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Preface

Cardiovascular disease, the principal cause of heart attack, stroke, and gangrene of

the extremities, remains a major contributor to morbidity and mortality in the Western

World. Many factors, such as genetic polymorphisms, hypercholesterolemia, mod-

ified lipoproteins, hypertension, diabetes mellitus, autoimmune responses, infections

and smoking have been implicated in the development of cardiovascular diseases.

The etiology and pathogenesis of many cardiovascular diseases have not been fully

elucidated. Although clinical investigation of these diseases is an important approach

for understanding their etiology and therapy, animal models are essential tools for

understanding the mechanisms of the pathogenesis as well as of interventions.

Cardiovascular research with animal models, as known today, is nearly 100 years

old. The use of animal models in the study of cardiovascular diseases is essential to

answer many questions. For instance, evaluation of a risk factor as a single

independent variable, with almost complete exclusion of other factors, can best be

performed in animals free of intercurrent diseases or abnormalities and with well

known genetic characteristics. Furthermore, experiments using animals are the only

way to develop and test new diagnostic, preventive, and therapeutic procedures for

both ethical and practical reasons. The investigator can choose the time and method,

as well as obtain tissue and serum samples and other material needed for measure-

ments under optimal conditions and selective circumstances that are difficult, if not

impossible, in studies with human subjects.

Attracted by the availability of well-defined genetic systems of transgenic and

knockout mice, a number of investigators have begun to use the mouse as an

experimental system for arteriosclerosis research. Hundreds of inbred lines have

been established, the genetic map is relatively well defined, and both congenic strains

and recombinant strains are available to facilitate genetic experimentation. In just a

few years, murine lipoproteins have been characterised, genetic variants of apolipo-

proteins identified, and genetic variation in susceptibility to atherosclerosis among

inbred mouse strains demonstrated. Because inbred strains have low variability, fewer

are needed for each experiment, which is also of economic benefit. The mouse is

becoming a widely used model for studying all aspects of cardiovascular diseases.

Although the mouse model is widely used by many laboratories, some problems

often appear due to insufficient knowledge of the specific animal models, especially

technical issues. Many mouse models involve techniques of microsurgery, which

cannot be performed without training following specific guidelines. Investigators who

are not experienced in using mouse models need to consider several issues before

starting their experiments. They need some essential information about experimental



procedures, specific instruments and technical know-how. The present handbook

provides a brief background on each individual disease, describes detailed methods

and materials used for establishing the mouse model, discusses the problems that may

appear in the experiments, and gives some examples for applications of the model.

Importantly, the movies on the accompanying CD allow researchers to learn the

techniques by directly watching the whole operation. This book covers most, if not

all, mouse models of cardiovascular diseases authored by experts in the research field.

I believe that this book will be useful for all researchers working with mouse models

in cardiovascular research.

Qingbo Xu
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1
Mice – general information

Hermann Dietrich

Central Laboratory Animal Facilities, Innsbruck Medical University,

Peter-Mayr-Strasse 4a, A-6020 Innsbruck, Austria

Abstract

The gentle and careful use of laboratory animals requires specific knowledge on the

general biology and the characteristic hallmarks of the used animals and the adequate

consideration of legal requirements, ethical aspects, and scientific guidelines. In this

chapter, important topics of laboratory animal science regarding the mouse as laboratory

animal are addressed. Initially, a brief historical overview of the mouse is given and the

step from the house mouse to the worldwide actually mostly used laboratory animal

species. Moreover, housing conditions of mice, maintaining, and selected genetic

principles are described. Commonly used handling techniques are explained in detail.

For practical benefit, adequate methods for the sampling of blood and bone marrow

cells and the application of substances, in particular, the intravenous injection technique,

are described. Finally, useful techniques for anesthesia, analgesia, and euthanasia are

emphasized.

Keywords

mice, laboratory animal, housing, breeding, genetics, blood, injection techniques,

anesthesia, analgesia, euthanasia

Historical perspective of house mice
as laboratory animals

The step of the wild mouse to the worldwide most-used laboratory animal was

principally caused by the usefulness of this species for different interests. Historically,

mice have been used in biomedical research since the 16th century, when Robert

Hooke used mice in England to study the biological consequences of increasing air

pressure. Morse1 reported in 1981 that William Harvey used mice for his fundamental

studies on reproduction and blood circulation. In the 19th century several fanciers in

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
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Europe, the United States and Asia were breeding and exchanging in particular pet

mice and rats (rarely other rodents like hamsters, guinea pigs, etc.) showing a variety

of coat colour or behavioural mutations.

A booming use of mice have been reported since the 20th century in many areas of

biomedical research. Mice had played and continue to play an instrumental role in

several scientific fields2, such as genetics, physiology, immunology, metabolism,

pathology, oncology, cardiovascular diseases, etc. Several geneticists had created

highly standardised mouse strains, whose genetic characteristics were precisely

known. To retain those genetic standards, every breeding generation of mice had to

be monitored by specific methods.

With a few exceptions, historical records concerning the genealogy of most

laboratory inbred mouse strains are well documented and several reviews on this

subject are available.3–5 A chart6 concerning the genealogy of these strains has been

published recently and regularly updated data on the genetics, genomics, and biology

of the laboratory mouse7 are available. One of the worldwide top ranked research

institutions and biggest non-profit breeding organisations of laboratory mice is The

Jackson Laboratory, which was founded in 1929 in Bar Harbor (Maine, USA) by C.C.

Little. The ‘Jax-Lab’ has played a pivotal role in the promotion of mice8 as a very

useful laboratory animal and still is a unique source of various mouse strains.9 Several

other institutions, like the Oak Ridge National Laboratory in Tennessee (USA) and

the MRC Centre at Harwell in the UK have also played an important role in the

development of the mouse as a laboratory model for research projects on genetics,

oncology and immunology. Recently the European Union has decided to support the

establishment of a network of genetic repositories (the so-called European Mouse

Mutant Archive or EMMA10), with major breeding institutions in Italy (EMMA

Headquarters is in Monterotondo, near Roma), in the UK (MRC-Mammalian

Genetics Unit, Harwell), in France (CNRS-Centre de Distribution, de Typage et

d’Archivage Animal, Orléans-la-Source), in Portugal (FCG-Instituto Gulbenkian de

Ciência, Oeiras), and in Germany (GSF-Institute for Experimental Genetics,

Munich). Finally, more recently, Japan has established a Bioresource Center at the

RIKEN11 in Tsukuba.

In addition, well established commercial breeding institutions (e.g. Charles River

Laboratories, Harlan-Winkelmann, Taconic, etc.) provide laboratory animals world-

wide. Those companies also offer special services to scientists, such as cryoconserva-

tion, re-derivations of contaminated and infected animals, respectively, health

monitoring programs, isolator- and barrier-housing, immunisation protocols for

antibody production, and the service of mouse hotels, if limitations of space,

technical equipment, adequate hygienic conditions, and trained staff exist in the

basic animal house.

Various genetic backgrounds of laboratory mice are available to achieve the

envisaged goal of a scientific analysis,12 e.g. outbred, inbred, hybrid, congenic, etc.

In particular, the use of inbred strains of mice has offered investigations at the

genomic level, because they can be achieved with a high level of refinement and can

be correlated in a very reliable way to the phenotype of the living animal. It can be

affirmed that the new types of mouse strains became of expanding interests for the
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biomedical research programmes. Scientists predict that mice will be more useful for

scientific research that it has been over the last centuries, especially due to the mouse

genome project13 with its contributions worldwide.

In addition, numerous transgenic mouse models were developed to study human

diseases, and it is nearly impossible to depict all of them. Animal models are used for

numerous diseases of man, e.g. genetic diseases, infectious diseases (parasites, fungi,

bacteria, viruses, prion diseases), apoptosis research, oncology, aging, Alzheimer’s

disease, immunology and xenografting, reproduction research and endocrine dis-

orders, and cardiovascular diseases. Using hereditary, experimentally induced, and

transgenic mouse models, specific (patho-)mechanisms and characteristics of diseases

can be better understood and reveal a more detailed and mostly superior insight into

complex structures and functions, and even allows to define new therapeutic

strategies and drugs capable of protecting humans against diseases. Especially

transgenic mice are an essential tool to study human diseases, and this methodology

is expected to be even more extensively used in the coming decades.

For the understanding of complex correlations in the pathogenesis of cardiovas-

cular diseases, in particular to elucidate pathomechanisms of atherosclerosis, the use

of adequate mouse models increased during the past two decades.14–21 However,

some authors had estimated the small size of rodents22 as impedimentary to be used

in cardiovascular research.

Maintaining and breeding of mice

Housing conditions of mice includes several parameters, which can influence growth

and development as well as well-being and social behaviour of mice. A well-organised

colony management and exactly followed animal care regulations23 are essential

prerequisites for animal experiments of high quality and reproducibility. In general,

national and international laws and guidelines for the care and use of laboratory

animals exist in line with animal welfare regulations. For details, see relevant

textbooks,24–25 national laws and international conventions. Several recommendations

on proper housing conditions of mice24,26–28 have been published. These guidelines

refer to requirements on ventilation, temperature, humidity, light, noise levels, health

status, feeding, water supply, animal enclosures, handling and experimentation proce-

dures, including anesthesia, analgesia and euthanasia.

The environmental requirements of mice are summarized in Table 1.1. The

standard procedures have to be strictly performed by a specifically educated and

well-trained staff.29 Such standard procedures are (i) daily monitoring of animals for

adequate environmental conditions and general health, (ii) food and water control,

(iii) regular changes of cages and bedding, (iv) cleaning and sterilisation programs of

cages, racks, cage covers, filter hoods, water bottles, and other equipment, and (v)

sanitation programmes.

Genetic monitoring of mice is important to analyse mutations and differential

fixations of alleles in inbred strains. Phenotypic differences detected among

substrains have been shown to be caused by genetic factors. The techniques for
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genotyping have to be adjusted to the specific needs of an institution or a group, and

may depend on laboratory equipment, maintenance conditions, and the scientific

purpose of such analyses. The determination of a genetic profile allows to distinguish

among different strains maintained in one animal unit. In general, this genetic profile

is composed of monogenetic polymorphic markers which may be further differen-

tiated by biochemical, immunological, morphological, cytogenetic, and DNA mar-

kers. Those classic markers have been almost fully replaced in routine applications by

the microsatellite marker technique. A huge number of primer pairs is available and

can be purchased from companies worldwide.

Laboratory animals have to be housed under specific environmental conditions,

which prevent animals from infections by microbial agents, and established the status of

‘specific pathogen-free’ (SPF) animals. Locks and showers were commonly used for

personnel, autoclaving for food, water, materials, and equipment, and mice were

maintained in technically adapted (positive pressure, filtered air, etc.) and regularly

disinfected animal rooms. During the last decade, filter cabinets, microisolator cages

and individually ventilated cage (IVC)-systems have been increasingly used in

laboratory animal facilities. Those new cage types offer the advantage of separating

small populations from each other and are also frequently used for housing immuno-

compromised or infected mice. The transmission of infectious agents can be efficiently

prevented by such cage systems, which must be considered as self-contained micro-

biological entities. In IVC systems, every single cage has its individual route for air

supply and air exhaust. The rate of ventilation is much more higher in IVCs than in

conventional open cages and allows some extension of the cage-changing interval. The

major effect of filter cabinets, microisolator cages, and IVCs is to erect an effective

hygienic barrier between the animals and their environment, which can provide a better

microbiological status of animals used. However, a well-trained staff29 is needed to run

those cage systems effectively. Because of the higher expenditure of time for

concomitant work, e.g. using clean benches with laminar flow conditions, manipulation

of animal cages under sterile environment, marking of animals, and care and manage-

ment of animals in breeding procedures, the number of mice per animal technician is

Table 1.1 Environmental requirements of mice

Temperature 20–24�C

Relative humidity 50 � 10%

Ventilation (air exchange per h) 8–20 (in IVC cages 30–80)

Photoperiod (light-dark-rhythm) 12=12 or 14=10 hrs

Light intensity 60–400 lx

Noise �50 to �85 dB

Water intake 5–8 ml per day

Food intake 4–8 g per day

See also Fox et al.,55 GV-SOLAS26

From: Hedrich HJ, Mossmann H, Nicklas W. Housing and Maintenance. In:
Hedrich HJ, Bullock G, eds. The Handbook of Experimental Animals – The
Laboratory Mouse, Amsterdam: Elsevier, 2004:395–408. With permission of
Elsevier publishers.
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definitely reduced to about 50–70% compared to the hitherto existing open housing

systems.

Mouse genetics

The management of breeding colonies of mice requires specific knowledge on the

goals of inbred and outbred populations. The objectives for ‘outbred’ animals are to

ensure that the population remains constant in all characteristics for as many

generations as possible to maintain the highest level of heterozygosity and to preserve

the population’s original allelic forms and frequencies as stable as possible over

generations. In contrast, for ‘inbred’ strains efforts are focused on the preservation

of isogeneity and a maximum inbreeding coefficient.4 To achieve the goal of

homogenous populations, the main three causes of divergence have to be avoided:

genetic contamination, mutations, and residual heterozygosity. Several factors can

affect the genetic characteristics of inbred and outbred populations,30 e.g. the

population size, the type of mating scheme, spontaneous mutations, and (positive

and negative) selection procedures.

Outbred stocks are characterized by maximum genetic variability (polymorphism)

in the population, avoidance of the introduction of new allelic forms, and minimisa-

tion of increasing inbreeding from generation to generation by using breeding

partners, which are preferably not related to each another. Usually, outbred popula-

tions have large numbers of permanent breeding pairs (sometimes more than 200

pairs), no selection criteria (i.e. loss of allelic forms), high interval between

generations (to slow down genetic drift), and closed mating populations (no

introduction of new breeders).

A different mating scheme is used for inbred strains. Inbred strains are defined as

those derived from 20 or more consecutive sister � brother matings. The main goal of

inbreeding is a maximum level of homozygosity at virtually all of the loci, which

entails a genetic and phenotypic uniformity. This uniformity reduces the number of

mice, which have to be used for experimental approaches, because experimental

variability in phenotype is limited to variations in epigenetic, extragenetic, and/or

varying uncontrolled environmental factors. However, inbred animals are usually

characterised by a lower degree of robustness for infectious agents and environmental

factors, a decreased fecundity (fertility rate, litter size, number of weaned pups, etc.),

and relatively higher costs than outbred animals. In addition, specific phenotypes can

be expressed or even inability to live because of homozygosity for a certain recessive

trait31 and/or lethal gene(s).

The crossing of two inbred strains generates hybrid mice, which are genetically and

phenotypically uniform like inbred mice. F1 hybrids display an overall hybrid vigor,

i.e. increased resistance to diseases, better survival under stress situations, greater

natural longevity, higher numbers of litter, and are therefore useful as recipients of

tissue transplants from mice of either parental strain. Crossings of F1� F1 result in

the F2 progeny, in which alleles of the two parental strains segregate following

Mendelian principles of inheritance.
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Special breed of inbred lines are recombinant inbred (RI) and congenic strains. RI

strains are derived by systematic inbreeding from a cross of two different inbred

strains, recombinant congenic (RC) strains are established by backcrossing of F1

hybrids to mice of one of the parental lines32,33 (for details see also Chapter 2).

Congenic strains are inbred strains carrying a mutant gene or ‘foreign’ polymorphic

allele from a different strain or stock and are expected to be identical at virtually all

loci except for the transferred locus (‘locus of interest’) and a linked segment of the

chromosome. A strain is considered congenic after 10 generations of backcrossing to

a recipient inbred strain (N10). Using marker-assisted technologies, congenic strains

can be established in <10 generations, creating so-called ‘speed congenics’, from

which DNA microsatellite markers are extensively mapped.7,34

With regards to cardiovascular research, mice of the C57BL/6J strain are most

susceptible for hyperlipidemia-induced atherosclerosis. However, it is known that

inbred mice of another inbred strains, for example C3H/HeJ, BALB/cJ and A/J

are not sensitive to a cholesterol diet and atherosclerotic lesions cannot be induced

by feeding of cholesterol-enriched diets. Concerning the injury models, data

indicate that neointimal lesions vary between different strains, but differ from

diet-induced atherosclerosis, suggesting that injury-induced neointimal hyperplasia

and diet-induced atherosclerosis are controlled by distinct sets of genes; the

former appeared to be determined by recessive genes at minimally two loci.35

Neointimal lesions in vein isografts between C57BL/6J and BALB/c strains

revealed no significant difference in either inflammatory responses or the thickness

of lesions, suggesting there is less effect of genetics on vein graft models. For

transplant arteriosclerosis, different major histocompatibility complex class II

antigens between donors and recipients are needed, e.g. between C57BL/6J

and BALB/c mice. Thus, careful selection of the model with different genetic

background for such experiments is essential for the successful performance of

the study.21

During the last two decades genetically engineered strains of mice were created by

‘transgenesis’ and ‘targeted mutagenesis’. Transgenic mice have genetic material

randomly added to their genome, whereas knockout and knockin mice are produced

by the gene targeting technique using mouse embryonic stem (ES) cells. Gene

targeting replaces the gene sequence resident in the mouse genome by means of

homologous recombination of a related sequence that has been modified in the

laboratory to contain a mutation.

Thousands of transgenic mouse strains have been used to study gene function and

expression and have resulted7 in many important disease models. The phenotype of a

knockout mouse provides important clues about the gene’s normal role. One major

application of this technology is the modelling of human diseases caused by loss of

gene function. Such knockout mouse models are useful tools to investigate the

biochemical and physiological aspects of diseases. Interesting examples of knockout

mice for transplant arteriosclerosis research are animals, which lack gene function

for interferon-gamma,36 nitric oxide synthase (NOS),37 P-selectin,38 intercellular

adhesion molecule-1 (ICAM-1),17,38 and Apo E.39
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Blood and bone marrow collection methods

For different analyses in hematology, immunology and similar disciplines, the

collection of blood samples40 is necessary. In this chapter, the scientifically accepted

blood collection methods from mice are described. Blood collection techniques

should be performed with a minimum of tissue trauma and thus a minimum of pain

and suffer to the animals. Methods that enable blood sampling directly from a vessel

or plexus are preferred to those that may cause more tissue trauma. The following

sites are commonly used for blood collection in mice: orbital sinus, tail vein, heart,

aorta, and vena cava.41 Depending on the site that is used for blood collection, either a

terminal procedure (heart, aorta, vena cava, jugular vein) or a survival procedure

(orbital sinus, tail vein) is applied. Terminal blood collection procedures must be

performed in anesthetised mice only.12

Proper handling techniques are necessary for blood sampling from orbital sinus or

from the tail vein. After removal from the cage by grasping the animal’s tail and, if

required, identification of mice, the restraining can be performed either by an

immobilisation device or by fixing a skin fold at the rear of the neck with thumb

and forefinger. For the collection of blood samples from the orbital sinus an adequate

sedation or a brief anesthesia is recommended. For routine hematology, the collected

blood should be immediately placed in a tube to let the blood clot for serum

extraction. In the case that anticoagulation should be achieved to separate plasma

from cell compartments, EDTA (ethylenediamine tetra-acetic acid), heparin, sodium

citrate (3.8 per cent) and others are valuable anticoagulants.41

For qualitative and quantitative analyses, bone marrow cells are used for smears

and counting to evaluate for relative proportions, maturity of precursor cells, storage

pools, and other changes. Among the feasible methods used to prepare bone marrow

cells are cytospin preparations, paint brush smears and squash preparations.41 Most

commonly, the femur (or other appropriate long bone) is cracked and bone marrow

material is either rinsed from the marrow cavity using sterile medium and a 22-gauge

ð0:7 � 30 mmÞ or 23-gauge needle ð0:6� 25 mmÞ, or a slightly moistened paint-

brush is introduced into the marrow cavity to pick up a small amount of bone marrow,

or bone marrow cells are harvested by centrifugation of the cracked bone in a 0.6 ml

centrifugation tube and adequate medium.

Anesthesia and Analgesia

Anesthesia and analgesia protocols require specific knowledge of the mouse physiol-

ogy and is a real challenge to the mouse anesthetist. The three major ‘pillars’ of an

appropriate anesthesia are adequate analgesia, sedation/hypnosis, and relaxation of

skeletal muscles. Hence, an expertly performed anesthesia needs special knowledge

and experience. The choice for the used anesthetic regimen is particularly affected by

the aim of the scheduled study, the age, sex, and size of the animal species, and the
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advantages and disadvantages of various anesthetic drugs. Anesthetics can be

administered by injection or by inhalation (and via the route of tank water, if animals

are aquatic residents). For major surgery and other long-term procedures a combina-

tion of injectable anesthetics with an inhalant anesthetic may be considered.42

Several problems can occur in association with the small body size of mice, e.g. the

higher surface area relative to body mass, increased sensitivity to blood loss entailing

cardiovascular failure, and the lack of intra-anesthetic monitoring. In addition, strain,

sex-, and age-dependent variability in the effective dose of some injectable anes-

thetics may result in inadequate depth of anesthesia or even in a lethal overdose.42

For larger animals a fasting period of 12–24 hours is usually emphasized in the

preanesthetic phase. In contrast, it is undesirable to withhold food and water before

anesthetising mice.43 For anticholinergic premedication mice should be treated with

atropine (0.04 mg/kg, subcutaneously)44 about 30 minutes prior the induction of

anesthesia.

However, anesthetics are usually injected into mice because of easy administration

by the subcutaneous (Figure 1.1), intraperitoneal (Figure 1.2), or intramuscular

(Figure 1.3) routes. Drug absorption is slow via those routes, and it needs a couple

of minutes until the anesthetic drug(s) provide(s) an adequate anesthesia. Rapid

Figure 1.1 Subcutaneous injection. Several locations can be used for subcutaneous application of

substances. One example is shown here: After an adequately restraint, the mouse is injected into the

skin fold between the knee joint and abdomen. Recommended injection volume is 0.1 to 0.5 ml. Note:

do not damage one of the dugs (mamma), which can be clearly recognized in the picture. In male mice

and sometimes in females the dugs cannot be clearly seen. Another location for subcutaneous

injection is the neck region (near or between the fingers of the experimenter, who restraint the

mouse) and in the hip region of the mouse. In principle, each location can be used, which is capable

for administering substances under the skin. For a color version of this figure, please see the images

supplied on the accompanying CD
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absorption, which entails a nearly simultaneous anesthetic effect can be achieved by

intravenous application (Figure 1.4).

For the performance of intravenous injections mice are first placed under a heating

lamp for about 10 minutes to warm the animals’ body. Overheating of mice must be

avoided by permanent careful observation. Unless the mice show increasing activity

for self-grooming, expressed by distinct wiping movements of the forepaws over face

and snout, mice are placed in a restriction device made from plastic or glass. The free

movement of the body is restricted, the experimenter has free access to the tail, where

the veins can be well seen due to their heat-induced dilatation. On the dorsal site as

well as at the left and right lateral site the three tail veins can be observed, if the

warming procedure of the mouse has been properly performed (Figure 1.5). At the

ventral site of the tail the artery runs along the tail to the tip and should not be used

for intravenous applications. One of the three tail veins can be punctured using a 30-

gauge needle ð0:3 � 13 mmÞ. It is emphasized to insert the needle into the vein lumen

in an angle of 5–10�, meaning nearly parallel to the surface of the tail skin. The

Figure 1.2 Intraperitoneal injection. Administration of substances into the peritoneal cavity of

mice is a frequently used technique. The mouse is properly restraint by grasping the animal’s skin in

the neck region, and turned the abdominal site upwards. The right injection location can be found as

follows: an imaginary line runs between the processus xyphoideus (end of the sternum) to the cranial

edge of the pubic bone (os pubis). This distance is cut in half, and this particular site is used for the i.p.

injection. To avoid injuries of the intestine, liver, and of other abdominal organs by the needle, it is

important to keep the head of the mouse deeper that the abdominal/pelvic region. The needle is

carefully placed at the above described site and inserted in an angle of about 50–60 degree to keep the

way through the various skin layers as short as possible (a minimum number of sensitive nerves should

be irritated by the needlepoint). The recommended injection volume is 0.1 to 0.5 ml. For a color

version of this figure, please see the images supplied on the accompanying CD
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Figure 1.3 Intramuscular injection. Because of the small muscle mass of mice, the intramuscular

application of substances is not a very common technique used in mice. In principle, parts of the M.

glutaeus are used to be injected. The mouse has to be restraint as described. The appropriate

muscles are found between the ischium and the popliteal region. The needle is inserted into the M.

glutaeus and the injection is performed. The recommended injection volumes should not exceed

0.05 ml for an adult mouse.

Note: take care not to injure the ischiatic and femoralis nerve or the femoralis blood vessels with

the needletip. For a color version of this figure, please see the images supplied on the

accompanying CD

Figure 1.4 Intravenous injection. Before a intravenous injection mice are warmed by a heating lamp

for about 10 minutes to warm the animal’s body. Tail veins became distinctly visible and can be

punctured using a 30-gauge needle. The needle must be inserted into the vein lumen in an angle of 5–

10�, nearly parallel to the surface of the tail skin. Because of the application the blood in the vein

lumen is displaced and thus indicate the proper placement of the needle in the vessel lumen.

Recommended volume for intravenous application into adult mice is 0.05 to 0.15 ml. The intravenous

injection techniquemust be properly educated and trained to ensure successful intravenous injections

in mice. For a color version of this figure, please see the images supplied on the accompanying CD
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application of drugs must be performed slowly and displacement of blood by the

injected fluid assure that the injection is properly placed in the vessel lumen.

Adequate education and training is required to conduct intravenous injections in

mice successfully.

Recommended injection volumes44–45 range from 0.1 to 0.5 ml for intraperitoneal and

subcutaneous applications, from 0.05 to 0.15 ml for intravenous application and should

not exceed 0.05 ml for intramuscular injection to an adult mouse. Young mice and

animals with a lower body weight should receive reduced injectionvolumes accordingly.

A recommendable anesthesia can be achieved by intraperitoneal injection of

medetomidine (0.5 mg/kg), midazolam (5 mg/kg) and fentanyl (0.05 mg/kg), because

those drugs can be neutralized by specific antagonists (atipamezole (2.5 mg/kg),

flumazenil 0.5 mg/kg, and naloxone (1.2 mg/kg), subcutaneous application). Opti-

mised and safe intraperitoneal injection anesthesia in mice was analysed by Arras46

by using combinations of dissociative anesthetics (ketamine, tiletamine), �2-agonists

(xylazine, medetomidine), and/or sedatives (acepromazine, azaperone, zolazepam).

Alternatively, volatile anesthetic drugs, such as enflurane, isoflurane, sevoflurane,

etc. are widely used for inhalation anesthesia for mice because of the better

controllability on the anesthetic depth. Those volatile agents are applied by a specific

device, which vaporises the liquid substances by higher pressure. For the initiation of

anesthesia the volatile agent is conducted into a chamber, in which the animal had

been placed. Anesthesia is continued by inhalation of the anesthetic vapor via fitting

face masks. As an easily manageable system syringes can be used from which the

pistols had been removed. For mice, aged >6 weeks, 5 ml-syringes can serve as face

masks, for older mice 10 ml-syringes are commonly used. The major advantages of

inhalation anesthesia are rapid onset of analgesia, proper sedation, adequate relaxa-

tion, and a precise adjustment of the anesthetic depth and period. In larger animal

species a tube is inserted into the trachea45 allowing artificial respiration in case of

apnea. Table 1.2 summarizes the use of anesthetics and tranquilizers in mice.

Figure 1.5 ’Mouse tail vein‘. This picture clearly shows the course of the dorsal tail vein, which

can be used for the intravenous injection technique. For a color version of this figure, please see

the images supplied on the accompanying CD
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Table 1.2 Anesthetics and tranquilizers used in mice

Drug Dosage (mg/kg) Comments References

�-Chloralose 114 i.p. 5% solution, only in

combination with

analgetics and/or other

anesthetic agents

Windholz56

Alphaxolone/alphadolone

(Saffan, Althesin)

10–20 i.v. Unpredictable anesthetic

effect following i.p.,

volume too large for i.m.

Green,44 Flecknell43

Chloral hydrate 60–90 i.p.

370–400 i.p.

Light surgical anesthesia

Considerable strain differences

Green44

Flecknell43

Fentanyl/fluanisone

(Hypnorm)

0.4 ml/kg i.m. Muscle rigidity, pronounced

respiratory depression,

1:10 dilution

Flecknell43

Hypnorm/midazolam 10 ml/kg i.p. 2 parts water for

injection þ 1 part

Hypnorm þ 1 part

midazolam (5 mg/ml)

Flecknell43

Fentany/droperidol

(Innovar Vet)

0.5 i.m. Irritant, tissue necrosis,

self-trauma following i.m.

application

Flecknell43

Ketamine 80–100 i.m.

100–200 i.m.

Sedation, muscle Green44

Flecknell43

Methohexital (Brevital,

Brevimytal)

10 i.v.

44 i.p.

Short-term anesthesia Flecknell43

Dörr57

Medomitate/fentanyl 60/ 0,06 s.c. Green,44 Flecknell43

Pentobarbital

(Nembutal, Vetanarcol)

45 i.p.

50 i.p.

60 i.p.

1:10 dilution, narrow safety

margin, marked strain

differences in response,

severe respiratory

depression

Flecknell43

Erhardt58

Zeller,59 Koizumi60

Propofol (Rapinovet,

Diprivan)

26 i.v.

30 i.v.

Short-term anesthesia,

i.v. injection required

Flecknell43

Koizumi60

Thiopental

(Penthotal, Trapanal)

30 i.v. Short-term anesthesia, i.v.

injection required, dose

dependent hypothermia

and respiratory depression

Flecknell43

Tiletamine/zolazepam

(Telazol)

40 i.p.

80–100 i.p.

Flecknell43

Silverman61

Tribromethanol (Avertin) 125–300 i.p.

240 i.p.

1.2% solution, possible

peritonitis, serositis

Flecknell43

Zeller59

i.p., intraperitoneally; i.m., intramuscularly; i.v., intravenously; s.c., subcutaneously.

From: Otto K. Anesthesia, analgesia and euthanasia. In: Hedrich HJ and Bullock G, eds. The

Handbook of Experimental Animals–The Laboratory Mouse. Amsterdam: Elsevier, 2004;555–569.

With permission of Elsevier publishers.
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Monitoring of anesthesia in mice is usually based on the assessment of clinical

parameters, such as regular breathing, adequate heart frequency, loss of righting

reflex, and analgesia. Unwanted incidents can occur because of hypothermia of

animals during anesthesia. To prevent animals becoming hypothermic, various

heating equipment can be used, e.g. heating blankets, hot-water bottles, electronic

foot-warmers, etc. In addition, during anesthesia sterile saline or an eye ointment

Table 1.3 Analgesics used in mice

Drug Dosage(mg/kg) Route Interval References

Acetaminophen 300 i.p. Jenkins50

Amitryptiline 5–10 i.p. 24 hourly Abad62

Aspirin 20

120

120–300

s.c.

p.o.

p.o.

Once

Flecknell63

Dobromylskyi64

Jenkins50

Buprenorphine 0.01

0.05

0.05–0.10

2.0

2.5

s.c.

s.c.

s.c.

s.c.

i.p.

8–12 hourly

8–12 hourly

Liles65

Flecknell43

Dobromylskyi64

Flecknell45

Harvey66

Butorphanol 0.05–5

1–2

1–5

5.4

s.c.

i.m., s.c.

s.c.

s.c.

4 hourly

4 hourly

Jenkins50

Dobromylskyi64

Flecknell43

Harvey66

Carprofen 5 s.c., p.o. Daily Dobromylskyi64

Codeine 20

60–90

s.c.

p.o.

4 hourly Flecknell,45 Jenkins50

Flecknell,45 Jenkins50

Diclofenac 8 p.o. Daily Dobromylskyi64

Fentanyl 0.0125–1.0 i.p. Thurmon52

Flunixin 2.5 s.c. 12–24 hourly Dobromylskyi64

Ibuprofen 7.5

30

p.o.

p.o.

Daily Jenkins50

Dobromylskyi64

Meperidine 20

2.5

10–20

s.c., i.m.

i.m., s.c.

s.c.

2–3 hourly

2–4 hourly

2–4 hourly

Jenkins50

Flecknell,43 Dobromylskyi64

Flecknell45,62

Nalbuphine 1.0

2–4

4–8

s.c.

i.m.

i.p., s.c.

4 hourly

Liles65

Dobromylskyi64

Flecknell43

Paracetamol 300 p.o. 4 hourly Flecknell63

Pentazocine 5–10

10

s.c., i.m.

s.c.

3–4 hourly

3–4 hourly

Flecknell,43 Dobromylskyi64

Flecknell,62 Jenkins50

Pethidine

(meperidine)

10–20 s.c., i.m. 2–3 hourly Flecknell,43 Dobromylskyi64

Phenacetin 200 p.o. 4 hourly Flecknell63

Piroxicam 3 p.o. daily (?) Dobromylskyi64

i.p., intraperitoneally; i.m., intramuscularly; s.c., subcutaneously; p.o., orally.

From: Otto K. Anesthesia, analgesia and euthanasia. In: Hedrich HJ, Bullock G. The Handbook of

Experimental Animals–The Laboratory Mouse. Amsterdam: Elsevier, 2004,566. With permission

of Elsevier publishers.
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should be applied onto the conjunctivae of the animal’s eyes. This moisture prevents

the conjunctiva and cornea from desiccation and encumbering lesions.

In concordance with the 3R-principles (reduction–refinement–replacement) of

Russel and Burch,47,48 peri- and postoperative analgesia is strongly emphasized

after surgeries and treatments, by which suffering, pain and distress to the animals49

can be expected. Subcutaneous injections of nonsteroidal antiinflammatory drugs

(NSAIDs) and opioids are commonly used, such as carprofene (4 mg/kg), butorpha-

nole 1–5 mg/kg (4 hourly), and buprenorphine (0.05–0.1 mg/kg (8–12 hourly).47,50–52

An overview of drugs which can be used for adequate analgesia in mice is shown

in Table 1.3.

Euthanasia

For euthanasia of animals the used methods must be painless, provide rapid

unconsciousness and death, require minimum restraint, avoid excitement, should be

appropriate for age, species, and health of the animals, must minimize fear and

psychological stress in the animal, must be reliable, reproducible, irreversible, simple

to administer and safe for the operator.53 Death in rodents is indicated by cessation of

respiration and heart beat, and absence of reflexes. In addition, death may be

confirmed by additional techniques used, such as exsanguination, evisceration,

decapitation (e.g. fetuses and newborn mice) or extraction of the heart.

Recommended methods for euthanasia of adult rodents include the use of

barbiturates, carbon dioxide, cervical dislocation, decapitation and stunning.54 Such

methods must be taught well to experimenters and co-workers to perform adequate

euthanasia of animals.
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Abstract

Mouse genetics is one of the most powerful tools for addressing various questions

concerning cardiovascular morphology, physiology, and pathology. Targeted mutagen-

esis and transgenics are powerful approaches commonly used in mice to examine the

role of specific genes in a biological process. Also, inbred mouse strains that display

quantitative differences in inherited phenotypes, such as plasma lipid levels and

atherosclerotic lesion sizes, have been used to perform quantitative trait locus (QTL)

analysis to localize genes that give rise to the traits. Various strategies, including

congenic mouse strains can then be used to confirm the QTLs and identify the genes

underlying the QTLs.

Keywords

quantitative trait; QTL; mouse genetics; mouse strains; congenic strains

Introduction

Over the past three decades, there has been rapid progress in identifying the genes that

are involved in monogenic diseases, such as Tangier disease1 and homocystinuria.2

However, progress in identifying genes contributing to common diseases, including

atherosclerosis, diabetes, and hypertension, has been slow.3,4 Studies of the genetic

bases of common diseases in humans are difficult, partially due to the involvement on

many genes, genetic heterogeneity, and important environmental influence.
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The use of mouse models of human diseases overcomes some of the limitations of

human genetic studies. Genetic heterogeneity is reduced through the use of inbred

strains, and environmental variation can be minimised by using standardised housing

conditions and diet. Mice are small (usually <40 g) and can be maintained in

breeding colonies comparatively cheaply. They have a short lifespan (�3 years), a

short generation time (sexual maturity is attained by 2 � 3 months), and large litter

sizes (5� 10 pups). Their short generation time and lifespan means that the effects of

transmittable mutations can be monitored easily. Because mice can be bred easily,

new strains, including inbred strains, recombinant inbred strains, congenic strains,

and comsomic strains, can be generated relatively quickly (1.5 � 4 years). Over the

years a number of strains exhibiting genetic variations in phenotypes of interest have

been identified, thus providing valuable resources to identify the critical cells, genes,

and pathways underlying the traits (see The Jackson Laboratory website: www.jax.org).

Chromosomal regions harboring the relevant genes can be found relatively quickly

and inexpensively by crossing strains with phenotypic differences. The loci can then

be isolated as congenic strains, thus reducing the complexity of the trait difference.

However, it has proved difficult to identify the genes underlying complex traits since,

in most cases, individual loci exert a small effect that makes it difficult to distinguish

alleles in individual backcross or intercross mice. Fortunately, the completion of

human and mouse genome sequences and the advancement of new technologies, such

as DNA microarrays, have begun to accelerate and simplify the process of identifying

causal genes (see below).

There are two distinct ways to determine the involvement of a particular gene in a

biological process. One is called ‘forward genetics’ or ‘phenotype-to-gene’, which uses

naturally occurring variation in a phenotype to identify the underlying gene(s) affecting

the trait by linkage analysis, followed by testing ‘positional candidates’. If a known

gene is suspected of playing a role in a physiologic process, then the ‘candidate gene’

approach is used to look for associations of a particular trait with polymorphic

variations of the gene. The other strategy is termed ‘reverse genetics’ or ‘gene-to-

phenotype’, which involves the transgenic modification of a known gene, followed by

examination of its effect on a physiologic process. Both forward and reverse genetics

strategies have been used extensively in mice.

Mapping genes underlying quantitative traits

Quantitative traits are those that show continuous variation from low to high values,

such as blood pressure and cholesterol levels. The variation in a quantitative trait is

caused by genetic or environmental factors or both. The genetic basis for the

continuous variation of a quantitative trait is due to the cumulative effects of multiple

genetic loci on the phenotype. A locus that controls a quantitative trait is called a

quantitative trait locus (QTL). QTL analysis is the general approach for mapping

chromosomal locations of genes that contribute to a polygenetic quantitative trait.

QTL mapping begins with construction of a cross between two inbred strains that

exhibit variation in the phenotype of interest. Generally, the greater the variation in
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the phenotype between two parental strains, the greater the probability of identifying

the QTLs for the trait in their crosses. The F1 hybrids of the two parental strains are

crossed back to one of the parental strains (backcross) to create a N2 population or are

themselves mated (intercross) to create a F2 population. A F2 cross is more common

for QTL analysis, especially when both parental strains have the phenotype differing

in magnitude and their F1 shows an intermediate phenotype. A N2 cross is more

powerful if the trait exhibits recessive inheritance.

The number of animals required for QTL analysis depends on many factors,

including QTL effect, the number of QTLs, and the variance of each QTL, but none

of them are known at the planning stage of experiments. Darvasi5 proposes formulas for

estimation of the number of progeny to be generated for a F2 [65.5=(2d2 þ h2)] or N2

cross [60.5=(dþ h)2] based on phenotypic differences among two parental strains and

their F1. In the formulas d represents standardized allele effect, which is equal to half of

the difference between the means of two homozygous QTL genotypes divided by the

within genotype standard deviation, and h stands for dominance effect, which is the

difference between the means of the heterozygous QTL genotype and the average of

the two homozygous means divided by the within genotype standard deviation.

Obviously, the greater the QTL effect the less animals need to be analysed. However,

in reality, the goal of the study as well as time and cost considerations often decides the

number of animals to be used for QTL analysis. In our experience and in most

published studies, a cohort of 200 animals should be sufficient to identify QTLs of

major effect on a quantitative trait.6–9

Although the F1 mice from a cross with inbred parental strains are genetically

identical (with the exception of the sex chromosomes), the N2 or F2 mice are each

genetically unique due to independent segregation of chromosomes and crossovers

that occur during the F1 meiotic process. Because the recombinant regions are

inherited as relatively large segments of chromosomes, the parental origins of these

chromosomal regions can be recognized with polymorphic markers that distinguish

the parental strains. The most common method for genotyping is polymerase chain

reaction (PCR) assay of simple sequence repeats (SSR) and single nucleotide poly-

morphism (SNP) genotyping using forms of oligonucleotide hybridization. The most

common SSR consists of mono-, di-, tri-, or tetranucleotide repeated sequences, so-

called microsatellites. Genotyping by the use of restriction fragment length poly-

morphisms (RFLP) can also be performed but it is more difficult and time consuming.

Each animal in the second generation is genotyped with polymorphic markers cover-

ing the entire genome at regular intervals and phenotyped for quantitative trait values.

QTL analysis tests whether the measured traits vary significantly across the popula-

tion on the basis of the parental genotype at any given location in the genome.

Specific software, such as Map Manager QTX, is available for testing the association

of a quantitative trait to each genetic marker. Likelihood ratio statistics (LRS) or log of

the-odds-ratio (LOD) scores are used to define the significance of the association of a

genetic marker with a trait. LOD scores can be calculated by dividing LRS by 4.6.

According to the guidelines proposed by Lander and Kruglyak10, the LOD score

required for significant linkage is 4.3 and the P value for a single point is 2 � 10�5 to

obtain a genome-wide P value of 0.05 for a F2 cross (in other words, in an F2 genome
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scan, there is a 5 per cent probability of obtaining a LOD score of 4.3 or greater purely

by chance). For suggestive linkage, the LOD score is 2.2 and the P value for a single

point is 7 � 10�4. For a backcross experiment, a lower LOD score (3.3) is required for

significant linkage). Permutation tests are another method for calculating the threshold

of a LOD score that a QTL needs to reach to be statistically significant. This method

randomises genotype and phenotype data and estimates an empirical genome-wide

probability for observing a given LOD score by chance, using the informative markers

and 1000 permuted data sets recommended by Doerge and Churchill.11 The latest

version of QTX allows choosing a trait, a chromosomal region, and other conditions to

run a permutation test for establishing suggestive and significant LOD threshold values

for interval mapping. The interval mapping method of QTX identifies the presence of a

QTL and its position within marker intervals. There will be a particular location along

the chromosome where the likelihood of a genetic effect is greatest, referred to as the

peak. The position of the peak is the most likely position for the QTL. A region of the

chromosome defined by one LOD unit decrease on either side of the peak can be

defined, within which there is a 95 per cent statistical likelihood for the QTL location.

Recombinant inbred strains (RI) and advanced intercross lines (AIL) are alter-

natives to genetic crosses for identification of QTLs contributing to a complex

quantitative trait with sufficient strength in the mouse. RI strains are a set of inbred

strains derived from two progenitor strains. Breeding pairs are randomly selected

from a F2 population and each pair undergoes 20 generations of strict brother–sister

mating to give rise to one new RI strain. As a result, each RI is a unique mixture of

the genome of the two parental strains. Thus, analysing a set of RI strains is similar to

analysing a F2 cohort. RI strains for QTL analysis have the advantages of immediate

accessibility of the strains and unlimited material for phenotypic assessment.

However, RI mapping has low power and precision to detect QTLs, mainly owing

to the small number of available strains in each set.12

When an F2 or N2 population is used for QTL analysis, a limiting factor in QTL

detection and localization is the numbers of recombination events that occur. In

contrast, an advanced intercross line (AIL) increases recombination frequency in a

segregating population. An AIL is produced by first generating a F2 cohort from two

progenitor strains. Breeding pairs are randomly selected from the F2 population to

generate a F3 population. Similarly, breeding pairs from the F3 population are

randomly selected to produce a F4 population. This procedure is repeated many

times until the F10 (or greater) generation is attained. To produce a valuable AIL, a

breeding population of more than 100 mice at each generation is required. The final

F10 (or greater) generation is used for QTL analysis. The accumulation of recombina-

tion events in the AIL can lead to several fold reduction in the confidence interval of

QTL map location. A similar strategy uses outbred stocks with mixed haplotypes.13

Dissecting QTLs using congenic strains

QTL analysis is a statistical approximation of both the presence and the location of

genes that influence a quantitative trait. It is therefore likely that QTLs are detected
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when there are none (Type 1 error) or QTLs are missed when there are ones (Type 2

error). As a complex quantitative trait is usually controlled by multiple genes, the

contribution of each individual locus to the trait is difficult to assess in a genetic cross.

Moreover, QTL analysis only yields QTLs that are restricted to chromosomal regions

no less than 10 to 30 cM, even in large experimental crosses14. A genetic interval of

this size corresponds in mice to �170 to 510 genes, which are too many candidates to

evaluate each one individually. One efficient solution to these problems is the

construction and analysis of congenic strains. A congenic strain contains a small

contiguous portion of the genome of one progenitor strain on the background of the

other progenitor.12 A consomic strain is a special type of congenic strain in which a

whole chromosome of one mouse strain is transferred to another. Since in a congenic

strain other QTLs have been eliminated, it is possible to assess the contribution of an

individual QTL to a complex trait through comparison with the background strain.

The use of congenic strains, similar to inbred strains, allows repeat phenotyping of

genetically identical individuals. Even more importantly, once a congenic strain is

constructed to contain a QTL, it can be used for identification of individual candidate

genes in the congenic region.

The construction of congenic strains to move genomic segments between various

inbred mouse strains is a classic genetic procedure that was pioneered by Nobel

laureate George Snell15 for dissection of histocompatibility and tumor resistance loci.

More recently, the congenic breeding strategies have become the standard procedure

for genetically transferring targeted genes or transgenes onto specific genetic back-

grounds. The protocol involves serial backcrossing of a gene donor to a recipient

strain, accompanied by selection for progeny carrying the desired gene or genomic

segment in each backcross generation. This leads to a serial dilution of the donor

genome into the recipient genome, with continuous maintenance of the specific gene

or genomic segment. By the 10th generation, the genome of the congenic line

unlinked to the targeted allele will be about 99.8 per cent of recipient strain origin. It

is at this stage that the new strain is considered to be a certified congenic.12 Linkage

will also cause the retention of a significant segment of donor chromosome spanning

the selected gene or genomic segment. The expected average length of this donor-

derived genomic segment can be calculated as [200(1 – 2�N)=N, where N is the

number of backcross] cM, although the length of the segment may vary considerably

due to the random distribution of crossover sites. The strengths of the congenic

breeding procedure are that it is relatively simple and is accepted as the standard

protocol for the production of a congenic strain. The weaknesses are that it requires

2–3 years to produce a congenic mouse strain and the purity of the congenic strain for

recipient genome is based on theoretical calculations.

More recently, the speed congenic approach has been developed to accelerate the

introgression of genes or genomic segments between breeds with a marker-assisted

selection protocol (MASP).16 This approach is based on a genome-wide analysis

of genetic polymorphisms distinguishing the donor and recipient strains. The optimal

breeders are selected with polymorphic markers not only for the presence of the

desired donor allele but also for the absence of donor alleles at other parts of the

genome. This procedure can lead to creation of a congenic strain with less than
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0.5 per cent contaminating donor genome unlinked to the congenic region in a total

of four backcrosses.17 An efficient strategy is to screen 16 to 20 male mice at

each backcross generation with markers spaced every 25 cM. The use of larger

progeny cohorts and denser markers is of little help in reducing the percentage of

contaminating donor genome unlinked to the target region. This approach allows

for generation of genetically defined congenic strains within a period of 1.5 years.

Also, the purity of the congenic strain for the recipient genome is genetically defined.

Once a congenic strain is constructed to carry a QTL, the next step is to evaluate the

phenotypes of interest through comparison with its background strain. If such a

congenic strain exhibits the phenotype of interest, then the QTL has been confirmed

to be real as defined in the original cross and is subject to further characterisation.

Otherwise, the QTL has been eliminated for further consideration.

A congenic strain can be used to reduce the size of the candidate interval once the

functional significance of the congenic segment has been confirmed. To achieve this

objective, the congenic strain can be backcrossed to the parental strain to produce an

F1 generation that is heterozygous for the congenic segment. These F1 mice can be

brother–sister mated to produce a large F2 population or backcrossed to the parental

strain to produce a large N2 population. The recombination event that is required for

mapping only occurs within the congenic region while the rest of the genome remains

homozygous at all locations during the F1 meiotic process. Therefore, the statistical

power of each mouse in the linkage analysis becomes much greater as the

interference from rest of the genome that normally reduces sensitivity in a linkage

study does not exist.

The second way to narrow the QTL interval using congenic strains is through

creation of overlapping subcongenic strains. This involves a backcross between the

congenic strain and the parental background strain, followed by two generations of

intercross. Mice of the backcross generation become heterozygous on the congenic

segment while all the other alleles remain homozygous at all locations. The F1 mice

are brother–sister mated to produce F2 progeny carrying differing regions of the

targeted segment. Male and female mice that are heterozygous for the same region of

the targeted segment are then mated to generate mice that are homozygous for the

donor parental strain in this region. The narrow region that modifies the trait of

interest can then be determined.18

Testing candidate genes in QTL regions

Once a QTL for a complex trait is genetically defined by a congenic strain, the next

step is to identify QTL genes for the trait. The most direct approach is to sequence the

coding regions of candidate genes to search for polymorphisms/mutations of the

genes.14 Most proven QTL genes are identified on the basis of changes in coding

sequence because proof for functional significance is relatively easy to obtain.19 In

contrast, the consequences of noncoding sequence variants are difficult to interpret

and are still poorly understood.14 The most common type of genetic variations is

a single nucleotide polymorphism (SNP) where a base is replaced by another.
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Insertions of additional sequences or deletions are also common genetic variations,

which are in the range from one to several thousand base pairs. Polymorphisms/

mutations are likely to have functional effects when they result in an amino acid

substitution in the gene products or a frameshift in the coding region. Many

polymorphisms probably have no functional significance if they have no effect on

gene products. There is also a possibility that a polymorphism/mutation directly

affects gene transcription, RNA splicing, and mRNA stability and translation.

Candidate gene association is a genetic approach that assesses the association

of a candidate gene with a complex trait using an experimental cross. Aitman et al.20

used the CD36 gene as a maker locus in QTL analysis and applied it to

defective insulin action in two F2 crosses and one backcross derived from

SHR and WKY rats and found that CD36 was at the peak of linkage to the trait.

This approach has also been successfully used in other studies to determine the

involvement of candidate genes in control of the polygenic quantitative traits.21–23

However, significant association of a polymorphism with a disease trait may not

ensure that the polymorphism is a primary factor for the disease susceptibility.

Thus, the observed association may be due to linkage disequilibrium such that

another polymorphism within the gene or in a closely linked gene may actually

determine the disease susceptibility. Recent studies have suggested that for many

traits, several genes rather than a single gene are responsible for the phenotypic

effect of a single QTL.24–27 This may seem unexpected, but there is selection for

such loci in that they may have the strongest effect on the trait. There is therefore a

possibility that polymorphisms/mutations occur in several closely linked, interacting

genes in one QTL.

Comparative expression profiling of genes in the relevant tissues or cells of a

congenic strain and its background strain can be a useful strategy for identification

of potential QTL genes. Global expression profiling using microarrays allows

genes showing differential expression to be identified on a genome-wide scale

and offer an opportunity to prioritize candidate genes for further investigation. When

the congenic strain is compared with its background strain, the genes to be

expressing differentially should be those in the congenic region or in other regions

but affected by gene differences in the congenic region. The commonly used

microarray method is a cDNA selection, in which mRNA from the most likely

tissues expressing the candidate gene is converted to cDNA, which is then

fluorescently or isotopically labeled and hybridised to high density arrays of

cDNA clones or of oligonucleotides directly synthesized on glass supports, nylon

membranes, or silica wafers. Signals are quantified using phosphorimaging, photo-

multiplier tubes, or computer-controlled imaging systems and a data set consisting of

expression measurements for all of the elements of the array is created. Most

microarray experiments consist of either examining changes in gene expression over

a temporal or treatment gradient28 or comparing gene expression between two

samples of different genotypes.29,30

Microarray assays may also offer new data concerning gene function, regulatory

mechanisms, and biochemical pathways.31–33 Because genes with similar functions

tend to cluster together in expression, a gene without known functions can be
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tentatively assigned a role in a biological process based on the functions of known

genes in the same expression cluster. Importantly, gene expression profiling provides a

broad candidate gene approach, which can be powerful when combined with geneti-

cally defined linkage regions. By linking information from expression profiling with

QTL mapping, recent studies have identified genes contributing to Tangier disease in

humans,34 spontaneous hypertension in rats,20 and allergic asthma in mice.35 Recent

studies involving a combination of genetic segregation and expression profiling

(‘genetical genomics’) appear to be particularly promising for the identification of

positional candidates and causal pathways.36,37 Nevertheless, there exist limitations to

such combined approaches, which include: (1) not all complex trait genes are

differentially expressed; (2) environmental factors affect gene expression and may

confuse the analysis;38 and (3) gene expression profiling may not be sufficient in

relating gene function to a complex trait.32

Functional tests of candidate genes

The final step in QTL gene identification is to prove that the gene identified is the real

QTL gene by functional assays. Gene knockout and transgenesis are the most

suitable technologies for the verification of QTL genes. The most conclusive

evidence is that combination or disruption of a candidate gene results in changes

in the phenotype of interest. Due to technical difficulties and the long duration

required to generate the animals, these approaches can only be used to test a limited

number of genes. RNA interference (RNAi) is a sequence-specific, post-transcrip-

tional gene silencing mechanism initiated by the introduction of double stranded

RNA (dsRNA) homologous in sequence to the silenced gene.39,40 RNAi has

significantly advanced our understanding of gene function in the nematode Cae-

norhabditis elegans and more than one third of the nematode genome has already

been subjected to functional analysis by RNAi.41,42 Mammalian cells are only

recently amenable to RNAi because the use of long dsRNAs (>30 nt) results in

activation of an antiviral response leading to blockage of initiation of protein

synthesis and mRNA degradation.39 However, the introduction of small interfering

RNA (siRNA) with 21–22 nucleotides in length does not stimulate the anti-viral

response in mammalian cultured cells and can effectively target specific mRNA for

gene silencing.43 The ability of siRNA to silence individual gene expression with a

high degree of specificity is also showing promise as a strategy for in vivo gene

intervention.44–46 although the potency of siRNA remains limited by intracellular

availability and the transient nature of gene silencing. Repeated administration of

siRNA overcomes this latter limitation to some extent while plasmid and viral

vectors producing siRNA using the polymerase III promoter may offer more efficient

siRNA delivery and can theoretically induce stable gene silencing.47 In addition,

with the availability of numerous agonists (activators) and antagonists (inhibitors) to

receptors and enzymes, the pharmacological method may serve as a useful tool for

functional analysis of signal molecules.
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Figure 2.1 Identification of 5–LO as an atherosclerosis susceptibility gene. QTL analysis begins

with creation of a cross between inbred strains C57BL/6J [B6] and CAST/Ei [CAST] that differ in

their susceptibility to atherosclerosis (a). Statistical analysis of the correlation between

phenotypes of F2 progeny and the genomic regions that they inherited from the parental strains

identifies a QTL for aortic lesions and insulin levels on the middle of chromosome 6 (b). This is

represented in graphical form by LOD scores, where the highest point of the curve is the most likely

location of the underlying gene. Arrows along the x-axis depict genetic markers used to genotype

the F2 animals. A congenic strain is then constructed by sequential backcrossing of an F1 animal to

one of the parental strains (ie, B6), with selection of the chromosomal segment from the other

parent (ie, CAST) that encompasses the QTL (c). Phenotyping the congenic strain for the trait(s)

originally identified in linkage analysis confirms the locus (d). The underlying gene can be

identified by testing positional candidate genes in the locus with either functional studies or

transgenic models, in this example, 5–LO–knockout mice (e). The human homolo of the gene (5–LO)

is then examined in human populations with family–based or case–control study designs (f). (From

Allayee W, Ghazalpoar A, Lusis AJ. Using mice to dissect genetic factors in atherossclerosis.

Arterioscler Thromb Vasc Biol 2003;23:1501; with permission from Lippincott Williams & Wilkins).

For a color version of this figure, please see the images supplied on the accompanying CD
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From mouse to man

The genes that have been identified through the study of mouse models can be used to

identify human homologues. This can be pursued to search for mutations associated

with disease in human populations and to identify important pathways involved in

disease susceptibility that may lead to development of novel diagnostic and

therapeutic strategies. Studies of the Artles locus on chromosome 6 provide such

an example (Figure 2.1). Artles is an atherosclerosis susceptibility QTL identified

using a F2 cross between strains C57BL/6J and CAST/Ei.48 Interestingly, there is

coincident linkage of insulin levels with this locus, raising the possibility that the

underlying gene has pleiotropic effects on atherosclerosis and other related metabolic

traits (Figure 2.1b). Subsequently, a congenic strain was developed to confirm the

QTL and used to identify the underlying gene that causes resistance to atherosclerotic

lesion formation. Congenic animals carrying the middle region of chromosome 6

derived from CAST/Ei (Figure 2.1c) confirmed the phenotypes of Artles because

these mice exhibited dramatic resistance to aortic lesion formation and had lower

insulin levels compared with the background strain C57BL/6J (Figure 2.1d). Among

the candidate genes in the congenic interval is 5-lipoxygenase (5-LO), an enzyme

involved in leukotriene production. 5-LO is expressed primarily in leukocytes and

bone marrow transplantation experiments have demonstrated the involvement of

monocytes/macrophages or other leukocytes in atherosclerosis. To evaluate 5-LO as a

candidate gene, Mehrabian et al.49 created 5-LO and LDLR double knockout mice

and fed them a high-fat, high-cholesterol diet. These mice exhibited profound

reduction in aortic lesion formation and plasma insulin levels (Figure 2.1e).

Conservative amino acid substitutions at the 30 end of the protein were also identified

between CAST/Ei and C57BL/6J.49 By creating the same substitutions at the

conserved positions in the human enzyme, Habenicht and colleagues50 have tested

the function of these amino acid changes and found that the CAST/Ei form of 5-LO

has a marked decrease in activity and expression levels. In a human population we

have observed variant 5-lipoxygenase genotypes (lacking the common allele), which

occur in 6.0 per cent of the population.51 Interestingly, carotid artery intima media

thickness, a parameter of carotid atherosclerosis, was significantly increased among

the carriers of two variant alleles as compared with carriers of the wild-type allele.

Taken together, these studies provide strong evidence that 5-LO is the gene that

underlies Artles and demonstrate the power of the QTL approach for identifying

genes associated with atherosclerosis.
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Introduction

Hyperlipidemia, characterized by elevated plasma levels of cholesterol or triglyceride

or both, is among the public health problems worldwide. Although the pathogenesis

of some types of hyperlipidemia remains poorly understood, it is clearly one of the

major risk factors for the development of atherosclerotic heart disease that is the

number one killer in many developed countries.1,2 Epidemiological, clinical, and

in vitro cell culture studies have identified many candidate genes, proteins, and

cellular metabolic pathways that may be involved the pathogenesis of various types of

hyperlipidemia. However, only recently have transgenic and gene-targeted mouse

models been developed to study in vivo the roles of these genes, proteins, and

metabolic pathways in the pathogenesis or prevention of hyperlipidemia.

Since mice are resistant to diet-induced hyperlipidemia, transgenic and gene-targeted

mouse models are powerful tools for in vivo study of various types of hyperlipidemia.

Many hypotheses based on the findings of epidemiological, clinical, and in vitro cell

culture studies have been proved in vivo with the transgenic and gene-targeted mouse

models, which have significantly advanced our understanding of the pathogenesis of

hyperlipidemia and atherosclerosis. These mouse models have also been useful for

screening or testing drugs to treat or prevent hyperlipidemia and atherosclerosis.
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Generation of transgenic mouse models

Purpose of using transgenic mice

There are two common uses of transgenic mice in hyperlipidemic research. The first

is to study the lipid phenotypic effects of transgene expression in the intact animal. In

this case, previously defined promoters are often used to control the expression of the

transgene in the desired tissue. The second is to study the control of lipid metabolism-

related gene expression in the intact animal. For this purpose, potential control

sequence elements (promoter regions) are used to define the specific patterns of the

transgene expression in various tissues.

For applications involving the lipid phenotypic effects of transgene expression,

transgenic mice expressing the given genes, in general, represent gain-of-function

mutations, whereas loss-of-function mutations in many cases can be obtained solely

by gene targeting (see below). However, dominant negative mutations can also be

obtained through expression of some mutant forms of genes.3–6 In addition, the

expression of transgenes encoding antisense RNA or short interfering RNA success-

fully inhibited the expression of some endogenous genes in transgenic mice.7,8

Most cloned genes introduced into the mouse germ line have shown appropriate

tissue-specific and stage-specific patterns of expression despite their integration into

apparently random sites in the host genome. Thus, for studies of the control of lipid

metabolism-related gene expression, transgenic mice have provided the definitive

experimental assay to define the cis-acting DNA sequences that control specific

patterns of transcription in vivo.9–11

Procedure of generating conventional transgenic mice

The procedure for generating a conventional transgenic mouse line includes preparing

DNA constructs, setting up the mouse colony, microinjecting DNA constructs into the

pronuclei of fertilized eggs, characterising transgenic ‘founder’ mice, and generating

transgenic lines from these founder mice.12

The quality of the DNA constructs is critical for efficient generation of transgenic

founder mice. High purity of the DNA, avoiding the use of ethidium bromide for

DNA staining, removing all vector sequences from the cloned genes, and using

relative short DNA constructs (<70 kb) usually increase the rate of success (40–60

per cent) of generating founder mice.

The most extensively and successfully used method of gene transfer is microinjec-

tion of DNA directly into the pronuclei of fertilized mouse eggs. Infection of embryos

with retroviral vectors has also been used. The microinjection method results in the

stable chromosomal integration of the foreign DNA in 10–60 per cent of the resulting

mice. In most cases, the integration appears to occur at the one-cell stage of the

embryos; as a result, the foreign DNA is present in every cell of the transgenic mouse,

including all primordial germ cells. In 15–25 per cent of cases, foreign DNA is
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integrated at a later stage, resulting in mice that are mosaic for the presence of foreign

DNA.

Procedure of generating conditional (inducible) transgenic mice

Sometimes, it is desirable to have transgenes that will be silent until specifically

activated by an experimental manipulation, such as the administration of a drug. In

early studies, the metallothionein promoter was frequently used to generate inducible

transgenic mice, including those for lipid research.13 The metallothionein promoter

drives transgene expression at low basal levels in many tissues; however, feeding the

transgenic mice with water containing Zinc can increase the transgene expression up

to 100-fold in many tissue, including liver, kidney, and intestine.13 However, this

system lacks tissue specificity.

Recently, the tet-operon (Tet-O) system has been used widely to generate condi-

tional (inducible) transgenic mice in a tissue-specific manner.14,15 In this system, two

transgenic mouse lines must be generated: one with the desired transgene under the

control of a Tet-O promoter containing a tetracycline-responsive element (TRE) and

the other expressing a tetracycline-controlled transactivator (tTA) under the control of

a tissue-specific promoter (Figure 3.1). Crossing these two lines will generate

transgenic mice carrying both transgenes. When the doubly transgenic mice are fed

a diet containing tetracycline, the tetracycline binds to tTA, blocking the binding of

the tTA to the TRE of the Tet-O promoter and turning off the transgene expression

(Figure 3.1). When the tetracycline is withdrawn, tTA is released and binds to the

TRE of the Tet-O promoter, turning on the transgene expression (Figure 3.1).

Figure 3.1 Schematic diagram of the tTA-TRE system used to generate inducible transgenic mice.

tTA, tetracycline-controlled transactivator; TRE, tetracycline-responsive element
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Generation of gene-targeted mouse models

Purpose of using gene-targeted mice

In hyperlipidemic research, gene-targeted mice are animals used to study the

physiological functions of a given lipid metabolism-related gene in the intact animal

by deleting the gene or functional domain(s) of the gene (knockout) (Figure 3.2a).

Gene targeting is also used to generate a ‘humanized’ mouse – one expressing a given

human lipid metabolism-related gene, with or without mutations, under the control of

the mouse regulatory elements (knockin) (Figure 3.2b). For both purposes, a

sequence replacement vector containing a homologous DNA sequence is used to

replace the chromosomal sequence in mice.

Mice generated with a knockout strategy represent loss-of-function mutations,

which usually proves whether or not the missing gene is important for lipid

metabolism. However, mice generated with a knockin strategy can represent a

gain-of-function, either physiological or pathophysiological, if the gene has a normal

sequence or dominant negative mutations, respectively.

Figure 3.2 Schematic diagram of sequence-replacement, gene-targeting strategy used to

generate knock out (a) and knock in (b) mice. Neo, neomycin resistant gene
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Procedure of generating conventional gene knockout mice

The procedure for generating a conventional knockout mouse line includes preparing

sequence-replacement gene-targeting vector (Figure 3.2a), growing mouse embryonic

stem (ES) cells, electroporating the DNA into ES cells, selecting ES cells in which

DNA has undergone homologous recombination by PCR and/or Southern blotting,

microinjecting the positive ES cells into blastocysts, implantating the injected ES

cells into the uterus of pseudopregnant female mice, and characterising the off-

spring.16 The most important steps are the design of the sequence-replacement gene-

targeting vector and the use of high-quality, well-established ES cells. The gene-

targeting vector should contain a selectable marker, usually a neomycin-resistance

gene (neo), that can be used to screen the positive ES cells (Figure 3.2a). The DNA

sequence of the gene of interest in the targeting vector and the ES cells should be

from the same strain of mice, if possible. Using unmatched strains of mice can

dramatically decrease the chances of getting ES cells with homologous recombina-

tion.

Procedure of generating conditional (tissue-specific) gene knockout mice

Sometimes, the gene of interest is so important in mouse development that its absence

is lethal to the embryo. Embryonic lethality can be avoided by using a conditional

(tissue-specific) gene knockout strategy.16 For this, two mouse lines must be

generated: one gene-targeted line with the desired gene flanked by LoxP sites and

the other expressing Cre (Cre-deleter) under the control of a tissue-specific promoter

(Figure 3.3). Crossing these two lines introduces Cre into the conditional gene-

targeted mice, where Cre expression will delete the DNA sequence between the LoxP

sites, leading to a tissue-specific knockout of the gene (Figure 3.3). Sometime,

replication-deficient Cre adenovirus can also be used to introduce the Cre into the

conditional gene-targeted mice, although the deletion of the targeted gene might not

be 100 per cent.

Figure 3.3 Schematic diagram of the Cre-deleting strategy used to generate conditional (tissue-

specific) gene targeted mice. Neo, neomycin resistant gene
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Procedure of generating gene knockin mice

Mice generated with a knock in strategy are usually used to study the effect of

introducing a human lipid metabolism-related gene into mice. The human gene will

result in a physiological function if it has a normal sequence or in a pathophysiological

function if it has a dominant negative mutation. In knock in mice, the mouse gene is

replaced with the homologous human gene, with or without mutations, under the

control of the mouse regulatory elements (Figure 3.2B).16 The advantages of this

strategy over the transgenic strategy are that the human lipid-related gene is in the right

position in the mouse genome and its expression is controlled by the mouse promoter.

Thus, its regulation and its expression pattern are identical to those of the homologous

mouse gene, eliminating the potential artificial effects of integration sites and copy

numbers sometime observed in transgenic mice. However, the neo-selecting gene

(usually within an intron of the targeted gene) sometimes reduces the expression of the

knockin gene dramatically, generating so-called hypomophic mice.17 In this case,

deletion of the neo by crossing the knockin mice with the Cre-deleter mice can usually

correct the hypomophic phenotype.17 Thus, when a sequence replacement gene-

targeting vector is designed for a knockin strategy, it is wisely advisable to flank the

neo gene with LoxP sites.

Application of transgenic and gene-targeted mouse models
in hyperlipidemia research

Application of transgenic mouse models

During the past few years, many transgenic mouse lines have been established for

hyperlipidemic research.4,6,18–21 Studies with these mice have provided significant

insights into the pathogenesis and potential treatment of hyperlipidemia and athero-

sclerosis.

The first transgenic hypercholesterolemic mouse model was the one expressing

high levels of apoB, which had increased plasma levels of total and low density

lipoprotein (LDL) cholesterol and developed severe atherosclerotic lesions in

response to high fat diet.18 Likewise, analysing transgenic mice expressing a

dysfunctional apoE variant, apoE(Arg-112, Cys-142), proved for the first time in

vivo that mutant apoE causes type III hyperlipoproteinemia.19 Mice expressing high

levels (>70 mg/dl) of the dysfunctional apoE had grossly elevated plasma lipids, with

cholesterol levels of up to 410 mg/dl and triglyceride levels of up to 1210 mg/dl. In

addition, although expression of low levels of apoE (<20 mg/dl) in transgenic mice

helped to clear very low density lipoprotein (VLDL) from plasma,13,20 overexpression of

apoE (>30 mg/dl) caused hypertriglyceridemia, with increased hepatic VLDL production

and decreased VLDL lipolysis, in transgenic mice, suggesting for the first time the

involvement of apoE overproduction in the pathogenesis of hypertriglyceridemia in

humans.20
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Application of gene-targeted mouse models

Studies in gene-targeted mouse models during the past few years have also provided

insights into the pathogenesis and the potential treatments of hyperlipidemia and

atherosclerosis.

Two widely used hyperlipidemic mouse models are apoE knockout and the LDL

receptor knockout mice, both of which develop spontaneous hypercholesterolemia

and atherosclerosis, indicating that both apoE and the LDL receptor are very

important in maintaining plasma lipid homeostasis.22–24 Likewise, knockout of

lipoprotein lipase (LPL) caused severe hypertriglyceridemia, proving the involvement

of LPL in type I hyperlipidemia in humans.25 In addition, although conditional

knockout of the LDL receptor-related protein (LRP) alone did not cause significant

hyperlipidemia,26 double knockout of the LDL receptor and LRP caused more severe

hypercholesterolemia than knockout of the LDL receptor alone, suggesting that the

LRP, as compared with the LDL receptor, is a backup pathway for clearance of

plasma cholesterol.27

Application of combined use of transgenic and gene-targeted mouse models

Since some types of hyperlipidemia may be caused by multiple genetic and

environmental factors, single transgenic or gene-knockout mouse models might

not reflect the complex situation of the lipid disorder. Thus, generation of

mouse models in which multiple genes have been manipulated by transgenic and/

or gene-targeted approaches helps to understand the importance of interaction of

different gene products in the pathogenesis of the polygenetic hyperlipidemia in

humans.

For example, familial combined hyperlipidemia (FCHL) is a common inherited

lipid disorder, affecting 1 to 2 per cent of the population in Westernised societies.

Individuals with FCHL have increased VLDL and LDL and develop premature

coronary heart disease. A mouse model displaying some of the features of FCHL was

generated by crossing mice carrying the human apolipoprotein C-III transgene with

mice deficient in the LDL receptor.28 A synergistic interaction between

the apolipoprotein C-III and the LDL receptor defects produced large quantities

of VLDL and LDL and enhanced the development of atherosclerosis. This

mouse model provides some clues for better understanding the origin of human

FCHL.
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Introduction

General

All cellular components of the blood originate from hematopoietic stem cells in the

bone marrow. These pluripotent stem cells give rise to two lineages of specialised

cells (Figure 4.1), the lymphoid lineage producing mainly B and T cells and the

myeloid lineage giving rise to monocytes, erythroblasts (the precursors of erythro-

cytes) and megakaryocytes (which produce platelets).1

Transplantation of the hematopoietic systems offers the unique opportunity to

replace genes in cells originating from the bone marrow. Murine recipients can be

provided with a complete new permanently functioning hematopoietic system after

transplantation with donor bone marrow. The transplantation results in a replacement

of the recipient cells by cells from a donor of choice, establishing a new hemato-

poietic system, including new monocytes and tissue macrophages.

The bone marrow microenvironment is a complex structure where hematopoietic

stem cells proliferate, mature, differentiate, migrate into the sinusoidal space and

enter the circulation in a strictly regulated fashion. After entering the circulation,

bone marrow cells keep their capacity to repopulate the bone marrow. This feature

is called ‘homing’ and is essential for bone marrow transplantation.2 Upon
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transplantation, the stem cells must ‘home’ themselves to the extravascular compart-

ment of the bone marrow. This can only be achieved if the endogenous stem cells are

eradicated, which is usually done by a lethal dose of total body irradiation (TBI) of

the recipient. Without donor bone marrow cell transplantation after TBI, the recipient

will die within two weeks. Bone marrow aplasia will develop in about 2–3 days and

atrophy can be observed in the lymphatic tissues of the lymph nodes, spleen,

intestinal tract and the thymus. In two weeks time a strong depression of lympho-

cytes, granulocytes, thrombocytes, and finally erythrocytes will develop. In the

second week after irradiation without transplantation, depletion of the thrombocytes

and leukocytes usually results in the death of the mouse due to hemorrhages and

septicemia.3

However, following administration of donor bone marrow after TBI, repopulation

of the marrow will occur and the recipient can survive. Two distinct phases of

engraftment can be distinguished. The initial rescue of the hematopoietic system is

mediated by committed progenitors, the final long-term recovery owes to the

establishment of pluripotent stem cells in the marrow.4 Four days after administration

of the donor cells, repopulation starts through homing of the cells to the marrow

cavity. The mechanisms for this homing are not well understood but probably involve

integrins.2 By the 7th day after transplantation, the bone marrow cell population

Figure 4.1 The hematopoietic system. Indicated are the lineages that derive from the

hematopoietic stem cells and the leukocytes that differentiate from it
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is completely restored. Peripheral blood cell counts will return to normal levels

after 4 weeks, with the number of mononuclear cells being depressed for the

longest.

One of the major complications of bone marrow transplantations is graft-versus-host

disease (GVHD), in which allogenic bone marrow recognises the tissues of the

recipient as foreign, causing a severe inflammatory disease, often resulting in death.

These complications are mediated by donor T cells. The easiest way to prevent

GVHD is to match the most relevant tissue antigens (major histocompatibility

complex; MHC) of the donor with that of the recipient. This is usually established

by matching the genetic background of the donor and recipient mice.

Below we will discuss the technique of bone marrow transplantation. This method is

especially useful if monocyte or macrophage functions are studied. Conventional bone

marrow transplantation will result in replacement of the monocyte/macrophage system

in the mice. In addition to the technical procedure of the bone marrow transplantation

we will discuss a method to determine the chimerism after transplantation by Taqman

analysis of white blood cells and a protocol to examine the leukocytes after

transplantation and recovery of the mice is included.

Methods

Bone marrow transplantation

Bone marrow transplantations involve the following steps: preparation of the acceptor

mice by semi-sterile housing and antibiotics administrations; irradiation of the acceptor

mice to eradicate the original bone marrow cells; isolation and transfer of donor bone

marrow cells; engraftment of the donor bone marrow cells and recovery of the animals;

execution of the atherosclerosis experiment, as desired. The steps are schematically

shown in Figure 4.2 and will be discussed in more detail below.

Preparation of acceptor mice

Seven days before the bone marrow transplantation the acceptor animals are transferred

to semi-sterile conditions (e.g. filter-top cages). All subsequent animal handling (i.e.

changing of cages, water and food and transplantations) are performed in cross-flow

cabinets. The animals are fed regular chow diet that has been irradiated by the supplier to

sterilise it. The drinking water of the animals is replaced with autoclaved acidified water

(with HCl to pH 2.0) that has been supplemented with neomycin (100 mg/l) and

polymyxin B sulfate (60.000 U/l). These antibiotics will eliminate a large part of the

gut flora and this has been shown to enhance engraftment and reduce GVHD after

transplantation. The animals are kept on the antibiotics until the donor bone marrow has

fully engrafted and the mice have recovered from the transplantation, which is normally

about 4 weeks after transplantation.
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Radiation of the acceptor mice

In a cross-flow, the acceptor mice (e.g. LDLR�/� mice) are transferred from their

filter-top cages to an irradiation box, which can be a plastic box suitable for five to ten

mice. It is important that such a box is completely covered by the field of the X-ray

when placed underneath the Röntgen source and that it is so flat that it keeps the mice

in a level plane (i.e. the distance from the mice to the source does not change during

the irradiation). Then, the mice are subjected to a lethal dose of total body irradiation

using a röntgen source. Currently, in our lab we use 10 Gy as the optimal dose but this

should be determined empirically. Testing several doses of irradiation followed either

by no-transplantation and analysis of survival or by transplantation and analysis of

chimerism and circulating leukocytes (see below) after 4 weeks will be essential.

After the irradiation, mice are transferred, in the cross flow, back to their filter-top

cages.

Isolation of bone marrow cells

On the day of the transplantation (i.e. one day after irradiation) the donor mice are killed

by cervical dislocation or CO2 asphyxiation. After removal of the skin, the hind legs are

removed from the animals by cutting into the hip joint, careful not to damage the femur.

The femurs and tibia are isolated from the legs by removing as much muscle tissue as

possible. The bones are then transferred to ice-cold phosphate-buffered saline (PBS) and

taken to a flow cabinet. Next, the bones are sterilised by submerging them for 30 s in

Figure 4.2 Schematic representation of a typical atherosclerosis bone marrow transplantation.

