pH to 7.4 with 5%
CO2 and then add 2 mM CaCl2, 0.5 mg/mL BSA, and 2 or
20 mM glucose on the day of use.

4. Temperature-controlled water bath.

5. Tissue culture incubator.

6. Centrifuges for 15 mL Falcon™ tubes and 1.5 mL Eppendorf®

safe-lock microcentrifuge tubes.

7. Radioimmunoassay reagents as for Subheading 2.3.5.

2.4.2 Quantification of

Islet Dynamic Hormone

Secretion

1. Perifusion chambers (Swinnex® 13 filter holders).

2. Physiological salt solution: 111 mM NaCl, 27 mM NaHCO3,
5 mM KCl, 1 mM MgCl2·6H2O, 0.28 mM MgSO4·7H2O,
0.12 mM KH2PO4 in distilled water. Adjust pH to 7.4 with 5%
CO2 and then add 2 mM CaCl2, 0.5 mg/mL BSA, and 2 or
20 mM glucose on the day of use.

3. Temperature-controlled water bath.

4. 1 μm Nylon mesh.

5. Peristaltic pumps and tubing.

6. Temperature-controlled chamber or room.

7. 2 mL 96-well plates.

8. Radioimmunoassay reagents as for Subheading 2.3.5.

2.4.3 cAMP

Quantification

1. Physiological salt solution: 111 mM NaCl, 27 mM NaHCO3,
5 mM KCl, 1 mM MgCl2·6H2O, 0.28 mM MgSO4·7H2O,
0.12 mM KH2PO4 in distilled water. Adjust pH to 7.4 with 5%
CO2 and then add 2 mM CaCl2, 0.5 mg/mL BSA, and 2 mM
glucose on the day of use.

2. Assay buffer: 10 mM HEPES, 0.2% BSA, 2 mM 3-isobutyl-1-
methylxanthine (IBMX) in Hank’s Balanced Salt Solution
(HBSS). Adjust pH to 7.4 with 5% CO2.

3. 96-well half-area microplate, white.

4. Tissue culture incubator.

5. Cisbio HiRange cAMP assay kit.

6. PHERAstar FS plate reader.
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2.4.4 Calcium

Measurements

1. Fura-2-acetoxymethyl ester (Fura-2AM), diluted to 1mMwith
DMSO. Store at �20 �C.

2. Circular borosilicate cover glass, 22 mm diameter, thickness
number 0.

3. Physiological salt solution: 111 mM NaCl, 27 mM NaHCO3,
5 mM KCl, 1 mM MgCl2·6H2O, 0.28 mM MgSO4·7H2O,
0.12 mM KH2PO4 in distilled water. Adjust pH to 7.4 with 5%
CO2 and then add 2 mM CaCl2, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), and 2 or 20 mM
glucose on the day of use.

4. 6-well assay plate.

5. 0.1 mg/mL poly-D-lysine hydrobromide.

6. Tissue culture incubator.

7. Steel chamber mounted onto a temperature-controlled plat-
form of an Axiovert 135 inverted microscope, with an ORCA-
05G CCD camera.

8. Accutase® solution.

9. 0.02% w/v EDTA solution.

10. 2 N acetic acid.

11. 70% ethanol made by dilution of absolute ethanol with distilled
water.

12. OptoFluor or MetaFluor software.

13. Temperature-controlled water bath.

2.4.5 β-Arrestin Assays

to Identify Islet-Derived

G Protein-Coupled

Receptor Regulatory

Ligands

1. Physiological salt solution: 111 mM NaCl, 27 mM NaHCO3,
5 mM KCl, 1 mM MgCl2·6H2O, 0.28 mM MgSO4·7H2O,
0.12 mM KH2PO4 in distilled water. Adjust pH to 7.4 with 5%
CO2 and then add 2 mM CaCl2, 0.5 mg/mL BSA, and 5.5 or
20 mM glucose on the day of use.

2. 96-well white culture plate, clear bottom.

3. PathHunter® eXpress β-Arrestin GPCR Assay.

4. Luminometer plate reader.

5. Tissue culture incubator.

6. Falcon™ 15 mL conical centrifuge tubes.

7. Centrifuges for 15 mL Falcon™ tubes.

2.5 Assessment of β-
Cell Proliferation

2.5.1 BrdU Incorporation

into β-Cells of Isolated

Islets In Vitro

1. Cell culture Petri dishes, 60 mm, non-treated.

2. Tissue culture incubator.

3. Tissue culture laminar flow hood.

4. 1.5 mL Eppendorf® safe-lock microcentrifuge tubes.
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5. Centrifuges for 1.5 mL Eppendorf® safe-lock microcentrifuge
tubes.

6. Scalpel blade and handle.

7. Graefe forceps, 100 mm.

8. Small paintbrushes.

9. Small corkscrew reamer.

10. Tissue processing/embedding cassettes.

11. 15 � 15 � 7 mm stainless-steel base molds for embedding.

12. Paraffin-embedding station.

13. Gravity oven at 60 �C.

14. Complete RPMI-1640 medium (2% FBS).

15. 1 mg/mL 5-bromo-20-deoxyuridine (BrdU) in RPMI-1640
medium supplemented as above; make up fresh when needed.

16. Paraformaldehyde, diluted to 4% in phosphate-buffered saline.

17. Absolute ethanol.

18. 95%, 80%, and 70% ethanol solutions made by dilution of
absolute ethanol with distilled water.

19. 1% Aqueous eosin solution, diluted to 0.75% eosin in 70%
ethanol.

20. Xylene.

21. Paraffin wax.

2.5.2 BrdU Incorporation

into β-Cells In Vivo

1. Laboratory mice.

2. BrdU, diluted to 1 mg/mL in drinking water.

3. Sterile 1 mL syringes.

4. Sterile hypodermic 30-gauge needles.

5. Rodent water bottles covered with aluminum foil or black tape.

6. Portable balance.

7. 30 � 2 � 5 mm stainless-steel base molds for embedding.

8. Automated tissue processor.

9. Tissue processing/embedding cassettes.

10. Scalpel blade and handle.

11. Graefe forceps, 100 mm.

12. Small paintbrushes.

13. Paraffin wax.

14. Paraffin-embedding station.

15. Gravity oven at 60 �C.

16. Paraformaldehyde, diluted to 4% in phosphate-buffered saline.

17. Absolute ethanol.
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18. 70% ethanol made by dilution of absolute ethanol with distilled
water.

19. 15 mL Falcon™ centrifuge tubes.

2.5.3 Fluorescence BrdU

and Insulin Co-staining

1. Microtome.

2. Water bath for paraffin sections.

3. Slide warmer for slides.

4. Hybridization oven at 37 �C.

5. Light microscope.

6. 25 � 75 � 1 mm glass microscope slides.

7. 22 � 40 mm cover glass.

8. Slide staining tray or humidifying chamber.

9. Glass Coplin staining jar.

10. Staining trough tray with handle.

11. Liquid blocker super PAP pen.

12. 10� TBS: 80 g NaCl and 60 g Tris base dissolved in 1 L of
distilled water; dilute 100 mL in 900 mL of distilled water to
make 1� working solution.

13. 1� Trypsin-EDTA solution.

14. 2 N HCl (1:5 dilution of concentrated HCl).

15. Fluorescence mounting medium.

16. Blocking buffer: 1% BSA, 5% goat serum, diluted in phosphate-
buffered saline.

17. 75% and 95% ethanol made by dilution of absolute ethanol
with distilled water.

18. Mouse monoclonal anti-BrdU antibody.

19. Polyclonal guinea pig anti-insulin antibody.

20. Anti-mouse FITC conjugated secondary antibody.

21. Anti-guinea pig Alexa Fluor 594-conjugated secondary
antibody.

22. Fluorescence microscope.

3 Methods

The methods described below focus on isolation of islets from the
mouse pancreas for subsequent experimental approaches. The pri-
mary goal of isolating islets for in vitro studies is to obtain viable,
purified islets that respond in a manner consistent with their func-
tion in vivo. To achieve successful islet isolation, the following key
points should be taken into consideration: (1) enzymatically digest
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exocrine tissue, (2) separate intact islets from non-islet tissue, and
(3) maintain isolated islets in an environment that maintains their
viability. Subheading 3.1 describes a protocol for mouse islet isola-
tion and purification.

Islets may be used experimentally immediately after isolation,
but overnight incubation allows recovery from proteolysis that may
occur during exposure to collagenase, and from any stress experi-
enced during Histopaque-mediated purification. Subheading 3.2
describes the appropriate procedures for islet maintenance in
culture.

Some preliminary assessments can be carried out after isolation
to determine islet health. For example, optical inspection of the
islets under a light microscope can provide preliminary information
about their health status and purity. The protocols described in
Subheading 3.3 can be used to quantify viability of islet populations
after isolation or after experimental approaches.

The primary function of islets is to release hormones in direct
response to changes in blood glucose concentration or to other
modulators, most of which bind to cell surface receptors. Glucose
and receptor ligands transduce their effects by modifying levels of
second messengers in islet cells, the most important of which are
intracellular calcium levels ([Ca2+]i) and 30,50-cyclic adenosine
monophosphate (cAMP). Protocols for assessment of islet function
are described in Subheading 3.4.

Islet β-cells have a very limited proliferative capacity, but they
can be stimulated under certain circumstances such as obesity or
pregnancy to increase insulin secretion in the face of insulin resis-
tance. Methods for quantifying β-cell proliferation in islets in vitro
and in vivo are described in Subheading 3.5.

3.1 Mouse Islet

Isolation and

Purification

3.1.1 Pancreas Perfusion

1. Weigh sufficient collagenase (1 mg/mL) into a 50 mL Fal-
con™ conical centrifuge tube to prepare 3 mL per mouse (see
Note 2).

2. Add the required volume of cold complete MEM and gently
invert the tube two to three times until the collagenase is fully
dissolved (see Note 3).

3. Place 2.5 mL of collagenase solution into a 2.5 mL luer lock
syringe and attach a 27- or 30-gauge needle (seeNote 4). Keep
filled syringes on ice.

4. Euthanize the mouse by cervical dislocation and sterilize the
skin with 70% ethanol solution.

5. Open the abdominal cavity by laparotomy, using dissecting
scissors to cut through the peritoneal wall horizontally follow-
ing the rib line and then vertically.

6. Turn the mouse so that its nose is closest to the surgeon and
the tail points away (see Note 5).
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7. Clip off the posterior sternum cartilage with a pair of scissors.

8. Gently press on either side of the body with your fingers to
expose the liver. Move the liver over onto a medical wipe and
fold the tissue over to cover it.

9. Place the mouse under the binocular dissecting microscope and
expose the duodenum using forceps.

10. Clamp the common bile duct where it enters the duodenum
using a small bulldog clamp.

11. Cannulate the bile duct with a needle secured to the 2.5 mL
syringe containing the collagenase solution (see Fig. 1a).

12. Gently inject 2.5 mL collagenase solution into the bile duct to
inflate the pancreas (see Fig. 1b) (see Note 6).

13. Use dissecting scissors to gently remove the pancreas from its
connections with the intestines, liver, stomach, and spleen, and
place it into a 50 mL conical tube (see Notes 7 and 8).

14. If the pancreas does not inflate following injection of collage-
nase solution or if damage to the duct precludes cannulation,
an alternative method involves direct injection of collagenase
solution into the lobes of the pancreas after its removal from
the body cavity (see Note 9).

3.1.2 Pancreas Digestion 1. Transfer the 50 mL conical tube containing the distended
pancreas to a water bath at 37 �C and incubate for 10 min
(see Note 10).

2. Disrupt the digested pancreas by vigorously shaking the tube
by hand for 1 min at a rate of three shakes per second.

3. Quickly place the tube on ice and fill to 25 mL with complete
MEM to stop the digestive process.

Fig. 1 Mouse pancreas digestion. (a) Bile duct cannulation, (b) distension of the pancreas by perfusion with
collagenase solution
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4. Wash and pellet the digested pancreas three times in complete
MEM (25 mL, 340 � g, 10 �C, 75 s).

5. Resuspend the digest in 25 mL of complete MEM.

6. Place a 425 μm mesh on top of a new 50 mL conical tube and
pour the digested pancreas through the mesh (see Note 11).

3.1.3 Islet Isolation and

Purification

1. Adjust the volume of the digest to 25 mL by addition of
complete MEM and pellet by centrifugation (365 � g, 10 �C,
90 s).

2. Decant the supernatant by gently pouring out the liquid and
place the opening of the 50 mL conical tube onto a paper towel
to remove as much liquid as possible (see Note 12).

3. Resuspend the digested pancreas in 15 mL Histopaque®-1077
and thoroughly mix by vortexing.

4. Gently add 10 mL of complete MEM to create a density
interface.

5. Centrifuge (1900 � g, 10 �C, 24 min) with slow acceleration
and no brake to avoid disturbing the density interface (see
Note 13).

6. Collect the islets at the MEM-Histopaque interface and wash
three times in complete MEM (50 mL, 365 � g, 10 �C, 90 s)
(see Note 14).

7. To further purify the islets, carry out gravity sedimentation by
resuspending the islets in 25 mL of complete MEM and allow-
ing them to settle for 4 min on ice. Discard the top 10 mL
containing the remaining small exocrine fragments.

8. Handpick islets under a light microscope in a tissue culture
hood (see Notes 15 and 16) and transfer to 100 mm Petri
dishes (see Note 17) at a density of approximately 50–100
islets/mL in 10 mL of complete RPMI-1640 medium.

3.2 Maintenance of

Islets in Culture

1. After isolation and purification, incubate islets overnight for
16–20 h in complete RPMI-1640 medium in a tissue culture
incubator at 37 �C with 5% CO2 and humidified air.

2. If necessary, replace medium under aseptic conditions every
2–3 days for long-term maintenance of islets (see Note 18).

3.3 Viability Assays

3.3.1 Trypan Blue

Exclusion Test

1. Under aseptic conditions, transfer groups of ten islets in com-
plete RPMI-1640 medium to four to five wells of a 96-well
plate in a volume of 100 μL using a 100 μL Gilson pipette
under a standard binocular microscope.

2. Add 100 μL 0.2% (w/v) trypan blue to the wells containing
islets.
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3. Incubate for 15 min in a tissue culture incubator (37 �C,
5% CO2).

4. Gently remove the trypan blue solution from each well using a
100 μL Gilson pipette, and wash with 200 μL of phosphate-
buffered saline, ensuring that the islets are not removed in the
process (see Note 19).

5. Add 200 μL of phosphate-buffered saline to each well contain-
ing islets.

6. Visualize islets in the wells and take photographs as required.

3.3.2 ATP Synthesis 1. Under aseptic conditions, transfer groups of three islets in
complete RPMI-1640 medium to six to eight wells of a
white-walled 96-well plate in a volume of 5 μL using a 10 μL
Gilson pipette under a standard binocular microscope.

2. Add media containing agonists of interest at the desired con-
centrations in a volume of 30 μL using a 100 μL Gilson pipette.

3. Equilibrate the plate and its contents to 37 �C for approxi-
mately 1 h.

4. Prepare an ATP standard curve (0.1 nM to 10 μM) by diluting
ATP in complete RPMI-1640 medium and add 35 μL of each
ATP standard in duplicate to empty wells of the plate using a
100 μL Gilson pipette (see Note 20).

5. Add 35 μL of Promega CellTiter-Glo® 3D Reagent, reconsti-
tuted according to the manufacturer’s recommendations, to
each well.

6. Cover the plate and mix the contents by placing it on a shaker
for 2 min.

7. Quantify ATP production after 15 min by measuring lumines-
cence with a luminometer plate reader.

3.3.3 MTT Assay

(See Note 21)

1. Under aseptic conditions, transfer groups of five islets in com-
plete RPMI-1640 medium to six to eight wells of a 96-well
plate in a volume of 50 μL using a 100 μL Gilson pipette under
a standard binocular microscope.

2. Add 50 μL of 1 mg/mL MTT to each of the wells containing
islets.

3. Incubate for 4 h at 37 �C, after which time purple/brown
formazan crystals will be generated by reduction of MTT by
dehydrogenase enzymes in metabolically active islet cells.

4. Add 100 μL acidified isopropanol to each well containing islets.

5. Solubilize the formazan crystals by pipetting up and down
several times.

6. Determine formazan production by quantifying absorbance at
570 nm using a Chameleon microplate reader.
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3.3.4 Caspase Assay 1. Under aseptic conditions, transfer groups of 100 islets in com-
plete RPMI-1640 medium to 35 mm Petri dishes in a volume
of 1.5 mL under a standard binocular microscope.

2. Agents under investigation for pro- or antiapoptotic effects
may be added to some groups of islets at this stage (see
Note 22), and islets should be incubated for 28 h in a tissue
culture incubator at 37 �C with 5% CO2 and humidified air.

3. Divide the islets from each Petri dish equally into two new Petri
dishes, using complete RPMI-1640 medium (2% FBS) and
containing the same test agents as used in step 2. Supplement
half of the islets with inducers of apoptosis, most commonly a
cytokine cocktail (1 U/μL TNF-α, 1 U/μL IFN-γ, and
0.25 U/μL IL-1β) or 500 μM sodium palmitate.

4. Pick five islets in 40 μL of complete RPMI-1640 medium (2%
FBS) with or without cytokines/palmitate and transfer to six to
eight wells of a white-walled 96-well white plate.

5. Incubate for 20 h at 37 �C, 5% CO2, completing an incubation
period of 48 h.

6. Equilibrate the plate at room temperature for approximately
30 min. Add 40 μL of Promega Caspase-Glo 3/7 reagent,
reconstituted according to the manufacturer’s recommenda-
tions, to each well.

7. Cover the plate and briefly mix the contents on a shaking
platform.

8. Incubate for approximately 1 h at room temperature.

9. Determine caspase 3/7 activities by quantifying luminescence
with a luminometer plate reader.

3.3.5 Quantification of

Islet Hormone Content

1. Transfer groups of ten islets to 0.5 mL Eppendorf tubes using a
200 μL Gilson pipette under a standard binocular microscope.

2. Centrifuge at room temperature for 30 s using a bench Eppen-
dorf centrifuge at 1000 � g.

3. Carefully remove all supernatant using a 200 μL Gilson pipette
under a standard binocular microscope.

4. Resuspend the islet pellet in 50 μL 10 mM HCl and leave at
room temperature for approximately 15 min (see Note 23).

5. Neutralize the HCl by adding 200 μL 0.5 M NaH2PO4 buffer
supplemented with 0.5 mg/mL BSA.

6. Sonicate the samples on ice (see Note 24).

7. Serially dilute the islet extracts with borate buffer for immuno-
assay of islet hormones (see Note 25).

8. For the hormone radioimmunoassays, prepare standard curves
in triplicate over 0.08–10 ng/mL (insulin and glucagon) or
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3.9–250 pM (somatostatin) by performing 1:2 dilutions of
standard stocks (see Notes 26–28). Borate buffer is used for
diluting insulin and glucagon standards, and phosphate buffer
(provided with the immunoassay kit) is used for the somato-
statin assay. Each standard has a final volume of 100 μL.

9. For each hormone, assay dilutions of the islet extracts in dupli-
cate samples of 100 μL. To quantify insulin and glucagon,
follow steps 10–14. To quantify somatostatin, follow steps
15–19.

10. To quantify insulin and glucagon, add 100 μL of hormone-
specific antibody to all standards and samples except tubes
quantifying nonspecific binding and total radioactivity (see
Note 29).

11. Add 125I-labelled glucagon or insulin, diluted to approximately
10,000 cpm/100 μL, to all tubes.

12. Prepare control samples to determine the total amount of
radioactivity added (125I-labelled glucagon or insulin alone),
non-specific binding (borate buffer plus 125I-labelled glucagon
or insulin), and maximum binding (borate buffer plus
125I-labelled glucagon or insulin plus specific antibody).

13. Incubate all samples and standards at 4 �C for 48–72 h for
antibody-hormone binding to reach equilibrium (see Note 30).

14. Precipitate hormone-antibody complexes by adding 1 mL of
precipitant to all tubes except those quantifying total
radioactivity.

15. To quantify somatostatin, add 200 μL somatostatin antibody to
all tubes except those quantifying total radioactivity.

16. Incubate all samples and standards at 4 �C for 24 h and then
add 125I-labelled somatostatin, diluted to approximately
10,000 cpm/200 μL, to all tubes.

17. Prepare control samples as for subsection 12A.

18. Incubate all samples and standards at 4 �C for a further 24 h.

19. Precipitate hormone-antibody complexes by adding 100 μL
double antibody solid phase (anti-rabbit IgG coupled to cellu-
lose particles) to all tubes except those quantifying total radio-
activity and incubate at 4 �C for 1 h.

20. For all assays, centrifuge tubes at 2000 � g for 15 min at 4 �C.

21. Aspirate the supernatant to leave a firm pellet.

22. Detect the γ-emissions from all pellets using a gamma counter
and interpolate the hormone concentrations in the diluted islet
extracts from the appropriate standard curves.
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3.4 Functional

Assays

3.4.1 Quantification of

Islet Hormone Secretion in

Static Incubations

1. Transfer 100 islets to a 15mL Falcon™ centrifuge tube under a
standard binocular microscope.

2. Adjust the volume to 10 mL with physiological salt solution
supplemented with 2 mM glucose and centrifuge at 200� g for
1 min.

