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Preface to the Third Edition

The third edition of the book Drug Discovery and Evaluation. Pharmacological
Assays is presented here.

The volume of data has risen considerably compared to the second edition. In
particular, a large number of assays have been added. Meanwhile, data on Safety
Pharmacology have been removed from this edition. An extended discussion of that
important aspect of pharmacology was published in the book Drug Discovery and
Evaluation. Safety and Pharmacokinetic Assays, edited by H. G. Vogel, F. J. Hock,
J. Maas, and D. Mayer, by Springer in 2006.

Several of my colleagues provided essential contributions to this edition. In par-
ticular I am indebted to S. A. Mousa for rewriting the chapter Pharmacological
Assays in Thrombosis and Hemostasis, S. G. E. Hart, for rewriting the chapter Ac-
tivity on Urinary Tract, G. Miiller for rewriting and amending the chapter Antidi-
abetic Activity, B. Schultz for amending the chapter Ophthalmologic Activity, and
J. Sandow for rewriting the chapter Endocrinology. All chapters have been revised
and thoroughly updated as well.

The approach to drug discovery is changing continuously. Decades ago, many
drugs were found by serendipity in clinical trials. Most new drugs, however, were
found by the classical approach in animal experiments. This approach has the ad-
vantage of relatively high predictability, but it also has the disadvantage that little
information is provided about the molecular mechanisms involved in the observed
effects, and the detection of drugs with new mechanisms always required new mod-
els.

It is generally believed that the costs of developing new pharmaceutical drugs
are exploding, while the output of new drugs is actually decreasing. A change
in paradigm, the target-based or mechanism-based drug discovery approach, was
therefore welcomed with great enthusiasm. The techniques of combinatorial chem-
istry could generate thousands of compounds to be tested against thousands of tar-
gets using high-throughput and ultra-high-throughput technology with tremendous
capacity. This made it highly effective for the identification of target-selective com-
pounds. However, despite the fact that this approach is very advantageous from a
scientific and practical viewpoint, it did not translate into a high success rate in the
discovery of new drugs. This has naturally led to questions regarding the success of
target-based drug discovery and, more importantly, a search for alternatives.

The target-based approach has therefore been replaced again by the physiology-
based approach, the classical drug discovery paradigm, or the function-based ap-
proach, which seeks to induce a therapeutic effect by normalizing a disease-specific
abnormality.

On top of this, important changes in the management of some of the larger drug
companies have taken place in recent years. Modern managers were installed as
chief executive officers and other high-level executives, quite often with little or
no biological and technical experience. They were more interested in blockbusters
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and in shareholders’ value than finding new drugs, especially for rare diseases.
Research workers were confronted with cumbersome and inflexible organizational
structures characterized by regimentation, control, conformity, and excessive bu-
reaucracy. Consequently, creativity and productivity decreased in this environment.
Recently, however, there are signs that the situation is changing.

In this book we ask the question: “Quo vadis, pharmacology?” We suggest giv-
ing pharmacologists the freedom, time, and money to carry out their own ideas.
We also describe animal models of rare diseases that enable the medically trained
pharmacologist to find appropriate drugs.

We are well aware that the rapid progress in biology will once again change the
methodological approach in the coming years, and that electronic media will contin-
uously help the researcher to access and share information. However, it is becoming
more and more evident that many young pharmacologists have only limited train-
ing in classical pharmacological methodologies. When searching for these methods,
researchers will only find insufficient information on the methodological details in
the electronic databases currently available. To this end, we hope the current book
may bridge this gap by comprehensively covering those pharmacological methods
utilized for over more than a hundred years.

At this point I would like to express my sincere thanks to all colleagues who
contributed to the new and to the earlier editions of this book. Their names and
affiliations are given in alphabetical order.

Spring 2007 H. Gerhard Vogel



Preface to the Second Edition

The first edition of “Drug Discovery and Evaluation — Pharmacological Assays” has
been well accepted by a broad readership ranging from experienced pharmacologists
to students of pharmacology. Therefore, already after a short period of time the
question for a second edition arose.

The first edition was mainly centered around the personal laboratory experience
of the editors and the contributors. The second edition tries to close evident gaps.
The input of biochemistry to pharmacology has grown. Molecular pharmacology
puts more emphasis on the mode of action of drugs, albeit it becomes clear that the
activities of most drugs are not confined to one single mode of action. Studies in
single cells become more and more popular, however, they do not cover the com-
plexity of a whole organism. Possible side effects of drugs can be better detected
in whole animals than in single cells. Therefore, the new requirements of the health
authorities on safety pharmacology put emphasis on experiments not only in whole
anesthetized animals but in conscious ones. The second edition of this book takes
note of these requirements and devotes special chapters for each indication to safety
pharmacology.

Molecular biology also introduced new methods to pharmacology, such as the
polymerase chain reaction (PCR), reverse PCR, Northern, Western and Southern
blotting. Very recently, microarray technology, proteomics, and mass spectroscopy
were added as novel in vitro methods. Furthermore, genetically modified animals
have been created which resemble human diseases. Pharmacogenomics has already
begun to influence pharmacology and even will have greater input in the future.
Special attention is given to these new achievements in various chapters of the book.

The editor and the co-editors are well aware that the rapid progress in biology
during the next decades will change the methodological approach. Electronic media
will help the researcher for continuous information. However, it becomes more and
more evident, that young pharmacologists have only insufficient training in the clas-
sical pharmacological methodology. Searching for these methods, e.g., for safety
pharmacology, the researchers cannot find sufficient information on the method-
ological details in the electronic data bases currently available. This hook covering
the pharmacological methods of more than hundred years may be of help.

The guidelines concerning the care and use of laboratory animals have been up-
dated.

A change in paradigm of pharmacological research has been claimed but superi-
orities of these new approaches compared to the old ones have still to be proven. To
address this, an introductory chapter on new strategies in drug discovery and eval-
uation has been added, including combinatorial chemistry; high throughput screen-
ing, ultrahigh throughput screening and high content screening; pharmacogenomics,
proteomics and array technology. Some critical thoughts on errors in screening pro-
cedures have been added.
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At this place, we would like to express our sincere thanks to all colleagues who
contributed to the new and to the first edition of this book. Their names and their
positions are given alphabetically.

March 2002 H. Gerhard Vogel
Also in the name of the co-editors



Preface to the First Edition

This hook is intended to be an aid for experienced pharmacologists as well as for
newcomers in the field of experimental pharmacology. The student in pharmacol-
ogy, the pharmacist and the medicinal chemist will find a survey of pharmacological
assays that can be used for a given indication and for which methods have demon-
strated their relevance. The researchers working in special fields of pharmacology
will find assays in other, unfamiliar areas which might help to expand their own
research.

Certain therapeutic domains, such as cardiovascular, respiratory and renal disor-
ders, psychiatry and neurology, peripheral nerve function, pain and rheumatic dis-
eases, metabolic and endocrine diseases including diseases of the gastrointestinal
tract, are discussed in this hook.

Each chapter is divided into pharmacological classes, e.g., anxiolytics, anti-
epileptics, neuroleptics, antidepressants, or anti-Parkinson drugs. For each class, in
vitro methods, tests on isolated organs and in vivo methods are described.

For each method the purpose and rationale are given first, followed by a descrip-
tion of the procedure, evaluation of the data, modifications of the method described
in the literature, and the relevant references. If possible, a critical assessment of the
method based on personal experience is added. The hints for modifications of the
method and the extended reference list will be of value for the experienced pharma-
cologist.

A few words for the justification for a book of this kind: In 1959, A.J. Lehman,
Director of the Division of Pharmacology at the Food and Drug Administration,
USA, wrote:

... Pharmacologists are individualists. Like most scientists they are sel-
dom willing to copy each other’s techniques in detail, and so their meth-
ods vary from one to the other. Nevertheless, there are basic principles and
techniques which must be applied to establish the safety of a new drug.

Visitors could also read a sticker in his office:

You too can learn pharmacology, in only three lessons: each of them last-
ing ten years.

Pharmacologists have always used methods from neighboring disciplines; in the
past, e.g. from anatomy, pathology, surgery, zoology and predominantly physiology.
Useful methods also came from electrophysiology and the behavioral sciences. Ear-
lier drug discovery was almost exclusively based on animal experiments, clinical
observations and serendipity.

In recent years, a major input has come from biochemistry. The effect of many
drugs in human therapy could be explained biochemicaly as effects on specific en-
zymes or receptors. With the detection of more and more receptor subtypes, the
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activity spectrum of a single compound became more and more complicated. At
present, molecular biology provides pharmacologists with human receptors and ion
channels expressed in mammalian cells in culture. This avoids the apparently exist-
ing species differences, hut the multitude of natural and perhaps artificial subtypes
raises the question of physiological and pathological relevance.

The challenge for the pharmacologist always will be to correlate in vitro data
with in vivo findings, bearing in mind the old saying: “In vitro simplicitas, in vivo
veritas”. The effects found in tissue cultures are quite often not typical for an intact
organism.

Pharmacologists, especially in industry, have the task to find new drugs for hu-
man therapy by using appropriate models. Pharmacological models have to be rele-
vant, that means they should predict the intended therapeutic indications. A pharma-
cological model can be considered relevant or correlational, if the effects obtained
correlate with results observed in human therapy.

To be relevant or “correlational”, a model has to fulfill some basic criteria:

» First, the model must be sensitive in a dose-dependent fashion to standard com-
pounds that are known to possess the desired therapeutic property.

» Second, the relative potency of known active agents in the model should be com-
parable to their relative potency in clinical use.

e Third, the model should be selective, i.e. the effects of known agents in this ther-
apeutic indication should be distinguishable from effects of drugs for other indi-
cations. Positive data with a new compound allow the prediction of a therapeutic
effect in patients.

If new assays are applied to indications for which no effective drug is known, there
must be sufficient evidence that this model is relevant for the pathological status in
this indication.

The methods presented in this book have been selected according to these criteria.

Considerable discussion is going on about the necessity of animal experiments.
One has to accept that only the whole animal can reflect the complexity of a human
being. Even an experiment with human volunteers is only a model, albeit a highly
relevant one, to investigate therapeutic effects in patients. The degree of relevance
increases from isolated molecules (e.g. receptors or enzymes) to organelles, to or-
gans up to conscious animals and human volunteers.

Without any doubt, animal experiments are necessary for the discovery and eval-
uation of drugs. However, they should be performed only if they are necessary and
well conceived.

In Chapter N, regulations existing in various countries concerning the care and
use of laboratory animals are listed. Furthermore, guidelines for anesthesia, blood
collection and euthanasia in laboratory animals are given. In carrying out animal
experiments, one must adhere strictly to these guidelines. Following these rules and
planing the experiments well, will eliminate or minimize pain and discomfort to the
animal. The methods described in this hook had the welfare of the animals as well
as the benefit of the procedure for the well-being of mankind in mind.

Here, we would like to express our sincere thanks to all colleagues who con-
tributed to this book. Their names and positions are given alphabetically below.

Autumn 1996 H. Gerhard Vogel,
Wolfgang H. Vogel
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Historical Approaches in Drug Discovery

Today’s medicine is based on traditional medicine.
Traditional medicines exist in every continent of the
globe and in every cultural area of the world. The
most famous ones are traditional Chinese medicine in
East Asia, Ayurvedic medicine in India, and formerly
Galenic medicine in Europe, all of which have some
resemblance to one other (Vogel 1991).

1With contributions by P. Juretschke, W.F. Vogel, and G. Riess.

Each of these traditional medicines has its own
origins and an individual basic philosophy. The art
of practicing Chinese medicine stretches back over
several thousand years. The legendary culture hero,
Shen-nong, is said to have tested many herbs for their
medical properties. Pen-ts’ao, the first compilation of
herbal medicines, is connected with his name (Un-
schuld 1973, 1986). Since Ancient times, the Chi-
nese have divided the world into five symbolic ele-
ments: Wood, Fire, Earth, Metal and Water. Everything
in the world is dominated by one of these elements,
and their constant interplay, combined with those of
yin and yang, explain all change and activity in na-
ture. The positive, generative cycle proceeds as fol-
lows: Wood burns to generate Fire; Fire produces ashes
which generate Earth; Earth generates Metal, which
can be mined from the ground; when heated Metal be-
comes molten like Water; Water promotes the growth
of plants, thereby generating Wood. The negative sub-
jugable cycle is complementary to the positive, gen-
erative one. Chinese medical views regarding the vi-
tal internal organs are based on the theories of yin and
yang, the five elements (which are each related to body
organs and colors), and the meridians. With medicines
consisting mainly of herbal drugs and minerals, Chi-
nese doctors manipulate these natural relationships to
adjust energy imbalances caused by the excess or defi-
ciency of these forces in the body. Chinese physicians
and philosophers developed a special system of phys-
iology describing vital organs as storage houses and
vital connections as meridians that became the basis
of acupuncture (Porkert 1973).

In India Ayurveda, Siddha and Unani systems of
medicine provide healthcare for a large part of the
population. The word Ayurveda is composed of two
parts: Ayu (= life) and Veda (= knowledge). Schol-
ars of Ayurveda had placed the origins of this sci-
ence of life at some time around 6000 BC. They were
orally transmitted by successive generations. The prin-
ciples were recorded in great detail in compendia,
which are called Samhitas (Dash and Junius 1987; Da-



2 Chapter 0 - Introduction Strategies in Drug Discovery and Evaluation

hanukar and Thatte 1989; Mazars 1994). Compared
with modern anatomy and physiology Ayurveda is
based on certain fundamental doctrines, known as the
Darshanas, such as the seven Dhatus. They can be de-
scribed not exactly as organs but as body constituents.
The three Doshas: vata, pitta and kapha are regula-
tors of cell function in various ways. A balance of the
three doshas is essential for maintaining health. Im-
balance of the doshas creates disease. Drug therapy
in Ayurveda is highly individualized. The choice of
drugs as well as the dose is not only influenced by
the disease process, but also by the constitution of in-
dividuals and environmental conditions which affect
the balance of the doshas and therefore the response
to drugs.

Both traditional Chinese and Ayurvedic medicine
developed further in terms of formulations. There is
also the tendency to adopt the modern forms of clinical
trials, but there has never been a change in paradigm as
far as the basic philosophy is concerned.