Indicated are the different steps through the transplantation. The high fat feeding period to induce

atherosclerosis is preceded by a period under isolated circumstances (i.e. in filter-top cages and

with antibiotics), during which the actual transplantation and recovery is performed (drawing by

S.A.I. Ghesquiere)
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70 per cent ethanol in a Petri dish, after which they are transferred back to new sterile PBS

in a Petri dish. The bone marrow is removed from the bones by taking them between

forceps, cutting off the ends and flushing them with sterile PBS, using a 10 ml syringe with

a 25G needle. The bone marrow is collected in a 50 ml tube. This is repeated for all the

bones. Then the cells are made into single cell suspension by first passing them through a

19G needle and transfer to a new tube followed by passage of the cells through a 25G

needle and transfer to again a new 50 ml tube. The isolated cells are then counted using a

standard hemocytometer. We generally collect 2–4 � 107 cells/donor mouse. Finally, the

cells are spun down at 1000 r.p.m. for 5 min at 4 �C, resuspended in RPMI-1640 /2%

FCS / 5 U/ml heparin at a density of 5 � 107 cells/ml and kept on ice.

Transplantation of the bone marrow cells

After isolation of the donor cells the acceptor mice are transplanted with the donor

bone marrow. In the cross flow cabinet the mice are injected in the tail vein with

100 ml of donor cell suspension, using a 1 ml syringe with a 27G needle. Hereby,

�5 � 106 cells are transplanted. More easy identification and injection of the tail vein

can be accomplished by putting the mice under infrared heat-lamps 5 min before

injection. Four weeks after transplantation, the mice may be removed from the filter-

top cages, drinking water can be regular again and experiments may start.

Determination of chimerism by taqman analysis

Ideally, complete chimerism is established, meaning that all hematopoietic cells of

the recipient mouse are of donor origin. However, sometimes engraftment is

incomplete. Therefore, it is important to establish the amount of chimerism in the

recipients. This can be done, for example, by transplanting female recipient mice with

male donor bone marrow and quantitatively genotyping the bone marrow after

transplantation for the presence of Y-markers. Also other genetic differences between

donors and recipients can be used to quantify chimerism.

To determine the chimerism in our transplanted mice we take advantage of the

fact that the donor bone marrow is wild type for the LDL receptor (LDLRþ/þ) while

our recipient mice are LDLR�/�. Genomic DNA is isolated using the GFX Genomic

DNA Purification Kit (Amersham Pharmacia Biotech.). A standard curve is generated

using DNA from LDLR�/� and LDLRþ/þ bone marrow cells, mixed at different

ratios. Chimerism is determined by quantifying the amount of LDLR�/� DNA

in samples from 40 ml peripheral blood. To standardise for the amount of input

DNA, a non-relevant gene is quantified (nuclear factor (NF)kB1). The samples are

assayed in duplicate using the TaqMan Universal PCR Master Mix and the 7700

Sequence Detector (Applied Biosystems) using 300 nM primer and 200 nM probe. The

LDLR�/� specific primer/probe set is: forward 50-GCTGCAACTCATCCA TA

TGCA-30; reverse 50-GGAGTTGTTGACCTCGACTCTAGAG-30; probe 50-6FAM-

CCCCAGTCTTTGGGCCTGCGA-TAMRA-30. The NFkB1 specific primer/probe
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set is: forward 50-AACCTGGGAATACTTCATGTGACTAA-30; reverse 50-GCACC

AGAAGTCCAGGATTATAGC-30; probe 50-TET-TCCGTGCTTCCAGTGTTTCA

AATACCTTTTT-TAMRA-30. The data are analysed using the Sequence Detection

Software. A standard curve is generated by plotting the mean deltaCt(CtP50� Ctldlr
�/�) of

duplicates against the logarithm of the percentage LDLR�/� DNA present and

calculation of a regression line. Chimerism is calculated from the percentage of

LDLR�/� DNA in the blood samples (representing the remaining recipient bone

marrow), determined by applying the mean delta Ct of the sample to the standard curve.

Analysis of leukocytes after bone marrow transplantation

To characterize the leukocytes after engraftment of the bone marrow, Fluorescence-

activated cell sorting (FACS) analysis of the blood is performed. Approximately 50 ml of

blood is collected from each mouse in a tube with a drop of heparin. After collection all

samples are split in two, sample A and sample B, and transferred to 96-well V-bottom plates

and kept on ice for the rest of the procedure. To each well, 150 ml of ice-cold lysis buffer

(8.32 g/l NH4Cl and 0.84 g/l NaHCO3) is added and incubated for 10 min. Spin the plate,

for 5 min at 1100 r.p.m. Discard the supernatant and repeat the lysis if red blood cells are still

visible. After the final lysis the cells are resuspended in antibody staining solution

(5 per cent normal mouse serum plus 2 per cent fetal calf serum (FCS) in ice-cold PBS

with the addition of the appropriate antibodies). Sample A of each mouse is stained for

monocytes and granulocytes (Mac1-PE, 1 : 300 and Gr1-FITC, 1 : 750) and sample B for

B- and T-cells (6B2-PE, 1 : 300 and KT-3-FITC, 1 : 300; all antibodies from BD-

Pharmingen). All samples are incubated for 30 min on ice. After the incubation they are

washed three times with ice-cold PBS–2 per cent FCS, by resuspending the cells, spinning

(5 min, 1100 r.p.m.), discard the supernatant, etc. After the final wash, the cells are

resuspended in PBS and analysed by FACS. In sample A monocytes are identified as

Mac1þ and Gr1� cells, while the granulocytes are both Mac1þ and Gr1þ. In sample B, B

cells are 6B2þ and KT3�, while the T-cells are 6B2� and KT3þ.

Using this procedure relative numbers (percentages) of the different leukocytes can

be obtained. Absolute values can be obtained by the inclusion of TruCount beads (BD

biosciences) according to manufacturers’ instructions.

Discussion and application

Role of BMT in gene–gene interaction studies

Leukocytes play a very important role in cardiovascular disease, and in particular in

atherosclerosis. BMT technology has been pivotal to further understand this role. To

study atherosclerosis, susceptible strains are being used as recipients to provide an

atherosclerosis sensitive background. In particular the low density lipoprotein

receptor (LDLR) knockout mouse has proved itself as a crucial mouse model.

Wild type mice are highly resistant to develop atherosclerosis, because their

metabolism of atherogenic lipoproteins is very fast. Therefore, most of the cholesterol
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in the mouse plasma resides in the anti-atherogenic HDL particles and the levels of

proatherogenic low density lipoprotein (LDL) and very low density lipoprotein

(VLDL) remnants are extremely low. The LDLR knockout mouse is impaired in

the clearance of LDL and VLDL remnant particles. Upon high fat feeding, this mouse

model will rapidly develop diet-induced hyperlipidemia and atherosclerosis. On this

background strain the role of a host of other processes has been studied, including

inflammation, immunity, lipid transport, and apoptosis. The use of the LDLR

knockout mouse model as a susceptible strain is often preferred over the apolipo-

protein E (ApoE) knockout mouse, which is another widely used mouse model for

atherosclerosis. However, the latter mouse requires that the donor cells are deficient

for ApoE as well. Interestingly, one of the first applications of BMT in the field of

atherosclerosis demonstrated that in the ApoE-deficient mouse wild type bone

marrow cells can slow down atherogenesis due to the lowering of plasma lipid levels

by macrophage produced ApoE.5 Eventually this finding led to the discovery that

macrophage ApoE protects against the development of foam cell lesions, even in the

presence of a hyperlipidemic phenotype. Other, more complex combinations can be

made, where the host background and the donor cells can have mutations in other

pathways, in addition to the lipid metabolism. Hence, the BMT approach allows

excellent opportunities to study gene–gene interactions.

BMT allows efficient use of resources

Technologically, it is possible to perform the experiments described above using

transgenic mice whereby the genetic alteration is confined to a specific cell type and

specific phase of development. Such models make use of the Cre–LoxP system to

induce deletions between LoxP sites using the Cre recombinase expressed in a tissue

specific and/or inducible manner. The Cre–LoxP system works highly efficiently.

However, a drawback of the system is that the breeding costs are sometimes difficult

to control, because it requires mice carrying simultaneously five loci, i.e. homo-

zygosity for the LoxP mutation and the LDLR knockout allele, and one Cre-allele. To

generate mice with five predetermined alleles often requires several rounds of

breeding, which may take more then a year to establish. In contrast, having the

gene of choice crossed with a Cre recombinase, followed by BMT to the LDLR

knockout model is much more cost and time efficient. Only a very small number (we

generally use five donor mice for 20 acceptor animals) of LoxP–Cre animals are

needed for transplantation to LDLR mice that can be purchased from most commer-

cial suppliers. Moreover, the BMT technology also helps to confine the genetic

alteration within the white blood cells. This is very helpful if a transgenic or knockout

model has been engineered where the genetic alteration affects a broad range of cell

types. Using BMT, the leukocyte-specific role of such genes in atherosclerosis can be

studied.6 Moreover, BMT also allows studying genetic alterations that compromise

mouse development. In this respect, the generation of chimeric mice carrying

a homozygous peroxisomal proliferator agonist receptor gamma (PPAR�) gene

disruption was possible using the fetal liver as a donor for the white blood cells.7
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A possible caveat is that some genes of interest may also play a role in the proper

development of the white-blood cell compartment. However, despite the wide use of

BMT to study a wide range of genes, it has not been identified as an important

obstacle. Hence, BMT has proved itself as a robust and highly efficient tool to study

the complex etiology of atherogenesis.

Genetic modification of stem cells

A more recent development will stimulate the application of BMT even further. For

many years, BMT has been vigorously pursued as a potential route for gene therapy.

Similarly, are able to genetically alter the bone marrow before transplantation, rather

than using different mouse strains. Although at present this approach is not widely

used, there are several reports in the field of atherosclerosis research showing that this

is a promising approach. Ishiguro et al. made use of a retroviral vector expressing

apolipoprotein A1 (ApoA1)8 to show that promoting cholesterol efflux from the

macrophage is anti-atherogenic. More recently, Bot et al.9 was able to knock-down

the chemokine receptor CCR2 gene using lentiviral transduction of an RNAi vector to

silence gene expression. These recent advances have become possible owing the

development novel of approaches that allow targeting the stem cells using efficient

tissue culture conditions and advanced retroviral vectors. Eventually, these

approaches may even lead to novel therapeutic strategies that specifically target the

role of the white blood cells in atherosclerosis.

Tissue macrophages

Upon BMT, also the macrophages that enter specific tissues have been modified and

allow investigating the role of macrophages and genes in tissue remodeling other than

the vessel wall. Of particular interest is the investigation of the role of macrophages

lacking IkB kinase 2 (IKK2) function. It has been shown that in a mouse model for

diabetes, the mice are protected when carrying a macrophage specific IKK2 knockout

allele.10 The decreased susceptibility to develop diabetes is most likely caused by a

reduced capacity of the macrophages to participate in tissue remodelling and sustain a

low grade inflammatory response. In these experiments an important role for

macrophages present in or recruited to the fat tissue is very likely. Additional

research to further understand the role of tissue macrophages in metabolic disease

is very much helped by the BMT technology.

Conclusions

BMT has proved itself as a robust technology to study the function of leukocytes in

cardiovascular diseases. Over the past years, the strong emphasis on genetically pure

mice – mostly C57B/6J – has reduced the genetic variation within the experiment.

50 CH4 BONE MARROW TRANSPLANTATION



Similarly, the measures to limit the levels of pathogens within the mouse colonies

have been crucial to further improve the quality of animal experiments. Both

conditions have improved the reproducibility of these experiments and were also

highly beneficial to allow the BMT technology to become the method of choice when

studying gene–gene interactions and leukocyte functions in cardiovascular disease.

While the various transgene and knockout mouse strains provide a large resource for

dissecting the genetic pathways that govern atherosclerosis, new approaches which

make use of in vitro genetically modified bone marrow stem cells are likely to receive

more attention. Particularly BMT in combination with the RNAi gene silencing,

which is now a robust strategy,11 is likely to be a very powerful and versatile

technology to study the role of novel leukocyte genes in atherosclerosis.
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Abstract

Hyperlipidemic mice have become the predominant models in atherosclerosis research.

Early studies using inbred mice were restricted by the need for severe dietary

manipulations that generated diminutive lesions. The use of mice gained wider

acceptability following the generation of genetically manipulated mice with enhanced

susceptibilities for atherosclerotic lesion formation. The atherosclerotic lesions formed

in these mice mimic several facets of the human disease. Mice with deficiencies of

either apolipoprotein E or LDL receptors have been the most extensively researched to

determine the effects of pharmacological and genetic interventions on lesion size and

composition. This chapter will overview issues in the design of experimental studies

using these mice. These include discussion of comparisons of the most common

mouse models of atherosclerosis, the composition of the dietary stimulus to induce

hyperlipidemia, the strain background of mice, the mode of atherosclerotic lesion

analysis, methods for characterizing cellular compositions of lesions, and application

of appropriate statistical tests. Mouse models have provided considerable insight into

mechanisms of atherosclerotic lesion development.

Keywords

mice, cholesterol, atherosclerosis, saturated fat

Introduction

Atherosclerosis is the underlying cause of a majority of cardiovascular diseases, such

as acute coronary syndrome and stroke. It is a complex process that develops in

specific regions of arteries over protracted intervals. A commonly proposed sequence

of atherosclerotic lesion development is as follows:
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1. Lipoproteins are deposited in the subendothelial space and become modified to a

form that promotes a monocyte chemoattractant response.

2. Monocytes attach to atherosclerosis-prone sites where they subsequently undergo

diapedesis through an intact endothelial barrier.

3. Macrophages in the subendothelial space accumulate intracellular lipid. Also T

lymphocytes are found in abundance at the site of macrophage recruitment.

4. Smooth muscle cells migrate and proliferate in the subendothelial space.

5. A hypocellular, lipid-rich core evolves as smooth muscle cells form a fibrous cap

on the lumen surface of lesions.

6. At later stages, the fibrous cap thins and subsequently fractures to precipitate the

development of thrombi. Alternatively, an erosive process can lead to the

development of thrombi on the surface of lesions.

While this, and similar schemes, are commonly presented, there are many

questions regarding the uniformity of this sequence in humans.1 This uncertainty is

attributable to several issues, including the chronicity and complexity of lesion

development, the difficulty of acquiring tissues, and the shortcomings of currently

available modalities for noninvasive characterization of arteries.

Given the prevalence of this disease, and its devastating consequences, there is a

great need for animal models that recapitulate the human disease. Since the first

description of experimental atherosclerosis in rabbits, many species have been

models of the disease. Mice are a relatively recent species to be used as models of

atherosclerosis. However, they are now the predominantly used species. This

increased popularity is partly attributable to the practical and economic benefits of

a small animal model, and also the relative ease of manipulating their genetics to

define specific pathways in the atherogenic process.

As with most animal models of atherosclerosis, all mouse models require

hyperlipidemia to generate lesions.2 Hyperlipidemia in mice may be induced

by diet, genetic manipulation, or a combination of both. The purpose of this chapter

will be to discuss the relative merits of the most commonly used mouse models of

atherosclerosis and provide an overview for the practical issues of lesion analysis.

Induction of Hyperlipidemia in mice

Diet

High density lipoproteins (HDL) are the only lipoproteins present in plasma of

mice fed normal laboratory diets. Atherosclerosis is induced by the presence of

cholesterol-delivering lipoprotein fractions such as chylomicron remnants, very low
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density lipoproteins (VLDL), and low density lipoproteins (LDL). Early studies

used severe dietary manipulations to increase plasma concentrations of cholesterol-

delivering lipoproteins and induce atherosclerosis. These diets manipulated three

components: saturated fat, cholesterol, and cholate.3 This approach was designed to

increase plasma concentrations of VLDL and LDL by increasing cholesterol

absorption and endogenous synthesis, while decreasing cholesterol secretion.

Diets that are enriched in saturated fat and cholesterol are still commonly used in

contemporary atherosclerosis studies. Most of the diets are enriched in saturated fat

to a level of 21 per cent wt/wt (42 per cent of calories). The most common supplier

of this diet is Harlan Teklad (Catalog #TD88137). Saturated fat is derived from

several sources, the most common from milk, coconut, or lard. The consequences of

these different sources of saturated fat have not been systematically evaluated.

Finally, cholesterol has been enriched in diets to different extents that usually range

from 0.15 to 1.25 per cent wt/wt. Again, systemic studies are lacking on the effects

of cholesterol enrichment.

In the era prior to genetic manipulation of mice, the inclusion of cholate was a

critical component of hyperlipidemia-induced atherosclerosis. However, the inclusion

of cholate has become a contentious issue. Although its presence enhances hyperch-

olesterolemia, there is concern that cholate may directly promote inflammatory

responses. Thus, the inclusion of cholate has invoked the criticism for its potential

toxic role in inducing lesions by mechanisms that are not relevant to human disease.

Clearly, the inclusion of cholate in diets does promote an inflammatory response.

However, whether this is a direct effect of cholate or secondary to disturbances in

cholesterol metabolism has not been defined. Furthermore, since inflammatory

responses are now considered to be important mechanisms of atherosclerosis, the

relevance of cholate induced responses cannot easily be dismissed. However, given

the concern on the inclusion of cholate, it is preferable to omit it from diets in

atherosclerosis studies.

Genetic manipulation

The most commonly used genetic manipulations in mouse atherosclerosis models are

those that have increased plasma concentrations of VLDL and LDL. Deletion of

apolipoprotein E (ApoE) was one of the initial approaches to induce atherogenic

hyperlipidemia.4,5 ApoE, a ligand present on chylomicron remnants and VLDL,

interacts with receptors responsible for removal of these particles from plasma. Thus,

ApoE deficiency promotes hypercholesterolemia even when mice are fed a normal

laboratory diet. VLDL and LDL account for the majority of particles in the plasma

cholesterol distribution in ApoE�/� mice. The composition of these lipoproteins is

unusual in regard to both their apolipoprotein and lipid composition. For example, the

VLDL fraction from these mice contains an unusual enrichment of ApoA1 and

unesterified cholesterol. (Table 5.1)

Another most commonly used mouse model of atherosclerosis is deficiency of the

LDL receptor.6 LDL receptor deficiency is an uncommon human genetic condition
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that results in grossly elevated plasma concentrations of LDL cholesterol. In humans

afflicted with the homozygous forms of this deficiency, fatal atherosclerosis will

developed by the second decade of life. In contrast, mice with LDL receptor

deficiency are only modestly hypercholesterolemic. This may be due to the lesser

dependency of mice on LDL receptors to removal atherogenic lipoproteins. It should

also be noted that the genetic deficiency of the LDL receptor-deficient mice differs

from that of humans or Watanabe heritable hyperlipidemic rabbits. In humans or

rabbits, there is no functional LDL receptors in patients afflicted with a homozygous

form of this deficiency. In the case of mice, the gene was truncated at exon 4. Since

the receptor binding region is presumably still synthesised in these mice, this may

have a currently uncharacterised effect on plasma lipoproteins. In contrast to LDL

receptor deficient humans, atherosclerosis has not been detected in mice lacking this

gene when fed normal diet, except in later stages of life.

Mouse strain

Early studies demonstrated that different mouse strains have widely different

susceptibilities to the development of atherosclerosis. In non genetically manipulated

mice, the C57BL/6 strain is the most susceptible to lesion formation, and conse-

quently, this background is universally used in atherosclerosis studies.

In genetically manipulated mice, it is clear that strain background of the mouse is

also a powerful modifier of the extent of atherosclerotic lesion formation. The strain

dependent effects are not attributable to changes in plasma lipoprotein concentrations,

but instead are due to differences at the level of the aorta. For example, ApoE

deficiency in C3H mice have much smaller lesions than in C57BL/6, despite

equivalent hypercholesterolemia.7 Thus, strain background is a critical factor for

interpretation of results and comparison between studies. Genetically targeted mice

are commonly produced using stem cells from strains such as 129Sv/Ev. As a

consequence, studies on recently developed genetically engineered mice have been

frequently performed on hybrid mice of different strains. Currently, the ApoE�/� and

LDL receptor�/� mice available from the Jackson Laboratory have been backcrossed

at least 10 times into a C57BL/6 background.

Although the background strain of atherosclerosis-susceptible mice is now com-

monly defined, this can be a major issue when compound genetically deficient mice

are developed to study a lesion modifier gene. In these studies, the experimental

purpose is to define the effects of a single gene difference on atherosclerotic lesion

development. Thus, the interpretation of studies will be compromised if the strain

background of the single and compound deficient mice are not identical. Knowledge

of the strain background of the mice is particularly important when the single and

compound deficient mice are maintained as separate colonies. Currently, it is

common to accept the equivalence of strains if both the genetically engineered

mice used to generate the compound deficient mice have been backcrossed 10 times

in a C57BL/6 background. The Jackson Laboratory and other commercial suppliers

have genetic screening services that provide an indication of the percentage of genes

that are of C57BL/6 origin. However, for practical reasons these services provide a
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relatively small number of chromosomal markers. Consequently, these services will

not fully validate all chromosomal regions, particularly those in the proximity of the

genetically manipulated region. Also, genetic drift may occur in inbred colonies, and

thus separate breeding colonies of single and compound deficient mice have the

potential to acquire properties that may influence atherosclerosis development,

independent of the genetically engineered effect.

The use of littermates circumvents the potential problem of different strain

backgrounds imparting effects that may mask or exacerbate a specific genetic

manipulation. For this approach to breeding, the common strategy is to maintain

parental lines that are homozygous for the atherosclerosis-susceptible genotype (for

example, Apoe�/� or LDL receptor�/�) and heterozygous for the gene of interest.

This approach offers theoretical advantages of identifying the specific effects of a

gene manipulation, rather than an effect attributable to variances in strain back-

ground. It also provides mice that are wild type, hetero-, and homozygous for the

gene of interest to enable determination of gene dosage effects. However, there are

some practical compromises. These include large breeding colonies to obtain the

required number of wild type and homozygous mice. Also, there is a greater technical

burden, since all offspring from this breeding strategy must be genotyped.

Environmental factors

Many animal facilities now house mice under barrier conditions. These sterile

environments are obviously important from an institutional perspective in applying

infection control to colonies. There are few formal studies that define the effects of

sterile environments versus those that are usually termed as ‘conventional.’ However,

there is anecdotal evidence that the extent of atherosclerosis and the mode of

responding to an intervention may be altered by the housing environment.

Gender

There is some evidence that, contrary to humans, female mice may develop larger

atherosclerotic lesions than males. Despite this premise, an overview of the literature,

in which genders have been compared, indicates that there are no consistent gender

difference in lesion size in either ApoE�/� or LDL receptor�/� mice. However, there

have been many examples of gender-specific responses to interventions. These

include administration of PPAR gamma agonists and interferon-gamma deficiency.8,9

Therefore, we always analyse data on a gender-specific basis. Also, if possible, we

include both genders when determining the effects of a specific intervention.

Analysis of Atherosclerotic lesions

There are two common methods of quantifying atherosclerosis in mouse models.

Probably the most frequently used method has been to quantify lesion size in the

aortic root. This mode of analysis was initially described for mouse atherosclerosis in
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the much cited publication from Paigen and colleagues.10 Another common method is

the quantification of lesions on the intimal surface of the aorta, by a process that is

frequently referred to as en face. A similar form of analysis was commonly used in

larger animal models, prior to its introduction into the mouse atherosclerosis field by

Palinski and colleagues.11 There are also less commonly used forms of analysis such

as quantification of the innominate artery.12

Aortic root lesion quantification

This form of analysis was described initially by Paigen et al.10 to quantify lesion size

formed in C57BL/6 mice fed a diet enriched in saturated fat, cholesterol, and cholate.

A novel approach to quantifying lesions was needed, since despite these relatively

severe dietary manipulations, small lesions form only in the aortic root of these mice.

A detailed technical description of this analysis has been published previously.13 The

analysis of this region can be performed on either paraffin-embedded tissues or frozen

tissues. The majority of studies that quantify atherosclerotic lesion size in the aortic

root are performed on sections that have been cut using a cryostat. This method is

preferred because of the greater ease with which the tissue can be orientated, as

discussed later. Also, sections that will be stained for neutral lipids need to be frozen

sections, since lipids are removed in the process of embedding tissues in paraffin.

Although similar approaches are used in most studies of the aortic root, there are

many specific protocol issues for which there is no general agreement. These include:

1. The number of sections in which lesions are quantified.

2. The specific region of the root in which lesions are analysed (for example, sinus

versus ascending aorta, or both).

3. The mode of analysis. For example, the analysis of neutral lipid stained regions

versus tracing of the discernable intimal and medial boundaries of lesions.

The mode of analysis performed by the author’s laboratory is illustrated in

Figure 5.1. Hearts are dissected from mice that have been perfused with saline to

remove blood. For quantitative analysis, it is preferable to perfuse with fixative at

arterial blood pressure. The caveat to this approach is that it severely compromises

the characterization of lesions, since many antibody epitopes are masked by fixation.

The aorta is cut from the excised heart at the region where it emerges from ventricular

tissue on the anterior aspect of the heart. The heart is cut to remove approximately

two-thirds of the ventricles. The tissue is then placed in embedding media and frozen.

The accuracy of this approach relies on sections being cut perpendicular to the aortic

axis. Thus, a critical step in this process is to ensure the orientation of the aorta is

perpendicular in the embedding mold.

Frozen tissue blocks are placed in the cryostat and cut until the aortic valves

become visible. Since the valves are difficult to see without visual aid, it is
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preferable to have a phase microscope in close proximity to permit frequent viewing

of sections. Once the aortic valves are present, sections are collected in the manner

illustrated in Figure 5.1. Ten micron sections are cut, with the first section being

placed in the lower left corner of the first slide, and the second section in this same

position on the second slide. This process continues for eight slides. The ninth

section is then placed adjacent to the first section of the first slide. This process

continues until approximately nine sections are placed on each slide. Upon

completion of cutting, each slide has tissue sections at 80 mM intervals throughout

the entire aortic root.

Tissue sections can be visualised with standard histological staining. We frequently

use just hematoxylin. Sections are occasionally stained with Oil Red O which helps in

delineating small lesions in the aortic sinus. For quantification, images of each tissue

section on a slide are captured using a standard digital camera. Lesion area

measurements on each slide are performed with image analysis software (for

example, Image-Pro, Media Cybernetics Inc.) We perform these measurements by

manually outlining each lesion as defined by the lumen boundary and the internal

elastic lamina. There have been attempts to automate this process, the most common

being the determination of the area with Oil Red O staining. This mode can be

appropriate if there is uniform neutral lipid staining throughout entire lesions.

However, this condition is often not present, especially in more mature lesions that

have areas of non-neutral lipid deposition containing unesterified cholesterol and

extensive smooth muscle cells.

Slide #1 Slide #2 Slide #8

Sinus

Ascending

Aorta

Aortic Root

Aortic Valves

Coronary

Arteries

Microscope Slides

9 171

33 4125

57 6549

Increasing

section 

number

1
Section number from initial section 

cut at the level of aortic valves
=

10 182

34 4226

58 6650

16 248

40 4832

64 7256

73 74 80

(10 micron sections)

Figure 5.1 Diagrammatic representation of location of aortic root analysis of atherosclerosis and

the mode of section layout on slides. For a color version of this figure, please see the images

supplied on the accompanying CD

ANALYSIS OF ATHEROSCLEROTIC LESIONS 59



Following the acquisition of lesion areas on each individual section, we mean the

data for sections in the same region. We have found the optimal landmark to

normalise the location is the transition point of the aortic sinus and ascending

aorta. This is defined as the last section in which aortic valve cusps are visible. This

form of analysis permits a graph of the ‘topology’ of lesions throughout the aortic

root. We have found this useful in previous studies since some effects have been

limited to the extension of lesions into the ascending aorta. Other interventions may

influence the thickness of lesions in the aortic sinus. Subsequent analysis can be

performed in which there is a combination of sections to achieve a sum of lesion areas

in a defined number of sections. Although there are no publications to date,

determination of the lesion area of sequential aortic root sections would permit the

determination of lesion volume in this region.

En face lesion quantification

This form of analysis determines lesion area of all, or selected, regions of the aortic

intima. For this mode of analysis, we dissect the aorta free from the point that it

emerges from the anterior surface of cardiac ventricular tissue through to the ileal

bifurcation, as noted above. Aortas are placed in a freshly prepared paraformaldehyde

solution (4 per cent wt/wt in phosphate-buffered saline) overnight. Adventitial tissue

is removed next day. Complete removal of adventitia can be difficult to achieve, but

proficient operators can remove sufficient tissue within 15 min. Aortas are cut as

described in Figure 5.2. The initial cut is performed in the lesser aortic curvature and

is extended along the length of the vessel to the ileal bifurcation. A second cut is

made on the midline of the greater curvature to the level of the subclavian artery.

Atherosclerotic lesions in mice can be dislodged from the intimal surface, so care

should be taken in the cutting process. The standardisation of these dissection lines is

important to maintain a constant region area for lesion analysis.

(a) (b)

Figure 5.2 En face analysis of atherosclerosis lesions. (a) The dotted and dashed lines indicate the

mode of cutting of the aortic arch region. (b) An example of an aorta pinned for image analysis of

lesion area. For a color version of this figure, please see the images supplied on the accompanying CD
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Aortas are placed on black paper that overlays dental wax. Since there is an

interaction between the paper and aorta, a relatively small number of pins (0.2 mm

diameter minutien pins, Fine Science Tools, cat #26002-20) will be needed to keep

tissues flat. Images are acquired of the intimal surface using a digital camera

connected to a dissecting microscope. In our analysis, we routinely acquire photo-

graphs of unstained aortas. The staining of neutral lipids, for example using Sudan IV,

has the potential to facilitate lesion identification. However, any residual adventitial

adipose tissue will be strongly illuminated by neutral lipid staining and will be clearly

visible through the translucent mouse aorta. This adventitial staining can confound

the identification of lesions. Also, the neutral lipid stain will negate any subsequent

analysis of tissue sterols that can be an additional mode of atherosclerotic lesion

analysis.

As with the previous mode of analysis, we trace the lesions manually using the

grossly discernable margins of lesions. Even with lipid-stained aortas, we have not

been able to reliably set a threshold hue to automate lesion area quantification. Since

there is some level of subjectivity to the decisions of lesion boundaries, the

measurements should be verified by a second operator. In aortas with large athero-

sclerotic involvement, the distinction of lesion boundaries is clearly defined. Thus,

the manual tracing can be completed rapidly and concordance between operators is

usually high. In cases in which lesions are small and scattered, the ability to discern

lesion boundaries becomes more subjective. In this case, we have two operators

independently quantify the area of lesions.

Table 5.1 Comparison of some of the most commonly used mouse models of atherosclerosis when

applied to gene manipulations in whole body and bone marrow-derived donor cells

Mouse Advantages Disadvantages

C57BL/6 Availability Requirement for cholate in diet

Ease of breeding compared to

generation of compound

deficient mice

Small lesions of simple morphology

ApoE�/� Development of lesions on

normal diet

Unusual lipoprotein composition

Complexity of lesions that can

develop containing fibrous

caps and necrotic cores

ApoE deficiency may have many

confounding effects, for example on

immune function

Limited evidence that ApoE deficiency

in humans promotes atherosclerosis

Use in bone marrow transplantation

studies requires donor cells to be

ApoE�/�

LDL receptor Rapid development of lesions Requirement for feeding a modified diet

Ease of use for bone marrow

transplantation studies

Lesions predominantly contain lipid

laden macrophages with minimal

other components
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Data are commonly represented as either absolute lesion area or as a percent

of intimal area. Unless there is a change the intimal areas of aortas, in the

comparative areas between groups should be the same with both these modes of

data representation. During early stages of atherosclerotic development, lesions

will be evident mostly in the arch. Thus, quantification of the thoracic and

abdominal region may provide rather limited information, except with more

advanced disease.

One of the potential shortcomings of this mode of analysis is that area measure-

ments fail to account for any variances in lesion thickness between experimental

groups. We have seen in previous studies that large changes in the extent of lesions

(defined as thickness or volume) can occur in the absence of any change in coverage

of intimal area.14 Therefore, during image analysis to quantify lesion area, notes

should be made regarding lesion appearance, especially in relation to thickness. The

evaluation of lesion thickness can be performed using standard histological

approaches. However, a systematic evaluation of lesion thickness, even in a restricted

area such as the aortic arch, would require the acquisition of many tissue sections and

considerable effort. An alternative approach has been to determine the sterol content

of the tissue. In unstained paraformaldehyde fixed tissues, sterols can be extracted and

quantified using a gas chromatogram or enzymatic technique. In lesions that are

predominantly lipid-laden, this provides an index of lesion volume.

Other considerations

Since there are different modes of analyzing atherosclerosis in mice, a question arises

as to the relative benefits of measuring lesions in different regions, or if more than one

arterial region should be quantified. Since neither the lesions that form in the aortic

root or throughout the aortic wall have been implicated in atherosclerosis-induced

diseases, it is difficult to rationalise that one area should be prioritised compared to

another. Analysis of both areas of the same mouse is plausible, although this increases

the workload of an already labor-intensive process. However, if both regions show the

same result, this provides greater confidence in the effects of an intervention. In

general, effects of interventions on lesions in aortic roots have paralleled those noted

by en face analysis, although the effects of interventions to reduce atherosclerosis

have usually been more profound by en face analysis than in the aortic root. There are

also a limited number of studies that have noted different effects on atherosclerosis by

these two approaches, although this is a minority of publications.

Determination of lesion composition

Atherosclerotic lesions have complex cellular compositions that change at different

stages of development. Therefore, in addition to quantifying the size, it is useful to

determine the cellular composition of lesions. Table 5.2 provides examples of

62 CH5 HYPERLIPIDEMIA-INDUCED ATHEROSCLEROSIS



antibodies used to identify resident cells of the arterial wall (endothelial and smooth

muscle) and the most prominent cell types that infiltrate the evolving atherosclerotic

lesion (macrophages, T lymphocytes and subclasses, and B lymphocytes). Of the

many cell types present in atherosclerosis, perhaps the most difficult to immunodetect

in a uniform manner are macrophages, since this cell type is so heterogeneous in

lesions. Many of the monoclonal antibodies that react against macrophage antigens

are differentiation dependent and therefore react with macrophage subsets. To

overcome this, we have used antisera developed in rabbits that have been injected

with mouse peritoneal macrophages. The use of a cell as the immunising agent leads

to the development of antibodies against many macrophage antigens. This should

provide an increased likelihood of detecting all macrophages.

Conventional immunocytochemical procedures are used to detect cells in lesions.

However, one issue that should be addressed is the high non-specific background of

chromogen development that often occurs within atherosclerotic tissue. This issue

amplifies the need for appropriate control experiments. At a minimum, controls

should include performing the procedure in the absence of the primary antibody to

determine non specific chromogen development through the secondary antibody and

detection complex. It is preferable to include a control for the primary antibody that

will include non-immune sera for antisera, non-immune antibodies for purified IgG or

IgM, and isotype-matched antibodies against irrelevant antigens for monoclonal

antibodies.

Statistical analysis

The development of experimental atherosclerosis is usually characterised by inherent

variability of lesion size within groups. This may provide some challenges in terms of

the number of animals needed to demonstrate an effect. It is also common to acquire

Table 5.2 Examples of antibodies used in immunocytochemical studies to characterize cellular

composition of atherosclerotic lesions

Cell type Antigen Antibody Source Reference

Macrophage Mouse peritoneal

macrophages

AIA31240 Accurate

Chemical Co

19,20

CD11b MAC-1 Serotec 21

Unknown MOMA-2 Serotec 17

CD68 FA-11 Serotec 22

F4/80 CI:A3-1 Serotec

T lymphocyte - pan CD90 (Thy1.2) F7D5 Serotec 24

CD4 CD4 GK1.5 (L3T4) Chemicon 24,25

CD8 CD8 YTS105.18 Serotec 24

B lymphocyte Mouse CD19 1D3 Pharmingen 26

Endothelial CD31 - PECAM MEC13.3 BD Pharmingen 26

Smooth muscle Alpha actin 1A4 Sigma/Dako 17
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data in which numbers do not conform to equivalence of variance and normality of

distribution. Therefore, the basic tenets of statistical analysis apply in that data should

be determined for suitability for analysis by parametric or non-parametric tests.

Application of the correct statistical test is facilitated by many software packages. In

our laboratory, we use SigmaStat which has a user friendly interface and an

interactive mode that suggests the optimal test for a specific dataset.

Conclusions

Since the generation of ApoE�/� and LDL receptor�/� mice in the early 1990s, there

has been a dramatic increase in the use of the mouse as an atherosclerosis model for

studying potential mechanisms of human disease. Despite these many studies, there is

a lack of consensus on many facets of atherosclerotic lesion quantification and

characterization. An establishment of rigorous standards may reduce the number of

studies in which data conflicts. For example, there is conflicting data for the effects of

scavenger receptor deficiency on atherosclerotic lesion formation.15–17

There is continuing debate on the extent to which lesion development in the mouse

mimics human disease. There are specific facets of the early stages of the human

disease that are faithfully recapitulated, especially the development of lipid-laden

macrophages. Also, some models experience extensive fibrotic components and

development of acellular cores containing crystals of unesterified cholesterol. How-

ever, lesions in mice infrequently progress to late stages of human disease as defined

by American Heart Association class IV and V.18 As a consequence, mice seldom

manifest the diseases that occur so rampantly in humans as a consequence of

atherosclerosis. It is likely that future efforts will be directed to devise models in

which acute coronary syndromes and strokes will be generated routinely.
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Introduction

Deciphering of the mouse genome and advances in molecular biology have led to a

rapid expansion of gene knockout and transgenic strategies to study atherosclerosis.

Genetically modified mice, such as the apolipoprotein E-knockout (ApoE�/�) mouse,

are now the animal models of choice for investigating atherosclerotic plaque

development.1,2 Histopathology and immunohistochemistry have provided many

insights into mouse lesion morphometry and composition, but do not allow serial

evaluation of plaque to enable longitudinal studies, that are particularly appealing for

studies of intervention. To address this, the advancement of imaging modalities with

the ability to differentiate changes in plaque distribution, size, morphology and, to

some extent, composition, at various stages of athero-thrombotic disease have been

developed.

High resolution magnetic resonance imaging (MRI) is well suited for in vivo

characterisation of atherosclerotic plaques as it can provide high resolution images of

multiple vascular regions. Since MRI is non-invasive and does not use ionising

radiation, it is also suitable for serial in vivo monitoring of plaque development over

time.3 Furthermore, MRI is already in widespread clinical use and lessons from mouse

imaging studies could potentially be translated into human application.
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Imaging Atherosclerosis with MRI

When an imaging subject is placed in a high static magnetic field, MR images can be

generated from the emitted radiofrequency (RF) signal following the administration

of a RF pulse. The RF signal, usually measured from water protons, varies according

to multiple physical and chemical parameters including the concentration of water

within the tissues and the relaxation times (T1 and T2) of the water protons of the

different chemical components of the tissue of interest.4 Importantly, atherosclerotic

plaque components (in particular, lipid-rich, fibrocellular and calcified regions) can

be distinguished on the basis of their inherent signal intensities using a combination

of multi-contrast sequences (proton density weighted (PDW), T1- and T2-weighted

(T1W, T2W)) with sub-millimeter spatial resolution. In this way, MRI of athero-

sclerosis has been described in human carotid artery ex vivo and in carotid artery and

aorta in vivo, as well as in larger animal models including rabbits, pigs, and non-

human primates (reviewed in Choudhury et al., 2002).3 A table listing the MR

terminology can be found in Chapter 14 (Table 14.1).

Mouse MRI

The greatest challenge for mouse imaging is the extremely small size of the vessels of

interest. The aortic root is approximately 1 mm in external diameter, but the normal

wall thickness is, perhaps 50mm. Other sites of interest such as the aortic arch,

abdominal aorta and brachiocephalic artery are even smaller. In mice, conventional

lesion analysis with histopathology, typically of the aortic root and more recently of

the brachiocephalic artery,5–7 has provided useful information about murine athero-

sclerotic plaque characteristics. However, since it requires the animal to be killed, it is

restricted to 2D analysis of a small number of histological sections at a single time

point. Therefore, histopathology can give only limited insight into overall plaque

volume and spatial distribution of plaque components within a lesion and cannot be

adapted for serial in vivo plaque imaging. Examination of sections in isolation or of

en face specimens also provides very limited information on the 3D distribution of

plaques and their components, which may be important in predicting patterns of

atherogenesis and its complications.

MRI has been used to quantify murine atherosclerotic plaques in vivo in abdominal

aorta,8,9 aortic root,10 aortic arch11 and brachiocephalic artery12 and can measure

progression of atherosclerosis in individual mice with time.13 Serial in vivo MRI has

also quantified regression of plaque following transplantation of aortic arch segments

with advanced atherosclerosis from hypercholesterolemic ApoE�/� mice into nor-

molipidemic wild-type mice.14 Although MRI is validated for lesion quantification,

precise characterisation of plaque composition in vivo has proved challenging due to

limitations in spatial resolution achievable for in vivo MRI of the very small mouse

artery wall. We have recently described a very high spatial resolution ex vivo MR
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microscopy technique at 11.7 Tesla (T) that can be used to quantify lipid-rich/necrotic

core and cell-rich cap areas in aortic root and brachiocephalic artery plaques in

ApoE�/� mice.15 The acquisition of images with near-isotropic voxels also enabled

3D reconstruction and examination of the spatial distribution and quantity of plaque

and lipid core volumes throughout the brachiocephalic artery, at various stages of

atherosclerotic disease.16 Detailed interrogation of plaque development within the

brachiocephalic artery wall is particularly appealing, as the plaques are more

advanced, with features suggestive of fibrous cap disruption and intra-plaque

haemorrhage.

As availability of high field strength MR systems increases, we aim to provide here

a practical guide that explores some of the issues related to MR assessment of murine

atherosclerosis both in vivo and ex vivo.

Materials and methods

Team

Imaging of the type discussed here is not attainable ‘off the peg’. Nor, in our

experience is any single individual likely to possess all of the skills required for a

successful imaging programme. Key to its success is close co-operation between

biologists, physiologists, MR physicists and experts in image analysis. As molecular

imaging applications expand (see below), chemists, materials scientists and molecular

biologists will play an increasingly prominent role.

MR system

Imaging such small vascular structures requires high spatial resolution, but decreas-

ing voxel size reduces the signal to-noise ratio (SNR) and tends to increase imaging

time. There is a constant play-off between these factors, which is especially important

for in vivo imaging, where time constraints are more rigid. In order to achieve optimal

images a high field strength magnet (7.0 to 11.7 T) and strong gradient system are

required. In addition, RF coils such as birdcage-type coils, optimized in geometry and

loading for mice will provide excellent homogeneity of the RF field. Furthermore,

birdcage coils can be driven in ‘quadrature mode’, which further enhances the SNR

by up to a factor of
ffiffiffi

2
p

.17 The inner diameter of a quadrature-driven birdcage coil

used for in vivo imaging of adult mice (body weight 17–25 g) is 28 mm while for ex

vivo aortic specimens or in vivo imaging of young mice (body weight<17 g), a

smaller probe, e.g. 13 mm or 20 mm may be used (see Figure 6.1a). Increased body

weight and girth can be an important consideration when imaging mice with

metabolic abnormalities and considerations of weight and gender may be important

when planning time points for evaluation.
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Preparation of mouse for in vivo imaging

Safe sustainable anesthesia can be obtained using inhaled isofluorane (2 per cent).

Ointment should be applied to the eyes in order to keep them moist, due to the

suppression of the eye closure reflex during anesthesia. All equipment will need to be

MR compatible. The mouse is placed in a dedicated animal cradle, optimised in

diameter and length for the mouse (see above). The animal cradle consists of a

heating blanket which maintains the core body temperature at 37oC, a nose cone for

continuous delivery of the anesthetic and a scavenging line for anesthetic gas

recovery. Additional lines can be used if drugs or MR contrast agents need to be

administered. Heating blankets may be warmed by air or water, with air having the

advantage over water as air does not have an MR signal and thus does not interfere

with the RF coil. Needle electrodes (�25 gauge) are inserted subcutaneously into the

forelimbs for deriving the electrocardiogram (ECG) signal that is required for gating

(a)

(b)

(c)

(i) (ii) (iii)

Conductor loop

Needle electrodes Nose cone

Figure 6.1 MR hardware (a) Quadrature-driven birdcage coils: (i) 20mm; (ii) 28mm; (iii) 40mm.

For adult mice (body weight 17–25 g), the internal diameter of the quadrature-driven birdcage coil

should be at least 28mm. For younger mice with body weight <17 g or for ex vivo aortic specimens,

a 20 mm or 13 mm diameter coil may be used. (b) Set-up of mouse in animal cradle. The animal

cradle is equipped with a nose cone, needle electrodes for deriving the ECG and a conductor loop for

detecting respiratory motion. The mouse is placed on a heating blanket to maintain constant body

temperature of 37oC during the MR experiment. (c) 11.7 T vertical magnet as used in our ex vivo

studies. For a color version of this figure, please see the images supplied on the accompanying CD
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(see below). Respiration may be monitored using pressure pads or conductor loops

mounted on top of the chest and the abdomen. The mouse is then secured in the cradle

using surgical tape, taking special care not to distort or compress the abdominal or

chest cavity regions (see Figure 6.1b). The cradle is then positioned into the RF coil

in the magnet.

Gating

One of the principal challenges is to overcome vascular motion due to cardiac and

respiratory cycles. The mouse heart rate is typically 300–700 beats per minute. To

circumvent this, early studies quantified atherosclerosis in the abdominal aorta, where

movement is minimal, but this is not a conventional location for plaque analysis and has the

substantial drawback that lesions develop there relatively late.8 For imaging intrathoracic

structures, gating is essential. An electronic cardiac gating device will synchronize the MR

cumulative data acquisition to the same point of the cardiac cycle. Respiratory gating, which

interrupts MR data acquisition during respiration, is needed at high magnetic field strengths

greater than 7 T, where motion artifacts become more pronounced, in order to obtain

virtually artifact-free, high-quality images. These devices can be built in-house18 or are

offered by various manufacturers (e.g. SA Instruments Inc).

In vivo MRI

For in vivo MRI, the mouse can be reliably maintained under anesthesia in the magnet

for up to 60 min. Full recovery without residual ill effect is the rule. Where the goal is

lesion quantification, 2D multi-slice (109� 109mm in plane and 0.5 mm slice thick-

ness) MRI (at 9.4 T) with proton density weighted images ðTE=TR ¼ 9=2000 msÞ have

provided good signal to noise within an acceptable imaging time (�34 min) (see

Figure 6.2).8 Interval imaging (more than five times) in the same mouse has also

quantified changes in lesion size over a period of months.13

Ex vivo MRI of aortic specimens

By imaging ex vivo, much longer, ungated acquisitions can be obtained using smaller

coils on virtually stationary, explanted tissue. These factors greatly enhance the SNR

allowing much smaller voxels and consequently greater spatial resolution.

Tissue collection and preparation for ex vivo imaging

In order to collect the aorta specimen, the mouse is first anesthetized by inhalation of

isofluorane. The chest cavity is then opened to expose the heart and blood is removed
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from the right ventricle using a 1 ml syringe and 25 gauge needle. The right atrium is

incised to remove blood while the arterial tree is perfusion fixed under physiological

pressure via the left ventricle with �10 ml phosphate-buffered saline (PBS) followed

by �10 ml 4 per cent paraformaldehyde in PBS. The spinal column with the heart and

aortic tree attached is then dissected out en bloc. Perivascular fat is gently dissected

from the ascending aorta, aortic arch and the three branches: brachiocephalic, right

carotid and left subclavian. The heart is then instilled with Fomblin (Ausimont,

Putney, UK), a liquid hydrocarbon that prevents dehydration, maintains vessel

patency, prevents air bubbles from entering the heart and provides an intravascular

signal void (and thus excellent contrast with tissues) on MRI. The sample is

embedded in an MR tube containing 2 per cent agarose and secured and immobilized

with a second layer of 2 per cent agarose.

Ex vivo MRI

For ex vivo MRI, we have developed and validated a 3D multi-echo sequence with

variable T2w ðTE=TR ¼ 7=200 ms; number of averaged experiments (NAE) ¼ 4;

experimental time �7 h).15 A matrix size of 256� 256� 128 and a field of view

(FOV) of 12� 12� 8 mm were used to attain a final voxel size of 23� 23� 31 mm

after zerofilling. This 3D acquistion method improves signal to noise allowing

smaller voxels and less partial volume artifact compared to 2D multi-slice techniques.

Furthermore the near-isotropic voxels obtained by this method also allowed 3D

reconstruction of the artery and lesions in many and arbitrary planes.16

Figure 6.2 In vivo MRI of mouse plaques. In vivo proton density-weighted MR images

(109� 109� 500mm) of atherosclerosis in the abdominal aorta of ApoE�/� mice and

corresponding histological sections (stained with Combined Masson’s Trichrome stain) of aorta

sections. (a) marked concentric plaque; (b) eccentric thickening apparent on lateral and anterior

aspects of aorta; (c) normal, thin walled aorta. For a color version of this figure, please see the

images supplied on the accompanying CD
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Optimising MR images for analysis

For most vascular biological applications, acquiring the ‘anatomical image’ is not an

end itself. It is usually necessary to extract quantitative data on plaque size and

composition. Towards this goal, imaging sequences should be optimised to provide

images that lend themselves to the analyses required (see above). For instance,

atherosclerosis imaging will require excellent delineation of the wall versus lumen

and wall versus perivascular tissue. The former is usually relatively straightforward

since the lumen appears dark due to signal loss from flowing blood on spin echo

image acquisition. The latter can be facilitated by using a sequence with ‘fat

suppression’ to remove signal from perivascular fat, ideally creating a halo around

the artery.

Voxel size in relation to the structure of interest is important. Precise quantification

is served by a large number of pixels per imaged structure. Where plaque size is large

in relation to pixel size, correlation between MRI and histology is good, but this

breaks down where the pixel diameter approaches the size of the structure of interest.

It is important to remember, in 2D multi-slice techniques, that while the in-plane

resolution maybe small, in order to accomplish this with acceptable signal to noise, it

is usually necessary to increase slice thickness, leaving the analysis susceptible to

partial volume effects. These occur where the contour of the tissue of interest moves

in and out of line of voxel definition as it moves through the depth of a slice. One

expects the image value to reflect the average value over the imaged distance.

Optimal voxel size will need to be established experimentally for each application.

Automated image analysis

The data sets for imaging [multiple] arteries in mice of several time points are

very large. To improve both efficiency and objectivity, it is desirable to use

[semi-]automated image analysis software. A relatively large selection of software

for morphometry is available. (e.g. NIH image, which is available for free download

[http://rsb.info.nih.gov/nih-image/]; or the proprietary Image ProPlus [Media Cyber-

netics, Silver Spring Maryland]. Where serial MR images are to be compared or MRI

versus histology findings analysed, it is important to ensure anatomical alignment of

the slices or segments under evaluation (see Figure 6.3). It is usual to reference

position to fiducial markers such as the origins of side branches or bifurcations. By

referencing two markers on either side of the area of interest, it is also possible to

address the invariable shrinkage of tissue that occurs during preparation for

histological analysis.8

We have recently applied a semi-automated, histogram-based, threshold method to

the segmentation and quantification of lipid rich necrotic core and cell rich lesion cap

in mouse atherosclerosis (see Figure 6.4).16 For 3D reconstruction and volumetric

quantification of brachiocephalic artery plaque, MR image stacks for: (1) the entire

brachiocephalic artery; (2) its segmented plaque; and (3) segmented lipid-rich/
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Figure 6.3 Ex vivo MRI of mouse brachiocephalic artery plaque. MR image (23� 23� 31 mm) and

corresponding histopathology (stained with combined Masson Elastin stain) of a typical

brachiocephalic artery of an ApoE�/� mouse fed high fat diet for 20 weeks. By histopathology,

white areas within the plaque, representing voids attributable to lipid dissolution during tissue

processing, corresponded to black=dark gray regions on the MR image. For a color version of this

figure, please see the images supplied on the accompanying CD
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Figure 6.4 Example of automated segmentation of mouse brachiocephalic artery plaque using high

resolution ex vivo MRI. Black=dark gray regions within the plaque corresponding to lipid-rich necrotic
cores are segmented (red overlay) and quantified using the signal intensity histogram generated from

gray-scale MR images. For a color version of this figure, please see the images supplied on the

accompanying CD
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necrotic core ‘masks’ were assigned to red, blue and green color channels,

respectively and reconstructed in 3D using the 3D Constructor plug-in for ImagePro

Plus (see Movie 6.1). Isosurfaces for the colour channels corresponding to plaque and

lipid-rich/necrotic cores were added (see Movie 6.2) and the enclosed volumes

automatically calculated. Itskovich et al. (2003) have described a cluster analysis

approach to characterise lesions based on integrated information from multi-contrast

MRI but such tools have so far not found widespread application.10

Discussion

Initial in vivo MR studies of atherosclerosis in mice were focused on the measurement

of plaque area in the abdominal aorta and common iliac arteries, where the influence

of cardiac and respiratory motion is reduced.9 This was later extended to determine

the limits of sensitivity and specificity of in vivo MRI to detect plaques in younger

mice.8 Several studies have also reported quantification of lesion size in the aortic

root10 or arch,11 which are technically more demanding due to substantial cardiac and

respiratory motion influence. These in vivo studies achieved high resolution in plane

(109� 109 mm) but slice thickness (500 mm) led to disabling partial volume effects,

precluding characterization of plaque composition. Itskovich et al. (2003) first

demonstrated the potential of ex vivo MRI to identify lipid core and fibrous cap in

T1W, T2W, and PDW images of the aortic root of ApoE�/� mice as confirmed by

histopathology.10

We have recently expanded on this work by developing a very high-resolution

ex vivo MRI technique that attains very small voxels almost equal in each dimension

(47� 47� 62.5mm or 23.5� 23.5� 31.8 mm after interpolation) to quantify lipid-

rich/necrotic core and fibrous caps in the aortic root and brachiocephalic artery of

ApoE�/� mice.16 The significant improvement in MR spatial resolution was achieved

using a 3D rather than a 2D acquisition matrix (256� 256� 128) and although a

significantly longer imaging time (7 h) was also required, this was efficiently

accommodated by running unsupervised overnight scans.15 The acquisition of 3D

images of near-isotropic voxels also enabled 3D reconstruction and examination of

changes in plaque distribution and lipid-rich/necrotic core volume in the brachioce-

phalic artery over time. Previously, plaque progression in the brachiocephalic artery

has been examined only in 2D histological sections, which provide valuable

information on plaque morphology, but cannot fully interrogate plaque distribution

in relation to the entire artery. Ex vivo MRI avoids tissue dehydration and potential

size distortion that may be caused during tissue processing for histological examina-

tion. The small size of the brachiocephalic artery (�500mm external diameter) and

the technical demands of embedding and sectioning such a small artery for

histopathology also introduce a potential risk for disruption of the integrity of the

plaque itself. As such, 3D high resolution ex vivo MRI is a potentially useful

additional tool to accurately and efficiently quantify changes in plaque distribution

and composition in mice, without need for histology.
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In vivo plaque characterization in mice, that has been achieved by ex vivo MRI is

ultimately the goal. However, the prolonged imaging protocol time used for ex vivo

MRI is clearly not feasible in vivo due to anesthesia constraints. Furthermore, even

with excellent ECG and respiratory gating, relatively small physiological

movements, including involuntary movements of skeletal muscle may be sufficient

to degrade a very high-resolution image substantially. To overcome these limitations,

there is currently considerable interest in developing cellular and molecular imaging

tools that will provide structural and functional data that is effectively in the micro-

and nanometer range of resolution.4

Application

Small animal MR imaging offers exciting prospects for in vivo phenotyping to

characterize the many small animal models that are contributing to our expanding

appreciation of the events of atherogenesis. Over traditional methods, MRI offers in

vivo evaluation of plaque area and the opportunity for non-tissue-destructive 3D

interrogation of its microscopic structure. Three-D reconstruction of ex vivo MR

images of mouse atherosclerotic plaques have also provided insights into the spatial

distribution and pattern of lesion extension in the brachiocephalic artery. Therefore,

high resolution ex vivo MRI is a potentially useful additional tool for the study of the

effects of drug/gene therapies on plaque and lipid distribution and volume over time.

Such data will also allow detailed biomechanical modeling of patterns of blood flow,

sheer stresses and tension in the arterial wall. In the near future, it is likely that

molecular and cellular imaging probes will further extend the utility of small animal

MRI. Furthermore, the opportunity to image small arteries and to obtain ready tissue

comparisons will advance imaging technologies that may be of clinical use.

However most of the studies that have been discussed here are not available ‘off the

peg’ and require a co-ordinated team. The capital and maintenance costs for the

equipment required are clearly an important consideration. These complexities argue

that mouse atherosclerosis evaluation with MRI should ideally form part of a larger

structured small animal imaging program.
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7
Plaque rupture

Christopher L. Jackson

Bristol Heart Institute, University of Bristol, Bristol, UK

Introduction

Investigation into the pathophysiology of atherosclerotic plaque rupture has, in the

past, been achieved by study of human post mortem specimens. Much progress has

been achieved, but in a very specific direction: understanding of the morphology and

anatomy of plaque ruptures that kill. Recently evidence has begun to accumulate to

suggest that in fact most plaque ruptures are not fatal.1–4 This means that a full

understanding of the development of instability in plaques requires a system where

such lesions can be investigated as soon as a non-fatal rupture occurs, and this in

practice means that an animal model is needed. Apolipoprotein E (ApoE) knockout

models of plaque rupture began to appear 4 years ago, with the emphasis on the

brachiocephalic artery as a site of predilection.5–7 This chapter aims to summarise the

methodologies required for study of plaque instability and rupture at this site in ApoE

knockout mice.

Animals

Ruptured atherosclerotic plaques have been observed in homozygous apolipoprotein

E null (ApoE knockout) mice and, anecdotally, in ApoE/low-density lipoprotein

receptor double knockout mice. The bulk of the published data derive from the

former, but of these there are two types. Commercially available ApoE knockouts

have usually been back-crossed onto the C57BL/6 strain background, and generally

derive originally from animals with a null mutation to the ApoE gene created in the
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laboratory of Dr Nobuyo Maeda.8 The mice used in our laboratories in Bristol have

not been backcrossed and are on a mixed strain background that is approximately

70 per cent C57BL/6 and 30 per cent 129: they derive originally from null mutated

mice created in Dr Jan Breslow’s laboratory at Rockefeller University.9 These

animals are not commercially available but academic institutions can obtain breeding

pairs by contacting the author; commercial institutions should also contact the author

in the first instance, who will pass the enquiry on to Rockefeller University.

The genotype of the animals is checked by polymerase chain reaction (PCR)

analysis of tail-tip DNA, according to the following protocol:

1. Make up primers to 200mmol/L stock in TE buffer.

2. Dilute this 200mmol/l stock to 2 mmol/L in water for everyday use.

3. Make up dNTP mix from individual nucleotides each at 2 mmol/L.

4. Defrost 10� buffer, 2 mmol/L primers, dNTPs and DNA samples and keep on ice.

5. Pipette 1 mL of DNA into a PCR tube.

6. Add 29mL of the correct premix (Table 7.1) to each 1 mL of DNA, making sure the

solutions mix thoroughly.

7. PCR reaction:

a. 95�C for 5 min

b. 94�C for 1 min

c. 64�C for 1 min

d. 72�C for 3 min

e. Repeat steps b, c, d 30 times

f. 72�C for 10 min

g. 4�C indefinitely.

8. Identification of genotype from the gel:

a. 1 band at 350bp signifies homozygote knockout

b. 1 band at 600bp signifies homozygote wild-type

c. 2 bands at 600bp and 350bp signifies heterozygote.
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9. Primers:

a. 1753 (2nd exon sense):

CTC TGT GGG CCG TGC TGT TGG TCA CAT TGC TGA CA

b. 1754 (3rd exon antisense):

CTC GAG CTG ATC TGT CAC CTC CGG CTC TCC C

c. 901 (neo gene sense):

CGC CGC TCC CGA TTC GCA GCG CAT CGC

d. Knockout uses 901þ 1754; wild-type uses 1753þ 1754

Husbandry and welfare

Animals are housed under normal conditions. Breeding and nurturing are normal, and

the animals are weaned at approximately 3 weeks of age. Normal mouse diet is given

ad libitum for 6 weeks, and then at the start of the experimental phase this is switched

to a high-fat diet that contains 21 per cent pork lard and 0.15 per cent cholesterol

(Diet 821424: Special Diets Services, Witham, UK). In the short term there are no

adverse health effects associated with receiving the high-fat diet despite the extreme

hypercholesterolemia that results. After about 3 months of high-fat feeding some

animals develop cutaneous xanthomas that the mouse may scratch, breaking the skin.

Such animals are killed. Periods of feeding beyond about 6 or 7 months produce quite

a high incidence of xanthomatosis and should be avoided.

Some animals suffer sudden death, the reasons for which are not clear but may

berelated to myocardial ischemia and infarction.10 Sudden deaths are relatively

infrequent in the first 3 months of high-fat feeding, but by 9 months there will be

few (if any) survivors.

Termination

Animals should be perfusion fixed at constant physiological pressure while the

brachiocephalic artery is still in situ. The simplest way to achieve this is to induce

Table 7.1 Premix compositions

Premix mL per sample

10� PCR buffer 3.0

1753 3.0

1754 3.0

901 3.0

dNTPs 3.0

Taq 0.5

Water 13.5
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deep surgical anesthesia by intraperitoneal injection of sodium pentobarbitone, then

to exsanguinate the animal by arterial perfusion at a constant pressure of 100 mmHg

via the abdominal aorta or left ventricle with phosphate-buffered saline (PBS).

Outflow of blood and perfusate is via the incised external jugular veins. This is

followed by constant pressure perfusion with the fixative of choice: 10 per cent

formalin in PBS works well for general histology and most immunostaining.

There are several ways of achieving constant pressure perfusion. The simplest is to

position the fluid reservoir at the appropriate height above the animal: 1.36 m equates

to 100 mmHg.

Dissection proceeds as shown in the accompanying video. The general approach is

to locate the right common carotid artery and to use this to lift the brachiocephalic

artery while it is freed from the underlying tissues. The brachiocephalic artery is

removed together with a piece of the right common carotid artery, the stump of the

right subclavian artery, and a ‘skirt’ of aortic arch (Figure 7.1). These landmarks aid

orientation of the tissue during embedding for histological processing.

Tissue processing

For paraffin wax processing, brachiocephalic arteries should first be pre-embedded in

molten 1.5 per cent agar in PBS. This allows manipulation of the tissue as the agar

sets, to ensure that the vessel is exactly perpendicular. After paraffin wax embedding

using standard procedures, 3 mm sections are cut starting at the proximal (aortic arch)

end. Sections are cut and discarded until the most proximal part of the brachioce-

phalic artery is reached. This can be monitored by inspecting the surface of the

paraffin wax block and looking for gradual diminution of the size of the ring of aortic

arch tissue. When the ring stops diminishing, the brachiocephalic artery has been

Figure 7.1 Representative diagram of the brachiocephalic artery after dissection, ready for

embedding for histology. 1 ¼ Brachiocephalic artery. 2 ¼ Right common carotid artery. 3 ¼ Right

subclavian artery. 4 ¼ ‘Skirt’ of outer curvature of the aortic arch
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reached. A good system for surveying the proximal portion of the brachiocephalic

artery is to cut 3 mm sections at 30mm intervals, out to 150mm.

The most useful histological stain is an elastin stain, such as Miller’s/van Gieson,

because this allows delineation of the fibrous cap and shows breaches in it very

clearly. Other stains (such as haematoxylin and eosin, or trichrome stains) are useful

for identifying specific features of the plaque such the lipid pool, fibrin, collagen etc.

Miller’s/van Gieson method for elastin staining:

1. Paraffin wax sections are deparaffinised then rehydrated.

2. Immerse section in 32 mmol/L potassium permanganate for 10 min.

3. Immerse section in 70 mmol/L oxalic acid for 5 min.

4. Rinse in 70 per cent ethanol.

5. Incubated in Miller’s elastin stain (BDH Laboratory Supplies, Poole, UK) for 3 h.

6. Rinse in 70 per cent ethanol.

7. Incubate in van Gieson solution (50 per cent saturated picric acid solution, 0.09

per cent acid fuchsin) for 5 min.

8. Blot section dry then dehydrate, clear and mount.

Morphological analysis

Assessment of the features of plaque stability is always made on elastin-stained

sections. These features are buried fibrous caps, representing previous healed plaque

ruptures, and a break in the fibrous cap, representing an acute plaque rupture that has

not yet healed. In the latter case, in order to exclude fibrous cap breaks caused during

dissection or processing, we also require to see formed blood elements within the

plaque at the site of cap breakage. These are usually erythrocytes.

Recognition of the features of plaque instability is not straightforward and requires

practise. Buried fibrous caps appear as linear arrangements of bundled elastin fibres,

usually overlain by foam cells, and when there are multiple buried fibrous caps they

are usually offset from one another (we presume that this is because most ruptures

occur at the shoulder of the plaque, so that the secondary overlying lesion then grows

over that part of the earlier lesion). Acute, unhealed plaque ruptures can be very

difficult to discern. The best approach is to scan the surface of the fibrous cap at high

magnification looking for any discontinuities: where one is seen, the underlying

plaque tissue needs to be examined very carefully for the presence of erythrocytes,

betraying a rupture. An example of a plaque containing buried fibrous caps and an

acute plaque rupture is shown in Figure 7.2.
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Morphometric analysis

The morphometric analysis scheme is outlined in Figure 7.3. Computerised morpho-

metry is used to determine the following parameters:

1. The length of the outer elastic lamina (‘OEL’)

2. The length of the inner elastic lamina (‘IEL’)

3. The area of the plaque (‘P’)

The various aspects of vessel morphometry are then calculated according to the

following formulae:

Figure 7.2 Plaque in a proximal brachiocephalic artery. 1,2,3 ¼ Buried fibrous caps representing

previous healed ruptures. 4 ¼ Acute plaque rupture. 5 ¼ Thrombus. For a color version of this

figure, please see the images supplied on the accompanying CD

Figure 7.3 Diagrammatic representation of a lesioned artery. 1 ¼ Outer elastic lamina. 2 ¼ Media.

3 ¼ Inner elastic lamina. 4 ¼ Lumen. 5 ¼ Plaque
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Total vessel area ¼ OEL2=4�

Media area ¼ (OEL2-IEL2)=4�

Plaque area ¼ P

Lumen area ¼ (IEL2=4�)� P

These calculations assume that the vessel is perfectly circular in life, and that it has

been sectioned at exactly 90� to its long axis. The latter assumption can be tested by

inspection of the elastic laminae in the media: if they appear thickened at two regions

that are 180� apart, the vessel is on a slant and needs to be re-embedded and re-

sectioned.

It is also possible to measure fibrous cap thickness and the plaque content of lipid,

collagen and elastin. The maximum fibrous cap thickness is determined from elastin-

stained sections. For plaque fractional volumes of the component of interest, the

simplest method is to use computerised morphometry and colour segmentation to

select the component of interest. The area occupied by that component can be

expressed as a percentage of total plaque area.

Study design considerations

We have shown that the first plaque ruptures occur after as little as 2 months of high-

fat feeding.11 This means that intervention studies can be carried out over this

relatively short time period. Longer-term studies can be carried out over about

6 months, although the loss of animals to sudden death becomes an increasing

problem as the time course is extended. The third protocol we use is ‘late

intervention’: animals are fed high-fat diet for 16 weeks before the intervention is

introduced, and treatment is continued for about 2 months.

Group sizes are of course dependent on the magnitude of the effect that is required

to be found significant, which is a matter for the individual researcher. They are also

dependent on the variability of the response being measured, and the responses (such

as plaque area, incidence of acute plaque rupture, plaque lipid content, etc) vary

widely in variability. Table 7.2 provides a guide to choosing group sizes for mouse

plaque rupture studies.

Summary

The mouse model described herein is technologically simple and studies can be

carried out over a reasonably short time frame. It should facilitate the discovery and

preclinical development of interventions that may inhibit rupture, and also enable

deeper investigation of the pathophysiology of this process. To what extent findings
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from the mouse can be applied to human plaques is still open to question: the positive

action of pravastatin in this regard is a very encouraging sign,11 but clearly more

studies are still needed.
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Abstract

Mice models for restenosis are based on infliction of vascular injury either via an

intravascular (aimed at de-reendothelisation) or via a perivascular treatment. In the

current chapter the mice restenosis models based on perivascular injury are described.

Special emphasis is given to the perivascular cuff-induced neointima formation in the

femoral artery.

All technical details for the procedure are given, the possible mechanism of action is

described, and several applications of the cuff-model, either in combination with

transgenic/atherosclerotic mice, with gene therapeutic approaches or in combination

with drug-eluting cuffs, are illustrated.

Keywords

restenosis, neointima formation, perivascular injury, cuff, atherosclerosis, inflammation,

smooth-muscle cell

Introduction

Mouse models for studying restenosis are of interest taking into account the

availability of many transgenic mice, including those with an atherosclerotic

phenotype, such as the apolipoprotein (Apo) E knockout mouse1 (Apoe�/�), the

low-density lipoprotein (LDL) receptor knockout mouse2 (LDLR�/�) and the diet-

dependent hyperlipidemic Apoe*3-Leiden transgenic mouse.3
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Intravascular injury models to mimic the injury that is inflicted to the vessel wall

during percutaneous coronary angioplasty are available, as described elsewhere in

this book, but are technically complicated and the reproducibility is not that good,

e.g. due to the lack of balloon catheters of appropriately small sizes. As an alternative,

models based on perivascular injury are developed to study neointima formation in

mouse models.

External perivascular arterial injury for vascular stenosis

A number of mouse models for neointima formation and vascular (re)stenosis have

been extensively used based on the perivascular injury of the vessel wall. All these

models have in common that formation of a vascular stenosis is induced through the

perivascular injury of the blood vessel. This injury can be inflicted in several different

ways. In the present chapter we describe some of these models of perivascular injury-

induced neointima formation and discuss in further detail one of the most commonly

used models; the mouse femoral artery perivascular cuff injury-induced stenosis.

Electronic injury-induced stenosis mouse model

In 1997, Carmeliet and colleagues described an injury model in which femoral

arteries in mice were injured perivascularly via a single delivery of an electric

current.4 After surgical exposure of the femoral artery, a single current pulse of two

seconds (160mA) causes a complete loss of all medial smooth muscle cells (SMC) in

the affected vessel over a length of 2–3 mm. In addition, by this treatment the arterial

segment is denuded of intact endothelium and mural (non-occlusive) platelet-rich

thrombosis is present within 2 h after injury. Via a vascular wound-healing response

the mural thrombus degrades, transient infiltration of the vessel wall by inflammatory

cells appears, and the necrotic debris diminishes progressively several days after the

intervention. Simultaneously, SMC originating from the borders of the injured

segment migrate towards the necrotic centre, ultimately leading to SMC accumula-

tion. Within three weeks after injury, SMC migration and proliferation results in

neointima formation containing a maximum of 12 layers of SMC. Although, the

electric injury model is little comparable to human clinical pathology, this model is

useful as a model of vascular wound healing.

Chemical injury-induced stenosis mouse model

Two mouse models of chemical injury-induced neointima formation, both adapted

from thrombosis models, have been described in the past years.

Kikuchi et al. adapted a (photo)chemical model of thrombosis to a model of

neointima formation in the mouse femoral artery.5 In this model, endothelial injury is

inflicted by photochemical reaction by a transluminal green light and intravenous

administration of rose Bengal solution. An approximately 2 mm long segment of the
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intact femoral artery is irradiated until blood flow completely stops due to a platelet-

and fibrin-rich thrombus. Twenty-four hours later, spontaneous reflow is seen with

denudation of the endothelium and medial SMC loss. Within 7 days neointima

formation starts and reaches a maximum after 21 days, mainly consisting of SMC. In

this (photo)chemical injury-induced stenosis, the outcome can be affected by the

duration of the photo-irradiation, rose Bengal concentration, green light intensity and

thickness of the vessel wall. These factors may seriously influence the reproducibility

of the procedure.

Zhu et al. adapted a thrombosis model developed by Farrehi and colleagues6 to a

vascular injury model.7 In this model, the carotid artery is carefully exposed and a

filter paper saturated with a 10 per cent ferric chloride solution is placed on the

adventitia for 3 min. This oxidative vascular injury leads to the formation of a

transiently occlusive platelet-rich thrombus with endothelial cell loss and medial cell

necrosis. After four weeks, intimal and medial hyperplasia is present in hyperlipi-

demic mice mainly consisting of SMC and foam cells. No or only minimal neointima

formation is seen in normocholesterolemic mice. These results indicate that both

abnormal lipid metabolism and arterial injury are necessary to induce significant

neointima formation in this model.

Perivascular cuff injury-induced stenosis mouse model

In 1989, Booth and colleagues established a model for accelerated formation of

atherosclerotic-like lesions in the carotid arteries of rabbits.8,9 This model is based on

placement of a plastic perivascular collar in the rabbit common carotid artery which

results in the development of an intimal lesion containing foam cells and SMC in the

cuffed segment. Based on the success of this model, in the mid 1990s, this model was

downscaled to mice and modified using both non-constrictive and constricting tubes.

These murine models are widely used to study both accelerated atherosclerosis

phenomena and the process of restenosis.

Von der Thüsen et al. defined a mouse model in which a constricting silastic collar

is placed around the common carotid artery of hypercholesterolemic mice.10 The

development of collar-induced lesions is found to occur predominantly in the area

proximal to the collar and to be dependent on a high-cholesterol diet. Atherosclerotic-

like lesions are evident after three and six weeks in Apoe�/� mice and LDLR�/�

mice, respectively. Lumen stenosis reaches 85 per cent in Apoe�/� mice and 61 per

cent in LDLR�/� mice 6 weeks after collar insertion. Presumably due to changes in

shear stress, plaque formation is seen in the vessel segment proximal to the collar,

whereas the intra-collar segment remains unaffected. Lesions initially consist of

monocyte-derived foam cells and as maturation progresses plaques become increas-

ingly heterogeneous with the development of a necrotic core and a fibrous caps with

typical shoulder regions. Interestingly the model is dependent of a hypercholester-

olemic environment, since no neointimal response emerges in normocholesterolemic

mice. For the reasons mentioned above, this model is proposed to be a model for

accelerated atherosclerosis rather than vascular stenosis.
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Moroi et al. were the first to describe a model for inducing neointima formation in

the femoral artery of mice.11 The murine femoral artery is isolated and loosely

sheathed with a non-occlusive polyethylene cuff. In this model, the endothelial cells

are not directly manipulated or removed, oppositely to what occurs in other

intravascular injury models for induction of neointima formation. Placement of the

cuff results in highly reproducible neointima formation within the cuffed vessel

segment in a 2- to 3-week period and mainly consists of SMC on top of the internal

elastic lamina underneath an endothelial monolayer. Remarkably, arteries dissected

from surrounding tissues (sham-operated) but where a cuff is not placed, do not

develop a neointima. The presence of the cuff seems to be essential for inducing the

neointima formation after the initial perivascular injury inflicted during surgery.

Moreover, if in a similar way a cuff is placed around the carotid artery in the mouse,

no neointima formation is observed in the cuffed vessel segment. The reason for this

most likely is the anatomic difference between the femoral artery and the carotid

artery in the mouse.

A more specific evaluation of the practicability, applications and mechanism of

intimal formation of this widely used murine model of vascular stenosis is assessed in

detail next.

Materials and methods

At the time of surgery, mice are anesthetized with an intraperitoneal injection of a 5 mg/

kg Dormicum (Roche, Basel, Switzerland, contact: www.roche.com), 0.5 mg/kg

Domitor (Orion, Helsinki, Finland, contact: www.orion.fi) and 0.05 mg/kg Fentanyl

(Janssen, Geel, Belgium, contact: www.janssenpharmaceutica.be). This cocktail of

anesthetics gives complete narcosis for at least 1 h and can be quickly antagonized with

Antisedan 2.5 mg/kg (Orion) and Anexate 0.5 mg/kg (Roche).

A microscope with 10–15�total magnification is necessary for the microsurgery

(e.g. Olympus SZX9 microscope, contact: www.olympus-europa.com).

Basic instruments needed to perform the microsurgery are: (1) a blunt microforceps

(length: 10.5 cm, height: 0.3 mm, Medicon Instruments, Tuttlingen, Germany,

contact: www.medicon.de); (2) a sharp microforceps (length: 10.5 cm, height:

0.3 mm, Medicon Instruments); (3) a microscissor (length: 12.5 cm, height:

10 mm, Medicon Instruments); (4) a microneedle holder (length: 18.5 cm, Medicon

Instruments).

A longitudinal 1–2 cm incision is made in the internal side of the leg and the

femoral artery is dissected for 3 mm length from the femoral nerve and femoral vein.

The femoral artery is looped with a ligature (USP: 6/0, Metric: 0.7., Silkam natural

silk, B. Braun, Melsungen, Germany, contact: www.bbraun.com) and a non-con-

strictive fine bore polyethylene tubing (0.40 mm inner diameter, 0.80 mm outer

diameter, Portex, Kent, UK, contact: www.portex.com) is cut to 2.0 mm length and

longitudinally opened and sleeved loosely around the femoral artery. The cuff is

closed up with two 6/0 ligature knots in the extremities of the cuff (Figure 8.1).

Finally, the skin incision is closed with a running suture (USP: 6/0, Metric: 0.7.,
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Silkam silk). The whole procedure takes about 20 to 30 min for a skilled operator and

can also be repeated in the contralateral femoral artery. After surgery, animals are

placed in a clean cage on top of a heating pad for a few hours.