3. Remove the supernatant and add 10 mL of physiological salt
solution supplemented with 2 mM glucose.

4. Preincubate islets for 1 h in a tissue culture incubator at 37 �C
with 5% CO2 infusion (see Note 31).

5. Centrifuge the islets at 200 � g for 1 min, remove the superna-
tant and replace with 5 mL of physiological salt solution sup-
plemented with 2 mM glucose.

6. Transfer the islets to a 60 mm Petri dish.

7. Pick groups of ten islets on ice in 20 μL of physiological salt
solution supplemented with 2 mM glucose to 6–8 1.5 mL
Eppendorf tubes using a 20 μL Gilson pipette under a standard
binocular microscope.

8. Add 480 μL of physiological salt solution supplemented with
2 mM or 20 mM glucose, containing test agents of interest at
desired concentrations, to each tube.

9. Incubate the islets in a temperature-controlled water bath at
37 �C for 1 h.

10. Place the tubes on ice and centrifuge at 200 � g for 1 min
at 4 �C.

11. Retrieve supernatants in 1.5 mL Eppendorf tubes and store at
�20 �C (see Note 32).

12. Quantify hormone concentrations in supernatants according
to the hormone immunoassay protocols described in Subhead-
ing 3.3.5.

3.4.2 Dynamic

Quantification of Islet

Hormone Secretion

1. Pick groups of 40–150 islets using a 200 μL Gilson pipette
under a standard binocular microscope (see Note 33).

2. Transfer the islets onto 1 μm filters in individual perifusion
chambers connected to buffer reservoirs and peristaltic pumps
by 2 mm diameter tubing.

3. Fill the chambers with physiological salt solution supplemented
with 2 mM glucose and remove bubbles with a 5 mL syringe
when connecting tubing to the chambers (see Note 34).

4. Use peristaltic pumps to perifuse the islets with the physiologi-
cal salt solution at 0.5 mL/min for at least 1 h at 37 �C to allow
a stable baseline of hormone release (see Note 35).
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5. Select experimental buffers in a heated reservoir using a three-
way tap system and use peristaltic pumps to transfer buffers to
the perifusion chambers at a flow rate of 0.5 mL/min.

6. Every 2 min, collect 1 mL outflow fractions containing
secreted islet hormones into labeled 2 mL 96-well plates.

7. Quantify hormone concentrations of perifusate fractions
according to the hormone immunoassay protocols described
in Subheading 3.3.5.

3.4.3 cAMP

Quantification (See

Note 36)

1. Transfer 100 islets to a 15mL Falcon™ centrifuge tube under a
standard binocular microscope.

2. Adjust the volume to 10 mL with physiological salt solution
supplemented with 2 mM glucose and centrifuge at 200� g for
1 min.

3. Remove the supernatant and add 10 mL of physiological salt
solution supplemented with 2 mM glucose.

4. Preincubate islets for 1 h in a tissue culture incubator at 37 �C
with 5% CO2 infusion.

5. Centrifuge the islets at 200 � g for 1 min, remove the superna-
tant, and replace with 5 mL of physiological salt solution
supplemented with 2 mM glucose.

6. Transfer the islets to a 60 mm Petri dish.

7. Pick groups of four islets in 10 μL of assay buffer to six to eight
wells of a 96-well white-walled half-area plate using a 20 μL
Gilson pipette under a standard binocular microscope.

8. Add 10 μL of assay buffer, containing test agents of interest at
desired concentrations, to each well.

9. Incubate the plate at room temperature for 1 h.

10. Add 10 μL of serial dilutions of the cAMP standard (provided
with kit).

11. Add 10 μL of D2 and cryptate working solutions (provided
with kit).

12. Cover the plate and incubate at room temperature for 1 h.

13. Determine cAMP levels by quantifying homogeneous time-
resolved fluorescence with a PHERAstar FS plate reader (see
Note 37).

3.4.4 Calcium

Measurements

1. Prepare circular glass coverslips by soaking in 2 N acetic acid for
1 h and then rinsing five times in distilled water (see Note 38).

2. Soak the acid-washed coverslips in 70% ethanol for 1 h.
Remove the coverslips from ethanol, allow to dry, and sterilize
by exposing to UV light for 15 min in a tissue culture hood (see
Note 39).
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3. Under aseptic conditions, transfer 400 islets to a 1.5 mL
Eppendorf tube.

4. Pellet the islets by brief centrifugation at room temperature
(200 � g, 1 min) and discard the supernatant.

5. Resuspend the islets in 200 μL 0.02% EDTA solution or
200 μL Accutase solution and incubate at 37 �C in a water
bath for 4 min to partially disperse the islets.

6. Pellet by brief centrifugation at room temperature (200 � g,
1 min) and discard the supernatant.

7. Resuspend the dispersed islets in serum-free RPMI-1640 at a
density of approximately 100,000 cells/50 μL.

8. Transfer 50 μL aliquots of islet cell suspension into the center
of each coverslip placed in a 6-well plate using a 200 μL Gilson
pipette.

9. Allow the islet cells to adhere to the coverslip by incubating for
2 h at 37 �C (see Note 40).

10. Add 2 mL of complete RPMI-1640 medium and maintain in
culture overnight in a tissue culture incubator at 37 �C with 5%
CO2 and humidified air.

11. Incubate the cells with the calcium fluorophore Fura-2AM for
30 min at 37 �C (see Note 41).

12. Mount the coverslip onto a temperature-controlled platform of
an Axiovert 135 inverted microscope (see Note 42).

13. Perifuse cells on coverslips with a physiological solution con-
taining 2 mM glucose or 20 mM glucose in the absence or
presence of test agents (see Note 43).

14. Illuminate cells alternately at 340 and 380 nm, and filter emit-
ted light at 510 nm (see Notes 44 and 45).

15. Collect data from selected cells of interest every 3 s using the
OptoFluor or MetaFluor software (see Note 46).

16. Visualize the dynamic profile of intracellular calcium ([Ca2+]i)
using a software package such as Excel to plot ratiometric
emission at 510 nm after excitation at 340 nm and 380 nm
(see Fig. 2).

3.4.5 β-Arrestin Assays

to Identify Islet-Derived

G Protein-Coupled

Receptor Regulatory

Ligands

1. Under aseptic conditions, transfer 10,000 GPCR-specific
β-arrestin cells (provided with the kit) in 100 μL of culture
medium to a 96-well plate using a 100 μL Gilson pipette (see
Note 47).

2. Incubate the cells for 48 h in a tissue culture incubator at 37 �C,
with 5% CO2 infusion and humidified air.

3. Transfer 100 islets to a 15mL Falcon™ centrifuge tube under a
standard binocular microscope.
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4. Adjust the volume to 10 mL with physiological salt solution
supplemented with 2 mM glucose and centrifuge at 200� g for
1 min.

5. Remove the supernatant and add 10 mL of physiological salt
solution supplemented with 2 mM glucose.

6. Preincubate the islets for 1 h in a tissue culture incubator at
37 �C with 5% CO2 infusion.

7. Centrifuge the islets at 200 � g for 1 min, remove the superna-
tant, and replace with 5 mL of physiological salt solution
supplemented with 2 mM glucose.

8. Transfer the islets to a 60 mm Petri dish.

9. Pick groups of 25 islets in 150 μL physiological salt solution
supplemented with 2 mM or 20 mM glucose, containing test
agents of interest at desired concentrations, to 6–8 1.5 mL
Eppendorf tubes using a 200 μL Gilson pipette under a stan-
dard binocular microscope.

10. Incubate the islets in a temperature-controlled water bath at
37 �C for 1 h.

11. Place tubes on ice and centrifuge at 200 � g for 1 min at 4 �C.

Fig. 2 Changes in [Ca2+]i measured using the calcium fluorophore Fura-2AM in
mouse dispersed islets. Dynamic profiles of [Ca2+]i in Fura-2-loaded dispersed
C57BL6/J mouse islets. The horizontal arrows indicate the duration of exposure
to 2 mM and 20 mM glucose and the period of perifusion with the positive
control (100 μM tolbutamide). Data of the 340/380 fluorescence ratios are
expressed as mean-SEM of 28 β-cells
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12. Retrieve 125 μL of supernatant in 0.5 mL Eppendorf tubes and
store at �20 �C (see Note 48).

13. Remove culture medium from GPCR-specific β-arrestin cells
and replace with 100 μL of thawed islet supernatant using a
100 μL Gilson pipette.

14. Incubate GPCR-specific β-arrestin cells with islet supernatant
for 90 min at 37 �C.

15. Add 55 μL of detection reagent to each well (provided with kit)
(see Note 49).

16. Cover the plate and incubate for 1 h at room temperature.

17. Quantify luminescence with a luminometer plate reader on an
unfiltered full-range setting.

3.5 Assessment of

β-Cell Proliferation

3.5.1 BrdU Incorporation

into β-Cells of Isolated

Islets In Vitro

1. Under aseptic conditions, transfer groups of 250 islets in com-
plete RPMI-1640medium (2% FBS) to 60 mm Petri dishes in a
volume of 5 mL under a standard binocular microscope.

2. Supplement the culture medium with 1 mg/mL BrdU and test
agents of interest (see Note 50).

3. Incubate the islets for 5 days in a tissue culture incubator at
37 �C with 5% CO2 and humidified air, with changes of BrdU-
supplemented medium every 48 h (see Note 51).

4. Transfer islets into 1.5 mL Eppendorf tubes and add 1 mL 4%
paraformaldehyde for 2 h.

5. Centrifuge at 135 � g for 2 min, discard paraformaldehyde,
and add 1 mL phosphate-buffered saline.

6. Centrifuge at 135 � g for 2 min, discard phosphate-buffered
saline, and add 1 mL 70% ethanol.

7. Replace 70% ethanol with 1 mL 80% ethanol, and add three
drops of 0.75% eosin in 70% ethanol (see Note 52).

8. Incubate for 5 min and then replace 80% ethanol with 1 mL
95% ethanol.

9. Incubate for 5 min and then replace 95% ethanol with 1 mL
100% ethanol.

10. Incubate for 5 min and then replace 100% ethanol with 1 mL
xylene (see Note 53).

11. Incubate for 3 min and then remove all of the xylene (see
Note 54).

12. Carefully fill the Eppendorf tube to the top with paraffin wax
heated to 60 �C.

13. Leave the Eppendorf tube in the gravity oven at 60 �C for 4 h
(see Note 55).

14. Store the wax-embedded islets in Eppendorf tubes at �20 �C.
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15. Retrieve the Eppendorf tubes containing islets and place a
corkscrew reamer in the wax.

16. Run cold water over the tube exterior for 2 min and then place
the tube in boiling water for 3 s.

17. Carefully pull out the paraffin plug and screw out the
corkscrew.

18. Heat a scalpel blade and cut away the paraffin tip containing
islets.

19. Heat the scalpel blade again and place it between the stainless-
steel base mold and the paraffin tip and remove the scalpel
blade. Melt around the joint. Add more melted paraffin from
the paraffin-embedding station.

20. Mark a tissue processing/embedding cassette with a pencil.

21. Place the tissue processing/embedding cassette over the
immersed islets in paraffin and add more melted paraffin to
the cassette.

22. Leave the steel base mold with the cassette in the paraffin-
embedding station until the paraffin has fully solidified.

23. Store the paraffin blocks at �20 �C overnight.

24. Cool the paraffin-embedded tissue blocks on ice before sec-
tioning (see Note 56).

25. Place the blade in the microtome blade holder, ensure it is
secure, and determine the clearance angle (see Note 57).

26. Insert the paraffin block and orientate so that the blade will cut
straight across the block.

27. Cut a few thin sections to ensure the positioning is correct.
Adjust if necessary.

28. Cut three to four sections at a thickness of 5 μm.

29. Use a small paintbrush to pick up the ribbons of sections and
leave them on the surface of the water in a water bath at 45 �C
until they flatten out.

30. Pick the sections out of the water bath using microscope slides.

31. Check the sections under a light microscope to examine islet
integrity.

32. Store the microscope slides upright in a slide rack.

33. Place the slide rack into an oven and allow the sections to dry
overnight at 37 �C.

3.5.2 BrdU Incorporation

into β-Cells In Vivo

1. Provide mice with 1 mg/mL BrdU in drinking water ad libi-
tum for up to 2 weeks using rodent water bottles covered with
aluminum foil or black tape (see Note 58).
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2. Weigh the mice to determine the volumes of specific concen-
trations of test agents of interest or vehicle to be delivered and
load the appropriate volume into 1 mL syringes.

3. Deliver the agents of interest to the mice by intraperitoneal
injections every 2 days for 2 weeks or according to the protocol
requirements (see Note 59).

4. Euthanize the mice, retrieve the pancreases, and fix them in 4%
paraformaldehyde for a minimum of 48 h at room temperature.

5. Transfer the pancreases into 8 mL 70% ethanol for storage at
4 �C in a 15 mL Falcon™ centrifuge tube.

6. Place the pancreases into embedding cassettes using forceps
and label them with a pencil.

7. Place the embedding cassettes into an automated tissue proces-
sor using a standard program of 20 h (2 h in 70% ethanol, 2 h in
90% ethanol, 3 � 2 h in 100% ethanol, 2 h in 1:1 ethanol:
xylene, 2 � 2 h in xylene, 2 � 2 h in paraffin wax).

8. Embed the tissues in paraffin blocks.

9. Select a mold that best corresponds to the size of the pancreas
and discard the cassette lid.

10. Put a small amount of melted paraffin in the mold using the
paraffin-embedding station.

11. Transfer the pancreas into the mold using warm forceps, plac-
ing the cut side down, as it was placed in the cassette.

12. Transfer the mold to a cold plate, and gently press the pancreas
flat. Paraffin will solidify in a thin layer that holds the tissue in
position.

13. Add the labeled tissue cassette on top of the mold as a backing.
Press firmly.

14. Hot paraffin is added to the mold from the paraffin-embedding
station. Make sure there is enough paraffin to cover the face of
the plastic cassette. Paraffin should solidify in 30 min. When
the paraffin is completely cooled and compacted, the paraffin
block can be easily removed from the mold.

15. Repeat steps 24–33 of Subheading 3.5.1.

3.5.3 Fluorescence BrdU

and Insulin Co-staining

1. Place the slides containing islet or pancreas sections on a hot
plate until the wax has melted.

2. Quickly place the slides into a rack before the wax resolidifies,
and wash sections in xylene for 2 � 5 min to remove the wax.

3. Rehydrate the sections in a series of ethanol washes: 2 min in
100% ethanol, 2 min in 95% ethanol, 2 min in 75% ethanol.

4. Wash sections in running tap water for 10 min.
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5. While the sections are washing in tap water, warm the 2 N HCl
and trypsin-EDTA solution in a 37 �C water bath.

6. Wash the sections in 1� TBS for 5 min.

7. Transfer the slides from the rack to a humidifying chamber
hybridization oven that contains water at the bottom.

8. Draw around the sections carefully with a wax pen.

9. Pipette a drop of 2 N HCl onto each section, making sure that
the tissue is covered.

10. Transfer the slides in the humidifying chamber into an oven at
37 �C and incubate for 20 min.

11. Place the slides back in the rack and wash in distilled water for
5 min.

12. Wash the sections in 1� TBS for 5 min.

13. Put the slides back in the humidifying chamber and pipette
50–100 μL of the pre-warmed trypsin-EDTA solution onto
each section (see Note 60).

14. Incubate the slides with trypsin for 15 min at 37 �C in the
humidifying chamber.

15. Place the slides back in the rack and wash 3� 5 min in 1� TBS.

16. Transfer the slides to the humidifying chamber and add a drop
of blocking buffer to each section to minimize nonspecific
binding of antibodies.

17. Leave for 15 min at room temperature, during which time the
appropriate dilutions of primary antibodies should be prepared
in blocking buffer.

18. Tap the slides on a piece of tissue paper to remove the blocking
buffer.

19. Add 50–100 μL of a mixture of monoclonal mouse anti-BrdU
antibody (1:100) and polyclonal guinea pig anti-insulin anti-
body (1:150) and incubate slides for 3 h in the humidifying
chamber in the oven at 37 �C (see Note 61).

20. Wash 3� 5 min in 1� TBS, during which time the appropriate
dilutions of secondary antibodies should be prepared in block-
ing buffer (see Note 62).

21. Add 50–100 μL of a mixture of FITC anti-mouse (1:50; green
fluorescence) and Alexa 594 anti-guinea pig (1:50; red fluores-
cence) and incubate slides for 1 h at room temperature in the
dark (see Notes 63 and 64).

22. Wash 3 � 5 min in 1� TBS.

23. Place coverslips on a piece of blue roll and add two to three
drops of fluorescent mounting medium onto each coverslip.
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Lower the slides down onto the coverslips so that the sections
are covered by the coverslip.

24. Visualize the insulin and BrdU co-staining using a fluorescence
microscope (see Fig. 3).

4 Notes

1. The equipment described for the methods (centrifuges, micro-
scopes, plate readers, etc.) may be replaced by other suitable
apparatus.

2. It is advisable to include an extra volume of collagenase solu-
tion in case injections are unsuccessful and the pancreas must
be distended outside of the body cavity.

3. Keep the collagenase solution on ice from this point onward.
This will allow maintenance of uniform conditions while iso-
lating islets from multiple mice.

4. The choice of hypodermic needle size will depend on the
mouse strain or size: C57BL6/J and small ICR mice may
require a 30-gauge needle, while medium and large ICR mice
and ob/ob mice usually require a 27-gauge needle. However, a
25-gauge needle can be used if the duct is large as a tight fit
allows better distention. The needle should be bent to 90� to
facilitate entry into the bile duct.

Fig. 3 Representative images of double immunofluorescence for insulin and BrdU of paraffin-embedded
sections. (a) Islets from C57BL6/J mice after 5 days of exposure to 1 mg/mL BrdU in vitro in the presence of
vehicle (left) or 20 nM of the GLP-1 analogue exendin-4 (right). (b) Pancreas from an ob/ob mouse that was
administered 1 mg/mL BrdU for 2 weeks
Antibodies in all panels were directed against insulin (red cytoplasm) and BrdU (green nuclei). Scale bar:
50 μm
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5. This position allows for easy cannulation into the common bile
duct from the rostral end closest to the liver at the junction of
the cystic and hepatic ducts.

6. Care should be taken when clamping and inserting the needle
into the duct to minimize unwanted perforation or destruc-
tion, and the collagenase solution should be injected slowly.

7. It is very important to avoid intestinal rupture to minimize risk
of contamination by intestinal bacteria.

8. It is possible to fit two to three pancreases in one 50 mL
conical tube.

9. A few drops of collagenase solution should be injected into as
many of the lobes of the pancreas as possible.

10. Different batches of collagenase have different proteolytic
activities, so each batch should be tested prior to use for
isolation of islets from multiple pancreases, and incubation
time should be adjusted accordingly.

11. This will allow removal of fat, large pieces of exocrine tissue
and undigested pancreas.

12. It is important to remove all medium so the Histopaque is not
diluted.

13. This will result in accumulation of the islets at the density
interface and exocrine fragments will be centrifuged into the
pellet.

14. Tomaximize islet yield, the Histopaque at the interface and the
waste washes can be viewed under a light microscope and any
residual islets can be collected.

15. From this stage onward, procedures should be carried out
under aseptic conditions in a tissue culture hood to minimize
islet contamination.

16. The islets appear as solid white spheres under a light micro-
scope and are readily distinguishable from any grayish contam-
inating acinar cells.

17. Islets are maintained in culture in uncharged Petri dishes to
minimize cell adhesion.

18. Islets are most often used experimentally soon after isolation,
but they may be maintained in culture for extended periods for
assessment of effects of experimental agents on gene expression
or viability.

19. It is useful to use a microscope to ensure that islets are not lost
during medium removal and islet washing steps.

20. The ATP standards may be prepared in advance and stored
frozen for use in multiple assays.
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21. MTT may be replaced by MTS, which has the advantage of
producing a colored formazan product that is soluble in culture
media, removing the requirement of repeated pipetting to
solubilize the formazan crystals obtained with MTT.

22. Exendin-4, a glucagon-like peptide-1 receptor agonist, can be
used as positive control since it protects islets from apoptosis
induced by cytokines [15] and palmitate [16].

23. HCl is used to disrupt islets if insulin, glucagon, and somato-
statin contents are to be quantified in the same samples. If
measurements are to be made of insulin content alone, then
acidified ethanol (ethanol:water:HCl, 52:17:1) rather than
HCl/NaH2PO4 can be used to solubilize the islet cells, and
extracts must be diluted at least 1/500 for immunoassay.

24. Any suitable method may be used to release the hormones
from secretory granules.

25. The required dilutions of islet extracts can be estimated from
mouse islet contents of approximately 80 ng insulin, 20 ng
glucagon, and 5 ng somatostatin. In this way, the diluted
samples should fall on the appropriate hormone assay standard
curve.

26. Ionizing radiation local rules should be followed for handling
radioactivity and disposing of radioactive waste.

27. Islet hormones may also be quantified by enzyme-linked
immunosorbent assays (ELISAs) or homogeneous time-
resolved fluorescence (HTRF) assays.