Traditional European medicine goes back to the
time of Egyptian and Babylonian-Assyrian culture.
About 3000 BC the Sumerians developed a system of
cuneiform writing that enabled them to write on clay
tablets. At the time of King Assurbanipal 2000 BC
a first comprehensive Materia Medica was written con-
taining approximately 250 vegetable drugs and 120
mineral drugs (Koecher 1963). Around 1500 BC, the
famous Egyptian papyrus Ebers was written, describ-
ing more than 700 drugs drawn from plants, animals,
and minerals. Some are still used in our time, such as
garlic and poppy seeds.

Greek philosophers such as Empedocles, Aristote-
les and Pythagoras, all from around 500 BC, influ-
enced European medicine a great deal. They created
the theory of the Four Elements, which were proposed
to be the components of all matter, including animals
and Man. These Four Elements were Water, Air, Fire
and Earth (Schoner 1964). The most famous physi-
cians were Hippocrates (around 400 BC) and Galenus,
living in the second century after Christ. In medieval
times the system of pathology and therapy, origi-
nating from Galenus, dominated Western medicine.
The fundamental principle in so-called Galenism was
the transformation of humoral pathology into a rigid
dogma (Siegel 1968). The school of Hippocrates had
already formulated the theory of the Four Humours
(paralleling the Four Elements), the correct balance of
which meant health, while every disturbance of this
balance caused disease. There were Four Humours:
Blood (coming from the heart), Phlegm (supposed to
come from the brain), Yellow Bile (supposed to be

secreted from the liver), and Black Bile (supposed to
come from the spleen and the stomach). Each of these
humours had definite qualities. Blood was moist and
warm; Phlegm, moist and cold; Yellow Bile, warm and
dry; Black Bile, cold and dry. Furthermore, there was
a definite connection between the predominance of one
humour in the metabolic system and an individual’s
temperament, such as sanguine, phlegmatic, choleric,
and melancholic.

European medicine has been influenced by Arabian
medicine, mainly by the physician Ali Ibn Sina, who
was known in Europe under the name Avicenna. His
books were translated into Latin and his Canon Medic-
inae has influenced European medicine for centuries
(Gruner 1930).

Saint Hildegard of Bingen, the abbess of a mon-
astery, was one of the most famous physicians and
pharmacists in the twelfth century (Miiller 1982). She
wrote many books on human nature and the use of
herbal drugs. Theophrastus Bombastus von Hohen-
heim, also called Paracelsus and who lived in the fif-
teenth century, was a reformer of European medicine
(Temkin 1941). One of his ideas was that in nature
aremedy could always be found against every disease.
The Latin sentence “Ubi malum, ibi remedium” was
the core idea of the signature theory that the shape or
the color of a plant indicates against which disease the
herbal drug can be used.

European medicine has undergone a great change in
paradigm. In contrast to traditional Chinese medicine
and Ayurveda, traditional European medicine no
longer exists and is only a matter of history of
medicine. Even the self-understanding of modern phy-
totherapy in Europe is completely based on the allopa-
thy that means modern Western medicine.
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0.2
Classical Pharmacological Approaches

The most important achievements of modern Western
medicine were made in several areas such as diagno-
sis, infectious diseases, endocrinology and medicinal
chemistry. Virchow founded cellular pathology in the
nineteenth century (Pagel 1906). The intensive use of
the microscope in medicine with histological compari-
son of diseased and normal organs allowed the change
from humoral to cellular pathology.

Medicinal chemistry as an important science
started less than 100 years ago. The active principles
of plants, mostly alkaloids, were isolated and were the
starting point for syntheses, such as:

morphine and papaverine from Papaver somniferum
for synthetic analgesics and spasmolytics; atropine
from Atropa belladonna for synthetic spasmolytics;
cocaine from Erythroxylon coca for synthetic local
anesthetics; quinine and quinidine from Cinchona suc-
cirubra for synthetic anti-malaria drugs and antiar-
rhythmics; ephedrine from Ephedra sinica for syn-
thetic sympathomimetics and sympatholytics includ-
ing B-blockers, xanthines such as caffeine; theo-
bromine and theophylline from Coffea arabica, Theo-
broma cacao, Camellia sinensis for vasotherapeutics
such as pentoxyphylline; ergot alkaloids from Clav-
iceps purpurea for semi-synthetic ergot derivatives;
reserpine and ajmaline from Rauwolfia serpentina
for synthetic antihypertensives and antiarrhythmics;
physostigmine from Physostigma venenosum for po-
tential antidementic drugs; glycosides from Digitalis
lanata and Digitalis purpurea for semi-synthetic car-
diac glycosides; anthraquinones from Senna angusti-
folia or Rhamnus frangula or Rheum officinale for syn-
thetic laxatives.

Pharmacological research started in Europe in
the second half of the nineteenth century when its
founders, Rudolf Buchheim and Oswald Schmiede-

berg, investigated the action of existing drugs in ani-
mal experiments (Kochweser and Schechter 1978).

With the emergence of synthetic chemistry the phar-
macological evaluation of these products for thera-
peutic indications became necessary. Many new drugs
were discovered by this classical approach during the
twentieth century.

The classical way of pharmacological screening
involves sequential testing of new chemical entities or
extracts from biological material in isolated organs
followed by tests in whole animals, mostly rats and
mice but also higher animals if indicated. Most drugs
in use nowadays in therapy have been found and eval-
uated with these methods.

The chemistry and pharmacology of drugs found
and used in therapy until 1970 are described in the
five volumes of the book by Ehrhart and Ruschig H
(eds), Arzneimittel. Entwicklung, Wirkung Darstellung
(1972).

In the mid 1970s receptor binding assays were
introduced as an approach for compound evalua-
tion by the development of radioligand binding as-
says, based on evaluation procedures and mathemat-
ical calculations provided by Schild (1947), Scatchard
(1949), Stephenson (1956), Ariéns and van Rossum
(1957), Arunlakshana and Schild (1959), Furchgott
(1966), Cheng and Prusoff (1973), Rodbard and Fra-
zier (1975), Lefkowitz and Williams (1977), Bennett
(1978), Creese (1978), Munson and Rodbard (1980),
McPherson (1985a,b), Tallarida and Murray (1987),
and Greenstein (1991). Receptor binding assays were
described for various transmitters as well as assays for
ion channels and neurotransmitter reporters (e. g., by
Snyder et al. 1975; Bylund and Snyder 1976; Enna
1978; U’Prichard et al. 1978, 1979; Bruns et al. 1980;
Starke 1987; Dohlman et al. 1991; Krogsgaard-Larsen
et al. 1991; Snider et al. 1991; Betz 1992; Wisden and
Seeburg 1992; Amara and Arriza 1993; Bowery 1993;
Wess 1993; Isom et al. 1994; Kohr et al. 1994; Goto
and Yamada 1998; Chittajallu et al. 1999; Bormann
2000).

Characterization and classification of receptors is
a continuous procedure (William 1991; Kebabian and
Neumeyer 1994; Angeli and Guilini 1996; Trist et al.
1997; Godfraind and Vanhoutte 1998; Watling 1998;
Alexander et al. 2001).

The use of radioligand-binding assays has facili-
tated the design of new chemical entities, especially
as the information obtained has been used in deriving
molecular models for the structure—activity relation-
ship. The receptor technology provides a rapid means
to evaluate small amounts of compound (5-10 mg) di-
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rectly for their ability to interact with a receptor or
enzyme, independent of its efficacy. But as new as-
says are developed, it also provides a means to profile
the activity of compounds against a battery of binding
sites, thereby yielding an in vitro radioligand binding
profile (Shaw 1992). Receptors have been divided into
an increasing number of subclasses (Vanhoutte et al.
1996) so that full characterization of a new chemical
entity by receptor pharmacology also needs time and
material.

DNA sequencing technology has identified many
receptors, mostly belonging to the G-protein-coupled
receptor superfamily. Reverse molecular pharmacol-
ogy and functional genomic strategies are recom-
mended to identify the activating ligands for these re-
ceptors (Wilson et al. 1998). The reverse molecular
pharmacological methodology includes cloning and
expression of G-protein-coupled receptors in mam-
malian cells and screening these cells for a functional
response to cognate or surrogate agonists present in
biological extract preparations, peptide libraries, and
complex compound preparations.

The ligand-binding assay is a powerful tool in the
search for agonists and antagonists for novel receptors,
and for identification of novel classes of agonists and
antagonists of known receptors. However, it does not
differentiate between agonist and antagonist. Ligand-
binding mass screening can be adapted for very high
throughput. However, well-defined criteria have to be
fulfilled to avoid blind alleys (Burch 1991).
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0.3
Quo Vadis, Pharmacology?

It is universally bemoaned that development costs for
new pharmaceutical drugs are exploding, whilst the
output of new drugs is decreasing (Horrobin 2001,
2002, 2003; Warr 2003; Sams-Dodd 2005, 2006; Rish-
ton 2005; Schmid and Smith 2005; Lundkvist et al.
2006).

Sams-Dodd (2006) analyzed the strength and lim-
itations of various drug discovery approaches. The
target-based drug discovery approach, once welcomed
as a change in paradigm, has for the past 10-15 years
been the dominating approach in drug discovery. How-
ever, in the past few years the commercial value of
novel targets in licensing deals has fallen dramati-
cally, reflecting the fact that the probability of reach-
ing a clinical drug candidate for a novel target is very
low. This has naturally led to questions regarding the
success of target-based drug discovery and, more im-
portantly, a search for alternatives.

The mechanism-based approach, which corre-
sponds to the target-based approach, screens for com-
pounds with a specific mode of action. The focus
on a single mechanism that permits the use of high-
throughput screening (HTS) and ultra-HTS technol-
ogy for screening makes it highly effective for the
identification of target-selective compounds. However,
despite the fact that this approach is highly advanta-
geous from a scientific and practical viewpoint, it does
not translate into a high success rate for novel targets.
A success rate of 3% for reaching preclinical develop-
ment is not attractive. Each drug discovery project usu-
ally lasts 2—4 years, and if 33 targets on average have
to be evaluated to identify one that can proceed into
preclinical development, it means that at least 66 years
of research is needed to produce one successful drug
discovery project for a novel target. Considering that
the attrition rate caused by toxicological effects and
lack of clinical effects are also substantial, it means
that novel unvalidated targets are not attractive for the
pharmaceutical industry.

The physiology-based approach was the first drug
discovery paradigm, and this has resulted in many ef-
fective treatments. It seeks to induce a therapeutic ef-
fect by reducing disease-specific symptoms or physio-
logical changes and screens compounds for these prop-
erties in animal models that mimic specific aspects of
disease symptomatology. The screening is conducted
in isolated organ systems or in whole animals. The
physiology-based approach suffers from low screen-
ing capacity and difficulty in identifying the mode of
action of drugs.

The function-based approach seeks to induce a ther-
apeutic effect by normalizing a disease-specific ab-
normality. Compared with the mechanism-based ap-
proach, functional parameters represent a higher level
of organism complexity because function requires the
integrated action of many mechanisms. However, un-
like the physiology-based approach, the parameters
cannot be compared to the symptoms observed in pa-
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tients. The screening capacity cannot be used for li-
brary screening.

In summary, no clear advantage of one drug dis-
covery paradigm over the others could be demon-
strated, because all of them have their specific
strengths and weaknesses. The classical approaches
cannot be abandoned.

Cuatrecasas (2006) analyzed the reasons for insuf-
ficiency of drug discovery and development. The low
productivity is certainly not related to available bud-
gets, which have increased 30-fold since 1970. The
Food and Drug Administration (FDA) or regulatory is-
sues are not fundamental barriers and contribute only
marginally to the decline in drug productivity. Like-
wise, one cannot blame the current state of scientific
advances, which in the last 20 years have been revolu-
tionary.

Much more important are changes in the approach
to management. Foremost among the issues that crip-
ple drug research and development (R&D) is that
while utmost creativity and innovation are required,
the R&D is conducted in traditional for-profit corpora-
tions that are virtually indistinguishable operationally
from those that conduct little or no R&D. Most corpo-
rations’ top management does not understand the com-
plexities of science, its mode of conduct or objectives,
and runs the companies in ways that stifle creativity
and innovation.

0.3.1
Managers, Not Leaders

In the 1970s things began to change. Modern managers
entered as chief executive officers (CEOs) and other
high-level executives, mostly with little or no technical
experience. Freedom, spontaneity, flexibility, nimble-
ness, tolerance, compassion, humor, and diversity were
replaced by bulky and inflexible organizational struc-
tures characterized by regimentation, control, confor-
mity, and excessive bureaucracy. There are still com-
panies that try to focus on excellent science and that
attract first-rate scientists. These are, however, excep-
tional situations.

Drug R&D thrives in a creative, flexible, and nonau-
tocratic environment. Success depends on individual
freedom and inspiration rather than dogmatic leader-
ship.

0.3.2
Pressures From Shareholders

The ownership of public companies consists mainly
of shareholders who expect rapid (and substantive) re-

turns on their investments. This contrasts (and often
conflicts) with the nature of the business objectives,
which must be based on long-term investments in sci-
ence and technology.

0.3.3
Merger Mania

The decreasing earnings have stimulated mergers and
acquisitions, driven by the desire to acquire existing
sales (products) while decreasing costs via layoffs.
This has created conditions that catalyze further inef-
ficiencies and suffocation of innovation. The merged
megacompanies’ research organizations must be in-
tegrated rapidly and redundancies eliminated, often-
times in haste.

0.3.4
Blockbuster Mania

Companies have become much less interested in de-
veloping drugs that will sell less than $1 billion a year.
Without these “blockbusters” they cannot maintain the
traditionally high profits. Berkowitz and Sachs (2002)
described discovery and development of the block-
buster drug omeprazole.

0.3.5
Orphan Drugs and Drug Pricing

In the 1960s through the 1990s, orphan diseases were
simply rare diseases for which drug companies did
not wish to initiate discovery programs, for commer-
cial reasons. It was understood that prices could not
be adjusted out of line with the prevailing standards.
In 1983, the US Congress passed The Orphan Drug
Act to provide tax, funding, and exclusivity incentives
to companies developing drugs for low-prevalence dis-
eases (defined as fewer than 200,000 cases) that were
not expected to provide investment returns. However,
many drugs that have become blockbusters had early
histories of major disinterest and skepticism.