For histological analysis, animals are typically killed 2–3 weeks after cuff

placement. After anesthesia, the thorax is opened and a mild pressure-perfusion

(100 mmHg) with 4 per cent formaldehyde in 0.9 per cent NaCl (v/v) is performed for

5 min by cardiac puncture. After perfusion, a longitudinal 2 cm incision is made in the

internal side of the leg and the cuffed femoral artery is harvested as a whole and fixed

overnight in 4 per cent formaldehyde.

Discussion

The cuff model extensively described in this chapter is one of the most often used

models to mimick the process of post-angioplasty restenosis. Its popularity has

several reasons. One of the main advantages is its feasibility; the model is easy to

learn and can be performed in a limited amount of time. Complications during

surgery hardly ever occur and thrombosis of the femoral artery due to the procedure is

a rarity. The most important pitfall during surgery is femoral nerve injury. This can

occur during the dissection of the femoral artery and results in clinical symptoms of

paralysis of the lower extremity. Another advantage of this model is reproducibility.

Inter-surgeon variability is small when performed in similar inbred mice strains.

However, when a highly skilled surgeon performs the microsurgery, in some cases no

neointima formation occurs. This phenomenon was experienced in our laboratory and

Figure 8.1 Schematic representation (a) and microphotograph (b) of femoral artery cuff

positioning. For a color version of this figure, please see the images supplied on the accompanying CD
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also reported by others. It is believed that because of the reduced tissue damage made

by a skilled operator during the procedure, a ‘threshold’ of minimal tissue damage is

not exceeded. We were able to overcome this problem with the introduction of a

‘standardized mechanical injury’ during surgery. This injury consists of gently

squeezing the femoral artery with the blunt microforceps before the cuff is sleeved

over the artery.

The exact mechanism underlying the induction of neointima formation in this

mouse model is not fully understood. We believe that several factors are involved in

the induction of neointima formation. First, the mild perivascular injury inflicted

during the surgical procedure is of importance, as suggested by the low success rate

of the highly skilled operators. In response to this injury expression of the extra

domain A of fibronectin (EDA fibronectin) and its receptor Toll-like receptor 4 (Tlr4)

is induced. Cuff placement subsequently triggers the influx of granulation cells in the

perivascular space, which induces a perivascular inflammatory response. Together

with the activation of Tlr4 by its endogenous ligand EDA fibronectin, this results in

the induction of expression of various inflammatory cytokines (unpublished data),

such as monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor-�
(TNF�), regulated on activation, normal T cell expressed and secreted (RANTES),

and macrophage inflammatory protein 1-� (MIP1-�). The importance of this reaction

is underscored by the fact that sham operated arteries do not develop a neointima,

although initially the expression of Tlr4 and EDA fibronectin is also induced in these

sham-operated vessel segment. Only in cuffed vessel segments Tlr4 expression

remains elevated during at least 7 days (unpublished data). The causal role of the

Tlr4 pathway in cuff induced neointima formation is demonstrated by the reduced

neointima formation in Tlr4-deficient mice12 and stimulation of neointima formation

by local lipopolysaccharide application.13 The fact that cuff-induced neointima

formation is strongly inhibited by local application of dexamethasone underscores

an important role of inflammatory activation in this model.14

Subsequently, SMC in the media become activated and SMC migration and

proliferation occurs (Figure 8.2).11,15,16 Recently, it was demonstrated that the

generation of reactive oxygen species also plays an important role in the regulation

of cuff induced neointima formation.17

Application

In the femoral artery perivascular cuff model, the primary endpoint is neointima

formation. Cuff placement around the femoral artery results in a profound neointima

formation in 2–3 weeks, consisting of four to six layers of SMC. The cuff-induced

neointima consists primarily of SMC on top of the internal elastic lamina, beneath a

layer of platelet-endothelial cell adhesion molecule (PECAM)-positive endothelial

cells (Figure 8.3, left column). Contrary to other vascular restenosis models in the

mouse, the endothelial monolayer is not directly manipulated or removed allowing to

study of the effect of individual endothelial factors (e.g. endothelium-derived NO) on

neointima formation. Therefore, this cuff model is believed to be complementary to
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other models of neointima formation by offering the capability to examine vessel

responses to injury that are relevant to vascular remodeling.

This elegant mouse model has been proven to be reproducible, easily quantifiable,

and lends itself well to analysis of individual gene products that can be manipulated

by transgenic approaches and targeted gene disruption.
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Figure 8.2 Proposed mechanism underlying the induction of neointima formation of the mouse

femoral artery perivascular cuff model
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Figure 8.3 Cross-section of the murine femoral artery 14 days after placement of cuff in mice on a

chow and a high cholesterol diet. Hematoxylin–phloxine–saffron (HPS) staining. In mice on a chow

diet, a multiple cell layer-thick intimal hyperplasia is observed. In mice on a high cholesterol diet,

significant increase in intimal hyperplasia is observed; PECAM-1 staining for endothelial cells. In both

mice on a chow and on a high cholesterol diet, endothelial cells are present at the luminal side of the

intimal lesion; �-SMC actin staining. Intimal hyperplasia in mice on a chow diet predominantly

consists of �-SMC actin-positive cells. In mice fed a high cholesterol diet, SMC occur mainly on the

luminal side of the foam cell accumulation; Mac-3 staining for macrophages. Intimal lesions of mice

on a high cholesterol diet predominantly consist of lipid-loaded foam cell macrophages. Macrophages

are also present in granulation tissue within the cuff of both mice on a chow diet, as in mice on a high

cholesterol diet; Oil red O lipid staining. Abundant lipid deposition in foam cells in mice on a high

cholesterol diet, both in the intimal lesion as well as in the media. Arrows indicate inner elastic

lamina; Magnification 100�. For a color version of this figure, please see the images supplied on the

accompanying CD
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Hyperlipidemia

Moroi and colleagues showed, for the first time, that this mouse model for neointima

formation was responsive to strain and gender variations.11

In the past, we have assessed the effect of diet-induced hypercholesterolemia on

neointima formation in diet-dependent hyperlipidemic mice.18 Femoral artery cuff-

induced neointima formation was induced in ApoE*3-Leiden transgenic mice fed a

chow diet or a high cholesterol diet. In mice fed a chow diet (mean plasma-

cholesterol level, 2.3 mmol/l), a two- to four-cell layers thick intima, predominantly

consisting of �-SMC actin-positive cells, was observed after 14 days. A high

cholesterol diet (mean plasma-cholesterol level, 28.6 mmol/l) resulted in a 7.8-fold

increase of total intimal area. In the high-cholesterol group, the intima consisted

predominantly of lipid-loaded foam cells and �-SMC actin-positive cells (Figure

8.3). The development of the atherosclerotic-like lesions started directly after the

placement of the cuff as demonstrated by monocyte adhesion, which was already

present after 1 day. The first deposition of lipid-filled foam cells on the luminal side

of the inner elastic lamina was observed as early as 3 days after the placement of the

cuff, resulting in a near-total occlusion of the lumen after 14 days (Figure 8.4).

Hypercholesterolemia resulted in a rapid, cholesterol-dependent induction of foam

cell-rich neointima in cuffed femoral arteries of diet-driven hyperlipidemic ApoE*3-

Leiden transgenic mice. This accelerated diet-dependent induction of atherosclerotic-

like lesions is of value in studying the mechanisms of accelerated atherosclerosis.

Genetic modified factors

Over the past years, numerous research groups made use of this sensitive mouse

model to study and modulate the role of several factors on neointima formation.

Through the use of knockout and transgenic mice strains, as well the use of viral

vectors approaches, the role of several factors have been addressed in combination

with this mouse model to unravel in more detail the molecular and cellular key

players in the process of (re)stenosis. The majority of these studies address the role of

inflammation-promoting factors, SMC proliferation and migration features and lipid

metabolism.

An accumulating body of evidence recognises a pivotal role for inflammation in the

development and progression of vascular stenosis. Several inflammatory factors, like

MCP-1 and its receptor (CCR2) or Tlr2 and -4 have been knocked down or

overexpressed to address the role of such elements on neointima formation.12,19,20

Likewise, SMC migration and proliferation is known to play a major role in

restenosis. Once again, the involvement of numerous factors like adrenomedullin

deficiency or overexpression, osteopontin absence, TR3 orphan receptor

overexpression and plasmin activity inhibition directly at the cell surface via an

adenovirus vector (Ad.CMV.mATF.BPTI) have been addressed in combination with

this mouse model of neointima formation (Figure 8.5).15,21–24
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Moreover, the involvement of the lipid metabolism and metabolic syndrome (e.g.

insulin receptor substrate-1 and -2 and the very low density lipoprotein receptor) and

the contribution of bone marrow derived cells in neointima formation have also been

assessed in concert with this mouse model.25–27

Mimicking drug-eluting stents

Our laboratory has recently showed that the use of drug-eluting stents (DES) can be

mimicked in the mouse by using a drug-eluting perivascular cuff constructed from a

Figure 8.4 Cross-section of murine femoral artery on several time points after cuff placement in

mice on a chow and a high cholesterol diet. In mice on a chow diet, the first signs of neointima

formation are observed 7 days after placement of the cuff. After 14 days, intimal hyperplasia is two

to four cell layers thick. In mice on a high cholesterol diet, however, cell adhesion is observed on

the luminal side of the inner elastic lamina one day after cuff placement. After three days, foam cell

deposition on the inner elastic lamina is detectable in mice on a high cholesterol diet. Seven days

after cuff placement in mice on a high cholesterol diet, foam cell accumulation in the intimal lesion

progressed and foam cells are observed in the media. Foam cell accumulation progressed in time

until near-total occlusion of the lumen 14 days after cuff placement in mice on a high cholesterol

diet. HPS staining. Arrows indicate inner elastic lamina. Magnification 100�. For a color version of

this figure, please see the images supplied on the accompanying CD
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poly("-caprolactone) (PCL) polymeric formulation suitable for controlled drug

delivery.28 This novel drug-eluting cuff simultaneously induces reproducible neoin-

tima formation in the mouse femoral artery similarly to the established polyethylene

cuff and can easily be loaded with anti-restenotic compounds, i.e. paclitaxel and

rapamycin, to give an in vitro sustained and dose-dependent release for at least 3

weeks, allowing locally confined delivery of anti-restenotic compounds to the cuffed

vessel segment (Figure 8.6). This new approach gives the possibility to evaluate the

effects of the anti-restenotic pharmacological strategies to be used in combination

with DES technologies on neointima formation, vessel wall pathology and potential

side effects. A relative shortcoming is that this model delivers the tested compounds

(a)
Empty virus Ad.mATF.BPTI
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Figure 8.5 Directly after cuff placement, mice were infected intravenously with Ad.mATF.BPTI.

Mice were killed after 19 days and neointima formation was analysed. Representative histological

sections are shown (a). HPS staining. Arrowheads indicate inner elastic lamina. Magnification

400� . (b) Neointima and percentage of lumen stenosis in cuffed arteries were quantified in

multiple cross-sections of segments in Ad.Control- and Ad.mATF.BPTI-infected mice (mean� SEM,

n¼ 6, *P< 0.001). For a color version of this figure, please see the images supplied on the

accompanying CD
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periadventitialy rather then intraluminarly as it occurs in the clinical setting.

Nevertheless, the mouse femoral artery is only a few cells layers thick and

compounds can easily cross the vessel wall and be present at high concentration

at the luminal side.

References

1. Zhang SH, Reddick RL, Piedrahita JA, Maeda N. Spontaneous hypercholesterolemia and

arterial lesions in mice lacking apolipoprotein E. Science 1992; 258: 468–471.

2. Ishibashi S, Brown MS, Goldstein JL, Gerard RD, Hammer RE, Herz J. Hypercholester-

olemia in low density lipoprotein receptor knockout mice and its reversal by adenovirus-

mediated gene delivery. J Clin Invest 1993; 92: 883–893.

3. van den Maagdenberg AM, Hofker MH, Krimpenfort PJ, et al. Transgenic mice carrying

the apolipoprotein E3-Leiden gene exhibit hyperlipoproteinemia. J Biol Chem 1993; 268:

10540–10545.

0

10

20

30

0 3 6 9 12 15 18 21

µ
g
 r

e
le

a
s
e
d
/m

g
 c

u
ff

Paclitaxel

0.5%

1%

2.5%

5%

Time (days)

0

5

10

15

20

0 3 6 9 12 15 18 21

Rapamycin

Polyethylene cuff PCL cuff

(a)

(b)

Figure 8.6 In vitro release profiles of poly("-caprolactone) (PCL) cuffs loaded with increasing

percentages of anti-restenotic drugs for a 21-day period (a). Cross-section of cuffed murine femoral

artery 21 days after placement of either a polyethylene or a PCL cuff (b); a comparable multiple cell

layer thick intimal hyperplasia is observed in both cuff types. HPS staining. Arrows indicate inner

elastic lamina. Magnification 100�. For a color version of this figure, please see the images

supplied on the accompanying CD

100 CH8 PERIVASCULAR CUFF-, ELECTRONIC AND CHEMICAL INJURY-INDUCED STENOSIS



4. Carmeliet P, Moons L, Stassen JM, et al. Vascular wound healing and neointima formation

induced by perivascular electric injury in mice. Am J Pathol 1997; 150: 761–776.

5. Kikuchi S, Umemura K, Kondo K, Saniabadi AR, Nakashima M. Photochemically induced

endothelial injury in the mouse as a screening model for inhibitors of vascular intimal

thickening. Arterioscler Thromb Vasc Biol 1998; 18: 1069–1078.

6. Farrehi PM, Ozaki CK, Carmeliet P, Fay WP. Regulation of arterial thrombolysis by

plasminogen activator inhibitor-1 in mice. Circulation 1998; 97: 1002–1008.

7. Zhu Y, Farrehi PM, Fay WP. Plasminogen activator inhibitor type 1 enhances neointima

formation after oxidative vascular injury in atherosclerosis-prone mice. Circulation 2001;

103: 3105–3110.

8. Booth RF, Martin JF, Honey AC, Hassall DG, Beesley JE, Moncada S. Rapid development

of atherosclerotic lesions in the rabbit carotid artery induced by perivascular manipulation.

Atherosclerosis 1989; 76: 257–268.

9. Kockx MM, De Meyer GR, Jacob WA, Bult H, Herman AG. Triphasic sequence of

neointimal formation in the cuffed carotid artery of the rabbit. Arterioscler Thromb 1992;

12: 1447–1457.

10. von der Thusen JH, van Berkel TJ, Biessen EA. Induction of rapid atherogenesis by

perivascular carotid collar placement in apolipoprotein E-deficient and low-density

lipoprotein receptor-deficient mice. Circulation 2001; 103: 1164–1170.

11. Moroi M, Zhang L, Yasuda T, et al. Interaction of genetic deficiency of endothelial nitric

oxide, gender, and pregnancy in vascular response to injury in mice. J Clin Invest 1998;

101: 1225–1232.

12. Vink A, Schoneveld AH, van der Meer JJ, et al. In vivo evidence for a role of toll-like

receptor 4 in the development of intimal lesions. Circulation 2002; 106: 1985–1990.

13. Hollestelle SC, De Vries MR, Van Keulen JK, et al. Toll-like receptor 4 is involved in

outward arterial remodeling. Circulation 2004; 109: 393–398.

14. Pires NM, Schepers A, van der Hoeven BL, et al. Histopathologic alterations following

local delivery of dexamethasone to inhibit restenosis in murine arteries. Cardiovasc Res

2005; 68: 415–424.

15. Quax PH, Lamfers ML, Lardenoye JH, et al. Adenoviral expression of a urokinase

receptor-targeted protease inhibitor inhibits neointima formation in murine and human

blood vessels. Circulation 2001; 103: 562–569.

16. Engelse MA, Lardenoye JH, Neele JM, et al. Adenoviral activin a expression prevents

intimal hyperplasia in human and murine blood vessels by maintaining the contractile

smooth muscle cell phenotype. Circ Res 2002; 90: 1128–1134.

17. Ozumi K, Tasaki H, Takatsu H, et al. Extracellular superoxide dismutase overexpres-

sion reduces cuff-induced arterial neointimal formation. Atherosclerosis 2005; 181: 55–62.

18. Lardenoye JH, Delsing DJ, de Vries MR, et al. Accelerated atherosclerosis by placement of

a perivascular cuff and a cholesterol-rich diet in ApoE*3Leiden transgenic mice. Circ Res

2000; 87: 248–253.

19. Egashira K, Zhao Q, Kataoka C, et al. Importance of monocyte chemoattractant protein-1

pathway in neointimal hyperplasia after periarterial injury in mice and monkeys. Circ Res

2002; 90: 1167–1172.

20. Schoneveld AH, Oude Nijhuis MM, van Middelaar B, Laman JD, de Kleijn DP, Pasterkamp

G. Toll-like receptor 2 stimulation induces intimal hyperplasia and atherosclerotic lesion

development. Cardiovasc Res 2005; 66: 162–169

21. Kawai J, Ando K, Tojo A, et al. Endogenous adrenomedullin protects against vascular

response to injury in mice. Circulation 2004; 109: 1147–1153.

REFERENCES 101



22. Imai Y, Shindo T, Maemura K, et al. Resistance to neointimal hyperplasia and fatty streak

formation in mice with adrenomedullin overexpression. Arterioscler Thromb Vasc Biol

2002; 22: 1310–1315.

23. Isoda K, Nishikawa K, Kamezawa Y, et al. Osteopontin plays an important role in the

development of medial thickening and neointimal formation. Circ Res 2002; 91: 77–82.

24. Engelse MA, Arkenbout EK, Pannekoek H, de Vries CJ. Activin and TR3 orphan receptor:

two ‘atheroprotective’ genes as evidenced in dedicated mouse models.Clin Exp Pharmacol

Physiol 2003; 30: 894–899.

25. Kubota T, Kubota N, Moroi M, et al. Lack of insulin receptor substrate-2 causes progressive

neointima formation in response to vessel injury. Circulation 2003; 107: 3073–3080.

26. Tacken PJ, Delsing DJ, Gijbels MJ, et al. VLDL receptor deficiency enhances intimal

thickening after vascular injury but does not affect atherosclerotic lesion area. Athero-

sclerosis 2002; 162: 103–110.

27. Tanaka K, Sata M, Hirata Y, Nagai R. Diverse contribution of bone marrow cells to

neointimal hyperplasia after mechanical vascular injuries. Circ Res 2003; 93: 783–790.

28. Pires NM, van der Hoeven BL, de Vries MR, et al. Local perivascular delivery of

anti-restenotic agents from a drug-eluting poly(epsilon-caprolactone) stent cuff.

Biomaterials 2005; 26: 5386–5394.

102 CH8 PERIVASCULAR CUFF-, ELECTRONIC AND CHEMICAL INJURY-INDUCED STENOSIS



9
Flow-induced vascular
remodeling

Vyacheslav A. Korshunov and Bradford C. Berk
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Rochester, NY, USA

Introduction

Recent clinical data demonstrate that regions of low shear stress develop progressive

atherosclerosis measured by increased intima-media thickening (IMT) and outward

remodeling of coronary arteries.1,2 More importantly, IMT is associated with an

increased risk of heart disease and stroke3 and has a strong genetic correlation.4

In many situations changes in vessel size will be driven by changes in lumen

diameter, which serve to normalise wall shear stress.5 In particular, maintenance of

wall shear stress at physiologic values (10–20 dyne) appears to be an important

mechanism for remodeling.6-8 Several animal models of partial carotid ligation have

been developed by our laboratory and others for rabbit,9 mouse7 and rat.10 We

showed that significant remodeling occurred in rats when the internal and external left

carotid arteries were ligated, reducing left common carotid blood flow by 90 per cent

to that of the patent occipital artery. There was a small decrease in the ‘low flow’ left

common carotid diameter and a substantial increase in ‘high flow’ right common

carotid diameter with normalisation of shear stress. A potential disadvantage of the

partial ligation technique in rats and rabbits is the lack of a neointima in the low flow

vessels. In contrast in the mouse, after complete carotid ligation with blood flow

cessation11 there is substantial neointima formation. However, the physiologic

relevance of this model to study the effects of chronic ‘low flow’ is diminished by

the absence of flow (zero flow) and the presence of occlusive thrombus.

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
# 2006 John Wiley & Sons, Ltd



Materials and methods

Animals

Male (�22 g) and female (�19 g) inbred mice were used at 9 weeks (Jackson

Laboratories, Bar Harbor, ME, USA). All procedures were approved by the

University of Rochester Animal Care Committee in accordance with the guidelines

of the National Institutes of Health for the Care and Use of Laboratory Animals.

Surgery

Mice were anesthetised with an intraperitoneal injection (26G1/2 needle, BD) of

ketamine (130 mg/kg) and xylazine (8.8 mg/kg) in saline (10 ml/kg). The neck was

shaved, but for better results commercially available hair removal cream (Nair

brand) was used for 1 minute. Operation field was cleaned by a sponge (5 � 5 cm),

an iodine solution applied, followed by 70 per cent alcohol. The mouse was

restrained and maintained at 37 �C on a heating pad under aseptic conditions.

Prior to incision, two sterile 6-0 silk ligatures (2 cm long each) were precut. The

procedure is as follows. Begin with a midline incision of skin only. Next using two

pairs of forceps (FST, Dumont) dissect away the submaxillary glands to expose the

muscles and the trachea. Then move 20–40 mm caudally and to the right, which is

between the masseter and sternohyoid muscles. Dissect connective tissues along the

masseter muscle to expose the carotid bifurcation, which is covered by the caudal

belly of the digastric muscle and the left vagus nerve. For better exposure of the

carotid bifurcation, gently dissect and reposition the nerve to your right and, if

needed, the caudal belly also. Next expose the external carotid artery by gently

dissecting away the left occipital artery, which goes over the external carotid and

down to the left vagus nerve. Holding closed your right hand non-sharp forceps

(#S&T JFA-5b) make a ‘scoop’ move (move forceps at 90 � to external carotid

artery, when pass forceps laterally from the right to the left) to hold only external

carotid artery on the forceps. Gently open your forceps reach for the ligature and

pass the ligature from the left to the right (try to avoid twisting the vessel). Leave

the ligature in place and dissect the internal carotid artery. Dissect from the left

side and expose the superior thyroid artery. Make the same move of your right-hand

forceps to pass a ligature around the internal carotid artery. Put simple untied knots

on both branches. Ligate the carotids in the following order: the external carotid

and internal carotid by one tie as shown in Figure 9.1. Cover the incision with warm

sterile saline (keep in a 1 ml syringe) and using sterile cotton buds retract the

submaxillary glands. Remove excess saline and close the neck incision by inter-

rupted sutures using 6-0 Vicryl coated suture. For the controls use a sham-operation

in which the branches of the left carotid artery are exposed as described above but

not ligated. The animals are allowed to recover and housed individually under

specific pathogen-free conditions with 12 light/12 hour dark cycle. Based on our

studies 14 days after the surgery is the optimal time to study intima formation.12–14
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We have found that the reduction of blood flow and shear stress was similar among

five inbred mice strains as shown in Table 9.1.13

Perfusion fixation and tissue processing

At the time of termination, animals are anesthetised and perfused with saline at a

pressure of 100 mmHg through the left ventricle for 4 min followed by 3 min

perfusion with 10 per cent paraformaldehyde in sodium phosphate buffer (pH 7.0).

The left and right common carotid arteries as well as the thoracic aorta are harvested,

and placed in perfusion solution overnight. Bifurcation sites of carotids are marked

Figure 9.1 Microphotograph of the ligated external carotid and internal carotid arteries. After

ligation flow was maintained only through the occipital artery. Magnification is 3x. For a color

version of this figure, please see the images supplied on the accompanying CD

Table 9.1 Changes of blood flow and shear stress after ligation among inbred mice strains

�Blood flow (%) �Shear stress (%)

Left carotid Right carotid Left carotid Right carotid

C3H �82 � 1 64 � 22 �65 � 1 90 � 25

DBA �75 � 2 62 � 7 �86 � 1 25 � 5*

C57 �90 � 2 74 � 8 �87 � 3 38 � 6*

SJL �82 � 10 34 � 14 �73 � 15 9 � 12*

FVB �77 � 7 48 � 11 �87 � 4 �2 � 8*

All data presented as mean � SEM.
*
L< 0.05 compared with C3H (ANOVA).

Adapted from Korshunov and Berk, 2004.13
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with two different colors of tissue marking dye (TBS, USA; e.g., red, Cat #TMD-R –

for the right carotid, green, Cat #TMD-G – for the left carotid) when put into the

multi-chamber cassette (Cat # M503-2, Stat Lab Medical Products) prior to proces-

sing and later, embedded in parallel in a paraffin block. A series of cross-sections

(4 mm) are made from the bifurcation every 200 mm through 2 mm length of carotid

artery (usually, 14 divisions of sections) as described.12,14

Histology

Cross-sections are stained with hematoxylin and eosin, and analysed using MCID

image software (MCID Elite 6.0 software from Imaging Research Inc.). The

circumference of the lumen, the length of the internal elastic lamina (IEL) and

external elastic lamina (EEL) are determined by tracing along the luminal surface.

The circumference of the lumen is used to calculate the lumen area. The intimal area

is determined as the area defined by luminal surface and IEL. The medial area is

defined by the IEL and EEL. The adventitia area is defined by EEL and vessel

surface. Quantitative morphometry is facilitated since the external elastic lamina is

easy to identify in hematoxylin and eosin stained cross-sections.

Data analysis

To improve reproducibility we based our morphometric analysis using the carotid

bifurcation as a landmark. The initial point for measurements is determined by vessel

appearance as described (Figure 9.2a). Initially we analysed the morphometry along

the entire length of the carotid as shown (Figure 9.2b). We observed no significant

differences in the intima+media area along the length of the carotid. However, there

was greater variability in the measurements in the more proximal portions (near the

aorta) of the carotid. This variability may reflect changes in accuracy of measure-

ments further from the bifurcation or may be due to more variable hemodynamics

near the origin of the carotid. For this reason we chose to analyse a series of 4 mm

cross-sections every 200 mm over a 2 mm length of carotid artery beginning at the

origin defined by bifurcation morphology. Two or three sections were analysed and

the mean for each of 10 divisions was calculated for both arteries for every animal. To

obtain more accurate data we developed an approach for evaluating remodeling over

2 mm carotid length:

Volume ¼
X

i¼8

ðAreai � 200Þmm

Volume is the area volume on 1600 mm length of carotid; Areai is area at one

division; i is the number of divisions; 200 is the length between divisions is mm. We

used division numbers 2–9 for calculating Volume from 10 initial divisions, because

area variability occurred next to the bifurcation due to enlargement of arteries.
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Discussion

The present model of flow-dependent vascular remodeling in the mouse is a simple

and reproducible model that recapitulates several aspects of human cardiovascular

disease. We encourage usage of both genders since there was no sex-difference

in vascular remodeling noted for the five inbred strains of mice we studied

(Table 9.2).13 A possible difficulty that may be encountered while learning this

technique could be anatomical variations among mice in dissection of the external

carotid artery. These problems may be avoided by defining the mouse neck anatomy

prior to starting experiments. It is critical while operating on arteries to be gentle and

avoid any overstretch. Importantly, some genetically altered mice may exhibit

reduced vessel wall elasticity making the vessels more prone to damage. In addition,

since the incision on the neck of the mouse may make chewing difficult, we usually

put a couple pieces of chow soaked with water into the cage for feeding by mice

during recovery. As survival surgery, other severe conditions (e.g. irradiation prior
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Figure 9.2 The mediaþ intima area over length of the left carotid 2 weeks after ligation. (a)

Scheme of left carotid artery (LCA). Note the distance¼ 0 mm is defined as the beginning of a

single vessel without the ‘figure 8’ appearance of the bifurcation. (b) Ligation increases

intimaþmedia areas in LCA. There were no significant differences in intimaþmedia area after

ligation over the length from 0 to 5000 mm. Data are the average of three sections from three

animals. Values are mean�SEM
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bone marrow implantation) should be used with caution, and should likely include

with immunosuppressive treatment as reported for flow cessation model.15

Another important factor for remodeling we discovered is the blood flow measure-

ments. The blood flow in the common carotid artery was measured using an

ultrasonic transit-time volume flowmeter (Transonic Systems, Inc), while the vessels

were covered with saline and acoustic gel to achieve acoustic contact. The blood flow

signal was recorded and analysed by a computerised PowerLab System using Chart

1.3 software for Macintosh. Zero flow on the flowmeter was checked at the beginning

of the experiments by temporarily occluding the vessel with aseptic silk 6-0 suture.

However, at the time of ligation, manipulations associated with flow measurements in

common carotid artery decreased vascular remodeling (Figure 9.3). Thus, we

strongly emphasise that blood flow should be measured directly only at the time of

termination.

We also found that inflammation plays an important role in flow-induced vascular

remodeling.12,14 However, there were no morphologic differences between sham

carotids and carotids that underwent surgery and placement of a suture without

ligature for either intima+media area (Figure 9.4a) or adventitia area (Figure 9.4b)

along a 2 mm length of the carotid artery.12 There was no intima formation in either

sham or untied ligature animals. Thus, placement of suture material by itself did not

cause vessel remodeling in our experiments.

Applications

The model described here offers many novel approaches to study physiological

vascular remodeling in response to alterations in blood flow in the mouse. This

model has several unique features. First, it involves a dramatic reduction in flow in

the left carotid (�90 per cent decrease) with maintenance of an intact endothelium

and no thrombosis, in contrast to the complete flow cessation model of Kumar and

Lindner.11 Second, this is the first partial ligation model to exhibit intima formation

Table 9.2 Comparison of vessel compartments between genders among inbred-mice strains

Lumen volume Intima þ media volume Adventitia volume

C3H Males 63 � 1 30 � 4 28 � 3

Females 67 � 6 26 � 3 28 � 3

DBA Males 62 � 10 31 � 2 24 � 2

Females 67 � 6 39 � 4 30 � 4

C57 Males 57 � 5 38 � 8 26 � 2

Females 51 � 5 38 � 6 27 � 4

SJL Males 39 � 6 65 � 7 33 � 2

Females 37 � 3 59 � 10 26 � 3

FVB Males 95 � 13 85 � 10 31 � 3

Females 91 � 6 78 � 9 31 � 1

For each strain �six males and six females were studied. All data are mean � SEM. There were no significant
sex-differences in all strains.
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in the low flow vessel. Finally, the present model provides access in one animal to

two vessels responding to opposing changes in blood flow: increased in the right

carotid (high-flow associated with increased lumen area) and decreased in the left

carotid.

This model should be very useful to study candidate genes that influence important

processes such as vascular remodeling and development of IMT as well as new

treatments. We have already utilized this low flow model to study genetic aspects of

the ‘Glagov phenomenon’ among five inbred strains of mice.13 We also characterized

the role of the two major matrix degrading systems: plasminogen activators and

matrix metalloproteinases in ligated carotids from C57Bl/6J and FVB/NJ mice.14

0

10 000

20 000

30 000

40 000 SHAM, n = 9

SHAM+ligature, n = 3

LIGATED, n = 11

0

10 000

20 000

30 000

40 000

200018001600140012001000800600400200

Left carotid length (µm) 

In
ti

m
a
+

m
e
d

ia
 a

re
a
 (

µ
m

2
)

(a)

(b)

A
d

v
e
n

ti
ti

a
 a

re
a
 (

µ
m

2
)

Figure 9.3 Effect of untied ligature on the remodeling in the left carotid of C57Bl1/6J mice 2

weeks after ligation. (a) Intimaþmedia area. (b) Adventitia area. There were no morphologic

differences between sham carotids and carotids that underwent surgery and placement of a suture

without ligature for either intimaþmedia area or adventitia area along a 2 mm length of the

carotid artery. There was no intima formation in either sham or untied ligature animals. In contrast,

ligation induced a significant increase in intimaþmedia and adventitia areas in the LCA. Thus

placement of suture material by itself did not cause vessel remodeling in our experiments. Values

are mean� SEM
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Recently, we characterized the role of Axl, a receptor tyrosine kinase, in flow-induced

vascular remodeling by using a knockout mouse.16
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carotid (LCA) of FVB/NJ mice 4 weeks after ligation. (a) Intima area. (b) Media area. Gray arrows

point on the site application of the flow-probe. There was a significant reduction in vascular

remodeling after flow probe application at the time of ligation. Similar data were observed at the

earlier time-points (1 and 2 weeks after ligation). Values are mean� SEM
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Movie legends

Starting from a mouse chin, camera is following to the middle part of the mouse neck.

Following with a midline incision of the skin only. Next to expose the muscles and

the trachea two pairs of forceps dissecting away the submaxillary glands. Then move

20–40 mm caudally and to the right, which is between the masseter and sternohyoid

muscles to expose the carotid bifurcation, which is covered by the caudal belly of the

digastric muscle and the left vagus nerve. For a better exposure of the vasculature a

higher magnification (3x) next applied. The carotid bifurcation is now in greater

detail. The external carotid artery is gently dissecting away the left occipital artery,
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which goes across and down to the left vagus nerve. A right hand non-sharp forceps

moving at 90 � to external carotid artery when pass forceps laterally from the right to

the left to hold only external carotid artery on the forceps. Gently opened forceps

reaching for the ligature and pass it from the left to the right. Leave the ligature in

place and dissect the internal carotid artery. Dissect from the left side and expose the

superior thyroid artery. Make the same move of your right-hand forceps to pass

ligature around the internal carotid artery. Simple untied knots are on both branches

of the carotid artery now. Ligate carotids in the following order the external carotid

and internal carotid by one tie as shown in Figure 9.1. Cover the incision with warm

sterile saline and using sterile Q-tips retract the submaxillary glands. Remove excess

saline and close the neck incision by interrupted sutures using 6-0 vicryl

coated suture.
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Introduction

Autologous veins are the most widely used arterial conduit for the treatment of

occlusive coronary and peripheral vascular disease.1 However, the formation of

atherosclerotic-like lesions in the intima of the grafted vein conduit often leads to

the occlusion of the vessel, which limited the patency rate of the grafts. It is believed

that 15 per cent of venous grafts becoming occluded during the first year after bypass

surgery. The percentage of occlusion increase every year, and by 10 years after

surgery only 60 per cent of vein grafts are patent.2 The pathogenic mechanism of this

disease remains elusive and controversial, and there is still no effective therapy

available to prevent this event.

Several animal models manifesting lesions resembling human vein graft arterio-

sclerosis have been developed and have helped address specific interventional issues,3–5

but they have not helped to clarify the underlying mechanism of the disease. Because of

the relatively well-defined genetic map from the mouse and the availability of hundreds

of inbred lines, congenic strains and recombinant strains, a number of investigators have

begun to use mouse as an experimental system for atherosclerosis research.6,7 We have

established the first mouse model of vein bypass graft atherosclerosis,8 that allows us to

take advantage of transgenic, knockout, or mutant animals to study the molecular

mechanism of atherosclerosis at the genetic level and to dissect the role of a single

protein or gene in the development of atherosclerosis and gene transfer to evaluate the

effect of certain genes on suppression of lesion formation in animal models. This mouse

model is also useful for investigation of effects of locally applied agents, e.g. drug- or

cell-based approaches on graft disease.

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
# 2006 John Wiley & Sons, Ltd



Materials and methods

Reagents and surgical instruments

� Sodium pentobarbital

� Atropine sulfate

� 0.9% NaCl saline

� Ringer-lactate

� Heparin: Sigma, to be diluted in saline to 100 unit/ml

� 4% phosphate-buffered formaldehyde.

� Forceps and scissors:

For skin: gross forceps: Martin, 12-172-15

standard scissors

For soft tissue: microdissecting forceps: S&T, JFX-7

For vessel: Microforceps: S&T, JFL-3dZ, and D-5aZ

spring scissors: Roboz, RS-5675

� Microhemostat clips: for 1 mm diameter vessels, aesculap, REF: FE720K

� Mini-applier for micro hemostats clips: AESCULAP, FE572K

� Needle holder: Roboz

� Surgical sutures:

Black virgin silk suture: 8-0, ETHICON

VICRYL resorbable surgical suture, 6-0, ETHICON, V489,

Johnson & Johnson

� Nylon tubing & cuff: autoclavable, with a 0.65 mm outside diameter and 0.5 mm

inside (Portex LTD, London, UK). The cuff, in length of 1 mm and with a 1 mm

handle, is prepared by cutting first with scalpel and then cutting handle with

scissors.

� Syringes: 1 ml, 2 ml, 5 ml
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� Scalpel: ordinary

� Electrocoagulator: model SN 54.131, with bipolar micro hemostat forceps,

80-91-12-04, Martin

� Dissection microscope: with up to 15� magnification

� Others: plaster, cotton buds, gauze compress, oxygen inhalation system, hair

shaver.

Mouse anesthesia

The mice used are about 12 weeks old and weighing 25–30 g. Animals in good health are

preferable to be able to withstand the operation procedure and any possible bleeding or

other tissue damage. The mouse is anesthetised by intraperitoneal injection of sodium

pentobarbital (50 mg/kg body weight). At same time atropine sulfate is also administrated

at a dose of 1.7 mg/kg body weight to keep the respiratory tract clear by reducing salivary

secretion. The sodium pentobarbital is usually pre-diluted with saline and given with 1 ml

syringe in a volume of 0.25 to 0.35 ml. Atropine is given combined with pentobarbital.

Allow a 10-min interval between the injection and operation to make sure the muscle

tension is in a relaxed condition.

Fixation and incision

The mouse is shaved in the neck area of the ventral side and then fixed in a supine

position with a strip of 3M TransporeTM adhesive plaster over each leg and stuck to a

board to let the legs moderately stretched. The neck is extended by stretching the

head with a strip of plaster over the incisors. The tongue is pulled to one side to make

sure the respiratory tract is not blocked. The skin is disinfected with 70 per cent

alcohol. A midline incision is made from the lower aspect of the mandible to the

sternum (1–1.5 cm) with scissors.

Preparation of carotid artery

A dissecting microscope with magnification from 5� to 15� is needed for the

following steps. Microdissecting forceps with curved tips are highly suggested for the

procedures. First the skin is disconnected from underneath connective tissue by blunt

dissection. To expose the right common carotid artery the right salivary glands are

separated from the left on the central line and laid over the right ear. The

cleidomastoid muscle is first coaggulated with an electrocoagulator (model

SN54.131; Martin) at both ends, between which the muscle is then dissected at the

places where burnt. It is confirmed that the dissection of cleidomastoid muscle does
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not influence mouse health and movement. The right common carotid artery is

carefully freed from surrounding connective tissues from the bifurcation at its distal

end toward the proximal end as far as possible by blunt dissection. Any direct grasp at

the carotid artery should be avoided.

Preparation of vein graft conduits

The isogenic vena cava is harvested from a donor mouse anesthetised with sodium

pentobarbital (50 mg/kg body weight). An incision is made at the midline of

abdomen. After dissection of skin and muscle layers the intestines are pulled to

one side to expose the spine. Saline solution (0.3 ml) containing heparin (100 unit/ml)

is injected into the inferior vena cava. After 3 min, the anterior thoracic cage is

opened from the level of the diaphragm and incised laterally to the internal mammary

vessels. Connective tissues surrounding vena cava are carefully removed and open-

ings in the superior vena cava are made to flush the vena cava with 5 ml cold Ringer

lactic solution containing 100 unit/ml heparin by a puncture under the diaphragm. A

1-cm segment of the intrathoracic vena cava between the diaphragm and atrium is

finally dissected with scissors and removed, and then kept in cold Ringer-lactic

solution.

For autologous or isogenic external jugular vein preparation, the mouse is fixed in a

supine position, and neck well extended with plaster strips over the teeth. A midline

incision in the neck area is made and right external jugular vein is exposed carefully.

Three branches are ligated with an electrocoaggulator. Both proximal and distal ends

are ligated with the 8-0 silk suture. A 1-cm vein segment between the two knots is

harvested and kept in cold Ringer-Lactic solution.

Preparation of arterial conduits

If a mouse model for arterial isograft or allograft is used, similar techniques for

harvesting aortas and carotid arteries could be used.9 For thoracic artery preparation,

the anterior thoracic cage is opened from the level of the diaphragm and incised

laterally to the internal mammary vessels. Lungs and esophagus are carefully

removed. The connective tissues surrounding spinal column are removed to expose

the aorta without damaging it. The aorta is cut at the upper part of the descending

aorta and held with forceps to help separation from the surrounding tissues. Each pair

of intercostal arteries is ligated with microhemostat clamps and dissected. A puncture

from the distal end under the diaphragm is made to flush the aorta with 5 ml cold

Ringer lactic containing 10 U/ml heparin. A 1-cm segment of the thoracic aorta is

dissected with scissors and kept in cold Ringer-lactic solution.

For common carotid artery preparation, a midline incision from abdomen through

to neck area is made. Common carotid artery (left or right) is exposed from the

proximal end and up to the distal end of the bifurcation. The thoracic cage is opened

to expose the heart and aortic arch. A puncture is made at the brachiocephalic artery
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or left common carotid artery to flush with 5 ml cold Ringer lactic containing 100 U/ml

heparin. A 1-cm common carotid artery segment from the bifurcation to the proximal

end is cut and kept in cold Ringer-Lactic solution.

Cuff application

The common carotid artery is ligated twice in the middle with 8-0 silk sutures, which

are about 1.5 cm in length is order to make knotting easier. The distance between

these two ties in about 1 mm and dissection is made in the middle. The proximal and

distal portions of the carotid artery are passed through cuffs prepared prior to the

operation. The vessel, together with the handle, is fixed with microhemostat clamps

(4 mm in length; Martin, Tuttlingen, Germany), with the handle behind the vessel.

After removing the suture at the end of the artery, rinse the vessel’s open end

immediately with heparin-saline to get rid of the blood clot. A segment of the artery is

everted over the cuff body with fine tweezers, and immediately fixed to the cuff with

an 8-0 silk suture. To avoid stripping the back of the vessel a suture prepared before

operation in a form of a loop is laid beside the cuff so that a knot can be made as

fast as possible. A smooth cutting edge of cuff is essential for each eversion of the

arterial wall. After a double knot is made, cut the suture as short as possible and rinse

the cuff well with heparin-saline. Another portion of the artery is similarly prepared

(Figure 10.1). Cotton buds are used here to dry off the saline, but it should be done

under a microscope to avoid any direct touch to the everted endothelial tissue over

the cuffs.

End-to-end anastomosis

The vein (artery) segment is sleeved over to the distal cuff and ligated together with

8-0 suture. Similarly, another end is pulled over the proximal cuff and ligated. After

vascular clamps are removed, pulsations should be visible in both the grafted and

native vessels. If there are no pulsations or the pulsations diminish within a few

minutes of restoration of blood flow, clot formation or occlusion of output may be

assumed and the procedure should be considered to be a surgical failure. If there are

vigorous pulsations in the grafted vessel, the salivary gland should be put back to

the original position. Vicryl resorbable sutures of 6-0 with needle are used to close the

wound; after the first knot a continuous suturing is used. The plaster is detached and

the mouse laid on its side.

Postoperative care

The mouse is subcutaneously administered with 2 ml of 0.9 per cent saline

immediately after the operation. The recovery time is variable, from 30 min to 2 h.

Warm blanket and oxygen inhalation may be applied, but is not essential. In our

opinion analgesics and antibiotics are not necessary.
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Harvesting vessel grafts

After different time intervals, i.e. 1, 2, 3, 5 days and 1, 2, 4, 8, 16 weeks

postoperatively, the mice are anesthetised with sodium pentobarbital (50 mg/kg

body weight, intraperitoneally). The mice are fixed in a supine position and the

neck extended with a plaster strip over the teeth. A midline incision from neck to

Figure 10.1 Schematic representation of vein bypass graft. The right common carotid artery is

ligated with 8-0 silk suture, dissected between the two ties and passed through cuffs, respectively.

The vessel, together with the cuff handle are fixed with microhemostat clamps, the suture at the

end of the artery is removed and a segment of the artery turned inside out with fine tweezers to

cover the cuff body, which is fixed to the cuff with a 8-0 silk suture. The right external jugular or

vena cava vein segment (1 cm) is harvested and grafted between the two ends of the carotid artery

by sleeving the ends of the vein over the artery-cuff and suturing them together with an 8-0 suture

ligation. The vascular clamps are removed; pulsations are seen in the grafted vein. For a color

version of this figure, please see the images supplied on the accompanying CD
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abdomen is made. The graft is carefully exposed free from connective tissues without

directly grasping it. For histological analysis, the thoracic cage is opened and the

aortic arch and left carotid artery exposed. Perfusion with 0.9 per cent saline and

subsequently with 4 per cent phosphate-buffered formaldehyde (pH 7.2) through a

puncture at the low end of right common artery or left ventricle for 2 to 5 min

(preferably at 100 mmHg) is carried out. The graft is removed by cutting the

transplanted segments from the native vessels at the cuff end and keeping them in

4 per cent formaldehyde at 4�C for 24 hrs before histological processing. For

immunohistochemical analysis the vein graft is removed and immediately frozen in

liquid nitrogen.

Discussion

To choose a strain of mice, we suggest that C57BL/6J mice could be used as donors

and recipients for vein grafts, because these mice are susceptible to atherosclerosis

when a cholesterol-enriched diet is administered.10 Additionally, many mutant,

transgenic and knockout mice are available with this genetic background. However,

there is no evidence of a strain-related difference in the success rate of surgery. We

did not find the difference in terms of neointimal lesion size between C57BL/6J and

Balb/c mice. Importantly, the health condition and body weight (over 20 g) are more

important for a successful surgical procedure.

For many new investigators who perform the surgical procedure for vein grafting, a

major problem is that the mouse dies after or during recovery from anesthesia. This is

mostly due to the formation of thrombus. A change of respiratory rhythm or decrease

of respiratory extent immediately after the vascular clamps’ release or later indicates

a probable thrombus/embolus following clot formation, which is responsible for most

death after grafting. To solve this problem, we suggest that the donor mice should be

treated with a higher dose of heparin (100 units) before the vena cava or vessel is

harvested. After heparin injection, the mouse must be kept in for more than

10 minutes to allow good heparin distribution in the donor mouse vessel before the

vessel is harvested. After the vessel is harvested, it should be flushed with and kept in

heparin solution until grafting. Such a treatment could result in less than 5 per cent

failure. In the recipient mouse, any visible clots are carefully flushed away during

and after cuffs are prepared. Higher doses of heparin or other medication may be

even harmful to the recipient mouse by increasing bleeding risk. Therefore, use of

heparin to the recipient is not recommended.

Endothelium is a barrier between blood and subendothelial matrix proteins,

which is essential for preventing thrombus formation and subsequent neointimal

lesion development in vein grafting. A great effort must be made to avoid any

surgical damage to the vessel. We suggest that you may neither directly grasp the

vein conduit nor contact recipient vessel endothelium in the area exposed to blood

flow with forceps and cotton buds or other materials. There should be no suture left

exposed to the circulating blood. The necessary grasp on the cuff should be kept to a

minimum.
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As shown in Figure 10.2(a), the media of vein wall is composed of two to three

layers of cells. It is difficult to find the border between neointima and media in vein

graft, especially in early stage of grafts. To solve this problem, we usually measure

the neointimal areas just excluding the adventitia (Figure 10.2c). It is easier to find the

border in atherosclerotic lesions of vein grafts in ApoE-deficient mice, as indicated in

Figure 10.2(d), since the lesions are big and detached from the media.11–13

Applications

Study the pathogenesis of vein graft atherosclerosis

The vein conduit grafted to carotid artery is exposed to increased blood pressure or

biomechanical stress, which is believed to play an important role in atheroscler-

osis.14,15 The arteriosclerotic lesion is characterised by smooth muscle cell (SMC)

hyperplasia or hypertrophy and matrix protein accumulations in the intima and/or

media resulting in thickening and stiffness of the arterial wall. With the help of this

model, we have studied the cellular and molecular mechanisms of vein graft

Figure 10.2 HE-stained sections of mouse vein grafts. Under anesthesia, vena cava veins of

wildtype (a) or ApoE�/� mice are removed and isografted into carotid arteries of wildtype (c) or

ApoE�/� (d), respectively. (b) Is a picture of cross-section from mouse artery. Animals are killed

8 weeks after surgery, and the grafted tissue fragments fixed in 4 per cent phosphate-buffered

(pH 7.2) formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin–eosin (HE),

original magnification 40�. For a color version of this figure, please see the images supplied on the

accompanying CD
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atherosclerosis and found that cell death or apoptosis is the earliest event in the

development of vein graft atherosclerosis.16 After cell death, massive mononuclear

cell infiltration into the vessel wall and smooth muscle cell proliferation occurs.

Based on the observations on the mouse model and on our understanding the process

of the pathogenesis, we hypothesise that any protein or molecule influencing apoptosis,

inflammation or proliferation could enhance or inhibit neointimal lesion formation in

vein grafts. For instance, the transcription factor p53 is essentially involved in

regulation of cell death and proliferation, and p53-deficient mouse smooth muscle

has decreased apoptosis and a higher rate of proliferation and migration. We demon-

strated accelerated neointima formation in p53�/� knock-out mice.17 Furthermore, a

member of the protein kinase C family, PKCdelta, signals cells to undergo prolifera-

tion, differentiation and apoptosis, and shown that the intimal lesions of vein grafts in

PKCdelta�/� mice are markedly increased in comparison to their wildtype littermates,

which indicated the pivotal role of PKCdelta-mediated signalling to cell apoptosis in

the pathogenesis of arteriosclerosis.18 Similarly, knockouts of intercellular adhesion

molecule-1 (ICAM-1), an important factor in cell adhesion and inflammation,

significantly reduced neointimal hyperplasia of vein grafts suggesting the crucial role

of inflammatory response, e.g. mononuclear/macrophage accumulation in the early

stage of vein graft atherosclerosis.19

Drug and gene therapies for vein graft atherosclerosis

Since the mouse vein cava wall is very thin, it allows a local application of drugs

solved in pluronic-127 gel around the graft for up to 4 weeks. Drug may penetrate the

vessel wall and work on the cells without systemic side effects. For example,

suramin, a growth factor receptor antagonist that inhibits cell proliferation, inhibited

SMC migration and proliferation in vivo and in vitro by blocking platelet-derived

growth factor (PDGF) initiated PDGF receptor activation and mitogen-activated

protein kinase-AP-1 signalling, and is also effective in inhibition of neointima

hyperplasia in mouse venous bypass grafts after local application.20 In addition,

locally applied aspirin did not only reduce the thrombus formation, but also

significantly reduced neointimal lesion. With this model a local gene transfer of

tissue inhibitor of metalloproteinase-2 is carried out, which resulted in a reduction of

vein graft diameter, or vascular remodeling. These results indicate that the mouse

vein graft model can also be used for inventing or evaluating drug and gene therapies

for atherosclerosis.21–24

Cell origins in vein graft atherosclerosis and contribution
of progenitor cells

Endothelial denudation in the early stage and regeneration, and SMC accumulation

in the intima occur in vein graft. The origin of these cells is a controversial issue.

The traditional concept, believing that denuded endothelium can be replaced by the
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remaining cells in the vicinity and SMCs migrate from media, is challenged by recent

data showing the role of stem cells in repairing the damaged vessel. Using transgenic

mice expressing the LacZ gene in endothelial cell or SMC only,25,26 we provided the

evidence that the regenerated endothelial cells of vein grafts originated from recipient

circulating blood, one-third of those regenerated cells are from bone marrow stem

cells. Smooth muscle cells in vein graft atherosclerosis lesion have heterogeneous

origin, i.e. �22 per cent derived from recipients and 69 per cent from grafted vessels.

These findings are crucial for understanding the pathogenesis of vein graft athero-

sclerosis, and for establishing a new therapeutic intervention for the disease.

The vascular adventitia is increasingly considered as a highly active segment of

vascular tissue that contributes to a variety of disease pathologies, including

atherosclerosis and restenosis. We have provided the evidence that stem cells exist

in the adventitia of vessel walls and these cells can differentiate into SMC in vitro.27

When stem cell marker-positive cells isolated from transgenic mice expressing

LacZ gene in SMC only are transferred to the adventitial side of vein graft in

ApoE-deficient mice, there are beta-galþ cells found in atherosclerotic lesions of

the intima. These data confirm that adventitial progenitor cells differentiated to

SMC in vivo and contributed to vein graft atherosclerosis, and indicate an important

issue that ex vivo expansion of progenitor cells may have implications for cellular,

genetic and tissue engineering approaches to vascular diseases.

In summary, the mouse model of vein bypass graft atherosclerosis develops

neointimal and atherosclerotic lesions, which share many similarities to the lesions

observed in humans. By using this model, we demonstrated the cellular process of the

disease, i.e. apoptosis, inflammation and smooth muscle proliferation. If any process

of those is interrupted, the lesion formation is either enhanced or inhibited. In

addition, this model is also proven to be useful for studying therapeutic intervention

for the disease by locally applied drugs, genes or stem cells.28
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Abstract

Abdominal aortic aneurysms (AAAs) are permanent dilations of the aorta that pose a

significant health problem. These dilations are relatively asymptomatic, but insidious, as

rupture of an AAA is associated with a high degree of mortality due to excessive blood

loss. The prevalence of AAAs increases with advancing age in both males and females,

but is greater in males compared to females at all ages. Despite the common occurrence

of this disease, we have limited understanding of the sequential biochemical and cellular

events of AAA initiation and progression. In part, the lack of knowledge is due to the

practical difficulties of studying this asymptomatic disease in humans. Recently, several

mice models of AAAs have been developed that have provided novel insights into

mechanism of AAA formation. The most widely used model of AAAs induces the

disease during chronic subcutaneous infusion of angiotensin II. The purpose of this

chapter is to introduce the background of this model, provide experimental details of its

implementation, and discuss its relevance to the human disease.

Introduction

Studies on the chronic subcutaneous infusion of angiotensin II (AngII) into hyper-

lipidemic mice were initiated as an attempt to develop a model of hypertension-

induced atherosclerosis.1–3 These initial studies demonstrated that AngII infusion was

a profound stimulus in the development of atherosclerosis. However, contrary to the

original hypothesis of the studies, this marked atherogenic effect was due to direct

inflammatory effects rather than elevations in blood pressure.3 During the processing
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of the aortas from AngII-infused mice, the presence of large abdominal aortic

aneurysms (AAAs) were noted in the suprarenal aorta.2 The ability of AngII infusion

to promote the development of AAAs in mice has now been duplicated by many

laboratories.4–11

The development of AngII-induced AAAs is a complex pathology that

involves multiple cell types that initiate mechanisms at specific stages of AAA

formation. Within days of AngII infusion, macrophages accumulate in the media of

the AAA-prone region.12 This leukocyte accumulation is associated with breaks in

elastin fibers. Medial dissection, occurring early in the process, leads to aortic dilation

with the integrity of the lumen being maintained by the adventitia. The medial

dissection results in formation of an intramural thrombus. There is a profound

infiltration of macrophages that presumably occurs in response to thrombus forma-

tion. The dissected region enters a phase in which leukocytes of the innate and

acquired immune system infiltrate while the vessel remodels. The leukocytes that

have been detected in AngII-induced aneurysm tissue include macrophages, T and B

lymphocytes. The dissected region forms a ‘neomedia’ that becomes completely

relined with endothelial cells. Prominent atherosclerotic regions form in the remo-

deled region at later stages in the progression of AAAs.12

This chapter will describe experimental design, methodology with discussion of the

potential pitfalls of the AngII-induced model of AAA formation.

Methods

Mouse selection

The majority of published studies on AngII-induced AAAs have used mice that are

hyperlipidemic either as a consequence of deficiency of either apolipoprotein E

(ApoE) or low density lipoprotein (LDL) receptors. Studies using ApoE�/� mice

were either fed a normal diet or one supplemented with saturated fat.2,4 All the

studies using LDL receptor�/� mice have fed a diet enriched in saturated fat and

cholesterol.1,13 No overt differences have been noted in the incidence, severity, or

characteristics of AngII-infused AAAs between these two genetically targeted mice.

To date, all the publications on AngII-induced AAAs in these genetically engineered

hyperlipidemic backgrounds have used mice that have been backcrossed in a C57BL/6

background. Wild type C57BL/6 mice also develop AngII-induced AAAs, albeit at a

much lower incidence.6 Interestingly, the low incidence of AAA formation did not

increase when C57BL/6 mice were fed a high cholesterol diet that doubled serum

cholesterol.14 Thus, at present it is unclear whether hyperlipidemia or pre-existing

atherosclerosis accelerate AngII-induced AAA formation in genetically targeted mice.

There have been no studies that have demonstrated clearly an effect of age on the

development of AngII-induced AAAs. Studies have used mice that range in age from

2.5 to 11 months of age at the initiation of AngII-infusion, with the typical start of

AngII infusion at 10 weeks of age. Across this varied age range, the incidence of

AngII-induced AAAs in published studies is fairly consistent (70–90 per cent
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incidence in hyperlipidemic mice). One of the practical limits of using younger mice

is related to their size. Implantation of the Alzet pump model most commonly used in

these studies requires that the body weight of mice be at least 20 g to achieve effective

drug delivery.

Gender plays a prominent role in the development of AngII-AAAs. As in the

development of AAAs in humans, male mice are more prone to developing AngII-

induced AAAs.15 Ovarian hormones influence the development of AngII-induced

AAAs, as demonstrated by the attenuation of AAAs in male ApoE�/� mice

administered with 17beta estradiol.7 However, the reduction of endogenous estrogen

by ovariectomy of female mice did not affect the incidence or severity of AAAs.15 In

contrast, the reduction of male hormones by orchidectomy deceased the incidence

and severity of AAAs to a level that was indistinguishable from females.15 Thus,

although exogenous estrogen administration lessens AngII-induced AAA formation,

it appears that androgens are the endogenous sex hormones that are responsible for

the enhanced susceptibility of males. The mechanism underlying the androgen

induced susceptibility for AngII-induced AAAs is undefined.

Preparation and implantation of Alzet pumps

All published studies on AngII-induced AAAs have used Alzet pumps to administer

the octapeptide. Alzet pumps have a flexible reservoir that is surrounded by a salt

sleeve and encased by a semi-permeable membrane. The salt sleeve promotes the flux

of fluids across the membrane that compresses the drug-containing reservoir and

displaces fluids at a highly controlled rate that is regulated by a flow moderator. Most

studies have used the 2004 model which delivers fluids at a rate of approximately

2.5 ml/h for 28 days. The flow rates vary with lot numbers and have sufficiently wide

variance that the flow rate of a specific batch needs to be known in order to calculate

peptide delivery rates.

Infusion rates of AngII that have generated AAAs have ranged from 500 to

2500 ng/kg/min.2,4,8 Most studies have used a rate of 1000 ng/kg/min that generates

greater than 80 per cent AAAs in hyperlipidemic male mice. The calculation of the

dose of AngII to be given to the mouse is determined by the required infusion rate and

the weight of the mouse, taking into consideration the weight of the mouse over the

duration of the 28-day infusion. Calculation of the AngII dose based on the body

weight at the start of the study will lead to lower doses being administered at later

stages of the infusion. Some investigators calculate the infusion rate based on the

anticipated weight of the mice at the mid point of the infusion period. This

calculation requires previous experience, since weight gain over the 28-day period

can be altered by several variables including strain of mouse, diet, and gender. An

additional consideration when calculating the infusion rate at study mid point is the

effect of AngII infusion to decrease body weight, which has been observed under

certain conditions (i.e. high fat-fed mice).

Thus, the infusion rate of AngII is based on the daily dose, weight of the mice, and the

infusion rate of the specific batch of Alzet pumps. The first step in preparing the pumps is
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the dissolution of AngII. AngII is commonly supplied as a lyophilised powder in glass

bottles. However, AngII in solution has a high affinity for glass. Thus, AngII solutions

must be dissolved in plastic vessels. Alzet pumps are filled as per the manufacturer’s

instructions. The 2004 model of Alzet pump requires a priming period of 40 hours prior

to it extruding the solution from the reservoir. If an experimental design requires that

peptide infusion starts immediately on implantation, the filled pumps will need to be

incubated in sterile saline at 37�C prior to placement.

Most of the studies implant the pumps in the subcutaneous space. This is achieved

by making a small cut in the skin in the back of the neck, using blunt dissection to

form a pouch on the flank, placing the Alzet pump into the subcutaneous space, and

closing the incision point with surgical glue or staples. The incision site should be

monitored to ensure it retains its closure. Because female mice groom more

extensively than males, they have a greater propensity to open the incision site.

Monitoring during AngII infusion

Mice should be visually inspected daily during the infusion of AngII. The majority of

mice will have no overt adverse effects during the infusion of AngII. A small

percentage of the mice will develop partial hind limb paralysis. Some mice will die

during infusion due to ruptured AAAs. The incidence of mortality is based on several

variables including the strain of mouse, gender, and dose. Necropsy should be

performed on mice to determine the cause of death. The vast majority of the mice

will have a large blood clot in the peritoneal cavity in the vicinity of the left kidney. A

few mice will have clots in the upper thorax in the region of the ascending aorta.

During the infusion period, we acquire body weights on a weekly basis. As

described above, the higher doses of AngII may lead to attenuation of body weight

gain, or even loss. Blood pressure is also commonly monitored at intervals during the

infusion of AngII. Systolic blood pressure is most commonly acquired using a

computerized system in which blood flow is monitored during the inflation of a cuff

on the tail.

Acquisition of AAAs

Most of the published studies have terminated mice after 28 days of AngII infusion.

However, the incidence of AngII-induced AAAs is similar at 14 days of infusion.16

Infusions of AngII beyond 28 days can be achieved by replacing the Alzet pumps.

The limited published studies show differing characteristics of AAAs with more

protracted intervals of AngII infusion, although these have not been extensively

characterised.12

At termination of studies, mice are perfused with saline to remove blood. The aorta

can be dissected free either with, or without, perfusion with a fixative such as

paraformaldehyde. Perfusion of the mouse with fixative at physiological pressures

can better preserve the tissue. However, fixation ablates the immunoreactivity of
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many antibodies. Thus, the decision of whether to use fixatives is based on the tissue

characterization that will be performed.

An alternative mode to not fixing the tissue, but maintaining its patency, is to

perfuse at a constant pressure of 100 mmHg through the heart with phosphate-

buffered saline followed by warm (37�C) agarose (SeaPlaque GTG Agarose,

low-melt, FMC BioProducts, Rockland, ME, USA) diluted in saline (3 per cent wt/vol)

and colored with a green tissue dye. After the agarose solidifies, the abdominal aorta

can be dissected free from the surrounding connective tissue.

Quantification of AAAs

The size and heterogeneity of AAAs provides some hurdles to the quantification of

AAAs. There are three common approaches to the quantification of experimental

AAAs, which are: (1) percentage incidence; (2) severity based on arbitrary compar-

isons; (3) measurements of the physical dimensions.

In addition to the quantification of AAAs following excision of the tissue, there are

methods recently available for the detection and quantification of AAAs using

noninvasive techniques in living animals. The only methodology that has been

fully validated as an approach to date is the use of ultrasound.17 This is discussed

later in this chapter.

Incidence of aneurysm formation

There is a lack of agreement as to what constitutes an AAA in humans. The criterions

are based either on an absolute measurement of aortic width or one that is relative to a

‘normal’ segment.18 Similarly, there is also no uniform standard for the definition of

an AAA in mouse models of the disease. However, all the initial studies on AngII-

induced AAA have included the percent incidence as a quantitative parameter. The

mean outer diameter of the suprarenal aortic region of male mice is approximately

0.9 mm. We have used the criterion of an expansion that is 50 per cent greater than

normal as a definition of AAAs. This is based on absolute measurements since the

involvement of AAA in the suprarenal region can be extensive and negate the ability

to make comparisons with a ‘normal’ area.

Based on the acceptance of this specific criterion, the use of percentage incidence

provides an easily defined mode of quantification. However, the use of a dichotomous

variable is a relatively insensitive mode of statistical analysis. Therefore, unless a

specific intervention produces dramatic differences on the development of AAA,

large group sizes will be needed to achieve results with appropriate statistical power.

Severity indexes

We originally proposed a scheme for classifying the severity of aneurysm pathology

based on the appearance of AAAs.7 This initial classification took into account the
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presence of thrombus.13,16 However, now that we have defined characteristics of

AAAs at multiple stages following AngII infusion, we have realised that the presence

of thrombus is more a function of time of AAA formation rather than severity. With

several years of experience in assessing AngII-induced AAAs, we have modified this

scheme. The descriptors of these types are:

� Type I: A discernable dilation that is 1.5 to 2 times the diameter of a normal

abdominal aorta.

� Type II: A single large dilation that is more than 2 times the diameter of a normal

abdominal aorta.

� Type III: Multiple dilations generally extending proximal to the suprarenal region.

� Rupture: The ultimate dire consequence of AAA formation. Ruptured AAAs are

clearly evident by the appearance of clots in the retroperitonium and death.

Examples of each type of AAA are provided in Figure 11.1.

Measurements of physical dimensions of AAAs

Unlike the dichotomous mode of defining AAA by incidence, continuous traits are a

more powerful mode of generating statistical significance. Thus, there are a number

of modes in which physical measurements can be performed to permit the use of

Figure 11.1 A suggested scale for quantification of the severity of AAAs that develop following

infusion of AngII. Further description of these classes is provided in the text. For a color version of

this figure, please see the images supplied on the accompanying CD
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statistical analysis of continuous traits. There are several ways in which the physical

dimensions of AAAs can be quantitated as described below.

Abdominal aortic weight

Abdominal aorta (defined as the region between the diaphragm and the ileal

bifurcation) can be blotted and weighed. This has been used to determine the severity

of AAA formation.15 While potentially useful, it should be noted that AAAs that have

uniformly thinned walls may not have an increase in weight.

External aortic diameter

This is a common measurement in other mouse models of disease that involve

elastase infusion or adventitial calcium chloride exposure.19,20 This is achieved by

computer-assisted morphometric analysis of digital pictures of the aorta. These

measurements are usually performed in dissected tissues. Although these measure-

ments can be performed in vivo, the difficulty in defining the boundary between the

adventitia and the surrounding tissue brings some subjectivity into the process.

Cross-sectional measurement

This is optimally performed on fixed aortas. Cross-sections of the aorta (2.5 mm

in thickness) are made between the superior mesenteric and right renal arteries.

A small portion of the right renal artery is left attached to the samples to facilitate

orientation of the specimen. The tissue is dehydrated through a graded ethanol

series, cleared with xylene, infiltrated with warm paraffin, embedded in paraffin

blocks, cut at 5 mm thickness, and stained with hematoxylin & eosin. The lumen

and adventitial circumferences at the maximal expanded portion of the suprarenal

aorta are quantified by CSimple Imaging Systems (Compix, Mars, PA, USA), which

are then used to calculate the luminal and outer diameters of the vessel. The

wall thickness is calculated from the difference between the luminal and outer

diameters.

Non-invasive ultrasound method

Recently, ultrasound machines have been developed that have the capabilities

to detect blood vessels in mice. This advance permits the non-invasive detection

of AAAs in mice.17 Thus, a single mouse can now be followed on a sequential

basis.
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At any interval during the infusion of AngII, each mouse is anesthetised using

1.5 per cent isoflurane and laid supine on a platform with all legs taped to

electrocardiogram electrodes for heart rate monitoring. Body temperature is mon-

itored via a rectal thermometer and maintained at �37�C using a heating pad and

lamp. All hair is removed from the abdomen using a chemical hair remover (Nair;

Carter-Horner, Mississauga, Ontario, Canada) to minimize ultrasound signal attenua-

tion. To provide a coupling medium for the transducer, a pre-warmed ultrasound gel

(Aquasonic 100; Parker Laboratories, Orange, NJ, USA) is spread over the abdominal

wall. Imaging starts after waiting 1–2 min for the mouse to stabilise. The complete

examination for each mouse lasts for about 5 min.

A newly developed ultrasound biomicroscope with built in software analysis (Vevo

660; VisualSonics, Toronto, Ontario, Canada) can be used. The single-crystal

mechanical transducer has a central frequency of 40 MHz, a focal length of 6 mm,

and a frame rate of 30 Hz. The maximum field of view of two-dimensional imaging is

obtained in a 20 � 20 mm area of focal plane with spatial resolution of 68 mm (lateral)

by 39 mm (axial). A longitudinal image of the abdominal aorta between the

diaphragm and �3 mm below the level of the left renal artery is acquired. In addition,

transversal images of the suprarenal aorta, at the level of the suprarenal gland, and the

infrarenal aorta, �1 mm below the left renal artery, are taken. Doppler signals

measuring the cardiac cycle obtained from the position in the middle of the assumed

vessel are used to validate that the concerned image is the abdominal aorta. The

obtained images are stored digitally on a built in hard drive for off-line analysis. The

abdominal aortic measurements are taken off-line with a built in software from both

the longitudinal and transversal images.

Characterisation of AAAs

The cellular and chemical composition of AngII-induced AAAs are complex and

heterogeneous. These can be characterised by techniques such as histology, immu-

nocytochemistry and in situ hybridisation. Using these techniques, some of the most

prominent features can be described including integrity of extracellular matrix,

cellular composition, and expression of protein involved in the disease process.

Although these are largely routine techniques, the application of immunocytochem-

ical techniques can provide some challenges in non-specific staining, presumably due

to the high abundance of extracelluar matrix elements.

Since extracellular proteases are thought to be involved in the development of

AAAs, their characterisation is common, particularly for the matrix metalloprotei-

nases (MMP). This is commonly performed on extracts of aortic tissues that are

subjected to gel zymography.4,8,10 This process requires the electrophoresis of the

tissue extract in polyacrylamide gels that are impregnated with a MMP substrate. The

most common substrate is gelatin, that is acted on by MMP-2 and -9. This process

permits detection of these specific MMPs and relative presence of latent versus

activated enzyme.
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Discussion

AngII-induced AAAs have been used in many studies to define mechanisms of the

disease. The extrapolation of findings require that the model is recapitulating the human

disease. The extent to which AngII-induced AAAs in mice mimick the human disease is

largely unknown. This is primarily due to a dearth of information on the mechanisms of

the human disease. One similarity in the mouse model is the increased proclivity of

males to develop the disease as in humans. Some pathological characteristics of the

human disease are reproduced in this mouse model. These include fragmentation of

elastic fibers, proteolytic destruction of medial connective tissue, regions of intact

media, inflammation, and atherosclerosis.21 All these characteristics have been

described in AngII-induced AAAs.12 However, the location of the AAAs is an overt

difference between the human and mouse disease. In humans, AAAs occur in the

infrarenal area; while in AngII-infused mice, they have been uniformly localized to the

suprarenal aortic region. This may represent a difference in the stress patterns in the

aorta of the biped human versus the quadruped mouse. Interestingly, this location is also

where AAAs occur in mice that are hyperlipidemic, endothelial nitric oxide synthase

deficient, or smooth muscle specific deficient in LDL receptor-related protein.22–25

The early publications on this model used aged hyperlipidemic mice that

had extensive atherosclerotic lesions. However, many of the recent studies have

used younger mice in which atherosclerotic lesions are sparse, especially at the site

of AAA formation. The lack of a required role of atherosclerosis in this process can

be gleaned from studies that show AngII-induced AAAs can occur in normolipi-

demic mice.6 However, the incidence of AAAs is much less in normolipidemic mice.

Feeding wild type mice a high cholesterol diet did not affect the incidence of AngII-

induced AAAs.14 However, cholesterol supplementation of diets produces only

minor increases in plasma cholesterol concentrations. Thus, hypercholesterolemia

may facilitate the development of AngII-induced AAAs through promotion of

atherosclerosis or vascular inflammation. Hypercholesterolemia may also enhance

the development of AngII-induced AAAs through enhancing the cellular responses

to AngII. For example, smooth muscle cells are presumed to be pivotal to the

development of AAAs and AT1 receptor expression in this cell type is enhanced by

increasing cellular cholesterol.26

Overall, the infusion of AngII into hyperlipidemic mice is a highly reproducible

model for the production of AAAs. Although the model does not recapitulate all

aspects of the human disease, many facets are present in both human and mouse

aneurysmal tissue. Therefore, it provides a mode of defining mechanisms involved in

the initiation and propagation of AAAs.
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Introduction

Hemodynamic conditions play a key role in the pathogenesis of atherogenesis,

restenosis after angioplasty, and aortic aneurysms. Clinical findings and experi-

mental studies indicate that chronic changes in blood flow lead to vascular

remodeling, due to compensatory responses induced in the vascular wall to normal-

ize wall shear stress.1 In the case of persistent increases in flow, adaptive remodeling

of the vessel involves the reorganisation of cellular and extracellular components,

leading to vessel enlargement. This is best exemplified in models of arteriovenous

fistula (AVF), where steep increases in flow result in the most spectacular illustration

of adaptative outward vascular remodeling. Because the molecular mechanisms of

this process remain largely unknown, we considered that a reliable model of

arteriovenous fistula in the mouse would be a valuable tool, taking into account

the number of transgenic animals and different strains of this species available. The

AVF would also be useful to investigate endothelial responses to high shear stress,

which hereto have been studied predominantly in vitro.2,3 Understanding these

processes could help explain how changes in blood vessel wall structure occur in

pathological conditions.

One model of AVF already exists in the mouse: the central aortocaval fistula.

However, this procedure incurs important hemodynamic modifications leading to

volume overload in the heart, and it is in fact widely used in rats or in mice to study

cardiac failure.4 Because we wanted to investigate endothelial cell responses to high

shear stress in vivo and shear stress-induced vascular remodeling independently of
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such systemic effects, we developed a mouse model of peripheral arteriovenous

fistula, connecting the common carotid artery with the jugular vein, which does not

modify the blood pressure.

Creation of the AVF

Anesthesia and mouse preparation

Adult mice aged at least 12 weeks (25 g minimum) are used. Mice are weighed, then

they are anesthetised by intraperitoneal injection of a mixture of ketamine hydro-

chloride (0.20 mg/g) and xylazine (0.02 mg/g).

After 10 min, the neck and thorax area is carefully shaved, and the neck skin is

swabbed with 70 per cent ethanol and 10 per cent betadine. The mouse is fixed in a

supine position with its neck extended, the tongue gently pulled out, and placed so

that the operator is on the right side of the animal (Figure 12.1). Each animal

receives of an intraperitoneal injection of heparin (1 U/g) at the onset of the

procedure.

Figure 12.1 A mouse is fixed in a supine position with its neck extended, a transverse incision of

the neck is made just above the sternum, and the salivary glands are pulled back upwards. For a

color version of this figure, please see the images supplied on the accompanying CD
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Microsurgical tools and sutures

The operation is performed under a dissecting microscope (Nikon SMZ 1000). The

magnifications used for the procedure are �17 for dissection and ligation of the

vessels, and �30 for anastomosis construction.

Microsurgical tools:

� Two microvascular forceps, Moria, straight, extra delicate, 13 cm long (Moria, ref

9980);

� One scissor, Dowell, straight sharp blades (Moria, ref 9926);

� One miniature scissor, Vannas-Moria, straight and pointed blades 5� 0.5 mm

(Moria, ref 9600);

� One needle holder, Ikuta, straight extra delicate jaws 0.8 mm (Moria, ref 9990);

� One irrigating cannula, olive tip, 3 cm long (Moria, ref 13221);

� Three micro clamps, straight, pressure 15 g (Moria, ref 201);

� Microsurgical sutures (Ethicon, Johnson & Johnson Intl): Polypropylene

8/0 (ref F1836), Polyamide 10/0 (ref FG2880), Polyamide 11/0 (ref

NS2881).

Surgical procedure

During the entire procedure, the operative field and the vessel lumens are

irrigated with a physiological saline solution containing 100 U/ml of heparin. A

transversal skin incision is made in the neck just above the sternum (shoulder to

shoulder line). The salivary glands are driven back upwards with a retractor (Figure

12.1). The right jugular vein (RJV) is dissected and exposed. All side branches of the

RJV are ligated with 10-0 suture and cleaved, leaving an appropriate length (�3-

4 mm) of vein totally free of any collateral vessels. The right sternocleidomastoid

muscle is ligated with 8-0 thread and resected. The right common carotid artery (RCCA)

is dissected and exposed. To avoid vagus nerve traumatism during dissection of the

artery, we raise the RCCA gently with forceps and cut away the surrounding tissue,

taking care to never touch the nerve. The RCCA must be dissected free from the

clamping area, as close to the sternum as possible, upto the carotid bifurcation. The

RCCA is clamped proximally, then ligated just below the carotid bifurcation with an 8-0

ethilon and cleaved immediately upstream of the ligature (Figure 12.2a). The lumen of

the RCCA is irrigated to flush out any remaining blood. The RJV is clamped proximally

and distally, such that the area between the clamps is that devoid of collateral branches

described above, and a venotomy is performed in its middle part (Figure 12.2b). The
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lumen of the RJV is irrigated. The size of the venotomy must be exactly identical to the

that of the RCCA.

Using 11/0 suture, an end-to-side RCCA/RJV anastomosis is completed. The

anastomosis is performed with six stitches (interrupted sutures). The three first

stitches are placed opposite to the operator as shown in Figures 12.2c and 12.3a.

The construction of the anastomosis is certainly the most critical step of the whole

procedure. The most important features are: (i) to ensure equidistance between

each stitch; (ii) to minimise the overlap between artery and vein, making sutures as

close to the edges as possible; (iii) not to over-tighten the knots. Any major

technical error will lead to immediate thrombosis of the fistula when the clamps are

removed.