28. Assays that are sensitive over different standard curve ranges
may also be used.

29. The antibody dilutions used for the assays will depend on the
titer of the antibodies being used.

30. Binding of hormones to antibodies can be accelerated by incu-
bation at room temperature, but this may reduce sensitivity of
the assays.

31. Islets may be preincubated in a water bath at 37 �C.

32. Islet hormone secretion may be quantified immediately with-
out freezing the samples beforehand.

33. Forty islets are sufficient for dynamic quantification of insulin
secretion, but 150 islets should be used for profiling somato-
statin secretion. The perifusion flow rate can be reduced if a
low-abundance hormone is being quantified and/or if islets are
rate-limiting.

34. The presence of bubbles in the closed perifusion system may
cause shear stress on the islets, which can induce unregulated
hormone release.
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35. Islet metabolism and hormone secretion are temperature-
sensitive, so perifusion experiments should take place in a
cabinet or room maintained at 37 �C.

36. The Cisbio cAMP HiRange assay is described here, but other
assays may be used for quantification of islet cAMP levels.

37. The following settings should be used: delay time ¼ 100 μs,
integration time ¼ 100 μs, number of flashes ¼ 50.

38. This removes a thin film of grease or dust that may be present
on the surface of the coverslips. A clean coverslip allows cells to
adhere.

39. The dry, acid-washed coverslips should be kept in a clean
airtight container until use.

40. To increase cell adherence, coverslips may be coated with poly-
D-lysine or Cell-Tak solutions before seeding the cells.

41. During the incubation period, Fura-2AM enters the cells
where it is cleaved by cellular esterases to the active, imper-
meant polycarboxylate form of the dye.

42. Glucose metabolism by islet β-cells is temperature-dependent.
The heating chamber should be maintained at 37 �C.

43. 100 μM ATP and 50 μM tolbutamide may be used as positive
controls, to stimulate Ca2+ mobilization and Ca2+ influx,
respectively.

44. A flywheel or rotary chopper to rapidly alternate between the
two excitation wavelengths and wavelength-specific filters are
required.

45. When bound to Ca2+, Fura-2 changes its emission character-
istics at 340 nm and 380 nm excitation wavelengths, allowing
measurements of Ca2+-free and Ca2+-bound forms of the dye
to be made. Expressing the level of [Ca2+]i as a ratio of emitted
florescence at these excitation wavelengths circumvents
changes in fluorescence that may occur independently of
changes in Ca2+.

46. Other suitable software packages may be used.

47. These cell lines are genetically manipulated to only generate a
reporter signal when the recombinantly expressed GPCR of
interest is activated by its cognate ligand.

48. For labile ligands, the supernatant should be added to the
β-arrestin cells immediately to preclude loss of secreted
products.

49. Activation of the GPCR by a secreted ligand stimulates binding
of β-arrestin to the receptor leading to activation of
β-galactosidase, which cleaves a luminescent substrate.
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50. Exendin-4 may be employed as a positive control as it is known
to induce mouse β-cell proliferation [17–19].

51. BrdU is light-sensitive and must be replaced regularly to main-
tain its concentration.

52. Eosin is a negatively charged acidic dye that stains basic struc-
tures red, so the islets become visible in the pellet.

53. Xylene is a volatile irritant, so should be used in a vented
fume hood.

54. Remove as much xylene as possible since this agent can make
the islets brittle.

55. The islets will sink to the bottom of the Eppendorf tube so that
they accumulate in the paraffin tip. The sedimentation time
may be increased from 4 h to overnight, but longer is not
recommended.

56. Cold wax allows thinner sections to be obtained by providing
support for harder elements within the tissue specimen. The
small amount of moisture that penetrates the block from the
melting ice will also make the tissue easier to cut.

57. The clearance angle prevents contact between the knife facet
and the face of the block. Follow the microtome manufac-
turer’s instructions for guidance on setting the clearance
angle. For Leica blades, this is normally between 1� and 5�.

58. This solution should be protected from light and should be
refreshed at least every 2 days. BrdU can be toxic, so mice
should be closely monitored for signs of toxicity if they receive
BrdU for more than 2 weeks.

59. Reduce the risk of injection site infection by using a new needle
for each mouse and minimize discomfort by injecting fluid that
is at body temperature. If repeated injections are required,
consider alternatives such as the use of minipumps.

60. Trypsin breaks protein cross-links that form following tissue
fixation, so is used as an antigen retrieval step to reveal epitopes
to the primary antibodies.

61. Primary antibodies can be mixed if they recognize different
antigens and are raised in different species. The volume of the
antibody cocktail added depends on the size of the tissue
section.

62. Fluorescent secondary antibodies are light-sensitive, so mini-
mize their exposure to the light.

63. All subsequent steps should avoid exposure to light where
possible.

64. Similar to primary antibodies, secondary antibodies can also be
mixed and applied as a cocktail.
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Chapter 18

Assessing Immune Responses in the Nonobese Diabetic
Mouse Model of Type 1 Diabetes

Terri C. Thayer, Dimitri Kakabadse, Joanne Boldison,
and F. Susan Wong

Abstract

Type 1 diabetes is an autoimmune disease resulting in the loss of insulin production and, consequently,
hyperglycemia. The nonobese diabetic (NOD) mouse develops spontaneous diabetes with considerable
similarity to the disease in humans. Immunological studies using the NOD mouse model allow for the
investigation of the natural history of the disease and leukocyte and lymphocyte pathogenic and regulatory
functions, as well as testing potential therapies for intervention. The analyses of the cellular events leading
up to diabetes may utilize different in vitro cellular assays, immunohistochemistry, and in vivo adoptive
transfer, to study mechanisms of the disease and the effects of therapeutic intervention. In this chapter, we
describe some common techniques for phenotyping and mechanistic analyses of function, particularly of
CD8+ T cells.

Key words Type 1 diabetes, Autoimmune, Nonobese diabetic mouse, T cells, Flow cytometry,
Immunohistochemistry, Autoantigens

1 Introduction

Type 1 diabetes (T1D) is a result of the targeted attack and destruc-
tion of the pancreatic beta cells. Leukocytic infiltration of islets
contains macrophages, dendritic cells (DCs), T cell subsets, and B
cells, all contributing to the autoimmune process in varying capa-
cities (reviewed in refs. 1–4). Macrophages and DCs drive early
inflammatory responses and provide antigen-specific activation of
lymphocytes. T cells that respond to islet autoantigens are impli-
cated as the final effectors mediating beta cell death. CD4+ T cells
produce pro-inflammatory cytokines, including IFN-γ, and are
important for the recruitment of CD8+ T cells and B cells. CD8+
T cells contribute directly to beta cell killing via cytotoxic mechan-
isms, and B cells serve as antigen-presenting cells, as well as produ-
cers of autoantibodies. Many factors that include surface marker
expression, signaling cascades, and cytokine synthesis contribute to
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the complex interaction of leukocytes and combine to direct the
immune response to promote tolerance or induce pathogenicity.
The nonobese diabetic (NOD) mouse has been an invaluable tool
in defining autoimmune processes. The main genetic susceptibility
factor, the major histocompatibility complex (MHC) class II gene
(IAg7), has features very similar to the most important genetic
susceptibility factor in humans (HLA-DQ8). The mice are highly
susceptible to the environment, and immune processes are very
important in the development of autoimmune diabetes. The mice
may be used for studying ways to intervene in the disease process.

2 Materials

2.1 Cell Phenotyping

2.1.1 In Vitro Flow

Cytometry Methods

for Assessing Leukocyte

Phenotype and Function

1. Cells (which can be isolated from various sources, ranging from
blood, thymus, and spleen to tissue-specific locations including
draining lymph nodes and islets).

2. Petri dishes, sterile.

3. 30 g needles.

4. Glass tissue homogenizer.

5. 1 mL syringe with 27 g needle.

6. Medium: RPMI with 5% FBS, 2 mM L-glutamine, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 50 μM β-2-
mercaptoethanol.

7. Deionized water.

8. Phosphate-buffered saline (10�).

9. Phosphate-buffered saline (1�).

10. Buffer for blood samples: 1� PBS with 0.5% BSA, 4 mM
EDTA, 2% sodium azide.

11. Lysis buffer.

12. Foxp3/Transcription Factor Staining Buffer.

13. Antibodies (see Tables 1 and 2 for routine markers for T cell
subsets and Table 3 for B cell identification) (reviewed in
ref. 5).

14. FACS buffer, 1� PBS with 0.5% BSA, stored at 4 �C.

15. FACS tubes.

2.1.2 Labeling Cells

with MHC Class I Tetramers

[6]

1. Cells can be isolated from various sources, ranging from the
blood, thymus, and spleen to tissue-specific locations including
draining lymph nodes and islets (see Note 1).

2. 15 mL non-sterile tubes for tissue collection.

3. Glass tissue homogenizer.

4. Phosphate-buffered saline (PBS) 1�, sterile.
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Table 1
Identifying T cell subsets

Classification Surface markers
Cytokines/
chemokines

Transcription
factors

Regulatory T cells CD4+ CD25+ CD127+
CTLA4

TGF-β, IL10, IL12 FoxP3, STAT5

Cytotoxic T lymphocytes
(CTLs)

CD8+ CD107a IFN-γ, TNF-α, EOMES, T-bet

T-helper 1 CD4+ CXCR3, IFN-γ, IL2, IL12,
IL18,

STAT4, STAT1

T-helper 2 CD4+ CCR4 IL2, IL4 GATA3

Table 2
T cell activation status

Naı̈ve CD44� CD62L+

Central memory CD44+ CD62L+

Effector memory CD44+ CD62L�
Tissue-resident memory CD69+ CD103+

Anergic PD-1+, CD7+, CD28lo

Table 3
Identifying B cell subsets

Surface markers
Intracellular
factors Location

Activated B cells CD19 CD86 CD80, MHC I, MHC II,
CD40, PD-1

IL-6 Peripheral tissues

Regulatory B
cells

CD5 + CD1dhi CD38hi CD24hi IL-10, TGF-β Marginal zone,
transitional zone

Marginal zone CD19+ CD21hi CD23lo Spleen

Follicular zone CD19 CD21lo CD23hi Spleen

Transitional B
cells

CD19 CD21hi CD23hi Spleen

B1 cells CD5 CD11b PD-L2 Peritoneum and pleural
cavity

Immature naive
B cell

IgM+ IgD+ Bone marrow

Mature naive B
cell

IgM+ Peripheral lymphoid
organs

Plasma cells CD138+ MHC II- IgD- CD19- Blimp1 Bone marrow

Memory B cells CD73 PD-L2 Peripheral tissues



5. PBS, 10�.

6. Deionized water.

7. Wash buffer: 1� PBS with 2% FBS.

8. 10 mg dasatinib diluted in DMSO to 1 mM (see Note 2).

9. Fc block.

10. MHC class I peptide tetramers.

11. Viability dye.

12. FACS tubes.

2.1.3 T Lymphocyte

Proliferation

1. Vybrant® CFDA SE Cell Tracer Kit or other suitable dyes (see
Note 3).

2. Phosphate-buffered saline (1�).

3. Medium: RPMI with 5% FBS.

4. Splenocytes, whole lymphocyte populations, or T lymphocytes
isolated via magnetic separation.

2.1.4 In Vitro Assessment

of CD8+ T Cell Cytotoxicity

1. Medium: RPMI with 5% FBS, 2 mM L-glutamine, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 50 μM β-2-
mercaptoethanol.

2. PKH-26 labeling kit or other suitable cell-labeling kits.

3. Serum-free medium, stored at 4 �C.

4. Fetal bovine serum, stored at �20 �C.

5. Insulin B chain15–23 peptide (or other known autoantigenic
peptides), stored at �20 �C.

6. CD8a Microbeads with suitable magnetic columns.

7. TOPRO-3 or other suitable viability dyes.

8. Permeabilization buffer, stored at 4 �C.

2.2 In Vivo Adoptive

Transfer of Cells

for Diabetes Induction

1. Splenocyte/lymphocyte source: NOD prediabetic or diabetic
donor mice.

2. NOD-Scid 5–6-week-old female recipient mice.

3. Phosphate-buffered saline (1�), sterile.

4. Deionized water.

5. Phosphate-buffered saline (10�).

6. Saline, sterile.

7. Mouse restrainer.

8. 1 mL syringe and 27 g needle.
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2.3 Immuno-

histochemistry

2.3.1 Preparation

of Frozen Tissue

for Sectioning and Staining

1. Tissues may include the spleen, pancreas, thymus, salivary
gland, and lymph nodes.

2. 0.1 M Phosphate buffer, pH 7.6: Combine monobasic sodium
phosphate (NaH2PO4) and dibasic sodium phosphate
(Na2HPO4) to adjust pH accordingly (see Note 4).

3. Paraformaldehyde-lysine-periodate (PLP) fixative: 0.1M phos-
phate buffer with 1% paraformaldehyde, 75 mM lysine. Just
before use, add sodium m-periodate at 10 mM (see Note 5).

4. Sucrose 10% and 20% solutions made in 0.1 M phosphate
buffer.

5. OCT compound.

6. Isopentane (2-methyl-butane).

7. Dry ice.

8. Molds for embedding.

2.3.2 Sectioning

of Frozen Blocks

1. Microscope slides, SuperFrost Plus 25 � 75 � 1 mm.

2. Blades, MB35 Premier microtome blade 34�/80 mm.

3. OCT embedding matrix.

2.3.3 Staining Using

a Biotinylated Antibody

for Frozen Sections

1. 0.1 M Tris buffer, 0.9% NaCl (TBS), pH 7.4.

2. Wash buffer: TBS with 0.01% Triton X-100 (TX100).

3. 0.1 M Tris buffer, pH 8.2–8.5.

4. Serum for blocking, either using the same species in which the
antibodies were generated or BSA.

5. Antigen-specific antibodies or cell type-specific antibodies.

6. Secondary antibodies, if needed.

7. Avidin/biotin kit.

8. Streptavidin-alkaline phosphatase kit.

9. Vector Red.

10. Levamisole solution.

11. 0.01% Triton X-100 (TX100).

12. Hematoxylin.

13. Hydromount.

14. Moisture chamber: large dish with grid to hold up slides and lid
covered in aluminum foil.

15. PAP pen.

16. Glass coverslip.
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2.3.4 Preparation

of Formalin-Fixed

Paraffin-Embedded Tissue

for Immunohistochemistry

1. Tissues may include the spleen, pancreas, thymus, salivary
gland, and lymph nodes.

2. 10% formalin buffer solution

3. Phosphate-buffered saline (PBS), 1�.

4. Histology cassettes.

5. Ethanol, 70%, 95%, and 100%.

6. Xylene.

7. Paraffin.

2.3.5 Sectioning

of Paraffin-Embedded

Tissue

1. Microscope slides, SuperFrost Plus 25 � 75 � 1 mm.

2. Blades, MB35 Premier microtome blade 34�/80 mm.

3. Water bath, 35–40 �C.

4. Oven, 65 �C.

2.3.6 Staining

of Paraffin-Embedded

Tissues

1. Ethanol, 100%, 95%, 70%, and 50%.

2. Deionized water.

3. 0.1 M Tris buffer, 0.9% NaCl (TBS), pH 7.4.

4. Wash buffer: TBS with 0.01% Triton X-100 (TX100).

5. 0.1 M Tris buffer, pH 8.2–8.5.

6. Serum for blocking, either using the same species in which the
antibodies were generated or BSA.

7. Antigen-specific antibodies or cell type-specific antibodies.

8. Secondary antibodies, if needed.

9. Avidin/biotin kit.

10. Streptavidin-alkaline phosphatase kit.

11. Vector Red.

12. Hematoxylin.

13. Hydromount.

14. Moisture chamber: large dish with grid to hold up slides and lid
covered in foil.

15. PAP pen.

16. Glass coverslip.

3 Methods

3.1 Cell Phenotyping Phenotyping lymphocytes is an important step in describing and
understanding an immune response. It is common now to evaluate
>15 surface and intracellular markers, at a time with the advance-
ment of lasers, detectors, and fluorophores, using flow cytometry.
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3.1.1 In Vitro Flow

Cytometry Methods

for Assessing Leukocyte

Phenotype and Function

1. Remove desired tissues from the mouse after culling by
approved methods.

(a) For lymph nodes: Place in a petri dish with 1 mL of
medium. Tease apart lymph nodes using a 30 g needle
to release lymphocytes. Transfer cell suspension to a
15 mL tube containing 5 mL of medium, rinsing the
petri dish to collect all cells.

(b) For the spleen or thymus: Collect tissue in a 15 mL tube
containing 5 mL of medium. Homogenize tissue with the
glass homogenizer. Lyse red blood cells from the spleen
by resuspending cell pellet in 900 μL of deionized water,
followed by the quick addition of 100 μL of 10� PBS.

(c) For peripheral blood: With a 1 mL needle and 27 g nee-
dle, perform cardiac puncture to collect blood sample.
Transfer to a FACS tube with buffer for blood samples
to prevent clotting.

(d) For cultured cells in vitro: Collect cells from the tissue
culture plate, and transfer to a FACS tube.

2. Pellet cells by centrifugation at 300 � g for 5 min, at room
temperature.

3. Resuspend in 1� PBS in a suitable volume for counting.

(a) Lymph nodes: 5 mL, 1:2 dilution with trypan blue.

(b) Spleen and thymus: 10 mL, 1:40 dilution with
trypan blue.

4. Centrifuge cells again.

5. Place sample, 1� 106 cells from the spleen, thymus, and lymph
nodes or whole sample of peripheral blood or cultured cells in a
FACS tube with desired antibodies for surface expression
(Tables 1–3).

6. Label for 30 min, aluminum foil covered to protect from the
light, at 4 �C.

7. For blood samples only:

(a) Add 1 mL diluted lysis buffer, and mix well.

(b) Incubate for 10 min, at room temperature and protected
from the light.

8. Wash with 1 mL FACS buffer, centrifuge, decant buffer, and
resuspend cell pellet in minimal residual FACS buffer.

9. For intracellular staining: Foxp3/Transcription Factor Staining
Buffer. Follow manufacturer’s protocol for nuclear staining.

10. Wash with 1 mL FACS buffer, centrifuge, decant buffer, and
resuspend cell pellet in minimal residual FACS buffer.

11. Resuspend in 200 μL FACS buffer.

12. Collect and analyze on a flow cytometer.
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3.1.2 Labeling Cells

with MHC Class I Tetramers

[6]

1. Precool centrifuge to 4 �C.

2. Collect the spleen/thymus in a 15 mL tube containing 5 mL
wash buffer. For lymph nodes, dissect them and transfer them
into a petri dish containing 1 mL wash buffer. Use a 30 g
needle to tease open the lymph nodes, and then transfer the
cell suspension into a non-sterile FACs tube containing 3 mL
PBS on ice.

3. Homogenize the spleen/thymus in PBS using glass tissue
homogenizer.

4. Pellet cells (400 � g, 5 min, 4 �C).

5. Pour off supernatant into a waste beaker and resuspend pellet
in remaining liquid.

6. For spleen cells only: Add 900 μL dH2O, immediately fol-
lowed by 100 μL 10� PBS (to lyse red blood cells). For
thymus/lymph nodes: Resuspend cells in 10 mL (thymus)
or 1 mL (lymph nodes) of wash buffer and proceed to step 10.

7. Top up with 9 mL 1� PBS.

8. Pellet cells (400 � g, 5 min, 4 �C).

9. Pour off supernatant and resuspend cell pellet in 10 mL wash
buffer.

10. Count cells.

11. Aliquot cells at 0.5–1.0 � 106 cells per sample; top up to 1 mL
with wash buffer.

12. Pellet cells (400 � g, 5 min, 4 �C).

13. While cells are pelleting, defrost 5 μL 1mM aliquot of dasatinib
and dilute 1:10,000 (100 nM) in wash buffer.

14. Pour off supernatant and remove any additional supernatant
using a pipette.

15. Resuspend cell pellet in 50 μL wash buffer followed by 50 μL
100 nM dasatinib solution (made in step 13) to give the final
concentration: 50 nM. Dasatinib is a protein kinase inhibitor,
so it will prevent the T cell receptor from being recycled from
the cell surface upon tetramer binding.

16. Incubate at 37 �C, 5% CO2 for 30 min.

17. While cells are incubating, change temperature on centrifuge
to room temperature (~22 �C). This prevents any sudden
temperature shock to the cells and improves viability.

18. Post-incubation, pellet cells (400 � g, 5 min, 22 �C) and
discard the supernatant.

19. Resuspend cells in 25 μL wash buffer containing 2 μL Fc block
and incubate at room temperature for 5 min.
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20. Add 100 μL wash buffer and pellet cells (400 � g, 5 min,
22 �C) and discard the supernatant.

21. Resuspend cell pellet in 100 μL wash buffer containing
tetramer-BV421 (usually at 1 μg per sample; see Note 6).

22. Incubate at 37 �C, 5% CO2 for 15 min.

23. Wash cells with 1 mL wash buffer and pellet (400 � g, 5 min,
22 �C), and discard supernatant.

24. Resuspend pellet in 100 μL wash buffer containing antibodies
for surface staining at optimal concentrations (e.g., CD8,
CD4, CD19, CD11b) and viability dye (see Note 7).