There are many publications on orphan drugs and
drugs for rare diseases (Von Oehsen 1989; Weinstein
1991; Haffner 2002; Rados 2003; Thoene 2004; Fi-
scher et al. 2005; Gericke et al. 2005; Hughes et al.
2005; Moran 2005; Sheehan 2005; McCabe et al.
2006; Reidenberg 2006; Stolk et al. 2006), but they
concern mainly cost-effectiveness and funding of clin-
ical trials, but not pharmacological methods. It seems
necessary that experimental pharmacologists know
rare diseases and think about methods to evaluate
drugs against rare diseases.
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Researchers are now looking back to the golden age
of drug discovery in the 1950s and 1960s of the last
century. What was different at that time?

A few personal remarks: in the 1960s, we were
looking for analgesics in a special chemical series.
However, we were afraid of addictive and hallu-
cinogenic potential. In animal experiments we found
a compound almost as effective as methadone. After
2 weeks of toxicity tests, we gave it to one of our be-
havior cats. The results were unequivocal. So, without
informing anybody, one of us took a rather high dose
orally. He did not hallucinate. So we gave the com-
pound to patients. There were no side-effects after oral
dosing, but hallucinogenic side-effects were reported
after intravenous dosing. We had to drop development.

Another example: we were looking for an effective
and highly tolerable local anesthetic.

One pharmacologist performed animal experi-
ments, but he injected interesting compounds into his
forearm to evaluate pain and the local anesthetic ef-
fect. An excellent compound was found this way (R.
Muschaweck, pers. comm. 2007).

One further example: one of our colleagues was
testing sedative and hypnotic compounds. After some
toxicological studies, he gave the compound to a col-
league in charge of first clinical trials. He took the
compound himself, but then collapsed behind his desk
(E. Lindner, pers. comm. 2007).

Conclusion: we were not afraid to take our com-
pounds ourselves even flaunting regulations. Thus
compounds were tested by the pharmacologists
themselves.

If we look back to the great breakthroughs in the
1950s and 1960s, we see that many important ones
came from serendipitous findings.

Horace Walpole (1717-1797) coined the term
serendipity in 1754 in allusion to an ancient oriental
legend of the “Three Princes of Serendip”. “Serendip-
ity” in drug discovery implies the finding of one thing
while looking for something else (Holubar 1991; Ban
2006).

The diuretic action of sulfanilamide and acetazo-
lamide as inhibitors of carbonic anhydrase was found
in clinical trials (Schwartz 1949; Maren 1960, 1967,
Relman et al. 1960).

Sulfonylureas were tested as antibiotic drugs to
be compared with sulfonamides. The blood sugar-
lowering-effect of sulfonylureas designed as antibac-
terial agents (Loubatieres 1946; Franke and Fuchs
1955; Achelis and Hardebeck 1955) was found just by
chance. Then it turned out that the amino group was
not necessary, resulting in tolbutamide. On the other

hand, one has to keep in mind that millions of diabet-
ics were treated successfully with sulfonylureas over
decades, whereby only the release of insulin from the
pancreatic B-cell, but not the molecular mechanism,
was known (Pfeiffer et al. 1959; Binder et al. 1969).

The antipsychotic activity of phenothiazines (chlor-
promazine) originally tested as antihistaminic drugs
was found in clinical studies (Delay and Deniker 1952;
Laborit et al. 1952; Courvoisier 1956), as was the an-
tidepressant effect of imipramine (Kuhn 1958).

The antidepressant effect of the monoamine oxidase
inhibitor iproniazid was found in clinical trials (Kline
1958; Bailey et al. 1959; Dick 1959).

Valproic acid was used as an organic solvent in re-
search laboratories for eight decades, until the observa-
tion of action against pentylenetetrazol-induced con-
vulsions in rodents. Clinical experience emphasized
therapy for absence seizures in primary generalized
epilepsies. Anecdotal observations in patients with
both epilepsy and migraine headaches led to the dis-
covery of its antimigraine efficacy. More than a decade
later, clinical trials established a significant efficacy of
valproate in mania (Henry 2003).

Butazolidin was used as an additive to increase
the solubility of aminopyrine resulting in a combina-
tion product (Wilhelmi 1949, 1950). The therapeutic
value of butazolidin as single drug was recognized
later (Kuzell and Schafferzick 1952; Belart 1953).

The blood-pressure-lowering effect of clonidine
was found when tested as a vasoconstrictive drug for
nasal application. The mechanism of action was clar-
ified in animal experiments (Kobinger and Walland
1967; Callingham 1971; Timmermans and van Zwi-
eten 1980, 1981; Langer and Hicks 1984).

Furosemide was found to be a potent diuretic and
saluretic drug comparable to other substances. But an-
imal experiments and studies in volunteers showed
an effect at doses at which other diuretic drugs were
no longer effective. Thus the name “high-ceiling di-
uretic” was coined.

The discovery of sildenafil, a highly selective in-
hibitor of phosphodiesterase-5 (PDE-5), was the re-
sult of research on chemical agents that might be use-
ful in the treatment of coronary heart disease. Initial
clinical studies on sildenafil were not promising with
respect to its anti-anginal potential. However, the in-
cidental discovery of its anti-impotence effect led to
its approval for the treatment of erectile dysfunction
(Campbell 2000; Enna 2000; Raja and Nayak 2004).

Most new drugs, however, were found by the clas-
sical approach, which has the advantage of relatively
high relevance. If a compound has blood-pressure-
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lowering activity in hypertensive rats after oral dosage,
the chances of activity in humans are high. Measure-
ment of dose-response curves, effects over a given pe-
riod of time, and comparison of the effects after in-
travenous and oral administration have already given
hints for pharmacokinetic data. This approach had the
disadvantage that it was time-consuming and required
relatively large amounts of the new compound (usually
about 5 g). Furthermore, this approach provided little
information about the molecular mechanisms involved
in the observed effects.

What were the deficiencies of the classical ap-
proach?

We did not know the exact mode of action of our
drugs in spite of the fact that we could treat patients
effectively.

This situation has changed.

Molecular biology has a significant impact on drug
discovery, offering us over 30,000 genes and their pro-
tein products as potential drug targets, and revolution-
izing the processes involved in seeking drug targets,
testing hypotheses, and screening for activity. In ad-
dition, the techniques of combinatorial chemistry are
available, which generate thousands of compounds to
test against the thousands of targets. The search for
new lead compounds involves intricate high-through-
put screening technology with tremendous capacity,
and the use of cell culture and recombinant human
cells and enzymes (In Vivo Pharmacology Training
Group 2002). So we have many hypotheses and we
know many biochemical steps that could be the mode
of action of a new drug, but we do not know the new
drug. The biochemical approach reduced the use of
animals. When animal experiments are performed at
a later stage, quite often the results of in vitro experi-
ments cannot be validated in vivo.

In all countries we have regulations for the care and
use of laboratory animals (see Chap. Q of this book).
Animal rights extremists have created an atmosphere
where students are reluctant to perform whole-animal
studies. Our experience tells us that only a research
worker who loves animals and is not afraid of them
should perform animal experiments.

What can be recommended from experimental
pharmacology to increase the efficacy of drug devel-
opment?

* Looking for short-cuts, even neglecting the present
rules when performing self experiments.

* To give pharmacologists the freedom, time and
money to realize their own ideas.

* Giving room for serendipity.

* Performing animal experiments in parallel to in
vitro studies.

* In respect to orphan drugs, it seems necessary that
experimental pharmacologists know rare diseases
and think about methods to evaluate drugs against
these diseases.

¢ Pharmacologists should have training in medicine,
not only in biochemistry.

¢ Outstanding pharmacologists should be selected as
leaders in research and development.
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0.4
New Approaches in Drug Discovery

0.4.1
Combinatorial Chemistry

It was always due to the ingenuity of the chemist that
new chemical entities in pharmaceutical research were
created (Schapira et al. 2000; Schreiber 2000). For
some period of time, computer-based molecular mod-
eling was thought to be the most effective approach.
With the increasing characterization of the three-di-
mensional structures of receptors and enzymes, the de-
sign of molecules that interact with these biological
targets was thought to be an intellectual approach us-
ing modern computer technology (Stigers et al. 1999).

This attitude to the development of combinatorial
chemistry has changed. It has been defined as the
systematic and repetitive covalent connection of a set
of different “building blocks” of varying structures to
each other to yield a large array of diverse molecular
entities (Gallop et al. 1994; Gordon et al. 1994; Fecik
et al. 1998).

An interim analysis (Adang and Hermkens 2001)
showed only limited success of combinatorial chem-
istry approaches in terms of delivering leads. The in-
terest in natural products has been regained (Ortholand
and Ganesan 2004; Piggott and Karuso 2004).
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It has become possible to use solid- or solution-
phase syntheses with different chemistries and scaf-
folds to produce libraries tailor-made for finding or
optimizing a lead directed at almost any class of tar-
get (Hogan 1996; Maclean et al. 1997; Appleton 1999;
Dooley and Houghten 1999; Lukas et al. 1999; Bee-
ley and Berger 2000; Houghten 2000; Lazo and Wipf
2000; Rademann and Jung 2000).

Several suggestions were made to enhance the suc-
cess of the hit to lead process (Goodnow 2001; Good-
now et al. 2003; Alanine et al. 2003; Bleicher et al.
2003). Golebiowski et al. (2003) reviewed lead com-
pounds discovered from libraries at various research
institutes. Design of screening libraries targeted at
macromolecules, such as synthetic and G-protein-cou-
pled receptors, was described by Juliano et al. (2001),
Crossley (2004), Jimonet and Jiger (2004), and Srini-
vasan and Kilburn (2004). Purification strategies for
combinatorial and parallel chemistry were discussed
by Edwards (2003).

New tools, such as molecular docking algorithms
(Burkhard et al. 1999), mapping of protein-binding
sites by nuclear magnetic resonance (Shuker et al.
1996), preparation of highly enantioselective selectors
for chiral HPLC (Lewandowski et al. 1999), microflu-
idic systems (Watts and Haswell 2003; Cullen et al.
2004), light-directed synthesis (LeProust et al. 2000),
and homology modeling of proteins (Kiyama et al.
1999), allow an unprecedented level of rational design
to guide the synthesis of prospective drugs.

Spectroscopic methods, including especially mass
spectrometry (Mathur et al. 2003; Schefzick et al.
2004) and to a lesser extent infrared and nuclear mag-
netic resonance, have been applied at different levels of
combinatorial library synthesis: in the rehearsal phase
to optimize the chemistry prior to library generation,
to confirm library composition, and to characterize af-
ter screening each structure that exhibits positive re-
sponse (Dancik et al. 1999; Hajduk et al. 1999; Loo
et al. 1999; Scherer et al. 1999; Cancilla et al. 2000;
Enjalbal et al. 2000; Kyranos et al. 2001). Schmid et al.
(2000), Heeren et al. (2004), and Zhang et al. (2005)
discussed the application of mass spectrometry using
high-performance Fourier transform ion cyclotron res-
onance mass spectrometry (FTICR-MS) methods.

Blundell and Patel (2004) underlined the value of
high-throughput X-ray crystallography for drug dis-
covery.
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0.4.2
High-Throughput Screening, Ultra-High-Throughput
Screening, and High-Content Screening

The logical development of receptor technology
was high-throughput screening (HTS) (Bolger 1999;
Broach, Thorner 1996; Cox et al. 2000; Major 1999).
This evolution was closely connected with the changes
in strategy of chemical synthesis. The vast number of
compounds produced by combinatorial chemistry and
the possibility of testing many compounds, including
natural products (Harvey 2000), in a short period of
time by HTS stimulated each other.

High-throughput screening is the process of testing
a large number of diverse chemical structures against
disease targets to identify “hits”. Compared to tradi-
tional drug screening methods, HTS is characterized
by its simplicity, rapidness, taking the ligand—target in-
teractions as the principle, as well as leading to a rela-
tively high information harvest. As a multidisciplinary
field, HTS involves an automated operation platform,
a highly sensitive testing system, specific screening
models (in vitro), an abundant components library, and
a data acquisition and processing system. Various tech-
nologies, especially technologies such as fluorescence,
nuclear magnetic resonance, affinity chromatography,
surface plasmon resonance, and DNA microarray, are
available, and the screening of more than 100,000 sam-
ples per day is possible. Fluorescence-based assays in-
clude the scintillation proximity assay, time-resolved
energy transfer, fluorescence anisotropy, fluorescence
correlation spectroscopy, and fluorescence fluctuation
spectroscopy.

With the introduction of robotics, automation and
miniaturization techniques, it became feasible to
screen 50,000 compounds a day with complex work-
stations. Full automation of all assay steps, from com-
pound addition to data collection, ultimately allows
screens to be run continuously — 24 h a day, 7 days
a week. Another progress is the development of 1536-
well microtiter plate formats (Berg et al. 2000; Dunn
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et al. 2000). Multiple types of formats are emerging
beside the 96-, 384-, and 1536-, even 3456- and 9600-
well plates (Sills 1998).

The trend toward assay miniaturization for high-
throughput and ultra-high-throughput screening inten-
sified the development of homogenous, fluorescence-
based assays in higher density, smaller volume mi-
croplate formats. Microfluidic devices have been de-
signed to perform continuous-flow biochemical and
cell-based assays providing orders of magnitude re-
duction in reagent consumption (Sundberg 2000; Cul-
len et al. 2004). Harding et al. (1997) described the de-
velopment of an automated HTS system involving two
systems, the first handling isotopic assay (“hot” sys-
tem), the second non-isotopic assays (“cold” system).

An ultra-high-throughput screen based on fluores-
cence isotropy and performed entirely using 1536-
well assay plates was published by Turconi et al.
(2001). Further studies on miniaturized HTS technolo-
gies were published by Wolcke and Ullmann (2001)
and Brandish et al. (2006).

Target validation should not be underestimated in
the drug research and development process (Williams
2003).

Enzyme assays for HTS were evaluated by God-
dard and Reymond (2004). Assaying enzyme-cat-
alyzed transformation in high throughput is crucial to
enzyme discovery, enzyme engineering and the drug
development process. In enzyme assays, catalytic ac-
tivity is detected using labeled substrates or indirect
sensor systems that produce a detectable spectroscopic
signal upon reaction.