After completion of the anastomosis (Figures 12.2d and 12.2e), the jugular clamps

are removed followed by the carotid clamp, and fistula patency is verified (Figures

12.2f and 12.3b). The operative field is irrigated with warm physiological saline

solution and the skin is closed with continuous sutures using 6-0 vicryl. Two ml of

saline solution is injected subcutaneously between the shoulders at the end of the

procedure. Operative time averages 80 min, and animals are kept warm until

complete recovery under a heating lamp.

Figure 12.2 Photos showing six consecutive steps of the surgical procedure. (a) The right

common carotid artery (RCCA) is clamped and cut at the bifurcation of the internal and external

carotid arteries. (b) Opening of the clamped right external jugular vein (RJV). (c) First suture

between the RCCA and the RJV (arrow). (d) Six stitches are made connecting RCCA and RJV. (e)

Final assembly. (f) Clamps are released and blood flows from the RCC into the RJV and back towards

the heart (arrows). For a color version of this figure, please see the images supplied on the

accompanying CD
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Arterial blood pressure measurement

Arterial blood pressure is measured in operated and control mice. To measure arterial

blood pressure in awake mice, animals are placed on a heating platform at 37�C and

allowed to adapt to the environment for 5 min. Systolic arterial blood pressure is

measured using the tail-cuff method (BP-2000, Blood pressure analysis system,

Visitech Systems, USA).

To measure arterial blood pressure under anesthesia, mice are anesthetised as

indicated above. The right leg is shaved and swabbed with 70 per cent ethanol. An

inguinal incision is made, the skin is retracted and the femoral artery exposed. A

polyethylene catheter (30G) with a beveled edge is flushed with physiological saline

solution. The femoral artery is clamped, and the catheter is inserted via arteriotomy.

Pressure is measured using a Gould transducer.

Hemodynamic measurements at the carotid level

Mice are anesthetised as indicated above, and both carotid arteries are exposed, the

left CCA serving as a non-operated internal control. The dissection of the fistula is

often difficult, especially in the first week after its creation. The arteries are

photographed in situ, alongside a 460mm wide scale placed parallel to the vessel,

using a camera (Logitech) attached to the surgical microscope. Precise arterial

diameters are measured with the help of image analysis software (Histolab). Blood

flow velocity is measured by using a 20 MHz pulsed Doppler system (Milar)

connected to a voltmeter system (Hewlett Packard). The pen probe position is

adjusted to obtain a 30� angle with the vessel axis. Blood flow is measured 5 mm

Figure 12.3 Schematic representation of the technical aspect for the construction of the

anastomosis with the placement of the six stitches. (a) The three first stitches are placed opposite

to the operator (1,2,3). (b) Arrows represent direction of blood flow in the RCCA (right common

carotid artery) and RJV (right jugular vein) after release of the clamps. For a color version of this

figure, please see the images supplied on the accompanying CD
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upstream of the AVF in the RCCA and at the equivalent location in the left CCA.

Velocities (V, cm/s) are obtained from the measured Doppler frequency shifts and

volume flow Q is calculated by multiplying the mean velocity by the cross-sectional

area of the vessel lumen, using the formula Q (cm3/s)¼�r2V, where r is the radius in

cm. Wall shear stress is calculated using the Poiseuille formula � ¼ 4� Q/�r3. In this

formula, � is the viscosity of blood (taken to be 0.035 poise).

Immediately after AVF construction, RCCA blood flow increases approximately

six-fold (blood flow in the left CCA is about 0.6 ml/min) and the calculated wall shear

stress reaches a mean value of 2400 to 2800mN/cm2 (versus 340 to 400mN/cm2

before the intervention).

Tissue harvesting

At the end of the experiment, mice are anesthetised as indicated above, and both

carotid arteries are exposed. Thereafter animals are killed by overdose of sodium

pentobarbital (0.5 mg/ml). The abdomen is opened longitudinally and mice are

perfused with physiological NaCl solution via a catheter (24G) inserted in the

abdominal aorta, to eliminate any residual blood in the CCAs. For frozen prepara-

tions, arteries are harvested, immediately frozen in liquid nitrogen, and stored

at�80�C. For histological analysis, arteries are perfused at 80 mmHg with 4 per

cent phosphate-buffered formaldehyde (pH 7.2) for 20 min before harvesting.

Fixation is completed by placing vessels overnight in the formaldehyde solution

at 4�C.

Hemodynamic and structural data

We have recently demonstrated5 that the creation of an AVF between the RCCA and

jugular vein in the mouse produced an abrupt increase in arterial blood flow, reaching

more than six-fold from the onset, as calculated on day 1 (Figure 12.4). Flow in the

carotid artery remained consistently high during the following 3 weeks. In compar-

ison, shear stress peaked on the first day, inducing signal transduction pathways that

stimulate arterial enlargement. As the weeks progressed, the arterial diameter

gradually increased, such that shear stress values returned towards baseline levels

(Figure 12.4). Given that arterial remodeling is driven by wall shear stress, it was not

entirely surprising to see that the most acute change in diameter (22 per cent) was

observed within the first 7 days after AVF construction, when shear stress was

greatest. The RCCA enlarged more gradually (3–4 per cent per week) during the

subsequent weeks. Despite the marked increases in vessel diameter, no changes in

artery thickness were observed in the RCCA. Moreover, blood pressure and heart rate

were unaffected by the procedure, and no changes in blood flow or vessel diameter

were observed in the contralateral artery.

One of the striking characteristics of the arterial wall proximal to an AVF is

extensive tearing and fragmentation of the internal elastic lamina (IEL)6,7 which
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augments arterial distensibility, leading to enhanced vessel diameter. Matrix metal-

loproteinases (MMPs) are likely instigators of IEL degradation in the vessel wall.

MMP-2 and MMP-9 are upregulated shortly after AVF construction, and heightened

activity of these enzymes persists until shear stress is normalised.8,9 Furthermore,

several studies have reported that MMP inhibition diminishes flow-mediated arterial

enlargement in rat8,10 and rabbit9 AVF models, and prevents elastin degradation

associated with AVF-inducd arterial enlargement.9 The contribution of nitric oxide

(NO) in flow-induced vascular remodeling has been well established by our group7,9

and others.11 After effective long-term blockade of NO synthesis with L-NAME,

artery enlargement and the corresponding wall tissue growth expected in response to

increased blood flow are dampered, and the wall shear stress in flow-loaded common

carotid arteries increases proportionately to blood flow.

We recently used our mouse model of AVF to determine the role of reactive

oxygen species (ROS) in high flow-induced vascular remodeling, and to specify

whether reduced nicotinamide adenine dinucleotide phosphate(NADPH) oxidase,

one of the many enzymes able to generate ROS in the vasculature, contributes to

this process. We found5 that ROS production is enhanced in arteries exposed to

chronic high flow and that NADPH oxidase comprising the p47phox subunit is the

major generator of shear stress-induced ROS in the vascular wall; gp91phox, in

comparison, played a negligible role in this process. Our observations made in

p47phox�/� mice and endothelial nitric oxide synthase (eNOS)�/� mice provided

direct evidence that endogenous ROS and NO modulate not only the activity of

MMPs, but also their production, in arteries exposed to elevated blood flow. This

allowed us to conclude that together with NO derived from eNOS activation, ROS

produces peroxynitrite, which is probably the major activator of MMPs in this

setting. This is the first study using a mouse carotid fistula model to investigate

Figure 12.4 Characterization of the remodeling reponse in mouse carotid arteries before (day 0)

and after AVF creation. Shear stress (black dotted line) in the carotid artery peaks immediately

(day 1) after AVF creation, then decreased with time, as carotid diameter (black solid line)

gradually increases. Shear stress and diameter do not vary in the contralateral artery (gray lines)
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the molecular mechanisms behind long term structural adaptation to altered

blood flow.

Perhaps one limitation of the mouse carotid fistula model is that mice develop

stenosis at the site of anastomosis, such that vessel patency is reduced in many

animals after 28 days. Hence, complete remodeling is not achieved, since at 3 weeks

shear stress has not yet returned to physiological baseline values.12 This might appear

surprising, given that fistulated rabbit carotid arteries remodel entirely 15 days after

AVF.9 However, the adaptive response to great stresses appears to require a longer

period of time, as shown using the monkey iliac artery, where restoring shear stress to

a baseline value after a 10-fold increase in flow required 6 months.13 Nonetheless,

mouse carotid enlargement does allow for a compensatory reduction in shear stress

from over seven-fold of upon fistula opening to less than two-fold at 3 weeks, and

would probably have progressed until shear stress returned to normal levels had not

fistula permeability become compromised beyond that time point. On the positive

side, the stenosis faithfully reproduces what occurs in arteriovenous fistulas practised

on hemodialysis patients, which are often plagued by complications due to throm-

bosis at the sites of stenosis, leading to fistula failure. The mouse AVF model may

therefore be used to investigate how this process occurs.
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Introduction

The brain is critically dependent on its blood supply, since it has no energy reserves.

However, the brain microcirculation has been poorly explored in vivo due to the

major obstacle of the skull. The protection of brain tissue is ensured by the cranial

bone and by meninges, including the dura mater, arachnoid and pia mater. The

cerebrospinal fluid (CSF) flows in the meninges, bathing all pial vessels (i.e.

superficial vessels), and fills the perivascular spaces of penetrating arteries.

This chapter describes the surgical procedure for implanting a closed cranial

window that can be used repeatedly for at least 1 month to monitor in real-time the

microcirculation at the surface of the mouse brain. We also explain how to label red

blood cells with a fluorescent marker for investigating the dynamics of capillary

blood flow in living mice using laser-scanning confocal fluorescence microscopy, and

how to perform these experiments. Finally, we describe the methods used to occlude

focally an artery through the window, producing a small ischemic infarct, and we

indicate the possibility to study vessel remodeling, angiogenesis, and changes in the

blood–brain barrier permeability in the peri-ischemic area over time. Lastly, we show

another application of in vivo confocal microscopy, with an example of the long-term

monitoring of exogenous fluorescent adult stem cells transplanted through the

window into the ischemic surrounding.
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Experimental preparation of mice

Anesthesia

All surgery is performed under isoflurane anesthesia. First, the mouse is placed in an

appropriate box and made to inhale 2 per cent isoflurane in a mixture of 25 per cent

oxygen and 75 per cent nitrous oxide for about 5 min to induce anesthesia. The

isoflurane inhalation is then reduced to 1.4–1.8 per cent for surgery, and adapted to

each animal. The advantage of isoflurane is that, first, only a minute quantity

(0.17 per cent) is metabolised, thus minimising hepatotoxicity and nephrotoxicity,

making it relatively safe for the investigator, and second, the animal wakes up very

rapidly when the inhalation stops. In addition, mice undergoing repeated prolonged

experiments stay in good physiological conditions, as checked by measuring their

arterial blood pressure, blood gases and pH.

Implanting the closed cranial window

The general protocol was reported by Tomita et al.1 and is described here in detail.

The window itself is prepared from a 140-mm thick quartz coverslip of the type

generally used for histology. The coverslip is cut with a diamond to obtain a round

window, whose diameter is 3 to 3.5 mm (Figure 13.1), depending on the size of the

hole in the cranium.

Any strain of mouse can be used and a body weight of 20–25 g is ideal. The age of

the mouse must correspond to the stereotaxic atlas of the mouse brain (for instance

Franklin and Paxinos, 19972) if the study deals with specific areas or requires

intracerebral injections.

coverslip

windows
Injection 

holes

Figure 13.1 Left: portion of a quartz coverslip used to make windows. Right: four cranial

windows, two of them with an injection hole
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The cranial window is implanted using a special custom-built system equipped for

delivering anesthetic gas (Figure 13.2a). This system secures the mouse head during

cranial surgery (Figure 13.2b), enables a stereotaxic device to be used to support a

laser-Doppler probe for blood flow measurement, a thermoprobe for temperature

measurement, or a micropipette for intracerebral injection, and stabilizes the whole

system under a confocal microscope. We can thus place the mouse in the same

position for all investigations and rapidly change experimental tools. The rectal

temperature is kept at 37 �C using a feedback-controlled homeothermic blanket. This

is important, since temperature significantly influences most events of the cerebral

ischemic cascade (see for review Dietrich et al., 19963).

The protocol is similar to that used in the rat,4 but the size and location of the

cranial window are different, and the dura mater is kept intact.

The mouse is placed in a prone position. All surgery is performed under an

operating micoscope at high magnification. Hair is carefully shaved off and the skin

painted with disinfectant. The skin is incised longitudinally and reflected. All

connective tissue is removed from the visible part of the bone using a scraper

(Figure 13.3a). A thin layer of dental cement (Palavit 55VS, Kulzer, Germany) is

Figure 13.2 (a) General view of the custom-built plexiglass contention system, including a

stereotaxic micromanipulator; (b) Magnified view of the system receiving the mouse head,

maintaining its teeth and delivering the anesthetic gas. The device on the right is connected to the

stereotaxic micromanipulator and used to place a laser-Doppler probe, a thermoprobe or an

injection micropipette. Note that part of the system is detachable and can be secured to the

microscope stage. For a color version of this figure, please see the images supplied on the

accompanying CD
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applied all over the bone to facilitate anchoring the window to the bone. Remember

that dental cement adheres only to perfectly dry bone. Also, take care to keep the

dental cement from contacting the skin or membranes as it is toxic to tissues. Then,

the mouse head is secured in the stereotaxic frame by inserting the teeth in the bite

bar and then gluing a steel bar (1.8 mm OD, 1.3 mm ID) to the very posterior part of

the skull with dental cement (Luxaflow, DMG, Germany). This bar will maintain the

head in the selected position by inserting inside it a longer bar that can be secured to the

frame at each experimental time (Figure 13.3b). As the device includes a rotary system,

the whole frame can be inclined so that the place on the skull where the window will be

implanted is horizontal.

The area to be explored is delineated and a 3-mm diameter hole is drilled above the

left parietal–occipital cortex, 2.5 mm posterior to the bregma and 2.5 mm lateral to

the midline,2 as shown in Figure 13.4a. The area under the window defined using

these stereotaxic coordinates is a distal region of the middle cerebral artery (MCA).

This artery corresponds to the Sylvian artery in humans. It is relatively often the site

of thrombosis that causes cerebral ischemia.

Other window sizes and locations can be used, depending on the aim of the study.

The main restrictions are space, the round edges of the horizontal part of the bone and

the vascular sutures. A small dental drill is used to remove bone circularly (Figure

13.5a), while cooling the preparation with water to avoid warming the brain. The

whole remaining disk of bone is removed by inserting an ultra-thin needle in the

drilled area and using it as a lever arm.

A suitable 140-mm thick round quartz coverslip is then selected by trial and error.

The window is then sealed to the bone with dental cement (Ionosit, DMG, Germany),

making the preparation waterproof (Figure 13.5b).

We use one of three different dental cements, depending on their specific proper-

ties: adhesion strength, drying time, and toxicity. Only mice whose cranial window

Figure 13.3 (a) A mouse head, focusing on the cranial bone, after reflection of conjonctive

tissue. The black circle grossly indicates the place where the window has to be placed; (b) the

cranial bone after the spread of dental cement and the placement of the chronically-glued bar (Bar

1) glued to the bone by dental cement. The detachable bar (Bar 2) is inserted into Bar 1 to secure

the mouse head to the contention system. For a color version of this figure, please see the images

supplied on the accompanying CD
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shows no bleeding or inflammation can be used to successfully visualise vessels

through the window over the long term. This is usually about 75 per cent of implanted

mice. Experiments should not be started until several days after implanting the

window, to allow for the resorption of any inflammation. In all cases, mice equipped

with a cranial window exhibit a normal behavior as shown in Figure 13.6.

Figure 13.4 (a) General view of an anesthetised mouse placed in the contention system and

maintained by the bars. (b) Magnified view of the head with the nose inserted into the cavity in

which anesthetic gas is delivered. For a color version of this figure, please see the images supplied

on the accompanying CD

Figure 13.5 (a) Ring of thin cranial bone drilled at the periphery of the window; note that an

ultra-thin needle is placed in this ring to remove cautiously the internal disc of bone; (b) a

completed closed cranial window. For a color version of this figure, please see the images supplied

on the accompanying CD
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Fluorescent labeling of red blood cells

Studies on the microcirculation under the cranial window, especially the capillary

circulation, use red blood cells that have been labeled ex vivo following the protocol

of Seylaz et al.,4 derived from that of Sarelius and Duling.5 An aliquot (1 ml) of

arterial blood is taken from a donor animal using a catheter placed upstream. Blood is

placed in an heparinized Eppendorf tube, and centrifuged at 2000 r.p.m. for 7 minutes

at 20 �C. The supernatant is removed and the tube is filled to within 1 cm of the top

with phosphate-buffered saline–ethylene diamine tetra-acetic acid (PBS-EDTA)

(pH 7.4). This procedure is repeated three times.

Fluorescein isothiocyanate (10 mg; FITC Isomer 1, Sigma, France) is dissolved in

1 ml PBS-EDTA (pH 8), and placed in the Eppendorf tube. It is incubated with the red

blood cells for 2 h at ambient temperature, with agitation and protection against light.

The tube is then centrifuged at 2000 r.p.m. for 7 min at 20 �C, the supernatant

removed and the pellet of red blood cells rinsed four times with PBS-EDTA (pH 7.4).

Fluorescent-labeled erythrocytes should be used on the day they are prepared, but

they can be kept refrigerated for several days if covered with aluminium foil to

protect them from light.

The fluorescently labeled red blood cells should be checked before starting the

blood flow experiment. Place one drop of RBC suspension on a slide and cover it with

a coverslip. Examine the cells using a fluorescence microscope. If there are large

amounts of unbound fluorescence, the cells should be rinsed again.

Catheterisation of the tail vein

Tracers (fluorescent red blood cells or fluorescent dextran) are injected via a catheter

inserted into a tail vein at each experimental time. The mouse is placed in a prone

Figure 13.6 A mouse awakening from window implantation. For a color version of this figure,

please see the images supplied on the accompanying CD

152 CH13 APPLICATIONS TO THE STUDY OF STROKE



position and the hind legs turned laterally on either side so that the tail also turns by

about 30�; this ensures that one caudal vein is uppermost. The tail is kept in this

position using adhesive tape. Under an operating microscope, a longitudinal 2–3-mm

long incision is made in the tail skin to reveal the underlying vein. A small incision is

then made in the vein and a polyethylene tube (OD 700 mm, ID 300 mm; Biotrol,

France) that has been warmed and stretched to a convenient size is inserted into the

vein with the tip towards the heart. Both the catheter and tail are kept in place with a

suture around the tail.

The venous catheter remains permeable for several hours. Venous electrocoagulation

is topically achieved at the catheter withdrawal. Thus it is possible to insert a venous

catheter several times over a long period, each time more proximally than the last.

Methods

Laser-Doppler flowmetry

Tissue blood flow in the parieto-occipital cortex just below the window is measured

using a laser-Doppler flowmeter (MBF 3D, Moor Instruments, Axminster, UK).

Under the surgical microscope, the laser probe is positioned over the cranial window

using the micromanipulator, away from large pial vessels. Blood flow is measured

before and after arterial occlusion to check whether ischemia occurs. Blood flow is

measured in arbitrary units.

Dynamic laser-scanning confocal fluorescence microscopy (Video)

The local microcirculation can be repeatedly monitored through the closed cranial

window using a Viewscan DVC-250 confocal laser-scanning unit (BioRad, UK)

attached to an Optiphot-2 fluorescence microscope (Nikon, Japan). This method was

developed in rats4 and currently used for studies on this species.6–8 The light source is

an argon/krypton laser whose wavelengths are 488, 568 and 647 nm. Various

objectives can be used: a Nikon dry lens (�10), or a Nikon water immersion lens

(�20 and �40). The numerical apertures are 0.40 (working distance: 1.8 mm) and

0.55 (working distance: 2.0 mm). This microscope has a linear pinhole, allowing the

rapid acquisition of 2D images. The mouse is placed under the microscope by

securing the plexiglass system to the microscope stage so as to place the window

below the objective (Figure 13.7 top). Fluorescent tracers are injected via a tail vein.

A tracer dose (50 ml) of rhodamin B isothiocyanate-dextran (RITC-Dextran, Sigma,

France; molecular weight ¼ 70 000; 2 mg/ml) or of fluorescein isothiocyanate-dex-

tran (FITC-Dextran, Sigma, France; molecular weight ¼ 77 000; 2.5 mg/ml) in

0.9 per cent NaCl is used to label the microvascular network. Fluorescent erythro-

cytes (50 ml) are then injected to show all microvessels in the cortex to a depth of

about 200 mm. Appropriate filters must be used. Parenchymal capillaries are focused

manually. Images in a single plane are recorded at video speed (50 frames per second)
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with an SIT camera (C-2400, Hamamatsu Photonics, Japan) and a digital videor-

ecorder (DSR-25 DVCAM, Sony, Japan). The images can be stored on a PC using a

suitable software. The video shows fluorescent red blood cells circulating in mouse

cerebral microvessels at increasing magnifications.

Static laser-scanning confocal fluorescence microscopy

Both superficial vessels and transplanted stem cells can be repeatedly visualised at

high definition using a classical laser-scanning confocal fluorescence microscope (for

instance MRC 600, BioRad) whose characteristics are similar to those of the dynamic

confocal microscope, except that it has a pinhole diaphragm instead of a slot. Unlike

the Viewscan confocal microscope, several planes can be summed when using a

classic single-photon confocal microscope, which makes it possible to visualise the

superficial layers of the cortex. The quality of static images is higher than that of

dynamic images for several reasons: the pinhole diaphragm; image sampling is much

slower (2 seconds per frame instead of 50 frames/second); and the same image can be

acquired several times and then summed.

Blood vessels can be labeled by an intravenous injection of rhodamine-dextran

and visualised at 568 nm (Figure 13.7a,b), while cells from transgenic mice

overexpressing the green fluorescent protein (GFP) fluoresce at 488 nm, as shown

below. The properties of the confocal microscope enable brain tissue and micro-

vessels to be explored to a depth of 200 mm below the brain surface, while the

presence of the cranial window ensures that they can be explored repeatedly over

the long term.

Figure 13.7 Top: an anesthetised mouse maintained in the contention system and placed under a

confocal microscope. Bottom: (a) a vascular network filled with Rhodamine-dextran and visualised by

confocal microscopy across the cranial window; (b) a capillary network at high magnification. For a

color version of this figure, please see the images supplied on the accompanying CD
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Repeated in vivo imaging of pial and cortical microvessels in an ischemic area of

the mouse brain using laser-scanning confocal microscopy may also be useful for

directly exploring possible vascular remodeling or angiogenesis.

The permeability of the blood–brain barrier (BBB) to various sizes of fluorescent

molecules can also be evaluated quantitatively over time, as described in rats by

Mayhan and Heistad.9

Applications

Stroke model

Focal ischemia can be induced one week after window implantation under the same

experimental conditions.1 The mouse is anesthetised with isoflurane and its head is

secured in the stereotaxic frame. The frame is inclined so that the window is

horizontal. The whole superficial vascular network under the window can be seen

under the operating microscope (Figure 13.8a). Usually, two distal branches of the

left MCA are visible in the upper left part of the window. Topical cauterization of

these branches for 2 s through the cranial window produces immediate arterial

thrombosis followed by ischemia in the underlying cortical tissue, as indicated by

the whitening of the area (Figure 13.8b). The decrease in tissue blood flow after the

arterial occlusion can be checked by laser-Doppler flowmetry. A decrease in tissue

blood flow of about 80 per cent close to the occluded arteries, and of about 50 per cent

in the periphery is a sure indication of stroke induction. These reductions in tissue

blood flow correspond to the core of the infarction and its penumbra. This procedure

for producing stroke causes a 2 �C increase in tissue temperature for 20 s, which is far

from deleterious. Spontaneous reperfusion of the occluded arteries can occur in the

days following occlusion.

Figure 13.8 (a) Pial vessels under the window, with branches of the middle cerebral artery (MCA)

on the left; (b) same pial vessels just after the occlusion of the two upper MCA branches. For a color

version of this figure, please see the images supplied on the accompanying CD
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Tracking transplanted fluorescent stem cells

In vivo confocal microscopy can also be used to evaluate the therapeutic potential of

cell therapy in the brain. Cells harvested from transgenic mice overexpressing the

green fluorescent protein (GFP) (with or without culture) are suspended in PBS and

stereotaxically injected using a 10 ml Hamilton syringe and a custom-built cannula

(OD 120 mm, ID 40 mm) (Figure 13.9a,b). Intracerebral injection is done through a

small hole drilled in the cranial window (Figures 13.1 and 13.8). A total volume of

0.5 ml is slowly injected, and the needle is left in place for about 5 min to prevent any

reflux. The quantity of cells per microliter varies according to the cell size.

Fluorescent cells are immediately visualised in the injection hole by confocal

microscopy to be sure that the injection has been successful.

Fluorescent stem cells can be tracked for at least 1 month to determine whether

they survive, migrate, proliferate or change their morphology.10 Figure 13.10 shows

an example of GFP-expressing marrow stromal cells transplanted into the mouse

brain and monitored in vivo by confocal microscopy at various times after their

transplantation.

Thus, in vivo confocal fluorescence microscopy is a useful tool for monitoring the

microcirculation or tracking transplanted cells in the mouse brain through a closed

cranial window that can be used for an extended period. The recently developed two-

photon confocal microscope provides improved quality of dynamic imaging and

increases the depth inside the brain that can be studied, as shown in studies on

Figure 13.9 (a) The injection system; (b) the canula for intracerebral injections (OD 120 mm, ID

40 mm). For a color version of this figure, please see the images supplied on the accompanying CD
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capillary blood flow in the olfactory bulb glomeruli11 and on resting microglial cells12

for example. More generally, in vivo imaging opens the way to long-term pathophy-

siological and pharmacological studies of stroke in mice with certain genes knocked

out, as it provides direct visualization of events through the window.
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Introduction

Of the genetically tractable organisms used in studying development, the mouse is

anatomically and phylogenetically closest to the human. Of particular importance for

human congenital malformations are the unique mammalian features – in the

cardiovascular and respiratory systems – that have evolved as specific adaptations

for life on land. Like the human, the mouse has a four-chambered heart with a

septated outflow tract, and left-sided great arteries.1 Thus it is a good anatomical

model for common cardiac malformations, such as ventricular and atrial septal

defects, outflow tract malformations, and aortic arch malformations, which cannot be

identified in other organisms such as the fruitfly or zebrafish. While the cardiovas-

cular and respiratory systems of mammals and birds are superficially similar,

phylogenetic evidence indicates that they have undergone considerable evolutionary

divergence. For instance, birds have right-sided aortic arches, lack the major

mammalian respiratory muscle – the diaphragm, and have lungs with air capillaries

rather than alveoli.2 At a more fundamental level, birds have mechanistically distinct

pathways that establish laterality – necessary for the establishment of left–right
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asymmetry in cardiovascular development.3 Theoretical considerations notwithstand-

ing, empirical observations indicate the power of mouse models. Thus, several mouse

mutations, e.g. in Cbp,4,5 Tfap2,6,7 Tbx5,8–10 Tbx111–13 and Zic3,14,15 generated using

transgenic technology recapitulate the cardiac malformations observed in patients

with mutations in these genes. Most importantly, the identification of certain human

coronary heart disease (CHD) genes (e.g. NKX2.5,16 GATA4,17 CRYPTIC,18

LEFTY2,19 and ACVR2B20) has resulted directly from an understanding of their

function in mice. These observations indicate that the mouse is the model organism of

choice to help us understand the genetic basis of human cardiopulmonary and other

developmental malformations.

Identifying mouse cardiac malformations

A genetic change or environmental insult that results in early gestational death is

unlikely to be an important factor in causing developmental malformations in

children. Understanding the mechanisms underlying common developmental mal-

formations using mouse models therefore requires identifying embryos with mal-

formations in late gestation. Many cardiac malformations (e.g. atrial septal defect,

ventricular septal defect, outflow tract defects) can only be confidently identified after

14.5 days post coitum (dpc), when cardiac and outflow tract septation are completed

in normal embryos.21 The mouse embryo, unlike that of the zebrafish, is unfortu-

nately opaque at these late gestational stages. The identification of malformations in

late gestation embryos typically relies on histological sectioning, which is labor

intensive, results in the irretrievable loss of 3D information – which is essential for

the interpretation of complex cardiovascular malformations – and is not amenable to

high-throughput approaches. Approaches for embryonal analysis that capture 3D

information include techniques such as episcopic fluorescence image capture

(EFIC),22 and optical projection tomography.23 EFIC involves wax embedding and

sectioning of embryos at 2 mm intervals, and photographing the wax block face using

autofluorescence. Although the resolution obtained here is very high, a 12 mm

embryo would require �6000 sections, making this approach unsuitable for high-

throughput studies. Optical projection tomography has been used to image mouse

embryos up to 13.5 dpc,23 but its use for later stage embryos that are more opaque has

not yet been demonstrated.

Magnetic resonance imaging

Unlike histology and optical techniques, magnetic resonance imaging (MRI) is non-

destructive, and is not limited by the optical properties of the tissue. The application

of MRI for embryo imaging essentially derives from the pioneering work of Bradley

Smith and colleagues at Duke University.24–28 High contrast and resolution of cardiac

structures with spin-echo MRI is obtained by cannulating the umbilical vessels, and
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perfusing the embryo with a paramagnetic contrast agent.26 This is, however,

technically difficult, and requires significant operator skill and time per embryo.

More recently, spin-echo MRI techniques29 have been used on parformaldehyde fixed

embryos (without cannulating the umbilical vein) to identify a number of embryonic

structures including the heart, lungs, brain, spinal cord and vertebral bodies. These

studies typically take up to 36 h for single embryos, rendering them impractical for

high-throughput phenotyping.

We have developed a high-resolution 3D MRI approach that provided sufficient

anatomic detail to visualise normal and abnormal cardiovascular anatomy (the

major interest of our laboratories). The emphasis was on achieving high throughput,

without relying on a difficult embryo preparation technique. In contrast to previous

studies we used a fast gradient echo magnetic resonance imaging approach on

paraformaldehyde fixed single mouse embryos with an experimental resolution of up

to 21� 21� 20 m/voxel in unattended overnight runs, that allows us to visualise

normal organs, and cardiac and visceral malformations in mutant mouse embryos

with high accuracy.30–33

Embryo MRI technique and analysis

Embryos

Embryos are dissected out at 15.5 dpc and fixed in 4 per cent paraformaldehyde made up

in phosphate buffered saline (pH 7.4) containing 2 mM gadolinium- diethylenetriamine

penta-acetic acid (Gd-DTPA) (Magnevist, Schering) for 1–2 days or longer. We have

imaged younger and older embryos as well but we chose the 15.5 dpc time point for

analysis as this represents the earliest at which the anatomical development of most

organs (especially the heart) resembles that of the adult. This time point also maximises

the recovery of live mutant embryos, before they die and are resorbed. Embryos are

embedded in 1 per cent agarose spiked with 2 mM of paramagnetic Gd-DTPA in nuclear

magnetic resonance (NMR) tubes (Figure 14.1a, b) either singly, with the anteroposter-

ior axis in the long axis of the tube (preparation time �10 min), or in layers of four

embryos each (eight layers in total, preparation time �120 min). The left front limb of

each embryo is removed to aid identification of the left side during image analysis. Each

embryo in a given layer is uniquely identified by also removing either the left or right

hind limbs or the tail. The agarose immobilises the embryos in the tube and is prepared

by microwaving 1g agarose in 100 ml distilled water. The volume of the dissolved

agarose is remeasured and topped up to 100 ml if required. 400ml Gd-DTPA is added to

the agarose solution while it is being stirred using a magnet on a hotplate. The stirring

removes air bubbles trapped in the agarose, which must be avoided as they cause local

loss of signal and resolution. We use NMR tubes for single embryo MR (SE MRI) with

inner diameters of 13 mm, and for multi embryo MR (ME MRI) with inner diameters of

28 mm, respectively. A custom-made Teflon disk screwed onto a nylon rod in the centre

of the tube facilitates the removal of the embryos after MRI.
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MRI

A glossary of terms used in MRI is presented in Table 14.1. We image embryos using a

purpose-built quadrature driven birdcage coil (id: 13 mm and 28 mm; Rapid Biomedical

Würzburg, Germany – Figure 14.1c) on a vertical ultra-high field magnet (11.7 T,

Magnex Scientific, Oxford, UK), equipped with a shielded gradient system (maximal

gradient strength of 548 mT/m, risetime 160ms (Magnex Scientific). Gradient-induced

heating is minimised by using compressed air (flow: 2000 l/h) at room temperature.

Tuning and matching the probe, global shimming and flip-angle calibration are

performed manually prior to each experiment. For high-resolution embryonic imaging,

Figure 14.1 Magnetic resonance imaging set-up. (a), A single mouse embryo (15.5 dpc), in a

13 mm NMR tube. The embryo is immobilised in agarose. (b), Stack of 32 embryos embedded in a 28

mm NMR tube. (c), Radiofrequency (RF) coils used in embryonic imaging for transmitting the B1
field into the sample and detecting the resulting signal. (left: 13 mm, right: 28 mm birdcage

probe). (d), The 3D dataset (written as a stack of 2D TIFF files) can be analysed in any user-defined

orientation using the software program Amira. Here it is sectioned in transverse (T), coronal (C),

and sagittal planes. For a color version of this figure, please see the images supplied on the

accompanying CD
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Table 14.1 A glossary of magnetic resonance terminology

MRI Magnetic resonance imaging

B0-field Static magnetic field that is generated by a superconducting

magnet. Clinical MR scanners have a magnetic field

strength of typically 1.5 –3 T, experimental MR system

up to 11.7 T and more (for comparison: natural magnetic

field of earth: 25–65 mT).

Magnetic field gradients Pulsed magnetic field gradients are used to obtain spatial

information from the sample. The gradient fields are

generated by separate coils, which are switched rapidly

during the experiment. Spatial information can be

obtained by (a) slice-selection, (b) frequency encoding

and (c) phase encoding. Slice selection and frequency

encoding is achieved in one scan, which has to be

repeated N-times with varying strength of the phase

encoding gradient to obtain spatial information in the 2nd

dimension (N: number of points in 2nd dimension).

RF coil RF-coils are used for transmitting the B1-field into the

region of interest and detecting the NMR signal. Typical

designs are solenoid-shaped coils or birdcage coils. Some

coils such as birdcage coils can be designed that they

detect both components of the transverse magnetization

simultaneously, referred to as ‘quadrature driven’ coils.

This results in a signal-to-noise improvement of up to a

factor of
ffiffiffi

2
p

.

Flip angle Angle which magnetisation is tilted out of the equilibrium

after the application of a RF-pulse.

T1-Relaxation time Longitudinal or spin-lattice relaxation time – time constant,

which describes the return of the z-component of the

magnetisation to its equilibrium value M0. This process

involves energy exchange between the spin system and

their nuclear frame-work. Different tissue types can have

different longitudinal relaxation times, which facilitates

tissue identification.

T2-Relaxation time Transverse or spin–spin relaxation time – time constant that

describes the decay of the transverse magnetisation

(excluding magnetic field inhomogeneities). This process

involves interaction between neighboring spins. Different

tissue types can have different spin–spin relaxation

times, which also facilitates tissue identification.

Spin echo sequence (SE) Pulse sequence consisting of two RF-pulses: A 90 �

excitation pulse is followed by a 180 � refocusing pulse

after a period of �1. A spin echo can be observed after

second period �2, if �1 ¼ �2. The time TE ¼ �1 þ �2

defines the echo time of the sequence, the repetition

time of the sequence is the period between two 90 �

excitation pulses. T2-contrast in the MR images can be

obtained by longer TEs, and T1-contrast by shorter

repetition times.

(continued on next page)

EMBRYO MRI TECHNIQUE AND ANALYSIS 163



we use a 3D spoiled gradient echo sequence with an echo time of TE¼ 10 ms. A 90 �

excitation pulse (rectangular pulse shape, 90 � ¼ 100ms), with a short repetition time

(30 ms) resulting in strong T1 contrast. We apply 608� 608 phase encoding steps with

either 1024 (SE MRI) or 1408 (ME MRI) points in frequency encoding direction (i.e.

long axis of the NMR tube) at a field of view of 13� 13� 20 mm (SE MRI) or

26� 26� 50 mm (ME MRI), yielding an experimental resolution of 21� 21� 20mm or

43� 43� 36mm, respectively. The total imaging time is approximately 12 h, with each

phase encoding step being averaged four times. The total ‘hands-on’ operator time

involved is under 1 h.

Reconstruction

Data reconstruction requires sufficient computational power, computer memory

(RAM preferably >2Gb), hard disk space and dedicated graphic cards. Reconstruc-

tion of the raw MRI data sets (with a size of up to 4 Gb) was performed using a

purpose-written C-software on RedHat Linux. Specifically, we apply zero-filling (SE

MRI: factor of 2 in each dimension; ME MRI: interpolation to 1024� 1024� 2048

points) and a modified third order Butterworth filter34 function before Fourier

transformation. This results in 2048 transverse axial 16-bit resolution per pixel 2D

TIFF format images. Zero-filling yields a final voxel size of 12.7� 12.7� 9.8mm (SE

MRI) and 25.4� 25.4� 24.4mm (ME MRI). Typical images obtained from an ME

MRI scan are shown in Figure 14.2.

Gradient echo sequence (GE) A RF-pulse followed by a gradient pulse to dephase the

spins before rephasing them by applying an equal but

opposite gradient. The gradient echo appears when the

areas under the positive and the negative gradients are

equal. The echo-time of a gradient echo sequence is

defined as the period between the centre of the RF-pulse

and the appearance of the gradient echo. The repetition

time of the sequence is the period between two

successive RF-pulses. Gradient echo sequences are

inherently faster than spin echo sequences and provide

different contrast compared to SE images. Strong T1-

contrast in the MR images can be obtained by high flip

angles (i.e. 90 �) and short TR’s.

Field-of-view (FOV) Size of MR image. The image consists of discrete voxels.

The experimental resolution is given as the FOV divided

by the number points in this dimension.

Zero-filling Interpolation technique to visualise image information that

is already present in the original data. This process

requires the application of filters (Butterworth filter) to

avoid artifacts caused by the interpolation.

Table 14.1 (continued)
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Analysis

The datasets are analysed using a Dell Precision workstation with a Xeon processor (2.4

GHz), 3 GB RAM, and a Wildcat 3 graphics card, running Amira 3.0 (TGS Europe,

Merignac Cedex France) on Microsoft Windows XP or on RedHat Linux. A limitation of

Windows is that entire datasets (which are �4 GB each) cannot be loaded at once, and so

we typically use a dual-boot PC that runs both Windows and Linux. Datasets are

typically analysed using the Orthoslice and Obliqueslice functions, which allow virtual

resectioning of the dataset in any orientation (Figure 14.1d). This typically takes about

30 min per embryo to exclude major internal malformations. 3D reconstructions are

made in a semi-automated fashion using the ‘Image Segmentation Editor’ in Amira

followed by the ‘SurfaceGen’ module. We have found the ‘magic-wand’, ‘paintbrush’,

and ‘interpolation’ tools particularly useful for segmenting our datasets. 3D reconstruc-

tions of the heart and great vessels typically take between 1 and 2 h for an experienced

user. Tissue or organ volumes can be accurately measured after segmentation using the

‘Measure Tissue Statistics’ tool in Amira – this is a powerful method for identifying and

quantifying organ hypoplasia, which can then be corrected for embryo size.

Figure 14.2 Multi-embryo MRI. (a) Section through the long axis of the NMR tube showing embryos

in eight layers. (b) Sagittal section through layer 8 showing the four embryos in this layer. (c-e)

Transverse, sagittal, and coronal sections through individual embryos in layers 5, 1 and 4

respectively. The voxel size is 25.4 � 25.4 � 24.4 mm. Structures indicated are the spinal cord (sc),

the right and left lungs, atria and ventricles (rl, ll, ra, la, rv, lv), primary atrial and interventricular

septa (pas, ivs), mitral valve (mv), midbrain roof (mbr), midbrain (mb), mesencephalic vesicle (mes),

thalamus (tha), hypothalamus (hy), pons (po), cerebellum (c), medulla oblongata (mo), pituitary

(pit), tongue (t), thymus (th), left superior vena cava and main bronchus (lsvc, lmb), aorta (ao), liver

(li), stomach (s), left adrenal and kidney (lad, lk), pancreas (pa), intestines (i), umbilical hernia (uh),

aqueduct of Sylvius (aq), fourth ventricle (fv), inner ear (ie), larynx (lar), right ventricular outflow

tract (rvot), spleen (sp), and testes (te). Scale bars ¼ 500 mm; axes: d - dorsal; v - ventral; r - right; l -

left; a - anterior, p - posterior. From Schneider et al., 200433. Reproduced by permission of Biomed

central ltd
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Discussion

The most powerful use of MRI in our hands has been the analysis of cardiac

malformations.32 We have shown that it is possible to visualise normal cardiac

structures such as the atria and ventricles, the atrial and ventricular septa, valves, and

great arteries and veins (Figure 14.3). We can also accurately identify atrial and

ventricular septal defects, atrial isomerism, outflow tract defects (e.g. double outlet right

ventricle), malformations of the great arteries (e.g. aberrant aortic arches and aortic

vascular rings) (Figure 14.4). These studies were originally done in Cited2 and Pitx2c

knockout embryos,35,36 to validate the MRI technique. Subsequently we have used SE

MRI to identify unexpected cardiac malformations in cyclinE-deficient embryos,37

left–right patterning defects of the heart in Cited2-deficient embryos.38 We have used

our ME MRI technique to identify cardiac malformations in Ptdsr knockout embryos.33

As both normal and malformed hearts are complex 3D structures, the ability to use

segmentation analysis to reconstruct the heart in 3D vastly enhances our ability to

understand fetal heart topography, and to accurately quantify malformations.

Applications

We see the applications of embryo MRI in three major areas: investigating genetically

modified mice, in high throughput mutagenesis screens, and in investigating terato-

gens and environmental effects on development.

Investigating genetically modified mice

Many mouse gene knockouts display late gestational lethality, but incomplete

analysis and loss of 3D information consequent to histological sectioning, results

in major developmental malformations being frequently missed. For instance, cardiac

defects in Tfap2a�/�, Isl1�/�, and splotch homozygous mice were unrecognised until

very recently,7,39,40 and adrenal agenesis, a highly penetrant phenotype in Cited2�/�

mice,31,35 was not recognised in independent descriptions of these mice.22,41,42 It is

also becoming increasingly important to examine the same mutation in different

genetic backgrounds as genetic modifiers play a major role in determining the final

phenotype. Moreover, it is particularly important to characterise heterozygotes, as

many human defects are a result of haploinsufficiency. Typically the penetrance in

heterozygotes is low, requiring the analysis of large numbers of embryos. These large

studies are possible with MRI.

High-throughput genetic screens

A typical ENU recessive screen (e.g. 100 first generation mutants per year) would

require the analysis of �2400 embryos per year.43 This is possible with multi-embryo
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Figure 14.3 Normal cardiac anatomy. All images are from a wild-type embryo at 15.5 dpc. The

section planes indicated (i), which shows a sagittal section. (a), The right and left ventricles (rv

and lv), are separated by the interventricular septum (ivs). The left atrium (la) opens into the left

ventricle via the mitral valve (mv), and is separated from the right atrium (ra) by the primary atrial

septum (pas). The right superior vena cava (r-svc) opens into the right atrium and the venous valve

(v) is clearly seen. The left superior vena cava (l-svc) is also seen, as is the descending aorta (d-ao),

esophagus (es), and the posterior edge of the secondary atrial septum (sas). (b), Coronal section

through the primary and secondary atrial septa (pas and sas2). The ostium secundum (os) at the

upper edge of the primary atrial septum is seen, and the image was chosen to show its maximum

size. The primary atrial septum overlaps the second to form the valve of the oval foramen. The

ascending aorta (a-ao), pulmonary artery (pa), and the thymus (thym) are also seen. (c), The origin

of the ascending aorta (a-ao) and part of the aortic valve (aov) are seen. (d), The pulmonary artery

and valve (pa, pv), the origin of the right pulmonary artery (rpa) are seen. The right ventricle (rv)

appears dark as it contains blood. (e) The pulmonary artery (containing blood) continues on as the

ductus arteriosus (da) which joins the descending aorta. (f), The aortic arch (ao-a) connecting the

ascending aorta (a-ao) to the descending aorta (d-ao) is seen. (g, h), The branches of the aorta

(right subclavian artery (r-sca), and right and left common carotid arteries (rcca, lcca) are seen.

Note also the dorsal root ganglion (drg). Scale bars ¼ 1 mm; axes: d- dorsal; v – ventral; r – right;

l– left; a – anterior, p – posterior
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Figure 14.4 Cardiac malformations identified by MRI (a), Atrial septal defect primum. Transverse

section showing left and right atria and ventricles (la, ra, lv, rv). An ostium primum type of atrial

septal defect (ASD-P) is present at the ventral margin of the primary atrial septum (pas). (b) Right

atrial isomerism. Transverse section showing a large atrial septal defect resulting in common atrium

(A), with bilateral systemic venous sinuses (l-svs, r-svs) into which drain the left and right superior

vena cava. (c), Ventricular septal defect. Section showing a ventricular septal defect (VSD) in the

interventricular septum (ivs) in a Cited2 null embryo35. (d, e) Right aortic arch. Transverse section

and 3D reconstruction (right ventral oblique view) respectively, showing a right-sided aortic arch (ao-

a) passing to the right of the trachea (tr) and the esophagus (es) before continuing as the descending

aorta (d-ao). The ascending aorta (a-ao) arises from the right ventricle (rv) as does the pulmonary

artery (pa), i.e. double outlet right ventricle. (f, g) Aortic vascular ring. Transverse section and 3D

reconstruction (anterior view) respectively, showing bilateral aortic arches (ao-a) forming a vascular

ring around the trachea (tr) and the esophagus (es). Also indicated is the thymus (th). (h, i), 3D

reconstructions of a wild type embryo showing right ventral oblique and ventral views respectively.

Note the aortic arch and pulmonary artery on the left of the trachea. Scale bars ¼ 500 mm; axes:

d – dorsal; v – ventral; r – right; l – left. For a color version of this figure, please see the images

supplied on the accompanying CD
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MRI, where we image up to 32 embryos simultaneously – a potential throughput of

over 10 000 embryos a year. This allows us to identify cardiac and other malforma-

tions with high sensitivity and specificity. Multi-embryo MRI is therefore highly

suited to high-throughput ENU mutagenesis screens. Such screens performed at late

gestation would be expected to identify genes that affect later aspects of development,

and hypomorphic or haploinsufficient alleles of genes that affect earlier steps of

development.

Investigating teratogens and environmental effects on development

Environmental factors increasing the risk of congenital heart disease include maternal

rubella and diabetes, drugs such as phenytoin, thalidomide, trimethadione, retinoic

acid, ethanol, ecstasy, and cocaine, and environmental toxins such as trichloroethy-

lene metabolites.44–47 The extent to which genetic and environmental factors interact

to affect the risk of congenital heart disease is unclear, but has important public health

implications. MRI could potentially be useful in these investigations, which would

typically require a large throughput.

Pros and cons of ex vivo MRI

A major disadvantage of MRI is the relatively high equipment cost – >£1 million for

a 11.7 T magnet. Nevertheless, equivalent MR equipment is available in many

academic centres in the UK and in the US. Importantly, embryonal anatomical

imaging at night maximises the use of an expensive MR facility. Another disadvan-

tage of ex vivo MRI is that it gives us no clue to embryo physiology, and does not

allow one to follow the same embryo through development. Thus ex vivo MRI needs

to be complemented with techniques such as in vivo high-frequency ultrasound.48,49

This would be particularly important for identifying mutations that affect cardiac

physiology (e.g. blood flow, heart rate) rather than structure. A major advantage of ex

vivo MRI however is the ability to easily transfer paraformaldehyde fixed embryos

from referring laboratories by courier. This minimises the expense of animal

relocation, rederivation, and breeding required to generate the embryos, and sig-

nificantly reduces animal experimentation. Finally, the experimental resolution of ex

vivo MRI using our current approach is �25m. While this is sufficient for identifying

most cardiac and other organ malformations, it does not allow the identification of

smaller structures such as the coronary arteries or the cytoarchitecture of different

organs. Here it is likely that MRI can be usefully complemented with techniques such

as EFIC, and in younger embryos, by OPT.
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Allograft arteriopathy: heterotopic
heart transplantation and aortic
interposition grafts

Koichi Shimizu and Richard N. Mitchell

Harvard Medical School, Brigham and Women’s Hospital, Boston, MA, USA

Introduction

In the current era of immunosuppression, graft failure due to acute rejection occurs

relatively infrequently, and one-year graft survival for most solid organs exceeds

90%. However, long-term allograft survival has not markedly improved in the last

10 to 20 years, with graft half-lives (the timepoint at which 50 per cent of grafts

fail) still largely fixed at 7–9 years for kidney transplantation,1 and with comparable

half-life statistics for other solid organs. The major failure mode for solid organs is

allograft arteriopathy (AA); with continual improvements in reducing opportunistic

infections and neoplasia related to immunosuppression, AA has become the most

important limitation to successful long-term transplantation.

In AA, allograft arteries develop severe, diffuse intimal hyperplastic lesions

leading eventually to lumenal stenoses and to ischemic graft failure. These intimal

lesions are called a variety of different things in the literature: chronic rejection,

transplant associated arteriosclerosis, transplant vasculopathy, graft vascular sclero-

sis, graft arterial disease, or allograft arteriopathy. They result from an initial

alloimmune response directed against vascular wall cells, although the subsequent

pathogenic pathways remain incompletely described.2,3 Of note, although it occurs in

all vascularised grafts, AA is most prominent in cardiac transplants;4–6 clinically,

patients develop congestive heart failure due to progressive loss of functioning

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
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myocardium, or may have a sudden cardiac death due to a lethal arrhythmia or large

infarct.7 AA differs from conventional atherosclerosis in that it forms concentric,

lipid-poor, and longitudinally diffuse lesions, usually extending from epicardial

vessels into intramyocardial arterioles (Figure 15.1). It is also worth emphasizing

that AA is quite likely a stereotypical response to vascular injury; in the case of AA,

the inciting vascular injury is immunologic rejection. Thus, despite some differences

in appearance, AA almost certainly shares a number of fundamental pathogenic

similarities with intimal lesions formed in the setting of the inflammation that

contributes to atherosclerosis and restenosis injury.

Since AA typically affects such an extensive length of the coronary anatomy,

affected hearts are not usually amenable to conventional bypass surgery or angio-

plasty. The only therapeutic recourse for most patients is re-transplant. Distressingly,

AA lesions occur even in the setting of immunosuppression regimens adequate to

block most acute parenchymal rejection, and do not strictly correlate with episodes

or severity of allograft rejection.8 To date, there has been only partial success in

attenuating AA by pharmacologic means; HMG-CoA reductase inhibitors,9,10 anti-

oxidant therapies,11 and alternate immunosuppressive regimens – especially those

involving rapamycin (Sirolimus)12,13 – are promising but imperfect.

Clearly, a better understanding of the pathogenic mechanisms underlying AA

is necessary. Unresolved issues concern the roles of antibodies versus cells in

the pathogenesis, the contribution of alloantigen non-specific mediators such as

allograft arteriopathyallograft arteriopathy

(AA)(AA)atherosclerosisatherosclerosis

focal

epicardial vessels

eccentric lesions

complex plaque

diffuse

entire vascular bed

concentric lesions

SMLC intimal hyperplasia

macrophages

T lymphocytes

smooth muscle like cells

lipid

smooth muscle cells

Figure 15.1 Schematic comparing typical atherosclerosis and allograft arteriopathy (modified

from Shah and Mitchell, 200558). Note that the cells that comprise the intimal hyperplastic lesions

in allograft arteriopathy (AA) are identified as smooth muscle-like cells. This highlights the fact

that although they express many established smooth muscle cell markers, they have a different

synthetic, proliferative, and contractile phenotype than typical medial smooth muscle cells.49 AA

lesions have variable amounts of extracellular matrix and cells, although lipid deposition is not

typical unless there is pre-existing atherosclerosis in the coronaries of a transplanted heart; the

cellularity is composed of smooth muscle cells, fibroblasts, macrophages, and T lymphocytes (used

with permission from Elsevier)
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macrophages and/or cytokine networks, the effects of ischemia and thrombosis,

and the pathways by which the intimal smooth muscle cells are recruited. AA is also

a process that cannot be readily modeled ex vivo. Multiple cell types participate in

the initial immune response or subsequent AA development (vascular wall cells,

innate and adaptive immune cells, smooth muscle cell precursors); indeed it is

becoming apparent that the smooth muscle cells that populate the intimal lesions do

not derive from the original donor media but instead are recruited from circulating

precursors (see below).14,15 Moreover, the interactions of multiple mediators both

circulating (complement, antibodies) and locally produced (cytokines, and chemo-

kines) argue for the use of in vivo models to accurately recapitulate the disease

process.

Murine models for AA

Two major and complementary murine models for AA have been developed, each

with certain advantages and drawbacks. These are abdominal heterotopic cardiac

transplantation16,17 and aortic interposition grafts.14,18 One of the most important

distinctions between the two models is that aortic interposition transplantation does

not require any immunosuppression for long-term maintenance of allografts; conse-

quently, there is severe medial smooth muscle cell rejection and apoptosis that is not

usually seen in cardiac allografts (see below).14,18–20 Although the increased

immune-mediated injury in the aortic allografts conceivably influences the intimal

cell populations, cardiac and aortic transplant models yield similar results, and may

be used to focus on different aspects of AA without substantive concern for discrepant

outcomes.

Although technically challenging and requiring the development of surgical

expertise, mouse transplant models have a number of theoretical and practical

benefits both for understanding the mechanisms of AA, as well as for developing

therapeutic interventions. The histology and composition of the vascular lesions in

both models accurately recapitulate those seen in humans (Figure 15.2).14,17,19

Moreover, the murine models reproducibly develop AA lesions within 8–12 weeks

of transplantation (as against months to years in humans), making them practical and

affordable to use in the laboratory setting. Since the transplanted tissues can be

removed at any intermediary timepoint after surgery, potentially relevant mediators

can be assessed at each step along the way, rather than having to infer from an end-

point what may have driven the process.

In addition, one of the major benefits of mouse models (as against relying on

human transplant databases) is the availability of large numbers of inbred mouse

strains with defined major histocompatibility complex (MHC) and non-MHC differ-

ences. We have focused on a rather restricted number of mouse strains (Table 15.1),

in part due to the well-defined MHC I, MHC II, total MHC, and non-MHC

mismatches in this collection of animals. In addition, the majority of congenitally

deficient (‘knockout’) and transgenic mice (see below) are initially derived in the 129

strain, with subsequent back-breeding onto the C57BL/6 background; by having
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extensive experience with 129 and C57BL/6 donors and recipients, we can take

immediate advantage of newly generated mouse knockouts.

The broad availability of several congenic and transgenic strains that express

distinct markers (e.g., Thy-1 isoforms, green fluorescent protein, or �-galactosidase)

also permits unambiguous identification of host vs donor cell origin; this is

particularly helpful with experiments involving the adoptive transfer of bone marrow

or other cell populations. Besides the different mouse strains, there are well-

characterised and commercially available murine reagents including purified cyto-

kines and monoclonal antibodies directed against virtually every relevant mediator;

the latter may be used both for blocking experiments as well as ex vivo analysis.

Although drugs may have different effects in mice versus humans (see below), the

animal models nevertheless permit a reasonably inexpensive and rapid assessment of

therapeutic efficacy. Finally, and perhaps most appealingly, the murine research

community has generated an extraordinary menagerie of congenitally deficient

(‘knockout’) or transgenic mice expressing unique repertoires of cytokines, chemo-

kines, receptor molecules, and even entire cell populations. Thus, animals lacking

interferon-�19,21 or the interferon-� receptor22 have been used to evaluate the role of

this cytokine in both acute rejection and AA. Allografts have also been transplanted

into immunodeficient mice lacking T and B lymphocytes (e.g., severe combined

cardiac heterotopic transplant

heart donor host

• donor heart is well-vascularised and beats but is not 

hemodynamically-loaded

• long-term allograft function requires immunosuppression or 

specific strain combinations

• immune cells access the graft through normal vascular pathways

• there is ongoing parenchymal rejection and injury

• there is persistence of donor arterial wall EC and SMC

allograft

(12 weeks)
allograft

(2 weeks)

Figure 15.2 Heterotopic cardiac transplant (modified from Shah and Mitchell, 200558). To permit

the long-term engraftment necessary for the grafts to develop AA (8–12 weeks), immunosuppres-

sion or specific strain combinations must be used; otherwise the grafts fail earlier due to severe

acute parenchymal rejection. In these combinations, there is ongoing rejection and low-grade

injury, but donor endothelial and smooth muscle cells persist.31 Due to the primary vascularisation,

immune cells enter the graft via normal post-capillary venule pathways. Histology (elastic van

Gieson) shows a representative example of a coronary artery in this preparation at two weeks (left

panel) and at twelve weeks (right panel); the intimal hyperplasia nearly completely occludes the

lumen (courtesy of Dr. Jun-ichi Suzuki) (used with permission from Elsevier). For a color version of

this figure, please see the images supplied on the accompanying CD
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immunodeficient (SCID) or recombinase-deficient mice). In these animals, grafts

survive indefinitely without developing pathology. However, the host animals may

then be manipulated by the adoptive transfer of defined cytokine,23 antibody,24,25 or

purified cell preparations26 to test their capacity for inducing AA.

Murine heterotopic cardiac transplantation

Murine heterotopic cardiac transplantation is a technique developed in the early

1970s;16 since then it has been widely used by multiple groups to examine diverse

aspects of AA. Not only do the vascular AA lesions recapitulate the human disease

(Figure 15.2), the histology and composition of the myocardial parenchymal rejection

is also similar to that seen in clinical transplantation.17,19

Technical aspects

The procedure was originally described by Corry et al.,16 and is schematically drawn

in Figure 15.3. It is also demonstrated on the video clip accompanying this chapter.

Table 15.I Mouse strain combinations and immunosuppression regimens

Graft survival without Immunosuppression required

Mismatch immunosuppression for long-term graft survival

Isograft (no mismatch) >12 weeks None

e.g. C57BL/6 (H2b)!C57BL/6 (H2b)

MHC I mismatch >12 weeks None

e.g. bm1 (H2bm1)!C57BL/6 (H2b)

MHC II mismatch 8–12 weeks None or anti-CD4/anti-CD8

e.g. bm12 (H2bm12)!C57BL/6 (H2b) pre-transplant only, or

15 mg/kg QD ciclosporin A,

or 1 mg/kg QOD

rapamycin

Non-MHC mismatch 8–12 weeks None or Anti-CD4/anti-CD8

e.g. 129 (H2b)!C57BL/6 (H2b) pre-transplant only, or

15 mg/kg QD ciclosporin

A, or 1 mg/kg QOD

rapamycin

Total mismatch 7–10 days Anti-CD4/anti-CD8

(non-MHC, MHC I, MHC II) pre- and/or

e.g. BALB/c (H2d)!C57BL/6 (H2b) post-transplant, or

1 mg/kg QOD rapamycin

Other strain combinations have been used, particularly across complete MHC mismatches. Long-term
immunosuppression in total allomismatches has been achieved using various regimens of CD4 and CD8
monoclonal antibodies, anti-adhesion molecule antibodies, or by anti-CD40 ligand antibodies. We have focused
on the combinations outlined above in part due to the defined MHC I, MHC II, or non-MHC mismatches. In
addition, the majority of knockout mice are initially generated in 129 embryonic stem cell lines and thus in 129
mice (H2b), with most being backbred onto the C57BL/6 (H2b) background. Consequently, transplant
combinations with C57BL/6 mice are most amenable to rapid translation into engineered strains.
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Donor and recipient mice are usually 8–12-week-old male mice (25–30 g); younger

mice are too difficult to perform surgery on due to their smaller size and tissue

fragility, while older animals tend to accrue too much adipose tissue, making

dissection difficult. Male mice are routinely used as both recipients and donors to

avoid potential confounding H-Y antigen mismatches. We find that certain mouse

strains (e.g. C57BL/6) tolerate the procedure extremely well as graft recipients, while

others (e.g. BALB/c) are not as robust. Nevertheless, with practice, we have been able

to use a wide variety of strains.

Mice may be anesthetised by methoxyfluorane, or isofluorane inhalation. Methox-

yfluorane (Metofan; Pittman-Moore, Mundelein, IL, USA) is preferable due to its

slower and more easily regulated anesthesia; we have also found lesser strain

variation in dosing. Donor hearts are perfused with chilled, heparinised 0.9 per

cent saline or heparinised Stanford solution27 via the inferior vena cava, and are

harvested after ligation of the vena cavae and pulmonary veins with 5-0 silk. The

aorta and pulmonary artery of the donor heart are anastomosed to the infrarenal

inferior vena cava

infrarenal 

aorta

coronary arteries
coronary sinus

pulmonary artery

Figure 15.3 Heterotopic cardiac transplant. Schematic illustrating how donor hearts are

anastomosed aorta to host infra-renal aorta, and pulmonary artery to host inferior vena cava.16

The grafts are primarily vascularised and beat, but are not hemodynamically loaded; the host does

not rely on the transplant to survive. The donor heart pulmonary veins and superior and inferior

vena cava are ligated. Blood flows into the donor aorta and out the coronary arteries to perfuse the

heart. Cardiac venous blood returns via the coronary sinus to the right side of the heart and is then

ejected out the pulmonary artery into the host inferior vena cava. When the aortic valve becomes

incompetent, blood enters the left ventricle and eventually becomes an organised thrombus. For a

color version of this figure, please see the images supplied on the accompanying CD
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abdominal aorta and the inferior vena cava of the recipient mouse, respectively using

microsurgical techniques and 10-0 Ethilon (Ethicon, Somerville, NJ, USA). Typi-

cally, the aortic anastomosis is performed first using two separate running sutures

each of four to six throws. The pulmonic anastomosis is performed second with one

continuous suture and eight to ten throws. Surgical loupes do not provide adequate

magnification, and we find that a dissecting microscope with 2.5–4 � magnification is

required.

Ischemic time during the procedure is routinely 30 mins, with greater than 90 per

cent initial graft and recipient survival; grafts resume spontaneous beating prior to

closure. The accompanying video clip shows the gross appearance of the heterotopic

transplant in the abdomen. Grafts that do not resume spontaneous beating are deemed

surgical failures, and are not used for analysis.

Even untrained personnel can typically achieve viable grafts by the fifth to tenth

attempt, and develop routine success by the 25–30th transplant. Surgically adept

individuals can master the technique much sooner. New trainees are encouraged to

practice initially only with isografts; their surgical abilities are evaluated by

histologically assessing the extent of ischemic injury one week post-transplant.

When only mild ischemic injury (less than 10 per cent cross-sectional area) is routinely

obtained, more challenging strains and allograft combinations are undertaken.

Because the aortic valve is initially competent, there is no retrograde flow into the

left ventricular lumen; rather, blood flows into the coronary arteries at aortic

pressures, perfusing the myocardium. Venous blood flow returns to the right atrium

via the coronary sinus. Flow patterns (if not blood volumes) are thus normal through

the tricuspid and pulmonic valves, with blood exiting into the inferior vena cava

anastomosis. To date, no successful orthotopic (i.e. donor heart replacing the recipient

heart) murine cardiac transplantation has been reported. The fact that the grafts in this

model are heterotopic and are therefore not necessary for host survival also permits

the development of severe graft rejection that could not be sustained if the recipient

depended on graft function.

Allograft function is assessed by daily palpation of the heterotopic graft. Typically,

grafts beat less vigorously and at a slower rate as rejection proceeds, until all activity

ceases. Palpation for heartbeat requires practice, and observer skill influences

whether weak heartbeats are appreciated; loss of heartbeat is defined as the date of

rejection. It is particularly difficult to distinguish heartbeats from respirations;

transient gentle squeezing will suppress breathing for the period of time necessary

to palpate heartbeat. Although cardiac ultrasound can be used, animals must be

anesthetised to get accurate readings, and the technique requires equipment not

typically available to most laboratories. Since echocardiography roughly correlates

with manual palpation (M. Russell, personal communication), we use palpable

heartbeat as our only clinical criterion for graft function. Nevertheless, it must be

emphasised that graft function should always be correlated with graft histology (see

below). Survival data based exclusively on palpable beat is highly subjective, and is

not by itself a reliable end-point. Moreover, the histology frequently suggests the

pathways by which the graft failure occurred (e.g. parenchymal rejection versus

vasculitis with thrombosis).
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Allograft evaluation

Grafts can be explanted at the time of beat cessation, or, to evaluate any intermediary

pathology, at any other timepoint. It is critical that grafts without heartbeat be

expeditiously recovered; even a 24-h delay in removing failed allografts will result in

necrosis that makes the specimen useless for analysis. Parenchymal rejection begins

3–4 days after transplant in total mismatched combinations and will cause graft

failure by 7–10 days.20 (Table 15.1; well-developed AA lesions are present only after

8–12 weeks17,19).

We routinely evaluate grafts by a variety of modalities. Explanted allografts are

sectioned transversely into thirds; the most basal third, with larger diameter coronary

vessels, is fixed in phosphate-buffered 10 per cent formalin, embedded in paraffin,

and serial 5–6 mm sections are stained by routine histologic techniques. Hematoxylin

and eosin are used for grading rejection, and van Gieson elastic fiber stain is used to

identify the internal elastic lamina of arteries for assessing the extent of AA.

Parenchymal rejection is graded using a scale modified from the International

Society for Heart and Lung Transplantation: 0, no rejection; 1, focal mononuclear

cell infiltrates without necrosis; 2, focal mononuclear cell infiltrates with necrosis; 3,

multifocal infiltrates with necrosis; 4, widespread infiltrate with hemorrhage and/or

vasculitis.19,28 The AA score is calculated from the number and severity of involved

vessels: 0, vascular occlusion <10 per cent; 1, 10–25 per cent occlusion; 2, 25–50 per

cent occlusion; 3, 50–75 per cent occlusion; 4, <75 per cent occlusion. Typically, 10 or

more vessels are scored for each heart, and the degree of vascular occlusion for each is

averaged. Scores for each specimen uniformly fall within a range of one grade for two

to three blinded observers, and are averaged.19 As noted above, mature AA lesions are

typically present by 8-12 weeks post-transplant; at earlier time points (e.g. 2–4 weeks),

vessels primarily exhibit a dense perivascular mononuclear inflammatory cell infiltrate.

It is worth emphasising that these early lesions are not the intimal hyperplastic lesions

of AA containing smooth muscle cells and increased extracellular matrix. While

probably representing AA precursor lesions, they should not be scored as AA.19

An important caveat for the histologic evaluation is the recognition of injury

attributable to perioperative ischemia. Such damage is usually distinguishable from

rejection due to the presence of increased acute inflammatory cells as well as

interstitial edema; rejection (other than fulminant) is more associated with mono-

nuclear cell inflammatory infiltrates without significant interstitial edema (although

perivascular edema may be present. In cases where greater than 50 per cent of the

graft cross-section exhibits principally ischemic injury, interpretation of either acute

rejection or AA findings is problematic. In particular, ischemic injury alone can lead

to the development of AA-like lesions, even in isografts.29,30 In addition, in long-term

grafts, mesenteric adipose tissue, loops of bowel, and/or pancreas will frequently be

attached to the epicardial surface by post-surgical adhesions; we have found no

evidence that these influence parenchymal rejection or AA.

The middle third of each heart is frozen in OCT compound (Ames Co., Division of

Miles Laboratories, Elkhart, IN, USA) and stored at –80�C for immunohistochem-
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istry. Staining can be performed for a variety of markers, including adhesion

molecules (e.g. vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion

molecule-1 (ICAM-1)), costimulatory molecules (e.g. CD40, B7), inflammatory cell

subsets (e.g. CD4 or CD8 T cells, B cells, and macrophages), cytokines, and MHC

molecules.17,19,20,24,31

The most apical third is either collagenase digested to recover infiltrating

inflammatory cells for flow cytometric analysis,32 or solubilised in TRIzol (Gibco

BRL/Life Technologies, Grand Island, NY, USA) per the manufacturer’s recommen-

dations for extracting RNA for polymerase chain reaction or RNase protection assay

analysis of cytokine message production.32

Immunosuppression

Isografts typically function for long periods of time without immunosuppression.

Likewise, non-MHC-mismatched grafts (e.g. 129 grafts into C57BL/6 recipients),

MHC I-disparate grafts (e.g. bm1 into C57BL/6 hosts) and MHC II-mismatched

grafts (e.g. bm12 into C57BL/6 hosts) usually function for at least 8–12 weeks

without treatment. For most routine experiments we use the MHC class II mismatch,

as it does not require daily immunosuppression or other manipulations (see below). In

comparison, total allogeneic mismatched grafts (e.g. BALB/c hearts into C57BL/6

hosts, with MHC I, MHC II, and non-MHC antigen differences) cease functioning

within 7–10 days of transplantation20 (Table 15.1). Consequently, to yield long-term

functioning grafts across such total mismatched combinations (i.e. long enough to

develop AA lesions at 8–12 weeks), some form of immunosuppression is usually

required.

For such strain combinations, we have extended the antibody depletion protocol

originally developed by Russell et al.17 involving intraperitoneal administration

of anti-CD4 (derived from rat hybridoma GK1.5) and anti-CD8 (derived from

rat hybridoma 2.43). After a single injection of these monoclonal antibodies,

peripheral CD4þ and CD8þ T-cell depletion is 98 per cent at 1 week and

approximately 88 per cent at 2 weeks. After three injections (days 6, 3 and 1 pre-

transplant), peripheral blood T-cell depletion is >98 per cent at 2 weeks, and

approximately 87 per cent at 4 weeks [20]. The antibody approach also allows

selective depletion of CD4þ helper or CD8þ cytolytic T cells.

With the three-dose pretransplant immunosuppression protocol, total allomis-

matched grafts typically fail by 4–5 weeks, coincident with the recovery of peripheral

CD4þ and CD8þ T cells. Additional weekly antibody administration post-transplant

(in addition to the three doses pretransplant) yields long-term allograft survival, but

no parenchymal rejection or AA.20 Thus, to achieve a satisfactory model for AA in

total allomismatched combinations, grafts are transplanted without prior immuno-

suppression and are allowed to reject for four days. At that point, weekly anti-CD4

and anti-CD8 antibody administration is begun, completely abolishing any further T-

cell-mediated responses. In addition to reliably inducing AA in total allomismatched

strain combinations, this protocol also highlights the observation that a single episode
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of rejection is sufficient to recruit and activate secondary effectors that can eventually

result in AA.20

We have also developed alternate, more ‘human-like’ immunosuppression proto-

cols (Hasegawa et al., unpublished data) as models for evaluating the mechanisms of

AA. Ciclosporin A alone, even at 30 mg/kg per day, does not permit long-term

survival of total allomismatched hearts (grafts cease beating at 3–4 weeks).33,34

However, rapamycin alone (1 mg/kg every other day) yields long-term survival of

total allomismatched grafts, and allows AA formation. Interestingly, combination

therapy with ciclosporin A (15 mg/kg per day) and rapamycin (1 mg/kg every other

day) prevented both parenchymal rejection and AA in total allomismatched strain

combinations (Hasegawa et al., unpublished data).

Advantages of heterotopic cardiac transplantation relative to other
murine AA models

Although technically more demanding, the vascularised heterotopic model is prefer-

able to non-vascularised grafts implanted on the neck or ear pinna.35 In the neck or

ear pinna model, allografts are not primarily anastomosed to arteries and veins but

instead become secondarily vascularised as host vessels grow in after days to weeks;

at that time, the grafts typically resume normal beating. However, in the neck or ear

pinna model, allografts invariably exhibit extensive ischemic injury; this early

ischemia significantly confounds the analysis of events driven by antigen-specific

alloreactivity. Moreover, graft survival and/or subsequent immune responsiveness is

largely a function of neovascularisation and not necessarily representative of

processes that occur in human solid organ transplants.

The heterotopic cardiac transplant model also has an advantage over carotid or

aortic interposition vascular grafts36,37 in that the role of parenchymal rejection

pathways in AA development can be assessed (Figure 15.2). Indeed, we have

demonstrated that parenchymal rejection precedes AA; inflammatory cells initially

localize to the myocardium, presumably as effector cells egress into the allograft

using adhesion molecules and chemokines expressed in the post-capillary venules.

Inflammatory cells subsequently coalesce around arterial walls (again presumably

driven by specific adhesion molecule and chemokine stimuli) and attack vascular wall

cells from the ablumenal aspect.19 With interposition grafts, there is no intact post-

capillary circulation and inflammatory cells putatively attach and initiate injury

directly beginning at the lumenal aspect of the vessel wall or by migrating in from the

adventitial surface.

Disadvantages of the heterotopic transplant model

The allograft must function and have an intact vasculature for at least 8 weeks after

transplantation. Shorter duration survival renders the graft unusable for AA analysis,

although it may be appropriate for examining mechanisms related to acute parenchymal
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rejection. Another hypothetical drawback to the model is the absence of left

ventricular hemodynamic loading (Figures 15.2 and 15.3). While the effects of

myocardial pressure and volume loading on allograft rejection have not been formally

investigated, the reduction of left ventricular work could conceivably affect the

metabolic demands placed on the myocardium and result in less ischemic injury

despite advancing AA. An additional artifact of the heart allograft model is the

formation of a thrombus in the left ventricle occurring as the graft aortic root dilates

and the aortic valve becomes incompetent. This is an important consideration

primarily in graft analysis; inflammation associated with the organising thrombus

should not be interpreted as rejection.

Murine aortic interposition grafts

Aortic interposition grafting is a technique originally developed in rats,18 and only

recently adapted to the mouse;14 carotid interposition grafts have also been done in

the mouse,36,38 and human internal mammary artery grafts have been implanted in the

infrarenal aorta in SCID mice to examine pathways potentially unique to human

tissues.23 As with heart allograft AA, aortic AA lesions recapitulate human disease

(Figure 15.4).14

aortic interposition transplant

• aortic graft is functional conduit

• requires NO immunosuppression or specific strain 

combinations

• vaso vasorum is disrupted; immune cells access the graft 

through adventitial or lumenal routes

• one-time acute rejection without persistent ongoing injury

• donor aortic wall EC and SMC are destroyed

aorta donor host

allograft (8 weeks)

media

adventitia

isograft (8 weeks)

intima

adventitia

media

intima

Figure 15.4 Aortic interposition transplant (modified from Shah and Mitchell, 200558). There is

an early (1–2 weeks) acute rejection that leads to loss of donor endothelial and smooth muscle

cells, but host inflammatory cells do not persist in the grafts at the time of AA development (8–12

weeks).14 Immune cells access the graft either by infiltration from the adventitial side of the graft

or by adhesion to the lumenal face. Histology (H&E) demonstrates that long-term isografts (left

panel) are viable and do not develop AA lesions; allogeneic grafts (at eight weeks) show virtually

complete medial smooth muscle cell loss with intimal hyperplastic lesions composed primarily of

SMLC and extracellular matrix14 (used with permission from Elsevier). For a color version of this

figure, please see the images supplied on the accompanying CD
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Technical aspects

The procedure is pictorially and schematically represented in Figure 15.5, and the

accompanying video clip to this chapter shows the steps in the procedure and the

gross appearance of the aortic transplant in the abdomen. Donor and recipient mice

are usually 8–12-week-old males (25–30 g); again, male mice are routinely used

as both recipients and donors to avoid potential confounding H-Y antigen mis-

matches.

Mice are anesthetised as for heart transplantation. A 10–15 mm segment of donor

descending thoracic aorta is used to replace an excised segment of host infrarenal

aorta. The graft is sutured in place end-to-end using 11-0 monofilament nylon sutures

(Ethicon) with magnification provided by an operative microscope. The complete

grafting procedure requires 50–70 min to perform. Graft patency is evaluated at

surgery as described by Acland,39 including grossly observable pulsatility, and graft

engorgement. Graft patency is also inferred postoperatively in that thrombosis

frequently results in loss of lower limb mobility. Finally, graft patency is assessed

by direct inspection at the time of removal for histologic evaluation. Grafts that

occlude within the first 10 days are considered technical failures and are excluded

from analysis. This procedure is more technically demanding than the heart transplant

procedure. With expertise accrued over 100 transplants, the long-term success rate of

aortic interposition grafts is more than 90 per cent.

Allograft evaluation

Allograft function is followed by gross observation of the host animal; absence of

lower limb paralysis is strongly indicative of graft patency. Although ultrasonography

has been used to examine aortic patency and dimensions (especially in models of

10-15 mm10-15 mm

aortic graftaortic graft

Figure 15.5 Aortic interposition transplant. Host infrarenal aortic segments are excised and

replaced with donor aortic segments from the descending thoracic aorta.14 The grafts are

functional, but do not require immunosuppression or specific strain combinations to maintain long-

term patency. For a color version of this figure, please see the images supplied on the

accompanying CD
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aneurysmal disease40), animals must be anesthetised to get accurate readings, and the

technique requires equipment not available to most laboratories.

Isografts function indefinitely and show no intimal hyperplasia; despite the absence

of an intact vaso vasorum, these aortic segments show no evidence of ischemic injury

and presumably function by diffusion of oxygen and nutrients directly from the vessel

lumen.