25. Incubate at 4 �C for 30 min.

26. While cells are incubating, change centrifuge back to 4 �C.

27. Wash cells with 1 mL wash buffer and pellet (400 � g, 5 min,
4 �C), and discard the supernatant.

28. Resuspend pellet in 100 μL wash buffer.

29. Store samples in the dark at 4 �C until ready to analyze on a
flow cytometer (see Note 8).

30. Ensure that relevant controls are used (see Notes 9–11).

3.1.3 T Lymphocyte

Proliferation

Cytoplasmic cell tracers are a convenient and reliable way to track
cells in vivo and assess cell proliferation via flow cytometry [7].

1. Prepare a 10 mM CFDA SE stock solution immediately prior
to use by dissolving the contents of one vial (component A) in
90 μL of the high-quality DMSO provided (component B).
Aliquot this in 5 μL aliquots and store at�20 �C for future use.

2. Dilute the stock solution in phosphate-buffered saline (PBS) or
other suitable buffers to the desired working concentration
(0.5–25 μM); see Note 12.

(a) Splenocytes for in vivo transfer: 2 μM
(b) Lymphocytes for in vitro culture: 0.5 μM

3. Centrifuge at 300 � g for 5 min to obtain a cell pellet and
aspirate the supernatant.

4. Resuspend the cells gently in pre-warmed (37 �C) PBS contain-
ing the probe.

(a) Splenocytes for in vivo transfer: 5e6/mL

(b) Lymphocytes for in vitro culture: 1e6/mL

5. Incubate the cells for 15 min at 37 �C.

6. Re-pellet the cells by centrifugation and resuspend in fresh
pre-warmed medium. Incubate the cells for another 30 min
to ensure complete modification of the probe and then wash
the cells again.
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7. Labeled cells can be used for in vivo or in vitro analysis.

(a) Splenocytes for in vivo transfer: analyzed 2, 3, 4, and
5 days post-transfer

(b) Lymphocytes for in vitro culture: assay duration of 4 days

8. Proliferation analysis can be combined with phenotyping by
using the above protocol in Subheading 3.1.1.

9. The approximate excitation and emission peaks of this product
after hydrolysis are 492 nm and 517 nm, respectively.

10. Each round of proliferation reduces the fluorescence intensity
of the dye (Fig. 1). Proliferation generations can be analyzed
using appropriate software, for example, FlowJo.

3.1.4 In Vitro Assessment

of CD8+ T Cell Cytotoxicity

The primary function of CD8+ T cells is the elimination of infected
or cancerous cells via cytotoxic factors. The gold standard of mea-
suring cytotoxicity has previously been 51chromium release assays.
However, this comes with the potential risks and precautions
needed for handling radioactive material. A flow-based method is
favored because it eliminates the need for radioactive isotopes and
provides the opportunity to combine cytotoxicity measures with
other flow cytometric-based readouts, such as proliferation and
expression of activation markers [8]. P815, a mastocytoma cell
line, is a suitable target for cytotoxicity as these cells express the
NOD MHC class I Kd haplotype.

1. P815 target cells are grown following standard sterile tissue
culture guidelines.
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2. Day 0: Split cells (see Note 13).

(a) Culture cells overnight in medium at 37 �C, 5% CO2.

3. Day 1: Prepare P815 target cells.

(a) Prepare cells in serum-free medium to prevent interfer-
ence with PKH labeling.

(b) Collect cells from the flask using a cell scraper, transfer-
ring to a 50 mL conical tube, and centrifuge at 300 � g
for 5 min.

(c) Decant, resuspend in 5 mL serum-free medium, and
count cells.

(d) Wash 1 � 106 cells in 10 mL serum-free medium, and
centrifuge again.

(e) Volumes below are for labeling 1 � 106 cells; scale up as
needed.

(f) Save unlabeled cells for compensation controls.

(g) Dilute dye by adding 1 μL PKH-26 dye to 250 μL diluent
C in a sterile microfuge tube, protected from light.

(h) Resuspend cells in 250 μL diluent C of the PKH-26
labeling kit.

(i) Mix diluted dye with cells; incubate for 90 s at room
temperature, covered in aluminum foil to protect from
light.

(j) Add 500 μL FBS and incubate for 1 min at room temp,
aluminum foil covered, to stop labeling.

(k) Wash cells twice with complete medium (3–5 mL), and
centrifuge 300 � g for 5 min to remove excess dye.

(l) Resuspend in 1 mL medium for counting.

(m) Re-pellet cells if needed and resuspend at 2 � 105 cells/
mL in complete medium.

(n) Take 50 μL of cell suspension, 1 � 104 cells, into flow
tubes (set up all in duplicate or triplicate), keeping cells
covered to protect dye from light for

l Targets alone-negative control

l Targets/peptide alone-negative control

l Targets/peptide alone-positive control (with added
permeabilization buffer, to provide gating control for
dead cells)

l Two to three tubes for each experimental condition of
peptide concentration and effector cell replicates
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4. Day 1: Prepare peptide.

(a) Dilute autoantigenic peptide in complete medium at a
range of concentrations covering five- to tenfold dilutions
(e.g., for insulin B chain 15–23 peptide, the concentra-
tions 20, 4, 0.8, and 0.16 μg/mL are used).

(b) Add 50 μL of peptide or medium to P815 experimental
tubes (for final concentrations, 5, 1, 0.2, and 0.04 μg/mL
and no peptide) in a final volume of 200 μL.

5. Day 1: Isolate and prepare cytotoxic CD8+ T cell effectors
(e.g., we describe insulin-specific CD8+ T cell effectors) [9].

(a) Splenic CD8+ T cells are isolated using CD8a Microbeads
following the manufacturer’s instructions.

(b) Count cells and prepare at 2 � 106 cells/mL in complete
medium.

(c) Take 100 μL of CD8+ T cells (2 � 105 cells for 20:1,
dilute as needed for other ratios) and add to peptide-
loaded P815 targets in flow tubes, ratio E:T of 5:1,
10:1, and 20:1.

(d) Final volume per tube is 200 μL.
(e) Recap tubes loosely to allow air exchange. Incubate

(37 �C, 5% CO2) overnight for 16 h.

6. Day 2: Flow cytometry.

(a) Add a drop of permeabilization buffer to the targets/
peptide alone-positive control tube as a gating control
for dead cells.

(b) Dilute viability dye 1:50, or suitable concentration for dye
used, in medium.

(c) Add 10 μL diluted viability dye to experimental tubes, for
final 1:1000 dilution; mix well.

(d) Set appropriate cytometer settings: for PKH26 emission
567 nm and viability emission 780 nm.

(e) Gate on PKH-26+ P815 population, collecting
3000–5000 events in this gate; assess % viable (780�)
and dead (780+) (Fig. 2).

3.2 In Vivo Adoptive

Transfer of Cells

for Diabetes Induction

Adoptive transfer of cells is a useful technique to determine the
potency of polyclonal diabetogenic cells or oligoclonal/monoclo-
nal T cells, such as those derived from antigen-specific TCR trans-
genic mice. Furthermore, this technique can be used for tracking
antigen-specific cells in vivo. It is also useful for testing cellular
strategies that could potentially delay and/or prevent the onset of
diabetes, in principle. Adoptive transfer is also useful for assessing
in vivo cytotoxicity for antigen-specific T cells that kill their targets
in the context of the NOD MHC class I Kd or Db alleles. The
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following will describe induction of diabetes following adoptive
transfer of splenocytes from a polyclonal NOD mouse.

1. For polyclonal diabetogenic T cells, remove the spleen from the
diabetic mouse after culling by approved methods.

2. Collect tissue in a 15 mL tube containing 5 mL of 1� PBS.

3. Homogenize tissue with glass homogenizer.

4. Lysis of red blood cells from the spleen:

(a) Pellet cells via centrifugation at 300 � g for 5 min.

(b) Resuspend cells in 900 μL of deionized water, followed by
the quick addition of 100 μL of 10� PBS.

5. Wash cells in 10 mL 1� PBS, centrifuge, and decant.

6. Resuspend cells in 10 mL 1� PBS for counting.

7. Wash cells with sterile saline, centrifuge, and decant.

8. Resuspend at 10–20 million cells per 100 μL saline.

9. Inject 100 μL cell suspension in the tail vein of the recipient
mouse (see Note 14).

10. Recipient mice can be monitored regularly by testing urine for
glycosuria, and diabetes is confirmed by testing blood glucose
(see Note 15) to determine onset of type 1 diabetes (see
Note 16).
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3.3 Immuno-

histochemistry

Immunohistochemistry (IHC) is a technique used for morpholog-
ical characterization, which reveals the abundance, distribution,
and localization of biomarkers within the tissue. These techniques
are applicable for basic research, in addition to being indispensable
in clinical tests. Target antigens may be evaluated using specific
antibodies directly conjugated with enzyme or fluorophores or
indirectly using similarly labeled secondary antibodies and reagents.

3.3.1 Preparation

of Frozen Tissue

for Sectioning and Staining

1. Collect pancreatic tissue in a glass bottle containing 3–5 mL
PLP buffer, stored on ice.

2. Incubate overnight at 4 �C. Do not leave for longer than 24 h
as this may result in over-fixing and fractured tissue.

3. Decant PLP buffer and wash with 5 mL 0.1 M phosphate
buffer.

4. Decant and replace with 5 mL 10% sucrose solution.

5. Incubate for a minimum of 30 min at 4 �C.

6. Decant and replace with 20% sucrose solution.

7. Incubate for a minimum of 30 min at 4 �C.

8. Label mold with experimental details.

9. Prepare a bath for freezing the tissue blocks by filling up a tray
with a thin layer of isopentane and some dry ice leaving enough
room for mold to float on isopentane.

10. Store bath on top of dry ice in a polystyrene box, and cover the
box with lid.

11. Carefully remove tissue from the bottle using forceps.

12. Blot tissue on tissue paper to remove excess liquid.

13. Put a layer of OCT in mold, being careful not to overfill
the mold.

14. Remove any air bubbles with fine forceps or P200 tip.

15. Arrange tissue in OCT, surface of interest facing down (e.g.,
for pancreas, vein facing down).

16. Cover tissue with OCT and remove air bubbles.

17. Transfer mold to the isopentane bath without any liquid spill-
ing over the edges of mold.

18. Leave in bath until fully frozen.

19. Store blocks at �80 �C.

3.3.2 Sectioning

of Frozen Blocks

1. Prepare cryostat with the following parameters for pancreatic
tissue:

(a) Chamber temp: �25 �C

(b) Sample temp: �15 to �20 �C

(c) Blade angle: 0�
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2. Lock in the blade and place the block in the cryostat chamber
and allow to acclimatize to the temperature.

3. Mount the block using OCT to sample arm.

4. Section tissue at 5–10 μm thickness, collecting on microscope
slide.

5. Confirm presence of islets from pancreas sections.

6. Label slides with pencil and store at �80 �C (up to 1–2 years)
or �20 �C freezer for the short term (up to 3 months).

3.3.3 Staining Using

a Biotinylated Antibody

for Frozen Sections

1. Defrost slides, and allow to air-dry for 30 min.

2. Circle the tissue section with a PAP pen to create a barrier. All
incubations are performed in the moisture chamber to prevent
slides from drying and to protect from light.

3. Rehydrate in wash buffer (TBS with 0.01% Triton X-100) for
30–40 min.

4. Remove liquid by tipping the slide and dabbing on a paper
towel after each wash.

Block with 10% (or 5% rat + 5% goat) normal serum (same
species as primary antibody) or BSA 1% in wash buffer for
20 min (see Note 17).

5. Rinse with wash buffer.

6. Block with avidin (kit) one to two drops per section for 15 min.

7. Rinse with wash buffer.

8. Block with biotin (kit) one to two drops per section for 15 min.

9. Incubate with wash buffer for 5 min and then 1% H2O2 (see
Note 18).

10. Add primary biotinylated antibody at the appropriate dilution
(determined by serial dilution experiments). Antibodies are
diluted in wash buffer plus 1% normal serum (same species as
primary or BSA). Incubate for 90 min at room temperature or
overnight at 4 �C (see Note 19).

11. Wash three times, 5 min each in wash buffer.

12. Incubate sections with streptavidin-alkaline phosphatase for
30 min. SAP (kit) is diluted 1/500 in wash buffer plus 1%
normal serum or BSA.

13. Wash three times, 5 min each in wash buffer.

14. Vector Red staining (following manufacturer’s instruction):

(a) To 5 mL of the 10 mM Tris–HCl, pH 8.2–8.5:

l Add a drop of levamisole solution, and mix well.

l Add two drops of Reagent 1, and mix well.
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l Add two drops of Reagent 2, and mix well.

l Add two drops of Reagent 3, and mix well.

(b) Apply mixture to the sample and incubate for 20 min.

15. Wash in TBS for 5 min (see Note 20).

16. Rinse in tap water.

17. Counter stain with hematoxylin for 7–15 s or longer if darker
color is desired.

18. Wash with tap water, remove excess liquid, and let dry.

19. Mount coverslip to the slide following directions and let dry
overnight.

20. Sections can be visualized with a light microscope.

21. Islets can be assessed for insulitis severity with the following
scoring system (Fig. 3):

(a) 0 – no insulitis

(b) 1 – peri-insulitis, accumulation around islet perimeter

(c) 2 – <50 of islet infiltrated

(d) 3 – >50 of islet infiltrated

22. Infiltrate composition can be assessed by analysis of CD4,
CD8, B220, and insulin staining.

3.3.4 Formalin Fixation

and Paraffin Embedding

for Immunohistochemistry

The purpose of this step is to preserve the tissues with formalin so
that they remain as biologically similar to when they were removed
as possible.

1. Collect the pancreas into formalin in a glass bottle within 5 min
of harvesting (or other tissues), arranging in a tissue cassette
covered by formalin, ensuring that the tissue cassette has been
prelabeled with a pencil.

2. Incubate overnight to allow for complete fixation of tissue at
4 �C. Do not exceed 24 h.

3. Decant formalin, rinse tissues in cold water for about 5 min,
and place tissues in PBS.

Fig. 3 Leukocytic infiltration of pancreatic islets
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4. Store at 4 �C until ready for processing.

5. Place the tissues, while still in the cassettes, into 70% ethanol
for 20 min (see Note 21).

6. Transfer the tissues into 95% ethanol for 20 min. Repeat incu-
bation in fresh 95% ethanol.

7. Transfer the tissues into 100% ethanol for 20 min. Repeat
incubation in fresh 100% ethanol.

8. “Clear” the tissues by placing the tissues into a xylene bath for
20 min to remove the ethanol; ensure that tissue is placed with
surface of interest facing down (e.g., for pancreas, vein facing
down)

9. Open the cassettes and embed the tissues in molten paraffin for
30 min to replace the xylene in the tissues. Fill the mold with
paraffin to make a “block” (see Note 22).

10. Allow paraffin to cool and harden (see Note 23).

3.3.5 Sectioning

of Paraffin-Embedded

Tissue

The purpose of this step is to make cuts or slices of the block, which
contains the tissue embedded in paraffin, and mount these sections
on glass microscope slides.

1. Warm water bath to 35–40 �C.

2. Place the tissue block in a microtome.

3. Cut the tissue into slices between 4 and 5 μm in thickness.

4. Place the cut slices of tissue onto the surface of the water.

5. Place a glass microscope slide under the floating tissue slice and
lift the slide up to catch the tissue section on the slide.

6. Place the slides in an oven at 65 �C for 10–20 min until the
paraffin starts to melt and the tissue is mounted to the slide.

7. Store samples at room temperature until ready for staining.

3.3.6 Staining

of Paraffin-Embedded

Tissue

1. Immerse the slides in xylene (mixed isomers) two times for
10 min each.

2. Immerse the slides in 100% ethanol two times for 10 min each.

3. Immerse the slides in 95% ethanol for 5 min.

4. Immerse the slides in 70% ethanol for 5 min.

5. Immerse the slides in 50% ethanol for 5 min.

6. Rinse the slides with deionized H2O.

7. Rehydrate the slides with wash buffer for 10 min.

8. Circle the tissue section with a PAP pen to create a barrier. All
incubations are performed in the moisture chamber to prevent
slides from drying and to protect from light.
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9. Block with 10% (or 5% rat + 5% goat) normal serum (same
species as primary antibody) or BSA 1% in wash buffer for
20 min.

10. Rinse with wash buffer.

11. Block with avidin (kit) one to two drops per section for 15 min.

12. Rinse with wash buffer.

13. Block with biotin (kit) one to two drops per section for 15 min.

14. Incubate with wash buffer for 5 min.

15. Add primary biotinylated antibody at the appropriate dilution
(determined by serial dilution experiments). Antibodies are
diluted in wash buffer plus 1% normal serum (same species as
primary or BSA). Incubate for 90 min at room temperature or
overnight at 4 �C.

16. Wash three times, 5 min each in wash buffer.

17. Incubate sections with streptavidin-alkaline phosphatase for
30 min. SAP (kit) is diluted 1/500 in wash buffer plus 1%
normal serum or BSA.

18. Wash three times, 5 min each in wash buffer.

19. Vector Red staining (following manufacturer’s instruction):

(a) To 5 mL of the 10 mM Tris–HCl, pH 8.2–8.5:

l Add a drop of levamisole solution, and mix well.

l Add two drops of Reagent 1, and mix well.

l Add two drops of Reagent 2, and mix well.

l Add two drops of Reagent 3, and mix well.

(b) Apply mixture to the sample and incubate for 20 min.

20. Wash in TBS for 5 min.

21. Rinse in tap water.

22. Counter stain with hematoxylin for 7–15 s or longer if darker
color is desired.

23. Wash with tap water, remove excess liquid, and let dry.

24. Mount coverslip to the slide following directions and let dry
overnight.

25. Sections can be visualized with a light microscope.

26. Islets can be assessed for insulitis severity with the following
scoring system (Fig. 3):

(a) 0 – no insulitis

(b) 1 – peri-insulitis, accumulation around perimeter of the
islet
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(c) 2 – <50 of islet infiltrated

(d) 3 – >50 of islet infiltrated

27. Infiltrate composition can be assessed by analysis of CD4,
CD8, B220, and insulin staining.

4 Notes

1. Where possible, ensure you include a positive control, i.e., a
cell clone or line known to respond to the specific MHC class I
peptide.

2. We store stocks in 1 mL or 5 μL aliquots, stored at �20 �C.
Aliquots should be defrosted only once, and a fresh aliquot is
used for every experiment even in the next day.

3. The CFDA SE dye reacts with amine groups and should not be
used with amine-containing buffers or lysine-coated slides.

4. Can be stored at room temperature.

5. Store at 4 �C for up to 1 week.

6. Initial tetramer titrations should be done to ensure the correct
concentration to use (normal range: 0.25 μg, 0.5 μg, 1 μg,
1.5 μg, 2 μg).

7. Antibody panels should be devised to ensure no spectral over-
lap of any antibody with the tetramer.

8. Tetramer-stained samples can be fixed if immediate analysis on
the flow cytometer is not possible, but ensure all antibodies/
tetramers are compatible with fixation.

9. Include single-antibody stained samples for each fluorochrome
by staining either beads or cells with only one antibody or
viability dye.

10. As a control for the tetramer-BV421, use any BV421-labeled
antibody.

11. As a control for the live/dead marker, use cells that have been
treated with 100 μL permeabilization buffer mixed 1:1 with
non-treated cells prior to addition of live/dead marker.

12. Different cell types may be more sensitive to dye uptake.
Titrating the concentration and checking cell viability is recom-
mended. Concentrations listed have been suitable for our work
with murine CD8 T cells. Dye concentration should also be
titrated to determine stability for the course of the assay. In vivo
assays typically require a higher concentration due to cell
metabolism in vivo. Long-term assays may require higher con-
centrations to account for loss and more generations of divi-
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sion. These concentrations should also be validated for any
adverse effect on cell viability.

13. Cells should be in dividing phase and healthy. Splitting the day
before the experiment allows room for expansion and removes
dead cells. A 1:10 split from a 75–80% confluent T75 culture
flask is sufficient to obtain 1 � 106 cells.

14. Place the mouse in a restrainer. To dilate the vein for easier
injection, rub the tail between your fingers to warm the tail.
Gently squeeze the base of the tail to enlarge the vein and then
release.

15. When the mouse is scruffed, it will usually urinate spontane-
ously. If not, press on the bladder gently. For males it is
important that semen is not tested. We use blood glucose
concentrations >13.9 mmol/l as indication of diabetes onset.

16. T1D onset typically occurs 8–12 weeks post-transfer with sple-
nocytes from prediabetic donors and within 4 weeks after
splenocyte transfer from diabetic donors.

17. The use of normal serum or BSA before the application of the
primary antibody also eliminates Fc receptor binding of both
the primary and secondary antibodies.

18. H2O2 suppresses endogenous peroxidase activity and therefore
reduces background staining. Incubating pancreatic sections
with peroxide after the primary incubation avoids this prob-
lem. Peroxide can be diluted in TBS or water.

19. Overnight incubation allows antibodies of lower titer or affin-
ity to be used by simply allowing more time for the antibodies
to bind.

20. The use of TBS to give a cleaner background than PBS. The
use of 0.01% Triton X-100 (TX100) in the TBS helps to reduce
surface tension, allowing reagents to cover the whole tissue
section.

21. The incubations in ethanol and xylene can be done with the
tissues still in the cassettes. Many automated machines will do
these steps for you overnight.