High-content screening was proposed by Giuliano
et al. (1997) as a new approach to easing key bot-
tlenecks in the drug discovery process. High-content
screening defines the role of targets in cell function by
combining fluorescence-based reagents with the Ar-
rayScan™ to automatically extract temporal and spa-
tial information about target activities within cells.
High-content screening integrates cell-based assays,
high-resolution fluorescence microscopy, and propri-
etary image processing algorithms for the automated
analysis of cellular and subcellular events. It deliv-
ers the potential to screen using targets that previ-
ously were minimally used or avoided due to a lack
of a robust way to measure them, such as morphol-
ogy changes, cellular differentiation and cytoskele-
tal changes, cell-to-cell interactions, chemotaxis and
motility, as well as spatial distribution changes such as
receptor trafficking or complex formation.

Clark and Pickett (2000) underlined the importance
of computational methods for the prediction of “drug-

likeness”, in particular for the prediction of intestinal
absorption and blood-brain barrier penetration.

Several authors expressed their thoughts on the fu-
ture of HTS (Divers 1999; Eglen 1999; Fox et al. 1999,
2001; Stahl 1999; Mander 2000). Valler and Green
(2000) expressed some doubts on diversity screen-
ing in drug discovery and proposed focused screening
using three-dimensional information about the target
which may improve the hit rate 10- to 100-fold over
random screening.

Nevertheless, this technical progress has led to
a new concept in drug discovery: “a change in
paradigm”. Large numbers of hypothetical targets are
incorporated into in vitro or cell-based assays and are
exposed to large numbers of compounds of natural or
synthetic origin.

This change in paradigm created new areas, such
as bioinformatics, cheminformatics, and functional ge-
nomics (Ohlstein et al. 2000, 2006; Ryu and Nam
2000; Blake 2004).

Many compounds can elicit a positive response in
a particular assay, which is called a hit. In this new
terminology “hit” is a molecule with confirmed activ-
ity from the primary HTS assay, a good profile in sec-
ondary assays and a confirmed structure.

The hits have to be structurally defined and may
give rise to leads (Lahana 1999). “Lead” is a hit series
for which the structure—activity relationship is shown
and activity demonstrated both in vitro and in vivo.

The implementation of these methods is being com-
plemented by an increase in the use of automation and
robotics. Automation may be defined as the use of
stand-alone instrumentation (work stations) that per-
forms a given task, whereas robotics uses a robot arm
or track systems to move microplates between these
instruments. These technologies are continuously im-
proved (Brown and Proulx 1997; Lightbody and Al-
derman 2001; Ruch 2001; Alanine et al. 2003).

High-throughput screening methods are also used
to characterize metabolic and pharmacokinetic data
about new drugs (Watt et al. 2000; White 2000). Kansy
et al. (1998) recommended parallel artificial mem-
brane permeation assays for the description of passive
absorption processes early in HTS.

High-throughput screening assays have been used
for the assessment of cytochrome P450 isoenzyme
metabolism using fluorogenic Vivid substrates (Marks
et al. 2002, 2003, 2004).

A large pharmaceutical company has the poten-
tial to screen up to 100,000,000 compounds per year
(Drews 2000). In any case, the leads or derivatives
of them have to be tested in more complex mod-



0.4 - New Approaches in Drug Discovery 13

els, isolated organs or animals. Only compounds ac-
tive in classical pharmacological tests can be taken
into preclinical and clinical development. Since only
a few drug candidates, originally screened in HTS,
have reached the market, the searching for higher pro-
ductivity of HTS is continuing (Fox et al. 2001, 2004;
Liu et al. 2004), especially because development costs
for new drugs have increased tremendously (DiMasi
et al. 2003).With the completion of the human genome
sequencing, bioinformatics will be an essential tool in
target discovery, and the in silico analysis of gene ex-
pression and gene function will be an integral part of it,
facilitating selection of the most important targets for
a disease under study (Terstappen and Reggiani 2001).

Optimistic papers on the value of virtual screen-
ing of virtual libraries were written by Green (2003)
as well as by Davies et al. (2006). Some doubts were
expressed on the philosophy of research management
in the pharmaceutical industry neglecting the influ-
ence of creative scientists, failing to understand bio-
logical complexity, and overestimating the outcome of
the “change in paradigm” (Horrobin 2000, 2001, 2002,
2003). Nevertheless, the race to test more and more
compounds in a shorter time in ultra-HTS with more
automation is continuing.

0.4.2.1
Errors in HTS

As for every screening procedure, HTS suffers from
type 1 and type 2 errors. Type 1 errors are false pos-
itives. In HTS, a poor candidate or an artifact gives
an anomalously high signal, exceeding an established
threshold. Type 2 errors are the false negatives. In
HTS, a perfectly good candidate compound is not
flagged as a hit, because it gives an anomalously low
signal. Moreover, a low degree of relevance of the test
may induce a high failure rate of type 2 (see also the
discussion at the end of this chapter).

Much more attention is given in the literature to
false-positive results in HTS than to type 2 errors
(Fowler et al. 2002; Lin et al. 2002; Bader and Hogue
2003; Colinge et al. 2003; Francis and Friedman 2003;
Glover et al. 2003; Jenkins et al. 2003; Turek-Etienne
et al. 2003; Deng et al. 2004; Diller and Hobbs 2004;
Vidalain et al. 2004; Huth et al. 2005). Some of the
false positives are promiscuous compounds that act
noncompetitively and show little relationship between
structure and function. McGovern et al. (2002, 2003)
and Seidler et al. (2003) found that one mechanism
of inhibitor promiscuity is aggregate formation: in-
dividual molecules group together to form particles

30-1000 nm in diameter and these aggregates are the
active inhibitory species.

0.4.2.2
Statistical Evaluation of HTS

The ability to identify active compounds (“hits”) from
large libraries accurately and rapidly is the ultimate
goal of HTS assays, which depends on the suitability
and quality of the assay.

The Z-factor and the Z' factor were introduced to
characterize the reliability of high-throughput assays
(Zhang et al. 1999, 2000b).

The Z-factor is a dimensionless, simple statistical
characteristic, which reflects the assay signal dynamic
range and the data variation associated with the signal
measurements. The Z-factor is defined as a screening
window coefficient, which uses the formula

305 + 30.
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in which g and . denote the means of the popula-
tion and control (usually background) signals, respec-
tively, and the signal standard deviations are denoted as
o and o, respectively. This coefficient takes into ac-
count the assay signal’s dynamic range, the data vari-
ation associated with the sample measurement in the
presence of the test library, and the data variation as-
sociated with the reference control measurement.

The Z'-factor has been defined as the ratio of the
separation band to the dynamic range of the assay,
based on the positive control and negative control data
of the assay. It takes the formula

30cy + 30._
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in which g and o+ denote the means of the negative
control signal and positive control signal, respectively.
The standard deviations of the signals are denoted as
0 c— and o, respectively. The Z'-factor is a simple, di-
mensionless, and characteristic parameter for the qual-
ity of each assay.

Values of 0.7 or higher are considered to indicate
a valuable assay.

CRITICAL ASSESSMENT OF THE METHOD

The Z-factor and the Z'-factor have been used by
various authors to characterize the quality of assays
(Zhang et al. 2000a; Drake et al. 2002; Lin et al. 2002;
Kotarsky et al. 2003; Hamid et al. 2004).
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using AlphaScreen™ has been developed by Rouleau
et al. (2003)
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Abraham et al. (2004) discussed high-content
screening applied to large-scale cell biology.

In multiplexing assays, more than one compo-
nent is studied in a single sample. Advantages of
this strategy include economy, since theoretically the
same sample may be used for many measurements
(Beske and Goldbard 2002). Also, because the ex-
act same sample is used for different assays, sam-
ple errors caused by heterogeneity are minimized
(Charter 2004). Nieuwenhuijsen et al. (2003) pub-
lished a dual luciferase multiplexed HTS platform
for protein—protein interactions. Maley et al. (2004)
used multiplexed real-time reverse transcriptase-poly-
merase chain reaction (RT-PCR) for HTS applications.

Grépin (2004) recommended multiplexed cell-
based assays as an intermediary screening format be-
tween HTS and high content screening.

0.4.3.1
Dispensing Technologies

Several systems for fluid dispensing are in use: the
piezo- and inkjet, the “air displacement”, and the “pin-
tool” systems (Vollert et al. 2000). Piezoelectric and
inkjet systems were the first introduced to the market
(Lemmo et al. 1998; Rose 1999). There are three types
of inkjet dispensers: thermal, solenoid, and piezoelec-
tric. All of these use some means of compressing a lig-
uid against a small orifice to create sufficient linear ve-
locity to eject the fluid in the form of a drop.

The “pintool” systems use pins (needles) to transfer
liquid. Up to 1536 needles are immersed into the fluid
and withdrawn, taking up a few nanoliters and trans-
ferring the fluid into the wells of a microtiter plate.

Utilization of syringes and syringe needles as a con-
tact tool enables multiple dispensing from a single fill.
Generally, syringe dispensing has a higher degree of
accuracy and repeatability compared with pin dispens-
ing tools (Vollert 1998; Dunn and Feygin 2000).

Microfluidic arrays for high-throughput submicro-
liter assays using capillary electrophoresis were de-
scribed by Gibbons (2000). Capillary electrophore-
sis is an analytical technique that can achieve rapid
high-resolution separation of water-soluble compo-
nents present in small sample volumes. Separations are
based on the electrically driven movement of ions. In
HTS, analytes are separated according to differences
in electrophoretic mobility, depending on the charge-
to-size ratio.

The most common “no contact” delivery format is
piezoelectric acoustic delivery. This technique deliv-
ers a powerful sonic or ultrasonic pulse, which accel-

erates a tiny droplet from the surface of liquid in the
stock vessel, through the air and onto the dry capture
of a microplate. Hsieh et al. (2004) used disposable
piezoelectric ejectors for liquid dispensing in ultra-
high-throughput microarray screening.

0.4.3.2
Cell-Based Assays

Cell-based assays are increasingly attractive alterna-
tives to in vitro biochemical assays for HTS (Wal-
lace and Goldman 1997; Silverman et al. 1998). They
fall into three broad categories: second messenger as-
says that monitor signal transduction following ac-
tivation of cell-surface receptors; reporter gene as-
says that monitor cellular responses at the transcrip-
tion/translation level; and cell proliferation assays to
monitor the overall growth/no growth response of cells
to external stimuli (Sundberg 2000).

Hynes et al. (2003) described a luminescence-based
assay for screening the viability of mammalian cells,
based on the monitoring of cell respiration by means
of a phosphorescent water-soluble oxygen probe that
responds to changes in the concentration of dissolved
oxygen by changing its emission intensity and lifetime.

Yan et al. (2002) described a cell-based HTS as-
say system for monitoring G-protein-coupled recep-
tor activation using B-galactosidase enzyme comple-
mentation technology. This technology uses a pair of
inactive f-galactosidase deletion mutants as fusion
partners to the protein targets of interest. To moni-
tor G-protein-coupled receptor activation, stable cell
lines expressing both G-protein-coupled receptor and
B-arrestin-B-galactosidase fusion proteins are gener-
ated. Following ligand stimulation, S-arrestin binds to
the activated G-protein-coupled receptor, and this in-
teraction drives functional complementation of the S-
galactosidase mutant fragments. G-protein-coupled re-
ceptor activation is measured directly by quantitating
restored B-galactosidase activity with the chemolumi-
nescent Gal-Screen reagent.

Cell-based reporter assays are used where human
receptors are transfected into null cell lines either
alone, or as part of receptor systems constructed
to show alterations in light production (luciferin-lu-
ciferase) or light transmission (melanophore), which
can be measured independently of radioactivity within
minutes (Broach and Thorner 1996).

Pathirna et al. (1995) developed a transient trans-
fection HTS assay to identify nonsteroidal human pro-
gesterone receptor modulators using luciferase expres-
sion. Zhu et al. (2004) found a good correlation be-
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tween high-throughput pregnane X receptor (PXR)
transactivation and binding assays.

Another reporter gene, green fluorescent protein,
can be measured by fluorescence techniques in real
time so that kinetic parameters can be determined from
a single well of a microtiter plate (Chalfie et al. 1994;
Chalfie 1995; Kain 1999; Meng et al. 2000; Arun et al.
2005).

Scheirer (1997) reviewed the various reporter genes
and their applications.

Ting et al. (2001) described genetically encoded flu-
orescent reporters of protein tyrosine kinase activities
in living cells.

Gonzdlez and Negulescu (1998) described intra-
cellular detection assays for HTS which employ ei-
ther fluorescent or luminescent readouts. The method
is particularly suitable for measuring calcium mo-
bilization (Akong et al. 1995; Burbaum and Sigal
1997).

Using receptor selection and amplification tech-
nology (R-SAT), it is possible to rapidly quantify
specific pharmacological responses as a function of
changes in cell proliferation rates (Messier et al. 1995).
NIH3T?3 cells (or other cell lines) are transfected with
the plasmid coding for the receptor of interest and
pSV-B-Gal. Cells are then transferred to 96-well mi-
crotiter plates and test compounds are added. Several
days later, B-Gal activity is measured via a simple, in-
expensive colorimetric assay. As a result of compound
treatment, the changes in enzyme activity are a func-
tion of the proliferative activity of the cells. This func-
tional assay can quantitatively differentiate between
full agonists, partial agonists, neutral antagonists, and
negative antagonists (inverse agonists). An interesting
aspect of this technology is that many genes in a re-
lated family can be combined in the same cell popula-
tion for convenient assay.

Bailey et al. (2002) discussed the applications of
transfected cell microarrays in high-throughput drug
discovery. Transfected cell microarrays are a comple-
mentary technique in which array features comprise
clusters of cells overexpressing defined cDNAs. Com-
plementary DNAs cloned in expression vectors are
printed on microscope slides, which become living ar-
rays after the addition of a lipid transfection reagent
and adherent mammalian cells.

Dupriez et al. (2002) and Le-Poul et al. (2002)
described aequorin-based functional assays for G-
protein-coupled receptors, ion channels, and tyrosine
kinase receptors.