Patency is the principal criterion for successful transplantation in this model.

However, as opposed to the cardiac transplant model, immunosuppression is not

required to maintain such long-term aortic graft function. Consequently, in the

absence of immunosuppression, aortic allografts undergo a severe profound rejection

with CD4þ, CD8þ and macrophage-rich infiltrates that peak in the first 1–2 weeks.14

During this time, virtually all of the donor endothelial cells and medial smooth

muscle cells are killed, leaving behind only extracellular matrix. Nevertheless, in

standard strain combinations where the dominant response results in Th1 cytokine

elaboration (e.g. interferon-�), the residual matrix is sufficient to preserve normal

aortic hemodynamic parameters and aneurysms do not develop.40 Following the

early severe rejection, the vast majority of the host inflammatory cells either

undergoes apoptosis or migrates away, and in long-term grafts, host inflammatory

cells are rare.

We routinely evaluate grafts by a variety of modalities. Thus, freshly explanted

allografts are sectioned transversely unless it is desirable to examine the anastomoses;

in that case, longitudinal sections are taken. Hematoxylin and eosin are routinely

used, as is elastic van Gieson staining to identify elastic lamellae. AA is quantified by

the surface area occupied by intimal lesions on aortic cross-sections; the internal

elastic lamina demarcates the intimal and medial boundary. Additional sections can

be frozen in OCT compound (Ames Co.) and stored at –80�C for immunohistochem-

istry. Staining can be performed for a variety of markers including cell type, adhesion

molecules, cytokines, metalloproteinases, and histocompatibility molecules.14,40 In

addition, segments can be solubilised in TRIzol (Gibco BRL/Life Technologies) or

other media to extract RNA, infiltrating cells, or proteins to assess e.g. enzymatic

activity.40 As opposed to the heart transplant model where the bulk of cells (protein

and mRNA) at any time derive from myocardium, late aortic grafts are largely

composed of the smooth muscle-like cells that comprise the intimal AA lesions.

Transplanted aortic segments typically yield only 1–5 mg of mRNA, whereas apical

myocardium specimens yield at least 30-fold greater quantities.

Immunosuppression

As opposed to the cardiac transplant model, no immunosuppression is required for

aortic grafts to maintain normal function (i.e. patency) for the 8–12 weeks required to

generate AA lesions. As a consequence, the aortic grafts undergo a more profound

acute rejection and the vast majority of donor cells are killed. Nevertheless, even in

the absence of ongoing immune responsiveness to the graft, these vessels develop

robust AA lesions.
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Advantages of aortic interposition grafts relative to other murine
transplant arteriopathy models

Bigger surface area and intimal thickness means that one can more easily identify the

source of the intimal cells (Figure 15.6). Indeed, studies from our own laboratory

used aortic transplants of wild-type aortas into �-galactosidase (�-gal) expressing

ROSA26 mice.14 At 8 weeks post-transplant, donor medial smooth muscle cells were

largely absent. However, in �-gal hosts, virtually all the intimal smooth muscle-like

cells (SMLC) were �-gal-positive (we make the distinction between medial smooth

muscle cells and intimal smooth muscle-like cells because the two populations have

distinct proliferative and synthetic phenotypes). Furthermore, if wild type hosts were

irradiated and administered ROSA26 bone marrow cells prior to transplantation with

allomismatched aortas, the aortic graft intima contained up to 20 per cent �-galþ, �-

actinþ SMLC.14 The results indicate that bone marrow-derived precursors are in part

responsible for intimal SMLC in AA lesions. Evaluation of graft–host anastomoses

aortic interposition transplantation

following transfer of bone marrow cells

graft intimal SMLC are

virtually all host-derived

bone marrow transfer

irradiation

media

Intimal

hyperplasia

graft intimal SMLC are in part

(20%) derived from 

bone marrow cells

host with 

third-party

bone marrow

aorta donor

aorta donor

Figure 15.6 Experimental schematic to identify the source of intimal SMLC in AA (modified from

Shah and Mitchell, 200558). Various markers such as histocompatibility molecules, transgenes

expressed in host cells only (e.g. �-galactosidase or green fluorescent protein), or Y chromosome

(e.g. female graft in male host) can be used to identify whether intimal SMLC are host- or donor-

derived. In the top part of the figure, a ‘gray’ aorta is transplanted into a ‘black’ mouse; the

resulting AA SMLC are virtually all ‘black’ indicating their origin from the host.14 In the lower part of

the figure, the host mouse is lethally irradiated and has its bone marrow reconstituted with third-

party ‘white’ cells. When a subsequent ‘gray’ aortic graft is transplanted, the resulting AA lesion is

composed of up to 20 per cent ‘white’ SMLC demonstrating that at least some of the cells originate

from bone marrow precursors.14 Similar results are obtained using either the aortic or heart

transplant models14(used with permission from Elsevier)
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confirmed that intimal SMLC did not arise by migration from adjacent host medial

smooth muscle cells. Similar results were subsequently seen in heart transplant models,

and additional work by others confirm the host origin of intimal SMLC in murine

allotransplants, and even in conventional atherosclerosis in mice41,42 (see also below).

Disadvantages of the heterotopic transplant model

A hypothetical drawback to the model is the complete elimination of donor cells, and

the entry of inflammatory cells into grafts through unusual pathways (i.e. not via post-

capillary venules). The fact that the results thus far are entirely comparable between

the aorta and heart models suggest that these concerns are more theoretical than real.

Translation to clinical investigation

The murine transplant model permits experimental approaches to questions not

readily amenable to investigation in human transplant recipients. Given the caveat

that drug metabolism in experimental animals may not necessarily reflect that seen in

humans, the effects of particular therapeutics and interventions on both parenchymal

rejection and AA can also be tested.

Examples of specific questions that can be addressed using the murine transplant

models:

� Hearts or aortas can be transplanted across well-defined MHC incompatibilities,

with selective depletion of particular inflammatory cell subsets (using either

monoclonal antibodies or knockout strains) to identify the relative importance of

T-cell subsets, B cells, and natural killer cells in particular MHC combinations.

� Hearts can be explanted at intermediate time points to assess the pathologies that

ultimately give rise to vascular lesions. In this manner we showed that parench-

ymal rejection predominates at early time points (days to 4 weeks), progressing to

a coalescence of inflammation around arteries, with a lesser component of

intraluminal inflammation.19 As time progresses (8–12 weeks), parenchymal and

perivascular inflammation recedes, while vessel intima are expanded by SMLC and

matrix.19 Thus, by only examining the end-point of AA pathology, intermediate

states potentially amenable to intervention may be overlooked. This point is also

important in that the inflammatory cells and mediators present at later time points

may not be at all indicative of the cells and effectors that initiated or drove the

development of AA.

� The number and severity of rejection episodes can be controlled experimentally.

Thus, a single early episode of rejection is sufficient to induce the cascade

of events that culminate in AA.20 The result agrees with experiments using a

rabbit heterotopic transplant model, where transient interruption of CsA
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immunosuppression led to more severe AA lesions.43 The results also imply that

aggressive immunosuppression (limited by risk of infection or malignancy) could

conceivably reduce the incidence and/or severity of AA.

� The effects of prolonged perioperative ischemia on AA development can also be

examined critically. Thus, 4-h cold ischemia (comparable to the upper limit of cold

ischemia allowable for human cardiac transplants) can induce very mild AA in

isografts; however, the contribution of the alloresponse to AA far overwhelms any

cold ischemia effect.29 We conclude that any transient responses induced by

ischemia alone are unlikely to significantly affect AA development.

� Using the available strains and highly specific antibodies, we (and others)

demonstrated that the majority of endothelial and medial smooth muscle cells in

AA lesions in long-term cardiac allografts are donor-derived.15,31 The identity of

vascular wall cells in cardiac allografts is significant in that donor cell persistence

can conceivably drive an alloresponse that culminates in AA.

� Although host smooth muscle cells were identified in some arterial allograft

models,18 it was generally assumed that the majority of intimal SMLC in AA

lesions originated by ingrowth of donor smooth muscle cells from the media of

engrafted vessels.44 It was subsequently shown that intimal SMLC in vascular

grafts are virtually all host-derived;14,15,41,45 in particular, we demonstrated that a

proportion of these could originate from host bone-marrow-derived cells.14 This

result is consistent with the observation that bone-marrow stem cells are capable of

developing into multiple mesenchymal lineages,46 and that peripheral blood

contains CD34þ, flt1þ, and flk1þ precursors capable of smooth muscle cell

differentiation.47 The findings also provide a rationale for the long-standing

observations concerning the significant phenotypic differences between medial

smooth muscle cells and intimal SMLC.48–54

� Allograft transplanted into congenitally immunodeficient recipients (e.g. SCID or

recombinase-deficient hosts) will survive indefinitely without immunosuppression;

purified allospecific T cells, antiserum, or even cytokine mediators23,24,26 can then

be added back (‘adoptive transfer’) to identify relevant contributors to rejection or

AA pathways. Thus, allospecific antiserum induced AA in the absence of host

cellular responses, suggesting that humoral immunity can play a role in the disease

process.24,25 Conversely, adoptive transfer of T cells also induced AA lesions in

grafts in Rag�/� hosts, in the complete absence of B cells;26 the apparently

contradictory results really indicate that multiple different forms of vascular injury

can result in the same pathologic outcome. Finally, Tellides et al. demonstrated

that interferon-� administration alone (even in the absence of other inflammatory

cells) is sufficient to induce AA lesions.23

� Transplantation experiments that take advantage of the multiple knockout and

transgenic mouse strains can directly test the contribution of selected cytokines,
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costimulatory molecules, and cell populations. For example, the necessary role of

interferon-� in AA pathogenesis was demonstrated by transplantation into hosts

congenitally lacking interferon-�; allograft hearts in this setting do not develop

AA.19,20,55 The same effect can be seen when blocking antibodies to interferon-� are

administered at weekly intervals, confirming that the result in the knockout strain is

not attributable to some developmental anomaly.19,56 Although the mechanism(s)

underlying the requirement for interferon-� are not known, the transplant model has

been helpful in sorting out many of the possibilities; cardiac allografts in interferon-

�-deficient recipients exhibited diminished MHC II, CD40, VCAM-1, and ICAM-1

expression relative to control recipients.19 Interestingly, although interferon-�

strongly induces vascular production of CXC chemokines that regulate inflammatory

cell recruitment, allografts in interferon-�-deficient hosts showed similar (or even

increased) numbers of mononuclear inflammatory cells.

� Therapeutic efficacy of various drugs in humans can be preliminarily assessed

using the mouse transplant models; new immunosuppressive regimens, anti-tumor

necrosis factor therapy, and PPAR agonists have all been evaluated for effective-

ness. Moreover, peculiarities of murine metabolism can be used to better define

mechanisms of action. For example, statins (HMG-coA reductase inhibitors) have

long been a part of the medical management of transplant recipients, putatively by

attenuating some of the lipid abnormalities associated with immunosuppression

regimens.10 Mice, however, are normocholesterolemic and statins have no addi-

tional effect on their cholesterol levels. Nevertheless, therapeutic doses of statin

agents lead to attenuation of AA in mice; the mechanism involves reduction in

chemokine synthesis with reduced inflammatory cell and smooth muscle cell

recruitment.57
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Heart preconditioning analysis
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Introduction

Coronary artery disease is currently the leading cause of mortality and morbidity in

the western world. The serious and often fatal consequence of coronary artery disease

is an acute myocardial infarction, which results from the acute occlusion of one of the

major coronary arteries. In this scenario, the best hope of limiting the size of the

myocardial infarction is the timely restoration of coronary blood flow, by either

thrombolysis or primary percutaneous coronary artery angioplasty. Despite these

current reperfusion strategies, the morbidity and mortality associated with an acute

myocardial infarction remains significant, necessitating the development of novel

cardioprotective strategies, which can be used as adjunctive therapy to the current

reperfusion strategies.

One of the most powerful mechanisms for protecting the myocardium before the

acute coronary artery occlusion occurs is to ischemically precondition the myocar-

dium, a powerful cardioprotective phenomenon first described in 1986 by Murry et

al.1 in which transient non-lethal episodes of myocardial ischemia confer protection

against the myocardial infarction induced by a subsequent sustained episode of lethal

myocardial ischemia. The time course of ischemic preconditioning (PC) is char-

acterised by an immediate but short-lived wave of protection (early phase of PC)2–6

followed, 12–24 h later, by a second, sustained window of protection that lasts at least

72 h (late phase of PC).7–13 Because of its remarkable efficacy, there is considerable

interest in exploiting ischemic PC to develop therapeutic strategies that can enhance

the tolerance of the heart to ischemic injury in patients with coronary artery

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
# 2006 John Wiley & Sons, Ltd



disease.4,6,14–19 Clinical application of ischemic PC, however, will require a detailed

understanding of the molecular and cellular mechanisms underlying this endogenous

adaptive phenomenon. By overexpression or targeted disruption of specific genes, the

mouse model present a unique approach to study ischemic heart diseases. Accord-

ingly, the mouse model of ischemic PC should be a useful tool to unravel the

molecular mechanism of PC.

Methods

Use of mouse strains

In general, we prefer to use adult male mice (8–13 weeks old), such as ICR (outbred),

C57BL/6J (inbred), and B6129F2/J (hybrid). These strains have good reproductive

performance and also preconditionable.20–22 Recently, several studies have shown

that the genetic strain is an important determinant of the susceptibility of mice to

myocardial infarction and ischemic preconditioning.20 Specifically, FVB/N mice

have much smaller infarcts after a 30 min coronary occlusion than do the ICR,

C57BL/6J, and B6/129SF2/J mice, and that 129SvEv mice do not develop late

preconditioning.20 Thus, when using gene targeted or transgenic mice, controls

should consist of mice with a genetic background as close as possible to that of

the gene targeted or transgenic mice (littermates are the best controls, if they are

available). Please note that data obtained in one strain of mice cannot be extrapolated

to another strain of mice.

Anesthetic medication

Mice are given intraperitoneal injection of pentobarbital sodium (50 mg/kg). Addi-

tional doses of pentobarbital are given during the protocol as needed to maintain

anesthesia.22,23

Open-chest procedure

The animals are placed in a supine position with the paws taped to the operating table.

Surface leads are placed subcutaneously to obtain the electrocardiogram (ECG),

which is recorded throughout the experiments on a thermal array chart recorder. After

a midline cervical skin incision, the trachea is visualised and the endotracheal tube is

inserted into the trachea followed by positive pressure ventilation with a rodent

ventilator (Harvard apparatus, South Natick, MA, USA) at a rate of 105 breaths/min

with a tidal volume of 2.5 ml with oxygen-enriched room air. These values in the

mouse have previously been shown to maintain optimal arterial values of PO2 and

PCO2 and pH. To maintain temperature within physiological range, the animals are
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positioned on a heating path. Rectal temperature is continuously measured and

maintained at 36.5–37.5�C. After the animal is rotated on its right site, the chest is

opened under a dissecting microscope through a left thoracotomy in the third

intercostal space between ribs three and four.22,23

Myocardial infarction procedure

With the aid of a dissecting microscope and a microcoagulator, the pericardium is

teared open and a silk 8-0 nylon suture is looped under the left anterior descending

coronary artery (LAD) 1–3 mm from the tip of the normally positioned left atrium. A

clear vision of the LAD can be attained by reflection of light on the myocardium

under the dissecting microscope. Sketches of the mouse left coronary anatomies are

illustrated in Figure 16.1. Please note that the LAD follows two major anatomical

patterns. One is that LAD courses to the apex as a single major vessel with branches

of variable size appearing in many cases horizontal to the main axis. The second

pattern illustrates the LAD bifurcating into two major vessels as it courses to the

apex.23 Coronary occlusion is induced by ligation of the suture. Before occlusion, a 1

to 2 mm section of PE-10 tubing (A-M Systems, inc) is placed between the suture and

the artery to prevent damage to the vessel (Figure 16.2). After 30 min of LAD

occlusion, the suture is removed to allow coronary reperfusion, and then followed by

chest wall closure by a 5-0 polyester suture. Coronary artery reperfusion can be

verified by one of the following three methods: (1) visual inspection, (2) changes in

ventricular function, or (3) histopathological changes. The chest wall is then closed

by approximating ribs three and four with a 5-0 ticron blue polyester suture. Next, the

superficial muscle layer is approximated in one layer, and finally the skin is closed. A

LAD LAD

Right auricle Right auricle 

Left auricle Left auricle

Figure 16.1 Schematic line drawings of left coronary arterial anatomy of mouse hearts. Left: a

common pattern where there is a major singular LAD; right: another common pattern with major

bifurcating of LAD. For a color version of this figure, please see the images supplied on the

accompanying CD
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small catheter is left in the thorax for 10–20 min to evacuate air and fluids. After

approximately 1 h, the animal is removed from the respirator and the endotracheal

tube is withdrawn. While the animal is allowed to recover, it is kept warm with a

heating pad, given fluids (1.0–1.5 ml of 5 per cent dextrose in water intraperitone-

ally), and allowed 100 per cent oxygen via nasal cone.

PC procedure

Ischemic PC

By using a balloon occluder, ischemic PC is produced with a sequence of six cycles

of 4 min coronary occlusion separated by 4 min reperfusion. With the aid of a

dissecting microscope and a microcoagulator, an 8-0 nylon suture is passed with

a tapered needle under the LAD 2–3 mm from the tip of the left auricle, and a

nontraumatic balloon occluder is applied on the artery. Coronary artery occlusion is

induced by inflating the balloon occluder. Successful performance of coronary

occlusion and reperfusion can be verified by visual inspection (i.e. by noting the

development of a pale color in the distal myocardium on inflation of the balloon and

the return of a bright red color due to hyperemia after deflation) and by observing S-

T segment elevation and widening of the QRS on the ECG during ischemia and

their resolution after reperfusion. After completion of the ischemic PC protocol, the

chest is closed in layers. Twenty-four h later, the animals from both groups are

subjected to ischemic injury by 30 min occlusion of the LAD followed by 24 h

reperfusion.22

Left auricle

Occluder

Free wall of left ventricle

Figure 16.2 Photograph of open-chest mouse with an occluder on left anterior descending

coronary artery to induce myocardial infarction. For a color version of this figure, please see the

images supplied on the accompanying CD
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Pharmacological preconditioning

Pharmacological preconditioning (i.e. nitric oxide donor-induced PC) is produced by

four bolus injections of diethylenetriamine/nitric oxide (DETA/NO; 4 � 0.1 mg/kg

i.v.) each separated by 25 min. The control groups are given the DETA/NO solvent

phosphate-buffered saline (PBS). Twenty-four h later, the animals from both groups

are subjected to ischemic injury by 30 min occlusion of the LAD followed by 24 h

reperfusion.24,25

Postmortem analysis

After 24 h of coronary artery reperfusion, the chest is reopened, the heart is excised

and postmortem perfused as previously described.22,24 In order to start this

procedure the mice are given heparin intraperitoneally (1 U/g) followed by

anesthesia with pentobarbital sodium (50 mg/kg body wt). After a laparoscopy,

the inferior caval vein is dissected to induce euthanasia with an intravenous bolus of

KCl (15 per cent, �2 ml). Next, the aorta is cannulated with a 23G Luer stub, and

phosphate buffer is perfused into the aorta and coronary arteries for distribution

throughout the whole heart to flush postmortem waste products. To distinguish

infarcted myocardium from viable myocardium, the heart is then perfused with 3 ml

of a 1 per cent solution of 2,3,5-triphenyltetrazolium chloride (TTC) in phosphate

buffer at a pressure of approximately 60 mmHg over 3 min. The use of tetrazolium

stains such as TTC is well established to identify and quantify infarcted tissue in

different species.20 Cells from viable myocardial tissue reduce tetrazolium salts to

formazan-insoluble colored precipitates (red pigments by use of TTC) by dehy-

drogenases using the reduced form of nicotinamideadenine dinucleotide (NADH) as

electron donors. Thus, after staining with TTC, viable myocardial tissue stains red

while the infarcted tissue remains pale. To delineate the ischemic-reperfused

coronary vascular area (i.e. the area at risk), the coronary artery is tied again at

the site of the previous occlusion. Subsequently, the aortic root is perfused with a 5

per cent solution of Evans Blue Dye in phosphate buffer. The portion of normally

perfused area stains blue whereas the area at risk region remains unstained. Next,

the atrial and right ventricle tissues are separated from the heart and the remaining

left ventricle is frozen at �20�C for 1 h. The left ventricle is sliced transversely into

five slices from apex to base which are each fixed in 4 per cent paraformaldehyde

for 24 h. Each side of every slice is imaged, and the area of infarction for each slice

is defined by computerised planimetry using an NIH image analysis software

program (NIHImages). Myocardial infarction is defined as a percentage of total

area at risk which is determined by the following equation: (AR1 � WT1) þ
(AR2 � WT2) þ (AR3 �WT3) þ (AR4 � WT4) þ (AR5 � WT5), where AR is

the percent area of infarction by planimetry from subscribed numbers 1–5

representing sections, and WT is weight of the same numbered sections. The area
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at risk as percentage of left ventricle is calculated by (WT of left ventricle � WT of

left ventricle that stained blue, i.e. the area of left ventricle that is continuesly

perfused) (Figure 16.3).

Methodological considerations

Because temperature is a major determinant of infarct size,26–28 this variable is tightly

controlled about 37�C throughout the experiment by using heating pads while

continuously monitoring rectal temperature. Hypoxemia, acidosis, and alkalosis

may also have a major influence upon animal survival, infarct size, and/or ischemic

preconditioning. With a ventilatory rate of 105/min and an average tidal volume of

2.2 ml, all parameters such as arterial pH, PO2, PCO2 were within the physiologic

range for the mouse;22 in particular, arterial pH is kept at �7.40 and adequate

oxygenation is maintained throughout the open-chest state.22 Careful control of blood

gases is important in the mouse, since small variations in ventilatory rate result in

marked variations in arterial blood gases.22

Heart rate and arterial pressure are important indices of normal cardiovascular

homeostasis and are also important determinants of the severity of myocardial

ischemia. Clearly outside of the physiological range, which in the pilot studies in

conscious mice was found to be 490 to 760 bpm (average, 688 � 31 bpm).22 With

pentobarbital anesthesia, the heart rates were reasonably close to those measured in

Nonischemic area

Infarcted tissue

Lived tissue

Figure 16.3 Representative example of a heart slice from the mouse subjected to a 30min

coronary occlusion and 24 h of reperfusion. The infarcted area is delineated by perfusing the aortic

root with 2,3,5-triphenyltetrazolium chloride; the area at risk is delineated by perfusing the aortic

root with Evans blue after tying the previously occluded artery. As a result of this procedure, the

non-ischemic portion of the left ventricle was stained dark blue and viable tissue within the area at

risk was stained bright red, whereas infarcted tissue was white. For a color version of this figure,

please see the images supplied on the accompanying CD

198 CH16 HEART PRECONDITIONING ANALYSIS



conscious mice in the pilot studies.22 The blood volume of a 25 g mouse has been

estimated to range between 1.5 and 2.3 ml.22 To avoid hypotension, surgery is

performed with a microcoagulator, and every effort made to minimise blood losses.

Pilot studies, however, showed that opening the chest caused a significant drop in

arterial blood pressure, so that the mice became severely hypotensive despite the

administration of 13.3 ml/kg (�0.4 ml) of blood.22 Besides causing mortality,

severe hypotension could lead to myocardial hypoperfusion and, possibly, induce

preconditioning as a result of myocardial ischemia and/or reflex adrenergic

activation.22

The use of vital stains such as TTC, to measure myocardial infarct size following

coronary artery occlusion and reperfusion in experimental animals is22,24,29,30 widely

accepted technique. The size of myocardial infarction measured by the detection of

tetrazolium staining depends on the duration of coronary occlusion and the duration

of reperfusion. The detection of tetrazolium staining after myocardial ischemia–

reperfusion also depends on species differences. In the rabbit a minimum of 30 min or

45 min of coronary artery occlusion is used,31 whereas in canine and porcine 45 min

or 60 min of occlusion are more common.32 In the rat, most studies use 30 minutes33

or 60 minutes34 of total occlusion. In the mouse, most studies use 30 min of coronary

occlusion.22–24 In addition, different occlusion or reperfusion periods in the same

species might result in different infarct sizes. Moreover, there has been some

controversy about the optimal duration time of the reperfusion necessary to accu-

rately measure tetrazolium staining and thus the extent of myocardial cell death.30

After a relatively short reperfusion period, the TTC staining can underestimate the

myocardial infarct area. Furthermore, the infarcted area as assessed with TTC

staining increases with a prolonged reperfusion period. Accordingly, to estimate

the maximal infarcted area by TTC staining requires a minimum reperfusion period

which also seems to depend on the species differences.30 In the rat model, it has been

suggested that a minimum of 60 min of reperfusion is optimum to visualize a

homogeneous infarct and that longer reperfusion periods do not contribute to a better

demarcation of myocardial infarction or result in a larger infarct.30 However, in larger

animal models such as the rabbit it has been shown that a minimum of 3 h of

reperfusion following coronary occlusion is required to obtain a clear contrast

between viable and non-viable myocardial tissue.35 Since metabolic rates are higher

in smaller animals such as rodents, it may be that the development of cell death

during ischemia occurs faster compared to larger animals such as the rabbit and that a

shorter duration of reperfusion is necessary. Mice are the smallest animals used for

myocardial ischemia–reperfusion studies; it can therefore be assumed that the

minimal reperfusion period is no shorter than 60 minutes. Nevertheless, in our

previous studies we applied either 4 h36 or 24 h of reperfusion,24 which is signifi-

cantly longer than the minimal reperfusion period in the rat. Mice in which

30 minutes of LAD coronary artery occlusion was followed by 4 h of reperfusion

showed similar infarct size compared to mice that were followed with 24 h of

reperfusion.22 This suggests that in the mouse model of ischemia–reperfusion, a 4 h

period of reperfusion should be sufficiently enough to express the final extent of

myocardial cell death.
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Abstract

The past few years have witnessed a remarkable advance in our understanding of the

pathophysiology of coronary atherosclerosis. Myocardial ischemia usually occurs on the

basis of coronary atherosclerosis. Although the functional consequences of depriving

the myocardium of its blood supply have been appreciated for many years, the coronary

heart disease is still the leading cause of morbidity and mortality in the western world.

This has focused the attention of physicians on restoring blood flow to the ischemic

region in order to prevent tissue necrosis and regain organ function. Reperfusion of

ischemic tissues is often associated with microvascular dysfunction that is manifested as

impaired endothelial-dependent dilatation in arterioles and leukocyte plugging in

capillaries. The availability of a broad variety of knockout mice provides important

clues about the progression of the ischemia/reperfusion (I/R) injury. Therefore mouse

models for I/R are of great importance for the development of new therapeutic strategies

for humans.
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Myocardial ischemia–reperfusion

Acute coronary syndromes resulting from occlusion of one of the coronary arteries

expose the heart to ischemic conditions. Brief periods of ischemia (<20 min) are

reversible if followed by reperfusion. They are not associated with development of

necrosis but often result in the phenomenon of stunning. If duration of coronary

occlusion is prolonged beyond this point, a wave front of necrosis propagates from

subendocardium to subepicardium. Myocardial ischemia–reperfusion injury involves

activation of multiple cell types, including leukocytes and endothelial cells. Reperfusion
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beyond a few hours does not reduce myocardial infarct size. Myocardial ischemia–

reperfusion induces a profound inflammatory condition in the myocardium that

results in tissue destruction and impaired ventricular function, which may lead

to hypokinesis, akinesis or dyskinesis.1 Some of the known risk factors for cardiovas-

cular disease (hypercholesterolemia, diabetes and hypertension) appear to exaggerate

many of the microvascular alterations elicited by ischemia and reperfusion.

Within seconds of cessation of blood flow, energy metabolism shifts from

mitochondrial respiration to anaerobic glycolysis. Simultaneously, effective contrac-

tions diminish and then cease. Lactate and protons accumulate in cardiomyocytes,

inducing acidosis and osmotic load and then cell oedema. In addition, intracellular

Ca2þ rises probably due to the combined action of the Naþ/Hþ and Naþ/Ca2þ

exchangers activated by cellular acidosis. If prolonged, this will eventually lead to

cell necrosis.2

Restoration of arterial flow is necessary to restore aerobic metabolism and save the

ischemic myocytes. It, however, induces by itself further damage: this process has

been termed ‘reperfusion injury’ (Figure 17.1). A form of reperfusion injury is

myocardial stunning, which was described by Braunwald and Kloner as ‘prolonged,

postischemic dysfunction of viable tissue salvaged by reperfusion,’ i.e. myocardium

Figure 17.1 Typical photomicrograph of ischemia–reperfused mouse myocardium. The trafficking

of leukocytes in a postcapillary venule is demonstrated. The endothelial dysfunction in

postcapillary venules accounts for most of the inflammatory responses that are associated with

ischemia–reperfusion. Leukocyte–endothelial cell adhesion and subsequent transendothelial

leukocyte migration are characteristic features of the venular response to ischemia–reperfusion.

For a color version of this figure, please see the images supplied on the accompanying CD
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exhibits temporary contractile failure even though it is alive and aerobic.3 Much of

the inflammatory response results from intensified leukocyte–endothelial cell inter-

actions via enhanced expression of adhesion molecules. A burst of reactive oxygen

species liberated during the first few minutes of reperfusion is probably the cause of

this contractile failure (Figure 17.2). Alterations in Ca2þ homeostasis rather than

alteration of the contractile apparatus are probably the consequence of reactive

oxygen species generation and the origin of this dysfunction.4

Although much experimental evidence exists in support of the reperfusion

component of injury, ischemia without following reperfusion will cause the destruc-

tion of most of the ischemic myocardium. This leads to an obvious paradox: the

need for re-establishing blood flow at the expense of a profound inflammatory

response.3

In the present review, we will describe the different mouse models for myocardial

ischemia–reperfusion. With the help of the big variety of genetically manipulated

mice the pathophysiological effects of the targeted genes can be assessed and should

bring some new insights about ischemia–reperfusion.
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Figure 17.2 Scheme of involvement of the adhesion molecules in ischemia–reperfusion Under

normal conditions, there are virtually no interactions between the endothelium and neutrophils.

After coronary ischemia–reperfusion, the blood vessel’s ability to form NO is severely reduced. With

decreased supplies of NO, the coronary vessel may constrict. Additional, adhesion molecules were

expressed on the endothelium and polymorphonuclear leukocytes (PMNs) begin with rolling as the

first step in PMN sequestration. As the PMN slows, tighter interactions between CD18 (on PMN) and

intercellular adhesion molecule-1 (on endothelium) cause the second phase of the PMN-EC

interaction called sticking. The final step, the diapedesis involves the coordination of many

factors
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Ischemia–reperfusion models

Open chest ischemia–reperfusion model

In 1995 Michael et al.5 first described the open chest in vivo mouse model. Mice were

anesthetised with phenobarbital (50 mg/kg, i.p.), fixed in the supine position by taping

the extremities and the upper jaw. The midline skin incision from the xiphoid process

to the submentum was made. After separating the salivary glands, the muscles

overlying the trachea were retracted, and a tracheotomy was performed. A poly-

ethylene tube (No. 90) was carefully inserted into the trachea (about 5 mm from the

larynx), taped in place to prevent dislodgement, and connected via a loose junction to

a rodent ventilator (model 687; Harvard Apparatus). After ventilation (tidal volume

1.2 ml/min, rate 110 strokes/min) was started by supplementation of 100 per cent

oxygen, the chest was opened by a lateral cut along the left side of the sternum. An

adequate tidal volume resulted in an adequate inflation of the lungs without over-

expression. The whole procedure was aided by a microscope (Olympus SZH 10).

With an electrocoagulator, intercostal blood vessels were coagulated. The chest walls

were then retracted by use of 6-0 silk suture for better visualisation of the heart. After

removing the pericardial sac and slightly retracting the left auricle, the left descend-

ing artery (LAD) became clearly visible. A 1 mm section of a PE-10 tubing was

placed on top of the LAD to secure the ligation of the LAD without damaging the

artery. The LAD ligation was done with a 8-0 silk and was evident by discoloration of

the left ventricle (Figure 17.3). The retraction sutures were removed, and the chest

wall was approximated. To prevent desiccation the chest was covered with a small

moist swab. To avoid cooling of the animal, it is of great importance to use a heating

pad placed under the mouse.

After a defined time of LAD occlusion, the ligature can be removed by cutting the

knot on top of this PE-10 tube and reperfusion can visually be confirmed.

Minimal invasive ischemia–reperfusion model

A few years after the description of the open chest heart ischemia–reperfusion model

the same group published an in vivo model with an implantable device for occlusion

of the left anterior descending coronary artery.6 The aim of this model was to

overcome the high level of background inflammation due to the surgical trauma

associated with the open chest model. The background levels of the different

cytokines and other mediators of the inflammatory process often were indistinguish-

able from those of the ischemia–reperfusion of the myocardium. This led to the

development of a chronic model of ischemia–reperfusion which allowed to dissipate

the trauma and the inflammation that occurs in the acute phase of surgical

manipulation, permitting a more predictable and interpretable response.

The surgical preparation of the animal was performed as follows. After that

the thoracotomy was performed as described above in the ‘open chest’ model. The

pericardium was dissected and an 8-0 Surgipro monofilament polypropylene suture
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Figure 17.3 Open mouse chest with occluded left descending coronary artery. Photograph of

open–chest mouse with occluded left descending coronary artery by the help of a PE-10 plastic

tubing. The LAD ligation was done with an 8-0 silk and was evident by discoloration of the left

ventricle. Arrows indicate the area at risk. For a color version of this figure, please see the images

supplied on the accompanying CD
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with the U-shaped tapered needle was passed under the LAD. The needle was then

cut from the suture, and the two ends of the 8-0 suture were then threaded through a

0.5 mm piece of PE-10 tubing, forming a loose snare around the LAD. The PE-10

tubing had been previously soaked for 24 h in 100 per cent ethanol. Each end of the

suture was then threaded through the end of a size 3 Kalt suture needle (Fine Science

Tools) and exteriorized through each side of the chest wall. The chest was closed with

four interrupted stitches utilising 6-0 sutures, with care taken to avoid pneumothorax.

The ends of the exteriorised 8-0 suture were then tucked under the skin, which was

then also closed with 6-0 sutures. The animal was removed from the respirator, the

endotracheal tube was withdrawn and kept warm with a heat lamp, and the animal

was allowed to breathe 100 per cent O2 via a nasal cone until full recovery of

consciousness.

Ischemia without reperfusion

Similar to the in vivo open chest model for myocardial ischemia–reperfusion the

thorax of the mice is opened and prepared in this model. Because reperfusion is

not demanded, the LAD ligation was done with an 8-0 silk and was evident

by discoloration of the corresponding regions of the left ventricle.7 Afterwards, the

retraction sutures were removed and the chest wall and skin were closed with

sutures, and the animals were allowed to recover. According to the experimental

protocol they can be killed after induction of a transmural myocardial infarction

with any desired time of ischemia. This protocol seems to be important for heart

failure studies.

Ischemia–reperfusion with ischemic preconditioning

Among the first who demonstrated the early phase of ischemic preconditioning in

the myocardium in the in vivo mouse model were Miller et al.8 We also used

this protocol and showed its highly effectiveness in inducing a significant limitation

of the myocardial damage.9 After dissecting the pericardium an 8-0 silk suture with a

U-shaped needle was passed under the LAD. After cutting the needle from the

suture the LAD ligation was done with an 8-0 silk and was evident by discoloration

of the left ventricle. For the preconditioning protocol the knot on top of the 1 mm

plastic tube was tighten carefully and loosen after the given time. Great attention

should be paid to avoid damage of the LAD. The use of fine surgical instruments is

essential for all procedures (Figure 17.4). For preconditioning, mice underwent three

cycles of 5 min artery occlusion/5 min reperfusion, respectively. Ten minutes later,

the animals underwent 30 min of coronary occlusion of the artery, followed by 2 h of

reperfusion. With this protocol it is possible to demonstrate a reduction of the

infarction of about 50 per cent. The mechanism leading to that reduction of the

infarction is still not fully elucidated. A number of possible mechanisms and various

signaling pathways that may contribute were published. Among the most important
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were reactive oxygen species, isoforms of the protein kinase C (PKC), and

adenosine.

Langendorf model (ex vivo)

Animals are usually injected with heparin (1000 U/kg, i.p.) 20 min prior to the

experimental protocol. To anesthetise the animal, ketamine/xylazine has been the

drug of choice in mice (0.1 ml/100 g, i.p.) since it has little direct cardiac toxicity.

Once the animal is anesthetised, a surgical incision is made posterior to the xiphoid

process. Cut superiorly until reaching the xiphoid process and make another incision

running down the chest cavity. Continue cutting through the sternum until the

diaphragm is evident. Cut down along the diaphragm to avoid damaging the heart.

The rib cage may be dissected and removed. To remove the heart, pick the organ

Figure 17.4 Surgical instruments for performing the open-chest mouse model. The normal

surgical scissors is used for opening the skin and the chest wall. With help of an electrocoagulator

the intercostal blood vessels were coagulated before opening with the scissors. The small pair of

tweezers is used for preparing the small parts such as bring into position the 1-mm section of a PE-

10 tubing on top of the LAD to secure the ligation of the blood vessel. Also the small scissors is

used for the wispy parts such as opening the pericardial sac and cutting the thin silk after ligation.

For a color version of this figure, please see the images supplied on the accompanying CD
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up between the index finger and thumb and cut the aorta below. Place the heart

in a weigh bath with some of the Ca2þ-containing buffer and weigh the organ.

While the heart is in the buffer, carefully remove all remnant tissue around the

organ, specifically exposing the aorta. Make sure that there is enough aortic tissue to

allow adequate perfusion superiorly to the carotid bifurcation. Holding the aorta with

two forceps, lift the heart from the buffer and place on the perfusion cannula, that

should have buffer running through at a slow rate. Clamp the aorta to the perfusion

needle and tie it (below the branches) with a piece of surgical thread. Increase the

buffer flow rate until the drops fall between 5 and 10 times per minute. If the procedure

is performed successfully, the carotid arteries will fill with buffer and become clear, the

heart will begin to beat rhythmically and the drops will become clear.

Once the heart is successfully hung, it is perfused (at 37�C) with Krebs–Henseleit

bicarbonate (KHB) buffer containing (in mM): 118 NaCl, 4.7 KCl, 1.25 CaCl2, 1.2

MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 N-[2-hydro-ethyl]-piperazine-N0-[2-ethanesulfo-

nic acid] (HEPES) and 11.1 glucose, equilibrated with 5%CO2–95% O2.
10

Measurement of infarction size

Scoring of the reperfused myocardium

For quantitative estimation of tissue damage the previously published scoring system

by Zingarelli et al.11 can be used. For that purpose the hearts were harvested and cut

into two portions 1 mm below the ligation suture. Tissues were fixed in 4 per cent

paraformaldehyde at 4�C overnight and embedded in paraffin. Sections of 5 mm were

cut from the cross area and stained with hematoxylin and eosin (HE) for histological

evaluation of tissue damage. According to the score from Zingarelli,11 the following

criteria were considered: score 0, no damage; score 1 (mild), interstitial edema and

focal necrosis; score 2 (moderate), diffuse myocardial cell swelling and necrosis;

score 3 (severe), necrosis with the presence of contraction bands and neutrophil

infiltrate; and score 4 (highly severe), widespread necrosis with the presence of

contraction bands, neutrophil infiltrate, and haemorrhage. Usually about 10 animals

per group should be used for doing the statistical analysis.

Assessment of area at risk and infarction size with Evans blue
and TTC-staining

The aorta was cannulated with a 22G Luer stub, and 1 per cent Evans blue was

perfused into the aorta and coronary arteries with distribution throughout the

ventricular wall proximal to the coronary artery ligature. The left ventricle of each

heart was excised and weighed. After this procedure, the heart was sectioned

transversely into five sections with one section being made at the site of the ligature,

and the sections were weighed. Sections of the ventricle above the site of ligature
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were uniformly completely blue. Sections of the ventricle from the level of the

ligature to the apex, which have areas that are not blue (the area at risk) are then

incubated in 1.5% triphenyltetrazoliumchloride (TTC). After TTC staining, viable

myocardium stains brick red and the infarct appears pale white (Figure 17.5). The

apical side of each slice was imaged, and the area of infarction for each slice was

determined by computerized planimetry using an image analysis software program

(OPTIMAS, Bioscan, Redmond, WA, USA). The colour camera system (TEC-470,

Optronics Engineering, Goleta, CA, USA) has frame-grabbed support via an ALR

486/66 MHz PC and both are connected to a Leitz Diaplan microscope. Images were

acquired by OPTIMAS via the frame grabber and stored for later analysis. Colour

enhancement was used to accentuate the differences between areas that are stained

blue, red or which remain pale. The size of infarction was determined by the

following equations: weight of infarction ¼ (A1�WT1) þ (A2�WT2) þ
(A3�WT3)þ . . ., where A is the percent area of infarction by planimetry from

subscribed numbers 1–4 representing sections, and WT is weight of the same

numbered sections. Percentage of infarcted LV is (WT of infarction/WT of LV) �
100. Area at risk as percentage of LV was calculated by (WT of LV– WT of LV

stained blue)/WT of LV. The weight of LV stained blue was calculated in a similar

fashion sum of products of the percent area of each slice � the weight of the

representative slice.5

Measurement of the infarction area with transmission microscope

After reperfusion, the hearts were harvested and cut into two portions 1 mm below the

ligation suture. Tissues were fixed in 4 per cent paraformaldehyde at 4�C overnight

Figure 17.5 Cross-sections of the stained heart. (a) Areas at risk are delineated by Evans blue dye

in a representative heart with occlusion of the left descending coronary artery. All areas that stain

blue were therefore not at risk. (b) Areas that appear pale white are infarcted. Areas that remain red

were not infarcted but were within the area at risk. Transverse sections are from the apex to the

base (from left to right side). For a color version of this figure, please see the images supplied on

the accompanying CD
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and embedded in paraffin. Sections of 5 mm were cut from the cross area and stained

with HE for histological evaluation of tissue damage.

The measurement of the infarct or the scar area was done by reviewing the sections

with a B�60 microscope (Zeiss, Jena, Germany) equipped with a Sony 3CCD camera

and television monitor. A transmission scanning microscope (Bio-Rad), equipped

with a 488 nm argon ion laser and Plan Neofluar 10� 0.3 oculars connected with the

program START LSM 510 was used to scan the images. The scar was defined as the

region between the living myocytes and the cardiac membrane. Areas were measured

and recorded in square micrometers.12

Despite the fact, that the extension of a myocardial infarction is a three-dimen-

sional one, this two-dimensional approach has some practical advantages. The first

one is that the above mentioned technique with 1 per cent Evans blue and 1.5 per cent

TTC shows good results after at least a few hours of ischemia. For doing ischemia–

reperfusion studies this time frame usually is too long, so that other techniques are

desirable. The second one is that due to the small size of a murine heart the

measurement of the infarction area after staining with Evans blue is relatively

inaccurate. This is mainly caused by the unintentional diffusion of the staining

colour into the area at risk. The Evans blue staining therefore seems to be much more

suitable for bigger animal hearts like those of a pig or a dog. The third one is that the

technique by use of a transmission scanning microscope is quite easy to perform, and

is less time consuming than the Evans blue staining.

Measurement of the cardiac enzymes

The measurement of blood concentrations of cardiac enzymes can be used as an

index of cardiac cellular damage. We and others demonstrated a very good

correlation between the markers for cardiac damage and the size of myocardial

infarction.7

Heparin-blood can be collected when the mice were sacrificed. Usually the blood is

taken by puncture of the inferior vena cava. Blood concentrations of troponin T were

measured as an index of cardiac cellular damage by using the quantitative rapid assay

kit (Roche Diagnostics, Mannheim, Germany). A 10 ml volume of plasma was used,

and each test strip was rechecked visually.

Creatine kinase and lactate dehydrogenase isoenzyme 1 (LDH-1) were electro-

phoretically analysed using commercially available kits (Paragon, Fullerton, CA,

USA). The gels were scanned with a densitometer and the relative activity of each

isoenzyme fraction was calculated against total enzyme activities.

Echocardiography (transthoracic and transesophageal)

Transthoracic echocardiography was performed using a Sonos 5500 ultrasound

machine (Hewlett Packard Co.) with a 12 MHz phased array transducer and a
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frame rate of 41/s. The transducer was covered with a surgical latex glove finger filled

by ultrasound transmission gel to provide a standoff of 0.5�0.7 cm. The transducer

was used at a depth setting of 2 cm to optimise resolution. Mice were anesthetised

with a half dose of the anesthetic mixture used for open-chest surgery to maintain

light anesthesia and spontaneous breath. The chest was shaved. Mice were placed on

a heating pad in a shallow left lateral position and a standard lead II electrocardio-

gram was recorded for heart rate measurement. After a two-dimensional (2D) image

was obtained in parasternal short axis view at the level close to papillary muscles, a

2D guided M-mode trace crossing the anterior and posterior wall of the LV was

recorded at a sweep speed of 100 mm/s. Caution was given not to apply excessive

pressure over the chest, which could cause bradycardia and deformation of the heart.

The following parameters were measured digitally on the M-mode tracings and

averaged from three cardiac cycles: LV internal end-systolic and end-diastolic

diameters (LVESd, LVEDd), external LV diastolic diameter (ExLVDd), anterior

and posterior wall thickness of systole and diastole (Aws th, Awd th, Pws th and

Pwd th). The measurements were made using the leading edge method of the

American Society of Echocardiography.13 Particular attention was given to acquire

the largest LVEDd from the 2D image in infarcted mice to avoid underestimation of

LV dilatation due to asymmetric alterations in the LV cavity. LV fractional shortening

(FS) was calculated as FS%¼ [(LVEDd�LVESd)/LVEDd]� 100. LV mass was

calculated following an uncorrected cube formula: LV mass¼ [(LVEDdþAwd

thþPwd th)3�LVEDd3]� 1.055, where 1.055 is the gravity of myocardium.14,15

Scherrer-Crosbie et al described a three-dimensional echocardiographic assessment

of left ventricular wall motion abnormalities after infarction in the mouse heart.16

Also a transesophageal echocardiographic approach is described for assessment of

the left ventricular function in mice after a myocardial infarction.17

Magnetic resonance imaging (MRI) assessment of murine
cardiac function

The group around Weiss described an in vivo MRI assessment technique of the

murine heart.18 Therefore high-resolution images were obtained to confirm position,

define the regions of metabolic interest, or quantify ventricular function. After the

cradle containing the mouse was positioned in the magnet, and the position of the

spectroscopy coil relative to the heart ascertained by fast scout images, an ECG-

gated, spin-echo transverse image for correlation with spectroscopic data was

obtained [echo time (TE) ¼ 11 ms, recycle time (TR) ¼ �500 ms, slice thickness

(ST) ¼ 1.6 mm, field of view (FOV) ¼ 32 mm, matrix size ¼ 256� 128 (zero-filled to

256� 256), numerical aperture ¼ 2–8, total acquisition time ¼ 2–8 min]. Diffusion

gradients were applied symmetrically on both sides of the refocusing pulse to crush

the blood signal and minimize flow artifacts. In some mice, a complete set of

multislice short-axis images (ST ¼ 1.2 mm, no gap between slices) for end diastole

and end systole was acquired. Each slice was acquired exactly at the same time point
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in the R-R interval by waiting one R-R interval between slices. Left ventricular

volumes at end diastole and end systole were determined using the software package

NIH Image version 1.52 for a Macintosh computer from these multislice images

(matrix size 256� 256). The left ventricular ejection fraction was calculated from the

relative difference in end-diastolic and end-systolic cavity volumes. For further

details please see the above cited paper from Chacko et al.18

Single photon emission computed tomography (SPECT)

Early pinhole SPECT studies of cardiac function in a rat model of myocardial infarct

gave good agreement between in vivo imaging data and postmortem autoradiographic

and staining studies.19 The importance of myocardial imaging in small animals has

led to the development of SPECT systems designed specifically for this application.20

Phantom measurements of a simulated mouse left ventricle indicated that myocardial

perfusion defects could be detected with very high accuracy on SPECT images,

which correlated with the true size of the defect. This has important implications for

the study of cardiac function in mice, and may be useful in phenotyping transgenic

mouse models of heart disease.

Electrocardiogram and in vivo left ventricular
pressure–volume measurements

Electrocardiographic measurements

Continuous ECG recordings can be made with a two-lead ECG Hemodynamic Data

Acquisition System apparatus (Instrument Services, Maastricht, The Netherlands) to

detect arrhythmias. The first lead was positioned in the left lower leg, the second

lead in the right upper leg. The recordings were made in trend save mode (every 5 s) with a

sample interval of 1 ms and were started at the beginning of the surgical procedure.21

In vivo left ventricular pressure–volume measurements

Left ventricular function can be assessed by simultaneous measurement of left

ventricular pressure and volume. This can be done with a Sigma SA (CDLeycom,

Zoetermeer, The Netherlands) single segment data acquisition module. The system

operated on a constant excitation current of 30 mA to prevent interaction with the

murine cardiac conduction system. The time-varying ventricular volume V(t) was

estimated from V(t) = �L2 [G(t)�GP] where � (rho) is the mouse specific blood

resistance, L indicates the distance between the sensing electrodes and G(t) the

instantaneous conductance. Parallel conductance GP was determined by hypertonic

saline injection and substrate offline. CONDUCT 2000 software (CDL-eycom) was

used for data acquisition and Cirlab software (LUMC, Leiden, The Netherlands)
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was used for offline data analysis. A 1.4 Fr Millar pressure-conductance catheter

(SPR-719, Millar Instruments, Houston, TX, USA) was used for the LV pressure–

volume measurements. The pressure signal was calibrated with a mercury manometer

at the beginning of each experiment. Baseline zero reference was obtained by placing

the sensor in 37�C normal saline before insertion. Acquired resistance was converted

to relative volume units (RVU) by the Sigma SA acquisition module. The correction

for electric field inhomogenity � was calculated by conductance and echocardio-

graphic measurements of end-diastolic volume. The specific resistance of murine

blood (�) was determined by using a Rho-cuvette (CDLeyom). The murine specific

Rho-cuvette has a content of 150ml.21

Different mouse types

Beside the use of conventional laboratory mice the availability of a broad variety of

genetically altered mice in the last years lead to a rise in interest for these mice.

Knockout mice

Knockout mice are produced by a technique called gene targeting. This is the

replacement of one gene sequence, the sequence resident in the mouse genome, with

a related sequence that has been modified in the laboratory to contain a mutation. The

replacement occurs by a process called homologous recombination, where two very

similar DNA sequences line up next to each other and exchange parts. Gene targeting

is carried out in mouse embryonic stem cells (ES cells). These cells are derived from

a very early (usually male) mouse embryo and can therefore differentiate into all

types of cell when introduced into another embryo. The aim is to get the modified ES

cells to contribute to the germ line, which gives rise to sperm. Some sperm are

produced that carry the desired mutation, and if these fertilise a normal egg, mice

develop with one copy of the mutated gene in every cell. Interbreeding such mice will

produce some homozygous individuals in the next generation – mice inheriting the

mutation from both parents and therefore carrying two copies of the mutant gene.

These are knockout mice. Although knockout mice are extremely useful in studying

gene function, producing custom knockout mice is very expensive. There are now

hundreds of knockout mice commercially available. These can be purchased from a

variety of companies, one being The Jackson Laboratory in Bar Harbor, ME, USA.

Also double knockout mice are now available to investigate more complex questions.

It is also important to consider the cost of care for genetically altered animals, as they

require special transgenetic core facilities where staff can assist researchers with

housing and taking proper measures to keep these knockout animals at optimal

conditions for research purposes. Other limitations of the knockout mice were the

developmental defects, so that many knockout mice die while they are still embryos.

Even if a mouse survives, several mouse models have somewhat different physical

and physiological (or phenotypic) traits than their human counterparts. The goal of
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conventional knockout technology is to knock out both alleles so that the gene is

entirely absent from all cells. The purpose of the more advanced types of knockouts,

the so called conditional knockouts, in contrast, is to delete a gene in a particular

organ, cell type, or stage of development.

Conditional knockout mice

The latest wave of mouse models has advanced beyond generalised gene knockouts to

develop new strategies for the precision engineering of endogenous genes within

specific cell types. The most successful approach has been based on the generation of

mice that harbour floxed alleles, which contain LoxP recognition sequences that flank

a critical exon that is required for the expression or function of the gene of interest.22

These mice are generated by homologous recombination of targeting vectors in

embryonic stem cells that bring in the LoxP sites into the germ line (Figure 17.6). The

floxed allele mice express the normal gene product, because the LoxP sites are

located within the intron sequences that are spliced out during RNA processing.

However, the intervening sequences between the LoxP sites can be excised by the

expression of Cre recombinase, which is brought into the genetic background of the

floxed allele mice via interbreeding. By controlling the expression of Cre recombi-

nase to a specific tissue, for example to the ventricular chamber, it is possible to

generate mice that harbour a ventricular-restricted mutation in a gene that is widely

expressed, thereby allowing a direct examination of the role of a given gene within

cardiac muscle.23

Transgenic mice

A transgenic mouse contains additional, artificially-introduced genetic material in

every cell. This often confers a gain of function, for example the mouse may produce

Cre

loxP

loxP

loxP

Figure 17.6 Cre/LoxP site-specific recombination. Cre recombinase recognizes a consensus

sequence (LoxP site) and catalyses recombination between two LoxP sites. If the sites are placed on

the same DNA strand in the same orientation the recombination results in a deletion of the

intervening sequence
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a new protein, but a loss of function may occur if the integrated DNA interrupts

another gene. A transgenic mouse is a very useful system for studying mammalian

gene function and regulation because analysis is carried out on the whole organism.

DNA can be integrated by injecting it into the pronucleus of a fertilized ovum. The

DNA can integrate anywhere in the genome, and multiple copies often integrate in a

head-to-tail fashion. There is no need for homology between the injected DNA and

the host genome.

Conclusion

Due to the fact that coronary heart disease is still the number one killer in the western

world, scientists and doctors are encouraged to find new therapeutic strategies. Due to

ethical considerations experimental ischemia–reperfusion studies almost exclusively

can be performed in laboratory animals. The availability of a broad variety of

genetically altered mice in the last years led to a remarkable rise in the interest for

experimental mouse models.

This review describes the different mouse ischemia–reperfusion models and the

techniques for quantification of ischemia–reperfusion damage. Beside the conven-

tional in vivo mouse model for ischemia–reperfusion, the open chest mouse model,

also newer ones, such as the closed chest ischemia–reperfusion model are described.

Further, the novel quantification of ischemia–reperfusion damage by help of a

transmission microscope is explained. Also known techniques established in clinical

practice in humans, such as echocardiography and MRI, are described for mice. The

advantages and disadvantages of the different approaches also were discussed. The

given company names for the different technical devices should serve just as a

proposal. We know that there are a number of equal technical devices manufactured

by different companies. This review should help the interested scientists to choose

the most suitable mouse ischemia–reperfusion model to clarify their specific

questions.

With new insights gained in ischemia–reperfusion damage by the use of mouse

models new pathways will be revealed. This findings could generate new hypotheses

that can be tested in human subjects and may lead to the development of new

therapeutic strategies in future.
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22. RajewskY K, Gu H, Kühn R, Betz UA, Müller W, Roes J, Schwenk F. Conditional gene

targeting. J Clin Invest 1996; 98: 600–603.

23. Chien KR. To cre or not to cre. The next generation of mouse models of human cardiac

disease. Circ Res 2001; 88: 546–549.

REFERENCES 219





18
Cardiac hypertrophy
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Introduction

The heart responds to a sustained increase in cardiac work, commonly secondary to

hypertension, by the process of left ventricular hypertrophy (LVH).1 The most

obvious feature of LVH is a thickening of the LV wall, which tends to normalise

increased wall stress. However, the underlying mechanisms of LVH are complex and

involve a series of alterations in cardiac myocyte, extracellular matrix, coronary

vessel and chamber structure and function that are driven largely by changes in gene

expression. Sustained pressure overload and chronic LVH eventually leads to

contractile dysfunction, ventricular dilatation and ultimately heart failure. The

occurrence of chronic heart failure is accompanied by substantial morbidity and

mortality.2 Pathological LVH as described above differs from physiological hyper-

trophy (e.g. in response to chronic exercise), where the heart appears to be well

adapted to the increased workload and there is no progression to heart failure.

The mechanisms responsible for the development of LVH and the subsequent

progression or transition to chronic heart failure remain poorly defined and are the

subject of intense investigation.3 Animal models that mimic the initiation and

progression of the human condition have significantly advanced the study of these

mechanisms. In particular, the availability of numerous specific gene-modified

animals has made the mouse one of the most informative animal models to study

in the field of LVH and heart failure. On the other hand, the small size of mice poses

significant technical challenges with regard to the study of in vivo LVH models.

Here, we provide detailed descriptions of three commonly used experimental models

of murine cardiac hypertrophy as well as a brief description of the detailed
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characterization of cardiovascular hemodynamics in such a model, in order to able to

relate changes in molecular mechanisms to alterations in cardiac phenotype and

function.

Materials and methods

Animals

The ensuing methods are optimal for adult male C57BL6/J mice, this being the most

common background strain for most genetically modified mice used in cardiovascular

studies. The use of other strains would most likely require at least minor modifica-

tions in the protocols described. All the surgical procedures performed in our

laboratory are undertaken in strict accordance with the Guidance on the Operation

of the Animals (Scientific Procedures) Act 1986 (Her Majesty’s Stationery Office,

London, UK) and institutional guidelines.

Anesthesia

The type of anesthetic and the depth of anesthesia can cause profound alterations in

myocardial contractility and hemodynamics.4 Therefore it is important to use an

anesthetic regime that has minimal cardiovascular effects. Although many different

anesthetic agents are used in the study of murine cardiovascular physiology in the

literature, agents such as urethane, sodium pentobarbital and ketamine/xylazine can

cause profound systemic hemodynamic depression.5 It is therefore advisable to avoid

such agents when studying cardiovascular (patho)physiology. In our experience, the

preferred agent is the inhalational anesthetic, isofluorane, which has been shown to

have minimal cardiovascular effects.5 Isofluorane is also relatively short acting so that

experimental animals are able to recover rapidly after completion of surgery, in

contrast to injectable anesthetics such as sodium pentobarbital, where recovery can

take 2–3 h. In addition, it is usually not necessary to withhold food or water from the

mice prior to surgery in our experience. The procedures described below are

relatively short and no significant anesthetic-related adverse effects have been

observed.

Pressure overload-induced LVH

Aortic constriction is one of the most commonly used methods to induce LVH. There

are two main variations of the method, one involving constriction at the aortic arch

(known as transverse aortic constriction; TAC) and the other at the suprarenal

abdominal aorta.

222 CH18 CARDIAC HYPERTROPHY



Transverse aortic constriction

This method was initially established in mice mainly by Rockman and colleagues,6

and has since become widely used.7–10 TAC results in a rapid development of LVH,

with a 40 per cent increase in LV/body weight ratio within 7 days, and carries a

relatively low perioperative mortality of approximately 15 per cent in experienced

hands.6

Adult male mice of varying ages (8–26 weeks) can be used.6,9 Anesthesia has

typically been achieved with a mixture of ketamine (100 mg/kg, i.p.), xylazine (5 mg/

kg, i.p.) and morphine (2.5 mg/kg, i.p.), but other agents such as isofluorane can also

be used (see later). Essentially the same regime may be used for coronary ligation

surgery. Appropriate analgesia (e.g. buprenorphine, 0.05 mg/kg, i.m.) is administered

at this time. The animal should then be placed on its back and the neck and chest

shaved with an animal hair clipper (VetTech Solutions, PO001). Mice may be

intubated either by tracheotomy or non-invasively,11 although it is much easier if

the trachea can be visualised during intubation. In order to do this, a midline cervical

incision of approximately 1 cm is made and the salivary glands are separated by blunt

dissection using a probe (John Weiss, 0105072) to expose the trachea and carotid

arteries.6 The mouse is then intubated by holding the tongue with small forceps and

introducing an 18G intubation tube (supplied with MiniVent, Harvard Apparatus)

with the other hand. The intubation tube is advanced into the trachea (taking care not

to enter the esophagus) and taped in position to avoid it being sucked too far into the

lungs. Once in place, the intubation tube is connected to a ventilator (MiniVent,

Harvard Apparatus) and the mouse ventilated with room air. For a 25–30 g mouse, we

typically use a stroke volume of 250 ml at a rate of 150 strokes/min, although these

can be adjusted for animal weight.

Once the mouse has been successfully intubated and ventilated, the chest cavity is

entered at the level of the second left intercostal space.6 First, a transverse cut of

approximately 5 mm is made in the skin about 2 mm from the left upper sternal

border. Then, both layers of pectoral muscle are cut with sharp scissors, taking care to

avoid the mammary vessels, thus exposing the semitransparent chest wall, through

which the ribs and lungs are clearly visible. The chest cavity is then opened with

scissors along the second left intercostal space, avoiding the internal mammary artery

that runs along the sternal border on the inner surface of the chest wall. The second

and third ribs are spread to a distance of about 5 mm using a self-retaining retractor

(Fine Science Tools, 17002-02), taking care not to damage the lungs (which may be

protected by a damp swab). The pericardium is then removed with small dissection

scissors (World Precision Instruments, 501234) before the aortic arch is isolated with

the blunt-ended probe (Figure 18.1). A 7/0 nylon suture is then passed around the

transverse aorta between the right subclavian and left carotid artery using a curved

suture holder (Aesculap, BM801R), before being tied down onto a blunted 27G

needle (for 18–22 g mice; needle gauge can be adjusted for body weight). The needle

is then quickly removed resulting in an approximate 70 per cent constriction of the

aorta.
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After TAC, the retractor is carefully removed and the pneumothorax evacuated by

occluding the ventilator outflow for 1 s before each suture is tied. Typically, three

interrupted 5/0 vicryl sutures tied around the second and third ribs are required to

achieve complete chest closure. With each tie slight pressure is applied on the chest

with the needle holder in order to extrude free air within the chest cavity. The skin

layer is then closed in a similar fashion before the intubation tube is removed.

Animals are then allowed to recover in a heated recovery chamber at 30 �C for 24 h.

In acute studies, it is possible to measure the pressure gradient across the aortic

constriction either during or after surgery.6,9 This is done by cannulating both the

right and left carotid arteries with flame-stretched PE50 tubing connected to fluid-

filled pressure transducers. Studies have shown that under ketamine/xylazine anesthe-

sia, the pressure gradient across the carotid arteries after TAC is 45–50 mmHg and is

reproducible.6,9

As a control for TAC, it is important to undertake sham operations which involve

an identical procedure apart from aortic constriction.

Suprarenal abdominal aortic constriction

The method of suprarenal abdominal aortic constriction is a simpler alternative to

TAC and has been the preferred method in our laboratory. With this method, there is

no need for thoracotomy or intubation/ventilation and the perioperative mortality is

approximately 10 per cent or less. It is a much faster and less traumatic procedure

than TAC. However, since the constriction is more distal than in TAC and there are

more branch vessels (left carotid, spinal, celiac arteries, etc.) between the stenosis and

the heart, the degree of pressure overload can be more variable so that this method

requires more precise surgical criteria to ensure the successful development of LVH.

In addition, suprarenal abdominal constriction results in a greater degree of activation

2nd rib

Thymus gland

Sternum
Aortic arch

3rd rib
Left atrium

Figure 18.1 Photograph of the surgical preparation for transverse aortic constriction. The second

and third ribs are spread with a retractor and the aortic arch isolated using a blunt-ended probe. For

a color version of this figure, please see the images supplied on the accompanying CD
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of the renin–angiotensin system than TAC,12 which may be an important considera-

tion in some studies.

We typically use young adult male mice weighing 15–18 g (5–6 weeks old) in

which the growth of the animal (which is linear at that age) into the aortic band

contributes to an increased pressure overload. Constriction with a blunted 29G needle

between the celiac and superior mesenteric arteries leads to progressive development

of LVH, which is significant by 1 week and reaches approximately 40 per cent by 2

weeks post-surgery.13 The development of morphological LVH beyond 2 weeks post-

surgery is accompanied by readily detectable cardiac contractile dysfunction (eg, by

LV pressure-based indices or echocardiography).14 By 8 weeks post-surgery, LV/body

weight increases by 60–70 per cent, with marked LV depression although there are

usually minimal clinical signs of heart failure (similar to TAC).

For abdominal aortic constriction, adult male mice (15–18 g) are first anesthetised

in an induction chamber using a 2 per cent isofluorane/oxygen mixture. They are then

transferred to an anesthetic mask and laid on their right side on a warming pad

(VetTech Solutions, HE006) before being shaved with an animal hair clipper

(VetTech Solutions, PO001). After generous application of antiseptic iodine solution,

a 2 cm lateral incision is made in the skin just below the rib cage and the muscle wall

is opened along the same line using scissors, taking care not to perforate the

intestines. Two retractors are then inserted into the abdomen, one to move the

intestines, liver and spleen to the left (John Weiss, 0107012) and the other to move the

kidney to the right (Aesculap, OA310). They should be adjusted until a good field of

view is obtained in which the abdominal aorta can be clearly visualised (Figure

18.2a). Once positioned, the retractors can either be held in place by metal pins or

manually by an assistant (which is probably easier). A blunt-ended probe (John

Weiss, 0105072) is now used to clear the surrounding fascia and connective tissue

(a)

Aorta

Celiac Artery

Superior Mesenteric 
Artery Renal Vein

(b)

8/0 Suture

29 gauge needle

Constriction

(c)

Figure 18.2 Photographs of the surgical preparation for induction of pressure overload by

abdominal aortic constriction. A lateral incision is made just below the diaphragm and the abdominal

aorta exposed (a). The vessel is then cleared of any adherent fascia and connective tissue before a

length of suture is passed around the aorta (b). A blunted 29G needle is then laid beside the vessel and

double tied. Finally, the needle is removed, resulting in an approximate 70 per cent constriction (c).

For a color version of this figure, please see the images supplied on the accompanying CD
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from the section of aorta between the celiac and superior mesenteric arteries. This is

best achieved by using the probe in combination with a cotton bud in the other hand,

which provides a slightly abrasive surface against which to move the probe. Great

care should be taken when clearing the vessel as it is relatively easy to puncture the

aorta. It is of paramount importance that the aorta is completely clean as any residual

connective tissue may lead to a variable degree of constriction. Once the aorta is

satisfactorily cleared, a length of 8/0 nylon suture is passed around the vessel between

the celiac and superior mesenteric arteries, using a curved suture holder (Aesculap,

BM801R). A short length of blunted 29G needle is then laid along side the aorta

(Figure 18.2b) before the suture is double-tied firmly around it and the vessel. The

needle is then removed resulting in an approximate 70 per cent constriction

(Figure 18.2c). Assessment of invasively measured systolic blood pressure under

isofluorane anesthesia indicated that aortic constriction at the abdominal site results

in significant reproducible pressure overload of approximately 45 mmHg.13 Before

stitching up, 1 ml of warmed saline is added to the abdominal cavity in order to

compensate for fluid loss during surgery. The muscle and skin layers are then closed

separately with 5/0 vicryl using a continuous and interrupted suture, respectively.

Animals are then administered buprenorphine analgesia (0.05 mg/kg, i.p.) and allowed

to recover in a heated recovery chamber at 30 �C for 1 h before being returned to

their cage.

As with TAC, sham operations that involve an identical procedure with the

exception of aortic constriction, are performed as a control.

Pharmacologically induced hypertrophy

While pressure overload induced by aortic constriction is a clinically relevant method

of inducing LVH, it involves a complex set of inducing stimuli (both mechanical and

neurohumoral). Complementary models of LVH involve the infusion of specific

cardioactive or vasoactive agents, e.g. angiotensin II, norepinephrine (noradrenaline),

isoproterenol, typically using an osmotic infusion minipump (Alzet, Palo Alto, CA,

USA) set for subcutaneous infusion. Here, we describe the use of angiotensin II

infusion in this way.13,15

The infusion pumps continuously deliver drugs at controlled rates via osmotic

displacement. They contain an empty reservoir within their core that is filled with the

drug solution to be delivered. The drug reservoir is surrounded by a chamber

containing a high concentration of salt, which causes water to been drawn into the

pump through its semipermeable external layer. This in turn causes compression of

the flexible drug reservoir and subsequent delivery of the drug solution via a flow

moderator. Osmotic infusion pumps are available in several sizes and infusion rates,

the selection of which depends on the animal and duration of study. For a mouse, we

typically use model 1002, which is relatively small (1.5 � 0.6 cm, 0.4 g) and allows

continuous infusion for up to 14 days at a rate of 0.25 ml/h. For longer durations of

infusion, the pump has to be replaced. Although larger pumps capable of infusion for

up to 28 days are available (model 2004), these are rather big (3.0 � 0.7 cm, 1.1 g) for
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a mouse. The concentration of drug to be added to the osmotic pump must be

calculated for the final desired dose and animal weight and be diluted in saline

or appropriate vehicle. Agents such as angiotensin II may be infused at either a

subpressor dose (up to 0.3 mg/kg/per day for C57Bl6/J mice) or a pressor dose

(1.1 mg/kg/per day or greater) depending upon the experimental protocol. A sub-

pressor infusion allows the direct effects on the heart to be potentially distinguished

from effects secondary to increased blood pressure but will usually result in less

hypertrophy. Subpressor or pressor angiotensin II infusion will result in readily

detectable hypertrophy of about 20 per cent after 14 and 6 days, respectively.13,15

Surgery for implantation of osmotic infusion pumps is straightforward. The pump

is filled just before surgery according to the supplier’s instructions. Animals are

anesthetised in an induction chamber using a 2 per cent isofluorane/oxygen mixture.

They are then transferred to an anesthetic mask and laid on their front on a warming

pad (VetTech Solutions, HE006). The back of the neck is shaved with an animal hair

clipper (VetTech Solutions, PO001). After application of antiseptic iodine solution, a

5–10 mm vertical incision is made in the skin in the subscapular region. A large

subcutaneous pocket is then made by blunt dissection using a small pair of scissors

(John Weiss, 0103159) which are advanced down the back of the mouse, separating

the skin away from the underlying muscle. The pump is then inserted as far as

possible into the pocket with the flow moderator facing away from the incision. It is

important to ensure that the subcutaneous pocket is as large as possible and that the

pump is well positioned to avoid it subsequently eroding through the skin. The skin is

closed with 5/0 vicryl suture using two or three interrupted stitches and buprenor-

phine analgesia (0.05 mg/kg, i.p.) is administered before the animals are returned to

their cage. Sham operations involve an identical procedure except that the animals

receive vehicle-filled instead of drug-filled osmotic pumps.

In vivo assessment of hemodynamics by pressure/microconductance

A precise characterization of cardiovascular dynamics is usually essential in order to

relate molecular changes to alterations in cardiac phenotype and function. Methods

that may be employed in the intact animal include echocardiography and magnetic

resonance imaging (both of which are modalities that assess volume-based indices of

function) while ex vivo assessment includes the study of isolated hearts and isolated

cardiomyocytes. Optimal in vivo assessment is generally accepted to require the

simultaneous measurement of both pressure and volume, and in larger animals

(including humans) has been undertaken for many years using the analysis of LV

pressure–volume relations. One of the most specific and reliable methods of under-

taking this is the LV conductance technique coupled with measurement of high

fidelity LV pressure.16–18 Recent technological advances have allowed the application

of this technique in mice using a commercially available 1.4 F microconductance

catheter/pressure transducer (SPR-839, Millar Instruments).19–21 The catheter con-

sists of a high-fidelity pressure transducer flanked by four platinum electrodes. The

two outermost excitation electrodes are each separated from a sensing electrode by a
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distance of 0.5 mm, with a standard spacing between the two inner sensing electrodes

of 4.5 mm. A constant current is applied to the excitation electrodes and the

instantaneous voltage signal is then measured by the sensing electrodes, thus allowing

the calculation of volume (AriaTM 1 pressure–volume conductance system, Millar

Instruments). Pressure data is simultaneously sampled at 1 kHz via a PowerLab

module (ADInstruments). For a detailed description of the basis for volume calcula-

tions, the interested reader is referred to excellent published articles.16,17,22

As this technology is widely accepted as the ‘gold standard’ method for in vivo

assessment of cardiac contractile function,23 we provide a description of its use. The

conductance catheter may be introduced into the LV by two routes, either by direct

puncture through the LV apex or via cannulation of the right carotid artery and

subsequent retrograde passage through the aortic valve.19,24 The former method

requires an open-chest preparation with intubation and ventilation while the latter

may be more physiological due to the intact chest and free breathing. We usually

prefer to use the carotid route in our laboratory.

Several important methodological considerations need to be addressed. The

importance of anesthetic regimes that causes minimal cardiovascular effects has

already been discussed. We first induce anesthesia in a chamber with a 2 per cent

isofluorane/oxygen mixture. Mice are then transferred to a low-profile anesthetic

mask (VetTech Solutions) and laid on their back on a warming pad (Harvard

Apparatus). Maintenance of animal body temperature is essential, with changes

having profound effects on heart rate. A rectal probe is inserted to allow feedback

control to ensure that body temperature is maintained at 37 �C. An operating

microscope with at least 10� magnification is required for carotid cannulation and

catheter introduction. First, a midline cervical incision of approximately 1 cm is made

in the neck and the salivary glands are separated using a blunt-ended probe (John

Weiss, 0105072) in order to expose the right carotid artery. A length of 5/0 nylon

suture is then tied around the distal end of the artery and taped to the anesthetic mask

in order to apply a small amount of tension to the exposed vessel. The carotid artery is

then carefully cleared of any adherent fat or connective tissue using sharp curved

forceps (World Precision Instruments, 14097). Another length of 5/0 nylon suture is

then passed around the proximal portion of the vessel (that closest to the aorta) and is

looped over once, but not tied. The cut ends of the suture are then held by a needle

holder (Aesculap, BM200R) which is draped over the animal’s abdomen in order to

create further tension on the vessel, thereby occluding blood flow to the cleared

section.

Before introduction, the microconductance catheter should be soaked (for at least

30 min) in a saline-filled syringe positioned on the warming pad beside the mouse, to

ensure a stable baseline, and then zeroed. A small incision is made in the artery using

extra fine spring scissors (Fine Science Tools, 15000-08). The catheter is then inserted

using special cannulation forceps (Fine Science Tools, 00608-11), whilst grasping the

upper margin of the incision with fine forceps (Fine Science Tools, 11251-35), and

advanced into the vessel until the proximal electrodes are just past the looped suture.

This suture is then tied to avoid blood loss and the catheter advanced into the heart.

The passage of the catheter is greatly assisted if the neck area is submerged in saline
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after the initial cannulation. The catheter usually finds its own way into the heart,

although resistance may be encountered at the aortic valve; if this occurs, the catheter

is gently moved back and forth until it slides into the LV. It can then be correctly

oriented in the LV by gentle manipulation, using the pressure–volume trace on the

computer as a reference, and taped in position. The use of echocardiography can

facilitate positioning although this is not essential.

After 15–20 min equilibration time, steady state data are recorded. A representative

example of a baseline pressure volume loop is shown in Figure 18.3a; typical mean

steady state data are shown in Table 18.1. The inferior vena cava (IVC) is then

isolated in order to study LV function under variable loading conditions, allowing

analysis of both the end-systolic and end-diastolic pressure–volume relations

(ESPVR and EDPVR, respectively). A small lateral incision is made just below the

diaphragm and the section of IVC between it and the liver is isolated using the blunt-

ended probe. The IVC is then transiently occluded for 2–3 s by applying downward

pressure using a cotton bud, taking care not to perturb the heart. This results in a beat-

to-beat reduction in LV filling pressure and a consequent change in the pressure–

volume relation, from which the ESPVR and EDPVR can be calculated. The ESPVR

is generally acknowledged to be the best load-independent measure of ‘contractility’;

its slope is related to the intrinsic inotropic state of the myocardium.16,25 The slope of

the EDPVR, which is exponential in shape, relates to chamber stiffness and is thought

to be one of the best measures of diastolic function.26,27 Representative examples of

both the ESPVR and EDPVR are shown in Figure 18.3b and c, respectively.

In order to acquire meaningful data, the volume signal requires calibration. A

detailed explanation of the underlying principles can be found in published

papers.16,17,22 Briefly, before catheter introduction, the relative volume settings on

the AriaTM system need to be adjusted. In order to allow for in situ alterations in

conductance, which occur in the animal, relative volume measurements need to be

converted to absolute volumes. First, the conductance catheter is submerged in a

series of cylindrical holes of known diameter housed within a Plexiglas block, which

are filled with blood taken from the animal at the end of the experiment. This method
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Figure 18.3 Representative examples of pressure volume data obtained from a wild type mouse.