22. Be careful with molten paraffin; it has a melting point of around
55–65 �C.

23. Paraffin blocks can be stored at room temperature in addition
to the antibody-stained slides that have been cut from the
blocks.
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Chapter 19

Assessment of Insulin Tolerance Ex Vivo

Irene Cózar-Castellano and Germán Perdomo

Abstract

Insulin is a hormone produced and secreted by the β-cells of the pancreatic islets of Langerhans in response
to increased blood glucose levels after a meal. The hormone binds to its receptor located on the plasma
membrane triggering an intracellular signaling cascade. This signaling pathway is responsible for the
pleiotropic actions of insulin on different tissues, such as regulation of glucose and lipid metabolism,
proliferation, and differentiation. Although considerable efforts have been made to understand the molec-
ular mechanism linking the action of the hormone to biological processes, our knowledge is incomplete. Of
note, under certain conditions, physiological circulating levels of the hormone are insufficient to properly
regulate these processes, a term coined as insulin resistance. The ex vivo analysis of insulin action provides
valuable information to decipher intracellular signaling events downstream of the insulin receptor under
physiological and pathophysiological conditions. In this chapter, we focus on the analysis of intracellular
insulin action ex vivo.

Key words Insulin sensitivity, Insulin resistance, Insulin signaling, Insulin receptor, Liver, Glucose
metabolism, Lipid metabolism

1 Introduction

Insulin is a hormone produced by pancreatic β-cells as preproinsu-
lin, which is processed to proinsulin. Then, proinsulin is cleaved to
insulin and C-peptide and stored in secretary granules. In response
to elevated blood glucose levels, insulin is secreted to circulation
[1]. Through the portal vein, circulating insulin reaches the liver
binding to the insulin receptor located in hepatocytes [2]. The
pleiotropic actions of insulin through its receptor regulate hepatic
glucose and lipid metabolism, including metabolic processes such
as glucose uptake, glycogen synthesis, gluconeogenesis, de novo
fatty acid synthesis, and VLDL assemblage and secretion [3–5].

Upon the extracellular insulin binding, the kinase domains of
the insulin receptor (IR) are activated by autophosphorylation on
tyrosine residues, resulting in tyrosine phosphorylation of insulin
receptor substrate (IRS) proteins. Among the six IRS identified
proteins, IRS1 and IRS2 are important in the integration of insulin
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signaling network of the hepatocytes. Of note, IRS2 depletion in
hepatocytes results in dysregulation of gluconeogenic gene expres-
sion and hepatic glucose production [6]. Phosphorylated IRS pro-
teins allow the association of other proteins containing src
homology region 2 (SH2) domains, such as the p85 regulatory
subunit of phosphatidylinositol 3-kinase (PI3K). Activation of
PI3K catalytic subunit p110 promotes phosphorylation of phos-
phoinositide at the 3’position of the inositol ring and the produc-
tion of phosphatidylinositol-3,4,5-triphosphate (PIP3), a lipid
second messenger located on the plasma membrane [7]. PIP3
allows the recruitment and activation of proteins containing the
pleckstrin homology (PH) domain, such as the 3-phosphoinosi-
tide-dependent protein kinase 1 (PDK1) and the serine/threonine
protein kinase AKT [AKT, also known as protein kinase B (PKB)]
[8]. The relocation of AKT/PKB from the cytoplasm to the plasma
membrane goes along with the phosphorylation on Thr308 by
PDK1. However, full activation of AKT/PKB requires phosphory-
lation on Ser473, which is mediated by the rictor-mammalian
target of rapamaycin (mTOR) complex (mTORC2)
[9, 10]. Among the three AKT/PKB known isoforms (AKT1,
AKT2, AKT3), AKT2 is a major mediator of the metabolic effects
of insulin in the liver [11], whereas AKT1 is more related to cellular
growth and angiogenesis [12]. It has been proposed that
AKT/PKB is an essential mediator or critical node of the insulin
signaling pathway [13]. The downstream targets of AKT are the
Rab-GTPase-activating protein (AS160), involved in the transloca-
tion of the glucose transporter GLUT4 to the plasma membrane;
tuberin (tuberous sclerosis complex-2, TSC2), which regulates
protein synthesis through mTOR complexes; the forkhead (FOX)
family of transcriptional factors (FOXO1 and FOXA2), which reg-
ulate glucose and lipid metabolism; and the glycogen synthase
kinase-3 (GSK3) which regulates glycogen synthesis [13].

This chapter focuses on the assessment of the insulin signaling
pathway in liver tissues ex vivo. The methodology presented can
also be applied to other tissues such as skeletal muscle and adipose
tissue.

2 Materials

1. Mice (we use C57Bl/6).

2. Insulin solution, rapid action (we useHumulin®R [100U/mL]).

3. Blood glucose monitor and test strips for glucose measurement
(we use Ascensia Contour glucometer, Bayer).

4. Sterile saline buffer.
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5. Animal scale.

6. 1 mL syringe and 30 G � 1/2 in needles.

7. Timer.

8. Clean mouse cages.

9. Surgical material: scissors, forceps, etc.

10. Refrigerated centrifuge.

11. Tissue homogenizer (we use OMNI TH).

12. Dounce homogenizer.

13. Electrophoresis and transfer chamber systems.

14. Electrophoresis power supply (we use PowerPac™).

15. Cell lysis buffer 10�.

16. Protease and Phosphatase Inhibitor Cocktail.

17. Laemmli sample buffer (LSB) 4�: 200 mM Tris–HCl
(pH 6.8), 40% (v/v) glycerol, 4% (v/v) SDS, 20% (v/v)
β-mercaptoethanol, and 0.4% (w/v) bromophenol blue.

18. Pierce BCA protein assay kit.

19. Plus Membrane Protein Extraction Kit.

20. NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit.

21. Criterion Tris–HCl protein gel.

22. Immune-Blot PVDF membranes.

23. Blocking buffer (1� PBS, 0.1% Tween-20 with 5% w/v non-fat
dry milk).

24. Stripping buffer (2% SDS, 62.5 mM Tris–HCl, pH 6.8, and
100 mM β-mercaptoethanol).

25. Running and transfer buffers for protein electrophoresis.

26. Clarity Western ECL Substrate kit.

27. Imaging software (we use ImageJ).

3 Methods

3.1 Insulin Injection

and Organ Retrieval

1. The day before, fast mice (between 5:00 and 6:00 p.m.) for a
period of 14–16 h (overnight).

2. The next day (between 8:00 and 9:00 a.m.), place mice in new
cages with clean bedding and free access to water (see Note 1).
A period of acclimatization is recommended between placing
mice in the new cages and the beginning of the experiment
(e.g., 15 min).
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3. Prepare an experimental record table to register body weight
and blood glucose levels at basal (t ¼ 0) and at the end of the
experiment (t ¼ 10 min).

4. Weighmice andmeasure baseline glucose levels (t¼ 0) with the
glucometer. Record both values in the table.

5. Using body weight data, calculate the volume of insulin that is
necessary to inject 0.75 U/kg of body weight for each mouse
(see Note 2). Record the value in the table.

6. Split mice into two groups: one group will receive an intra-
peritoneal injection of saline buffer (control group), and the
other group will receive an intraperitoneal insulin injection (see
Note 3).

7. Dilute the stock solution of insulin (typically for a mouse of
25 g of body weight, insulin will be diluted to 1:1000) and
prepare a sterile solution of insulin in the saline buffer
(0.9% NaCl).

8. Preload 1 mL syringes with insulin solution (usually the vol-
ume to inject per mouse is ~100–200 μL) and remove air from
syringes.

9. Pick the mouse up with gloves and restrain it with the other
hand. Proceed with the intraperitoneal insulin (or saline) injec-
tion with a 10 min interval between each animal.

10. Start the timer when the first mouse is injected. It is important
to maintain the same time course from one injection to the
other (see Note 4).

11. At the end of the experiment (t¼ 10 min), measure and record
blood glucose levels. It is advisable that no more than eight to
ten mice should be assessed during the same experimental
setting. Ideally, two to three trained people should participate
during the experiment, each one of them performing specific
roles in the experiment (i.e., one person injecting mice and the
other dissecting tissues).

12. Sacrifice mice in the order established at the beginning of the
experiment by cervical dislocation or CO2 inhalation.

13. Dissect the liver as quickly as possible to prevent degradation
by proteases.

14. Rinse the liver with ice-cold PBS to remove excess of blood.

15. Dry tissues in paper to remove excess PBS.

16. Snap freeze tissues in liquid nitrogen to avoid protein degrada-
tion. Store tissues at �80 �C until analysis or keep them on ice
for immediate homogenization (see Note 5).
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3.2 Extracting

Cytosolic, Membrane,

or Nuclear Protein

Fractions to Analyze

the Intracellular

Insulin Signaling

Pathway

Insulin triggers a cascade of phosphorylation events on proteins
located in the plasma membrane (IR) and the cytosol (PI3K,
PDK1, IRS1/2, AKT1/2, GSK3, mTOR, etc.) or promotes the
translocation of transcriptional factors to the nucleus (FOXO1). To
dissect the effects of insulin on these proteins, it is necessary to
separate subcellular cell fractions (i.e., plasma membrane, cytosol,
and nucleus). Below, we describe how to proceed to obtain protein
lysates from liver tissues.

3.2.1 Using Cytosolic

Protein Lysates to Analyze

Phosphorylated Proteins in

the Cytoplasm (e.g., AKT/

PKB) in Response to Insulin

1. Using a tissue homogenizer, homogenize 20–40 mg of frozen
liver tissue in ~200 μL of ice-cold lysis buffer (1�) supplemen-
ted with protease and phosphatase cocktail inhibitors (see
Notes 6–8).

2. Sonicate lysates on ice and centrifuge them at 18,500 � g for
10 min at 4 �C (see Note 9).

3. Keep the supernatant fraction and discard insoluble materials.

4. Quantify protein content in supernatants with BCA protein
assay kit.

5. Afterward, mix an aliquot of tissue lysate with LSB 1� and boil
for 5 min at 95 �C. Store the lysates at �80 �C until analysis.

3.2.2 Using Membrane

Protein Lysates to Analyze

Phosphorylated Proteins in

Membranes (e.g., IR) in

Response to Insulin

We currently use the Mem-PER Plus Membrane Protein Extraction
Kit following manufacturer’s instructions (see Note 10). The main
steps are outlined as follows:

1. Wash 30 mg of liver tissue with 4 mL of Cell Wash Solution in a
10 mL glass tube.

2. Discard the wash buffer and transfer the tissue to a 2 mL glass
tissue grinder. Homogenize the tissue in 1 mL of permeabiliza-
tion buffer, containing protease and phosphatase inhibitors, by
six to ten strokes.

3. Add another 1 mL of permeabilization buffer, transfer the
lysate to a new tube, and incubate 10 min at 4 �C with constant
mixing.

4. Centrifuge lysates at 18,500 � g for 15 min at 4 �C to separate
cytosolic (supernatant) and membrane (pellet) fractions.

5. At this point, discard supernatants containing cytosolic pro-
teins (or store at�80 �C for further downstream analyses if you
are interested in cytoplasmic fraction).

6. Resuspend the pellet in 1 mL of solubilization buffer and
incubate it 40 min at 4 �C with constant mixing.

7. Centrifuge samples at 18,500 � g for 15 min at 4 �C.

8. Remove and save the supernatant fraction containing solubi-
lized membrane and membrane-associated proteins. Discard
the pellet fractions.
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9. Quantify protein content with the BCA protein assay kit. After-
ward, mix an aliquot of tissue lysate with LSB 1� and heat for
5 min at 30 �C (seeNote 11). Membrane fractions can be used
immediately or stored at �80 �C until further analyses.

3.2.3 Using Nuclear

Fractions to Analyze

Translocation of Nuclear

Factors to the Nucleus (e.

g., FOXO1) in Response to

Insulin

We currently use the N-PER Plus Membrane Protein Extraction Kit
following manufacturer’s instructions (see Note 12). The main steps
are outlined as follows:

1. Wash 20 mg of liver tissue with 4 mL of PBS in a 10 mL
glass tube.

2. Discard the PBS and transfer the tissue to a 2 mL glass tissue
grinder. Homogenize tissue in 200 μL of ice-cold CER I buffer
containing protease and phosphatase inhibitors using a Dounce
homogenizer by six to ten strokes.

3. Transfer samples to a new Eppendorf tube, vortex vigorously
for 15 s, and incubate on ice for 10 min.

4. Add 11 μL of ice-cold CER II buffer, vortex vigorously for 5 s,
and incubate on ice for 1 min.

5. Vortex again for 5 s and centrifuge samples at 18,500 � g for
5 min at 4 �C.

6. Transfer supernatants (cytoplasmic extracts) to a prechilled
tube. Mix the insoluble fraction (pellet), which contains nuclei,
with 100 μL of ice-cold NER I buffer, and incubate for a total
of 40 min on ice.

7. Centrifuge samples at 18,500 � g for 10 min at 4 �C and
transfer the supernatant (nuclear extract) to a new tube.

8. Quantify protein content with the BCA protein assay kit.

9. Mix an aliquot of tissue lysate with LSB 1� and boil for 5 min
at 95 �C. Nuclear fractions can be used immediately or stored
at �80 �C until further analyses.

3.3 Analysis of

Proteins by Western

Blotting

1. Use 10% SDS-PAGE precast polyacrylamide gel (Criterion
Tris–HCl protein gel) to separate protein samples from cyto-
solic, membrane, or nuclear fractions.

2. Electro-transfer onto polyvinylidene difluoride filters (PVDF)
for immunoblotting by conventional means.

3. Electro-transferred PVDF membranes are blocked for 1 h at
room temperature using the blocking buffer.

4. Probe with a specific antibody of interest (against the phos-
phorylated protein).

5. Strip the membrane using the stripping buffer for 30 min at
50 �C.
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6. Wash and reprobe with a second antibody to detect the total
protein.

7. Detect signal using chemiluminescence (Clarity Western ECL
Substrate kit) (see Notes 13–15).

8. Use the ImageJ software to quantify the intensity of the bands.

9. Plot the data as the ratio of phosphorylated vs. total protein for
cytoplasmic or membrane fractions and the ratio of
nuclear vs. cytoplasmic proteins translocated to the nucleus
(see Notes 16 and 17).

4 Notes

1. For animal fasting, place mice into a new cage with clean
bedding (without feces and food pellets) and free access to
water. A shorter period of fasting (5–6 h, e.g., 9:00–14:00) is
more physiological and reduces metabolic stress of mice. How-
ever, to obtain more consistent baseline plasma insulin levels,
overnight fasting is recommended. Whenever possible, ran-
domize mice and exclude mice with extreme body weight,
avoiding grouping bias during the experimental setting.

2. The dose of insulin may vary from 0.5 to 7.5 U/kg of body
weight depending on genetic background of mice, body
weight, age, nutritional status, and diabetic status. Insulin-
resistant mice will require higher amounts of insulin.

3. Insert the needle with an angle of ~25� to the abdominal wall in
the lower right or ~45� in the left quadrant of the abdomen
trying to avoid hitting the bladder, liver, or other internal
organs. Likewise, avoid subcutaneous injection. Of note, in
obese mice, be aware to avoid fat pad areas. Insulin solution
should be injected at body temperature to further reduce mice
discomfort.

4. It is important to record blood glucose levels (t ¼ 0 and
t ¼ 10 min) in order to check whether intraperitoneal insulin
injections cause a fall in blood glucose levels. In control mice
(saline injections), blood glucose levels must remain
unchanged. If insulin injections fail to decrease blood glucose
levels, place food in animal cages and repeat the experiment
3 days later.

5. We recommend dissecting the whole liver and wrapping the
tissue with aluminum foil paper and immersing it in liquid
nitrogen to snap freeze. Each sample must be correctly labeled
(e.g., +/� insulin treatment). Alternatively, small tissue pieces
can be placed in round-bottom microcentrifuge tubes (2 mL)
and immersed in liquid nitrogen.
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6. The literature describes several lysis buffers for obtaining pro-
tein lysates. You may use them, but the key point is to avoid
protein degradation while maintaining protein phosphoryla-
tion inhibiting phosphatases in protein lysates. Usually, phenyl-
methylsulfonyl fluoride (PMSF) is added to the protease
cocktail. Stock solutions of PMSF (100 mM) are prepared in
100% ethanol and stored at �20 �C. Due to the short half-life
of PMSF, fresh solution (1 mM) must be added to the protease
inhibitor cocktail. Likewise, stock solutions (100 mM, 100�)
of orthovanadate, an inhibitor of alkaline and acid phospha-
tases and tyrosine phosphatases, are prepared in water
(pH ~ 10) and stored in aliquots at �20 �C. Do not reuse
sodium orthovanadate once defrosted.

7. Volume of the lysis buffer is determined in relation to tissue
weight to avoid loss of proteins and large volumes of samples to
be loaded onto gels. Optimal concentration is 1–5 mg/mL.

8. Homogenization of liver tissues with the tissue homogenizer
must be performed in short periods of time (less than a minute)
to avoid sample heating and denaturation of proteins in the
lysate. Repeat the procedure for three to five times (or until
complete homogenization of the tissue). During and between
each cycle, samples must be kept on ice.

9. Sonication of the samples is important for disruption of inclu-
sion bodies and membranes and fragmentation of genomic
DNA. If nucleic acids are not correctly fragmented (seen as a
transparent jelly in lysates), the density of the sample would
affect the quality of protein electrophoresis. Specific conditions
of the duration, wattage, and frequency used for ultrasonic
homogenization depend on the characteristics of the equip-
ment. Depending on the equipment (ultrasonic bath or probe
sonicators), the time of sonication varies between 5 and 20 min
and 15 and 45 s, respectively. In the case of probe sonicators,
the procedure should be performed using short periods of time
(15 s, two to three cycles). During sonication and between each
cycle, samples must be kept on ice to avoid protein
denaturation.

10. The Mem-PER Plus Membrane Protein Extraction Kit allows
the isolation of membrane proteins and cytosolic proteins.
Cross-contamination of cytosolic proteins in the membrane
fraction is less than 10%. Therefore, this kit can be used for
isolation of both membrane and cytosolic fractions.

11. To avoid protein aggregation and precipitation, membrane
fractions are mixed with LSB 1� and heated for 5 min at 30 �C.

12. The N-PER Plus Membrane Protein Extraction Kit allows the
isolation of nuclear from cytoplasmic fractions from different
tissues. Cytoplasmic content is released by the addition of two
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buffers, and after centrifugation, nuclei are isolated. Then,
nuclear proteins are extracted by a third buffer. Cross-
contamination of cytosolic proteins in the nuclear fraction is
less than 10%. Therefore, this kit can be used for isolation of
both nuclear and cytosolic fractions.

13. Western blot detection of target proteins depends on the spec-
ificity of antibodies. Use antibody dilution as recommended by
the manufacturer. If the signal of the protein is too low, we
recommend increasing the amount of protein loaded into the
gel, rather than to increase the amount of primary antibody for
its detection.

14. As a loading control in the Western blot, we recommend using
actin or tubulin for cytosolic proteins and α1 subunit of the
Na/K-ATPase for membrane proteins. To confirm similar
loading in your samples, check the ratio of total
protein vs. actin or total protein vs. Na/K-ATPase of your
target protein. If you do not perform this, you may misinter-
pret data regarding phosphorylation of your target protein.

15. To analyze phosphorylation of your target protein, we recom-
mend using the phospho-antibody first, and after stripping,
reprobe the membrane with the total antibody.

16. To quantify the total and phosphorylated protein levels, use
ImageJ software. The ratio of
phosphorylated vs. non-phosphorylated protein levels in arbi-
trary units is plotted. Samples treated with the saline buffer are
normalized to 100% or 1, whereas samples treated with insulin
are referred to saline samples.

17. To quantify proteins that are translocated to nuclei in response
to insulin, data are plotted as the ratio of nuclear vs. cytosolic
target protein. Likewise, samples treated with the saline buffer
are normalized to 100% or 1, whereas samples treated with
insulin are referred to saline samples.
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Chapter 20

Using Pancreas Tissue Slices for the Study of Islet
Physiology

Julia K. Panzer, Christian M. Cohrs, and Stephan Speier

Abstract

Studies on islet of Langerhans physiology are crucial to understand the role of the endocrine pancreas in
diabetes pathogenesis and the development of new therapeutic approaches. However, so far most research
addressing islet of Langerhans biology relies on islets obtained via enzymatic isolation from the pancreas,
which is known to cause mechanical and chemical stress, thus having a major impact on islet cell physiology.
To circumvent the limitations of islet isolation, we have pioneered a platform for the study of islet
physiology using the pancreas tissue slice technique. This approach allows to explore the detailed three-
dimensional morphology of intact pancreatic tissue at a cellular level and to investigate islet cell function
under near-physiological conditions. The described procedure is less damaging and faster than alternative
approaches and particularly advantageous for studying infiltrated and structurally damaged islets. Further-
more, pancreas tissue slices have proven valuable for acute studies of endocrine as well as exocrine cell
physiology in their conserved natural environment. We here provide a detailed protocol for the preparation
of mouse pancreas tissue slices, the assessment of slice viability, and the study of pancreas cell physiology by
hormone secretion and immunofluorescence staining.