AequoScreen is a cellular-based functional assay in
which the cells are loaded with the apoaequorin cofac-

tor coelenterazine, diluted in assay buffer, and injected
into plates containing the samples to be tested.

Kunz-Schughart et al. (2004) recommended the
multicellular spheroid model and the use of 3-D cul-
tures for HTS.

Gaspari et al. (2004) described the quantification
of the proliferation index of human dermal fibroblast
cultures with the ArrayScan™ high-content screening
reader.

Isailovic et al. (2005) presented a high-throughput
method for measuring single-cell fluorescence spec-
tra. Upon excitation with a 488 nm argon-ion laser
many bacterial cells were imaged by a 20 x microscope
objective while they moved through a capillary tube.
Fluorescence was dispersed by a transmission diffrac-
tion grating, and an intensified charge-coupled device
(ICCD) camera simultaneously recorded the zero and
the first orders of the fluorescence from each cell.

Flow cytometry was recommended for high-
throughput, high-content screening by Edwards et al.
(2004). Flow cytometry is a platform for quantita-
tive multi-parameter measurements of cell fluores-
cence. Homogeneous discrimination between free and
cell-bound fluorescent probe eliminates wash steps to
streamline sample processing. Waller et al. (2004) used
flow cytometry as a technique for studying GPCR as-
sembly, pharmacology, and screening.

0.4.3.3
High-Throughput Assay Technologies for lon Channels

Ton channels represent a class of membrane-spanning
protein pores that mediate the flux of ions in a variety
of cell types. To date, >400 ion channels have been
cloned and characterized, and some of these chan-
nels have emerged as attractive drug targets. Zheng
et al. (2004b) reviewed the technologies that are cur-
rently used for the screening of ion channels. The
technologies discussed are binding assays, ion flux as-
says, fluorescence-based assays, and automated patch-
clamp instrumentation.

Gill et al. (2003) described flux assays in HTS of
ion channels in drug discovery. Technologies based on
flux assays are available in a fully automated high-
throughput format for efficient screening. This appli-
cation offers sensitive, precise, and reproducible meas-
urements giving accurate drug rank orders matching
those of patch-clamp data.

Treherne (2006) reviewed high-throughput ion
channel screening technologies in integrated drug dis-
covery.
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Automated patch-clamp systems useful for HTS
techniques, such as Qpatch, have been recommended
by several authors (Asmild et al. 2003; Lepple-Wien-
hues et al. 2003; Stett et al. 2004; Willumsen et al.
2003; Brueggemann et al. 2004; Shieh 2004; Zheng
et al. 2004b; Mathes 2006).

0.4.34
Detection Methods

Fluorescence-based assay technologies play an in-
creasing role in HTS. When compared to other bio-
chemical and cell-based techniques, fluorescence has
a significant advantage over such methods as isotopic
labeling, colorimetry, and chemiluminescence.

Sensitivity

It is relatively simple for modern instrumentation to
reliably detect a signal being emitted from a single flu-
orescent molecule. In biological applications, this level
of sensitivity means molecules that may be present
only in very small numbers can be easily detected.
In the case of imaging application, such as high-
content screening, their intracellular location can be
determined. This high level of sensitivity also means
that transient biological events can be detected very
quickly, hence enabling the measurement and under-
standing of events that occur very rapidly inside living
cells. The inherent sensitivity of fluorescence technol-
ogy also permits the use of very low concentrations of
fluorescent label.

Specificity

Fluorescent probes are readily available for labeling
virtually any biomolecule, structure, or cell type. Im-
munofluorescent probes can be directed to bind not
only to specific proteins but also to specific confor-
mations, cleavage products, or site modifications, such
as phosphorylation. Individual peptides and proteins
can be engineered to autofluorescence by expressing
them as AFP chimeras inside cells. Such high levels
of specificity enable the use of several different fluo-
rescent labels — each emitting at a unique color — and
the subsequent understanding of the complex interac-
tions that occur among and between subcellular con-
stituents.

Accuracy

Reagents used for fluorescence labeling are well un-
derstood and their performance has been characterized
under a wide variety of biological environments.

Flexibility

Fluorescence technologies have matured to the point
where an abundance of useful dyes is now commer-
cially available. Many dyes have been developed and
optimized for labeling specific cell compartments and
components, as well as for labeling proteins (antibod-
ies, ligands, toxins, etc.), which can be used as probes.
Other fluorescent sensors have been designed to re-
port on biological activities or environmental changes
(pH, calcium concentration, electrical potential, prox-
imity to other probes, etc.). Multiple fluorescent la-
bels can be used on the same sample and individu-
ally detected quantitatively, permitting measurement
of multiple cellular responses simultaneously. Many
quantitative techniques have been developed to harness
unique properties of fluorescence, including:

* fluorescence resonance energy transfer (FRET)
* fluorescence polarization or anisotropy (FP)

e time-resolved fluorescence (TRF)

¢ fluorescence lifetime measurements (FLM)

* fluorescence correlation spectroscopy (FCS)

* fluorescence photobleaching recovery (FPR)

¢ molecular beacons (MB)

Mere et al. (1999) reported miniaturized fluorescence
resonance energy transfer (FRET) assays and mi-
crofluidics as key components for ultra-HTS. An ultra-
HTS system (UHTSS™) platform integrates several
microfluidic dispensing devices, which have been de-
veloped to deliver nanoliter to microliter volumes at
high speed into the appropriate wells of 384-well
NanoWell™ assay plates. The activity of the com-
pounds dispensed into the assay wells is quantified via
a highly sensitive dual-wavelength emission fluores-
cence detector.

Pope et al. (1999) discussed the advantages and
disadvantages/limitations of fluorescence techniques
for the establishment of miniaturized homogeneous
screening assays, including prompt intensity assay
(FLINT), anisotropy assay (FA), prompt energy trans-
fer assay (FRET), fluorescence correlation spec-
troscopy (mass-dependent FCS), and fluorescent cor-
relation spectroscopy (mass-independent FCS).

Nagai et al. (2004) used FRET technology to de-
velop genetically encoded fluorescent indicators for
various cell functions.

Chin et al. (2003) described miniaturization of cell-
based beta-lactamase-dependent FRET assays to ultra-
high-throughput formats to identify agonists of human
liver X receptors.
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Wallrabe and Periasami (2005) reviewed imaging
protein molecules using Forster (or fluorescence) res-
onance energy transfer (FRET) and fluorescence life-
time imaging measurements (FLIM).

Dynamics of fluorescence fluctuations in green flu-
orescent protein observed by fluorescence correla-
tion spectroscopy (FCS) were described by Haupts
et al. (1998). Auer et al. (1999) recommended fluo-
rescence correlation spectroscopy for lead discovery
by miniaturized HTS. By monitoring interactions “of
single molecules in femtoliter volumes, fluorescence
correlation spectroscopy offers the highest potential
as the detection technique at the nanoscale. Schwille
et al. (2000) reported that fluorescence correlation
spectroscopy reveals fast optical excitation-driven in-
tramolecular dynamics of yellow fluorescent proteins.

Haupts et al. (2000) compared macroscopic versus
microscopic fluorescence techniques in (ultra)-HTS.

Riidiger et al. (2001) reviewed single-molecule de-
tection technologies in miniaturized HTS and stud-
ied binding assays for G-protein-coupled receptors us-
ing fluorescence intensity distribution analysis (FIDA)
and fluorescence anisotropy. As a confocal detection
technology, FIDA inherently allows reduction of the
assay volume to the microliter range and below with-
out any loss of signal.

Palo et al. (2002) introduced a method that com-
bines the benefits of both fluorescence intensity distri-
bution analysis (FIDA) and fluorescence lifetime anal-
ysis. It is based on fitting the two-dimensional his-
togram of the number of photons detected in counting
time intervals of given width and the sum of excita-
tion to detection delay times of these photons. Referred
to as fluorescence intensity and lifetime distribution
analysis (FILDA), the technique distinguishes fluores-
cence species on the basis of both their specific molec-
ular brightness and the lifetime of the excited state and
is also able to determine absolute fluorophore concen-
trations.

Jiager et al. (2003a) reviewed fluorescence tech-
niques for high-throughput drug discovery. In partic-
ular, the family of fluorescence techniques, Fluores-
cence Intensity Distribution Analysis (FIDA), which
is based on confocal single-molecule detection, has
opened up a new field of HTS applications.

Eggeling et al. (2005) recommended the combina-
tion of Forster resonance energy transfer (FRET) and
two-color global fluorescence correlation spectroscopy
(2CG-FCS) for high-throughput applications in drug
screening.

Sportsman and Leytes (2000) discussed miniatur-
ization of homogenous assays using fluorescence po-

larization (FP), which can detect changes in molecule
size as well as quantify the binding of small molecules
to larger molecules. Polarization of fluorescence oc-
curs when a fluorescent molecule is illuminated with
plane-polarized light, provided that the molecule does
not move during the course of fluorescent lifetime. For
typical fluorescent molecules such as fluorescein, the
polarization is not observed if the molecule is rotat-
ing rapidly in solution under conditions typically used
in biological assays. Thus, if the polarization of fluo-
rescence of a fluorescein-labeled ligand is measured,
a low polarization will be observed when the ligand
is free in solution, and a high polarization will be ob-
served when the ligand is bound to a macromolecule
such as a specific receptor or antibody.

Banks et al. (2000) described fluorescence polariza-
tion assays for HTS of G-protein-coupled receptors in
384-well microtiter plates.

Parker et al. (2000) used fluorescence polarization
to develop HTS assays for nuclear receptor-displace-
ment and kinase inhibition. This method is a solution-
based, homogeneous technique, requiring no immo-
bilization or separation of reaction components. As
an example, the authors described the fluorescence
polarization-based estrogen receptor assay based on
the competition of fluorescein-labeled estradiol and
estrogen-like compounds for binding to the estrogen
receptor.

Li et al. (2000) developed an assay for measuring
the activity of an enzyme that transfers multiple ade-
nine-containing groups to an acceptor protein, based
on fluorescence polarization technology in a 1536-
well plate format. Texas red (rhodamine) was cova-
lently conjugated to the adenine of the donor substrate
through a Cg spacer arm. As a result of the transfer of
the adenine-containing moieties to the acceptor protein
substrate, the rotational correlation time of the Texas
red conjugate increased, hence increasing the degree
of fluorescence polarization.

Owicki (2000) compared the perspectives of fluo-
rescence polarization and anisotropy in HTS.

Qian et al. (2004) used fluorescence polarization to
discover novel inhibitors of Bcl-xL, a factor preventing
apoptosis.

Lu et al. (2004) developed a fluorescence polariza-
tion bead-based coupled assay to target activity/con-
formation states of a protein kinase. This assay is based
on the principle of the Immobilized Metal Assay for
Phosphochemicals (IMAP™) (Mole™cular Devices,
Sunnyvale, Calif., USA), a fluorescence polarization
assay based on the affinity capture of phosphorylated
peptides (Gaudet et al. 2003; Sportsman et al. 2003).
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Kolb et al. (1997) and Grépin and Pernelle (2000)
described the evolution of homogeneous time re-
solved fluorescence (HTRF) technology for HTS.
HTREF uses the europium (Eu?*) ion caged into poly-
cyclic cryptate (Eu-cryptate) as a donor. Laser ex-
citation at 337nm transfers the energy from the
Eu-cryptate complex to an allophycocyanin acceptor
molecule (XL665), the APC. This results in the emis-
sion of light at 665 nm over a prolonged time (millisec-
onds). Uncoupled or free XL665 emits at 665 nm, but
with a short decay. The light emission is recorded in
a time-resolved fashion over a 400-us period, starting
50 us after the excitation pulse, so that the autofluores-
cence from the media and the short-lived fluorescence
of the free APC are not recorded. Eu-cryptate emits
at 620 nm and is discriminated from XL665 by wave-
length.

The labeling of macromolecules for HTRF assay
can be done in a number of ways, depending on the
type of screen, using direct, indirect or semi-direct
types of labeling. Direct labeling is characterized by
having the (Eu)K and XL665 covalently bound to
the molecule or molecules of interest. Indirect la-
beling is when the (Eu)K and XL665 are bound to
macromolecules through secondary interactions, such
as biotin-streptavidin interaction or antibody binding.
Other indirect methods, such as (Eu)K or XL665-
labeled lectin, can be used for binding to membranes.
The semi-direct method is a combination of direct and
indirect methods and is frequently used in HTRF.

HTRF immunoassays generally use a direct label-
ing strategy in which two antibodies against differ-
ent antigenic sites are used. One antibody is labeled
with (Eu)K and another is labeled with XL.665. When
both bind to the antigen, energy transfer occurs and
the long-lived XL665 signal is generated. Europium-
labeled recombinant protein G as a fast and sensitive
immunoreagent for time-resolved immunofluorometry
had been described by Markela et al. (1993).

Merk et al. (2004) described time-resolved fluores-
cence measurements using a microlens array and area
imaging devices. For applications in the TRF mode the
Plate:: Vision(2) 96-microlens array reader (Carl Zeiss
Jena, Germany) was compared with the LEADseeker
Generation IV multimodality imaging system (Amer-
sham Biosciences UK).

Selvin (2002) discussed the principles and biophys-
ical applications of lanthanide-based probes. Using
luminescent lanthanides, instead of conventional flu-
orophores, as donor molecules in resonance energy
transfer measurements offers many technical advan-
tages and opens up a wide range of applications includ-

ing farther measurable distances with greater accuracy,
insensitivity to incomplete labeling, and the ability to
use generic relatively large labels.

Karvinen et al. (2002) developed a homogenous
time-resolved fluorescence quenching assay (LANCE)
for caspases. The assay uses a peptide labeled with
both a luminescent europium chelate and a quencher.
Cleavage of the peptide by caspase-3 separates the
quencher from the chelate and thus recovers europium
fluorescence.

To study the interaction of two proteins, the JUN
FOS dimerization was used as a model assay. The JUN
protein was biotinylated. Streptavidin:(Eu)K was used
to bind that label to the JUN-biotin protein via SA-
biotin binding. The FOS peptide was directly labeled
with XL665. Signal is only generated when JUN-
biotin:SA-(Eu)K and FOS-XL665 dimerize to form
the activated AP1 transcription complex.