(a) steady state pressure volume loop; (b) end-systolic pressure volume relationship (ESPVR); (c)

end-diastolic pressure volume relationship (EDPVR)
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Table 18.1 Hemodynamic parameters derived from pressure-volume relations in wild type mice

Heart

rate (bpm)

LVESP

(mmHg)

LVEDP

(mmHg)

LVdP/dtmax

(mmHg/s)

LVdP/dtmin

(mmHg/s)

�

(ms)

LVESV

(ml)

LVEDV

(ml)

SV

(ml)

SW

(mmHg ml/g) EF (%)

Ea

(mmHg/ml)

Mean 611 94.4 4.2 10475 �9167 4.9 16.4 26.8 14.5 13640 51.1 6.9

SEM �33 �2.3 �0.6 �680 �706 �0.5 �2.4 �3.6 �1.5 �1890 �2.0 �0.5

Values were calculated from eight individual experiments.
LVESP, LV end-systolic pressure; LVEDP, LV end-diastolic pressure; LVdP/dtmax and LVdP/dtmin, maximum and minimum first derivative of LV pressure with respect to time;
� , time constant of fall in LV pressure; LVESV, LV end-systolic volume; LVEDV, LV end-diastolic volume; SV, stroke volume; SW, stroke work; EF, ejection fraction; Ea,
arterial elastance.



ensures that both blood resistivity and catheter electrode spacing are accounted for in

the volume calibration. Second, in order to allow for differences in the density of the

electrical field within Plexiglas and heart tissue, absolute volume measurements need

to be divided by �, which is defined as the ratio of the actual stroke volume to the

stroke volume measured by conductance.21 The ‘real’ stroke volume may be

measured using either an ultrasonic flow probe placed around the ascending aorta

or conveniently by echocardiographic estimation of cardiac output and therefore

stroke volume from the aortic outflow trace. Finally, the measured volume signal

includes an offset term, due to parallel conductance of the myocardium and

surrounding structures, which is caused by extension of the electric current beyond

the LV cavity.17 Parallel conductance is therefore estimated by the saline dilution

method,17,20 which involves injecting a 1 ml bolus of hypertonic (5 N) saline into the

right jugular vein, causing a transient change in the conductivity of the blood in the

LV. The offset term is calculated by plotting the linear relation between maximum

and minimum volume from each loop and is based on the assumption that when the

conductivity of the blood is zero, all current is conducted through surrounding

structures. At the end of the experiment the animal is sacrificed and the heart

dissected and weighed, so that functional data can be expressed per LV mass.

Summary

Over recent years, the mouse has become an essential experimental model for the

investigation of cardiovascular pathophysiology. The experimental models of cardiac

hypertrophy described in this chapter can be applied to the study of many different

aspects of the pathogenesis and pathophysiology of LVH and heart failure as well as

to investigate potential therapeutic strategies.13,28–32 It is often necessary to relate

pathophysiological mechanisms to in vivo hemodynamic function and the analysis

of pressure–volume relations provides the optimal method with which to undertake

this.
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The retrogradely perfused
isolated heart model
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Introduction

The mouse is probably the best animal model for biomedical investigations. It does not

require much space or a complicated diet and has an outstanding speed of reproduction.

Recent advances in elucidating the mouse genome and the development of techniques for

its manipulation have created unique opportunities for exploring the influence of single

gene alterations on complex physiological mechanisms, making this model highly

regarded and more and more used in all fields of biological/medical research.

With regard to cardiac investigations, the isolated mouse heart model facilitates the

assessment of the direct effect upon myocardium of various pharmacologic agents

and procedures that may possess therapeutic properties.

However, it is important to underline that the use of the isolated murine heart is

also associated with difficulties particularly that related to its small size. Typically a

mouse heart weights about 150 mg, with variations according to age, sex and strain,

and spontaneously contracts at a rate of 400–600 beats per minute.

Langendorff system

Principle of the method

The isolated perfused heart has been recognised for over a century as a suitable

experimental model for studying myocardial function, the regulation of coronary

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
# 2006 John Wiley & Sons, Ltd



blood flow and cardiac metabolism.1 The principle of the method involves the

cannulation of the aorta above the sinus of Valsalva, and subjecting the heart to

retrograde perfusion. Thus the aortic valve is forced shut by the pressure of the

perfusate which then enters the coronary system, eventually leaving the heart via the

cut ends of the pulmonary arteries. Throughout this procedure, the chambers of the

heart remain essentially empty. By adjusting the perfusion equipment the investigator

can choose to perfuse in a constant flow or a constant pressure mode (Figure 19.1),

described below in more details on p.00).

Langendorff system: technical data

Both constant flow and constant pressure systems (Figure 19.1) need: a reservoir in

which the buffer is aerated with carbogen (95 per cent CO2 and 5 per cent O2) and the

pH can be checked and adjusted to 7.45–7.50 by modulating the gas output; a

Roller 
pump 

Roller 
pump 

CONSTANT PRESSURE 

Thermostated 
heat  

exchanger 

Reservoir 
suspended  
at 108 cm  

above  
the heart 

5%CO2/95%O2 

pH 7.45 

Reservoir 

5%CO2/95%O2 

pH 7.45

cannula

Thermostated
heart

chamber 

C
O
N
S
T
A
N
T
 
F
L
O
W

Figure 19.1 Simplified scheme of a Langendorff system. Both models (constant pressure and

constant flow) are represented. In constant pressure the roller pump supplies the oxygenated

perfusate to an open-to-air reservoir situated above the heart, higher enough to provide the desired

pressure (usually 102 cm which are the equivalent of 80 mmHg). In constant flow the roller pump

supplies the oxygenated buffer to the heart with a constant flow rate through a closed-to-air circuit
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thermostated heat exchanger in which the buffer is warmed up to 37�C, and a

thermostated heart chamber in which the buffer is delivered to the heart. The

exchanger and the chamber are double jacket glassware connected to a thermostated

water pump.

A roller pump is also required for both systems: in the constant pressure system it

keeps the level of the buffer in the reservoir at 108 mm water column (about

80 mmHg); in the constant flow system it drives the buffer from the reservoir

into the heat exchanger at a speed sufficient to give the desired constant flow. For

more details see Doring.1 This system can be built using individually purchased

components.

Electronic transducers are necessary for monitoring heart function and controlling

and regulating the functionality of the Langendorff system. The most commonly used

transducer is the pressure transducer connected to an isovolumic balloon inserted into

the left ventricle. The balloon is inflated to a maximum pressure of 10 mmHg and gives

data about the heart rate and the developed pressure. From these raw data other

functional parameters can be calculated (e.g. rate pressure product, dp/dt). Other

transducers available commercially can measure coronary flow, perfusion pressure,

whilst more complex equipment for measuring the left ventricular transversal diameter

or to register the ECG are also available.

A pacing electrode can also be used in the Langendorff heart preparation. Pacing

counterbalances the decrease in heart rate that is associated with this model.

However, pacing should not be used if the aim of the study is to investigate drugs

which affect arrhythmogenesis and/or the heart rate. If pacing is not used, many

investigators choose to calculate rate pressure product (heart rate � left ventricular

developed pressure) instead of reporting these values separately.

For ready made systems we recommend searching the Internet for different

suppliers. There are providers (e.g. http://www.adinstruments.com or http://

www.hugo-sachs.de) who offer the glassware, the transducers used to register heart

parameters, the appropriate electronic equipment necessary to maintain experimental

conditions (e.g. constant pressure/constant flow and temperature) and to register all

these data. Sometimes assembling your own glassware and purchasing only the

electronics required for the system can prove to be a much more economical option

than buying a complete system ‘off-the-shelf’.

Usually Tyrode, Locke or Krebs–Henseleit buffers are used. They need to be

filtered because even the purest chemicals may contain insoluble particles which will

obstruct the small coronary vessels. We use a modified Krebs–Henseleit buffer

(Table 19.1) bubbled with carbogen, with a pH between 7.4 and 7.5.

Preparation of hearts for perfusion

Anesthesia and anticoagulation

All animals are weighed prior to experimentation. Heparin 100 IU, is administered

via intraperitoneal (i.p.) injection for prophylaxis against the formation of thrombus

PREPARATION OF HEARTS FOR PERFUSION 237



within the coronary vasculature or ventricular chambers. After 5 min (time allowed to

activated partial thromboplastin time (APTT), to increase), the animals should be

killed either by an anesthetic overdose (e.g. sodium pentobarbital 60 mg/kg i.p.) or by

rapid cervical dislocation. The animal is then transferred to a dissection block and the

limbs secured with adhesive tape.

Dissection

A skin incision is performed at the xyphoid sternum and continued to the lateral ends

of the left and right costal margins. The incision is then continued through the ribs

at the left and right anterior axillary lines to create a clam-shell thoracotomy.

The anterior chest wall is deflected upwards providing an optimal operating field

(Figure 19.2). The heart is removed by transecting the descending aorta and inferior

vena cava, followed by the ascending aorta and superior vena cava and transferred to

a dissection dish containing ice cold Krebs–Henseleit buffer (Table 19.1). It is

expected that in the initial experiments the thoracic organs will be removed en bloc.

However, with time, the investigator will gain experience and the heart will be

removed with less extra cardiac tissue. In this stage of the experiment the priority is to

transfer the heart into the cold buffer as quickly as possible to avoid any detrimental

effects of hypoxia.

Cannulation of the aorta and transfer of the heart
to the Langendorff apparatus

The excess of extra cardiac tissues such as lungs, vessels, thymus is trimmed off and

the ascending aorta is exposed and cannulated with a primed 21G stainless steel

murine cannula under Krebs solution to avoid air embolisation of the coronaries

(Figure 19.3a). This technically difficult step is presented on the CD that accompanies

Table 19.1 Modified Krebs–Henseleit buffer

Compound Concentration (mM)

NaCl 118.0

NaHCO3 25.0

KCl 4.7

KH2PO4 1.21

MgSO4 �7H2O 1.22

Glucose 11.0

CaCl2 �H2O 1.84

The perfusion buffer we normally use is the modified Krebs–Henseleit buffer originally
recommended for the mouse heart. However Krebs–Henseleit buffer with slightly
different compositions may be employed. The debates about calcium concentration and
calcium chelators in this buffer need to be taken into account.8,9
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this book. In summary the cannula is inserted into the aorta by manoeuvring the

heart with as little trauma as possible. This is achieved using two small forceps

which hold the atrial appendages. It should be noted that care should be taken not

to insert the cannula too deep into the aorta to avoid forcing the aortic valve open

and reaching into the left ventricle. This situation is not redeemable by rapid

withdrawal of the cannula as the aortic valve is invariable irreversibly damaged,

resulting in a reduced coronary perfusion (buffer will be lost via left ventricle) and

the heart will not perform as expected. The opposite situation, i.e. not inserting

the cannula deep enough, may have the same result; if the cannula is tightly secured

above the aortic branches (e.g. brachiocephalic trunk) some buffer will be lost

through them. Consequently, the perfusion flow entering into the coronary system

will be diminished. Therefore it is essential that insertion of the cannula deeper

than the point where the aorta leaves the base of the heart should be avoided.

The aorta is secured to the cannula using a 5-0 suture, and transferred to the

Langendorff perfusion apparatus. The buffer should run slowly through the

system prior to mounting the cannula, so that the heart will receive nutrients and

oxygen as soon as it is placed in the system. Once securely attached to the perfusion

apparatus, retrograde perfusion at a constant pressure or constant flow must be

started. The time taken from the moment of the opening of the thorax until the heart

is mounted and perfused on the Langendorff system needs to be under 3 min, in

order to avoid the potential effect of ischemic preconditioning due to delayed

perfusion.2,3

Figure 19.2 The general view of the opened thorax before the removal of the heart. For a color

version of this figure, please see the images supplied on the accompanying CD
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Instrumenting the heart after mounting on the Langendorff system

A small incision is made in the pulmonary outflow tract to allow free drainage of

coronary effluent. Through this orifice a fine microthermocouple can be retrogradely

passed into the right ventricle and attached to a digital thermometer to permanently

monitor the temperature inside the heart (Figure 19.3b).

Heart rate and the left ventricular developed pressure are measured using an

intraventricular balloon. This balloon needs to be pliant but non-elastic. We

recommend it to be hand-made from a little piece of tempered cellophane tightly

knotted with suture on a 21G stainless steel tube and completely filled with fluid

(deionised water). Latex ready-made balloons are available commercially (Hugo

Sacks) but in our experience they are found not to be sensitive enough to obtain a

proper signal. The balloon is connected to a pressure transducer using a non-pliable

line also filled with deionised water. It is very important that all these components

filled with water (the balloon, the non-pliable line and the internal space of the

transducer) to be free of any air bubbles, because air, in contrast to water, is

compressible and will reduce the strength of the signal. The deflated balloon should

be inserted gently into the heart either via the left atrium, after removing the atrial

appendage (Figure 19.3b), or via the pulmonary veins. Once positioned into the heart,

Figure 19.3 (a) Heart mounted on the cannula. AA, atrial appendage. (b) Heart mounted in the

Langendorff system. A ventricular balloon (VB) is inserted in the left ventricle; a thermoprobe (TP)

is inserted via the pulmonary artery; C, cannula. For a color version of this figure, please see the

images supplied on the accompanying CD
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the balloon is inflated to 5–10 mmHg in order to obtain a good signal (Figure 19.4).

The size of the balloon in relation to that of the heart is an important factor in

obtaining a good signal. The coronary flow rate, the temperature and the pressure

signals can be monitored, displayed and recorded. We use an AD Instruments

complete Langendorff system (hardware and software) and record the values on a

Power Macintosh personal computer.

Experimental protocol

We describe below the protocol we use in investigating myocardial infarction

following global normothermic ischemia–reperfusion injury.

After commencing retrograde aortic perfusion hearts are allowed to stabilise for

30 min. During this period hearts must meet certain functional requirements. The

following exclusion criteria are used: prolonged time to perfusion (>3 min), abnor-

mal coronary flow rate (<1.5 ml/min or >6.0 ml/min) arrhythmia in stabilisation

(>3 min), low heart rate at the end of stabilisation (<300 beats/min) and low left

ventriclular developed pressure at the end of stabilisation (<60 mmHg).

Ischemia can be induced either by stopping the coronary flow (completely in global

ischemia or partially in low flow ischemia) or by temporarily obstructing the left

descending coronary artery (regional ischemia). We will refer here only to the no flow

global normothermic ischemia. It is essential to determine the duration of the ischemia

injury in relation to the end point of the study. A short period of ischemia may induce

stunning but no infarction, whilst a prolonged period of ischemia may be so detrimental

that any cardioprotective mechanism will not be able to reduce the infarct size. We

Figure 19.4 Chart visualising and recording the functional parameters of the Langendorff heart.

For a color version of this figure, please see the images supplied on the accompanying CD
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normally use an injury of 30 min no flow normothermic global ischemia which, in our

experience, is associated with approximately 50 per cent infarction of the left ventricle.

Maintaining normothermia of the heart during this stage of the protocol is very

important because it has been demonstrated that ischemia in the hypothermic setting is

associated with reduced injury.4 However, maintaining normothermia in these small

hearts is very difficult especially during global ischemia. Usually the thermostated heart

chamber is filled with warm buffer and the heart is immersed in the fluid for the

duration of ischemia. The investigator should keep the system under close observation

as overheating may occur.

Reperfusion is commenced by restoring the flow. This is another experimental

moment when temperature may shift dramatically, and overheating the heart may

occur. Emptying the suspension chamber and reducing the temperature of the

oxygenated buffer are two remedial options that may be considered. With regard to

the duration of reperfusion, this varies between laboratories. However the recovery of

function depends greatly upon the duration of ischaemic insult.5 Different groups

recommend different durations of reperfusion in order to obtain clear infarct data.

The time allowed for reperfusion before staining with tetrazolium is 30 min in our

model. Although this period may appear inadequate for effective washout of

dehydrogenase enzymes from infarcted tissue, the mouse heart has a high coronary

flow rate per gram, and there is adequate enzyme washout in this short time period.

However, in order to verify this we have carried out experiments in which hearts have

been subjected to 2 h reperfusion before infarct measurement. The infarct size in

this hearts was not found to be different form hearts which had been reperfused for

only 30 min.6

End points

The Langendorff perfused heart model can be use for the investigation of various end

points. Thus, the measurement of infarct size at the end of reperfusion or collecting

tissue samples at various time points for molecular biology investigation (e.g.

Western blotting), collecting coronary effluent for biochemical measurements (e.g.

lactate dehydrogenase and creatine kinase release, or high pressure liquid chromato-

graphy), investigating the occurrence and duration of arrhythmias or to measure

changes in heart function (coronary flow, heart rate, left ventricular developed

pressure, etc.) may also be considered. We use infarct size determination as our

main end point.

Measurement of infarct size

Infarct size staining

At the end of the reperfusion period 1 per cent 2,3,5 triphenyltetrazolium chloride

(TTC, 1% in phosphate buffer, pH 7.4) is injected down the side arm of the aortic
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cannula and infused into the coronary circulation. The heart is then detached from the

cannula and placed in TTC at 37�C for 10 min. Staining with TTC delineates viable

myocardium from infarcted myocardial tissue.7 TTC stain crosses the cell membrane,

and binds to intracellular dehydrogenase enzymes. Viable cells with reducing

potential (preserved reduced necotinamide adenine dinucleotide phosphate) are

colored dark red whilst non-viable cells, with ruptured sarcolemmal membranes,

appear pale. Once the hearts have been stained dark red they are removed, blotted dry

and weighed. They are then frozen and stored at �20�C. Within 24 h the hearts are

sliced into 1 mm sections parallel to the atrioventricular groove after which the slices

are left overnight in 10 per cent formaldehyde (obtained by diluting the commercially

available 40 per cent formaldehide with an appropriate volume of 0.9 per cent NaCl

solution) for a clearer delineation between the viable and non-viable tissues. It is

recommended that the heart slices should not be kept in formaldehyde longer than

24 h before infarct size computation to avoid the discoloration that may affect the

infarct size measurement.

Infarct size computation

The feasibility of measuring infarct size by tetrazolium staining in such a small heart

has now been established. A magnified video image can be digitalised by a computer

video card allowing accurate planimetry using appropriate software.

After 24 h in formaldehyde the heart slices are arranged from apex to base and

compressed between two Plexiglas plates mounted 0.57 mm apart and photographed

using a mega pixel video camera with a high resolution lens (Figure 19.5). A ‘My TV

2 Go MAC USB-TV Tuner’ (Gainward Co. Ltd) is used to transfer the images to an i-

Mac personal computer. Each digital heart slice image is then saved as a single frame

and analysed by ‘drag-and-drop’ into an open window of the National Institute of

Health free share image analysis programme, NIH Image (version 1.63; downloaded

from http://rsb.info.nih.gov/nih-image/). Graph paper (1 mm squares) is used to

calibrate the image areas, which are then multiplied by the slice thickness

(0.57 mm) to generate the planimetered volume. The result is expressed as infarct

developed in the risk zone (I/R%).

Figure 19.5 Mouse heart slices in which viable tissue is stained dark red (dark) and the infarction

pale white. For a color version of this figure, please see the images supplied on the accompanying CD
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General comments

The retrogradely perfused (Langendorff) mouse heart model is largely used in

cardiovascular investigations because it offers many advantages, the most important

of which results from the use of genetically modified myocardium. It should be noted

that the method as described is not restrictive and many slight differences will occur

across different groups. These differences will reflect minor variances in details of the

equipment construction, the duration of ischemia–reperfusion, the use of constant

pressure or constant flow or the buffer composition. Therefore consistency within the

group is the primary aim to ensure reproducibility across groups.
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Measurement of pulse wave
velocity

Yi-Xin Wang
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Introduction

A common consequence of atherosclerosis is an increase in the stiffness of the aorta

and major arteries,1,2 resulting in decreased vascular elasticity and compliance, which

has been seen in humans,3–5 non-human primates,6,7 dogs,8 pigs9 and rabbits.10,11

Many methodologies, both invasive and noninvasive, have been used to assess arterial

elasticity in vivo (see review12). Dating back to the early part of the last century,

Nachev et al. measured the velocity of arterial wave propagation as an index of

vascular stiffness and vascular health.13 Pulse wave velocity (PWV) is defined by the

Moens–Korteweg equation, PWV ¼
p

(Eh/2�R), where E is Young’s modulus of the

arterial wall, h is wall thickness, R is radius at the end of diastole, and ‘‘�’’ is blood

density. The stiffer the vessel and the greater the Young’s modulus, the faster a

pulsatile wave moves.8 Thus, PWV has been used widely to estimate the stiffness of

conduit vessels in human,3–5 non-human primates,6,7 dogs,8 pigs9 and rabbits10,11 as a

surrogate marker for vascular diseases, including atherosclerosis.5,14

Due to small size of rodents, technically it has been very difficult to measure PWV in

vivo, especially in mice, until resent development of high fidelity physiological sensors

as well as fast and powerful data acquisition systems made it feasible. More recently,

Hartley et al. developed a non-invasive Doppler method to measure PWV, which

greatly facilitated research in phenotyping cardiovascular functions under a physiolo-

gical condition in genetically altered mice.15-17
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Materials and methods

Invasive method

Surgical procedure

Mice are anesthetised with an intramuscular injection of a mixture of 120 mg/kg

Ketamine (Ketaset; Fort Dodge Laboratories, Inc., Fort Dodge, IA, USA) and 7 mg/kg

xylazine (Rompun; Bayer Corporation, Shawnee Mission, KS, USA) and placed on a

heating board at 37oC to maintain body temperature. Spontaneous breathing is facilitated

via a tracheal intubation through a midline incision. The left carotid artery is isolated,

cleared from surrounding tissue, and inserted with an 1.4 Fr. Mikro-tip pressure transducer

(Millar Instruments, Houston, TX, USA) with the tip being reached to the aortic arch for

measuring intravascular arterial blood pressure (proximal pressure wave). The abdominal

aorta is exposed through a suprapubic incision, and inserted with another Millar catheter

(1.8-Fr) with the tip being reached to the abdominal aorta at a site just passing iliac

bifurcation for recording distal pressure waveform. In order to simplify surgical procedure

and minimise interruption of normal physiological condition, the distal pulsatile wave-

form can also be obtained by placing a Millar catheter (1.8-Fr) underneath the abdominal

aorta at a site just above the iliac bifurcation to record an extravascular tonometric

pressure waveform. The best signals can be obtained by orienting the catheter tip at

right angles to the vessel axis and the side-mounted sensor flat against the vessel. The

catheter is lifted slightly to maintain contact and to applanate the vessel against the sensor.

By simultaneously measuring intravascular pressure and extravascular tonometric

waveform at the same site, Hartley et al. validated that the timing of the upstrokes

of both waveforms is identical and not affected by change of blood pressure and heart

rate.16 When the surgery is completed, all wounds are closed to minimise evaporative

fluid loss.

Experimental procedure

When blood pressure and heart rate stabilise for approximately 30 min, both the

proximal (aortic arch) and distal (abdominal aorta) waveforms are recorded simulta-

neously. The signals are digitised and stored using a data acquisition system

(Powerlab 16/s, ADI, Australia). The sampling rate of data acquisition is 10 kHz.

Since the Millar pressure transducer has a response frequency ranging from flat to

10 kHz, it is able to provide high-fidelity signals of the pressure waveforms in mice

with heart rate up to 600 beats per min.

Data analysis

Systolic, diastolic, pulse and mean arterial blood pressure and heart rate are

calculated by the data acquisition system from the proximal pressure wave. As
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illustrated in Figure 20.1, the propagation time (t) for a pulse wave moving from the

aortic arch to the abdominal aorta is measured by the time delay between the

upstrokes (foot) of each pressure wave front. At least 10 normal consecutive cardiac

cycles are used to average each measurement. At the end of the experiment after

animal is killed, the distance between two measurement sites is measured using a

damp cotton thread stuck onto the aorta between the tips of the two pressure

transducers and marked. The thread is then removed and laid straight for measure-

ment of the distance (l) between the two marks. PWV is calculated by dividing the

distance by the pulse wave propagation time (l/t) in units of m/s.

Non-invasive method

Animal preparation

Light anesthesia is used to immobilise the animal during the experiment. The animal

is placed in a closed chamber of an anesthesia machine (IMPAC 6, VetEquip,

Pleasanton, CA, USA) ventilated with 1.5 per cent isoflurane for 3–5 min. After

induction, light anesthesia is maintained by placing a coaxial tubing set from the

anesthesia machine over the face of the mouse, which is taped supine to electro-

cardiogram (ECG) electrodes incorporated into a temperature-controled circuit board,

which includes four ECG electrodes under the four limbs, and an array of 50 surface-

mounted heat-generating resistors positioned under the body of the mouse. A

temperature sensor (Physitemp, Clifton, NJ, USA) is inserted into the rectum of

the mouse for monitoring and controling the board temperature between 35 and 40�C

so that the body temperature can be maintained at 36�C throughout the study. The

ECG electrodes are connected to a high-fidelity ECG amplifier with a 0.1 kHz

Figure 20.1 Illustration of the measurement of aortic stiffness by pulse wave velocity (PWV).

Transducer 1 is inserted into the aortic arch via the carotid artery for measuring the proximal

pressure waveform. Transducer 2 is inserted into the abdominal aorta at bifurcation via the femoral

artery for measuring the distal pressure waveform. (Adapted from reference [21].). For a color version

of this figure, please see the images supplied on the accompanying CD
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bandwidth set to record lead II ECG. The ECG board, amplifier, and temperature

controller, along with the Doppler transducers and signal processing, specifically

for use with mice are developed by Dr Craig Hartley from Baylor College of

Medicine.

Doppler data acquisition system

The Doppler probes are connected to a modular pulsed Doppler system designed

by Hartley originally for use with implantable probes in animals.18 The Doppler

audio output is connected to a data acquisition and signal processing system

integrated into a personal computer (Indus Instruments Inc., Houston, TX, USA).

Briefly, the quadrature audio Doppler signals from the 20 MHz pulsed Doppler

modules and the amplified ECG signal are sampled and digitised at 125 kHz. A

complex fast Fourier transform is calculated and displayed in real-time on a

computer monitor along with the ECG for use by the operator in optimising and

adjusting the probe position. When the desired signals are obtained, a button is

pressed on a remote keypad to save the last two second unprocessed signals to a

data file.

Experimental procedure

A 20 MHz Doppler probe with a focal distance of 4 mm is placed just left of the

sternum at a 90� angle to the sternum to record flow velocity in the aortic arch moving

toward the probe at a depth of 2–4 mm. A mark is made on the chest at the aortic arch

measurement site and a second mark is made 40 mm distal on the abdomen; another

measurement is then taken with the probe angled toward the heart to record flow

velocity in the abdominal aorta moving toward the probe at a depth of 2–3 mm

(Figure 20.2).

Signal processing and calculation of pulse wave velocity

Digitised quadrature Doppler and ECG signals are processed off-line. The 2 s data file

from each location on each mouse, consisting of 10–20 cardiac cycles, is played back

and displayed using an adjustable 64- to 1024-point fast Fourier transform. A

semiautomated program is used to outline the upper edge of the Doppler spectrum.

We typically use a 256-point (2–4 ms) spectral window that is advanced through the

data set at 0.1 ms intervals, resulting in a temporal resolution of 0.1 ms and a

frequency resolution of 250–500 Hz depending on the sampling rate. The analyser

can be adjusted to optimise temporal resolution for PWV. Aortic pulse-wave velocity

is calculated by dividing the separation distance by the difference in arrival times of

the velocity pulse timed with respect to the ECG (Figure 20.2).
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Discussion

Factors affect in vivo measurement of pulse wave velocity

Effect of blood pressure

It has been known that blood pressure, especially diastolic pressure can directly affect

in vivo measurement of PWV in intact animals.11,19,30 Indeed, we have observed that

when blood pressure was increased by administration of phenylephrine, PWV was

also increased correspondingly.21 Therefore, to avoid a direct impact of blood

pressure on in vivo measurement of PWV, it is important to compare PWV among

different experimental groups at an equal level of blood pressure. Alternatively, �-

index (2.11 � PWV2/diastolic pressure) can be used to normalise the difference in

diastolic pressure for comparison of PWV among different experimental groups when

blood pressure may not be at a similar level.11,19–21

Sampling rate of data acquisition

Due to the fast heart rate (up to 600 beats per min) in mice, a slow data acquisition

sampling rate can distort the waveform, thus, compromising accuracy of exact time

localization on waveform. Therefore, at least 100 samples per cardiac cycle are

Figure 20.2 Diagram and Doppler waveforms and electrocardiogram (ECG) displayed with

expanded time and amplitude scales for determination of aortic pulse wave velocity (PWV) in mice.

Velocity measurements are made at the aortic arch and at the descending aorta 40 mm distal. PWV

is calculated by dividing the separation distance (40 mm) by the difference in velocity pulse arrival

times (9 ms in this example). (Adapted from reference [15].)
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needed for recording a high fidelity waveform. Furthermore, since the length of a

mouse aorta is short (only about 40 mm), the time for a pulse wave moving from

proximal to distal measurement point is only about 10 ms. Thus, a temporal

resolution of 0.1 ms can be reached with a sampling rate of 10 kHz.

Land-markers on the waveforms for measurement

Although there are multiple land-markers, such as systolic or diastolic peak, etc., on

the waveforms for the determination of propagation time, we chose to use the starting

point at the upstroke of the wave front,15,16,21,22 because it has been shown to be less

affected by distortion than other parts of cardiac cycle.23 We have also validated that

the central location of diastolic phase is another reliable land-marker,21 because it has

also been shown to be less affected by distortion than the systolic phase of cardiac

cycle.8 With simple programming, we were able to make real-time (cycle by cycle)

computer automated measurement of propagation time, which greatly facilitated data

processing and enhanced accuracy and reproducibility.21

Physiologic and pathophysiologic impact of vascular stiffness

An elastic conduit aorta constitutes a hydraulic buffer converting intermittent cardiac

output into steady flow, which not only reduces cardiac workload during systole and

conserves energy expenditure for the heart, but also alleviates pulsatile stress and

improves diastolic blood supply to the perfused organs. A stiffening conduit artery

increases pulsatile component, exerting detrimental hemodynamic load on the heart,

limiting coronary perfusion, impairing ventricular performance, and eventually

exacerbating the development of congestive heart failure. Accumulating evidence

suggests that abnormalities in pulsatile characteristics of the arteries occur early in

disease processes associated with increased cardiovascular risk, and can be favorably

modified by therapeutic interventions. Changes in mechanical behavior of blood

vessels can also influence growth and remodeling of all sections of the arterial

vasculature, and potentially influence development and progression of arterial

disease. Emerging results support the concept that cardioprotective actions of drug

interventions may, at least in part, be dependent on favorably influencing these

processes in blood vessels and not simply changing arterial blood pressure. The

importance of assessing arterial wall mechanics has been highlighted by studies

demonstrating that impaired pulsatile arterial function is an independent predictor

of risk for cardiovascular events with aging and various disease states, including

coronary heart disease, left ventricular hypertrophy, congestive heart failure,

hypertension and diabetes mellitus, thus, providing important prognostic and

therapeutic information beyond that provided by traditional blood pressure

measurements.24–28
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Application

Apolipoprotein-E knockout (ApoE-KO) mice spontaneously develop hyperlipidemia

and atherosclerotic lesions as they age, detectable predominantly in the aortic arch

and carotid arteries. Thus, apoE-KO mice have been used widely in the vascular

biology research as an animal model of hyperlipidemia and atherosclerosis. By using

both invasive22 and noninvasive15,16 methods, we have shown age-dependent

increases in aortic stiffness measured by PWV in apoE-KO mice fed with a normal

diet.29,30 Although there was a moderate aortic atherosclerotic lesion development in

apoE-KO mice of 4 months old, PWV was not significantly different from that in age-

matched C57 black/6J wild type controls until 13 months old when PWV signifi-

cantly increased in apoE-KO compared to wildtype mice. Our data also demonstrated

that the PWV measured by different methods, invasively23 and noninvasively,15,16 is

consistent. However, the noninvasive method has multiple advantages, such as

‘‘higher throughput’’ (about 5 min per measurement), non-terminal procedure

(enabling repeated measurements over time without sacrificing animal), and under

more physiological condition with no surgical intervention, etc.

Using the noninvasive Doppler method, we also detected a further increase in PWV

in apoE-KO mice treated with angiotensin II (Ang II), which is not only a

vasoconstrictor, but also has been implicated in vascular inflammation, progression

of atherosclerosis and other cardiovascular diseases.31 The in vivo PWV measurement

in this study was consistent with the in vitro measurement by elastigraphy as well as

associated with morphological (breaks in the internal elastic lamina and inflammatory

cell infiltration) and biochemical (increase in collagen and decrease in elastin

content) changes in the aortic wall.31 Molecular mechanisms for Ang II-induced

vascular injury involve activation of NF-kB dependent proinflammatory mediators,

such as IL-6, ICAM-1, VCAM-1, E-selectin, MCP-1, M-CSF, COX-2, etc., and

downregulation of anti-inflammatory molecules, such as peroxisome proliferator-

activated receptors (PPARs), members of the nuclear receptor super family of

transcription factors that control the expression of a large array of genes, in the

aortic wall.31-33 Activation of proinflammatory mediators promotes monocyte/macro-

phage infiltration into the vascular wall. These inflammatory cells are a major source

of urokinase-type plasminogen activator (uPA) as well as other proteolytic enzymes,

such as matrix metalloproteinases (MMPs). uPA hydrolyzes plasminogen to form

plasmin, a trypsin-like proteolytic enzyme capable of directly degrading components

of the extracellular matrix, and activating MMPs.34 Indeed, the expression of uPA and

MMP 2 and 9 was significantly up-regulated in the aortas from the mice treated with

Ang II.35 These proteolytic enzymes degrade components of the extracellular

matrix,34 including elastin in the aortic wall, thus contributing to aortic stiffening.

Nitric oxide (NO) is capable of modulating vascular stiffness.36 Administration of a

NO donor has been shown to reduce stiffness in dog aorta37 and human brachial

artery.38 Using acetylcholine to stimulate endogenous NO release in sheep dose-

dependently decreases hindlimb vascular stiffness, which can be reversed by a NO

synthase (NOS) inhibitor, NG-monomethyl-L-arginine (L-NMMA).39 Consistent with
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this report, we also demonstrated in rats that acute administration of a NOS inhibitor,

N!-nitro-L-arginine methyl ester (L-NAME), significantly increased PWV indepen-

dent of blood pressure increase.21 Chronic administration of L-NAME for 3 weeks

further increased PWV. These results provide the evidence that endogenous NO

modulates vascular stiffness. Arterial compliance is also determined by functional

factors, such as vasoactive neurohormones, and structural factors, such as collagen

and elastin. Thus, the acute change of vascular stiffness by NO could be attributed to

modulation of vascular tone. Chronic increase in vascular stiffness due to NO

deficiency presumably resulted from vascular remodeling, since it has been reported

that chronic treatment with L-NAME caused perivascular fibrosis, medial thickening

and increased ratios of intima/media or wall/lumen in the mesenteric microvascular

beds, arterioles, coronary arteries, and aorta.40-44

Furthermore, we have recently demonstrated that inhibition of NO production by

L-NAME synergistically facilitated Ang II-induced vascular stiffness.45 In this study,

we chronically treated C57 black/6J mice with a sub-threshold dose of Ang II or L-

NAME that each individual treatment did not cause vascular stiffening measured non-

invasively by PWV as well as by in vitro elatigraph. However, combination of both

treatments significantly increased vascular stiffness, accompanied by an increase in

the ratio of collagen/elastin contents in the aortic wall without significantly increase

in blood pressure. Thus, NO may play a role in attenuation of Ang II-induced

vascular stiffening by reducing collagen production and preserving elastin in the

vascular wall.
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Abstract

Gene-targeted and transgenic mice have been crucial in investigating the genetic and

environmental factors affecting lipoprotein metabolism. Moreover, these models have

contributed to the progress in our understanding of the pathogenesis of atherosclerosis

associated with dyslipidemia. The development of efficient viral and nonviral gene

delivery systems has transformed the experimental approach to studying the roles of

genes under genetically defined conditions. This article describes the progress in mouse

models of dyslipidemia and reviews the recent progress in liver-directed gene transfer

systems.

Introduction

Coronary artery disease is the major cause of morbidity and mortality in industrial

countries. Atherosclerosis accounts for this major complication. Atherosclerosis is a

complex process in which many genes and environmental factors are involved. Over

the past decade the mouse has emerged as the model of dyslipidemia because of its

rapid reproduction, the extensive knowledge of its genetics, the ability to manipulate

its gene expression, the relatively rapid lesion formation in genetically modified mice,

and the relative ease of lesion analysis. However, as a species, the mouse is resistant

to atherosclerosis, which is in part due to substantial differences in lipoprotein

physiology. In an attempt to replicate human atherosclerotic conditions, mouse

models of dyslipidemia have been developed through induced mutations or transgenic

technology. The development of mouse models of diet-induced atherosclerosis was

initiated by Paigen et al.’s works to identify a susceptible locus, Ath-1. Ath-1 is a

A Handbook of Mouse Models of Cardiovascular Disease Edited by Qinbo Xu
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phenotype in which mice have increased fatty streaks at the aortic root and reduced

high-density-lipoprotein (HDL) cholesterol in response to an atherogenic diet con-

taining high fat, high cholesterol, and cholic acid.1 In their studies, they identified

important inbred strains which are susceptible (C57BL/6J) and resistant (C3H/HeJ) to

an atherogenic diet. It should be noted that the C57BL/6 strain is exclusively used as a

mouse model of atherosclerosis since this is the only strain which develops

substantial atherosclerosis. Most of the useful mouse models are available through

The Jackson Laboratory on a C57BL/6 strain. In this article, we will discuss mouse

models of dyslipidemia, viral vectors used for gene transfer, and the route of vector

administration.

Mouse models of Dyslipidemia

The most critical development for studying atherosclerosis caused by lipid disorders

has been the generation of two popular mouse models, apolipoprotein E (ApoE)

deficient (Apoe� / � )2,3 and low-density-lipoprotein (LDL) receptor-deficient

(Ldlr� / � ) mice.4 Intermediate-density-lipoprotein (IDL)/LDL cholesterol in

Ldlr� / � mice is higher than wild type mice, and total plasma cholesterol is only

200–250 mg/dl but is increased to 350–450 mg/dl on a high-cholesterol diet.4 In

contrast, plasma cholesterol levels of Apoe� / � mice are 450–500 mg/dl and

increased to 1500–2000 mg/dl in response to high cholesterol feeding.3 The

lipoprotein phenotypes observed in these two types of knockout mice are in sharp

contrast to those in the corresponding genetic deficiencies in humans. Patients with

homozygous familial hypercholesterolemia have much higher plasma cholesterol

than those with an ApoE deficiency. This species-dependent phenotypic difference is

in part caused by the differences in lipoprotein physiology. In humans, all ApoB

generated in the liver is ApoB100, while about 70 per cent of the ApoB mRNA is

edited in the liver of mice. This results in very-low-density lipoprotein (VLDL)

containing ApoB48 which is more rapidly cleared through an ApoE ligand. Another

major difference is the lack of cholesteryl ester transfer protein (CETP) in mice.

These differences in lipoprotein metabolism are highlighted in Figure 21.1. Various

genetic mouse models have been created to shed light on the pathogenesis of lipid

abnormalities found in humans. Although gain-of-function transgenic mice have

proven to be useful models, gene inactivation is the most widely used approach to

study the function of specific proteins involved in lipoprotein metabolism and

atherosclerosis. Below we review some of the most commonly used mouse models

of dyslipidemia.

Abca1� /� mice

Tangier disease is an autosomal recessive lipid disorder. Affected individuals present

enlarged orange tonsils, decreased total plasma cholesterol, LDL and HDL levels,

decreased apolipoprotein A-I (Apoa-I) and A-II, but increased plasma triglyceride
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(TG); they also display an accumulation of cholesterol in tissues and macrophages as

well as moderately accelerated atherosclerosis. The genetic mutations in patients

have been identified in the gene for ATP-binding cassette transporter A1 (ABCA1).

ABCA1 transporter facilitates the efflux of cellular phospholipids and cholesterol to

apolipoprotein acceptors such as ApoA-I and ApoE during the formation of nascent

or pre-� HDL. Increased ABCA1 activity has been reported to protect against

Figure 21.1 Overview of liver-secreted lipoprotein metabolism in humans and mice. Humans:

ApoB100 containing TG-rich VLDL is secreted from the liver. TGs on VLDL are hydrolyzed to free

fatty acids and glycerol by lipoprotein lipase (LPL). This process remodels VLDL to a smaller, denser

IDL, which is taken up by the LDL receptor (LDLR) or other ApoE receptors through ApoE ligand, and

are further remodeled by hepatic lipase (HL). ApoB100 is the sole apolipoprotein (apo) in LDL

particles which are taken up by LDLR. Lipid-free or lipid-poor ApoA-I is secreted from the liver and

serve as an acceptor for ABC transporter A1 (ABCA1)-mediated lipid efflux from hepatocytes as well

as macrophages in extrahepatic tissues. ABCA1-mediated efflux of free cholesterol (FC) and

phospholipids (PL) to ApoA-I forms nascent or pre �-high-density-lipoprotein (HDL) that are

further modified by lecithin-cholesterol acyltransferase (LCAT).13 The resulting large, less dense

HDL2 and smaller, more dense HDL3 can serve as acceptors for ABCG1/ABCG4-mediated cholesterol

(C) efflux. Cholesteryl ester (CE) from HDL can be transferred to apoB containing lipoproteins by the

action of CETP in exchange for TG. HDL cholesterol is taken up by the liver and secreted into the bile

for disposal through scavenger receptor BI (SR-BI). Mice: In mice, liver-secreted VLDL contains

both ApoB100 and ApoB48 due to the presence of ApoB mRNA editing activity. TGs on ApoB48-

VLDL are hydrolysed by LPL and remodeled to smaller, denser ApoB48-VLDL remnants. These

particles are taken up by ApoE receptors including LDLR. The CETP activity is absent in mice, which

results in large, ApoE-rich HDL1 in addition to �-migrating regular HDL. However, HDL1 overlaps

substantially with apoB-containing remnant particles in both size and density. Broken arrows

denote CE movement; double broken arrows denote TG movement; and triple broken arrows denote

C, FC, and PL movement. Note: HDL1 is not indicated
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atherosclerosis. However, in the absence of ApoE, overexpression of ABCA1

increases atherosclerosis which suggests an important role of macrophage ApoE in

ABCA1-mediated cholesterol efflux.5

The mouse Abca1�/� phenotype confirms the relationship between Tangier disease

and ABCA1’s function. HDL cholesterol is virtually absent in Abca1�/� mice with a

reduced total plasma cholesterol and the presence of lipid deposition. In addition, the

placenta is malformed, resulting in retardation of embryonic growth and fetal and

neonatal loss. Altered steroidogenesis due to the lack of HDL cholesterol may be the

primary cause. By 6 months of age, mice lacking ABCA1 develop autoimmune

glomerulonephritis caused by an accumulation of immunocomplexes, and subsequent

cardiomegaly with ventricular dilatation and hypertrophy, ultimately leading to

congestive heart failure.6 Nevertheless, hepatic cholesterol and phospholipid contents

in these mice are not different from those in wild-type mice whether they are on either

a normal chow or a high-fat, high-cholesterol diet. This suggests that HDL levels and

ABCA1 activity do not control net cholesterol transport from the peripheral tissues

via the liver into the bile.7 The importance of ABCA1 in macrophages has been

studied by Aiello et al. using double knockout mice and bone marrow transplanta-

tion.8 The absence of ABCA1 reduces plasma cholesterol in both Apoe�/� and Ldlr�/�

mice with concomitant skin xanthomatosis characterised by cholesteryl ester (CE)

accumulation and the presence of foamy macrophages. However, global ABCA1

deficiency did not affect the development, progression, or composition of athero-

sclerotic lesions in these two models of hypercholesterolemia. In contrast, the

selective inactivation of ABCA1 in macrophages markedly increased atherosclerosis

in Apoe�/� mice. Therefore, the complete ABCA1 deficiency leads to an

anti-atherogenic lipoprotein profile with macrophage ABCA1 having the

anti-atherogenic properties independent of plasma lipids and HDL levels.

Apoa1� /� mice

ApoA-I is the main protein component of HDL. HDL deficiency constitutes the most

common lipid abnormality in patients with coronary artery disease. The inverse

correlation between HDL levels and coronary heart disease in humans suggests that

HDL is protective against atherosclerosis development. This is supported by an

ApoA-I transgenic mice or induced overexpression of ApoA-I in mouse models of

hypercholesterolemia. Epidemiological studies have indicated that ApoA-I is a better

marker of cardiovascular protection than HDL cholesterol. In patients with an ApoA-I

deficiency, HDL levels are extremely low, and these patients are predisposed to

atherosclerosis. Contrary to what might be expected, ApoA-I deficiency in mice does

not induce atherosclerosis despite a marked reduction of HDL cholesterol, probably

because the atherogenic lipoproteins are also low in these mice. The lack of ApoA-I

in HDL is partly compensated for by ApoE.9 However, HDL deficiency per se in

Apoa1� / � mice does not lead to the development of atherosclerosis but does

increase atherosclerosis susceptibility in combination with other risk factors such

as elevated LDL, as in ApoB transgenic Apoa1�/� mice.10
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Apobec-1�/� mice

ApoB mRNA editing is a posttranscriptional process by which ApoB100 mRNA is

converted to ApoB48 mRNA. The reaction is mediated by an editing complex of

which ApoB mRNA editing catalytic subunit-1 (APOBEC-1) is an essential catalytic

component. Humanised mice can be created by liver-specific inactivation of

APOBEC-1. Unexpectedly, Apobec-1�/�mice have an essentially normal lipoprotein

phenotype.11 As mentioned above, there are important differences in lipoprotein

metabolism between human and mouse species. Therefore, inactivation of APOBEC-

1 has profound phenotypic effects when combined with other models of dyslipide-

mia.12 CETP transfers CE from HDL to ApoB-containing lipoproteins such as VLDL

and LDL in exchange for TG in humans.13 CETP activity is absent in mice, which

accounts in part for the low VLDL, IDL and the high HDL in this species. Transgenic

CETP expression in Apobec-1�/� mice increases plasma ApoB100 levels and causes

a shift of plasma cholesterol from the HDL to the IDL/LDL fraction without a

significant effect on total plasma cholesterol. Feeding of a Western diet further

increases this trend.12 As expected, double knockout for APOBEC-1 and LDLR

increases plasma ApoB100 and apoE levels with a concomitant increase of total

plasma cholesterol in non-HDL fractions. The hypercholesterolemia in these mice is

further exaggerated by feeding a Western-type diet. In contrast, mice deficient for

both APOBEC-1 and ApoE have lower total plasma cholesterol levels than mice

deficient for apoE only. This was due to the reduction of VLDL + IDL fractions in the

double knockout mice. However, the difference in lipoprotein patterns is abolished by

feeding a Western-type diet which further increases the total plasma cholesterol

concentration. Therefore, in the absence of hepatic APOBEC-1, the severity of

LDLR- and ApoE-deficient phenotypes are reversed, resulting in humanised mouse

models.

Apoe�/� mice

ApoE is a plasma glycoprotein synthesised mainly in the liver and the brain, but also

in low amounts in other tissues; it is a component of all lipoproteins except LDL.

ApoE is a ligand for multiple lipoprotein receptors and plays an important role in

cholesterol homeostasis. It is also synthesised by macrophages and is involved in

inflammatory reactions in the vascular wall during atherosclerosis development.

Apoe�/� mice have a total plasma cholesterol concentration of 450–500 mg/dl

while on a normal chow diet, mostly distributed in the VLDL and chylomicron

remnant fractions. They spontaneously develop atherosclerosis3,14 and are the most

popular model to study atherosclerosis.15 Fatty streaks, indicative of early stage

atherosclerosis with fat-laden macrophages and activated T cells, start to develop

in the proximal aorta in Apoe�/� mice fed a normal chow at 3 months of age. A

Western-type diet accelerates the process. After feeding a Western diet for 6 months,

the lesions advanced to a complex phenotype including calcification and a thin fibrous

cap, which provides a useful model to study remodeling of advanced lesions.
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Development of atherosclerotic lesions reproducibly affects sites of the vascular

tree that are associated with areas of low shear stress, oscillatory flow, or turbulent

flow.16 It should be noted that there are significant differences between humans

and mice in relation to lipid homeostasis and atherosclerosis. In addition to

differences in lipoprotein metabolism, there are also significant differences in

atherosclerotic plaque pathology in the two species; plaque ruptures are rare in

mice, whereas these are common clinical events in humans. Furthermore, the aortic

sinus or root, an area frequently used for analysis in mice, is not a frequent site of

clinically significant lesions in humans. The coronary arteries are the most

important sites for development of clinically significant atherosclerosis in humans,

whereas in mice, the coronary vessels normally consist of only a single layer of

cells and are not generally used as an endpoint for morphological analysis of

mouse lesions. Despite these limitations, Apoe�/� and Ldlr�/� mice have become

powerful models for studying the pathogenesis of atherosclerosis as well as for

developing therapeutic interventions. Furthermore, both models have been reported

to develop spontaneous plaque rupture and secondary thrombosis albeit at low

frequency.17

There are two methods to measure lesions. The first measures cross-sectional lesion

thickness in slices taken at the level of the aortic sinus, which is useful for mild or

early stage lesions. The second method called en face analysis involves morphometric

quantitation of lesion areas of the entire aorta. Due to the selective, site-specific

modulation of atherosclerosis, many laboratories study multiple affected sites or

combine multiple methods of analysis.

Hl�/� mice

Hepatic lipase (HL) hydrolyses TG and phospholipids in chylomicron remnants, IDL,

and HDL. It is a determinant of HDL levels by converting the phospholipid (PL)-rich

HDL2 to HDL3. Like lipoprotein lipase, a non-catalytic function of HL has been

reported, which includes enhancement of the binding or uptake of lipoproteins by

interacting with cell surface receptors.18 Patients with an HL deficiency have

premature atherosclerosis and elevated plasma cholesterol, TG, VLDL, IDL, chylo-

micron remnants, TG-rich LDL and HDL subfractions, which are very similar to

those in patients with type III hyperlipoproteinemia. Hl�/� mice have mildly (about

30 per cent) elevated plasma cholesterol, PL, and HDL cholesterol. The less dense,

large HDL1 is increased in these mice, demonstrating the importance of HL in HDL

metabolism.19 Overexpression of HL results in an anti-atherogenic lipid profile and

reduces the aortic cholesterol content in cholesterol-fed transgenic mice.20 However,

HL deficiency in Apoe�/� mice reduces atherosclerosis despite an increase of total

plasma cholesterol.21 Similarly, HL deficiency in lecithin cholesterol acyltransferase

(LCAT) transgenic mice reduces atherosclerosis in the presence of increased pro-

atherogenic ApoB-containing lipoproteins.22
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Lcat1�/� mice

Lecithin cholesterol acyltransferase (LCAT) is a plasma enzyme that mediates the

transfer of fatty acids from phosphatidyl choline to free cholesterol (FC), forming CE

and lysophosphatidyl choline. LCAT is synthesised mainly in the liver and circulates

in plasma primarily by binding to HDL. It mediates the conversion of discoidal,

nascent HDL particles into mature, spherical HDL.13 Complete LCAT deficiency and

Fish-eye disease (partial LCAT deficiency) are associated with markedly decreased

levels of HDL cholesterol without an increase in atherosclerosis risk.23 The markedly

increased catabolism of ApoA-II and ApoA-II-containing HDL and containing and

modestly increased catabolism of HDL particles containing ApoA-I may explain why

patients with LCAT deficiency are not at an increased risk for premature athero-

sclerosis despite the presence of markedly decreased levels of HDL cholesterol.23

Total plasma cholesterol, HDL cholesterol, and ApoA-I are markedly reduced in

Lcat1�/� mice; they are modestly reduced in Lcat1þ / � mice. In addition, plasma

TG levels were higher in male, but remained normal in female Lcat1�/� mice. These

mice also exhibit heterogeneous pre-�-migrating HDL and TG-rich VLDL.24

The role of LCAT in atherosclerosis has been studied by crossing Lcat1�/� mice to

Ldlr�/�, Apoe�/� or CETP transgenic mice. Despite the presence of reduced HDL,

atherosclerosis was significantly reduced in all mouse models with an LCAT

deficiency.25

Ldlr�/� mice

Familial hypercholesterolemia (FH) is a common autosomal dominant disorder that

affects approximately one in 500 individuals in the heterozygous form. FH is

characterized clinically by elevated LDL cholesterol and deposition of cholesterol

in tendons and skin (xanthomas) and in arteries (atheromas). Homozygous FH

patients frequently die of myocardial infarction secondary to severe atherosclerosis

by the second decade. The primary defect in FH is a mutation in the LDLR gene. The

exact phenotype of Ldlr�/� mice was difficult to predict due to a major difference in

LDL metabolism between humans and mice. In 1993, Ishibashi et al. reported the

production of Ldlr�/� mice. These mice have plasma cholesterol levels of 200–

250 mg/dl compared with levels of 90–125 mg/dl in wild type mice. A gene dosage

effect is also evident. Total plasma cholesterol elevation involves mainly the IDL/

LDL fractions. The HDL-cholesterol was also mildly elevated (�1.3-fold) in Ldlr�/�

mice. The plasma cholesterol in Ldlr�/� mice increased to 350–450 mg/dl with little

change in HDL cholesterol when these mice are put on a diet supplemented with

0.2 per cent cholesterol/10 per cent coconut oil.4 Apoe�/�/Ldlr�/� mice have a

lipoprotein cholesterol pattern similar to that of Apoe�/� mice, with the total plasma

cholesterol level of 620 � 43 mg/dl compared to that of 579 � 41 mg/dl in Apoe�/�

mice on a normal chow diet. However, Apoe�/� mice have a marked elevation in

ApoB48 but not in ApoB100, whilst Ldlr�/� mice have marked elevations in both
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ApoB48 and ApoB100. An LDLR deficiency on an Apoe�/� background does not

increase hypercholesterolemia beyond that seen with an ApoE deficiency alone even

when the mice are fed a high cholesterol diet.26 Although feeding Ldlr�/� mice with

normal chow for 7 months did not induce significant atherosclerosis, feeding them

with a diet containing 1.25 per cent cholesterol, 7.5 per cent cocoa butter, 7.5 per cent

casein, and 0.5 per cent cholic acid increases plasma cholesterol levels to >1500 mg/

dl and induces extensive atherosclerosis.27 Both Apoe�/� and Ldlr�/� mice develop

atherosclerosis throughout the aorta. However, Ldlr�/� mice are the preferred models

for bone marrow transplantation experiments. Bone marrow cell reconstitution

studies using donor cells from genetically modified mice other than those on an

Apoe�/� background reduces plasma cholesterol levels in Apoe�/� mice, which leads

to indirect effects of cholesterol lowering on atherosclerosis.28 In contrast, transplants

using Ldlrþ / þ donor bone marrow cells do not affect plasma cholesterol in

Ldlr�/� mice.

Lpl�/� mice

Lipoprotein lipase (LPL) is a key enzyme that hydrolyses TG in circulating

lipoproteins such as VLDL and chylomicrons. LPL also has non-catalytic functions

by anchoring atherogenic lipoproteins to matrix molecules within the arterial wall

and plays a role in the selective uptake of lipoprotein CE. This non-catalytic action

of LPL may play an important role in modulating atherosclerosis development.29

The importance of the catalytic function of LPL on lipoprotein metabolism is well

documented in patients with an LPL deficiency (also known as type I hyperlipo-

proteinemia), a rare autosomal recessive disorder characterised by high TG and low

HDL. The low HDL is caused by an insufficient transfer of surface components

from VLDL to HDL. Type I hyperlipoproteinemia can also be caused by a

deficiency of ApoC-II, a cofactor of LPL. Heterozygous LPL mutations are

common and could lead to a familial combined hyperlipidemia phenotype. When

these mutations are compounded by other risk factors, a significant increased risk of

cardiovascular disease has been observed.29 A homozygous LPL deficiency is lethal

shortly after birth in mice. At birth, Lpl�/� mice have elevated TG and VLDL

cholesterol levels. When permitted to suckle, Lpl�/� mice become pale, then

cyanotic, and finally die with severe hypertriglyceridemia (15 087 mg/dl versus

188 mg/dl in controls). Heterozygotes had higher TG than wild type mice. Muscle-

specific expression of LPL rescues Lpl�/� mice.30

Srb1�/� mice

Scavenger receptor class B type I (SR-BI) mediates the transfer of a variety of lipids

between cells and lipoproteins. Unlike the interaction of other lipoproteins with

lipoprotein receptors, the binding of HDL to SR-BI does not lead to its lysosomal

degradation. Instead, SR-BI mediates selective lipid uptake from lipoproteins and
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participates in cholesterol efflux. Overexpression of SR-BI in transgenic mice or by

adenovirus-mediated hepatic gene transfer results in a disappearance of plasma HDL,

whereas Srb1�/� mice have increased HDL cholesterol.31 Ldlr�/�/Srb1�/� mice

show increased LDL cholesterol and ApoB levels. Atherosclerotic lesion size is

significantly increased in males compared to Ldlr�/� mice.32 When Apoe�/�/Srb1�/�

mice are maintained on a normal chow, they exhibit increased plasma cholesterol

levels, mainly in the VLDL size fraction.33 They also have large HDL-like

lipoproteins. Atherosclerosis is markedly accelerated in these double knockout

mice.

ApoB transgenic mice

In humans, the major cholesterol-carrying lipoprotein fraction is ApoB100-contain-

ing LDL, while it is HDL in mice. Apart from the generation of Apobec-1�/� mice

described earlier, two other approaches have be used to increase the LDL fraction in

mice: overexpresion of ApoB100 (transgenic) and making ApoB100 only mice by

knocking in an artificial ApoB construct that contains a stop codon at the normal

ApoB48 termination codon (ApoB48-only) or an ApoB construct that is resistant to

ApoB mRNA editing (ApoB100-only). ApoB100-only mice crossed to Apoe�/� or

Ldlr�/� mice reveal that the apoB100-only allele ameliorates the hypercholesterole-

mia in Apoe�/� mice, but aggravates the condition in Ldlr�/� mice. Interestingly,

total plasma cholesterol levels are very similar in these two double transgenic mice

(275–325 mg/dl). However, the prominent cholesterol peak is in the VLDL fraction in

Apoe�/�/ApoB100/100 mice, while it is in the LDL fraction in Ldlr�/�/ApoB100/100

mice. En face analysis revealed that Ldlr�/�/ApoB100/100 mice have more athero-

sclerotic lesions than Apoe�/�/ApoB100/100 mice. This confirms that the smaller LDL

particles (mean size of 24 nm) are more atherogenic than the larger VLDL particles

(mean size 63 nm).34 Sanan et al. used ApoB100 transgenic mice and found severe

atherosclerosis in Ldlr�/�/ApoB100 transgenic mice, in which both ApoB48 and

ApoB100 are synthesised in the liver.35

Vectors for liver-directed gene transfer

The liver is the only organ which has the machinery for cholesterol disposal into bile

acids. Therefore, many gene transfer studies for dyslipidemia have targeted the liver.

Despite much progress in non-viral vectors, viral vectors remain the major gene

transfer vehicles.36 Although naked or liposome-complexed plasmid DNA have not

been a preferred gene delivery vector due to poor hepatocyte transduction and short

lived transgene expression, nonviral plasmid DNA should not be written off due to the

development of a hydrodynamic injection method as described in a later section. The

recent setback in a gene therapy clinical trial for X-linked severe combined

immunodeficiency using an integrating retroviral vector raised an old concern on
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the potential complication of malignancy following gene transfer using integrating

viral vectors such as retrovirus and lentivirus. In any case, these vectors are not the

first choice for liver-directed gene transfer since they do not efficiently transduce

hepatocytes. To date, adeno-associated virus (AAV) and adenovirus (Ad) remain the

most useful vectors for in vivo gene transfer into the liver.

Adeno-associated virus (AAV)

AAV is a single-stranded DNA virus which was first described as a contaminant

of tissue culture-grown simian adenovirus. AAV is a member of the Parvoviridae

family and has a capsid with icosahedral symmetry approximately 20 nm in

diameter.37 At least 11 serotypes have been adopted for use as gene delivery vectors

to date. However, more serotypes have been identified, expanding the AAV repertoire

rapidly. The relatively poor transduction efficiency in liver in mice has been a

limitation to the use of AAV serotype 2 (AAV2), the best characterised AAV vector.

Several AAV, receptors and co-receptors have been identified, which include

heparan sulphate proteoglycan, �V�5 integrins, fibroblast growth factor receptor-

1, platelet-derived growth factor receptor and sialic acid.38 The presence of these

receptors or co-receptors in tissues determines cell type- or tissue-specific transduc-

tion, which must be considered for targeting tissues. Therefore, one should be

vigilant for the most recent development for AAV serotypes. AAV8, a recently

isolated AAV, has been reported to be highly efficient in hepatic transduction.

Unlike AAV2, AAV8 effectively transduces hepatocytes following intravenous

administration.39

One disadvantage of an AAV vector has been its cloning capacity, which is about

4.7 kb. However, this size limitation can be overcome by an intermolecular joining

method using two AAV vectors. Chao et al. used this approach to transfer the 7 kb

Factor VIII gene by intraportal injection of two split AAV vectors.40 Compared with

an Ad vector, an AAV vector has a relatively long latent period between vector

delivery and initiation of transgene expression. This lag period occurs because AAV

vectors package a single-stranded genome and require host cell synthesis of the

complementary strand for transduction. This problem can be overcome by a self-

complementary AAV vector system in which the genome with half wild-type size can

be packaged into either two copies or dimeric inverted repeat DNA molecules.41

Serotypes 2, 5, and 8 capsid proteins mediate transduction of mouse liver. However,

an AAV vector pseudotyped with serotype 8 expresses transgene at much higher

levels than those with serotype 2 or 5. Interestingly this is due to a more rapid

conversion of the single-stranded genome into a transcriptionally active, stable DNA

duplex.42

Large-scale vector production of AAV is relatively demanding. The most popular

production protocols require a three plasmid cotransfection of cells such as 293

or 293T cells with an AAV vector plasmid, helper plasmid which contains Ad E2A

and E4, and AAV serotype-specific helper constructs encoding a cap as well as

rep genes. In order to overcome this laborious protocol, a helper plasmid encoding
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both Ad and AAV helper functions has been developed. In combination with

iodixanol density centrifugation, the production of AAV vectors has become more

affordable.43

Although AAV is considered a non-pathogenic virus, there has been a report of a

potential role of AAV2 in hepatocellular carcinoma in mice. However, in a large-scale

study in mice using AAV with serotypes 1, 2, 5, 7, 8 and 9 capsids, there was no

increased incidence of tumorigenesis.44 During latency in humans, AAV2 preferen-

tially integrates at a site on chromosome 19q13.3-qtr, the so-called ‘AAVS1’ site, by

targeting a sequence composed of a rep binding element and a terminal resolution site

identical to the viral terminal repeats. Similar sites have been identified in CV-1 cells

isolated from the African Green Monkey 45 and on mouse chromosome 7.46 Upon

infection with a helper virus such as Ad or herpes simplex virus, AAV enters the lytic

cycle and undergoes replication and productive infection. Although most recombinant

AAV vectors do not contain rep gene and will not integrate, the potential for mutation

and oncogenesis may exist. In the absence of rep gene, the AAV genome has been

shown to integrate randomly into the mouse genome with propensity towards gene

regulatory sequences albeit at low frequency.47 Despite some limitations, AAV has

become a popular viral gene delivery system. For example, AAV2, AAV7 and AAV8

have been used to transfer LDLR gene into Ldlr�/� mice. AAV8 was the most

effective in inhibiting atherosclerotic lesion progression.48

Adenoviral vector

Adenovirus (Ad) is a nonenveloped, double-stranded DNA virus approximately

70–100 nm in diameter and has an icosahedral protein shell surrounding a protein

core that contains the linear viral genome of �35 kb. Ad infects cells independent

of the cell cycle. The primary attachment site of the fiber protein of Ad subgroup C

to cell surface receptors is coxackievirus and adenovirus receptor (CAR). The

internalization of Ad vector is mediated by interaction of the penton base protein

with integrin �V�3 or �V�5 as the secondary internalisation receptors.49 Heparan

sulfate proteoglycans and LDLR-related protein have also been reported as cellular

attachment sites for this subgroup of Ads.50 In contrast, subgroup B such as

serotype 11 and 35 uses CD46 as the entry site.51 Of the over 50 different Ad

serotypes, subgroup B, serotype 2 and 5 are the most characterized. First generation

Ad vectors (FGAd) are based on these serotypes. FGAds contain all essential Ad

genome except E1A, which encodes the key regulators of early gene expression.

FGAd vectors are produced in E1A complementing cell lines such as HEK 293

cells. FGAd is replication defective; however, leaky viral gene expression occurs in

the absence of the E1A element, which accounts for some of the toxicity resulting

from FGAd vector-mediated gene transfer in vivo. In addition to its toxicity and

immunogenecity, transgene expression mediated by FGAd is short-lived. In order

to further attenuate its toxicity, the second and third generation Ad vectors have

been developed. Overall improvement in the in vivo toxicity or duration of

transgene expression of these vectors was marginal. Nevertheless, these early
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generation Ad vectors have provided important information on the role of gene

products involved in the pathogenesis of atherosclerosis.

Despite substantial efforts directed at improving the safety profile and prolonging

transgene expression of early generation Ad vectors, the toxicity and immunogene-

city of these vectors preclude their use for liver-directed gene therapy. Helper-

dependent adenoviral vector (HDAd) is the latest Ad vector which has an improved

safety profile with sustained transgene expression in vivo.52 The HDAd vector lacks

all viral coding genes with the exceptions of the inverted terminal repeats (ITR) for

replication and the packaging signal. Helper virus, a FGAd, provides the necessary

viral proteins in trans for packaging in culture. Chronic hepatotoxicity has been

eliminated from HDAd vectors. However, the minimal acute toxicity exists. The

innate immune response to HDAd vectors may be the underlining cause of the

toxicity, which is the result from the direct interaction of viral particles with innate

immune effector cells upon systemic vector administration, an ideal route for global

hepatocyte transduction. Transient depletion of Kuppfer cells has been found

effective to reduce toxicity as well as to increase hepatic transduction.53 HDAd

vector has a natural tropism to the liver, and it is our preferred gene delivery vector in

liver-directed experimental gene therapy in small animals. Another advantage is its

large cloning capacity, accommodating an insert of up to 37kb. Despite a greatly

improved safety profile and long-term in vivo transgene expression, large-scale

production of HDAd vectors has been a practical problem. However, a new protocol

and the introduction of a suspension cell culture system have addressed this

problem.54

Hybrid vector

Hybrid vectors are the newest improvement in gene delivery as they take advantage of

the high infectivity of Ad vectors and the gene integration capabilities of other viral

systems. The vectors can be categorised based on whether integration of vector

genome is random (AAV ITR, Sleeping Beauty transposon) or site-specific (AAV-ITR

combined with the expression of rep gene). Hybrid HDAd vectors reported include

HDAd/retrovirus vector, HDAd/lentiviral vector, HDAd/AAV vector, HDAd/retro-

transposon vector and HDAd/Epstein–Barr vector.55 Integration of these hybrid

vectors is random. For example, HDAd vectors in which the transgene is flanked

by AAV-ITR have intergration at random sites on the host chromosome. An

advantage of this hybrid is to expand the packaging limit of the AAV vector while

allowing integration. Site-specific integration of AAV-ITR flanked transgene into

mice carrying the human AAVS1 site has been reported by Recchia et al.56 Hybrid

vectors with the ability to integrate often require additional genes that have no role for

the therapeutic outcome. For example, Rep protein is necessary for site-specific

integration for a HDAd/AAV hybrid vector. However, Rep protein has negative

effects on viral replication and is toxic to the cell. This problem has been addressed

by using a tetracycline-regulated Rep expression system so that the protein is only

produced in the presence of the antibiotic.
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Route of vector delivery

Regular intravenous injection

The most popular gene delivery into the liver is through tail vein injection. This

procedure requires some practice, especially for C57BL/6 mice because of the small

vein size in this strain as shown in Figure 21.2. Representative mouse hepatocyte

transduction by Ad vectors is shown in Figure 21.3. Alternative injection routes are

intraportal infusion or injection through the jugular vein.

Hydrodynamic systemic injection

The use of naked plasmid DNA has obvious advantages including preparation of

DNA and storage. It can be handled as a chemical instead of a biological item. The

major limitation for transfection of the liver by naked DNA is poor transfection

efficiency by systemic administration. It requires local administration or a surgical

procedure. To overcome this problem, a hydrodynamics-based transfection method

has been developed. The procedure includes rapid injection of a large volume of

approximately 8–12 per cent of the body weight within 5–8 s. The liver is the major

Figure 21.2 Illustration of tail vein injection. Mouse tail vein extends throughout the entire

mouse tail length. (a) The wall of the mouse tail vein is thin and just underneath the tail skin,

which can be visualised. (b) Two veins, which can be used for injection are located on the right and

left lateral sides of the tail. (c) To administer a tail vein injection, the mouse is confined in a

strainer in the left or right lateral position. Hold the end of the tail to extend it and to position

the vein. (d) Using a one milliliter syringe with a 30G1/2 needle attachment, position the needle at

10–15� from the vein surface to insert the needle into the tail vein. For a color version of this

figure, please see the images supplied on the accompanying CD
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site for transduction, which has more than 1000-fold higher transgene expression than

that of other organs. A single tail vein injection of 5 mg of plasmid DNA resulted in

approximately 40 per cent of hepatocyte transduction. Furthermore, repeated injec-

tion can be made.57 By combining this injection method and nonviral integrating

vector systems such as retrotransposase and phage C31 integrase, naked plasmid

DNA may serve an alternative gene delivery method to the liver in mice.58

Conclusion

The development of Apoe�/� and Ldlr�/� mice has been the most important progress

in mouse models of dyslipidemia. Despite major differences in cholesterol metabo-

lism between humans and mice, these models have offered a unique opportunity to

investigate the genetic and environmental factors affecting the atherosclerotic

process. The combination of mouse models and the application of gene transfer

have further enhanced the utility of mouse models. However, certain limitations exist.

The species differences in lipoprotein physiology, cardiovascular physiology, and

plaque pathology must be taken into consideration before the results obtained in

mouse models are extrapolated to human conditions.

Figure 21.3 Hepatocyte transduction following intravenous injection of Ad vectors. C57BL/6

mice were injected via tail vein with 0.2 ml of phosphate-buffered saline (PBS) or PBS containing

1� 1011 vector particles (vp) of FGAd-CMV-LacZ or HDAd-�geo. One group of mice (HDAd-

0þ HDAd-�geo) was injected with 0.8� 1011 vp of HDAd-0 (empty vector) followed by the second

injection with 0.2� 1011 vp of HDAd-�geo 4 h later. PBS- and FGAd-CMV-LacZ-treated mice were

killed 4 days after vector injection and HDAd vector-treated mice were killed 14 days after vector

injection. For a color version of this figure, please see the images supplied on the accompanying CD
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Introduction

Hypertension is a major risk factor for cardiovascular disease that leads to stroke,

renal insufficiency, coronary artery disease and heart failure. End organ damage

from hypertension is extremely common as evidenced by the fact that a history of

hypertension is present in approximately 90 per cent of patients with congestive

heart failure, two-thirds of patients presenting with stroke and half of all patients

with a myocardial infarction.1 Overall, one out of three adults in the United States

is hypertensive with an overall prevalence of almost 60 million individuals.

The development of hypertension is determined by a combination of genetic and

environmental factors. Long-standing hypertension is characterised by increased

vascular resistance to flow (due to constriction of resistance arteries), enhanced

central and peripheral sympathetic output as well as sodium and water retention due

to abnormalities in renal function. Although each of these abnormalities have been

shown to be associated with hypertension in population studies and to cause

hypertension in experimental settings, it is generally accepted that the pathogenesis

of hypertension in humans is multifactorial and involves more than one of these

mechanisms in a given individual. Various animal models of hypertension have

been developed and widely used to study the etiology of hypertension, the

pathogenesis of end-organ damage or to develop drugs to treat the disease.2

Although these animal models have proven to be extremely useful in elucidating

the various mechanisms of hypertension, no single model encompasses all aspects

of hypertensive disease encountered in humans. Conceptually, a major problem
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with all animal models of hypertension is the fact that hypertension is not a distinct

disease entity but rather a clinical syndrome with a complex and incompletely

understood etiology.

While many different species of been used as models of experimental hypertension,

the rat has been the predominant species used in most studies. With the dramatic

expansion in the use of transgenic and knockout mice, there has been a shift toward

the use of murine models of hypertension. These genetic models are not only helpful

in dissecting out the etiology of hypertension but they also lead to insights into the

molecular mechanisms of end organ damage. This chapter will review the most

commonly used murine models of hypertension and discuss their unique advantages

as well as their limitations.

Murine models of hypertension can be divided into three broad, general groups:

pharmacological, surgical and genetic models (see Table 22.1). While each of these

strategies has the potential to provide valuable experimental results, each model

has distinctive limitations in terms of their applicability. In addition, very few

genetically engineered mouse models develop spontaneous hypertension.3 Most

require a pharmacological or salt challenge to induce hypertension.

Table 22.1 Mouse models of hypertension

Pharmacologically induced hypertension

Angiotensin II-induced hypertension

Norepinephrine-induced hypertension

L-NAME-induced hypertension

DOCA-salt-induced hypertension

Renal models of hypertension

Two kidney-one clip and one kidney-one clip models of hypertension

Suprarenal artery aortic coarctation

Genetically induced hypertension

Loss of function

B2 salt-sensitive hypertension

ANP salt-sensitive hypertension

ANPR-A

Norepinephrine

D1A

D3

NHE1

eNOS

Gain of function

Angiotensinogen

Angiotensinogen (kidney-specific promoter)

Human renin-angiotensinogen

See text for abbreviations used.
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Pharmacological models of hypertension

These models are caused by administering a pharmacological agent via a subcuta-

neous or oral route for relatively short periods of time ranging from days to weeks.

Pharmacological models have been widely used because of their simplicity, reprodu-

cibility and lower cost.

Angiotensin II-induced hypertension

This is probably currently one of the more widely used pharmacological models of

murine hypertension. It is well known that angiotensin II (Ang II) is a critical

mediator of hypertension in both humans and various animal models of hypertension.

Ang II can be delivered to mice subcutaneously via Alzet1 osmotic mini pumps

(Durect Corporation, Cupertino, CA USA) for a period of up to 2–4 weeks. Typically,

doses of 0.70–1.0 mg/kg per day are used which cause a chronic elevation in plasma

Ang II of approximately 80 fold over normal physiological levels.4,5 This dose

typically results in a rapid increase in systolic blood pressure of approximately 40–

50 mmHg.5 Hypertension persists for the duration of treatment and blood pressure

normalises 2–3 days after the treatment is stopped. Administration of Ang II for 4–8

weeks in a mice prone to develop atherosclerosis (apolipoprotein E or low-density

lipoprotein (LDL) receptor deficient) has been used as a model of accelerated

atherosclerosis and aortic aneurysm formation5,6

The mechanism by which these animals develop hypertension in response to Ang II

was initially thought to be due to the direct vasoconstrictor actions of Ang II on

peripheral vasculature. This concept was recently challenged by studies demonstrat-

ing that subcutaneous delivery of Ang II leads to accumulation of Ang II in the

central nervous system and local activation of superoxide production in subfornical

region of brain.7–9 Brain-specific delivery of an adenovirus overexpressing a super-

oxide scavenging enzyme or intracranial treatment with an AngII receptor blocker

prevented the hypertension but not the cardiac hypertrophy suggesting that in this

model the hypertensive response is due to central actions of Ang II, while the cardiac

hypertrophy is induced by direct peripheral actions of Ang II.7–9

The Ang II model of hypertension can be used as an acute (7–14 days) or chronic

infusion (4–8 weeks) to study Ang II-induced hypertension and end-organ damage.

After 2 weeks of infusion, animals develop aortic and cardiac hypertrophy as well as

cardiac fibrosis. If Ang II is used at intermediate concentrations (0.25–0.5 mg/kg per

day to yield a two- to six-fold increase in normal plasma Ang II levels), the animals

develop a ‘slow pressor response’ with a blood pressure increase delayed until the

second week of infusion.4 This model has been shown to cause oxidative stress and

increased renal vasoconstriction which is at least partially mediated by renal

thromboxane activation.10 Administration of Ang II at very low doses of 0.15 mg/kg

per min does not cause hypertension but still provokes a more modest degree of
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cardiac and aortic hypertrophy and provides a model to study the non-hypertensive

end-organ effects of Ang II.11

The technique for implanting the osmotic mini pumps to administer Ang II is

relatively simple. After performing light anesthesia (Avertin or ketamine/xylazine

administered intraperitoneally) the pumps are inserted in the back of the animals using

aseptic technique. An incision is made in the skin using scissors. Using a hemostat, a

subcutaneous pouch is created by blunt dissection and the pump is inserted into the

pouch. The incision can be closed using non-absorbable sutures that necessitate their

removal after healing in 10–14 days. Alternatively, an absorbable suture material can

be used, although this approach is more likely to cause difficulties with dehiscence of

the surgical incision. The blood pressure increase begins 2–3 days after pump

implantation and reaches a plateau at 5–7 days.

The main advantages of the Ang II model of hypertension include, the ease of

preparation of the animals, the reproducibility of the time course and magnitude of

the hypertensive response and the ability to study disease mechanisms related to the

renin–angiotensin system. The major disadvantages of this model are that it is a

model that by definition is based on activation of the angiotensin signaling pathways

and that the plasma levels of angiotensin II achieved are at the extreme of those seen

in renovascular hypertension in humans.