Key words Tissue slices, In situ islet cell function, Insulin secretion, Immunofluorescence staining,
Live/dead staining

1 Introduction

Functional studies on islet physiology have been successfully per-
formed on islets obtained by isolation for many years. However, the
isolation process involves enzymatic and mechanical stress, causing
considerable changes to cell physiology. This involves, e.g., upre-
gulation of stress genes and cytokines, production of reactive oxy-
gen species, induction of inflammatory responses, and apoptosis
[1–6]. In addition, isolated islets are disconnected from their
endogenous environment, which precludes the investigation of
processes that involve cells or factors in the surrounding tissue.
Thus, the isolation process has major influence on islet physiology
that may not reflect the in vivo response.

Aileen J. F. King (ed.), Animal Models of Diabetes: Methods and Protocols, Methods in Molecular Biology, vol. 2128,
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To circumvent the abovementioned limitations, Speier and
Rupnik have developed a platform for the study of islet physiology
using ex vivo tissue slice preparations from the rodent pancreas
[7]. The technique is based on stabilizing the viable pancreatic
tissue by common bile duct injection of and embedding in agarose
to enable the cutting of 150 μm-thick slices by vibratome section-
ing. This allows the study of intact islets preserved in their natural
environment without enzymatic disturbance and minimal mechan-
ical stress. Additionally, the slicing procedure requires no other
chemical substances than agarose, which does not affect pancreatic
cell function. Finally, the preparation time is substantially shorter
compared to isolation of acini or islets, and slices do not require a
recovery culture period like isolated islets [8, 9].

The obtained slices with their preserved anatomy allow
in-depth analysis of the three-dimensional tissue architecture as
well as assessment of cellular function of the different compart-
ments within the pancreas under near-physiological conditions.
Slices are therefore superior to studies on dispersed cells or isolated
units (islets, acini) that lack connectivity resulting in altered func-
tion, gene expression, and identity [2, 3, 10]. Moreover, pancreas
tissue slices enable the investigation of structurally altered islets,
which isolation by enzymatic digestion would hardly allow. These
benefits have already been shown to be of major value for islet
research in rodent animal models [7, 11].

Since the establishment of the technique, several groups have
shown the diverse application of living pancreas tissue slices in
regard to their potential native in vivo state. This includes the
simultaneous observation of endocrine and exocrine cells, but also
the influence of neuronal, vascular endothelial, and adipose tissue.
These advantageous features of the tissue slice technique enable
various functional approaches like confocal microscopy of living
pancreas tissue slices using transgenic mice and measurements of
hormone release in perifusion experiments [12, 13]. Additionally,
electrophysiological characterization of endocrine and exocrine
cells can be accomplished in deeper cell layers of the tissue by
using the patch clamp technology [7, 14–18]. Moreover, fixed
tissue slices can be used to investigate islet morphology in three
dimensions by immunostaining for various cell types including
hormones, the islet vascular network, tissue-resident macrophages,
and the pattern of sensory innervation [19, 20]. Furthermore, the
successful establishment of an organotypic culture platform for
rodent tissue slices facilitates mid- to long-term in situ studies of
pancreas cell biology, enabling experimental manipulation of the
cells and the evaluation of pharmaceutical drugs [12].

Notably, this technique has recently been optimized by our
group for the preparation of human pancreas tissue slices from

302 Julia K. Panzer et al.



samples procured from patients undergoing partial pancreatectomy
[13]. As a result, this platform now serves as a valuable platform for
the study of human islet and exocrine physiology and enables to
gather novel insights into the pathogenesis of diabetes.

2 Materials

2.1 Agarose Injection 1. Surgical scissors, forceps, and clamp.

2. 5-mL syringe.

3. 27-gauge needle.

4. Petri dish 35 mm, sterile; and petri dish 60 mm, sterile.

5. Low-melting-point agarose.

6. Microwave oven.

7. Extracellular solution (ECS): 125 mM NaCl, 2.5 mM KCl,
26 mM NaHCO3, 1.25 mM NaH2PO4, 1 mM MgCl2,
2 mM CaCl2, 10 mM HEPES, 3 mM glucose, pH 7.4.

2.2 Slice Procedure 1. Surgical scissors and surgical forceps.

2. Curved forceps.

3. Scalpel.

4. Petri dish 35 mm, sterile; and petri dish 60 mm, sterile.

5. Multiwell plate for cell suspension culture, 24-well, sterile.

6. Superglue (we use 90–120 CPS).

7. Vibratome VT1200 S (we use Leica).

8. Extracellular solution (ECS): 125 mM NaCl, 2.5 mM KCl,
26 mM NaHCO3, 1.25 mM NaH2PO4, 1 mM MgCl2,
2 mM CaCl2, 10 mM HEPES, 3 mM glucose, pH 7.4.

9. Dulbecco’s phosphate-buffered saline.

10. Krebs-Ringer bicarbonate HEPES (KRBH) buffer: 137 mM
NaCl, 5.36 mM KCl, 0.34 mM Na2HPO4, 0.81 mMMgSO4,
4.17 mM NaHCO3, 1.26 mM CaCl2, 0.44 mM KH2PO4,
10 mM HEPES, 0.1% BSA, 3 mM glucose, pH 7.3.

11. Soybean trypsin inhibitor. Prepare a stock solution of 10 mg/
mL in deionized water and store the aliquots at �20 �C. Use a
final concentration of 0.1 mg/mL.

2.3 Viability

Assessment

1. Hoechst 33342 is diluted in deionized water to a concentration
of 10 mg/mL and stored at 4 �C.

2. Propidium iodide (PI) is diluted in PBS to a concentration of
0.5 mg/mL and stored at 4 �C for up to 12 months.
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3. Fluorescein diacetate (FDA) is dissolved in acetone to a con-
centration of 5 mg/mL and stored at �20 �C for up to
3 months.

4. Dulbecco’s phosphate-buffered saline (DPBS).

Prepare stock solutions and store them in aliquots. All reagents
have to be stored light protected.

2.4 Slice Perifusion 1. Small hairbrush.

2. Silicone Grease Kit.

3. Krebs-Ringer bicarbonate HEPES buffer (137 mM NaCl,
5.36 mM KCl, 0.34 mM Na2HPO4, 0.81 mM MgSO4,
4.17 mM NaHCO3, 1.26 mM CaCl2, 0.44 mM KH2PO4,
10mMHEPES, 0.1% BSA, 3mM glucose, pH 7.3) + aprotinin
(25 KIU/mL).

4. Acid ethanol: 2% HCl [37%, 12 M] in absolute ethanol.

5. Perifusion system with automated tray handling.

6. Perifusion Two-Stop Tubing Sets.

7. Small-volume imaging chamber—70 μL Series 20 chamber.

8. Chamber platform—P-5 platform for Series 20 chambers,
non-heater.

9. Polyethylene tubing, PE-160, 10 ft.

10. Silicone tubing.

11. Round cover glass, #1 thickness, 15 mm, 100 pack.

2.5 Staining 1. 24-well plate.

2. Dulbecco’s phosphate-buffered saline.

3. GSDB 0.6%: For 24 mL of 0.6% in 2� GSDB stock solution:
8 mL of goat serum (30% (vol/vol) final conc.), 5.4 mL of 4 M
NaCl (900 mM final conc.), 4 mL of 240 M sodium phosphate
buffer (pH 7.4; 40 mM final conc.), 288 μL of 100% Triton
X-100 (0.6% final conc.), and 6.46 mL of purified, autoclaved
water. Store at �20 �C for 3 months. Freshly prepare the final
0.6% Triton X-100 in 1� GSDB solution for antibody staining
by diluting the stock 1:1 with purified, autoclaved water.

4. Primary antibodies:

(a) Insulin.

(b) Glucagon.

5. Secondary antibodies:

(a) Goat-anti-guinea pig 488.

(b) Goat-anti-mouse 633.

(c) DyLight 594-labeled Lycopersicon esculentum lectin.

(d) DAPI.
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3 Methods

3.1 Agarose Injection 1. For each pancreas, prepare 10 mL of low-melting-point aga-
rose solution (1.25%, in ECS), heat it up in a microwave oven,
and keep it in a water bath at 37 �C (see Note 1).

2. Euthanize the mouse by cervical dislocation and place it on its
back to open the abdominal cavity using surgical scissors (see
Note 2).

3. Place the mouse under a stereomicroscope and clamp off the
common bile duct at the ampulla of Vater (see Note 3).

4. Use a 5-mL syringe and a 27-gauge needle to inject steadily
1.5–2.5 mL agarose solution at 37 �C into the distally clamped
bile duct (see Note 4).

5. Wait 2–3 min to let the agarose solidify.

6. Extract the hardened pancreas using forceps and scissors and
transfer it into a 60-mm petri dish filled with ECS (3 mM
glucose, room temperature) (Fig. 1a) and place it under a
stereomicroscope.

7. Remove connective, fibrotic, and adipose tissue using sterilized
surgical instruments and cut tissue into smaller blocks of
approximately 3 � 3 � mm size (see Note 5).

8. Remove the tissue pieces from the solution and blot-dry them
by placing them on tissue paper.

9. Transfer four to five tissue pieces into a 35 mm petri dish and
fill the dish with the remaining pre-heated agarose until it is
fully submerged.

10. Allow the agarose to solidify by placing the dish shortly in the
fridge (2–3 min).

11. Once the agarose is solid, cut small cubes containing tissue
(Fig. 1b) by using a scalpel and remove the blocks from
the dish.

3.2 Slicing

Procedure

3.2.1 Preparations

1. Prepare the vibratome by placing a blade and calibrate it using
the VibroCheck (VC) according to the manual. Calibration is
necessary to check the optimal position of the blade and mini-
mize vertical vibration.

2. Prepare 12 mL of KRBH (3 mM) and add soybean trypsin
inhibitor (0.1 mg/mL). Fill two 60-mm petri dishes with each
6 mL solution to collect slices in.
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3.2.2 Vibratome Slicing To ensure tissue viability, do not exceed a cutting time of 3 h.

1. Apply superglue to the metal plate and mount the tissue blocks
upside down (Fig. 1c). Wait a few seconds for the glue to
solidify.

2. Mount the plate to the tray and fill it with ECS (3 mM glucose)
until tissue blocks are entirely covered in solution.

3. Move the blade to an angle of 18� (upper mark) and set the
amplitude to 1.0 mm and the speed to 0.1 mm/s. Use a step
thickness of 150 μm.

4. Set the programmable sectioning window by moving the blade
close to the edges of the tissue blocks.

5. Before slicing, make sure the blade is also covered in solution.

Fig. 1 Mouse tissue slice preparation and vibratome slicing. (a) Extracted mouse pancreas after agarose
injection. (b) Pancreas tissue pieces embedded in low-melting-point agarose. (c) Tissue slicing of mounted
tissue blocks using a vibratome. (d) Mouse pancreas tissue slice with islets of Langerhans (white arrows) in
reflected light. Scale bars, 1000 μm

306 Julia K. Panzer et al.



6. Start slicing by pressing the start button (see Notes 6 and 7).

7. Collect the slices (Fig. 1d) by lifting them gently using a brush
or curved forceps and transfer them into a 60-mm petri dish
containing KRBH (3 mM glucose) and soybean trypsin inhibi-
tor (0.1 mg/mL). Place a maximum number of 30 slices per
dish and keep the slices at room temperature on a shaker until
further use. Do not exceed a resting time of 4 h for functional
assessments.

3.3 Assessment

of Tissue Viability

3.3.1 Preparations

Prepare staining solutions in a 24-well plate by mixing the stock
solutions in the described amount of solution. Do not stain more
than two slices in one well to ensure proper staining of the entire
slice.

Prepare four wells with different staining solutions in advance:

1. PBS 1000 μL for washing.

2. Hoechst staining solution: 2 μL Hoechst stock solu-
tion + 998 μL KRBH 3 mM glucose.

3. PI staining solution: 100 μL PI stock + 900 μL PBS.

4. FDA staining solution: 10 μL FDA stock + 990 μL PBS.

Solutions should be protected from light and have to be used
within 30 min after preparation.

3.3.2 Staining Procedure 1. Start the staining by transferring the tissue slices from KRBH
3 mM glucose into the well filled with Hoechst staining solu-
tion and incubate for 15 min, shaking at RT and protecting it
from light (see Note 8).

2. After staining, transfer slices into PBS and wash for 1 min,
shaking at room temperature.

3. Transfer slices into a well filled with PI staining solution and
add the FDA staining solution to the PI staining solution
containing the slices.

4. Let the slices incubate for 2 min at RT, protected from light.

5. Transfer slices into a 60 mm petri dish with PBS for subsequent
imaging using a laser scanning microscope.

3.4 Assessment

of Hormone Secretion

Using a Perifusion

Machine

3.4.1 Preparations

Prepare KRBH stock solutions prior to the experiments and store
them without BSA and glucose for up to a month at 4 �C.

1. Mix necessary amount of buffers by adding glucose, BSA, and
soybean trypsin inhibitor (0.1 mg/mL) and place them in a
water bath at 37 �C to heat up.

2. Prepare closed perifusion chambers: Grease the upper and
lower rim of the chamber and attach a coverslip to the lower
part. Place the chamber into the metal platform and tighten the
screws (Fig. 2a, c).
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3. Prepare the perifusion machine by attaching all tubings neces-
sary for running your experiment (see Note 9) (Fig. 2b).

4. Program your individual protocol. The protocol should
include 1 h flushing in resting buffer prior to the actual
protocol.

5. Put all necessary solutions in the tube holder and place the
tubings into the solutions.

6. Open the perifusion protocol and prime the system.

7. After priming, proceed one step further and start the heater.
Attach tubings and cooled water to the tray pump and start the
pump. The machine is now ready to attach the chamber and to
start the protocol.

Fig. 2 Experimental setup for the assessment of hormone secretion from mouse pancreas tissue slices. (a)
Perifusion chamber with indicated in- and outflow (black arrowheads). (b) Manifold of the Biorep® perifusion
machine with eight tubings for different solutions and four outflow connections. (c) Mouse tissue slices
embedded in a perifusion chamber and mounted on a metal platform. (d) Closed perifusion chambers
connected to a Biorep® perifusion machine
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3.4.2 Perifusion

Procedure

Prior to secretion, slices should be rested in KRBH (3 mM glu-
cose + soybean trypsin inhibitor (0.1 mg/mL)) for 1 h on a shaker
at room temperature. During resting time, slices can be preselected
and trimmed under a stereomicroscope using forceps and a scalpel.

1. After 1 h resting time is over, place tissue slices into prepared
perifusion chambers (seeNote 10). Pipette 50 μL of the resting
buffer in the middle of the chamber and place the slices one by
one. Make sure slices are not folded or overlaying by rearran-
ging them using a brush.

2. Close the chamber by placing another coverslip and a white
o-ring.

3. Place the chamber and platform onto the stage of the perifu-
sion machine (see Note 11) (Fig. 2c, d).

4. Attach the in and out tubings by using connectors (Fig. 2d)
and place a 96-well collecting plate into the tray holder.

5. Start the protocol.

6. Monitor the chambers throughout the perifusion to see if
bubbles or leaks appear (see Note 12).

7. Once the protocol is finished, switch off the heater and cooling
pump and generate a report.

8. Disconnect all chambers and remove them from the platform.

9. Open the chambers and transfer slices into 1.5 mL tubes con-
taining 500 μL acid ethanol for protein extraction. Keep the
tubes at�20 �C for the assessment of insulin content afterward
(at least overnight incubation).

10. Proceed with the cleaning protocol for the machine and follow
the on-screen instructions.

11. Meanwhile, clean the chambers by applying a three-step pro-
cess using trisodium phosphate, 0.1% HCl, and deionized
water in this order to flush all in- and outlets. Use a cotton
tip to remove remaining grease.

12. Once the cleaning protocol is finished, exit the protocol, park
the tray holder, and shut down the machine.

13. Plates and lysates can be stored at �20 �C for later
measurements.

14. Determine insulin concentrations of the perfusates and lysates
by using a mouse ultra-sensitive insulin ELISA in accordance
with the instructions provided with the kit.

3.5 Staining Protocol 1. Prepare a 24-well plate and fill every well with 500 μL PBS.

2. Transfer slices into the plate. Do not place more than two slices
to each well.

3. Remove PBS and add 500 μL of 4% PFA.
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4. Incubate the slices for 30 min at 4 �C, shaking.

5. Once incubation time is over, remove the fixative and add 1mL
PBS. Slices can be stored that way for up to 3 months at 4 �C.

6. Prepare the first antibody solution for insulin (1:500) and
glucagon (1:2000) in GSDB 0.6% (400 μL/well).

7. Remove PBS and add the first antibody solution and incubate
overnight at 4 �C, shaking.

8. The next day, remove the staining solution with a pipette and
wash slices three times for 10 min with PBS containing 0.3%
Triton X on a shaker at room temperature.

9. Meanwhile, prepare the second antibody solution (400 μL/
well) and protect it from light:

Alexa Fluor 488 goat-anti-guinea pig (1:200) ! insulin

Alexa Fluor 633 goat-anti-mouse (1:200) ! glucagon

DyLight 594-labeled Lycopersicon esculentum (tomato) lectin
(1:100)

DAPI (1:2000) in GSDB 0.6%

10. Once washing steps are finished, remove PBS and add 400 μL
second antibody solution and incubate overnight at 4 �C,
shaking. Cover the plate to protect it from light.

11. Remove the second antibody and wash three times for 10 min
with PBS.

12. Keep slices protected from light in PBS until imaging at 4 �C.

4 Notes

1. Heat the agarose 30 min prior to the procedure and place it in a
water bath to avoid bubbles in the solution and ensure body
temperature.

2. Wet the abdominal fur with 80% ethanol prior to opening the
abdomen, in order to avoid hair contaminations during the
injection procedure.

3. Make sure that the clamp is positioned correctly to avoid
inflation of the small intestine or the liver.

4. Try to be as quick as possible during cannulation or agarose
infusion, as agarose solidifies very fast.

5. Difficulties during the slicing procedure can be reduced by
proper processing. Try to remove all structures that might
disturb the process and cut tissue pieces smaller if necessary.

6. Start the sectioning very slow 0.05 mm/s and only increase the
speed if applicable (up to 0.3 mm/s). In case the tissue is very
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stiff, it helps to increase the amplitude from 1.0 mm up to
1.3 mm.

7. Tissue pieces might break out of the agarose if there are ducts
or adipose tissue inside. Try to process the tissue again,
re-embed it in agarose, and mount it fresh on the plate. Make
sure the razor blade is sharp or renew it.

8. Preselect the slices used for experiments by identifying slices
rich in islets with transmitted light microscopy. If you have
difficulties recognizing islets, apply dithizone staining to a
selected number of slices and monitor before and after staining
to gain experience in islet identification. Important: Do not use
the slices after dithizone staining, as this has effects on islet
biology.

9. Seal all unneeded tubings and outlets by clamping its tubing or
attaching a dead-end tubing (knot on a short perifusion tubing
ending). Otherwise, air bubbles might occur during perifusion.

10. Trim the slices before embedding into the chamber to fit more
tissue without overlaying.

11. Tighten screws leaving some distance to the reservoir outlet for
easier tubing access.

12. Air bubbles during perifusion can be sucked out using a small
syringe entering via the metal tube very slowly.
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Chapter 21

Determining Beta Cell Mass, Apoptosis, Proliferation,
and Individual Beta Cell Size in Pancreatic Sections

Noèlia Téllez and Eduard Montanya

Abstract

Pancreatic beta cells have a significant remodeling capacity which plays an essential role in the maintenance
of glucose homeostasis. Beta cell apoptosis, replication, size, dedifferentiation, and (neo)generation con-
tribute to the beta cell mass regulation. However, the extent of their respective contribution varies
significantly depending on the specific condition, and it is the balance among them that determines the
eventual change in beta cell mass. Thus, the study of the pancreatic beta cell mass regulation requires the
determination of all these factors. In this chapter, we describe the quantification of beta cell replication
based on the incorporation of thymidine analogs into replicated DNA strands and on the expression of Ki67
antigen and phosphorylation of histone H3. Beta cell apoptosis is analyzed by the TUNEL technique, and
beta cell mass and cross-sectional area of individual beta cells are determined by computerized image
processing methods.

Key words BrdU, EdU, PHH3, Ki67 antigen, Replication, TUNEL, Apoptosis, Beta cell mass,
Cross-sectional individual beta cell area, Pancreatic islets

1 Introduction

The endocrine pancreas has a significant remodeling capacity that
plays an essential role in the maintenance of glucose homeostasis
[1]. Beta cell mass is dynamic and adjusts to meet the changes in
metabolic demand, both in physiologic and pathologic conditions
[2, 3]. The failure to increase beta cell mass in response to increased
metabolic demand results in hyperglycemia.

Beta cell mass reduction is a central event in the development of
type 1 and type 2 diabetes mellitus. In type 1 diabetes, there is an
extensive reduction in β-cell mass due to autoimmune destruction
of β-cells [4], while in type 2 diabetes there is an inadequately low
β-cell mass that cannot meet the increased demands encountered by
insulin resistance [5]. The remodeling capacity of the endocrine
pancreas could be used to design strategies aimed at the expansion
of the beta cell mass.