The binding of ligands to membrane receptors and
the competitive displacement by unknown molecules
is one of the most common screening assays in drug
discovery. To test the applicability of HTRF for recep-
tor binding, the interaction of epidermal growth factor
(EGF) with its receptor (EGFR) was studied (Mathis
et al. 1994). To generate a HTRF signal, a semi-direct
labeling method was developed. EGF was labeled di-
rectly with (Eu)K, and a monoclonal antibody against
a nonbinding portion of the EGF receptor was used.
The anti-EGRF antibody was labeled with XL665. The
ICs of displacement could be determined.

The phosphorylation of enzymes, proteins and re-
ceptors is a major mechanism of cell regulatory path-
ways and is therefore a frequent target for drug dis-
covery. The EGFR-intrinsic tyrosine kinase activity
was used to develop an HTRF assay. Biotin-labeled
(glutamine-alanine-tyrosine), (poly GAT) was used as
a substrate. The EGF receptor was isolated from A431
cells after partial purification of a cell homogenate. Af-
ter the phosphorylation reaction, the HTRF signal was
generated by adding streptavidin-XL665 and (Eu)-K-
antiphosphotyrosine antibody. To establish the bio-
logical function of HTRF in this assay, inhibition of
tryphostin-47 was assayed.

Homogeneous time-resolved fluorescence reso-
nance energy transfer (TR-FRET) assays represent
a highly sensitive and robust HTS method for the
quantification of kinase activity (Lundin et al. 2001).
Moshinski et al. (2003) reported a widely applicable
high-throughput TR-FRET assay for the measurement
of kinase autophosphorylation. Inhibition of the vas-
cular endothelial growth factor receptor 2 (VEGRF-2)
was used as prototype.
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Glickman et al. (2002) published a comparison of
ALPHAScreen, TR-FRET and TRF as assay methods
for FXR nuclear receptors.

Newman and Josiah (2004) described utilization
of fluorescence polarization and time-resolved fluo-
rescence resonance energy transfer assay formats for
structure—activity relationship studies. Src kinase was
used as a model system.

Beasley et al. (2003) described the evaluation
of compound interference in immobilized metal ion
affinity-based fluorescence polarization IMAP) detec-
tion with a four million member compound collec-
tion. IMAP is a non-separation-based, antibody-inde-
pendent FP assay that can be applied to many types
of protein kinases and phosphatases. In this technol-
ogy, a fluorescently labeled peptide substrate is phos-
phorylated and then captured on immobilized metal
nanoparticles. The binding of the phosphorylated pep-
tide to the nanoparticles is detected using FP.

Loomans et al. (2003) reported HTS with immobi-
lized metal ion affinity-based fluorescence polarization
detection as a homogeneous assay for protein kinases.

Klumpp et al. (2006) discussed the development of
homogeneous, miniaturized assays for the identifica-
tion of novel kinase inhibitors from very large com-
pound collections. In particular, the suitability of TR-
FRET based on phospho-specific antibodies, an anti-
body-independent fluorescence polarization (FP) ap-
proach using metal-coated beads (IMAP technology),
and the determination of adenosine triphosphate con-
sumption through chemiluminescence was evaluated.

The Acumen Explorer is a laser-scanning system
that measures fluorescence and luminescence, combin-
ing the ability to detect sub-micron events and fea-
tures with ultra-fast acquisition and data management.
Different parts of the cell can be localized by label-
ing with Hoechst 33342, Alexa™ 488, Alexa™ 546,
Alexa™ 594, or Cys™ 5. Many different colors (read-
outs) can be used simultaneously.

The fluorometric imaging plate reader
(FLIPR™) permits rapid, kinetic measurements
of intracellular fluorescence. Simultaneous measure-
ments in 96 wells and in real time can be made every
second: before, during and after the addition of test
compounds. The detection optics of FLIPR are based
on cooled charge-coupled device (CCD) technology.
With each kinetic update, the system takes a picture of
the bottom of a microplate, recording a signal for all
the individual cells simultaneously. Enhanced sensitiv-
ity for cell-based assays is accomplished via an optical
detection scheme, which allows for signal isolation on
a cell monolayer. The system is ideal for monitoring

intracellular calcium fluxes that occur within seconds
of activation of G-coupled receptors. Using calcium-
sensitive dyes such as Fluo-3 permits the derivation
of full dose—response (or dose—inhibition) curves in
a matter of minutes (Kuntzweiler et al. 1998; Coward
et al. 1999; Miller et al. 1999; Milligan and Rees
1999; Sullivan et al. 1999).

Hodder et al. (2004) reported miniaturization of in-
tracellular calcium functional assays to the 1536-well
plate format using a fluorometric imaging plate reader.
An intracellular calcium functional assay against the
rat muscarinic acetylcholine receptor subtype 1 G-
protein-coupled receptor was miniaturized and exe-
cuted in modified instruments.

Robinson et al. (2004) used a fluorescence mi-
croplate reader to compare ratiometric and nonratio-
metric Ca®* indicators for the assessment of intracel-
lular free Ca® in a breast cancer line.

Bednar et al. (2004) used fluorescence detection
of calcium flux for kinetic characterization of novel
NR2B antagonists.

Swartzman et al. (1999) developed a simple, homo-
geneous bead-based immunoassay for use with fluoro-
metric microvolume assay technology (FMAT).

Koltermann et al. (1998) proposed rapid assay
processing by integration of dual-color fluorescence
cross-correlation spectroscopy (RAPID FCS) as an
ideal tool for ultra-HTS when combined with nan-
otechnology, which can probe up to 103 samples per
day. Auer et al. (1999) used fluorescence correlation
spectroscopy for lead discovery by miniaturized HTS.

Winkler et al. (1999) presented confocal fluores-
cence coincidence analysis as an alternative to HTS.
Confocal fluorescence coincidence analysis extracts
fluorescence fluctuations that occur coincidentally in
two different spectral ranges from a tiny observation
volume of less than 1 fl. This procedure makes it possi-
ble to monitor whether an association between molec-
ular fragments labeled with different fluorophores is
established or broken, providing access to the charac-
terization of a variety of cleavage and ligation reac-
tions in biochemistry.

Jdger et al. (2003b) published a modular, fully in-
tegrated ultra-HTS system based on confocal fluores-
cence analysis techniques. The goal was to achieve
high-data quality in small assay volumes (1—4 ul) com-
bined with reliable and unattended operation. Two
new confocal fluorescence readers have been designed.
One of the instruments is a four-channel confocal flu-
orescence reader, measuring with four objectives in
parallel. The fluorescence readout is based on sin-
gle-molecule detection methods, allowing high sensi-
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tivity at low tracer concentrations and delivering an
information-rich output. The other instrument is a con-
focal fluorescence imaging reader, where the images
are analyzed in terms of generic patterns and quantified
in units of intensity per pixel. Both readers span the
application range from assays with isolated targets in
homogenous solution or membrane vesicle-based as-
says (four-channel reader) to cell-based assays (imag-
ing reader). Results from a comprehensive test on these
assay types demonstrate the high quality and robust-
ness of this screening system.

Heilker et al. (2005) recommended confocal fluo-
rescence microscopy for HTS of G-protein-coupled re-
ceptors.

For HTS, Schmid et al. (1998) proposed a method
to reversibly attach receptor proteins via an affinity tag
to a quartz surface and subsequently detect with high
sensitivity the real-time binding of ligands by total in-
ternal reflection fluorescence.

The CytoFluor Fluorescence Multi-Well Plate
Readeris a versatile fluorescence intensity measure-
ment instrument that detects and quantifies fluorescent
molecules over a five-log dynamic range. The system
has a sensitivity of better than 8 fmol/well for fluores-
cein.

Ramm (1999) described the technique of image-
based screening in the LEADseeker™ system,
which contains a cooled CCD camera and a telecen-
tric lens with integral epifluorescence illumination.

Laser scanning imaging systems have been devel-
oped to measure cellular and subcellular quantitation
of fluorescence in whole cells (Conway et al. 1999;
Zuck et al. 1999; Hertzberg and Pope 2000).

Chemiluminescence is a photometric technique
that is applicable to HTS. Detection of chemilu-
minescence is a convenient adjunct to fluorescence,
since most plate readers capable of measuring fluores-
cence will measure luminescence as well. This tech-
nique has been used predominantly with luciferase re-
porter genes in cell-based assays and in high-sensi-
tivity enzyme-linked immunosorbent assays (ELISA),
employing chemolumogenic substrates for alkaline
phosphatase and horseradish peroxidase (Bronstein
et al. 1994, 1996). The Luc-Screen assay system with
extended-glow light emission was designed for sensi-
tive detection of the firefly luciferase reporter enzyme.
Liochev and Fridovich (1997) recommended lucigenin
luminescence as a measure of intracellular superoxide
dismutase activity in Escherichia coli.

The NorthStar™ HTS workstation has been devel-
oped as a chemiluminescence analyzer for the HTS
laboratory. Featuring online injection, a broad dynamic

range, and an extremely low crosstalk, the NorthStar™
HTS workstation allows the routine analysis of more
than 500,000 samples a day.

Grépin et al. (2001) presented an assay for pre-
cise and direct quantification of specific endogenous
mRNAs in cell lysates. The technology is based on
the bioluminescence detection of multiple biotiny-
lated ssDNA probe/endogenous mRNA hybrids, which
are captured onto a streptavidin-coated multi-well
plate. Using the Xpress-Screen™ technology, an as-
say was developed aimed to monitor the induction of
endogenous cFos mRNA expression in NGF-treated
PC12 cells and the miniaturization of the assay in
a 384-well format, which is adapted to HTS.

Pommereau et al. (2004) compared the perfor-
mance of two HTS assays for a serine/tyrosin kinase:
a microplate-based, bioluminescent assay that uses the
luciferin/luciferase system to monitor ATP consump-
tion, and a microfluidic assay that measures the change
in mobility in an electric field of a fluorescently labeled
peptide upon phosphorylation.

O’Brien et al. (2005) described homogenous, biolu-
minescent protease assays using caspases-3 as a model
that are significantly faster and more sensitive than the
fluorescent caspases-3 assays.

David et al. (2002), Gopalakrishnan et al. (2002),
and Anderson et al. (2004) used microarrayed com-
pound screening (MARCS), a well-less, high-density,
ultra-HTS format, for various assays. In pARCS, the
reagents are incorporated into agarose gels and lay-
ered over compounds arrayed on polystyrene sheets,
mimicking the pipetting steps in a microplate assay.
HARCS is a very flexible format and eliminates the
requirement for complex liquid handling instruments
and avoids problems associated with evaporation and
plate edge effects.

Bioluminescence resonance energy transfer
(BRET) was developed as a technique to study
protein—protein interactions. BRET is a natural phe-
nomenon, observed in marine organisms, in which
energy transfer occurs between luminescent donor
and fluorescent acceptor proteins. Oxidation of cce-
lenterazine by Renilla luciferase produces light with
a wavelength of 480 nm. In the sea pansy Renilla, the
close proximity of a green fluorescent protein allows
a non-radiative energy transfer that results in light
emission at 509 nm by the green fluorescent protein.
In the BRET technology, the first protein partner
is fused to Renilla luciferase, whereas the second
protein is fused to a fluorescent protein, e. g., yellow
fluorescent protein. If the two partners do not interact,
only one signal, emitted by the luciferase, can be
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detected after addition of its substrate ccelenterazine.
If the distance between the two partners is less than
10nm (IOOA) and the partners interact, resonance
energy transfer occurs between the luciferase and the
yellow fluorescent protein and an additional signal
can be detected. The method was used to study the
dimerization of G-protein-coupled receptors (Angers
et al. 2000, 2001; Cheng and Miller 2001; Kroeger et
al. 2001; McVey et al. 2001; Ayoub et al. 2002). Based
on BRET technology, Boute et al. (2002) developed
a test to monitor the activation state of the insulin
receptor. BRET technology was recommended for
HTS assays.

A BRET2 assay was recommended by Bertrand
et al. (2002). Renilla luciferase was used as the donor
protein, while the green fluorescent protein 2 was used
as the acceptor protein. In the presence of the cell-per-
meable substrate DeepBlueC, Renilla luciferase emits
blue light at 395nm. If the green fluorescent pro-
tein 2 is brought into close proximity to Renilla lu-
ciferase via a specific biomolecular interaction, it will
absorb the blue light energy and re-emit green light at
510 nm.

Vrecl et al. (2004) described the development of
a BRET?2 screening assay using S-arrestin 2 mutants.

Pfleger and Eidne (2004) used BRET for the detec-
tion of real-time interactions involving G-protein-cou-
pled receptors.

Heding (2004) described the BRET 7TM
receptor/beta-arrestin assay in drug discovery and
screening that can be used to screen all seven-trans-
membrane receptors independent of their signaling
pathway.

Electrochemiluminescence has been recom-
mended as a diagnostic and research tool (Yang et
al. 1994). Electrochemiluminescence is a means of
converting electrical energy into radiative energy. It
involves the production of reactive intermediates from
stable precursors at the surface of an electrode. These
intermediates then react under various conditions to
form excited states that emit light (Richter 2003).

Golla and Seethal (2004) reported a sensitive, ro-
bust, high-throughput electrochemiluminescence as-
say for rat insulin.

The introduction of the scintillation proximity as-
say (SPA) obviated the need to separate bound from
free radioactivity in the conventional radioligand-bind-
ing assay (Bosworth and Towers 1989; Picardo and
Hughes 1997; Game et al. 1998; Wu and Liu 2005).
One version of the scintillation proximity assay uti-
lized polyvinyltoluene microspheres or beads into
which a scintillant has been incorporated. When a radi-

olabeled ligand is captured on the surface of the bead,
the radioactive decay occurs in close proximity to the
bead, and effectively transfers energy to the scintil-
lant, which results in light emission (Sittampalam et al.
1997).

Zheng et al. (2004a) reported high-throughput cell-
based screening using the scintillation proximity assay
for the discovery of inositol phosphatase inhibitors.

FlashPlate™ technology has been described by
Brown et al. (1997). FlashPlates are white 96-well
polystyrene microplates coated on the inside with solid
scintillant in a polystyrene polymer. The polystyrene
surface provides a hydrophobic surface for absorption
of proteins, such as antibodies and receptors. When the
binder molecule is coated on the FlashPlate, the reac-
tion of the mixture of radiolabeled tracer and unlabeled
ligand of interest with the binder molecule, and detec-
tion of the bound radioactivity can be done in one step.
Due to the microplate surface scintillation effect, only
the bound radioactivity will be detected by a scintilla-
tion counter.