Norepinephrine-induced hypertension

Norepinephrine (noradrenaline) is another agent used in animals to induce hyperten-

sion. Similar to the Ang II model, norepinephrine is given via subcutaneously

implanted osmotic pumps. Our laboratories have used the dose of 5.6 mg/kg per

day. This results in a blood pressure increase 2–3 days after pump implantation

that reaches a similar level to that observed with the mice treated with Ang II.

Norepinephrine infusion has been used as a model of cardiac hypertrophy or

hypertension-induced accelerated atherosclerosis. Although the hypertensive effects

are similar to those with Ang II, the magnitude of end-organ damage is generally

less than that seen with Ang II infusion.5 This difference is likely secondary to the

non-pressor effects of Ang II.

L-NAME-induced hypertension

Inhibition of nitric oxide synthase (NOS) has been another pharmacological approach

used to induce experimental hypertension. Arterial pressure is determined in part by

the basal tone of arteries which depends on the balance between vasoconstrictors and

vasodilators. One of the principal endogenous vasodilators in vivo is nitric oxide,

which under normal conditions in the arterial wall is generated primarily by

endothelial NOS (eNOS or NOS III). Administration of an inhibitor of eNOS such

as N!-nitro-L-arginine methyl ester (L-NAME) in drinking water (1 mg/ml of water,
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approximately equivalent of 100–120 mg/kg per day) effectively inhibits NO produc-

tion by the endothelium. L-NAME is an L-arginine analog (the substrate of eNOS),

which functions as a competitive inhibitor to prevent NO production. L-NAME

induces moderate hypertension resulting in a 30–40 mmHg increase over control that

occurs progressively over a two week period.12–14 L-NAME administration for 8

weeks results in hypertension-induced vascular and cardiac hypertrophy and fibrosis.

Importantly, eNOS knock out mice exhibit a similar degree of hypertension and

end-organ damage, thus confirming the mechanism of this model.12–14,15–19

DOCA-salt-induced hypertension

Deoxycorticosterone acetate-salt (DOCA-salt) hypertension is a model of miner-

alocorticoid-induced hypertension associated with volume overload in which hyper-

tension is generated by plasma volume expansion secondary to sodium retention. The

DOCA-salt model is associated with dramatic reductions in plasma renin and Ang II

concentrations. Note that some mouse strains (e.g., C57BL/6, C3H and BALB/c)

have one renin gene (Ren-1c) while others (e.g., 129SvJ and DBA/2) have two renin

genes (Ren-1d and Ren-2). A recent report suggests that the presence of the two renin

genes does not alter baseline renin levels.20 However, the Ren-2 gene is thought to be

constitutively expressed thus raising the possibility that plasma renin levels may not

be suppressed in the DOCA-salt model when strains of mice are used that have the

Ren-2 gene.

The development of hypertension requires the presence of DOCA and a salt load

(induced by a combination of 1 per cent NaCl in drinking water and reduction of

renal mass by unilateral nephrectomy). DOCA comes in the form of a pellet that is

implanted subcutaneously in the back of the mice by making a small incision in the

skin and creating a small pouch for the pellet.21,22 Pellets are available in a variety of

formulations to release a given dose for a specificed time period. Our laboratory

typically uses the 25 mg, 60 day release DOCA pellet (Innovative Research of

America). This results in a dose of DOCA of approximately 0.02 mg/kg per day. In

order to perform a unilateral nephrectomy, after induction of anesthesia with

xylazine/ketamine, the abdomen and lateral flank of the mouse are shaved to avoid

contamination with hair. Next, an incision is made on the left side below the rib cage

and the left kidney is exposed. A hemostat is placed underneath the kidney to clamp

of all the vessels connected to the left kidney. A suture is placed underneath the

hemostat and all the vessels are ligated. The left kidney is removed together with the

hemostat. The skin is closed with non-absorbable suture. The mice are given 1 per

cent NaCl in the drinking water for the duration of the study.

The blood pressure usually begins to increase 3–5 days after surgery and the

magnitude of the hypertensive response is similar to the one induced by hypertensive

concentrations of Ang II. The mice develop not only hypertension but also cardiac

and aortic hypertrophy as well as cardiac and renal fibrosis. Although the plasma

renin–angiotensin II system is (RAS) reduced in this model, the tissue RAS has a role

in the pathogenesis of end-organ damage because type 1 angiotensin II receptor
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antagonists (AT1RA) prevent the abnormal cardiac, vascular and renal remodeling

induced by DOCA-salt. However, hypertension is unaffected by AT1RA. Since

hypertension is driven by volume retention in this model, aldosterone receptor

antagonists or diuretics can effectively modulate the degree of the hypertensive

response.21,22

Hypertension in the DOCA-salt model appears to be mediated in part by oxidative

stress with evidence of a reduction in eNOS-derived NO and an increase in super-

oxide production from uncoupled eNOS and vascular reduced nicotinamide adenine

dinucleotide phosphate oxidases.23 Although this model per se is not encountered in

human disease, its pathogenic mechanisms simulate to a great extent sodium-induced

human hypertension and in particular oxidative stress-induced vascular dysfunction

from hypertensive cardiovascular disease. This model of hypertension does exhibit

some characteristics of the clinical form of hypertension found in the African

American population.24 This model has been used in other animals to study the

effects of sodium overload on cardiovascular disease.25–27 The DOCA-salt model

does have some limitations including the requirement for certain expertise with

surgical technique and the use of large amounts of sodium and mineralocorticoid. In

addition, these mice may also develop hypokalemia and metabolic alkalosis caused

by mineralocorticoid excess which can impact the degree of cardiac fibrosis and

hypertrophy.28

Renal models of hypertension

Two kidney-one clip and one kidney-one clip models of hypertension

Goldblatt developed these models originally in dogs29 and subsequently they were

replicated in cats, sheep, rabbits, rats and more recently in mice30. The models rely on

reduction of renal blood flow in one kidney by partial occlusion of the renal artery

and preservation of one or both kidneys. Both of these are models of activation of

the plasma RAS in acute phase during the first week after surgery. However, in the

chronic phase, the mechanism of hypertension is different in the two models. In the

two kidney-one clip model, hypertension is maintained by chronic activation of

plasma RAS as a result of the under-perfused kidney. However, in the one kidney-one

clip model, chronic hypertension is maintained by the increase in plasma volume due

to inability of the remnant kidney to excrete the excess salt and water and therefore

this is a renin-independent model.29,30

Wiesel et al. have provided an excellent description of the operative technique in

mice in their original paper.30 U-shaped stainless steel or clips are used (3� 2� 1 mm

with a 2 mm long cleft, Exidel SA) to partially occlude the renal artery. The width of

the clip opening is 0.12 mm. Large C57Bl6 mice (28-30 grams) and the kidneys are

exposed through a small flank incision and externalised with a fine forceps. For

clipping, the renal artery of the left kidney is separated by blunt dissection, and a clip

is placed at the ostium of the renal artery close to the aorta. Next, a right nephrectomy
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is performed by tying two ligatures around the renal vascular pedicle and ureter. The

kidney is removed without the adrenal gland. The muscle layer is sutured, and the

skin incision is closed with surgical staples. Note that when using mouse strains that

have two renin genes, the same caveats described above for the DOCA-salt model

apply.

Suprarenal artery aortic coarctation

The aortic coaraction model has also been applied in mice in order to generate a

transient, high renin model of hypertension. This surgery for this model is technically

difficult in mice in terms of creating the correct degree of aortic coarctation.

Generally, younger mice are used in this model to allow the coarctation to develop

with growth. Two-month-old mice are placed under general anesthesia and the

abdomen is opened using a midline longitudinal incision. The abdominal aorta at

the suprarenal level is exposed by gentle dissection of the retroperitoneal peri-aortic

adipose and adventitial tissue. The aortic constriction is created by placing a 6-0 silk

suture ligature against a 28G needle (for males) or 30G needle (for females) which

cause approximately a 1/3 reduction in the luminal diameter of aorta.31 This

procedure creates a pressure gradient of approximately 20 mmHg between supra-

and infrarenal aorta which induces an increase in plasma renin activity by the

ischemic kidneys. In our experience, any attempt to induce a greater degree of

coarctation and subsequently higher blood pressures is associated with an unaccep-

table degree of mortality. This model has been used to study the role of hypertension

induced by endogenous activation of the RAS in the development and progression of

atherosclerosis in apolipoprotein E-deficient mice. With this model, the mice develop

cardiac hypertrophy and dilation 3–4 weeks after this procedure, which after 8 weeks

progresses to cardiomegaly and heart failure in response to the chronic cardiac

overload.31 The use of this model is limited due to the technical difficulty of the

model as well as the limited degree of hypertension that can be created. A distinct

advantage of the model is the ability to examine aortic tissue above and below the

coarctation which have been exposed to the same metabolic milieu but different

blood pressures.

Genetic models of hypertension

The study of a gene function in vivo is achieved currently by using two approaches:

overexpression (transgenic) or deletion of a candidate gene (knockout mouse). Given its

critical role in the regulation of blood pressure, the RAS system was one of the first

molecular pathways to be targeted for creating genetic hypertension in mice. Subse-

quently, genetic manipulation of other systems has been shown to cause hypertension in

mice through a variety of different mechanisms. It is important to note that some of the

‘models’ of hypertension were not developed as models of hypertension per se but rather
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they were developed to test specific hypotheses regarding the functional importance of the

gene of interest in regulating blood pressure.

Transgenic mouse models utilising components of the RAS

Transgenic mice which overexpress rat angiotensinogen (rAGT) under the control of

its endogenous promoter develop hypertension.32 These animals exhibit elevated

levels of plasma angiotensinogen which is a limiting factor in the RAS cascade

leading to the generation of Ang II. Other mouse models have been developed by

overexpressing the human renin (hREN) and angiotensinogen (hAGT)33 and when

crossed together exhibit severe hypertension and renal lesions characteristic of

chronic elevation of plasma Ang II that are very similar to the Ang II infusion

model.34 Similar results were obtained when the AT1aR was specifically over-

expressed in the brain although this model may involve central release of the potent

vasoconstrictor hormone vasopressin.2,35

eNOS knockout mice

Nitric oxide is a potent vasodilator which is a primary regulatory element of

endothelium-dependent control of basal vascular tone. Mice lacking eNOS exhibit

moderate spontaneous hypertension,18,19 which appears to be mediated in part by a

persistent activation of plasma renin activity and subsequent increased superoxide

production in the vascular wall.23 Arteries isolated from eNOS knockout mice have

impaired relaxation to acetylcholine and display increased wall thickness.17

Bradykinin B2 receptor (BB2R) knockout mice

Bradykinin is an important vasodilator which stimulates release of nitric oxide and

prostaglandins from the endothelium and regulates sodium and water excretion at the

renal level. Most of the cardiovascular effects of bradykinin are mediated by the type

2 receptor. Mice deficient in BB2R are normotensive but develop hypertension after

prolonged exposure to salt loading (3.1 per cent NaCl).36 A detailed analysis of renal

hemodynamics showed that bradykinin is a key vasodilator of renal arteries required

to maintain renal perfusion. This appears to occur by decreasing renal vascular

resistance in an attempt to compensate for the increase in blood volume that occurs

with salt loading.36

Atrial natriuretic peptide (ANP) and atrial natriuretic peptide receptor
(ANPR) knockout mice

ANP is a hormone released by atria in response to distension that most commonly

occurs as a result of increased atrial pressure. Via direct effects on the vasculature,

ANP stimulates the release of cyclic GMP which in turn activates guanylate cyclase.
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This initiates a signaling cascade involving stimulation of protein kinase G which

leads to vasodilatation in a pattern similar to that seen with nitric oxide. ANP also

activates renal excretion of sodium after binding to ANPR in the renal tubular cells.

Another important function of ANP is to oppose aldosterone secretion and Ang II-

mediated effects. Therefore, mice lacking ANP or ANPR have spontaneous mild

hypertension and develop severe hypertension upon exposure to a salt load (typically

2 per cent NaCl in the drinking water).37,38 ANPR knockout mice also develop not

only renal abnormalities but also cardiac hypertrophy and sudden death.39

Dopamine receptor knockout mice

Dopamine is a critical mediator of sodium transport and renin release in the kidney.

Activation of the dopamine receptor D1A (D1AR) prevents sodium reabsorption and

induces renin release from the juxtaglomerular apparatus (JGA).40 Deletion of D1AR

causes hypertension most likely by reducing urinary sodium excretion and the

resultant intravascular volume expansion.41 In contrast to D1AR, the stimulation of

dopamine receptor D3 inhibits renin release from JGA and induces renal vasodila-

tion.40 D3R knockout mice develop mild hypertension (approximately a 20 mmHg

increase in arterial blood pressure) and have a modest increase in plasma renin

activity. In these mice, the hypertensive response is blocked by Ang II receptor

antagonists proving that the mechanism of hypertension in these mice involves

enhanced activation of RAS.42

Na+–H+ exchanger (NHE) transgenic mouse model

The reabsorption of sodium at the renal tubules is achieved by type 1 NHE by co-

transporting sodium and hydrogen ions across basal membrane of proximal tubular

cells. Therefore NHE regulates indirectly blood pressure by controlling the total body

sodium and therefore vascular volume. Mice overexpressing type 1 NHE exhibit

significant reduction in urinary excretion of sodium and are normotensive.43 How-

ever, upon stress with a salt-loading diet (2 per cent NaCl), NHE transgenic mice

become hypertensive due to increased sodium and intravascular volume expansion.43

Thus, there are a variety of mouse genetic models of hypertension. As pointed out

above, many of these animals were developed to test hypotheses related to the

functional importance of the various genes in the regulation of blood pressure. The

strengths of these models lie in the well defined genetic abnormalities. This is

distinctly different from many of the rat genetic models of hypertension which

involve inbred strains that have altered expression of myriad genes. Conversely, the

primary limitation of these models is that by definition they, like many of the

pharmacological models, exhibit an alteration in a single gene product which is not

reflective of the disease in humans. In addition, care must be taken to evaluate the

effects of the background strain on the hemodynamic responses.
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Measurement of blood pressure in mice

No discussion of mouse models of hypertension is complete without consideration of

the technical challenges of blood pressure measurement in mice. There are basically

three types of techniques available for measuring blood pressure in mice: catheter-

based methods, telemetry systems and the non-invasive tail cuff technique. These

techniques have recently been reviewed.44

Catheter-based techniques typically consist of either traditional fluid-filled cathe-

ters or transducer tipped catheters. In mice these techniques pose some unique

considerations. First, the small size and extremely high heart rates make recording of

accurate pressure waveforms very difficult. In fact, the high heart rate of mice

essentially limits fluid-filled catheters to measuring only mean blood pressure. In

addition, many anesthetic agents in mice significantly impair cardiac function, which

limits the utility of this methodology to accurate reflect basal blood pressure.

Alternatively chronic indwelling telemetry units can be used to collect near

continuous recordings of blood pressure in conscious, unrestrained mice for extended

periods of time. The advantage of this method is the high quality of the recordings

and the ability to collect data over extended periods of time. However, there are

significant limitations to the use of this system. First, it is extremely expensive in

terms of the initial purchase as well as ongoing costs for refurbishing transducers. In

addition, in mice the surgery required to implant the telemetry units is quite

extensive, which can have a significant physiological impact on blood pressure.

The most commonly used method for measuring blood pressure in mice is the non-

invasive tail cuff technique. This methodology employs a tail cuff and a blood flow

sensor to obtain assessments of systolic blood pressure. The main advantages of this

technique are that it is relatively simple, rapidly performed and it allows the possibility of

screening larger number of animals. The disadvantages are that the animals must be

acclimated to a passive restraint system, only systolic blood pressures can be obtained

and blood pressure is measured over a very short period of time.

Recently, the American Heart Association published a Scientific Statement detail-

ing the advantages and disadvantages of the various techniques for measuring blood

pressure in experimental animals.44 The thrust of this position paper was that

telemetry was a superior technique. However, it should be pointed out that this

paper was not focused on mice where the technical and surgical issues relevant to the

telemetry device can be extremely problematic. Our laboratory has experience with

all three of these techniques and in most cases, the tail cuff technique is adequate for

measuring blood pressure in mice with the caveat that an automated system is used,

repeated measurements are made and that adequate time is allowed for the animals to

become acclimated to passive restraint.

Summary

Currently there are numerous models available to study hypertension in mice. These

models employ pharmacologic, surgical, genetic and combined approaches. When
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designing studies involving mouse models of hypertension, it is critical to be aware of

the physiologic mechanism of hypertension relevant to the model, the effects of

background strain and the utility of the various modalities to assess the degree of

hypertension.
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Introduction

The adult vasculature has the ability to remodel itself in response to tissue ischemia.

This remodeling attempts to increase blood supply to better serve tissue metabolic

demands, because normal tissue function basically depends on adequate supply of

oxygen through blood vessels.1 In humans, a number of clinical conditions exist, in

which blood supply is insufficient (e.g., cardiac ischemia resulting from coronary

artery disease and intermittent claudication resulting from peripheral arterial disease).

Therefore, understanding the mechanisms of neovascularisation following tissue

ischemia will finally lead to more effective treatments for these conditions.

Until now, the hind limb ischemia (HLI) animal model has been extensively used

and perceived as a model of human peripheral arterial disease for numerous studies

in vascular biology. This model is generated by unilateral ligation of the femoral

artery to investigate ischemia-induced neovascularisation in vivo. Historically, the

first HLI animal model was performed in rabbits.2 During the last decade, most

investigators in cardiovascular research switched to a mouse model of hind limb

ischemia. Mouse models have gained popularity for a number of reasons including

rapid gestation period (21 days), large litter size, and relatively low maintenance

costs. In contrast to rabbits and rats, the mouse genome has been extensively

characterized and gene-targeted ‘knockout’ and transgenic mice are attractive tools
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to study the role of certain genes on neovascularization in vivo.3 Therefore, the

murine HLI model is a useful tool to investigate biological, biochemical, physio-

logical, and pathological processes of ischemia-induced neovascularisation.4 Even-

tually, this will lead to new treatment modalities for the management of ischemic

disease in man.

In this chapter, we provide a comprehensive description of the techniques required

to perform and to analyse the murine HLI model.

Materials and methods

Surgical procedures

The murine hind limb ischemia model is usually performed in 6�8-week-old

mice, which are anesthetised with chloral hydrate (400 mg/kg; Riedel-de Häen/

Sigma-Aldrich) intraperitoneally (i.p.) and medetomidine (0.1 mg/kg; Domitor1,

Pfizer) intramuscularly. To remove the fur on the surface of the skin, the medial

side of the right hind limb is cleaned either with a commercial depilatory cream

or a shaver. The mice are placed in a spine position with the paws taped to the

operating table. After disinfection of the skin with 70 % ethanol, a longitudinal

skin incision is made using small scissors or a disposable scalpel. Then, the

incision should be extended from a point just proximal of the knee to the inguinal

ligament (Figure 23.1a). Fatty connective tissue on or around the limb muscle

should be carefully removed to generate a severe phenotype of HLI, because

adipose tissue may promote the angiogenic recovery after ischemia. In most

instances of accidental tissue bleeding, it is usually sufficient to use a piece of

gauze or cotton swabs for hemostasis. Magnification by a microscope (e.g., Stemi

DV4 SPOT, KL200, Zeiss) should be used to get a detailed view of the surgical

site. After a part of the abdominal wall adjacent to the inguinal ligament is lifted

with the tip of a delicate mosquito forceps, the handle of the forceps is fixed on

the opposite side of the animal using needles. Then, the femoral artery and vein

are exposed and freed from connective tissue along their entire length using a

curved forceps and cotton swabs. After identifying the deep femoral artery

(Figure 23.1b,c) as a descending branch, it is ligated by an electric coagulator

(e.g., ERBOTOM ICC50, ERBE). Next, the superficial femoral artery and vein as

well as the superficial epigastric arteries are completely excised by electrocoa-

gulation ranging from their proximal origin as a branch of the external iliac artery

to the distal bifurcation to form the saphenous and poplital arteries. After

confirming successful limb ischemia by checking the severe paleness of the

feet, the overlying skin is closed with surgical staples (e.g., BD BBLTM 9 mm

AUTOCLIP1 Applier, No.427630, Becton Dickinson). The wound is finally

disinfected again, and the mice are placed in a clean environment to prevent

possible contamination of the surgical site. To reduce postoperative pain,

carprofen (5 mg/kg; Rimadyl1, Pfizer) should be injected subcutaneously.
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Assessment of neovascularisation

Laser doppler perfusion imaging

A Laser Doppler perfusion imager (LDPI) can be used to perform serial and non-

invasive blood flow measurements. The laser Doppler perfusion monitoring was

proposed for measurements of blood flow in the microcirculation over 20 years ago,5–7

with the use of spectral broadening (due to the Doppler effect) of laser light scattered

in the tissue. This technique relies on the frequency and phase shifts of the incident

light beam to detect the velocity of red blood cells, with an algorithm to derive a

signal which is called the laser Doppler flux (LDF) from the bandwidth of the

Doppler spectrum. This LDF is related to the average velocity and number of red cells
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A.Popliteal

Abd. aorta

A.Iliac

A. Epigastric

A.femoralDeep

A.Saphenous

ligamentInguinal

Ext. iliac A.
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Figure 23.1 Macroscopical (a) and microscopical view (b) of the surgical site. A scheme of the

anatomy of arteries in the murine hind limb is given in (c). For a color version of this figure, please

see the images supplied on the accompanying CD
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within the tissue volume (although white cells also make a minor contribution) and is

not influenced by the geometrical direction of each velocity component (i.e., flows in

opposing directions are not inhibiting).6

The LDPI system (e.g., moorLDITM-Mark 2, Moor Instruments Ltd; Figure 23.2a)

scans the target tissue with a low-power laser beam, which consists of a visible red

laser beam (633 nm) and the low power light from a monochromatic stable laser (e.g.

a helium neon gas laser or a single mode near infrared laser diode). Moving blood in

the microvasculature causes a Doppler shift of the scattered laser and a color-coded

map of blood flow is generated. The stored perfusion values for each pixel are then

available for data analysis. Simultaneously, a digital camera records a still image

which is similar to the blood flow image in size and aspect. This system is able to map

tissue blood flow in areas ranging from 5 � 5 cm up to 50 � 50 cm with 256 � 256

pixel resolution, each pixel being an actual measurement. The frequency-broadened

light, together with laser light scattered from static tissue, is photodetected and the

resulting photocurrent processed to provide a blood flow measurement.

LDPI is performed to record perfusion of both right and left hind limbs at defined

time points following surgery. After anesthesia with chloral hydrate (400 mg/kg i.p.),

the excess fur on the area of interest is removed with either depilatory cream or a

shaver. To measure blood flow, the animals are placed on a black rubber board to

reduce background, followed by fixing all four limbs (fore and hind limbs) with 27G

needles (e.g., BD MicrolanceTM 3, 27G, Becton Dickinson). The black rubber board

is then placed on a heating pad (e.g., Heating pad TM22, Beurer) or on a heating

chamber at 37�C to minimise temperature variation. Each measurement is continu-

ously obtained over the same defined region of leg and foot with simultaneous records

low medium high

Perfusion scale

(a) (b)

Figure 23.2 The laser Doppler device (a) and a representative laser Doppler scan (b) of a mouse

14 days after induction of hind limb ischemia. The perfusion scale depicts low perfusion as blue

color, whereas red color represents high perfusion. For a color version of this figure, please see the

images supplied on the accompanying CD
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of color coded images for left and right limbs (Figure 23.2b). The latter analyses of

blood flow are performed by calculating the mean of LDF on both ischemic and non-

ischemic limbs, with the use of computer processing software provided by the

manufacturer. To take into account the variables as ambient light and temperature,

calculated perfusion of each mouse is further analysed and expressed as a ratio of left

to right limb as the ‘laser Doppler-derived relative blood flow.’8–13

Troubleshooting: one frequently asked question is how to avoid the assessment of

the disturbing skin perfusion that is quite often enhanced and interferes with the blood

flow underneath. For that purpose, the investigator could consider removing the skin

before scanning to uncover the vessels. The drawback of this method is a fast

dehydration of the uncovered muscles. Another important technical hint is to remove

all staples using a staple remover (e.g., BD BBLTM 9 mm AUTOCLIPR Remover,

No.427637, Becton Dickinson) as soon as possible (usually 1 week following surgery),

to avoid inflammatory hyperperfusion of the surgical wound. This inflammatory

hyperperfusion may lead to overestimation of the tissue perfusion in the ischemic

limb. In case of hyperperfusion, this area should be excluded from the calculation of the

mean flux of the blood flow in the whole ischemic hind limb. Consistently, in case of

limb necrosis or limb loss related to ischemic necrosis, the mean flux of blood flow has

to be corrected for the valid number of pixels in the measurement area. For this

purpose, the necrotic area is set as zero. On the contrary, hypotension caused by

overdose anesthesia induces a systemic hypoperfusion in the whole area of the

ischemic/non-ischemic limbs and should be avoided. It is important that the measure-

ments are performed, while sufficient and consistent perfusion is recorded in the tail as

well as the non-ischemic limbs of all mice. Another question to which people paid

attention is related to artifacts resulting in a gap between the animal’s tail and body.

Interestingly, these artifacts are generated by unremoved fur and hyperpigmented skin

areas (Figure 23.3). Therefore, this problem is not present in light-skinned nude mice,

which are well established for the transplantation of xenogenic cells. Finally, the

Figure 23.3 Still image taken by a digital camera (a: left panel), laser Doppler scan (a: right

panel), and macroscopical view (b) of an untreated C57B1/6J mouse. The red circle marks the

hyperpigmented and/or furry skin of the scrotum, which is producing the artifact. For a color

version of this figure, please see the images supplied on the accompanying CD
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distance between the detector and the measuring site should be identical for all

measurements. Recently, Seifalifan et al.14 demonstrated that the LDPI was dependent

on the distance between the detector and the tissue but not from tissue oxygenation in

the range of 10.7 to 66 kPa. Moreover, the investigator has to pay special attention to

the laser Doppler processing software, because it can be difficult to univocally identify

the original file representing the actual laser Doppler measurements.

Microsphere assay

The regional blood flow of the skeletal muscles in the hind limbs can also be

measured by using stable gold-labeled microspheres at different time points after

surgery.15 After anesthesia with chloral hydrate (400 mg/kg i.p.), medetomidine

(0.1 mg/kg i.m), and carprofen (5 mg/kg), the mice are placed in a spine position

with paws taped to the operating table. It is important that the fore limbs are not over-

stretched, as this can compromise respiration. To obtain sufficient ventilation during

open chest intracardial injection, the mice are either intubated or tracheotomised and

connected to the respirator (e.g., Mouse Ventilator MINIVENT Type 845, Harvard

Apparatus), followed by thoracotomy to expose the heart. To achieve a maximal

vasodilatation in the tissue of hind limbs, adenosine (1.5 mg/kg, ADREKAR1, Sanofi

Winthrop) is infused via the left ventricle together with a thoroughly mixed

suspension of microspheres (0.5 � 106 microspheres in 0.2 ml, 15 mm diameter,

e.g., STERIspheresTM-Gold, No.C-15H20, BioPAL). Mice have to be kept alive for

at least 5 min following infusion to achieve a sufficient systemic circulation of the

microspheres. Eventually, the adductor and gastrocnemial muscles are harvested from

both the right and left limbs. After the wet weight of each tissue sample has been

determined, they are kept in a plastic tube and dried at 70�C over night using a

hybridisation oven (e.g., Hybridiser HB-1D, Techne), and sent to the company (e.g.,

BioPAL; BioPhysics Assay Laboratory)14 for spectrophotometric analysis to detect

the microspheres trapped in the capillaries of the harvested muscles. The achieved

values have to be corrected for the corresponding tissue weight and a ratio between

ischemic and non-ischemic limbs is calculated.

Histological assessment of neovascularisation

The histological evidence of neovascularisation after tissue ischemia can be

determined by measuring the capillary density and the number of conductant

vessels in microscopic sections obtained from the ischemic hind limbs.4,8,10,13

Mice are killed at defined time points following surgery by inhalation of an

overdose of isoflurane. Tissue specimens are obtained as transverse sections from

the adductor and the semimembranous muscle of ischemic and non-ischemic limbs

in each animal. These two muscles are chosen for the histological analysis

because they are the major muscles of the medial thigh where neovascularisation

is occurring after ligation of the deep femoral artery. Muscle samples are
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embedded in OCT compound (e.g., OCT compound 4583, Tissue-TekR, Sakura)

and frozen, while sitting on a grid in prechilled 100 % 2-methylbutane isopentane

(No.59075, Fluka/Sigma-Aldrich) in a container floating in a larger dewar

container filled with liquid nitrogen. Frozen tissue sections (5–10 mm in thick-

ness) are cut from each specimen on a cryostat (e.g., CM3050S, Leica Micro-

systems) so that the muscle fibers are oriented in a transverse way. Frozen cross-

sections are then air dried for 30 min, and fixed in cold acetone for 2 min. Air

drying is performed for another 5 min, and the sections are washed with

phosphate-buffered saline (PBS) for 10 min. After encircling the tissues on a

dry glass slide (e.g., Menzel-Gläser SuperFrost1 Plus, Menzel) with a felt-tip pen

for immunohistochemistry (e.g., DAKO pen, No.S2002, Dako) to provide a

barrier to liquids, non-specific protein binding is blocked incubation with 5 %

bovine serum albumin in PBS for 30 min. Then, immunohistochemical staining

for capillary density is performed by the identification of the cell membranes by

an antibody for laminin (Abcam) followed by anti-rabbit-Alexa488 (Molecular

Probes)13 and of the vasculature by an antibody for CD31 (PE-labeled; BD

Biosciences; Figure 23.4a). To stain conductant vessels, antibodies for smooth

muscle �-actin (Cy3-labeled; Dako) are used (Figure 23.4b).8–12 After the final

washing of the stained sections with PBS, aqueous mounting medium

(e.g., Fluorescent Mounting Medium, No. S3023, DakoCytomation) is dropped

on the tissue, followed by covering with a coverslip (e.g., Cover glasses

24 � 55 mm, NO.1, Paul Marienfeld). Images are examined with a fluorescent

microscope.

Capillary density, an index of angiogenesis, is examined by counting the number

of capillaries in the tissue sections taken from the ischemic and non-ischemic limbs.

Figure 23.4 Histological analysis of the capillary density, which is obtained from the ratio of the

number of capillaries (CD31 staining for endothelial cells; red) and the number of myoctes (staining

of the myocte membrane by laminin; green) (a). Conductance vessels are stained by smooth muscle

�-actin (red) (b). For a color version of this figure, please see the images supplied on the

accompanying CD
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Capillaries are counted using a 40� objective in 10 randomly selected fields. To

ensure that analysis of capillary density is not overestimated due to muscle atrophy,

or underestimated due to interstitial edema, capillary density is expressed as

number of capillaries per myocyte. Moreover, conductance vessels identified by

staining for smooth muscle � actin are counted separately as small (20–50 mm),

medium, (>50–100 mm), and large vessels (>100 mm).

The swimming test as a measurement for functional changes

While LDI measurements detect changes in blood flow in an anesthetised animal

without physical stress, we use a swimming test that allows us to examine genetic or

pharmacologic effects on the blood flow during physical activity. For this purpose, we

used a jet stream swimming pool (Figure 23.5a).16,17

In comparison to exercise tests on treadmills, the swimming test offers many

advantages. The animals have to be trained for some weeks to get used to run on the

treadmill and during that time there are many drop-outs. Moreover, it is another

disadvantage that the animals try to escape from running on the treadmills, so that

they have to be forced to keep on running by electric shocks, which are painful and do

not represent a physiological physical stress. In contrast, the swimming test measures

the maximum of a balanced physical activity without pain and appears to be superior

to treadmill experiments. In addition, the test focuses on the physical activity of the

animals’ hindlimbs, which are the target after induction of hindlimb ischemia. To

perform the swimming test, mice are dropped into swimming pool with a jet stream

generated by a water pump. According to previous experiments by Matsumoto et

al.,16 the number of hindlimb kicks but not forelimb was increased by speeding up the

current of water. Moreover, the current speeds of water revealed a strong correlation

with the workload. Another technical hint is to generate a jet stream of water to

prevent the mice from resting at exposed tubings originating from the water pump

system. The depth of the water should just allow them to touch the ground if they

stretch out completely so that the animals do not panic during exhaustion. To get best

results, the water temperature has to be kept at 34�C.16 The mice have to be trained

the week before the final experiment is scheduled in order to learn how to swim. To

minimise the variability between good and bad swimmers, some animals will also drop

out. For the final experiments, the total time that the mice can keep on swimming

without submerging for 5 s is scored. If the goal is to examine the effects of a

pharmacologic or cell therapy, the results of the swimming test before and after the

onset of the therapy will be determined. Eventually, we compared the LDI and the

swimming test blood flow measurements and found a strong correlation between these

two experimental set ups (Figure 23.5b). As expected, the LDI blood flow measure-

ments underestimate the genetic or therapeutical changes, because the animals are kept

at rest and had to undergo anesthesia for the recording of the LDI measurements.

Therefore, the swim test seems to be more useful to detect less pronounced functional

changes in blood flow.
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Laser Doppler-derived relative blood flow
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Figure 23.5 (a) A typical swimming pool for the swim test is shown. (b) Correlation between the

LDI measurements of anesthesized nude mice 14 days after induction of hindlimb ischemia and the

ratio of the time scored before a mouse submerges for 5 s in the swimming test before and 14 days

after induction of hindlimb ischemia. For a color version of this figure, please see the images

supplied on the accompanying CD
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Discussion

At least three distinct processes are involved in postnatal vascular remodeling: these

processes have been termed ‘angiogenesis’, ‘vasculogenesis’, and ‘arteriogenesis’,

These processes occur in different types of vessels and are regulated by separate

stimuli.

Angiogenesis is recognised as the sprouting of pre-existing capillaries, attributed to

endothelial cells’ migration, proliferation, and tube formation within the ischemic

tissue, and thereby contributes to improved oxygen delivery of individual cells.1 On

the other hand, vasculogenesis describes a process involving the mobilisation and

recruitment of endothelial progenitor cells (EPCs) from the bone marrow in response

to ischemia. These EPCs are capable of incorporation and differentiation into

endothelial cells in foci of neovascularisation.18,19

Arteriogenesis is referred to the enlargement of pre-existing collateral arterioles,

allowing increased blood flow to downstream tissue, serving to restore tissue

perfusion when the original pathway for blood flow has been obstructed. For instance,

arteriogenesis in the upper thighs of animals with experimental hind limb ischemia

increases blood flow to the distal limb. On the other hand, several experimental

groups suggested that tissue ischemia does not appear to be an important controller of

arteriogenesis in animal models of peripheral vascular disease, because the collateral

vessels, which are undergoing remodeling, are typically not surrounded by ischemic

tissue.20,21 However, the increased collateral flow after tissue ischemia actually

activates the endothelial cells via several molecular processes, and these cells further

upregulate b-fibroblast growth factor, platelet-derwed growth factor-B and transform-

ing growth factor-� 1, thereby inducing the proliferation of smooth muscle cells and

vessel enlargement in ischemic tissue.1 Therefore, the process of arteriogenesis in the

model of hind limb ischemia should be assessed histologically by counting the

number of conductant vessels attributed by arteriogenesis.9,11

Taken together, postnatal neovascularisation is generated not only by the formation

of new vessels attributed to angiogenesis and vasculogenesis but also by the

enlargement of preexisting collateral vessels. Thus, the model of HLI is a helpful

tool to investigate three distinct aspects (angiogenesis, vasculogenesis, and arterio-

genesis) contributing to postnatal neovascularisation. In this respect, laser Doppler

perfusion imaging provides a non-invasive, reproducible, and beneficial technique to

assess the tissue blood flow after induction of hindlimb ischemia.

Application

The presented mouse model turns out to be a adequate means for studying not only the

effects of gene targeting on neovascularisation, but also the impact of different types

of circulating stem and progenitor cells (e.g., different primary cells, pharmacologi-

cally modified cells, gene-modified cells) on postnatal neovascularisation. Therefore,

the HLI model is a useful tool to investigate physiological and pathological processes
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of neovascularization in vivo, and may lead to new therapeutic strategies for patients

with cardiovascular diseases.
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Abstract

Several animal models have been developed to study the mechanisms involved in

angiogenesis and to evaluate the efficacy of agents that inhibit or stimulate this

process. In addition to investigating neovascularisation in the mouse in situ, such as in

tumours, the retina, and wound healing, evaluation of agents that support or inhibit

angiogenesis can be performed in vivo using biomatrices or artificial matrices. The

vascularisation of these latter matrices also bears impact on the survival of implanted

tissue engineered grafts. The present chapter focuses on a slight modification of the

model originally described by Guedez et al (Am J Pathol. 2003;162:1431-1439), in

which neovascularisation is evaluated in the mouse in a matrix-containing angior-

eactor. Three protocols are given and discussed describing (1) the preparation of the

angioreactors, (2) their implantation in the flanks of the mouse, and (3) the evaluation

of the invaded vessels using 70,000 Da FITC-dextran.

Introduction

Although the vascular system in the adult animal has a clearly defined size and

pattern, adaptation of the vascularisation is required in ischemic tissue after

wounding or and after tissue damage due to inflammation. New microvessels

originate by sprouting from existing ones (angiogenesis), possibly facilitated by

intussusception of blood-borne cells (vasculogenesis), and sometimes by elongation

of vessels, as occurs in the cyclical thickening of the endometrium. Usually, these
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processes together also are indicated as angiogenesis. In addition to growth and

healing, angiogenesis occurs in a number of diseases, such cancer, diabetic

retinopathy, rheumatoid arthritis and psoriasis. Three lines of interest have con-

tributed to a large interest in influencing angiogenesis. First, the perspective

that inhibition of angiogenesis may retard or stop tumor growth has stimulated

research and largely contributed to the recognition of many angiogenic growth

factors and angiogenesis inhibitors. Second, the generation of many different

transgenic mice with over- and underexpression of specific genes has largely

contributed to recognising important factors involved in neovascularisation,

because frustration of the outgrowth of the vascular bed caused embryonal

death due to impaired vascular development. Clinically, the neovascularisation

of the endometrium and placenta are considered as cricial processes to guarantee

proper implantation of the early embryo and development of the fetus. Third, in

the cardiovascular field, stimulation of angiogenesis is desired in areas of

ischemia, such as in the border zone of an infarct after acute myocardial infarction,

to support survival of cardiomyocytes and maintenance of their function. Further-

more, investigators involved in tissue engineering have realised that the long-

term success of transplanted engineered tissue pieces depends on adequate vascu-

larisation.

It is therefore not surprising that a number of animal models have been developed

to study the mechanisms involved in angiogenesis and to evaluate the efficacy of

agents that inhibit or stimulate this process. Other publications have focused on

modulating angiogenesis in animal/mouse models of angiogenesis in tumours,1–3

cardiovascular healing and collateral formation4–6 and retinopathy.7,8 In this

chapter we focus on models by which neovascularisation can be evaluated in

various biological and artificial matrices. Several techniques have been used, such

as the implantation of sponges filled with matrix proteins usually supplemented

with growth factors, inhibitors or angiogenesis stimulating cells,9–11 implanted

chambers with a porous membrane which have been filled with the matrix proteins

to be tested12 and small tubes filled with matrix proteins, which were indicated as

angioreactors.13 In this chapter we provide protocols for the preparation, implanta-

tion and evaluation of matrigel- or fibrin-filled angioreactors implanted in the flanks

of mice.

Materials and methods

The preparation of the angioreactors, their implantation in the sides of mice, and the

final evaluation of perfused vessels by assay of fluoroscein isothiocyanate (FITC)-

dextrans are given in three subsequent protocols.

They present a slight modification of the model originally described by Guedez

et al.13 Figure 24.1 depicts the angioreactor and its location after implantation in the

mouse.
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Protocol 1. Preparation of the angioreactors

Reagents and equipment

� Laminar-flow hood

� Sterile gloves

� Clean laboratory coat

� Scalpel

� Incubator with 5 % CO2/95 per cent air atmosphere and humidified

� Polyethylene tubing (inner diameter 1.4 mm; other diameter 1.9 mm, sterilised,

Portex Ltd, Hythe, UK)

� Nail polish (colourless, local store)

� Phosphate-buffered saline (PBS)

Angioreactor

with opening to

the front

Slit for placing

the angioreactor

closed by

surgical autoclip

Sealed end              Open 

end
Matrix filling the 

tube

FITC-dextran

Figure 24.1 Schematic representation of the angioreactor and its position after implantation in

the mouse, according to Guedez et al.13 with slight modifications. Top left: The angioreactor is

sealed on one side with nail cover (called bottom side) and filled with matrigel or fibrin. It is placed

via a slit opening in the side of the mouse (two reactors can be placed per side) with the top side

towards the head of the animal. Subsequently, the tissue opening is carefully closed. After 1 or 2

weeks, depending on the matrix used, FITC-dextran is injected via the tail vein and subsequently

after 30 min the angioreactor is removed and evaluated for its FITC-dextran content (see also

Protocols and Discussion). For a color version of this figure, please see the images supplied on the

accompanying CD
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� Matrigel (Basement membrane matrigel w/o phenol red, growth factor reduced,

mouse natural, BD Biosciences Labware, Bedfort, USA) solution (concentration

6 mg/ml, diluted in PBS), stored in small portions of 500 ml at �20�C

� Fibrinogen (Chromogenix AB, Mölndal, Sweden), 2 mg/ml solution in medium

M199

� Thrombin (Organon-Teknika, Boxtel, The Netherlands)

� Fibroblast growth factor-2 (FGF-2) (human recombinant, PeproTech, Inc., Rocky

Hill, NJ, USA) or vascular enclothelial growth factor (VEGF) (human recombi-

nant, ReliaTech GmbH, Braunschweich, Germany)

� Heparin (Leo Pharma BV, Breda, the Netherlands)

� Syringe þ needle (BD micro-fine þ U-100 insulin syringe þ needle; 0.33 mm

(29G) � 12.7 mm; Beckton & Dickinson Biosciences, Bedfort, USA)

� Compounds to be tested, e.g. angiogenesis inhibiting or enhancing agents.

Procedure

1. Matrigel solution stored in small portions at �20�C, is thawed on ice (overnight)

to prevent gelation of the material at room temperature.

2. Using a scalpel, sterile polyethene tubing is cut into 1.3 cm length pieces in order

to prepare the angioreactors.

3. One end of the angioreactors is sealed with colourless nail polish, and allowed to

dry for 24 h at room temperature.

4. Then, the angioreactors are filled with 30 ml of a solution containing matrigel

(600 ng/ml), FGF-2 or VEGF (end concentrations of 500 or 1000 ng/ml, respec-

tively), and heparin (end concentration of 50 IU/ml), with or without (depending

on the route of administration) the compound(s) to be tested using an insulin

syringe at 4�C.

5. Alternatively, fibrin can be used as matrix. For that, the angioreactors are filled

with a 2 mg/ml fibrinogen solution supplemented with thrombin (end concentra-

tion 0.2 IU/ml), FGF-2 or VEGF (end concentrations of 500 or 1000 ng/ml,

respectively), and heparin (end concentration of 50 IU/ml), with or without the

agent to be tested compound(s).

6. After filling, the matrigel or fibrin is allowed to gelate under 5 % CO2/95 per cent

air atmosphere, 37�C and 90 per cent humidity for at least 1 h.
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7. Prior to the implantation in the flanks of mice, the angioreactors are cut into

lengths of 1.0 cm.

Protocol 2. Implantation of the angioreactors

Animals, reagents and equipment

� Mice (10 weeks old, e.g. FVB/N or C57BL6)

� Fentanyl (Janssen-Citag NV, Beerse, Belgium, 0.05 mg/ml)

� Midazolam (Roche Nederland BV, Woerden, the Netherlands, 3 mg/ml)

� Medetomidine (Orion Pharma, Espoo, Finland, 1 mg/ml)

� Shaver

� 70 % ethanol in distilled water

� Scalpel

� Scissors

� Autoclip (BD Biosciences Labware, Bedfort, USA)

� Angioreactor (See protocol 1).

Procedure

1. Mice are anesthetised using a mixture of 30 ml fentanyl (Janssen-Citag NV,

Belgium, 0.05 mg/ml), 30 ml midazolam (Roche Nederland BV, Woerden, the

Netherlands, 3 mg/ml), 15 ml medetomidine (Orion Pharma, Espoo, Finland, 1 mg/

ml) in 75 ml PBS.

2. At the flanks of the mice 1.5 � 1.5 cm of the skin was shaved and sterilised using

70 % ethanol.

3. A small incision is made at each flank and subcutaneously a pocket of

1.5 � 0.5 cm wide is created using a surgical pair of scissors, which would be

enough space to fit two angioreactors.

4. Two angioreactors are slid into the pocket with the closed sites of the angio-

reactors facing in the direction of the incision.
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5. Thereafter, the incision is closed using a surgical autoclip. Check whether the

wound is closed completely, to prevent one of the angioreactors being able to slip

out of the pocket during the study period.

6. Perform this surgical procedure at both flanks.

7. The angioreactors filled with the matrigel matrix are kept in the mice for

10–14 days, whereas the fibrin containing reactors are kept for a period of

5–7 days.

Protocol 3. Determination of blood vessel formation

Reagents and equipment

� PBS

� Dextran-FITC (MW: 70 000, Sigma-Aldrich)

� Syringe with injection needle

� Scalpel

� 0.5 % Triton-X-100 in PBS

� 1 ml sterile pipet or Pipetman P200

� FLUOstar Galaxy microplate reader (BMG Labtechnologies GmbH, Germany).

Procedure

1. After a period of 5–7 (fibrin matrices) or 10–14 days (matrigel matrices) blood

vessel formation is determined using dextran-FITC measurement. 30 min prior to

killing the animals, 100 ml of a 25 mg/ml dextran-FITC (MW: 70 000, Sigma-

Aldrich) PBS solution is injected into the tail-vein of the animals.

2. After 30 min the mice are killed, and the angioreactors are removed from the animal.

3. Inmediately thereafter, the sealed bottom of the angioreactor is removed by a

scalpel.

4. Subsequently, the matrix (including the dextran-FITC containing vessels) is

removed from the angioreactors and dissolved using 150 ml PBS þ 0.5 %
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Triton-X-100. When matrigel is used as a matrix this can be done by placing the

angioreacters upside down in an eppendorf vial (1.5 ml) for 2–3 h at 4�C. This

liquifies the matrigel. If a fibrin matrix is used, the gel is pushed out of the

angioreactor by a sterile pipette into an eppendorf vial, after which it is

homogenised by moving it back and forward through the pipette.

5. One hundred ml of this solution is added to a 96-well plate and the fluorescence is

measured using a FLUOstar Galaxy microplate reader (excitation 485 nm, emis-

sion 520 nm, BMG Labtechnologies GmbH, Germany).

Discussion

Materials and supports for angiogenesis studies

Several aspects should be considered when testing a biological or artificial matrix for

its ability to support angiogenesis. In particular the solidity and stability of the matrix

material determine how such a matrix can be used in the mouse. Some biomaterials

are solid and can be implanted directly, e.g. engineered cartilage and bone. Other

materials need some kind of support. Fibrinogen or mouse plasma (derived from the

same strain as the donor) can be coagulated directly or after mixing it with various

collagens, thus providing a fibrinous matrix. However, such matrix has to be

implanted in some kind of container. This is not only needed for its coagulation,

but also because a fibrinous matrix will lyse during angiogenesis after implantation,

and this interferes with the proper assay of the degree of angiogenesis. This problem

can be overcome using a nondegradable sponge, in which the fibrin or other matrix

protein is gelated.9–11 A sponge can also absorb wound fluid and thus fill sponta-

neously with a fibrinous exudate during the implantation procedure. Alternatively a

small container is offered to hold the matrix. This can be an angioreactor as described

in this chapter (Figure 24.1).

The angioreactor must be in direct contact with tissue or sealed to it with the

fibrinous matrix of wound fluid. It is important that after implantation the device does

not move within the tissue and is placed in such a way that the animal can move

freely. Otherwise the contact of the angioreactor with the tissue becomes disturbed

and the ingrowth of new vessels fails. Although the nature of matrigel is such that it

can be directly used in an animal, the angioreactor appeared in our hands very

valuable for the standaradised evaluation of agents that affect the ingrowth of vascular

structures, not least because the agents to be tested could be mixed in the matrix of

the angioreactor from which they diffuse only slowly. This enables the investigator to

use limited amounts of these agents. Furthermore, the angioreactor prevents defor-

mation of the matrix within the animal, which would make it very difficult to quantify

angiogenesis.

As an alternative for the support of such semi-stable matrices by the angioreactor,

the matrix can be gelated in a Plexiglass ring covered on both sides with a 13 mm
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diameter 30 mm nylon net filter (Millipore Corporation, MA, USA), through which

the new vessels can grow.12

Evaluation of vascularisation

The FITC-dextran assay in the angioreactor appeared to be a useful method for

quantitative analysis. It is advised to take blood samples from the animals just before

taking out the angioreactors as a control for the successful injection of the FITC-detran.

The FITC-dextran method is convenient, but has two limitations. First non-perfused

vessels are not detected. Such vessels do also not contribute to the oxygenation and

nutrition of the matrix at the time of evaluation. Second, in specific cases in which the

perfused vessel in the matrix leak massively one may get an overestimation of the degree

of vascularisation. However, normally the interstitial pressure equilibrates, counteracting

further leakage, and within the time period of evaluation the diffusion of the 70 kDa

dextran from the vessels into the matrix was very limited.

An attractive alternative is to use TIE2-GFP or TIE2-LacZ mice, which express green

fluorescent protein (GFP) or b-galactosidase behind the endothelial specific promoter TIE-

2. After extraction GFP can be assayed by fuorescence spectrophotometry and b-

galactosidase activity assayed by enzymatic reaction. These assays provide quantifications

of the total amont of endothelial cells that have invaded the angioreactor.

Estimation of the amount of hemoglobin can also be made as an estimate of the degree of

perfused neovascularisation. However, two caveats exist. First, hemoglobin often sticks to

the outside of the angioreactor caused by wounding during implantation and dissection.

Second, some matrices have the tendency to contract slightly, and one has to verify that no

local detachment between the matrix and the angioreactor has occurred that may cause

penetration of the wound fluid during the first day after implantation.

Additional information can be obtained by making cross-sections of the invaded

matrix. For the determination of the degree of vascularisation such sections should be

made in the length direction of the angioreactor preferentially through the middle. Mild

fixation e.g. with 0.4 per cent paraformaldehyde is advised. Endothelial cells can be

stained with CD34 or CD31, but also other epitopes such as thrombomodulin VEGF

receptor-2 (flk-1) and endoglyn have been used.14–16

Precautions

Several aspects merit attention. The angioreactor should be inserted in such a way

that it does not move freely in the skin pocket. If that is the case, the invasion of new

vessels into the angioreactor will be disturbed. Also careful closure of the skin

opening with an surgical autoclip is important to avoid the angioreactor squeezing out

after the implantation.

Furthermore, after the incubation period the angioreactor has to be removed

carefully, so that one prevents part of the matrix material, which in in contact with

the tissue, being accidently removed.
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Finally, certain matrices prepared from fibrin and collagen may shrink. If such

matrices are made immediately before the implantation their shrinking may cause

sucking of wound fluid and even blood into the reactor, usually in a thin area between

the tube and the matrix.

Application

The assay can be used for the evaluation of growth factors that stimulate angio-

genesis. Figure 24.2 shows the stimulatory action of VEGF. It is also a valuable

tool to assay agents that inhibit angiogenesis. In the latter case an angiogenesis

stimulus VEFG or bFGF is mixed together with the inhibitory compound to be tested.

Figure 24.2 also shows the effect of a thrombospondin-1 peptide, which was used as

an angiogenesis inhibitor.17

The model can also be used to evaluate the effects of gene deficiency or gene

overexpression. Depending on the gene this can be done by using various transgenic

mice, which determines the effect of the gene alteration on the ingrowing vessels.

Alternatively, one can provide matrices prepared from the plasma or tissue of

transgenic mice, from which the contribution of specifically altered matrix proteins

can be evaluated.

Figure 24.2 Effects of VEGF-A and the thrombospondin (TSP) peptide 616, SPWSSCSVTCGDGVITRIR,

described by Iruela-Arispe et al.17 on VEGF-induced in vivo angiogenesis in matrigelTM. Angiogenesis

was induced and measured as GFP expression by the endothelial cells, as described in Materials and

Methods, and expressed as the mean �SEM of the arbitrary units (AU) present in the angioreactors.

For a color version of this figure, please see the images supplied on the accompanying CD
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Abstract

Successful thrombus induction in the veins requires the presence of at least one of a triad

of factors (Virchow’s triad) - hypercoagulability, endothelial cell disturbance or reduced

blood flow. The thrombus produced should have a coralline structure, consisting of

layers of fibrin, platelets and associated leukocytes that create a mesh entrapping the

main red cell mass. This is different from a clot, which comprises a red cell mass trapped

in a loose, disorganised fibrin mesh with platelets and leukocytes distributed randomly

throughout. The disparity in the morphology of these structures may therefore give rise

to differences in the processes that regulate their formation and resolution. The mouse

model described in this chapter produces corraline thrombus in a reliable manner and

allows investigation of the mechanisms that regulate both the generation and resolution

of venous thrombi.

Key words

thrombus, venous, mouse, model

Background

Deep vein thrombosis (DVT) of the lower limb is a common condition, affecting 1–2

per cent of the population, with an annual incidence of 1 per 1000.1,2 Between 25 and

75 per cent of patients have residual venous obstruction or reflux after developing a

deep vein thrombosis.3–7 The incidence of long-term complications of venous

thrombosis (post-thrombotic syndrome – leg swelling, pain, skin changes and

ulceration) can be as high as 50 per cent after 1 year8 and greater than 70 per cent

after 10 years.9 These conditions are debilitating and cost the NHS over £500 million

each year to treat.
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A venous thrombus is a semi-solid mass formed from the components of flowing

blood and consists of laminations of platelets, fibrin and leukocytes (lines of Zahn)

that trap the main red cell mass (Figure 25.1a,b). This is different from a ‘clot’, which

is formed in stationary blood and consists mainly of a red cell mass trapped within a

fine fibrin mesh, with leukocytes and platelets distributed randomly throughout

(Figure 25.2). These differences suggest that thrombus and clot may develop and

resolve through different mechanisms.

Figure 25.1 Laminar thrombus veins stained with the CD41 platelet marker (black) in (a) mouse

and (b) human

Figure 25.2 Amorphous clot formed in the valve cusp of a human vein. V ¼ valve; VL¼ vein lumen
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In 1856 Virchow put forward three pathological mechanisms he considered

responsible for the formation of venous thrombi (Virchow’s triad).

1. Alterations in the blood constituents (increased coagulability of the blood)

2. Changes in the endothelial lining of the vessel wall (endothelial disturbance)

3. Stasis or reduced blood flow.

These conditions are still accepted as the major instigators of thrombogenesis in the veins

and are the basis for the induction of venous thrombosis in all animal models.

Whatever the cause, it is clear that the thrombus develops as a laminated coralline

structure, extending in the bloodstream, bending in the direction of the blood

flow. As the thrombus extends across the lumen, it causes turbulent blood flow

beyond which more red cells and fibrin deposit. This leads to propagation of the

thrombus.

Subsequent natural thrombus resolution occurs by a process of organisation and

recanalisation10–12 that is similar to the events seen during wound healing, including

infiltration by inflammatory cells (mainly monocytes), endothelial cells, myofibro-

blasts and bone-marrow-derived progenitors.13,14 Recanalising channels develop

between the vessel wall and thrombus and also within the body of the thrombus.11,15

These channels can carry blood and it is speculated that their coalescence into large

channels, combined with contraction of the thrombus, is the mechanism by which

blood flow is restored through the vein.

The precise mechanisms that lead to the formation and resolution of a venous

thrombus are still poorly understood. It is difficult to elucidate these in vitro, as

culture conditions do not provide the dynamic cellular and molecular environment

that exists in vivo. It would also be ethically unacceptable to form a thrombus and

to study its subsequent resolution in a human vein because of the possibility of

the thrombus embolising. Much of what we know about venous thrombosis in

man is derived from analysis of blood samples taken from patients with this

condition. This can only examine global changes in the coagulation and fibrinolytic

systems and is unable to address changes within the microenvironment of the

thrombus. The development of animal models that reproduce the conditions leading

to venous thrombogenesis in man has improved our understanding of the patho-

physiological processes that occur during thrombus formation and its subsequent

resolution.

Models of thrombosis

An ‘animal model’ can be defined as a living organism with an inherited, naturally

acquired or induced pathological process, that in one or more respects closely

resembles a disorder occurring in man.
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Animals used in thrombosis models

An ideal model of venous thrombosis should produce a thrombus similar in structure

to that found in man, be reproducible, has a low morbidity and mortality, and be

technically easy to perform. The most frequently used species have been the rat and

rabbit but, over the past decade, the development of gene knockout and transgenic

systems16 has led to the increased use of mice.17 The ability to manipulate the mouse

genome so that it is possible to investigate the role of individual factors, such as

plasminogen activators;18 or to track the recruitment of specific cells into the

thrombus (e.g. bone-marrow-derived progenitors,19 has provided a powerful tool in

the study of thrombus formation and its resolution.

Site and methods of thrombus induction

Although venous thrombi are more common in the lower limbs in humans, it is

technically difficult to develop thrombi in the veins of the lower limbs of small

animals such as mice. The vena cava has therefore been the site of thrombus

development in small rodents because of its size and accessibility.

A variety of methods have been used to induce thrombosis in veins and these have

been based on promoting one or more of Virchow’s triad of factors.21 Thrombus has

been induced in animal models by producing venous stasis alone or in combination

with endothelial damage or hypercoagulability of the blood; however, many of these

models have not been characterised to determine whether they resemble the

laminated thrombi found in humans.20–21 Extrapolations from these systems to

how human thrombi form and resolve may therefore be difficult. Furthermore, the

technical complexity of the methods by which thrombus is induced may lead to a

longer ‘learning curve’, a greater mortality and a diminished reproducibility.

The St Thomas’ model

We have developed a model of venous thrombosis in the mouse that is technically

simple, highly reproducible (>90 per cent), has a high survival rate (>99 per cent),

and induces a corraline thrombus with a morphology resembling that of human

venous thrombi.

In this model thrombus formation is induced using a combination of reduced blood

flow and endothelial damage (unlike our rat model where thrombus induction occurs

simply by reducing caval blood flow alone).22 This method has been successfully

used to induce thrombus in more than seven strains of knockout mice14,18,23 and more

recently in a strain with severe combined immunodeficiency (SCID, unpublished

data).

The SCID mouse mutation has proved a useful tool for the development

of small animal models as hosts for the in vivo analysis of the activity of human
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cells in disease.24 The use of cells of human origin rather than murine

cells eliminates the need for donor animals and thereby reduces animal numbers

required for study. Human cells are also available in larger numbers and their

analysis is facilitated by the widespread availability of human antibodies and assay

systems.

Method

The mouse is anaesthetised using isoflurane. The abdomen is shaved and an antiseptic

agent applied to the skin. A midline laparotomy is performed with stay sutures placed

to expose the abdominal contents. The intestines are retracted with cotton buds and

wrapped in gauze soaked in normal saline. The peritoneum is dissected away using

blunt dissection, revealing the retroperitoneal structures (Figure 25.3a).

The inferior vena cava is mobilised beneath the level of the left renal vein and

the lumbar tributaries identified (Figure 25.3b). A plane is developed behind the

vena cava and between any lumbar vessels (Figure 25.3c). On the left side

the abdominal aorta is separated from the inferior vena cava using blunt dissection

with two pairs of fine forceps. A 2-0 silk tie (Ethicon, UK) is placed behind the

vessel just inferior to the left renal vein (Figure 25.3d). A 5-0 prolene suture

(Ethicon, UK) is placed longitudinally over the inferior vena cava and the silk

suture tied over the top (Figure 25.3e). The prolene is then removed. This procedure

creates a stenosis that markedly reduces blood flow (Figure 25.3f). Endothelial

Figure 25.3 Steps taken in the induction of a venous thrombus in the St Thomas’s model: (a)

anatomy of the mouse IVC and left renal vein; (b) retraction of IVC to reveal posterior lumbar veins;

(c) blunt dissection to separate the IVC from surrounding structures; (d) placement of the silk

ligature; (e) placement of the prolene suture along the length of the vein and tying of the silk

ligature; (f) removal of the prolene suture to allow reduced blood flow; (g) application of a vascular

clip to create endothelial damage
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Figure 25.3 (Continued)
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damage is induced using a neurovascular surgical clip (Braun Medical) applied to

the vessel in two separate positions below the renal vein, for twenty seconds at a

time (Figure 25.3g). This procedure induces reproducible (>90 per cent) thrombus

formation.

The bowel is placed carefully back into the abdominal cavity. The laparotomy is

closed using 3-0 monocryl in layers. Subcutaneous buprenorphine (0.01–0.1 mg/kg)

and 0.5 ml of saline are immediately administered for postoperative analgesia and to

replace intraoperative fluid loss.

Thrombus formation occurs rapidly (usually within 1 hour of tying the ligature,

Figure 25.4a–d) in this model as has been shown in humans.24 The initial thrombus

produced consists predominantly of red cells with laminations that contain fibrin,

platelets and leukocytes (mainly polymorphonuclear, Figure 25.5). The experimental

thrombus resolves through a process of organisation and recanalisation (Figure 25.6)

reminiscent of that seen in human venous thrombi and healing wounds. There is a

progressive cellular infiltration that consists of inflammatory cells (mainly macro-

phages, Figure 25.7), myofibroblasts and endothelial cells, which line the vascular

channels that form between the vein wall and thrombus and within the main body of

the thrombus (Figure 25.6).

The models described are useful for both studying the efficacy of antithrombotic

agents and in the analysis of the cellular and molecular mechanisms that regulate

resolution, as the experimental thrombi resolve over a period of 4 weeks.

Figure 25.4 Scanning electron micrographs of forming thrombus taken at intervals up to 1 h after

placement of the ligature. For a color version of this figure, please see the images supplied on the

accompanying CD
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Figure 25.6 Organised 4-week-old thrombus in the mouse vein stained by MSB. Note the large

numbers of infiltrating cells and cell-lined vascular channels, some of which contain erythrocytes.

VW, vein wall; T, thrombus

Figure 25.5 Sections taken through (a) 1-day-old thrombus in mouse vein, and (b) human vein.

Note the laminations which consist of fibrin, platelets and leukocytes
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Introduction

Vasculitis is characterised by infiltration of lymphocytes and macrophages into the

vessel wall. This inflammation can provoke destruction of the media, fibrosis, and

proliferation of smooth muscle cells in the intima leading to neointima formation.

Importantly, inflammatory changes associated with systemic vasculitides may pro-

mote formation of atherosclerotic lesions.1 The origin of systemic vasculitides most

probably relies on infection of the vasculature by pathogens. Staphylococcus aureus2

and human parvovirus B19,3 for example, have been associated with Wegener’s

granulomatosis. Furthermore, human parvovirus B19 has also been suggested to be

involved in Kawasaki disease,4 and polyarteritis nodosa.5 Moreover, many other

infectious agents have been proposed to cause vascular pathological changes, often in

addition to the main clinical manifestation.6 For example, cytomegalovirus (CMV)

infection is frequently linked with human vasculitides and atherosclerosis. Indeed,

CMV antigens or nucleic acids have been found in arterial tissue and in athero-

sclerotic lesions of human patients with coronary artery disease7,8 and with inflam-

matory abdominal aortic aneuryms.9 Human CMV (HCMV) and to a lesser extent

murine CMV (MCMV) have been shown to infect smooth muscle and endothelial

cells of the vessel wall.10 Moreover, CMV infections can induce intimal injury

resulting in neointima formation and vasculopathy.11,12 Therefore, it is likely that

chronic persistence of pathogens in the vessel wall, as it is the case in HCMV

infection, may lead to a continuously recruitment of effectors of the immune system

that may eventually induce an inflammatory milieu able to generate and sustain
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autoimmune reactions. Destruction of cells in the vascular wall, either through direct

cytolytic activity of the infectious agent or by immune mechanisms directed against the

pathogen, may lead to the release of self-antigens and to the subsequent activation of

autoimmune responses. However, it is difficult to distinguish between direct pathogen-

induced vascular damage and immunopathology triggered by continuous activation of

microbe-specific Tand B cells. We have recently reported a transgenic mouse model with

defined T-cell-mediated cardiovascular immunopathology13 that permits uncoupling of

these two mechanisms. Transgenic SM-LacZ mice express the bacterial �galactosidase

(�gal) protein exclusively in cardiomyocytes of the right heart and in arterial smooth

muscle cells.14 The �gal transgene is immunologically ignored in these mice, despite its

widespread expression in the vascular system. Repetitive priming of SM-LacZ mice with

dendritic cells (DC) presenting a H-2Kb-restricted peptide derived from �gal (Figure

26.1a) causes acute vascular immunopathology with strong lymphocytic infiltration in

lung arteries and aorta (arteritis) as well as in the right heart (myocarditis), that may

eventually lead to dilated cardiomyopathy15 (Figure 26.1b).

Besides providing a valuable tool for studying autoimmune vasculitis and myocarditis,

SM-LacZ mice can also be used to shed light on the mechanisms underlying athero-

sclerosis. To this end, SM-LacZ mice were crossed with hypercholesterolemic apolipo-

protein E (ApoE)-deficient mice. ApoE� /� mice spontaneously develop lipid

depositions in major arteries16 and are used as animal models for atherosclerosis.

Upon induction of transgene-specific CD8þ T cells by DC immunisation, transgenic

ApoE� /� � SM-LacZ mice display atherosclerotic lesions that are significantly

increased by the immune-mediated arterial inflammation.13 Furthermore, the use of

a �gal recombinant MCMV virus (MCMV-LacZ) and SM-LacZ mice (Figure 26.1a)

allows study of the role of a persisting viral antigen (�gal transgene) in blood vessels for

the development of inflammatory atherosclerotic lesions. Hence, SM-LacZ transgenic

mice provide an effective model to study immune-mediated vasculitis and its interplay

with cholesterol-induced atherosclerosis.

Materials and methods

Mice

The generation of SM-LacZ14 and ApoE� /� 16 mice have been described elsewhere.

Typing of SM-LacZ mice was performed by polymerase chain reaction (PCR) analysis

from tail DNA. The following oligonucleotides were used as primers for LacZ PCR; 50-

ATCCTCTGCATGGTCAGGTC-30 and 50-CGTGGCCTGATTCA TTCC-30. PCR con-

ditions were as follows: 3 min 90�C, 30 cycles of 30 s 95�C, 30 s 58�C, 45 s 72�C and

eventually 10 min 72�C, with an expected product size of 315 bp. For the typing of

ApoE� /� mice, blood was collected in microtainer tubes (BD, # 365951). Serum was

separated according to the manufacturer’s protocol and diluted 1 : 2 in phosphate-

buffered saline (PBS). Serum cholesterol was determined enzymatically with a Hitachi

917 analyser at the Institute for Clinical Chemistry at the Kantonal Hospital, St Gallen.

Normal cholesterol levels are 2.4� 0.4 mmol and 14.5� 3.5 mmol for C57BL/6 and
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Figure 26.1 CD8þ T cell-induced vasculitis in SM-LacZ transgenic mice. (a) Scheme illustrating

how vasculopathy can be induced in SM-LacZ transgenic mice. DC pulsed with �gal 497–504

peptide or antigen-presenting cells infected by recombinant MCMV-LacZ virus present the �gal

497–504 peptide on MHC I molecules to CD8þ T cells. �gal-specific CD8þ T cells are thereby

activated and cause damage in peripheral tissue constitutively expressing the transgene (heart,

lung arteries, aorta). (b) ApoE� /� � SM-LacZ and ApoE� /� mice were injected with �gal

peptide loaded DC on days 0, 1, 9 and 10. Organs were taken on day 14 and stained with anti-CD8

antibody. For a color version of this figure, please see the images supplied on the accompanying

CD
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ApoE� /� mice, respectively. To obtain ApoE� /�� SM-LacZ mice, SM-LacZ

mice were crossed with ApoE� /� , LacZ PCR positive F1 offspring were intercrossed

and LacZ PCR positive F2 mice with cholesterol values >8 mmol were used for

experiments.

Generation of bone-marrow-derived DC and induction of vasculitis in SM-
LacZ mice

Bone-marrow-derived DC were prepared as follows. Femurs and tibiae from 6–7-

week-old mice were isolated and muscle tissue was removed. Bones were placed

into a 60 mm Petri dish containing PBS or balanced salt solution (BSS), washed

once with 70 per cent ethanol and twice with PBS or BSS. Both ends of the bones

were cut with scissors and the bone-marrow was flushed out into a 50 ml Falcon

tube using BSS with a 20 ml syringe and a 21 G needle. The marrow was

resuspended well with the syringe. Cells were centrifuged for 5 min at 1200 r.p.m

and room temperature (RT), resuspended in 1 ml RPMI (without additives). There-

after, 1 ml 1.66 per cent NH4Cl per bone-marrow was added for lysis of erythro-

cytes. Cells were incubated for 3 min at RT and the 50 ml Falcon tube was

subsequently filled with RPMI (without additive) and centrifuged for 5 min at

1000 r.p.m. at RT. Cells were transferred to a 15 ml Falcon tube and washed twice

with RPMI (without additives), re-suspended at a concentration of 1� 106/ml in

RPMI containing 5 per cent fetal calf serum (FCS). The medium was supplemented

with 1000 U/ml recombinant mouse gcanulocyte-macrophage colony-stimulating

factor (GM-CSF) (Sigma, # G0282). Three ml/well of the cell solution were plated

in a six-well plate. Cultures were fed on days 2, 4 and 6 by aspirating off 2 ml of the

medium and adding fresh medium supplemented with 1500 U/ml GM-CSF. At the

day of the injection, DC were pulsed with the H-2Kb-binding �gal peptide 497–504

(Neosystems Laboratoire, Strasbourg, France) at a concentration of 10� 6
M for

60 min at 37�C with constant shaking. Living DC were purified on Optiprep (Axon

Lab AG, Baden, Switzerland, # 111 4542) gradient, in accordance with the

manufacturer’s protocol and washed three times with BSS. A total of 3� 105

cells were injected intravenously in a volume of 0.5 ml of BSS. The cytotoxic

T lymphocyte (CTL) peak can be recorded on day 6–7 post-immunisation by flow

cytometry using �gal-specific major histocompatibility complex (MHC) class I

tetramers. Alternatively, peptide-pulsed DC are suitable as stimulators in an

enzyme-linked immunospot (ELISPOT) assay (see Figure 26.2a).

Peptide

�gal 497–504 peptide (ICPMYARV)17 was purchased from Neosystem (Strasbourg,

France) and diluted in minimal essential medium (MEM) medium supplemented with

2 per cent FCS at a concentration of 10� 6
M.
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Immunohistology

Freshly removed organs were immersed in Hanks’ balanced salt solution and snap-

frozen in liquid nitrogen. Frozen tissue sections were cut in a cryostat and fixed in

acetone for 10 min. Sections were incubated with rabbit immunoglobulin G fraction

anti-�gal (MPbio/Cappel, # 55976) and anti-mouse monoclonal antibody against

CD8þ cells (YTS169), followed by goat anti-rat immunoglobulin (Caltag Labs.) and

alkaline phosphatase-labeled donkey anti-goat Ig (Jackson ImmunoResearch Labs.).

Nuclei were counter-stained with hemalum.

Expansion and purification of MCMV

Recombinant MCMV expressing the �gal protein under the transcriptional control of

the human CMV ie1/ie2 promoter–enhancer (MCMV-LacZ RM42718) was kindly

Figure 26.2 IFN�-ELISPOT data following immunization with MCMV-LacZ. (a) C57BL/6 and

ApoE� /� mice were immunized intravenously with 2� 106 p.f.u. MCMV-LacZ and spleens were

harvested on the indicated day post-immunisation and restimulated in the absence or presence of

�gal peptide. (b) Total amount of �gal-specific, IFN� producing CD8þ splenocytes from MCMV-LacZ

infected C57BL/6 and ApoE� /� mice (� SEM; n¼ 3). Days post-MCMV-LacZ infection are indicated
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provided by Prof. E. S. Mocarski (Stanford University, CA). MCMV was propagated

and titrated on NIH 3T3 fibroblasts (ECACC, England, # 93061524). MCMV-LacZ

was injected intravenously at a dose of 2� 106 p.f.u.. For preparation of virus stocks

and titration, NIH 3T3 cells were expanded in Dulbecco’s MEM (DMEM) supple-

mented with 5 per cent FCS medium. When cells had reached a confluency of 10–

50 per cent, medium was removed and an inoculum of 0.01 p.f.u./cell MCMV was

added in a minimal volume of DMEM supplemented with 3 per cent FCS. For this

step, cells should remain covered by medium. Cells were incubated at 37�C in a

5 per cent CO2 incubator until the cell layer was completely infected. Complete

infection was achieved within 3 to 5 days indicated by extensive cell rounding. Cells

were recovered by vigorous pipetting and collected with the supernatant. The mixture

of cells and supernatant was transferred into sterile 500 ml centrifuge buckets. Cell

and debris were separated from medium by centrifugation at 6400� g for 20 min at

4�C. Supernatant was decanted into sterile 250 ml buckets. Cell pellets were

resuspended in 5 ml cold DMEM 3 per cent FCS medium and dounced 20 times on

ice to disrupt cells. The debris were pelleted at 22 000� g for 10 min at 4�C and the

supernatant of the cell-associated virus was pooled with the free virus collected

before. Virus was pelleted from the pooled supernatants by centrifugation at 26 000 g

for �3 h at 4�C. The virus pellet was resuspended in MEM supplemented with

2 per cent FCS, passed through a 0.45 mm sterile filter (Nalgene, # 194-2545) to

deplete virus aggregates, aliquoted and stored at �80�C. One aliquot was thawed and

virus titer was determined as described below.

Determination of MCMV titer using plaque-forming assay

This assay can be used either for determination of MCMV titer from stock

preparations or to assess MCMV titers in organ homogenates. The day before

titration, 24-well tissue culture plates were seeded with NIH 3T3 fibroblasts. Cells

should be 60–80 per cent confluent at the day of the titration. Serial log10 dilutions

were prepared in DMEM supplemented with 3 per cent FCS (ranging from 10� 3 to

10� 10 for viral stocks and starting with a 200-fold dilution for organ homogenates)

and 500ml were added per well. Duplicates of each dilutions were made. Plates were

then centrifuged at 800 g for 30 min and incubated for 1 h at 37�C. Medium was

eventually removed and about 1 ml of a viscous solution containing 2�DMEM

10 per cent FCS and 2 per cent methyl-cellulose (1 : 1 solution) was added. Infected

cells were then incubated for 4–5 days and, when cytopathicity was clearly visible,

cells were fixed and stained with a crystal violet solution (0.1 per cent crystal violet

(Sigma, C3886), 10 per cent ethanol, 0.15 M NaCl, 4 per cent formaldehyde) and the

number of plaque-forming units (p.f.u.) per ml virus preparation was determined.

Assessing the activation status of bgal-specific CD8þ cells

The activation status of antigen-specific T cells can be evaluated by assessing their

capacity to produce the effector cytokine interferon-� (IFN�) upon in vitro peptide
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restimulation. Cytokine production can be measured both with ELISPOT assay and/or

with intracellular cytokine (ICS) staining. The former is better suited if the frequency

of IFN� producers in the CD8þ T-cell pool is expected to be <1 per cent.

Spleens were removed at the desired time points, ground in 10 ml BSS through a

metal grid using a syringe stopper and re-suspended several times using a 10 ml

pipette in order to obtain a single cell suspension. Spleen suspensions were then

centrifuged briefly at 1000 r.p.m. to pellet larger debris. Pellets were discarded and

cell suspensions were centrifuged for 5 min at 1500 r.p.m. at RT, and the supernatant

was aspired.

For ELISPOT analysis, cells were re-suspended in 5 ml BSS, passed through filter

units (BD, # 340627, 30mm cup filcons) to remove cell clusters that may block

magnetic-activated cell sorting (MACS) columns and resuspended in 475ml MACS

buffer (PBS with 2 per cent FCS). CD8þ T cells were positively selected by using

anti-CD8 beads (# 130-049-401) from Miltenyi (Bergisch-Gladbach, Germany) in

accordance with the manufacturer’s protocol. MACS-purified CD8þ T cells

(5� 104) and 2� 104 autologous DC were incubated in the presence or absence of

the �gal peptide in 96-well ELISPOT filter plates (Millipore, MAIP N4510, Multi-

Screen-IP, # 0848645645) coated with an affinity purified anti-IFN� capture antibody

derived from clone AN18.19 Purified CD8þ T cells stimulated with phorbol 12-

myristate 13-acetate (PMA, 2.5� 10�7
M, Sigma, # P-8139) and ionomycin (1.25 mg/

ml, Sigma, # I0634-1MG) served as positive control. After overnight incubation,

IFN� secretion was revealed using a biotin-conjugated anti-IFN� detection antibody

(XMG-D6-biotin conjugate) and streptavidin-conjugated alkaline phosphatase (Dia-

nova, Hamburg, Germany, # 016-050-084). Reactive spots were visualized with 5-

bromo-4-chloro-3-indol-phosphate-toluidine (BCIP, AppliChem, Darmstadt, Ger-

many, # A1117,0005) and nitroblue-tetrazoliumchloride (NBT, AppliChem, Darm-

stadt, Germany, # A1243,0005) (Figure 26.2a). Spots were counted with an ELISPOT

reader from AID and analysed with the software ELISPOT 3.1SR (AID, Strassberg,

Germany) (Figure 26.2b).