Aileen J. F. King (ed.), Animal Models of Diabetes: Methods and Protocols, Methods in Molecular Biology, vol. 2128,
https://doi.org/10.1007/978-1-0716-0385-7_21, © Springer Science+Business Media, LLC, part of Springer Nature 2020

313

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-0385-7_21&domain=pdf


Quantification of the beta cell mass in vivo has significantly
evolved over the last years. Noninvasive techniques involving radio-
tracers and positron emission tomography (PET) or single photon
emission computed tomography (SPECT) have shown promising
results [6, 7]. Nevertheless, reliable in vivo quantification of beta
cell mass is not yet well established, and current estimation of beta
cell mass is only possible based on tissue sections.

Consistent measurement of β-cell mass in histological speci-
mens depends on six fundamental steps: (1) accurate dissection of
the pancreas, (2) pancreas processing for histology, (3) sampling,
(4) insulin labeling, (5) image acquisition, and (6) image analysis.
In this chapter, the six steps will be methodically described.

Depending on the specific condition analyzed, beta cell apo-
ptosis, replication, size, neogenesis, transdifferentiation, and dedif-
ferentiation contribute differently to the remodeling of the
endocrine pancreas, and the balance among them determines
whether beta cell mass is eventually increased or reduced. Thus,
the study of the pancreatic remodeling requires the determination
of all these factors for a proper understanding of the events taking
place.

Beta cell apoptosis, replication, and mass and cross-sectional
individual beta cell area can be detected and quantified directly, and
the methods that will be presented in this chapter are well
established.

On the other hand, available methods to evaluate beta cell
neogenesis, transdifferentiation, and dedifferentiation are indirect
due to the current absence of specific markers (i.e., dual labeling of
keratin 20 and insulin used for the identification of neogenesis [8];
dual labeling of insulin and glucagon, for alpha-to-beta conversion
[9]; or dual labeling of chromogranin A and islet hormones, for
dedifferentiation [10]). However, these markers do not provide
direct proof of the aforementioned events, and it is currently estab-
lished that cell tracing experiments are required for a direct proof of
cell conversion. Genetic cell tracing is based on the expression of
tracer proteins in a particular cell type to allow recognition of the
ancestral cell identity in eventual transdifferentiated, dedifferen-
tiated, or newly generated cells. This type of analysis requires
gene manipulation, and therefore the use of transgenic rodents or
recombinant virus for transgene delivery into target cells is manda-
tory [11–14].

The techniques that will be described in this chapter for mea-
suring beta cell mass, beta cell apoptosis, beta cell replication, and
individual beta cell size have been used mostly in pancreatic sec-
tions. However, they can be also used to measure these parameters
in transplanted islets [15, 16] and in cultured islets [17], essentially
with no modifications.
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The measurement of beta cell apoptosis or proliferation
requires a double staining to identify both the beta cells and the
cells that are apoptotic or actively replicating. The identification of
beta cells may be performed using an anti-insulin antibody to stain
the cytosol of beta cells or an anti-NKX6.1 antibody to stain the
nucleus of beta cells. Staining with insulin provides optimal results;
nevertheless, nuclear labeling of beta cells may be more accurate
when assessing beta cell replication in conditions of beta cell
degranulation where some beta cell nuclei lack adjacent insulin
staining.

There are several reliable commercial kits available to measure
apoptosis and replication. The principle of studying apoptosis is
that it is a form of cell death that eliminates compromised or
superfluous cells. It is controlled by multiple signaling and effector
pathways that mediate active responses to external growth, survival,
or death factors.

Of all the aspects of apoptosis, the defining characteristic is a
complete change in cellular morphology. The cell undergoes
shrinkage, chromatin margination, membrane blebbing, DNA
fragmentation, nuclear condensation and then segmentation, and
division into apoptotic bodies which may be phagocytosed. In this
chapter, we describe the TUNEL (TdT- mediated dUTP nick-end
labeling) method to determine beta cell apoptosis in histological
specimens. This technique is based on the detection of the 180 bp
internucleosomal DNA multimers that result from DNA fragmen-
tation in apoptotic cells. These DNA strand breaks are detected by
enzymatically labeling the free 30-OH termini with modified
nucleotides. Labeled DNA ends are typically localized in morpho-
logically identifiable condensed nuclei and apoptotic bodies. Nev-
ertheless, apoptosis measurement can be difficult to assess, and it
may be advisable to use a second technique. We have previously
used as confirmatory measurement of beta cell apoptosis cell
cytometry [18].

In this chapter, we also describe several different methods to
measure beta cell proliferation including thymidine analog incor-
poration and staining for the proliferation markers Ki67 and phos-
phohistone H3 (PHH3).

Thymidine analogs get incorporated into the DNA of cells in
the S phase of the cell cycle. During cell proliferation, DNA repli-
cates during the S phase of the cell cycle before the cell is divided
into two daughter cells. This close association between DNA syn-
thesis and cell doubling makes the measurement of DNA synthesis
very attractive for assessing cell proliferation. If labeled DNA pre-
cursors are administered to the experimental animal or added to the
cell culture, cells that are about to divide incorporate the labeled
nucleotide into their DNA. BrdU and EdU are thymidine analogs
that are incorporated into the DNA of proliferating cells in the S
phase of the cell cycle. Therefore, they can be subsequently
detected by immunohistochemistry.
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The technique requires the administration of the nucleoside
some time before harvesting the organ to allow its incorporation
into the DNA of the replicating cells.

5-Ethynyl-20-deoxyuridine (EdU) is structurally similar to the
natural nucleoside in which a terminal alkyne group replaces the
methyl group in the fifth position. EdU detection is based on a
copper-catalyzed covalent reaction between a dye-conjugated azide
and the alkyne group of the EdU, known as click chemistry
[20]. The small-sized dye-azide complex allows for efficient EdU
detection avoiding harsh conditions that degrade the structure of
the cells [21, 22]. The main limitation for a broader use of EdU,
replacing BrdU, is the higher cost of EdU reagents (up to fivefold).

If nucleoside injection is not possible (for instance, with human
organs) or has not been done, the staining with Ki67 or PHH3
antibodies offers an alternative. Ki67 is a nuclear antigen associated
with cell proliferation and is present throughout the active cell cycle
(G1, S, G2, and M phases), but absent in resting cells (G0). Com-
pared with BrdU staining, the advantage of Ki67 is that no antigen
must be injected to identify replication. This makes Ki67 particu-
larly useful when beta cell replication is measured in the human
pancreas. Ki67 antibody stains the cells that are in G1, S, G2, andM
phases of the cell cycle, but not resting cells in G0. A caveat of the
technique is that cells that may not progress beyond the G1 phase,
and that will not replicate, are also stained. Thus, Ki67 staining may
be less accurate than thymidine analog staining in the identification
of cells that really replicate. Conversely, PHH3 antibody labels cells
that passed the G2 checkpoint of the cell cycle and that are com-
mitted to undergo cell division. Phosphorylation of histone H3 in
serine 10 is negligible during interphase but strongly increases in
late G2 and M phases of the cell cycle, which is associated with
mitotic chromatin condensation. Thus, PHH3 labels cells that
undergo true mitosis after G2 checkpoint. The main limitation of
the use of this marker for the determination of beta cell replication
is the low proportion of cells that become labeled due to the short
duration of the M phase in these cells (�0.5 h) [19] combined with
the slow turnover of these cells. Therefore, the use of PHH3
labeling is recommended to confirm the results obtained with
thymidine analogs and Ki67.

Reliable in vivo quantification of beta cell mass is not yet well
established despite recent progress [6], and current estimation of
beta cell mass is only possible based on tissue sections. The estima-
tion of pancreatic beta cell mass (or any other tissue) based on
microscopic study of tissue sections has been a complex issue.
Flat, two-dimensional sections must be related to the three-
dimensional parameters that define the volume of interest, and
the tissue sections provide restricted information about the distri-
bution of the tissues of interest in the whole structure (structure
being defined as “something made up of interdependent parts in a
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definite pattern of organization”). Stereology, defined as “the body
of mathematical methods relating three dimensional parameters
defining the structure to two dimensional measurements obtain-
able on sections of the structure,” was born to solve the difficulties
of the spatial interpretation of sections. It provides methods by
which to obtain reliable quantitative data on structure despite the
restrictive nature of the information gathered by the study of tissue
sections. To quantify the relative cell volume of the tissue of inter-
est, several methods can be used, such as point counting, planime-
try, or linear scanning. Systematic point counting has been largely
considered to be the best method for estimating the volume density
by stereological methods. However, this method is labor intensive
and time consuming, and over the last decade it has been increas-
ingly replaced by computerized image processing methods. Cur-
rently, digital image processing has become a reliable alternative to
point counting morphometry for pancreatic beta cell mass analysis
[10] (see Fig. 1); thus, this method will be discussed in the chapter.

To estimate the total beta cell mass of the pancreas, it is indis-
pensable to have the weight of the pancreas and to determine the
relative beta cell area. The pancreas weight is obtained as described
in Subheading 3.1. The relative beta cell area is obtained by digital
image processing. With these data, the absolute mass of the pancre-
atic beta cells can be estimated with the following formula:

Beta cell mass ¼ Relative beta cell area� Pancreatic weight

Fig. 1 Comparison of traditional point counting morphometry vs. computerized
image processing analysis of beta cell relative area in control pancreases.
Values are individually represented, and mean with the standard error has
been included to help in comparison between methodologies
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If pancreatic weight is not available, then the relative beta cell
area, but not the beta cell mass, can be estimated. Since relative beta
cell area is a proportion that depends on the tissue area occupied by
beta cells and by other pancreatic cells (basically exocrine pancreas),
a reduction in the exocrine portion of the pancreas would increase
the relative beta cell area in the absence of changes in total beta cell
mass (that could be even reduced). Thus, increments in relative
beta cell area do not necessarily correlate with increased beta
cell mass.

The contribution of beta cell hypertrophy or atrophy to
changes in beta cell mass is often overlooked, despite the very
important role that cell size has in order to determine the total
mass of a tissue. The method that we will discuss quantifies the
mean cross-sectional area of individual beta cells, a measure of
individual beta cell size. In essence, the beta cell area of the pancre-
atic islets, measured by digital image processing, is divided by the
number of beta cell nuclei in those islets. It must be taken into
account that this method overestimates the size of the beta cells
because the actual number of beta cells in the islets is higher than
that counted since not all beta cells are sectioned across their nuclei
and therefore some beta cell nuclei are not identified.

The protocols below detail the procedures which can be used to
determine rates of beta cell apoptosis, beta cell proliferation, beta
cell size, and calculations of beta cell mass in human and rodent
tissues.

2 Materials

2.1 Pancreas

Extraction

and Processing

1. Dissecting scissors, straight, blunt/blunt, 10.5 cm long.
2 units.

2. Splinter forceps, curved, 10.5 cm long. 2 units.

3. Cold light shadowless surgery lamp.

4. Isoflurane vaporizer connected to a scavenger system with
exhalation hose.

5. 70% ethanol in a squeeze bottle.

6. 10% iodopovidone in a squeeze bottle.

7. Sterile surgical drapes and gauze pads.

8. Petri dishes, 3.5 cm in diameter.

9. 10 ml syringes connected to a 20-gauge needle.

10. Sterile saline (0.9% (w/v) NaCl).

11. 3.7% Formaldehyde solution

12. Plastic cassettes with lid and metal molds for paraffin
embedding.
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13. Grease-proof paper pieces (3 � 2 cm).

14. Analytical balance.

15. Phosphate buffer (PB) 0.1 M (500 mL): Prepare 250 ml of
buffer A (0.2 M NaH2PO4·H2O) and 250 mL of buffer B
(0.2 M Na2HPO4). Mix 169 mL of buffer A with 81 mL of
buffer B and bring this final solution up to 500 mL by adding
250mL of double distilled water (ddH2O). pH of the solution:
7.2.

16. Cold plate.

17. Positively charged microscope slides 76 � 26 mm and micro-
scope cover slips 24 � 32 mm.

2.2 Beta Cell

Identification

1. Xylene, absolute ethanol, 90% ethanol, and 70% ethanol.

2. Phosphate-buffered saline (PBS): 160 mM NaCl, 7 mM
Na2HPO4, 3 mM NaH2PO4·H2O (adjust to pH 7.4 with
HCl if necessary).

3. Citrate buffer: 9.9 mM citric acid, 43 mM trisodium citrate
dihydrate. Adjust to pH 6 with citric acid (when higher) or
NaOH (when lower).

4. DNase I (10 μg/mL).

5. Streptavidin/biotin blocking kit.

6. Blocking solution: 5% (v/v) horse serum, 1% (v/v) Triton
X-100 in PBS.

7. Identification of beta cells, cytosolic. Rabbit anti-human insu-
lin (dilution 1/100) (see Note 1).

8. Identification of beta cells, nuclear. NKX6.1 antibody: mouse
anti-NKX6.1 (dilution 1/100) (see Note 1).

9. Secondary antibody for immunofluorescence: Alexa Fluor®

555-labeled anti-rabbit IgG (dilution 1/400) (see Note 1).

10. Biotin-conjugated secondary antibody (dilution 1/200) and
Alexa Fluor® 555-conjugated streptavidin (dilution 1/200)
(see Note 1).

11. 40-6-Diamidino-2-phenylindole (DAPI 300 nM).

12. Mounting medium for immunofluorescence.

2.3 Apoptosis 1. Proteinase K (20 μg/mL in PBS).

2. ApopTag® Plus Fluorescein in situ apoptosis detection kit (see
Note 2).

2.4 Proliferation:

BrdU

1. BrdU (20 mg/mL solution in PBS) (see Note 3).

2. HCl: 2 N HCl.

3. 0.1 M Borax (in ddH2O).
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4. BrdU mouse monoclonal antibody (dilution 1/100) (see
Note 4).

5. Secondary antibody for immunofluorescence: Alexa Fluor®

488-labeled anti-rabbit IgG (dilution 1/400).

2.5 Proliferation: EdU 1. EdU (20 mg/mL solution in PBS).

2. Click-iT® EdU Alexa Fluor® 594 Imaging Kit.

2.6 Proliferation:

PHH3

1. Trypsin (0.5 mg/mL in PBS).

2. Washing solution: 1% v/v horse serum, 1% v/v Triton X-100
in PBS.

3. Rabbit anti-PHH3 antibody (dilution 1/250).

4. Secondary antibody for immunofluorescence: Alexa Fluor®

488-labelld anti-rabbit IgG (dilution 1/400).

2.7 Proliferation:

Ki67

1. Domestic stainless-steel pressure cooker.

2. Hot plate.

3. Vessel with plastic slide rack to hold approximately
400–500 mL.

4. Ki67 antibody: rabbit anti-human Ki67 (diluted 1/100 in
PBS) (see Note 5).

5. Secondary antibody for immunofluorescence: Alexa Fluor®

488-labeled anti-rabbit IgG (we use dilution 1/400).

3 Methods

3.1 Dissection

of the Rodent Pancreas

3.1.1 Set the Area

1. Stage a work area with the analytical balance and the
formaldehyde-containing vessel. Label plastic cassettes accord-
ing to mouse identification numbers and weigh them individu-
ally without lid and with the grease-proof piece of paper
accommodated in the cassette (see Note 6).

2. Stage the operation table with all the equipment and supplies in
a manner that allows comfortable performance of the proce-
dure. Cover the surgical area with a sterile drape and place the
following supplies: cold light shadowless surgery lamp, two
pairs of scissors, two pairs of forceps, enough sterile surgical
gauze pads, 10 ml syringe with sterile saline solution, 1 petri
dish, 1 plastic cassette, and the grease-proof paper piece
(pre-weighed).

3.1.2 Anesthesia 1. Place the mouse in the induction chamber for anesthesia and
adjust the oxygen flowmeter to approximately 0.5–1.0 L/min
and the isoflurane vaporizer to 3–5%. Supervise the mouse
while undergoing anesthesia. After the induction of anesthesia,

320 Noèlia Téllez and Eduard Montanya



adjust the isoflurane vaporizer to 1–3% for maintenance and
place the mouse on the operation table in supine position with
the head pointed ahead from the surgeon and connected to the
anesthesia hose.

3.1.3 Pancreas

Dissection

1. Perform the stimulus test by a foot pinch ensuring that the
mouse is unresponsive to stimuli.

2. Pinch the skin of the mouse at the urethral opening and pull
upward to make an incision with the surgical scissors.

3. Expose the abdominal cavity by midline laparotomy. If blood
collection is required for metabolic analysis, perform exsangui-
nation of the mouse at this point and finally carry out euthana-
sia by cutting the diaphragm and heart with scissors.

4. Pinch the cecum of the large intestine, pull slightly upward, and
slide the intestines to your left-hand side to expose the pan-
creas. Start pancreas dissection from the distal colon by detach-
ing the pancreas from the intestines and go upward until the
pylorus. At this point, proceed with the pancreas dissection
from the stomach toward the pylorus and duodenum to
completely resect the pancreas. Keep the spleen attached to
the pancreas in order to identify the tail of the pancreas. Hold
and lift up the pancreas and spleen and detach the tissue from
mesenteric connective tissue (see Note 7).

5. Spread out the pancreas on the petri dish preserving the spatial
orientation of the tissue (see Fig. 2a) and remove contaminating
tissues that may have been also excised (i.e., fat, duodenum,
lymph nodes) (see Fig. 2b). If necessary, sprinkle the pancreas
with sterile saline solution to clean from any residual blood, and
carefully blot the pancreas with a sterile gauze pad (seeNote 8).
At this point, remove the spleen and accommodate the pan-
creas in the previously weighed cassette with the head facing
the beveled end and spread it flat so that the tail faces the
opposite side of the cassette (see Fig. 3).

6. Weigh the pancreas placed in the cassette in a scientific scale,
close the lid, and immerse the cassette in the formaldehyde-
containing vessel (see Note 9). Calculate pancreas weight by
subtracting the cassette weight from the total weight (see Note
10).

3.2 Pancreas

Processing

for Immunohisto-

chemistry

1. Leave the tissue in fixation solution overnight at 4 �C.

2. Wash the cassette containing the pancreas with phosphate
buffer (PB) by changing the solution three times for
5 min each.

3. Process for paraffin embedding. If the pancreas is not embed-
ded immediately, it can be kept in phosphate buffer solution for
2 weeks at 4 �C.
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Fig. 2 Dissected pancreas with spleen before (a) and after (b) removal of
contaminating fat tissue. (a) Fat tissue is highlighted by black dashed lines. (b)
Pancreas cleaned from fat. Pancreas dissection was performed as described in
Subheading 3.1

Fig. 3 Oriented mouse pancreas in the histology cassette. Left to right: head,
body, and tail of the pancreas. Pancreas dissection was performed as described
in Subheading 3.1
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3.3 Paraffin

Embedding

1. Take the cassettes through a series of graded EtOH baths to
dehydrate the tissues and then into xylene. Hot paraffin can
then permeate the tissues.

2. Wash the specimen in cold running water for 5 min.

3. Dehydration: 70% ethanol 1 h (�1), 90% ethanol 1 h (�2),
100% ethanol 1 h (�3), xylene 30 min (�2).

4. Paraffin (65 �C) 1 h (�2) (see Note 11).

5. Turn the heat block on to melt the paraffin 1 h before adding
the tissue cassettes. Also warm metal block molds on the hot
plate.

6. Add hot paraffin to the mold. Use heated forceps to orient the
tissue in the mold. When the tissue is in the desired orientation,
add the labeled tissue cassette on top of the mold as a backing.
Be sure there is enough paraffin to cover the face of the plastic
cassette.

7. Slide the mold off the hot plate onto a cold plate. When the
wax is completely cooled and hardened (~20 min), the paraffin
block can be popped out of the mold. If the wax cracks or the
tissues are not aligned well, melt them again and start over.

3.4 Tissue

Sectioning

1. Turn on the water bath and check that the temperature is
35–37 �C.

2. Place the blocks to be sectioned facedown on an ice block for
10 min.

3. Place a fresh blade on the microtome. Insert the block into the
microtome chuck so the wax block faces the blade and is
aligned in the vertical plane. Set the dial to cut 2–4 μm sections.
The blade should angle ~10�. Face the block by cutting it down
to the desired tissue plane and discard the paraffin ribbon. If the
block is ribboning well, then cut another four sections and pick
them up with forceps or a fine paintbrush and float them on the
surface of the 37 �C water bath. Float the sections onto the
surface of clean glass slides. If the block is not ribboning well,
then place it back on the ice block to cool off and firm up the
wax. If the specimens fragment when placed on the water bath,
then they may be too hot.

4. Place the slides with paraffin sections in a 65 �C oven for 20min
(so the wax just starts to melt) to bond the tissue to the glass.
Slides can be stored overnight at room temperature (see
Note 12).
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3.5 Beta Cell

Identification

(Cytoplasmic): Insulin

Immunofluorescence

3.5.1 Tissue

Section Deparaffinization

and Rehydration

(in a Coplin Jar)

1. Wash the specimen in two changes of xylene for 7 min
each wash.

2. Wash the specimen in two changes of absolute ethanol for
5 min each wash.

3. Wash the specimen in two changes of 95% ethanol for 5 min
each wash.

4. Wash the specimen once in 70% ethanol for 10 min.

5. Rinse the specimen once in deionized water for 2 min.

6. Wash the specimen once in PBS for 5 min.

3.5.2 Antigen Retrieval 1. Prepare citrate buffer, pour it in Coplin jars, allocate four slides
per jar, and place them into the microwave. Use defrost func-
tion for two rounds of 7 min each.