Dillon et al. (2003) used a FlashPlate assay for the
identification of PARP-1 inhibitors.

The use of high-performance microphysiometry
in drug discovery has been discussed by Alajoki et al.
(1997). Microphysiometry measures the extracellular
acidification rate. It is governed by catabolism, via the
excretion of acidic end-products, such as carbon diox-
ide and lactic acid. In addition, it is substantially in-
fluenced in a complementary fashion by the regula-
tion of intracellular pH, a process sensitive to physi-
ological changes such as receptor activation (see also
Sects. A.1.1.7 and E.5.1.2). The light-addressable po-
tentiometric sensor (LAPS) uses a light-generated al-
ternating current to probe the electrical potential at the
interface between an electrolyte and the insulated sur-
face of an appropriately biased silicon chip; the surface
potential depends on pH in a Nernstian fashion. This
system has been optimized for HTS.

Microarray compound screening (HARCS) was
used by David et al. (2002), Gopalakrishnan et al.
(2002), and Anderson et al. (2004).

Abassi et al. (2004), Atienza et al. (2005), and Yu
et al. (2006) described dynamic monitoring of cell ad-
hesion and spreading and real-time monitoring of mor-
phological changes in living cells on microelectronic
sensor arrays. Special microplates are integrated with
electronic sensor arrays.

A promising probe for quantitative genomic stud-
ies is the molecular beacon (MB), a single-strand-
ed DNA molecule composed of a hairpin-shaped ol-
igonucleotide that contains both a fluorophore and



24 Chapter O - Introduction Strategies in Drug Discovery and Evaluation

a quencher group. Molecular beacons act like switches
that are normally closed — when the fluorophore and
the quencher are together, fluorescence is “off”. Con-
formational changes open the hairpin, separate the flu-
orophore and the quencher, and the fluorescence is
turned “on”. These sensitive fluorescent DNA probes
can be used for real-time biomolecular recognition of
unseparated target species (Fang et al. 2000). Molecu-
lar beacons are useful for studies with proteins, molec-
ular beacon aptamers (Yamamoto and Kumar 2000;
Hamaguchi et al. 2001; Tan et al. 2004). Santangelo
et al. (2004) described dual FRET molecular beacons
for mRNA detection in living cells.

Surface plasmon resonance (Myszka and Rich
200; McDonnel 2001) is a method for characterizing
macromolecular interactions. It is an optical technique
that uses the evanescent wave phenomenon to measure
changes in refractive index very close to a sensor sur-
face. The binding between an analyte in solution and
its ligand immobilized on the sensor surface results
in a change in the refractive index. The interaction is
monitored in real time and the amount of bound lig-
and and rates of association and dissociation can be
measured with high precision. Since there is no need
for fluorescent or radioisotopic labels, surface plasmon
resonance biosensors are amenable to characterizing
unmodified biopharmaceuticals, studying the interac-
tion of drug candidates with macromolecular targets
and identifying binding partners.
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0.4.4
Pharmacogenomics

The concept of an altered response based on genetic
background is not new. In 510 BC, Pythagoras recog-
nized that some individuals developed hemolytic ane-
mia with fava bean consumption (Nebert 1999). In
1914, Garrod expanded this observation, stating that
enzymes detoxified foreign agents so that they were
excreted harmlessly. However, some people lack these
enzymes and experience adverse effects (Weber 1999).
Hemolytic anemia due to fava bean consumption was
later determined to occur in glucose-6-phosphate-de-
ficient individuals (Mager et al. 1965; Podda et al.
1969).

The term pharmacogenetics was first used by
Friedrich Vogel in 1959. The dawn of pharmacogenet-
ics continued by combining Mendelian genetics with
observed phenotypes. In 1932, Snyder performed the
first global study of ethnic variation and deduced that
taste deficiency was inherited. He proposed that the
phenylthiourea nontaster phenotype was an inherited
recessive trait and that the frequency of occurrence dif-
fered between races (Snyder 1932). Other genetic dif-
ferences, such as aldehyde dehydrogenase and alco-
hol dehydrogenase, were discovered. These deficien-
cies are common in Asians and cause them to have
less alcohol tolerance (Goedde et al. 1983; Inoue et al.
1984). Similarly, polymorphisms in the N-acetyl trans-
ferase enzyme are also segregated by ethnicity and cor-
relate to the latitude of the country (Weber 1999).

These genetic differences were originally thought to
be caused by genetic variance, but it was not until the
advent of molecular biology that disease states could
be carefully analyzed. The following dogma:

gene—> protein—> biochemical process
—disease state

became the model for examining human diseases.
Following this scheme, sickle cell anemia was the
first trait to reveal that a single point mutation can
change protein structure and lead to a disease pheno-
type (Murayama 1966; Bookchin et al. 1970). Single
nucleotide polymorphisms (SNPs) are responsible for
many diseases (Kleyn and Vesell 1998; Vesell 2000;
Weaver 2001; Wieczorek and Tsongalis 2001). SNPs
can change receptors, transport proteins, and drug-me-
tabolizing enzymes. The advances in genetic technol-
ogy to detect polymorphisms have caused an explo-
sion in pharmacogenetic research and many of these
discoveries have been employed in clinical practice.

Many thousands of polymorphisms can be deter-
mined simultaneously in a patient. These SNPs are se-
lected as markers evenly distributed in the genome, in
the hope that functionally relevant polymorphisms can
be associated with specific markers by virtue of their
proximity to the chromosome. Such genome-wide as-
sociation studies are used in the discovery of suscepti-
bility genes for diseases, such as asthma and prostate
cancer, but they are equally suitable for determining
the genes in drug response (Sadée 1999).

Disorders such as Huntington’s disease or cystic
fibrosis are associated with defects in a single gene
product identified by positional cloning. This involves
the isolation of a gene with the information on its sub-
chromosomal localization and the phenotypic expres-
sion of a mutation of this gene that results in a partic-
ular disease state. Positional cloning is based on the
unique, inheritable DNA fingerprint associated with
each individual, from which the inheritance of iden-
tified polymorphisms can be tracked, along with the
inheritance of the disease. While this approach has
been more or less successful in diseases involving
a single gene defect, more complex diseases, such as
Alzheimer’s disease, cancer, asthma or cardiovascular
diseases, appear to result from the influence of multi-
ple gene defects.

The next step is to identify the function of the
protein expressed by the DNA using functional ge-
nomics. This technique involves the use of sequence
comparisons with known proteins, using computer
databases, transgenic expression or expression in sur-
rogate systems; gene knockouts in mice (Rudolph
and Mohler 1999; West et al. 2000; Zambrowicz
et al. 2003), or relatively simple organisms such
as Drosophila melanogaster, Caenorhabditis elegans,
Zebrafish (Link et al. 2000; Haberman 2003; Artal-
Sanz et al. 2006) or Saccharomyces cerevisiae. A two-
hybrid system to identify molecular binding partners
can be used to identify proteins that are associated with
the gene product of interest.

Progress in genomics technology, especially the
elucidation of the human genome (International
Genome Sequencing Consortium 2001; Venter et al.
2001), has created an unique opportunity to signif-
icantly impact on the pharmaceutical drug develop-
ment processes (Carulli et al. 1998; van Oosterhout
1998; Debouck and Goodfellow 1999; Farber 1999;
Vidal and Endoh 1999; Wilson et al. 1998; Jones and
Fitzpatrick 1999; Zweiger 1999; Beeley et al. 2000;
Bentley 2000; Broder and Venter 2000; Debouck and
Metcalf 2000; Harris 2000; Marshall 2000; Meldrum
2000a, 2000b; Rockett and Dix 2000; Schuster et al.
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2000; Steiner and Anderson 2000; Peet and Bey 2001;
Winkelmann 2001, Hemmild and Hurskainen 2002).

Genetic polymorphism in drug-metabolizing en-
zymes, transporters, receptors, and other drug targets
are linked to individual differences in the efficacy and
toxicity of many medications. Pharmacogenomic stud-
ies can elucidate the inherited nature of these differ-
ences, thereby enhancing the possibilities of drug dis-
covery and providing a stronger scientific basis for op-
timizing drug therapy on the basis of each patient’s
genetic constitution (Evans and Relling 1999; Grant
2001).

Receptor polymorphism is also the reason for dif-
ferences in drug effects among patients. Two genetic
variants of the angiotensin-converting enzyme (ACE)
are described, depending on an insertion (I-form) or
deletion (D-form) of a base pair at position 287 in
the gene, which are equally distributed in the Cau-
casian population. Individuals with the D/D-form ex-
press ACE levels much higher than I/ individuals.
They have an increased risk for myocardial infarc-
tion and may respond better to therapy with ACE in-
hibitors (Samani et al. 1996; Danser and Schunkert
2000). Another example is the association between
Br-adrenergic receptor polymorphisms and asthma
(Liggett 1997). There are three polymorphisms that al-
ter receptor function, which may influence the thera-
peutic success.

Genomics will introduce a new dimension in drug
research. The number of molecular targets modified by
the complete armamentarium of modern drugs is not
greater than 500. The number of genes that contribute
to multifactorial diseases might not be very high; the
numbers reported for different forms of diabetes and
hypertension are 5-10 per disease (Guillausseau et al.
1997, Shimkets and Lifton 1996). There are 100—150
disease entities that present an epidemiological and
economical problem to industrialized societies. If one
assumes 10 contributing genes for 100 multifactorial
diseases (including different forms of cancer, asthma,
diabetes, hypertension, atherosclerosis and osteoporo-
sis), one arrives at 1000 “disease genes” that dispose
patients to the most important multigenetic conditions
(Drews 2000, 2001). It appears reasonable to assume
that each of these disease genes, or rather proteins that
are specified by the disease genes, connects with at
least 5-10 proteins that are feasible levels for drug in-
tervention. On the basis of these calculations, one can
assume that 5000-10,000 can be used as targets for
drug interventions.

Lennon (2000) discussed the methods for high-
throughput gene expression analysis applicable to drug

discovery, including differential display of eukaryotic
mRNA, the modification thereof called restriction en-
zyme analysis of differentially expressed sequences
(READS), expression sequence tags (EST) methodol-
ogy, serial analysis of gene expression, filter arrays,
and DNA microarrays.

Celis et al. (2000) gave an excellent survey on mi-
croarray technology.

Gene expression analyses and genetic polymor-
phisms are important not only for determining pre-
disposition to disease and for drug discovery, but also
for predicting the incidence of adverse drug reactions
(Meyer 2000). In the past, several drugs had to be
withdrawn from the market due to rare, but severe,
adverse events. Some drug metabolic enzyme vari-
ants have been found to cause severe adverse events.
They form qualitatively or quantitatively different
metabolites with toxicological implications (Bulling-
ham 2001).

Most of the enzymes involved in both drug
metabolism and the elimination of many therapeutic
agents are members of the cytochrome P450 (CYP)
family that includes more than 30 isoforms (Gonza-
les 1990). One drug-metabolizing enzyme, resulting
in numerous drugs being withdrawn from the mar-
ket, is CYP3A, which is involved in the oxidative bio-
transformation of up to 50% of clinically important
therapeutic agents. The expression of CYP3A is reg-
ulated by genetic and non-genetic factors that can re-
sult in a 5- to 20-fold interindividual variability in
metabolic clearance. Another enzyme, CYP2D6 (de-
brisoquine hydroxylase), metabolizes one-quarter of
all prescribed drugs and is inactive in 6% of the Cau-
casian population (Wolf and Smith 1999). A principal
molecular defect in poor metabolizers is a single base
pair mutation in exon 5 of CYP2C19 (De Morais et al.
1994; Sadée 1999). These enzymes are being screened
at the earliest stages of the drug development process.
The single nucleotide point mutation profile of an in-
dividual can indicate a predisposition for adverse side-
effects. Furthermore, drug transport protein polymor-
phisms and their drug interactions may provide an-
other valuable tool in screening for potential toxic ef-
fects of drugs. The pharmacogenomic approach should
reduce the number of compounds failing during late
clinical development (Adam et al. 2000).

A detailed knowledge of the genetic basis of indi-
vidual drug response is of major clinical and economic
importance and can provide the basis for a rational
approach to drug prescription. In the sense of a “per-
sonalized medicine”, prospective genotyping will lead
to patients being prescribed drugs that are both safer
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and more effective (Sadée 1999; March 2000; Murphy
2000; Spear et al. 2001; Dietel and Sers 2006).

Winkelmann et al. (2001) initiated the Lud-
wigshafen Risk and Cardiovascular Health (LURIC)
study, which aims to provide a resource for the study
of environmental and genetic risk factors and their in-
teractions, and of the functional relationship between
gene variation and biochemical phenotype (functional
genomics), or response to medication (pharmacoge-
nomics) and long-term prognosis of cardiovascular
disease.

A vision for the future of genomics research was
given by Collins et al. (2003).

Rolling-cycle amplification (RCA) is a system for
amplification, which may be used for detection of pro-
teins or nucleic acid targets (Lizardi et al. 1998; Zhong
et al. 2001). Rolling-circle amplification driven by
DNA polymerase can replicate circularized oligonu-
cleotide probes with either linear or geometric kinet-
ics under isothermal conditions. In the presence of two
primers, one hybridizing to the positive strand and the
other to the negative strand of DNA, a complex pat-
tern of DNA strand displacement ensues that gener-
ates 10° or more copies of each circle in 90 min, en-
abling detection of point mutations in human genomic
DNA. Using a single primer, RCA generates hundreds
of tandemly linked copies of a covalently closed circle
in a few minutes. I-matrix-associated, the DNA prod-
uct remains bound to the site of synthesis, where it
may be tagged, condensed, and imaged as a point light
source. The target DNA can be attached to an antibody,
biotin, or other protein probe.