For ICS, single cell suspensions of 1� 106 splenocytes were incubated for 5 h at

37�C in 96-well round-bottom plates in 200 ml RPMI culture medium containing

25 U/ml interleukin-2 and 5 mg/ml Brefeldin A (Sigma, # B-7651). Cells were

stimulated with PMA (50 ng/ml) and ionomycin (500 ng/ml) as positive control or

left untreated a negative control. For analysis of peptide-specific responses, 106 cells

were stimulated with 10� 7
M �gal peptide. After stimulation, splenocytes were

centrifuged 5 min at 1500 r.p.m. at 4�C in 96-well plates, supernatant was rapidly and

carefully flicked off, and following slight mixing on a vortex, cells were washed in

150ml fluorescence-activated cell sorting (FACS) buffer (PBS, 2 per cent FCS, 20 mM

ethylenediamine tetra-acetic acid, 0.1 per cent NaN3). Splenocytes were then surface-

stained with anti-CD8-FITC (clone 53.6.72.4) in FACS buffer for 20 min at 4�C.

Following surface staining, cells were washed three times with FACS buffer as

described above. Cells were thereafter fixed and permeabilised with Cytofix/Cyto-

permTM, (BD, # 554722) in accordance with the manufacturer’s protocol. Cells

were stained intracellularly with anti-IFN�-FITC (clone AN18)19 in permeabilisa-

tion buffer for 30 min at 4�C. Cells were eventually washed three times with
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permeabilisation buffer, and the percentage of IFN�-producing cells was determined

after gating on CD8þ cells using a FACScalibur flow cytometer (BD) (Figure 26.3b).

Tetramer staining

Analysis with MHC tetramers allows to track antigen-specific T cells and to shed

light on their dynamics and distribution.20 T-cell receptors (TCR) of CD8þ T cells

bind to their cognate peptide presented in conjunction with MHC class I molecules on

the surface of antigen-presenting cells (APC). Since this recognition is specific, it is

possible to identify CD8þ T cells by the binding of soluble peptide–MHC complexes

attached to fluorochrome groups. Through cooperative interaction with multiple TCR,

MHC-tetramers allow better binding to T cells than monomeric peptide–MHC

complexes. MHC class I (H-2Kb) monomers complexed with �gal peptide were

produced as described21 and tetramerised by addition of streptavidin-PE (Molecular

Probes, Eugene, OR). On the day of analysis, single cell suspensions were prepared

from spleen. Aliquots of 5� 105 cells or three drops of blood were stained using

50ml of a solution containing tetrameric MHC class I-peptide complexes at 37�C for

10 min followed by staining with anti-CD8-FITC (clone 53.6.72.4) at 4�C for 20 min.

Following CD8 and tetramer stain, cells were resuspended in FACS buffer containing

Figure 26.3 Quantification of the percentage of �gal-specific CD8þ T cells following

immunisation with MCMV-LacZ. C57BL/6 and ApoE� /� mice were immunised intravenously with

2� 106 p.f.u. MCMV-LacZ and spleens were harvested on the indicated days post-immunisation. The

percent of �gal-specific CD8þ T cells was assessed with MHC I tetramers (a) or by production of

IFN� by intracellular cytokine staining (b). Activation of CTL has been shown to lead to TCR down-

regulation27-30 and may explain the relatively low mean fluorescence intensity of the tetramer

positive CD8þ T cells
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1 ml of the stock solution of the vitality marker 7-AAD (Sigma, # A 9400) per 0.4 ml

FACS buffer, incubated at 4�C protected from light for 20 min. Eventually, cells

were gated on viable, 7-AAD low leukocytes and analysed with a FACScalibur flow

cytometer (BD) (Figure 26.3a).

Discussion

We present here a mouse model to study autoimmune arteritis, myocarditis, as well as

immune-mediated acceleration of atherosclerosis. In the SM–LacZ model, both DC

immunization and infection with a recombinant MCMV-LacZ virus can be used to induce

specific cardiovascular pathology. It has to be stressed here that, despite eliciting a

substantial expansion of specific CTL, a single DC injection is usually not sufficient to

elicit significant immunopathology. Repeated application of peptide-pulsed DCs was

required to achieve full differentiation of effector CTL and to induce the most severe

phenotype of this experimental disease – with arteritis, myocarditis and dilated cardio-

myopathy. A less frequent administration of�gal peptide-loaded DC triggers a less severe

and transient cardiovascular inflammation.22

On the other hand, a too strong stimulus may lead to terminal differentiation of

CTL, making them short-lived, and induce exhaustive tolerance. Whereas DC

immunization induced proliferation of antigen-specific CD8þ T cells in SM-LacZ

mice, infection with a recombinant adenovirus applied via the intravenous route

resulted in exhaustion and physical deletion of �gal-specific CTL, and consequently

absence of immunopathology.23 Therefore, it appears that the peripheral antigen dose

is critical for the efficient induction of �gal-specific CD8þ T cell and subsequent

immune-triggered disease in SM-LacZ mice.

Determination of MCMV virus titer by plaque assay can present a certain variance

depending on factors such as density and fitness of NIH 3T3 target cells. Furthermore,

plaqueassay hasa limitedsensitivity. In case of low virusconcentration incell suspensions

of organs that display cytotoxicity when not sufficiently diluted, such as the liver,

measurement of virus titers may be inaccurate. Real-time PCR technique has been

shown to provide a rapid and reproducible quantitative method for the detection

of MCMV.24 Real-time PCR of MCMV displays several advantages over the plaque

assay, such as high sensitivity, detection of viral nucleic acid derived from non-replicating

virus as well as precise quantification of CMV DNA copies.

Application

By crossing SM-LacZ mice onto the hypercholesterolemic ApoE� /� background, we

were able to assess the influence of elevated serum cholesterol values on the

development of immune-mediated arterial inflammation and to evaluate the signifi-

cance of CD8þ T-cell-mediated arteritis in the chronological process of cholesterol-

induced atherosclerosis.13 We have shown that, in a context of high cholesterol levels in

the serum, a specific CTL response can be raised against a vascular antigen. This
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immune mediated vascular inflammation accelerated atherosclerosis progression.13 We

are currently using ApoE� /� � SM-LacZ mice infected with a �gal recombinant

MCMV to assess the role of a viral antigen persisting in the vasculature on the initiation

and progression of atherosclerotic lesions. In this constellation, not only the influence of

the MCMV-mediated ‘bystander’ inflammation can be investigated,25,26 but also the

specific contribution of the adaptive immune system against the ‘persistent’ vascular

antigen can be studied and correlated with the development of atherosclerosis. We have

found that, following immunization with MCMV-LacZ, ApoE� /� � SM-LacZ mice

displayed significantly elevated atherosclerotic lesions compared to their ApoE� /�

counterparts, hence emphasising the role of pathogen-driven inflammatory process in

atherogenesis (Krebs et al., manuscript in preparation).
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Abstract

Over recent years mouse models of chronic heart failure have been increasingly used to test

the influence of specific gene overexpression, ablation or mutation on LV remodelling and

progression to cardiac failure. In this chapter we review the three main surgical models in

the mouse: myocardial infarction due to coronary artery ligation (CAL); pressure overload

due to transverse aortic constriction (TAC); and volume overload due to aortocaval fistula.

Surgical techniques for the CAL and TAC models are described in detail, along with

discussion of potential methodological problems, the natural history of disease progression,

and methods for establishing the severity of heart failure.

Key Words:

mouse; animal models; hypertrophy; myocardial infarction; heart failure

Introduction

At least 30 different models of heart failure have been developed in more than 11 species

using a variety of approaches: naturally occurring, genetic manipulation, administration of

cytotoxic agents or surgically induced. Until recently, the rat was the most commonly used

species for heart failure models. However, the advent of transgenic and knockout

technologies has pushed the mouse to the forefront of heart failure research, and surgically

induced models are particularly well suited to answering how specific genetic modifications

affect the progression to heart failure. The utility of the mouse as a model of heart failure is

evidenced by the similarities between mouse and man in the pathophysiology following

myocardial infarction, as summarised in Table 27.1.

There are three main surgical models of heart failure in the mouse: coronary artery

ligation (CAL) to induce myocardial infarction; transverse aortic constriction (TAC)
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to create a model of pressure overload; and aortocaval fistula to create a model of

volume overload. In this chapter we will describe in detail the techniques of CAL and

TAC as these are by far the most common of the murine models, with only brief

reference to aortocaval fistula. A model of pulmonary artery constriction leading to

right ventricular hypertrophy and failure has also been described,1 but is seldom used,

and is essentially a combination of thoracotomy and the TAC technique provided

below. To our knowledge, there have been no reports of surgically induced mouse

models of aortic or mitral regurgitation.

Coronary artery ligation

Ischaemic heart disease is the most common cause of heart failure in man, making

coronary artery ligation the most clinically relevant heart failure model available. The

technique is a simple adaptation of the rat CAL model that has been in use for over 50

years and which has a good track record of predicting drug efficacy in human heart

failure. It remains to be demonstrated whether the mouse equivalent will be as good a

predictive model, but drugs that improve rat and human heart failure are also

beneficial in the infarcted mouse heart.2

CAL in the mouse was first described as early as 1978,3 but there was little rationale for

groups to adopt this technique in the pre-transgenic era. Furthermore, tools for the

assessment of in vivo cardiac function were inadequate and it took 20 years until such

phenotyping tools became available allowing the structural and hemodynamic

consequences of chronic myocardial infarction to be studied in the mouse.4,5

Table 27.1 Characteristics of heart failure observed after CAL in the mouse

Characteristic of heart failure Observed in mouse model

Hemodynamic profile – impaired

systolic and diastolic function

and elevated LV EDP

Numerous examples LVEDP only increases significantly in

large infarcts

LV hypertrophy Increased LV/RV weights

Myocyte cellular hypertrophy

LV dilatation Commonly observed

Interstitial fibrosis Histological collagen staining and increased collagen

protein expression

Lung congestion Occurs only in largest infarcts

Increased natriuretic peptides LV gene expression of ANP and BNP are both elevated

LV apoptosis Elevated up to 6 months post-infarct

Renin–angiotensin system Increased expression of AT1 receptors

Increased LV aldosterone concentration

Efficacy of ACE inhibitors, spironolactone and

AT-receptor blockers have been demonstrated in the mouse.

Oxidative stress Increase in reactive oxygen species

LVEDP, left ventricular end-diastolic pressure; RV, right ventricle; ANP, atrial natriuretic peptide; BNP, B-type
natriuretic peptide; ACE, angiotensin-converting enzyme; AT1, angiotensin type I.
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Permanent occlusion of a coronary artery ultimately results in necrosis of the

downstream myocardium. A complex process of wound healing involving inflam-

matory cell infiltration, collagen degradation and deposition, necrosis and apoptosis

results in the production of a mature infarct scar within the first 2 weeks. In the

mouse, infarcts are almost always transmural, but unlike in other mammals,

occlusion of the LAD can affect much more than the anterior wall. Often the entire

apex will be involved and sometimes even significant portions of the posterior wall.

This can result in particularly large infarct scars of up to 70 per cent of the left

ventricle (LV).6 However, as with other CAL models, the mouse exhibits a wide

range of infarct sizes (10–70 per cent), and experimental groups are usually

retrospectively matched for infarct size. This is necessary as LV remodelling,

function, and survival in the chronic infarction model are all directly related to

infarct size.7,8 Therefore, even small differences in infarct size between experi-

mental groups could lead to erroneous conclusions as to the effect of a specific

intervention. To determine whether an intervention affects infarct size, mice must

be killed at early time points and the infarct size measured relative to the area at

risk. Mice with infarct sizes below 30 per cent seldom develop any of the

hemodynamic or ventricular remodelling changes associated with heart failure

and are often excluded from statistical analysis.9

However, the development of heart failure is not only dependent on the loss of

myocardium to scar tissue, but also the involvement of non-infarcted myocardium in

the absence of further acute insult. Processes involved include, hypertrophy and

apoptosis of myocytes, widespread interstitial fibrosis and a gradual decline in

chronotropic and luscitropic competence. All these characteristics have been

observed in the mouse model of CAL (Table 27.1).

Aortic constriction

The second most common surgical model of heart failure in the mouse is the

creation of an aortic constriction resulting in pressure overload, mimicking aortic

stenosis in man. A ligature is tied around the aorta to create a stenosis of uniform

cross-sectional area. The stenosis is most commonly created at the level of the

transverse aorta (TAC) resulting in a constriction of 65–70 per cent, and was first

described by Rockman et al.10 However, banding of the ascending11 and descend-

ing12 aorta have also been described. All result in a progressive concentric LV

hypertrophy, which is the more rapid and severe the more proximal the stenosis is to

the heart. Further details of these techniques as models for LV hypertrophy are

provided earlier in this book. However, TAC is also commonly used as a model of

chronic heart failure, as over time the persistently elevated afterload results in

decompensation and development of congestive heart failure.13 The advantage of

TAC over other banding placements is the combination of a pressure overload

severe enough to result in heart failure, while maintaining access for hemodynamic

measurements via the right carotid artery. Therefore a detailed description of TAC

surgery is included in this chapter.
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Volume overload

A model of heart failure due to chronic volume overload has been described in the

mouse by surgical creation of an aortocaval shunt.14,15 While this model has so far not

been used widely, one advantage is that it does not require a thoracotomy and so is

technically less challenging. An abdominal mid-line incision is made, and the vena

cava and abdominal aorta are dissected free and clamped distal to the renal arteries. A

needle is used to puncture the aorta and adjacent vena cava. The puncture sites are

then repaired with cyanoacrylate glue to create the aortocaval shunt.14 Alternatively, a

2 mm anastomosis is created using microsurgical techniques.15 A successful fistula is

evidenced by the mixing of arterial and venous blood within the vena cava. Over a

one month period, mice develop significant hypertrophy in all four cardiac chambers

in the presence of normal arterial blood pressure but elevated central venous pressure.

LV end-diastolic pressure, lung weights and natriuretic peptide expression are all

elevated indicating the development of congestive heart failure.14 However, there is

little data on the range of values obtained, and it is difficult to judge how standardised

the individual response is in this model. As with other heart failure models it is likely

to be varied. Indeed Perry et al. quantified shunt severity by using an arterial injection

of microspheres designed to lodge in the microcirculation, and measuring how many

were found in the lungs. This ranged from 1 to 74 per cent of the total microspheres

injected, suggesting a large variation in shunt severity.15

Only Scheuermann-Freestone et al. provide a breakdown of mortality in this

model, and it appears to be a major problem limiting its use. They found perioperative

mortality in males to be greater than 80 per cent, and in females 42 per cent, probably

due to severe heart failure. Furthermore, of the survivors, 12 per cent did not have a

patent shunt on visual inspection at 30 days.14 For these reasons the aortocaval fistula

model remains to be further characterised before it can be applied for the systematic

comparison of different strains of mice.

Materials and methods

There are common elements to both CAL and TAC surgery, and where possible these

will be discussed together. For convenience, examples of appropriate surgical

instruments are provided in the text with catalogue numbers (most can be obtained

from FST: Fine Science Tools, Heidelberg, Germany).

Set-up: coronary artery ligation and transverse aortic constriction

It is best practice from a scientific and animal welfare viewpoint if infection is

eliminated by appropriate aseptic procedure. In our laboratory we use a purpose-built

HEPA-filtered laminar air flow system mounted above the operating table, with three

sides open for easy access. An extractor fan is incorporated in to the base unit with
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vents surrounding the operating area. This not only protects the mouse from

pathogens, but also the operator from exposure to allergens and volatile anesthetics.

The filtered downdraft is gently heated to minimise heat loss due to wind chill. We

also use a homeothermic heating blanket set to 37�C throughout the procedure

(Harvard Apparatus). In addition, all instruments are sterilised and the operating area

covered in sterile drapes. For cleaning of instruments between mice, a dry-bead

sterilizer may be used (e.g. Sterilquartz).

Preoperative preparation: coronary artery ligation and
transverse aortic constriction

The ideal mouse body weight for these surgical procedures is �25 g (20–40 g is

suitable). The anesthetic chamber is pre-filled with 4 per cent isoflurane in 100 per

cent O2 (flow rate 2 l/min) to ensure rapid onset of anesthesia. After induction, the

mouse is given a 1 mg/kg subcutaneous injection of buprenorphine for analgesia,

before being returned to the anesthetic chamber until deeply anesthetised.

For intubation, the mouse is placed supine with the upper incisors restrained by a

rubber band. Surgical tape is then placed across the chest and forelimbs to hold the

mouse in position. A bright focused light is shone on to the chest and neck area to aid

visualisation of the larynx, which appears as a flash of light on each inspiration. The

tongue is moved up and to the side and held into position with curved forceps (e.g. FST

13011-12), while with the other hand, the intubation tube is advanced towards the

larynx and timed with inspiration to enter the trachea. The mouse is then attached to a

respirator (Hugo-Sachs Electronik Mini-Vent from Harvard Apparatus, which comes

with appropriate intubation tube – outer diameter 0.9 mm, length 25 mm) and ventilated

at 250–300ml stroke volume and 150 breaths per minute. Successful intubation is

evident when the chest rises in synchrony with the pump. The anesthesia is then

reduced to 2 per cent isoflurane for the rest of the procedure, with a flow-rate of 500 ml/

min via an anesthetic gas reservoir. Care should be taken to prime the anesthetic circuit

prior to intubation, as dead space in the line can be considerable, and may result in loss

of adequate anesthesia. To prevent permanent eye damage due to dessication, we

routinely applying a preparation of liquid tears (e.g. Viscotears liquid gel1, carbomer

2 mg/kg, Novartis).

Surgical protocol

CAL

The mouse is placed in the position shown in Figure 27.1a, supine with the left hind

limb taped over onto the right hind limb, and the left fore limb above the head

(BlendermTM 1.25 cm� 4.5 m, 3M). The chest is shaved and a skin disinfectant

applied. An occlusive film dressing is placed over the chest (e.g. Tegaderm1
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transparent dressing 1622W, 3M), to prevent fur and dander from entering the wound.

An incision (�1 cm) is made with scissors (FST 14559-11) from just below the left

axilla towards the xiphisternum, and the skin is blunt dissected from the underlying

pectoralis muscle. The border regions of this muscle are also blunt dissected, and

retracted to reveal the rib cage. The position of the heart and lungs can be visualised

through the intercostal muscles, allowing a point of incision to be determined that

Figure 27.1 Photographs taken from point of view of the operator indicating positioning of mice

for surgery. (a) Coronary artery ligation (CAL), hind-limbs are taped together with left fore-limb

positioned over the head; (b) transverse aortic constriction (TAC), positioned supine. (c)

photograph showing an adapted blunted 27G needle as used during TAC surgery to standardise the

degree of stenosis. The banding suture is fed underneath the transverse aorta and tied tight against

the adapted needle, which is then promptly removed. Schematic diagrams of the mouse heart are

shown indicating the ligature position for CAL at the atrio-ventricular border to produce large

infarcts (d) and the positioning of the banding suture between the innominate and left carotid

arteries for TAC (e). Ao, Aorta; PA, pulmonary artery; LA, left atria; RA, right atria; IA, innominate

artery; LC, left common carotid artery
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will not damage either organ. This incision is made with the point of some fine curved

forceps (e.g. FST 00649-11), in the space between the fourth and fifth ribs; which is

more easily identified as the third intercostal space counting up from the lowest rib

with a sternal attachment. The same forceps are then carefully worked underneath the

intercostal muscles, prising up small sections to be cut with a pair of mini-Vannas

scissors (e.g. FST 15000-08). The left lung is then collapsed with a small square of

gauze soaked in saline, the ribs are retracted using mini-Goldstein retractors (FST

17002-02), and the pericardium removed. The left side of the heart is now in full view

and the left anterior descending (LAD) coronary artery is identified under a dissecting

microscope. To aid identification, the left atrium is lifted to allow visualisation of the

LAD from its origin down through the myocardium. The ligature is placed at the

atrio-ventricular border, proximal to the main bifurcation (Figure 27.1d), using a 6-0

polyethylene suture (Ethicon, W8712; 7-0 and 8-0 are also suitable). When the suture

is tied tight there is a distinct blanching of most of the visible myocardium, if this

does not occur, then further sutures are placed to occlude side-branches and increase

infarct size.

The retractors and gauze are then removed. While the lung is still collapsed, a

suture is placed around the separated ribs (Ethibond Excel 5-0, W6757, Ethicon) and

the lung is inflated by temporary occlusion of the expiration line on the ventilator.

The rib suture is then pulled tight, and a further suture placed above the heart if

necessary. The muscle layers are closed with the same suture material and the skin

with 4-0 Vicryl Rapide (W9930, Ethicon). Sham-operated animals are prepared as

above, with the exception that no ligature is placed in the heart.

TAC

The mouse is placed in the position shown in Figure 27.1b, supine with head towards

the operator. As with CAL surgery, the chest is shaved, applied with disinfectant and

covered with an occlusive film dressing. A vertical skin incision is made from the

suprasternal notch to the mid-sternum. Curved forceps are used to create a puncture

through the muscle layer at the notch (e.g. FST 11051-10), allowing insertion of

straight blunt-ended scissors underneath the sternum (e.g. Aesculap BC030R), which

is cut in a vertical line as far as the third or fourth rib. Metal clips are used to retract

the two halves of the rib-cage, and the thymus is blunt dissected to expose the aortic

arch. The transverse portion of the aorta is carefully dissected free of connective

tissue by blunt dissection using fine curved forceps (e.g. FST 00649-11). A 7-0

polypropylene monofilament suture (Deklene or silk may be used e.g. Sofsilk 7-0 S-

1768, USS EG sutures) is fed underneath the transverse aorta, midway between the

innominate and left carotid arteries (Figure 27.1e). The suture is tied tight on to a

blunted 27G needle (i.e. 0.4 mm OD adapted as in Figure 27.1c) to standardise

diameter of the stenosis, and the needle removed. The rib cage is closed with two to

three interrupted sutures (Ethibond Excel 5-0, W6757, Ethicon), and the skin with 4-0

Vicryl Rapide (W9930, Ethicon). Sham animals are prepared in an identical fashion,

but without placement of the banding suture. The above technique is similar to the
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minimally invasive trans-sternal approach of Hu et al.,16 but alternative access to the

aortic arch can be obtained by thoracotomy via the second left intercostal space.10

Postoperative care: CAL and TAC

After closing, the wound is disinfected with chlorhexidine spray, the isoflurane

anesthesia is turned off, and mechanical ventilation is continued until the mouse

regains a gag reflex. Sterile saline is given by subcutaneous injection (0.5 ml) even

where there is no blood loss, to allow for reduced fluid intake during the recovery

period. On extubation, mice are immediately placed in a heated chamber (37�C) for

the first 20 min until fully mobile. They are then transferred to heated cages (32�C)

for at least 4 h, before being returned to a normal rack. Typically, five mice are

operated on in a morning session, taking about 30 min per mouse from induction to

recovery from anesthesia. This allows time during the working day for postoperative

surveillance, and remedial action where necessary.

Discussion

Potential pitfalls

Respiratory problems are the most commonly encountered difficulty, and these will

become apparent when the mouse takes additional breaths between pump inspira-

tions. A rapid check should be made of the anesthetic circuit, to ensure that adequate

anesthesia is still being delivered. However, more often this indicates a problem with

mechanical ventilation and not anesthesia. The depth of the intubation tube should be

checked. If inserted too far, then the end of the tube can pass the bifurcation of the

trachea, thereby ventilating only one side of the lungs. If only the left lung is being

ventilated, this will become instantly apparent when the left lung is collapsed during

CAL surgery. Milder symptoms may occur if the intubation tube is partially blocked

by an accumulation of mucous, or during TAC surgery if the pleura surrounding both

lungs are breached. The resulting additional off-pump breaths can often be prevented

by increasing the stroke volume and/or stroke frequency on the ventilator, or by

providing gentle pressure to the neck to improve the seal between tube and trachea.

Any instruments touching the lung surface will result in bruising, and could cause

tearing or punctures. Where lung damage is suspected before closure, it is prudent to

test for leaks by filling the chest cavity with preheated sterile saline and looking for

air bubbles. If detected, the mouse should be killed, as these mice cannot survive.

Damage may also be caused by hyperinflation of the lungs prior to closure, or by

trapping a small section of lung when the ribs are splinted together. Often, such

problems are only detected after extubation, sometimes several hours afterwards, if

the puncture is particularly small. For this reason, mice should be observed up to a 4 h

time point postoperatively. The observation of breathing difficulties (e.g. deep gasp

breathing involving the diaphragm) should be used as a humane end-point, and the
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mouse immediately killed. This is also true of later time-points, when it is the key

symptom heralding the onset of acute congestive heart failure. Once mice reach this

stage, they will die within hours, and there can be no ethical justification to continue

the experiment.

In both CAL and TAC there is a risk of severing the internal mammary artery

which runs alongside the sternum, resulting in significant blood loss. This risk can be

minimised in CAL by stopping short of the sternum when cutting the intercostal

muscles, and in TAC by ensuring a straight cut down the centre of the sternum. The

result of rupturing this artery is a large and rapid blood loss which is difficult to stem.

However, with good postoperative care, mice usually survive this blood loss. In CAL,

warmed saline can be added directly to the chest cavity for absorption, with further

saline given subcutaneously (1–2 ml between several injection sites). These animals

may take longer to recover from anesthesia and may need supplemental heat for a

prolonged period of time (e.g. overnight at 26�C). Another source of blood loss is

when the suture needle injures a coronary vessel, or the full thickness of the

myocardium is breached. In both these scenarios the best course of action is to

quickly tie the suture, to stem any blood loss, and good postoperative care as above.

Due to variations in the branching of the left anterior descending coronary artery, a

wide variety of infarct sizes are produced after CAL (10–70 per cent). Partly this is

due to the difficulty in directly observing the coronary arteries, as they become

embedded in the myocardium a few millimeters from their origin, and the suture is

often therefore placed blind. However, even ligating in an identical position every

time does not prevent this problem, as there are many variations in arterial branching

patterns between individuals. Ahn et al. studied branching patterns of mouse coronary

circulation in great detail using Latex casts. They describe three main patterns of

arterial branching and calculate the frequency that small, medium or large infarct

sizes are obtained for a range of suture positions.17 They suggest a ligature placement

with a high probability of producing a consistent infarct size. Unfortunately, such

infarcts are consistently small. However, the range of infarct sizes obtained in this

model can also be viewed as an advantage, by producing a range of heart failure

severity for correlation analysis with other variables.

In TAC, there is also considerable variability in the extent and time course of both

LV hypertrophy and congestive heart failure, even when using genetically identical

mice. Therefore, it is essential to thoroughly clean all connective tissue from the

transverse aorta before constricting, as even very small layers of connective tissue

will result in an increased stenosis. Our laboratory has recently described another

source of variability in this model. We have found that around 25 per cent of mice

develop internalisation of the banding suture through the aortic wall, creating an

alternative route for blood flow around the stenosis. This is a gradual process that

occurs around 2–6 weeks after surgery, and results in halt or even regression of LV

hypertrophy. These mice also fail to develop heart failure.18 We have described a

novel magnetic resonance imaging (MRI) technique to measure the cross-sectional

area of the stenotic aorta non-invasively, alternatively, these mice can be excluded

from the study by rejecting mice if the pressure gradient across the stenosis is low,10

or by visual inspection of the band at post mortem. When studying genetically
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modified mice, the use of appropriate controls is essential, as strain-dependent

differences in hypertrophic response have been described in the TAC model.19

Quantifying the extent of injury

It is outwith the remit of this chapter to discuss in detail the numerous techniques

available, but whichever model is used, some consideration must be given to

quantifying the degree of injury in each individual (Table 27.2). In the CAL model,

infarct size has traditionally been measured by histological staining for collagen in

the scar tissue, using either Azan Blue or Picro-sirius Red stains.5,6 The result is

Table 27.2 Phenotyping techniques for murine surgical heart failure models

Methodology Comments

In vivo non-invasive

MRI High resolution cine imaging is gold standard, with greatest

accuracy for volume and mass determination. Suitable for

longitudinal studies. However, expensive to set-up and

relatively time consuming (60–90 min per mouse).

Echocardiography e.g.

2-D, 3-D, M-mode,

Doppler-flow

Relatively cheap, quick (5–10 min per mouse) and suitable for

longitudinal studies. 2-D and M-mode do not take account

of asymmetrical LV after infarction.

ECG Can be used as a rapid check for adequate infarction size.

However, not an accurate determinant of LV hypertrophy in

the mouse.

Exercise testing Clinically relevant measurement, however, stress-response a

confounder in forced exercise regimes and variability is large.

In vivo invasive

LV hemodynamics High fidelity measurements using microtipped pressure cannula.

Closed chest preparation enables pressure–volume loops.

Sonomicrometry Implantation of miniature piezoelectric crystals in LV wall to

obtain stress–strain relationship loops. Open chest and not

suitable for infarction model due to scar tissue.

Ex-vivo

Isolated perfused heart

(Langendorff)

Question of what value to set end diastolic pressure. Lower

heart rate than in vivo, and uses artificial substrate supply.

Myocyte contractility Ventricular strips or isolated myocytes. Contractility measure-

ments independent of neurohumoral influences or loading

conditions.

Histological

Infarct size Expressed as percent of total LV circumference e.g. with Azan

Blue (healthy myocardium stains red, infarct blue) or Picro-

Sirius Red (healthy myocardium stains yellow, infarct red).

Fibrosis Measure of interstitial fibrosis e.g. with Masson’s trichrome

stain (collagen stains blue).

Myocyte size Measure of hypertrophy e.g. with Masson’s trichrome stain.
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expressed as percent infarct size of total LV circumference. Alternatively, we have

recently described non-invasive infarct size determination by both MRI and 3-D

echocardiography.6 However, infarct size measurements only inform about the

extent of the original insult, and not the degree of heart failure. For this, in vivo

techniques are required. Again, MRI and 3-D echocardiography are both excellent

for describing global function and LV dilatation, while 2-D echocardiography is

less useful for the asymmetrical LV after CAL, but is adequate for the assessment

of symmetrical hypertrophy observed in TAC (Figure 27.2). LV catheterisation

with a pressure tipped microcannula (e.g. 1.4F Millar Instruments, SPR-671) is

Figure 27.2 Top panels show echocardiograms from sham-operated mice and mice after

transverse aortic constriction (TAC) and coronary artery ligation (CAL). All 2-D images are

parasternal short-axis views at the level of the papillary muscles, and share the same scale to allow

direct comparison. Left hand panels represent end-diastole, right hand panels end-systole. Note the

large increase in vessel dimensions in both TAC and CAL images, and the increase in end systolic

cross-sectional area indicating that both are in heart failure. A large infarction can be observed in

the CAL images, where the myocardial wall is no longer visible as it becomes paper-thin infarct scar
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increasingly used to measure hemodynamic indices in heart failure (Figure 27.3), or

the equivalent conductance catheter to analyse pressure–volume loops for load-

independent parameters. Organ weights should always be taken as a measure of

hypertrophy (LV and RV) and congestion (lungs).

Time course of disease progression

CAL

In the CAL model of post-myocardial infarction heart failure, perisurgical mortality

should be low (<5 per cent for an experienced operator). Unlike after CAL in the rat

or rabbit, post-ligation arrhythmias are seldom observed in the mouse, and are not a

common cause of death. As a consequence, the greatest number of deaths occurs

Figure 27.3 Left ventricular hemodynamic traces in a sham-operated mouse and in a mouse with

heart failure, 6-weeks after transverse aortic constriction (TAC). Measurements were made in

closed-chest spontaneously breathing mice using a Millar microtip pressure cannula and isoflurane

anesthesia. The upper panels are LV pressure traces. The elevated end-systolic pressure due to aortic

constriction can be clearly observed, as can the increased end-diastolic pressure. The first

derivative of LV pressure (dP/dt) is a measure of contractility and is shown in the lower panels.

Note the very high baseline contractility in sham mice and the characteristic waveform and

impaired contractility after TAC
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between day 3 and 7 post-surgery, and is almost invariably due to cardiac rupture.

This is easily confirmed at post mortem by the presence of blood in the thorax.

The incidence of cardiac rupture is both strain and sex dependent. In our laboratory,

approximately 25 per cent of male C57BL/6 mice, but <5 per cent of females will die

of cardiac rupture. Both having testosterone and a lack of estrogen, have been

implicated in the pathophysiology.20 Other groups have published similar values,20

along with even higher levels up to 59 per cent in males from the 129Sv strain.21 This

is yet another example of why it is critically important to always use an appropriate

control strain when studying genetically modified mice. As a consequence it may not

be practical or ethical to do an entire study using only male animals in strains with a

very high incidence of cardiac rupture.

The most common study period is 4–6 weeks post-surgery, as scar tissue has

matured, LV remodelling is usually complete, and mice with the largest infarcts have

developed signs of congestion (e.g. elevated RV and lungs weights). Compensation

involving hypertrophy of the surviving myocardium and dilatation of the LV cavity

mean that, while indices of contractility are severely impaired, cardiac output at rest

is often maintained at normal or supranormal values even for very large infarcts.8,22

However, compensation is incomplete, as mice with large infarcts have an impaired

exercise capacity, and maximum cardiac output is impaired.9 Mice seldom show

physical symptoms of heart failure, and in the weeks following surgery appear

outwardly normal. However, over a 6 week follow-up, around 5–10 per cent of the

infarcted mice will develop acute symptoms such as shortness of breath and will die

shortly after of heart failure. Thus, in our hands, overall mortality after CAL in male

C57BL/6 is 32 per cent and in females 15 per cent.

TAC

With experience the perisurgical mortality associated with TAC should be less than 5

per cent, with most mice tolerating the procedure well. In the first few days after

surgery, systolic function is impaired as the heart works against a suddenly increased

afterload, but as LV hypertrophy develops (already measurable at 3 days), systolic

function improves back to normal values over the first 2 weeks, i.e. mice show

compensated hypertrophy.23 Over longer time periods, concentric hypertrophy is

progressive, increasing for at least the first 11 weeks, by which time heart weight has

more than doubled.13 Two weeks after surgery, systolic function starts to decline and

there is LV chamber dilatation and myocardial fibrosis, with around half of the

banded mice developing congestion. This decompensation process is also progres-

sive, with more mice developing severe heart failure at later time points.13 However,

there are strong gender differences in disease progression, with female mice

exhibiting significantly less hypertrophy at equivalent time-points. In one study, the

ratio of heart weight to body weight at two weeks increased by 64 per cent in male

mice, but by only 31 per cent in females, and only males had elevated lung weights.24

It is therefore important to match experimental groups for gender balance when using

this model.
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Limitations

Many of the limitations of these models are related to the intrinsic differences

between mouse and man. Obviously, due to their small size (2000 � smaller

myocardial mass than humans) and high heart rate there are technical challenges in

performing the surgery and subsequent phenotyping experiments. There are also well-

documented differences in murine cardiac physiology (e.g. in electrophysiology,

relative abundance of contractile protein isoforms, force–frequency relationship, and

in both resting contractility and contractile reserve), and consideration of these should

be made when extrapolating from mouse to man.

Another criticism is that surgical models do not reflect the full range of heart

failure etiologies observed in man. In the CAL model, infarction is induced suddenly

in healthy young animals, and in a single vessel only, compared to myocardial

infarction in man which is often a result of multivessel coronary artery disease,

complicated by the effects of aging and other underlying pathology. Indeed, Gould et

al. have proposed the use of mice up to 14 months old, as a greater number of old

mice develop true congestive heart failure.25 However, such an approach has

significant cost implications. In the TAC model, a severe pressure overload is induced

suddenly with subsequent rapid development of LV hypertrophy, and this may not

fully mimic the gradual chronic pressure overload resulting from aortic stenosis or

hypertension in man. Furthermore, ‘diastolic’ heart failure, where systolic function is

preserved, is often described in aging human populations, yet there is no surgical

model that mimics this condition in the mouse. The closest to this is within the first 2

weeks of TAC, when systolic function is supranormal, but active and passive diastolic

function is impaired.23

Applications

The principal strength of these surgical techniques is the ability to study genetically

modified mice, i.e. the ability to determine the role of single gene products on the

development of cardiac rupture, LV remodeling or heart failure, and there are already

numerous such studies in the literature, for example Rockman et al.10

This unique position of mice as the workhorse of genetic modification has resulted

in the adoption of mouse models of heart failure by many laboratories. As such, it is

increasingly common for these models to replace the rat for the study of basic

pathophysiology, to identify potential new treatment targets, and to test the efficacy of

new and conventional pharmacological therapy (e.g. Patten et al.2). New treatment

modalities have also been tested in this model such as gene therapy or stem cell

regeneration of infarcted myocardium.

Conclusions

Surgical models of heart failure in the mouse are clinically relevant, and develop most

of the hallmarks of heart failure previously described in rat and man. Their
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application requires an investment in time and funding to develop the necessary

technical expertise. However, the potential applications are numerous, and these

models are likely to represent the mainstay of heart failure research for many years

to come.
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Introduction

In the past decade, the expanding number of transgenic mice with interesting cardiac

phenotypes has prompted a rapid development in murine cardiac electrophysiology

(EP). This has required a miniaturisation of existing recording techniques. For

example, at present detailed epicardial conduction patterns and monophasic action

potentials can be recorded in mice. However, many tools for mouse EP are not yet

available commercially and have to be designed and built by the researcher.

In this chapter, we provide a detailed description of the research tools we have

developed over recent years. Our research on mice has been focused on models of

atrial fibrillation (AF), and most of the examples we present here are taken from our

studies on the mechanism of AF in mice. Of course, the technical principles described

are entirely applicable to studying ventricular electrophysiology.

Is the mouse heart large enough to be useful in studying cardiac arrhythmias? With

a heart weight 0.0005 times that of the adult human heart, it was originally thought

that the mouse heart would be too small to be able to fibrillate. According to the

multiple wavelet theory, fibrillation requires several reentrant wavelets to coexist,

where the wavelength of one re-entrant wavelet is the product of the effective

refractory period (ERP) and the conduction velocity (CV).1 In this view, fibrillation

can not occur in hearts smaller than a certain ‘critical mass’, such as the mouse

heart.2,3 However, it has been reported that the mouse ventricle is able to sustain
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fibrillation, although its wavelength (15–30 mm) should not allow multiple wavelets

to coexist.4 In our study on mice with selective atrial fibrosis due to overexpression of

TGF�1, the atrial wavelength was around 15 mm.5 With its length of about 5 mm,

these atria could probably not accommodate more than one re-entrant wavelet, if they

were a homogeneous substrate. However, the increased interstitial atrial fibrosis in

this model makes the atria a structurally heterogeneous substrate. Spach and co-

workers have demonstrated that increased interstitial fibrosis and its concomitant

decrease in side-to-side electrical coupling can cause slow and heterogeneous

conduction during transverse propagation, allowing reentry to occur in relatively

small circuits.6 This would make AF possible in a tissue area much smaller than

would be expected based on wavelength or ‘critical mass’ considerations. So at least

as a ‘proof of principle’, the mouse heart can be a useful model for cardiac

arrhythmias.

With respect to the PR interval7 and many other important physiological para-

meters,8 the mouse heart obeys allometric scaling laws. However, there are important

differences with larger hearts; for example, the common atrioventricular bundle

makes direct contact with the basal side of the interventricular septum, leading to a

basoapical activation pattern of the septum.9 In addition, with a resting heart rate of

550–600 bpm and a Wenckebach frequency of about 750 bpm, the mouse heart has a

relatively limited dynamic range, being able to increase its resting rate by only 25–35

per cent.10 Finally, Bazzett’s formula for the rate correction of the QT interval is not

useful in mice in its standard form.11

As with any study on transgenic mice, some caution must be applied. First, there is

considerable strain variability in electrocardiogram (ECG) parameters12 (for an

overview, see the ‘cardiovascular’ link at www.informatics.jax.org/mgihome/other/

mouse_facts3.shtml). Therefore, it is essential to attain sufficient backcrossing before

comparing transgenic mice to the wildtype, or to use littermate controls. Second, it is

always possible that observations in a transgenic animal model are caused by a defect

in embryonic development. For example, some of the earlier observation on

conduction defects in adult Cx40 knockout mice10 may be caused in part by abnormal

cardiac morphogenesis early in development.13 In such cases, an inducible knockout

at the adult stage is desirable, as was shown successfully for the case of connexin43.9

Anesthesia for adult mice

In all our follow-up studies, we have used urethane for anesthesia. The main

advantage of urethane is that it can be used as mono-anesthetic with negligible

cardiovascular side effects. In practice, we administer 0.5 ml dose of urethane

solution (100 mg/ml urethane in a 0.9 per cent NaCl solution) intraperitoneally (i.e.

2 mg/g for a 25 g mouse) and wait for 5 min. If reflexes have not disappeared at this

point, another 0.1–0.2 ml of the solution is injected. In our experience, a bolus

injection of urethane will provide a very stable anesthesia for up to 6 h, making it

ideally suited for open chest procedures. However, urethane is a suspected carcinogen

and the researcher should take care to avoid direct exposure to the solid during
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weighing, to the urethane solution during injection and to the blood of urethane-

anesthetised animals throughout a procedure. Because of its carcinogenicity, it can

only be used in terminal follow-up experiments. As an alternative, inhalation

anesthesia with isofluorane can be used for its stability during prolonged surgical

procedures. For shorter experiments, such as a normal surface ECG recording or a

closed chest study with transesophageal stimulation, avertin or a combination of

ketamine and xylazine can be used, with adequate anesthesia lasting 20–40 min after

a bolus injection. Avertin has to be freshly made from 2,2,2-tribromoethanol and

tertiary amyl alcohol before each experiment, because injection of old avertin

solution can cause peritonitis.14 However, both avertin and ketamine/xylazine can

display significant cardiovascular side effects. Pentobarbital has a narrow therapeutic

range in mice and higher dosages can cause severe cardiovascular depression. A

combination of 0.033 mg/g pentobarbital and 0.033 mg/g ketamine has been used in

open chest procedures.15 A more complete overview of options in mouse anesthesia

can be found in elsewhere.16

Because of their high surface-to-volume ratio, mice can rapidly become hypother-

mic, especially during open chest surgery. To maintain proper body temperature

during any procedure in anaesthetised mice, animals should be placed on a thermo-

stated operating platform (in our case, a flat rectangular Lucite chamber with a water

inlet and outlet), while monitoring core temperature with a rectal probe.

ECG recording and analysis

In anesthetised mice, subcutaneous needle recording electrodes can be used to record

ECGs. In the past, we have used both homemade silver wire electrodes (chlorinated

by immersion in Chlorox bleach for 30 min) with a sharpened tip. Alternatively, we

have used commercially available platinum needle electrodes, which are both thinner

and sturdier than silver electrodes, available at Grass Telefactor, West Warwick, RI,

USA).

The sampling frequency should be at least 500 Hz for an accurate representation of

the QRS morphology. The QRS morphology can be distorted significantly by 50 or

60 Hz notch filters, because part of the frequency spectrum of the mouse ECG is in

the 50–60 Hz range. It is therefore advisable to eliminate the need for filtering by

proper grounding and shielding, by twisting recording wires for differential ampli-

fication and by keeping signal pathways as short as possible.

Figure 28.1a depicts the ECG in a mouse. Most of the characteristic intervals can

be measured in a straightforward manner. The P wave duration can be determined

accurately by comparing a number of leads and taking the interval between the

earliest onset and the latest end of the P wave. Similarly, comparison of a number of

leads for the interval between the earliest onset of the Q wave to the J point will

provide an accurate estimate of the QRS duration. Because the ventricular action

potential in mice does not have a pronounced plateau phase, there is no isoelectric

segment between the QRS complex and the T wave. Moreover, because the

repolarisation phase is gradual, the amplitude of the Q wave is usually very low.
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Therefore, the end of the T wave, and thus the QT time, can be difficult to determine.

A reasonable estimate can be obtained by expanding the y-axis scaling and looking

for a consensus point for the end of the T wave in three or more leads (Figure 28.1b).

This point in the cardiac cycle corresponds reasonably well with the action potential

durations obtained from monophasic action potential recordings.18

It is also possible to record mouse EGCs telemetrically using an implanted

amplifier/ transmitter (see e.g. Gehrmann and Berul17, using a system available at

DataSciences Intl, St. Paul, MN, USA). This method is ideal to detect the sponta-

neous and infrequent occurrence of potentially lethal arrhythmias in transgenic mice.

Transesophageal stimulation

As in larger animals, the left atrium can be paced from the esophagus. The diameter

and the interelectrode distance are important considerations in choosing the thickness

of a transesophageal stimulation electrode. If the catheter is relatively thin, atrial

capture is harder to attain. If it is relatively thick, the expansion of esophagus may

cause collapse of the trachea and could thereby compromise proper ventilation. The

interelectrode distance should be small to minimize the size of the area of the left

atrium that is actually captured and to minimize stimulation artifacts. We have used a

4 French quadripolar EP catheter with an interelectrode distance of 1–2 mm. First,

the stimulation poles were connected to a differential amplifier, and the catheter was

advanced into the esophagus and pulled back while the signal from the electrodes was

monitored and compared to the surface ECG. The catheter was placed in the location

Figure 28.1 Intervals in the mouse ECG. (a) Determination of the characteristic intervals using the

unipolar limb leads. (b) The QT interval is more easily determined by expanding the y-axis scale
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where the amplitude of the atrial component was maximal. The stimulation electrodes

were then connected to the output of a bipolar stimulus isolation unit. During

stimulation at a basic cycle length (BCL) of 10–20 ms under the sinus cycle length,

the position of the catheter was varied slightly around the original position to find the

position with lowest atrial capture threshold. Further programmed electrical stimula-

tion was performed at 1.2–1.5 times threshold at a stimulus duration of 1 ms. Large

stimulation artifacts are unavoidable during transesophageal stimulation, obfuscating

the P waves on the surface ECG (Figure 28.2a). Therefore, atrial capture has to be

assessed by monitoring the QRS complexes visible after the artifacts (at a BCL which

allows 1 : 1 conduction to the ventricle). This also means that it is impossible to

measure the atrial ERP with transesophageal pacing without a separate (epicardial or

endocardial) atrial sensing electrode, because the AV nodal ERP will be higher than

the atrial ERP. To record a separate atrial electrogram, an epicardial electrode can be

placed in an open chest experiment. As an alternative, the jugular vein allows

convenient access to the heart for endocardial recording and pacing in closed-chest

mice. Berul and coworkers have developed a miniature endocardial catheter (avail-

able as a CIBer mouse EP catheter at NuMed Inc, Hopkinton, NY, USA) which

Figure 28.2 Programmed electrical stimulation. (a) Large artifacts are seen on the surface ECG

during transesophageal stimulation. Traces show the stimulus output and ECG lead II. (b) Example

of right atrial bipolar epicardial pacing in an open chest experiment. The S2 interval of 36 ms, just

above the ERP in this animal, evoked an atrial extra beat. Traces show the stimulus output, ECG lead

II, and a right atrial and ventricular bipolar electrogram
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allows recording and stimulation of the right atrium and ventricle, including

recording of His bundle electrograms.19

Open chest epicardial measurements

To allow recording from and stimulation of the epicardial surface, the chest has to be

opened. Mice were fixed with tape to the thermostated operating platform for stability

during these procedures. All surgical procedures are performed using a binocular

microscope at 60 � magnification. First, the skin in the neck and the muscle layer

surrounding the trachea were opened and a 3-0 silk thread was placed around the

exposed trachea. The trachea was then incised just below the vocal cords and a tube

was inserted and tied into position. In our case, this tube was connected to a rodent

ventilator (C.G. Palmer Ltd.), set to 130 breaths per minute with a tidal volume of

0.5–2 ml, limited to 5 ml water pressure. The pressure limiter consisted of a side

branch to the outlet tubing, immersed 5 cm into a water-filled cylinder. This

arrangement prevents overinflation of the lungs. Another ventilator system, designed

especially for the ventilation rates and volumes of mice, is available at Hugo Sachs/

Harvard Apparatus (March-Hugstetten, Germany). Whatever ventilation system is

used, it is essential to minimise the dead volume of the final common inlet/outlet tube

inserted in the trachea. With a tidal volume of only 0.2 ml (this and a number of other

useful physiological parameters in mice are summarised by Janssen and Smits8), a

long or thick tube connecting the inlet and outlet to the trachea will cause a rapid

increase in pCO2 and decrease in pO2 in the inspired air.

In opening the chest, care should be taken to avoid damaging the internal thoracic

arteries, which run parallel to the sternum. It is possible to make a midline incision in

between these arteries through the sternum and open the chest with a tiny spreader.

However, this will not provide much space to work with and access to the atrial

epicardial surfaces is poor. Especially when multiple electrodes have to be placed on

the heart, it is preferable to make a V-shaped cut from the xyphoid processus towards

the front legs. To do this, start by lifting the xyphoid processus with a forceps below

the diaphragm and make a small cut into abdominal wall directly underneath. It is

helpful at this point to put a tie around the processus and tape this tie to the operating

table in front of the head. Looking through the diaphragm, the apex of the left

ventricle should be visible. Next, make a small cut into the diaphragm just below the

sternum, carefully avoiding the lungs. Then, slowly cut into the chest wall on both

sides of the sternum in the direction of the front legs. Damage to the internal thoracic

arteries can be easily avoided if sufficient distance is kept from the sternum. After

each cut, the tie connected to the xyphoid can be pulled along to open the chest

further. When the incision extends all the way to the armpits, the thoracic cage can be

folded open completely and the two internal thoracic arteries will be clearly visible. If

necessary, these arteries can be tied off with thin sutures (8-0 or 9-0 silk) at the front

of the chest. After tying the arteries, the caudal part of opened anterior side of the

chest wall can be removed to provide even more space for placing electrodes on the

heart. After the chest is opened, it is essential to regularly moisten the heart with a
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few drops of physiological saline solution to prevent dehydration. During experi-

ments, the RR interval did not change more than 20 ms and remained stable for up to

5 h. Typical experiments with a complete EP protocol lasted about 2 h.

Epicardial pacing/recording electrodes were made of 0.03 mm fine wire, preferably

insulated. The type of wire used for this purpose should have low resistivity.

Furthermore, it should be malleable enough to be bent into close proximity to the

tissue but stiff enough to be hooked into the tissue. For example, silver wire is

unsuitable because of its softness and stainless steel is unsuitable because of its

unmalleability. We have successfully used Tungsten wire (California Fine Wire, Grover

Beach, CA, USA) and MP35N wire (Fort Wayne Metals, Fort Wayne IN, USA). The

advantage of MP35N wire is that it is available after a variable degree of thermal

treatment, providing a range of possible tensile strengths. Small lengths of electrode

wire were stripped at both ends. One end was soldered into a plug (the individual plugs

from an IC (integrated circuit) socket are just the right size). The other end of the

electrode was bent to form a small hook.

Fine wire electrodes were held by a small eight-fold manipulator (Figure 28.3a).

This manipulator consists of a glass rod, to which eight glass capillaries were tied

with silk surgical thread, allowing a rotating movement of the capillaries around the

central rod. The capillaries can be made from glass for patch clamp electrodes or

hematocrit capillaries and were first bent to varying degrees in a flame. Thin standard

electrical wires ran through these capillaries with an IC socket plug at the end. These

plugs were kept in place by heat shrink tubing. The plugs of the electrodes were

inserted into the plugs of the manipulator, making the electrodes easy to replace.

After opening the pericardial sac in the middle, a pericardial cradle was created by

inserting wires with a small hook (similar to the recording electrodes) at one end

through the sac and attaching them with tape to the operating platform at the other

end. This made the position of the heart more stable and kept the lungs out of the way.

Figure 28.3 Equipment for open-chest measurements. (a) Eight-fold holder for epicardial fine

wire electrodes. (b) Schematic of a probe for measuring epicardial conduction velocity. (c) Side

view of the probe. For a color version of this figure, please see the images supplied on the

accompanying CD
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Electrode manipulation and placement was performed using a pair of watchmakers

tweezers; a curved tweezer with a 45 degree angle proved to be particularly useful

here. Closely spaced pairs of electrodes were attached to the myocardium at the

middle of the right atrial appendage, at the right atrium near the atrial septum, at the

right ventricular apex and at the middle of the right ventricle for an extensive EP

study. A chlorinated silver wire in the right hind leg was used as a common ground.

For atrial and ventricular stimulation respectively, the pairs near the atrial septum and

the ventricular apex were connected to a TTL (true type logic) triggered bipolar

stimulus isolation unit with variable current output. A stimulus amplitude of twice the

diastolic capture threshold was used, with a stimulus duration of 2 ms. The pairs not

used for stimulation were connected to differential amplifiers for recording.

With programmed electrical stimulation of the atrium (Figure 28.2b), it is possible

to record the sinus node recovery time, atrial and AV nodal ERP, AV Wenckebach

period, AV 2 : 1 cycle lenght, and inducibility of atrial arrhythmias. Figure 28.4

depicts a number of examples of induced AF episodes in mice, illustrating the variety

in complex morphology. Ventricular stimulation yields the ventricular ERP, VA

Wenckebach and VA 2:1 cycle lengths and inducibility of ventricular arrhythmias

(for details on the applied protocols,10). Both in open chest experiments18 and in

perfused mouse hearts,20 it has proved possible to record ventricular epicardial

monophasic action potentials.

Figure 28.4 Induced AF episodes in mice. (a and b) AF episodes induced by burst pacing on the

right atrium in mice lacking the gap junction protein connexin40. (c and d) AF episodes induced by

transesophageal burst pacing in mice with atrial fibrosis due to overexpression of TGF�1. All panels

show traces for a right atrial bipolar electrogram and ECG lead II. Calibrations bars represent 200 ms
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For direct measurements of the conduction velocity in open chest experiments, we

have used a small hand-held probe consisting of two stimulus electrodes for bipolar

current stimulation with an interelectrode distance of 0.5 mm, perpendicular to an

array of four unipolar recording electrodes with an interelectrode distance of 1 mm

(Figure 28.3b,c). Electrodes were made from insulated tungsten fine wire, running

through an aluminum grid and stripped at the tip and protruding for approximately

0.1 mm from an embedding silicone rubber matrix. This probe was pressed against

the atrial or ventricular epicardial surfaces. The unipolar signals from the probe were

sampled at 10 kHz, and differentiated off-line to determine activation times at each

recording electrode. These signals, and the signals from the ECG recorder and the

differential amplifiers were sampled using a 1401 Plus AD/DA converter (Cambridge

Electronic Design Ltd.) connected to a PC. All data sampling, programmed electrical

stimulation and off-line analysis in our ECG recordings, transesophageal stimulation

and open chest EP experiments were controlled by custom developed software in

Spike2 script language (Cambridge Electronic Design Ltd.). This language is specific

to the CED 1401 AD/DA converter. To obtain this software for mouse cardiac

electrophysiology free of charge, contact us at s.verheule@fys.unimaas.nl.

Studies on Langendorff perfused hearts

Although, in principle, detailed studies of epicardial conduction can be made in open

chest studies, we have preferred the more controlled conditions and easier access of

Langendorff perfused hearts for this purpose. After rapid excision of the heart, the

aorta was canulated for retrograde perfusion at a pressure of 80 cmH20 with modified

Tyrode solution (in mmol/l: NaCl 130, NaHCO3 24, NaH2PO4 1.2, MgCl2 1, glucose

5.6, KCl 4.0, CaCl2 1.8, gassed with 95 per cent O2/5 per cent CO2). Two chlorinated

silver wires were placed in the bath as indifferent and common-ground electrodes.

The tissue chamber consisted of an organ bath (preparatory tissue bath #158400-10,

Radnoti, Monrovia, CA, USA) with a layer of Kwik-cast rubber (World Precision

Instrument, Sarasota, FL, USA) at the bottom, onto which the Langendorff perfused

heart could be pinned.

In our study in mice overexpressing transforming growth factor-�1 (TGF�1),5 we

have recorded atrial conduction patterns during sinus rhythm, epicardial stimulation

and AF. To this end, atrial unipolar electrograms were recorded using a 1.2 � 1.2 mm

array of 4 � 4 unipolar recording electrodes with a pair of stimulation electrodes at

the side of the array (Figure 28.5). The electrode array was pressed against the RA or

LA surface, covering a large portion of the anterior aspect of the atrial appendage and

free wall. This probe can be used for recording in open chest experiments and on

Langendorff perfused mouse hearts. The recording electrodes of this probe were

Ag3T Teflon coated silver wire (www.sigmundcohn.com). Figure 28.5 shows a 4 � 4

electrode probe measuring 1.2 � 1.2 mm, but we have produced probes with more

electrodes and/ or a different spatial resolution along the same principles.

To make this type of electrode, we started with a piece of thin nylon mesh

(available for example at www.smallparts.com). The holes in the mesh have to be
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slightly smaller than the diameter of the wire used (Ag3T wire is 0.1143 mm, so we

used CMN-105 or CMN-112A mesh (holes of 105 or 112 mm)). A flat metal disk with

a hole of about 1 cm diameter cut out in the middle was taped to the top of a metal

bowl. The nylon mesh was placed over the hole in the disk and its sides were fixed to

the disk with tape (Figure 28.6a). This assembly was placed under a binocular micro-

scope. The distal end of a length of Ag3T wire was inserted through every second hole

of the mesh using curved watch-makers forceps and advanced for about 0.5–1 cm. A

label with the electrode number was attached to the proximal end of each wire. At the

four sides of the array, pairs of electrodes were placed for use as bipolar stimulation

pairs (we initially used the same silver wire for this, but switched to Pt3T platinum

wire later to reduce corrosion resulting from burst stimulation). After inserting all the

electrodes, the wires were straightened somewhat and the piece of nylon mesh was

trimmed to a circle, leaving about 2 mm around the inserted electrodes. The wires

were then trimmed until they protruded from the mesh about 3 mm.

Another assembly was then used, consisting of a 0.5 ml Eppendorff cuvette (or

1.5 ml, depending on the array size), sitting in a cuvette stand on top of a standard

laboratory stand with a diagonal branch (Figure 28.6b). We used a resin that was

intended for embedding floral arrangements, but others types will do, as long as they

Figure 28.5 Probe for epicardial mapping. (a) The connectors for the stimulation electrodes are

on the side of the box. (b) Enlarged side view of the probe. (c) Enlarged frontal view of the surface

of the array. The photos show a prototype version without the holding rod mentioned in the text.

(d) Activation map of the left atrium of a mouse overexpressing TGF�1. Insets show the different

electrogram morphologies at different sites in the array. For a color version of this figure, please see

the images supplied on the accompanying CD

358 CH28 CARDIAC ELECTROPHYSIOLOGY



are clear and will harden completely. After mixing the main component and the

hardening catalyst in a standard 15 ml centrifuge tube, this container was closed and

connected to a vacuum system to get rid of air bubbles. Some of this mixture was then

slowly poured into the cuvette. The mesh with wires was then advanced into a cuvette

and immersed in the mixture, carefully avoiding the formation/trapping of air

bubbles. The circular mesh should be exactly at right angles to the length axis of

the cuvette. After this, the cuvette stand was fixed in position and the bundle of long

wires at the other end of the mesh was attached to the lab stand. A small stainless

steel rod of about 2–3 mm in diameter, held by the clamp, was lowered partially into

the cuvette to about 0.5–1 cm from the mesh (not shown in Figure 28.6). This rod will

become the holder with which the array can be attached to a manipulator. After

hardening, the cuvette was carefully removed (using a scalpel if necessary). Within

the resin, the mesh should still be visible. The fine grinding disk on a variable speed

Dremel tool (www.dremel.com) was used to slowly grind down the front end of the

probe (if the Dremel is used too enthusiastically, the resin will melt). At 3 or 2 mm

from the mesh, the spacing between the silver wires will be somewhat irregular.

Figure 28.6 Stages during the production of the electrode array shown in Figure 28.5. (a)

Insertion of the electrodes in a nylon mesh. (b) Embedding the array in resin. See text for details.

For a color version of this figure, please see the images supplied on the accompanying CD
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However, the closer to the mesh, the more regular the array becomes. The trick is to

stop grinding just before/just at the level of the mesh. It is better to grind the last little

bit with a softer felt polishing disk rather than a harder sandpaper disk.

The bundle of wires at the proximal end of the probe was then disentangled and

braided (to make the cabling less vulnerable). The silver wires should be kept as short

as is practical at the proximal side (about 10 cm), because the resistivity of these thin

wires is not negligible. The braided cable was then fed into a small connector box,

where one by one, the labels were removed from individual wires and the wires were

soldered onto female tip plugs, which were also organised as a 4 � 4 array. During

recordings, male–male connector cables were used to connect the connector box to

the amplifier. Shielding these cables with grounded aluminum foil (or something less

primitive) will reduce noise. Our initial probe had a 4x4 electrode configuration, but

we have produced 12 � 12 electrode arrays for the mouse atrium in exactly the same

way.

For measurements of atrial conduction, unipolar signals were bandpass-filtered at

0.1–5 kHz using two Iso-DAM8 amplifiers (World Precision Instruments) and

sampled at 8 kHz using a 16-channel Gould ACQ-16 data acquisition interface.

Commercially available systems capable of handling much high numbers of record-

ing channels are UneMap from the Bioengeneering Institute in Auckland, New Zealand

(http://www.bioeng.auckland.ac.nz/projects/unemap/unemap.php?project_id=5) and

a system available at Biosemi, Amsterdam, The Netherlands (www.biosemi.com).

In general, measuring epicardial conduction in mice requires very high sampling

rates. For an interelectrode distance of 0.4 mm and an estimated conduction velocity

of 0.6 m/s, the difference in activation time between adjacent electrodes is 0.67 ms,

corresponding to a rate of 1.5 kHz. An accurate determination of the conduction

pattern would then require a sampling rate of at least 3 kHz.

Atrial conduction was assessed during sinus rhythm and AF and during continuous

pacing with one of the bipolar stimulus pairs at a variety of BCLs at a stimulus

amplitude of 1.5 � diastolic threshold and a stimulus duration of 1 ms. Activation

time points were determined at each of the 16 electrodes as the point of maximal

negative dV/dt and activation maps were constructed using custom software. As an

example, Figure 28.5D shows an activation map on the left atrium of a mouse with

atrial fibrosis due to overexpression of TGF�1.

In recent years, detailed conduction patterns in the mouse heart have also been

recorded successfully using optical mapping. For an overview of this technique, see

Efimov et al.21

Conclusion

In recent years, several mouse models with increased inducibility of atrial tachyar-

rhythmias have been described. Several studies have reported an increased vulner-

ability for AF in response to administration of cholinergic agonists in normal

mice,22,23 and in one study, AF could be induced in normal mice without pharma-

cological intervention.24 In mice lacking the gap junction protein connexin40, atrial
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conduction velocity was decreased and episodes of AF could be evoked by atrial burst

pacing.10,25 In our mice with selective atrial fibrosis due to overexpression of TGF�1,

inducibility of AF was increased.5 In mice overexpressing Kir2.1, the increase in IK1

current was associated with spontaneous AF episodes.26 Similarly, deletion of

KNCE1, an auxiliary subunit for IKs leads to spontaneous AF episodes.27 Finally, a

growing number of transgenic mice display major atrial enlargement and an

associated increase in spontaneous or inducible AF: mice overexpressing junctin,28

mice with cardiac-specific overexpression of angiotensin-converting enzyme29,

cAMP-response element modulator30 or tumor necrosis factor alpha.31 Thus,

mouse models are providing a burgeoning contribution to our understanding of the

basic mechanism of AF.
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Introduction

Genetic models present a powerful approach to understanding the contribution of

specific factors to the development of cardiovascular diseases. This created the

need to develop suitable models in the mouse. A lot of attention has been focused

on neointima formation and endothelial regeneration following arterial injury.

Balloon catheter injury models are well established in the rat1 and extensive

insight into the arterial injury response has been provided by this model. Since

there currently is still no good equivalent to the 2F Fogarty embolectomy catheter

suitable for mice, my laboratory focused on the development of murine arterial

injury models in the early 1990ies. Analogous to the denuding injury of the rat

carotid artery we developed a mouse carotid artery injury model using a guide wire

tip2. Several models that present variations on this wire denudation model have

since been reported by others3,4. The technical challenges associated with wire

denudation models may account for differing results obtained by other investiga-

tors. Due to the relatively small size of the mouse arteries uncontrolled thrombus

formation and its consequences for lesion development are likely factors con-

tributing to inter-operator variability in denuding injury models. This prompted us

to develop the technically very simple model of mouse carotid artery ligation5. As

this flow cessation model is relatively easy to perform it has the advantage of being

relatively free from operator-induced variables. This ligation model was primarily
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designed to induce SMC proliferation and neointima formation in a reproducible

manner. The ligation model turned out to be a useful model to study intimal lesion

formation even though it does not represent a physiological situation. However, the

same argument of physiological relevance can be made for denuding injury models, as

large scale denudations are not a part of the pathogenesis of cardiovascular diseases

in humans. In addition, the ligation model displayed many of the characteristics of

constrictive arterial remodeling associated with decreased blood flow. Below a

detailed description with emphasis on technical aspects of the wire denudation and

the ligation model will be provided.

Materials and Methods

All procedures have to be in compliance with institutional and federal regulations

and a veterinarian should be consulted.

For the anesthesia, ketamine (50 mg/ml) and xylazine (20 mg/ml) are mixed

with 0.17 ml of xylazine added per 1ml of ketamine. The addition of atropin is

optional. To anesthetize a mouse weighing approximately 25 g, 50–70ml of this

mixture are injected intraperitoneally with an insulin syringe (0.5 ml, Becton-

Dickinson). To prevent drying of the cornea during anesthesia, an ophthalmic

ointment should be applied (e.g. Lacri-Lube, Allergan).

There are many suppliers of surgical instruments that carry the same or similar

instruments described below and the catalog number of specific vendors is provided

here only as a convenience.

Materials needed:

1. Surgery platform (e.g., Teflon, 13 cm� 15 cm, with stainless steel screws to

hold rubber bands for securing the mouse on the platform)

2. Small rubber bands

3. Tape

4. Catheter (i.v.), 24-gauge (Becton-Dickinson)

5. Dissecting microscope (e.g., Stemi 2000, Zeiss, VWR Scientific)

6. Fiberoptic light source (e.g., ACE, EKE with dual gooseneck, Fostec, Auburn,

NY)

7. Small hair clipper

8. Betadine solution and 70% ethanol for skin disinfection

9. Gauze (2� 2 inch)
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10. Cotton applicators

11. scalpel

12. 6-0 silk suture (e.g., Deknatel, Queens Village, NY)

13. Microdissecting forceps with curved tip (e.g., Aesculap, FD281)

14. Jeweler’s forceps, straight, 400 (e.g., 160-55, George Tieman & Co., Hauppauge,

NY)

15. Microforceps (e.g., Bracken, 10-1942, George Tieman & Co.)

16. Scissors, McPherson-Vannas, straight (e.g., 160-140, George Tieman & Co.)

17. Scissors, Stevens, straight blunt-tipped (e.g., 160-250, George Tieman & Co.)

18. Hemostat, 300, curved (e.g., 160-751, George Tieman & Co.)

19. Bulldog clamp, Johns Hopkins, 100 straight (e.g., 160-825, George Tieman

& Co.)

20. Bulldog clamp, DeBakey, curved 500 (e.g., 70-551, George Tieman & Co.)

21. Michel wound clip applying forceps 500 (e.g., 160-912, George Tieman & Co.)

22. Michel wound clips, 7.5 mm (e.g., 160-898, George Tieman & Co.)

23. Guide wire from angioplasty catheter, 0.01400 (dependent upon vessel size)

Guide-Wire Denudation Model

The flexible tip of a guide wire is cut off from the rest of the wire. The wire tip

should be curved, smooth and the coating should not be damaged. The surface of

the guide wire can be modified with Epoxy glue if necessary to alter mechanical

properties, shape and size of the wire. A trocar can faciliate the insertion of the

guide wire into the vessel. A thin-walled Teflon or polyethylene tubing of 2.5 cm

length with a bevel cut at the tip may serve this purpose.

Following the induction of anesthesia the mouse is placed with its back on the

surgery platform and rubber bands are used to secure the hind legs to the screws

mounted on the side of the platform. Another rubber band is used to hold down the

head by the upper incisors. A piece of tape is used to keep the front legs clear from

the operating field. The skin along the ventral side of the neck is shaved followed

by the application of betadine and ethanol disinfectant. A midline incision is made
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along the ventral side of the neck (1.5 cm in length). We routinely perform

procedures on the left carotid artery since it has no side branches and thus

following complete denudation of the common carotid artery re-endothelialization

should occur only from the carotid bifurcation and the aortic arch. The left salivary

gland is moved laterally by blunt dissection and held away from the carotid

bifurcation by the DeBakey clamp. The straight neck muscles are pushed medially

while blunt dissection of the of the external carotid artery is performed with the

microdissecting forceps with curved tips (Aesculap, FD281). These forceps are

very well suited to separate the connective tissue from the vessel and placing

the ligatures. The proximal ligature is placed around the external carotid artery just

distal of the carotid bifurcation but it is not tied off at this stage. The ends of this

ligature are held with a small hemostat and tension is applied in caudal direction to

facilitate dissection of the more distal portions of the external carotid artery. The

second ligature is placed around the external carotid artery as far distal as possible

to isolate the largest segment possible between the two ligatures. The distal

ligature is tied into place and tension is applied in cranial direction by attaching the

1.500 bulldog clamp. A small hole is then cut into the vessel close to the distal

ligature while blood flow is blocked by gentle tension on the proximal ligature.

With the wire inside the trocar, the tip of the trocar is placed into the hole with the

bevel pointing down. Then the wire is advanced until it reaches the proximal

ligature, the tension on the proximal ligature is released and the ligature is

loosened around the vessel to allow unobstructed advancement of the wire into

the common carotid artery. With rotating motion the wire is passed back and forth

along the vessel (approximately 2 cm from the hole in the external carotid artery)

three times to assure complete denudation. Advancing the wire too far can cause

lethal damage to cardiac valves as the wire, once in the aortic arch, has the tendency

to move towards the heart upon advancement. Upon removal of the wire from the

vessel it is important to verify that blood flow is re-established in the common

carotid artery. Pulsation, color of the blood inside the common carotid artery and

brisk bleeding from the hole upon removal of the catheter are indications that

complete thrombotic occlusion of the common carotid artery has not occurred. The

proximal ligature is then tied off, and the skin incision is closed using two wound

clips. The recovery of the mouse, preferably on a heating pad, is monitored and

postsurgical analgesics are administered in accordance with regulations and institu-

tional operating procedures.

Ligation Model of the Common Carotid Artery

This model is described in the 1997 publication by Kumar and Lindner5.

Application of this model to a variety of inbred mouse strains has indicated that

the remodeling responses are genetically controlled6. The surgical procedure is

easy to perform and can be completed in less than 5 min from start to finish. This

makes this model suitable for studies where large numbers of mice need to be

examined.
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The dissection for this procedure is carried out as described above for the wire

denudation model. The common carotid artery is tied off by placing a ligature just

proximal of the carotid bifurcation. Wound closure is performed as described above.

Harvesting of Vessels

Prior to harvesting the vessels subjected to wire denudation, endothelial regrowth

in the common carotid artery should be assessed by injection of 50ml of a 5%

Evans blue solution administered via the tail vein. Circulation of the dye for a few

minutes is sufficient to stain still denuded segments of the vessel blue while

segments with endothelium will remain white. If complete denudation had been

achieved at the time of surgery, only a 2–3 mm segment will still be denuded three

weeks later. In the presence of incomplete denudation, complete reendothelializa-

tion will occur over a substantially shorter period of time. For morphometric

analyses this is an important consideration as there is usually no proliferation of

SMC or lesion growth in the presence of an endothelium.

For morphometric analyses, perfusion fixation should be performed under

physiological pressure with a glutaraldehyde-based fixative. Perfusion fixation

via a catheter (24 gauge) placed into the left ventricle is a preferred approach. For

good perfusion fixation in the ligation model, a small hole is cut into the common

carotid artery just proximal of the ligature prior to fixation. Perfusion fixation with

20 ml of fixative is usually sufficient. The vessels are then excised with the ligature

and a piece of the aortic arch still attached. Additional immersion fixation can be

performed before processing and embedding of the vessels.

Discussion

A major and very common complication occurring in wire denudation models is

unintentional partial or complete vascular occlusion by a fibrin clot. These fibrin

clots will get organized by SMC invading from the media. The size of the original

clot is likely the single most important parameter influencing neointima develop-

ment. Evidence for a prior thrombotic event are highly asymmetric neointimal

lesions or lesions that completely obliterate the lumen. Since clotting is sometimes

not immediately evident, it can lead to misleading results. In our studies using the

wire denudation model, we routinely harvest the vessels after injection of Evans

blue to determine the extent of reendothelialization. Reendothelialization should

occur symmetrically from both ends of the denuded segment. In case of the

common carotid artery this would be the aortic arch and the carotid bifurcation. In

the mouse carotid artery harvested at 2 weeks after denudation, an Evans blue

stained area (approximately 1–2 mm) will be detectable in the central segment of

the common carotid artery. These denuded segments are those that should be used

for morphometric analyses. Neointimal lesions usually stop growing in denuding

injury models as soon as the luminal surface gets reendothelialized. Restricting the
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morphometric analysis to denuded segments assures that all measurements are

performed on segments of vessels that have not been influenced by the variable of

endothelial regeneration. Unfortunately, not many investigators rigorously control

for endothelial regeneration and clot-dependent effects on neointima formation. A

recent example is the study by Kobayashi et al.7 where it is apparent that vessels

with complete thrombotic occlusions were not excluded from the analysis. Like

the rat balloon injury model, proliferation of SMC starts in the media within a few

days after denudation and if no reendothelialization occurs, proliferating SMC can

be found in the neointima typically within a week. If reendothelialization occurred

before SMC could migrate into the intima one will observe medial hypertrophy

and hyperplasia since medial SMC proliferation precedes the arrival of SMC in

the intima.

One major advantage of the ligation model over other models is that it is hardly

ever influenced by variables related to the surgical procedure because it is

technically very easy to perform. This fact has made it a very popular model8–23.

It is understood that this model does not mimic a (patho)physiological situation. It

is, nevertheless, a very suitable model to study SMC proliferation. In addition, it

displays many aspects of constrictive arterial remodeling associated with reduced

blood flow. In nearly all cases, the ligated vessels show no signs of thrombus

formation with the exception of a miniscule segment (0.5 mm or less) upstream of

the ligature. In the extremely rare instance, that clotting occurred along a longer

segment of the vessel, it is usually quite obvious at the time of vessel harvest and

these vessels are excluded from the analysis. The carotid artery response to

ligation is reproducible and has been characterized along the length of the vessel

according to distance from the ligature24,25. Since the extent of neointima

formation is dependent upon the distance from the ligature, it is crucial that the

analysis is performed on sections that are obtained from the same anatomical

location with regards to the ligature. For example, the segment with maximal

lesion formation will be reproducibly included if sections are obtained at 2, 3, and

4mm distance from the ligature. The technical simplicity of the flow cessation

model makes it one of the most suitable models forˆhigh throughput’’ screening.

The method of fixation and the type of fixative can have a major impact on the

morphometric analysis of sectioned vessels. It is important that the vessels be perfu-

sion fixed at physiological pressure. However, intravascular pressure at the time of

perfusion is difficult to assess and with the use of relatively small caliber perfusion

catheters a large drop in pressure is likely to occur along the length of the catheter

itself. In addition, if fixatives are used that do not contain glutaraldehyde, the vessel

will retain some of its elastic properties which will cause the vessel to contract or

shrink upon excision. As a consequence, elastic lamellae will appear wrinkled and

wavy and this is particularly evident in normal vessels that lack a neointima

(compare Figure 29.1a and b). The morphometric anaylsis of sections is facilitated

if a histological stain is chosen that highlights the elastic lamellae such as Verhoeff’s

stain (Figure 29.1). This stain makes it particularly easy to trace the internal and

external elastic laminae and thus adds to increased accuracy of the measurements.

An artery that has undergone constrictive arterial remodeling will display wavy
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elastic lamellae even if the vessels were harvested following optimal perfusion

fixation (Figure 29.1c-f).

The type of question to be answered by the experiment will determine when

the arteries will be harvested for analysis. In the ligation model, an extensive

neointimal lesion will form within 2 weeks. The composition of the neointima,

Figure 29.1 Photomicrographs of cross-sectioned mouse common carotid arteries after Verhoeff

staining. (a) A normal unmanipulated artery, perfusion fixed with a glutaraldehyde-based fixative

shows elastic lamellae in their original in situ length and morphology, while in (b) a similar vessel

fixed without glutaraldehyde reveals wavy elastic lamellae. (c) A vessel harvested 3 weeks after

carotid artery ligation demonstrates neointima formation and constrictive remodeling and while in

(d) only constrictive remodeling and medial hypertrophy is evident at the same time point. (e) is a

high power of the vessel shown in c) and (f) is a high power view of the vessel shown in d). Original

magnification is 200� for A-D and 400� for e and f. For a color version of this figure, please see the

images supplied on the accompanying CD
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however, will continue to change over the course of several more weeks usually

with an increase in extracellular matrix and a decrease in cellularity. SMC

proliferation is therefore preferably examined at earlier time points (less than 2 weeks

after ligation) and neointimal lesion size preferably at later times (>2 weeks).
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