2. Cool down slides by transferring them into Coplin jars with
fresh washing buffer and incubate at room temperature for
20 min. Exercise care with hot Coplins and slides. Use forceps!

3.5.3 Antibody

Incubation and Mounting

1. Place slides in blocking solution for 15 min at room
temperature.

2. Gently tap off excess liquid and carefully blot or aspirate around
the section. Apply sufficient insulin antibody (1/100) to cover
the specimen. Incubate o/n at 4 �C.

3. Warm buffers and slides up to room temperature for 1 h.

4. Wash the specimen in three changes of PBS for 5 min
each wash.

5. Wipe around the specimen, and add sufficient Alexa Fluor®

555-labeled anti-rabbit IgG (1/400) antibody to cover the
specimen. Incubate for 1 h at room temperature.

6. Wash the specimen in three changes of PBS for 5 min
each wash.

7. Wipe around the specimen and add sufficient 40-6-diamidino-
2-phenylindole solution (DAPI) to cover the specimen. Incu-
bate for 10 min at room temperature.

8. Wash the specimen in three changes of PBS for 5 min
each wash.

9. Mount with mountingmedium for immunofluorescence. Store
the slides for 24 h at �80 �C prior visualization under the
microscope.
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3.6 Beta Cell

Identification

(Nuclear): NKX6.1

Immunofluorescence

(See Fig. 4)

1. Deparaffinize and rehydrate tissue sections (see Subheading
3.5.1).

2. Carry out antigen retrieval (see step 2 in Subheading 3.5.2).

3.6.1 Nuclear Antigen

Retrieval

1. Apply freshly diluted DNase I (10 μg/mL) to the specimen for
15 min at room temperature directly on the slide.

2. Wash the specimen in three changes of washing buffer for
5 min each wash.

3. Place slides in blocking solution for 15 min at room
temperature.

3.6.2 Inhibition

of Endogenous Biotin

Activity

1. Rinse the specimen in PBS for 5 min.

2. Apply streptavidin solution directly on the slide and incubate
for 15 min at room temperature.

3. Rinse the specimen in PBS for 5 min.

4. Apply biotin solution directly on the slide and incubate for
15 min at room temperature.

5. Rinse the specimen in PBS for 5 min.

Fig. 4 Beta cell identification (nuclear). NKX6.1 immunofluorescence. Represen-
tative fluorescence microscopy image of the islets of young adult rats stained for
NKX6.1. This image was captured using a 20� microscope objective. NKX6.1
was visualized as described in Subheading 3.6

Determining β-cell Mass 325



3.6.3 Antibody

Incubation and Mounting

1. Gently tap off excess liquid and carefully blot or aspirate around
the section.

2. Apply sufficient NKX6.1 antibody (1/100) to cover the speci-
men. Incubate o/n at 4 �C.

3. Warm buffers and slides up to room temperature for 1 h.

4. Wash the specimen in three changes of washing buffer for
5 min each wash.

5. Wipe around the specimen, and add sufficient biotinylated anti-
mouse IgG (1/200) antibody to cover the specimen. Incubate
for 1 h at room temperature.

6. Wash the specimen in three changes of washing buffer for
5 min each wash.

7. Wipe around the specimen, and add sufficient Alexa Fluor®

555-conjugated streptavidin (1/200) to cover the specimen.
Incubate for 1 h at room temperature.

8. Wash the specimen in three changes of washing buffer for
5 min each wash.

9. Wipe around the specimen, and add sufficient 40-6-diamidino-
2-phenylindole solution (DAPI) to cover the specimen. Incu-
bate for 10 min at room temperature.

10. Wash the specimen in three changes of washing buffer for
5 min each wash.

11. Mount with mounting medium for immunofluorescence.
Store the slides for 24 h at �80 �C prior visualization under
the microscope.

3.7 Apoptosis:

TUNEL Method (See

Fig. 5)

1. Deparaffinize the sections (as described in Subheading 3.5.1)
in a Coplin jar.

2. Apply freshly diluted proteinase K (20 μg/mL) to the specimen
for 15 min at room temperature in a Coplin jar or directly on
the slide.

3. Wash the specimen in two changes of ddH2O in a Coplin jar for
2 min each wash.

4. Gently tap off excess liquid and carefully blot or aspirate around
the section.

5. Immediately apply equilibration buffer directly on the
specimen.

6. Incubate for at least 10 s at room temperature.

7. Gently tap off excess liquid and carefully blot or aspirate around
the section.

8. Immediately pipette onto the section enough working strength
TdT enzyme.
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9. Incubate in a humidified chamber at 37 �C for 1 h.

10. Put the specimen in a Coplin jar containing working strength
stop/wash buffer, agitate for 15 s, and incubate for 10 min at
room temperature.

11. Warm up anti-digoxigenin conjugate to room temperature.

12. Wash the specimen in three changes of PBS for 1 min
each wash.

13. Gently tap off excess liquid and carefully blot or aspirate
around the section.

14. Apply room temperature fluorescein-conjugated anti-digoxi-
genin conjugate to the slide.

15. Incubate in a humidified chamber for 30 min at room temper-
ature. (Protect from direct light.)

16. Wash the specimen in three changes of PBS in a Coplin jar for
3 min per wash at room temperature.

17. Perform insulin immunofluorescence starting at Subheading
3.5.3.

18. Visualize the slides under a fluorescence microscope (at a mag-
nification of 200�, or 400� if needed) connected to a
computer.

19. Screen the pancreas and capture all islets with the three chan-
nels (red, green, and UV).

Fig. 5 Beta cell apoptosis. TUNEL method. Representative fluorescence micros-
copy image of the islets of young adult rats stained for TUNEL (green) and insulin
(red). This image was captured using a 20� microscope objective. TUNEL and
insulin were visualized as described in Subheading 3.7
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20. By using an image editing software, overlay images acquired
with the three channels.

21. Use merged images to count insulin-positive cells that are
positive for TUNEL and divide by total number of beta cells
(nucleus of insulin-positive cells) (see Notes 13 and 14).

3.8 Proliferation:

Thymidine Analog

Incorporation

3.8.1 Beta Cell

Proliferation: BrdU

Incorporation (see Fig. 6)

1. 6 h before pancreas removal, administer BrdU solution at a
dose of 100 mg/kg by intraperitoneal injection (see Note 15).

2. Remove and process the pancreas as described in Subheadings
3.1–3.4.

3. Deparaffinize tissues as described in Subheading 3.5.1.

4. Denature DNA by immersion of slides in 2 N HCl for 5 min at
room temperature.

5. Wash the slides with 0.1 M Borax solution for 10 min at room
temperature (see Note 16).

6. Wash the specimen in three changes of PBS for 5 min
each wash.

7. Block the specimen in blocking solution for 15 min at room
temperature.

Fig. 6 Beta cell proliferation. BrdU incorporation. Representative fluorescence
microscopy image of the islets of 90% pancreatectomized young rats stained for
BrdU (green) and insulin (red). 90% partial pancreatectomy induces beta cell
replication. This image was captured using a 20� microscope objective. BrdU
and insulin were visualized as described in Subheading 3.8.1
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8. In the meantime, prepare enough cocktail of primary antibo-
dies (rabbit anti-insulin (1/100) and mouse anti-BrdU
(1/100)) in PBS (see Note 17).

9. Gently tap off excess liquid and carefully blot or aspirate around
the section. Apply sufficient cocktail of primary antibodies to
cover the specimen. Incubate o/n at 4 �C.

10. Warm buffers and slides up to room temperature for 1 h.

11. Wash specimens in three changes of PBS for 5 min each wash.

12. In the meantime, prepare enough cocktail of secondary anti-
bodies (Alexa Fluor® 488 anti-mouse (1/400) and Alexa
Fluor® 555 anti-rabbit (1/400)).

13. Wipe around the specimen and add sufficient cocktail of sec-
ondary antibodies to cover the specimen. Incubate for 1 h at
room temperature protected from light (see Note 18).

14. Wash specimens in three changes of PBS for 5 min each wash.

15. Wipe around the specimen, and add sufficient DAPI solution
to cover the specimen. Incubate for 10 min at room
temperature.

16. Wash the specimen in three changes of PBS for 5 min
each wash.

17. Mount with mounting medium for immunofluorescence.
Store the slides for 24 h at �80 �C prior to visualization
under the microscope.

18. Visualize the slides under a fluorescence microscope (at a mag-
nification of 200�, or 400� if needed) connected to a
computer.

19. Screen the pancreas and capture all islets with the three chan-
nels (green light (for red fluorescence), blue light (for green
fluorescence), and UV light (for blue fluorescence)).

20. By using an image editing software, overlay images acquired
with the three channels.

21. Use merged images to count insulin-positive cells that are
positive for BrdU and divide by total number of beta cells
(nucleus of insulin-positive cells) (see Note 13).

3.8.2 Proliferation: EdU

Incorporation (See Fig. 7)

1. Inject EdU as described in Subheading 3.8.1.

2. Remove and process the pancreas as described in Subheadings
3.1–3.4.

3. Stain for insulin as outlined from Subheading 3.5.1 until Sub-
heading 3.5.3.

4. After an overnight incubation with the insulin primary anti-
body at 4 �C, warm buffers and slides up to room temperature
for 1 h.
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5. Following manufacturer’s instructions in the Click-iT® EdU
Alexa Fluor® 594 Imaging Kit, prepare saponin solution in
PBS from 10� concentrate provided with the kit.

6. Immerse slides in the saponin solution and incubate them for
10 min at room temperature.

7. In the meantime, prepare enough cocktail of the click reaction
following manufacturer’s instructions.

8. Wash specimens in three changes of PBS for 5 min each wash.

9. Wipe around the specimen and add sufficient click reaction
cocktail to cover the specimen. Incubate for 30 min at room
temperature protected from light.

10. Wash the specimen in three changes of PBS for 5 min
each wash.

11. Gently tap off excess liquid and carefully blot or aspirate
around the section. Apply sufficient Alexa Fluor® 488 anti-
rabbit secondary antibody (1/400) to cover the specimen.
Incubate for 1 h at room temperature.

12. Wash the specimen in three changes of PBS for 5 min
each wash.

Fig. 7 Beta cell proliferation. EdU incorporation. Representative fluorescence microscopy images of pancreatic
islets stained for EdU (red) and insulin (green) in control rats (a) and after 90% partial pancreatectomy (b). 90%
partial pancreatectomy induces beta cell replication. Images were captured using a 20� microscope
objective. EdU and insulin were visualized as described in Subheading 3.8.2
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13. Wipe around the specimen and add sufficient DAPI solution to
cover the specimen. Incubate for 10 min at room temperature.

14. Wash the specimen in three changes of PBS for 5 min
each wash.

15. Mount with mounting medium for immunofluorescence.
Store the slides for 24 h at �80 �C prior visualization under
the microscope.

16. Visualize the slides under a fluorescence microscope (at a mag-
nification of 200�, or 400� if needed) connected to a
computer.

17. Screen the pancreas and capture all islets with the three chan-
nels (green light (for red fluorescence), blue light (for green
fluorescence), and UV light (for blue fluorescence)).

18. By using an image editing software, overlay images acquired
with the three channels.

19. Use merged images to count insulin-positive cells that are
positive for EdU and divide by total number of beta cells
(nucleus of insulin-positive cells) (see Note 13).

3.9 Proliferation:

PHH3

1. Deparaffinize tissue sections as described in Subheading 3.5.1.

2. Carry out antigen retrieval as described in Subheading 3.5.2.

3. Apply freshly diluted trypsin (0.5 mg/mL) to the specimen and
incubate for 15 min at room temperature.

4. Wash the specimen in three changes of washing solution for
5 min each wash.

5. Block the specimen in blocking solution for 15 min at room
temperature.

6. In the meantime, prepare enough cocktail of primary antibo-
dies (rabbit anti-insulin (1/100) and mouse anti-PHH3
(1/250)) in PBS (see Note 17).

7. Gently tap off excess liquid and carefully blot or aspirate around
the section. Apply sufficient cocktail of primary antibodies to
cover the specimen. Incubate o/n at 4 �C.

8. Warm buffers and slides up to room temperature for 1 h.

9. Wash specimens in three changes of washing buffer for 5 min
each wash.

10. In the meantime, prepare enough cocktail of secondary anti-
bodies (Alexa Fluor® 488 anti-mouse (1/400) and Alexa
Fluor® 555 anti-rabbit (1/400)) in PBS.

11. Wipe around the specimen and add sufficient cocktail of sec-
ondary antibodies to cover the specimen. Incubate for 1 h at
room temperature protected from light (see Note 18).
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12. Wash specimens in three changes of washing buffer for 5 min
each wash.

13. Wipe around the specimen, and add sufficient DAPI solution
(3 nM) to cover the specimen. Incubate for 10 min at room
temperature.

14. Wash the specimen in three changes of PBS for 5 min
each wash.

15. Mount with mounting medium for immunofluorescence.
Store the slides for 24 h at �80 �C prior visualization under
the microscope.

16. Visualize the slides under a fluorescence microscope (at a mag-
nification of 200�, or 400� if needed) connected to a
computer.

17. Screen the pancreas and capture all islets with the three chan-
nels (green light (for red fluorescence), blue light (for green
fluorescence), and UV light (for blue fluorescence)).

18. By using an image editing software, overlay images acquired
with the three channels.

19. Use merged images to count insulin-positive cells that are
positive for PHH3 and divide by total number of beta cells
(nucleus of insulin-positive cells) (see Note 13).

3.10 Proliferation:

Ki67

1. Deparaffinize tissue sections as described in Subheading 3.5.1.

2. Pour enough volume of citrate buffer in the pressure cooker.
Place the pressure cooker on the hot plate and turn it on full
power. Place the lid on top of the pressure cooker and do not
secure it at this point. Wait until citrate buffer starts to boil and
then transfer the slides placed in a plastic rack into the vessel.

3. Secure the pressure cooker lid following the manufacturer’s
instructions.

4. As soon as the cooker has reached full pressure, time 2 min.

5. After 2 min, activate the security valve and place the cooker in
an empty sink. Cool down the pressure cooker with running
tap water. Once depressurized, open the lid and run cold water
into the cooker for 10 min to cool down slides.

6. Place slides in blocking solution for 30 min at room
temperature.

7. In the meantime, prepare enough cocktail of primary antibo-
dies (rabbit anti-insulin (1/100) and mouse anti-Ki67
(1/100)) in PBS (see Note 17).

8. Gently tap off excess liquid and carefully blot or aspirate around
the section. Apply sufficient cocktail of primary antibodies to
cover the specimen. Incubate o/n at 4 �C.
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9. Warm buffers and slides up to room temperature for 1 h.

10. Wash specimens in three changes of washing buffer for 5 min
each wash.

11. Wipe around the specimen and add sufficient cocktail of sec-
ondary antibodies (Alexa Fluor® 488 anti-mouse and Alexa
Fluor® 555 anti-rabbit) to cover the specimen. Incubate for
1 h at room temperature protected from light (see Note 18).

12. Wash specimens in three changes of washing buffer for 5 min
each wash.

13. Wipe around the specimen, and add sufficient DAPI solution
(3 nM) to cover the specimen. Incubate for 10 min at room
temperature.

14. Wash the specimen in three changes of PBS for 5 min
each wash.

15. Mount with mounting medium for immunofluorescence.
Store the slides for 24 h at �80 �C prior visualization under
the microscope.

16. Visualize the slides under a fluorescence microscope (at a mag-
nification of 200�, or 400� if needed) connected to a
computer.

17. Screen the pancreas and capture all islets with the three chan-
nels (green light (for red fluorescence), blue light (for green
fluorescence), and UV light (for blue fluorescence)).

18. By using an image editing software, overlay images acquired
with the three channels.

19. Use merged images to count insulin-positive cells that are
positive for Ki67 and divide by total number of beta cells
(nucleus of insulin-positive cells) (see Note 13).

3.11 Beta Cell Mass:

Computerized Image

Processing

1. Weigh and process the pancreas as described in Subheadings
3.2–3.4.

2. Stain beta cells for insulin as described in Subheading 3.5.

3. Visualize the slides with the objective 20� under an epifluor-
escence microscope equipped with a high-resolution camera
connected to a computer. Select the exposure time for each
channel (insulin and DAPI) and save it. Ensure that the soft-
ware is appropriately calibrated (see Note 19).

4. Systematically, capture consecutive fields along the x-axis
acquiring the entire row and one out of every two fields along
the y-axis.

5. In order to measure beta cell area, define the region of interest
(ROI) based on wide-range tones of red positive pixels to select
insulin-positive areas. Then, generate a macro to draw the ROI
over the insulin-positive area on every single image. Calculate

Determining β-cell Mass 333



the size of the area of the defined ROI in every image (see
Notes 20 and 21).

6. In order to measure total pancreatic tissue area, use DAPI-
labeled low-contrast images that will allow the identification
of the tissue by the blue background.

7. Calculate the beta cell relative area by dividing beta cell area by
total tissue area. Then estimate the beta cell mass by multi-
plying beta cell relative area by pancreas weight using the above
formula.

3.12 Individual Beta

Cell Size:

Computerized Image

Processing

1. Weigh and process the pancreas as described in Subheadings
3.2–3.4.

2. Identify beta cells by staining for insulin as described in Sub-
heading 3.5.

3. Visualize the slides with the objective 20� under an epifluor-
escence microscope equipped with a high-resolution camera
connected to a computer. Select the exposure time for each
channel (insulin and DAPI) and save it. Ensure that the soft-
ware is appropriately calibrated (see Note 19).

4. Systematically, capture consecutive fields along the x-axis
acquiring the entire row and one out of every two fields along
the y-axis.

5. In order to measure beta cell area, define the region of interest
(ROI) based on wide-range tones of red positive pixels to select
insulin-positive areas. Then, generate a macro to draw the ROI
over the insulin-positive area on every single image. Calculate
the size of the area of the defined ROI in every image (see
Notes 20 and 21).

6. In order to measure total pancreatic tissue area, use DAPI-
labeled low-contrast images that will allow the identification
of the tissue by the blue background.

7. Calculate the beta cell relative area by dividing beta cell area by
total tissue area.

8. Count all beta cell nuclei located in the selected beta cell area.

9. Obtain the individual cross-sectional beta cell area by dividing
the total beta cell area by the total number of beta cell nuclei
that it contains.

4 Notes

1. We use an insulin antibody from Santa Cruz Biotechnology, an
NKX6.1 antibody from DSHB, an Alexa Fluor® 555-labeled
anti-rabbit antibody from Invitrogen, a biotin-conjugated sec-
ondary antibody from Jackson, and an Alexa Fluor®
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555-conjugated streptavidin antibody from Invitrogen. We
found these antibodies to be useful for rat, mouse, and
human pancreas. Numerous competitive reagents are available
from other commercial sources.

2. We have found the Millipore kit to work very well in the
pancreas. Numerous competitive reagents are available from
other commercial sources.

3. This solution needs to be carefully heated (~40 �C) to dissolve.

4. We use clone MoBU-1, B35128, which does not cross-react
with EdU which makes it valuable for dual-pulse labeling
experiments.

5. We have found this antibody from Zymed to work very well in
the human pancreas, but not in the rodent pancreas.

6. The grease-proof piece of paper preserves the gross tissue
structure by providing an even base for the pancreas over the
slots of the cassette.

7. Detach the pancreas from the intestines and stomach by gently
pulling tissues apart with the two forceps.

8. The pancreas contains a high amount of digestive enzymes;
thus, pancreas dissection must be carried out as quickly as
possible in order to avoid potential autodigestion of the tissue.

9. Excision of the pancreas, placement in the cassette, and immer-
sion in fixative must be done quickly if apoptosis is to be
measured.

10. It is advisable to place the pancreas in the cassette in a way that
maintains the spatial orientation of the pancreas, so that the
position of the head, body, and tail can be identified. This will
also facilitate the identification of the main duct and other
ductal structures when the pancreas is sectioned.

11. Blocks can be left o/n in paraffin at 65 �C.

12. For beta cell mass quantification, eight to ten pancreas sections,
150 μm apart, must be analyzed.

13. A number of image editing and image analysis applications
(commercial and free open-source) are currently available.
GIMP and ImageJ are examples of open-source software.

14. We count all islets identified in the tissue section and a mini-
mum of 1200 nuclei of beta cells per sample. If this number is
not reached, a second section is counted.

15. The S phase duration of the cell cycle in beta cells is about 6 h
[9]. Thus, a 6 h time period between BrdU injection and
pancreas harvesting is recommended because it maximizes the
number of proliferating beta cells that will be labeled.
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16. HCl and Borax solutions are used to denature and stabilize
DNA, respectively.

17. Double immunostaining requires the primary antibodies to be
raised in different species.

18. In order to avoid cross-reactivity between antibodies in double
immunostaining, ensure that secondary antibodies have been
produced in the same species and are cross-absorbed against
immunoglobulins from other species, particularly for the IgG
species that will be combined.

19. Ensure that all images have been captured at the same magnifi-
cation and size (pixels per inch, ppi).

20. ROIs must be manually verified and corrected if required.

21. Microscopy-derived images must be calibrated by the software.
Note that calibration of images is critical, since the measure-
ment given by the software will depend on it. Images with
higher resolution would improperly show bigger beta cell
area compared to those taken at lower resolution.
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