Vanhecke and Janitz (2005) discussed functional
genomics using high-throughput RNA interference.
RNA interference (RNAi) describes the post-tran-
scriptional silencing of gene expression that occurs
in response to the introduction of double-stranded
RNA into cells. To facilitate large-scale functional ge-
nomics studies using RNAI, several high-throughput
approaches have been developed based on microar-
ray or microwell assays. The RNAI silencing mech-
anism is based on the fact that long double-stranded
RNA is processed to short interfering RNA (siRNA)
duplexes by the enzyme Dicer, which exhibits RNase-
III-like activity. A single strand of the siRNA is in-
corporated into the group of cytoplasmic proteins to
form an RNA-induced silencing complex (RISC). Ac-
tivated RISC, guided by the antisense siRNA strand,
performs endonucleolytic cleavage of target mRNA.
Thus produced mRNA fragments are rapidly degraded
by cytoplasmic nucleases (Tijsterman and Plasterk
2004).

Rondinone (2006) dicussed the therapeutic poten-
tial of RNAI in metabolic diseases.

Aza-Blanc et al. (2003) described the identification
of modulators of TRAIL-induced apoptosis via RNAi-
based phenotypic screening. TRAIL is a TNF super-
family member that induces selective cytotoxicity of
tumor cells when bound to its cognate receptors (Lee
et al. 2002).

Using RNAI, Kamath et al. (2003) performed a sys-
tematic functional analysis of the Caenorhabditis el-
egans genome. Mousses et al. (2003) describe a mi-
croarray analysis in cultured mammalian cells.

Paddison et al. (2004) described a resource for
large-scale RNA-interference-based screens in mam-
mals; Berns et al. (2004), a large-scale RNAi screen
in human cells to identify new components of the p53
pathway.

Promega Protocols and Applications Guide 1is
a published survey on RNA interference.

The use of siRNA in therapy and drug target dis-
covery is discussed by Cocks and Theriault (2004),
Hannon and Rossi (2004), Jones et al. (2004), Kur-
reck (2004), Meister and Tuschi (2004), Siuod (2004),
Bartz and Jackson (2005), and Catterjee-Kishore
(2006).

Xin et al. (2004) discussed high-throughput siRNA-
based functional target validation. They initiated
a project with a functional cell-based screen for a bio-
logical process of interest using libraries of small in-
terfering RNA (siRNA) molecules. In this protocol,
siRNAs function as potent gene-specific inhibitors.
SiRNA-mediated knockdown of the target gene is con-
firmed by TagMan analysis, and genes with impacts on
biological functions of interest are selected for further
analysis. Once the genes are confirmed and further val-
idated, they may be used for HTS to yield lead com-
pounds.

Tang (2005) discussed two classes of short RNA
molecules, siRNA and microRNA (miRNA), which
are incorporated into related RNA-induced silencing
complexes (RISCs), termed siRISC and miRISC, re-
spectively. They are distinct complexes that regulate
mRNA stability and translation.

MicroRNAs (miRNAs) are generated via a two-
step processing pathway to yield ~22 nucleotide small
RNAs that regulate gene expression at the post-tran-
scriptional level (Lee et al. 2002). Initial cleavage is
catalyzed by Drosha, a nuclease of the RNase III fam-
ily, which acts on primary miRNA transcripts (pri-
miRNAS) in the nucleus (Lee et al. 2003).

MicroRNAs play important regulatory roles in an-
imals and plants by targeting mRNAs for cleavage
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or translational repression (Bartel 2004). The microR-
NAs of Caenorhabditis elegans are described by Lim
et al. (2003).

Denli et al. (2004) showed that Drosha exists in
a multi-protein complex, the microprocessor, and be-
gins the process of destructing that complex into its
constituent components. Along with Drosha, the mi-
croprocessors also contains Pasha (partner of Drosha),
a double-stranded RNA binding protein. Han et al.
(2004) dissected the mechanisms of action of human
Drosha by generating mutants and beycharacterizing
its interacting partner, DGCRS.

Berezikov et al. (2005) described phylogenetic
shadowing and computational identification of human
microRNA genes.

Barad et al. (2004) reported microRNA expres-
sion detected by oligonucleotide microarray system
establishment and expression profiling in human tis-
sue. Liang et al. (2005) described a miRNA profiling
microarray, in which miRNAs are directly labeled at
the 3’ terminus with biotin and hybridized with com-
plementary oligo-DNA probes immobilized on glass
slides, and subsequently detected by measuring the flu-
orescence of quantum dots labeled with streptavidin
bound to miRNAs through streptavidin—biotin interac-
tion.

Locked nucleic acids (LNA) were reported in 1998
(Obidia et al. 1998; Koshkin et al. 1998). LNA is a nu-
cleic acid analog containing one more LNA nucleotide
monomers with a bicyclic furanose unit locked in an
RNA-mimicking sugar confirmation. LNA nucleotides
display unprecedented hybridization affinity toward
complementary single-stranded RNA and complemen-
tary single- or double-stranded DNA (Braasch and
Corey 2001; Vester and Wengel 2004). They are consi-
dered as a versatile tool for therapeutics and genomics
(Petersen and Wengel 2003; Jepsen et al. 2004).

Tolstrup et al. (2003) reported the development of
a software package, OligoDesign, which provides op-
timal design of LNA oligonucleotide capture probes
for gene expression profiling.

Valécezi et al. (2004) described sensitive and spe-
cific detection of microRNAs by Northern blot analy-
sis using LNA-modified oligonucleotide probes.

Elmén et al. (2005) reported LNA-mediated im-
provements in siRNA stability and functionality.

Thomassin et al. (2004) presented MethylQuant,
a sensitive method for quantifying methylation of spe-
cific cytosines within the genome. The presence of
a locked nucleic acid at the 3’ end of the discriminative
primer provides the specificity necessary for accurate
and sensitive quantification.

Nucleic acid “lariats” have been of great interest
since their discovery (Wallace and Edmonds 1983).
The synthesis of lariat RNA and DNA via tem-
plate-mediated chemical ligation of Y-shaped oligonu-
cleotides was reported by Carriero and Damha (2003).
Deoxyribozymes that synthesize branched and lariat
RNA were studied by Wang and Silverman (2003).
RNAse III-mediated degradation of unspliced pre-
mRNAs and lariat introns was reported by Danin-
Kreiselman et al. (2003). Coombes and Boeke (2005)
evaluated the detection methods for large lariat RNAs.
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0.4.5
Proteomics

The term “proteome” was coined by Wilkins et al.
(1995) to describe the protein complement of the
genome. The term proteomics was first used to de-
scribe the complexity of proteins expressed in an or-
ganism using two-dimensional gel electrophoresis (2-
DE) followed by quantitative analysis. 2-DE remains
the highest resolution protein separation method avail-
able, but the ability to concentrate and identify low
abundance proteins has always been an extremely diffi-
cult problem. Mass spectrometry (MS) has been an in-
tegral part of approaching this problem (de Hoog and
Mann 2004; Lane 2005). Although improvements in
2-D gel technology have been made since its intro-
duction, three enabling technological advances have
provided the basis for the foundation of the field of
proteomics (Patterson 2000). The first advance was
the introduction of large-scale nucleotide sequencing
of both expressed sequence tags (ESTs) and genomic
DNA. The second was the development of mass spec-
trometers able to ionize and mass-analyze biological
molecules and the widespread introduction of mass
spectrometers, capable of data-dependent ion selection
for fragmentation (MS/MYS) (i. e., without the need for
user intervention). The third was the development of
computer algorithms able to match uninterpreted (or
partially interpreted) MS/MS spectra with translations
of the nucleotide sequence databases, thereby tying to-
gether the first technological advances. The mass spec-
trometer instruments are named for their type of ion-
ization source and mass analyzer (Patterson and Aber-
sold 1995; Carr and Annan 1997; Patterson 1998).

To measure the mass of molecules, the test material
must be charged (ionized) and desolvated. The two
most successful mechanisms for ionization of peptides
and proteins are matrix-assisted laser desorption ion-
ization (MALDI) and electrospray ionization (ESI). In
MALDI the analyte of interest is embedded in a matrix
that is dried and then volatilized in a vacuum under ul-
traviolet laser irradiation. This is a relatively efficient
process that ablates only a small portion of the analyte
with each laser shot. Typically, the mass analyzer cou-
pled with MALDI is a time-of-flight (TOF) mass ana-
lyzer, that measures the elapsed time from acceleration
of the charged (ionized) molecules through a field-free
drift region (Kowalski and Stoerker 2000). The other
common ionization source is ESI, in which the analyte
is sprayed from a fine needle at high voltage toward
the inlet of the mass spectrometer (which is under vac-
uum) at a lower voltage. The spray is typically either
from a reversed-phase HPLC column or a nanospray
device (Wilm and Mann 1994), similar to a microinjec-
tion needle. The ions formed during this process are di-
rected into the mass analyzer, which could be a triple-
quadrupole, an ion trap, a Fourier-transform ion cy-
clotron resonance (FT-ICR), or a hybrid quadrupole
TOF (Qp-TOF) type (Morris et al. 1996). Although un-
ambiguous identification of a protein cannot always be
derived from the masses of a few of its peptides in the
tandem mass spectrometer, peptide ions from the first
mass spectrometer run are fragmented and identified
in a second run to yield a more valuable commodity of
a peptide sequence.

Annis et al. (2004) and Whitehurst et al. (2006) pro-
posed affinity selection-mass spectroscopy (AS-MS)
as a useful high-throughput assay system for the dis-
covery and characterization of all classes of integral
membrane protein ligands, including allosteric modu-
lators.

The goal of proteomics is a comprehensive, quanti-
tative description of protein expression and its change
under the influence of biological perturbations, such as
disease and drug treatment (Anderson and Anderson
1998, 2002; Miiller et al. 1998; Blackstock and Weir
1999; Dove 1999; Hatzimanikatis et al. 1999; Jungblut
et al. 1999; Williams 1999). A combination of mRNA
and protein expression patterns has to be simultane-
ously considered to develop a conceptual understand-
ing of the functional architecture of genomes and gene
networks (Kreider 2000). New methods are created
such as automated proteomics platforms (Quadroni
and James 1999; Nielsen et al. 1999), combining two-
dimensional electrophoresis, automated spot picking
and mass spectrometry (Binz et al. 1999; Dancik et al.
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1999; Loo et al. 1999; Dutt and Lee 2000; Feng 2000;
Patterson et al. 2000; Ryu and Nam 2000; Service
2000; Yates 2000; James 2001; Jain 2001; Rabilloud
2001).

Improvements in quality, ability and utility of large-
scale tertiary and quarternary protein structural infor-
mation are enabling a revolution in rational design,
having a particular impact on drug discovery and opti-
mization (Maggio and Ramnarayan 2001).

Disease proteomics will give a better understanding
of disease processes, develop new biomarkers for di-
agnosis and early detection of disease, and accelerate
drug development (Hanash 2003).

One may expect that with the new approach of
drug research, including combinatorial chemistry, ge-
nomics, pharmacogenomics, proteomics, and bioin-
formatics, unprecedented results will be generated
(Browne 2000; Burley et al. 1999; Debouck and Met-
calf 2000; Drews 2000; Haystead 2001).

The difficulties arising in proteomic experiments
from data analysis are discussed by Patterson (2003).

Duncan and Hunsucker (2005) discussed the value
of proteomics as a tool for clinically relevant bio-
marker discovery and validation. A critical review on
the impact of “OMIC” technology in drug develop-
ment is given by Bilello (2005).
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0.4.6
Array Technology

Array technology is based on the RNA and DNA hy-
bridization reaction previously used in Northern and
Southern expression analysis. However, these tradi-
tional approaches allowed the detection of only one
single gene. In contrast, gene arrays and microarrays
allow the analysis of hundreds or thousands of genes
simultaneously (DeRisi and Iyer 1999; Diehn et al.
2000; Epstein and Butow 2000; Deyholos et al. 2001;
Jordan 2001; Rocket 2000; Taniguchi 2001; Hardiman
2004; Imbeaud and Auffray 2005). Gene chips can be
global, containing the entire genome of one species on
the slide. Besides the miniaturization, the greatest leap
of technology was the development of fluorescence-la-
beled nucleotides, which can be detected by laser scan-
ning. They have now replaced the use of radioactively
labeled DNA.

Two different methods are used in array production:
chips are loaded with either synthetic oligonucleotides
(Lipshutz et al. 1999) or with a DNA fragment isolated
directly from the respective gene. A specific process

allows the synthesis of oligonucleotides directly onto
the glass surface. Normally, every gene is represented
by about 20 oligonucleotides from different regions of
the gene. Each oligonucleotide is 25-30 base pairs in
length and is synthesized next to a control oligonu-
cleotide with a mismatch.Whole genome arrays were
pioneered by Affymetrix using a proprietary chip tech-
nology but are now available from other suppliers as
well.

The development of DNA chips was pioneered by
researchers at Stanford University (Brown and Bot-
stein 1999; Sherlock et al. 2001). Along with the Stan-
ford Microarray Database a number of additional cen-
ters voted for an open online access to their array
databases: http://genome-www.stanford.edu.

Killion et al. (2003) created the Longhorn Ar-
ray Database (LAD), which is an open-source, MI-
AME-compliant implementation of the Stanford Mi-
croarray Database. LAD is available at http://www.
longhornarraydatabase.org/.

The standard MIAME (minimum information about
a microarray experiment) was proposed by Brazma et
al. (2001).

Kamb and Ramaswami (2001) presented a simple
method for statistical analysis of intensity differences
in microarray-derived gene expression data which does
not require multiple replicates. The difference-aver-
aging method enables determination of variances as
a function of signal intensities by averaging over the
entire dataset.

Novoradovskaya et al. (2004) recommended Uni-
versal Reference RNA (URR) as a standard for mi-
croarray experiments, a useful tool for monitoring
intra- and inter-experimental variation. A variety of
microassays were used to determine the percentage
of spots hybridizing with URR and producing sig-
nal above a user defined threshold (microarray cov-
erage). Microarray coverage was consistently greater
than 80% for all arrays tested.

Regardless of using oligonucleotides or DNA ar-
rays, one always needs two RNA samples for chip
analysis. The RNA can be isolated from treated ver-
sus untreated cell lines, from the serum of an ani-
mal before or after drug administration, or from tu-
mor versus normal tissue. Standard protocols require
about 100 ug total RNA, from which poly A* RNA
is extracted. Next, the RNA is converted by reverse
transcription into cDNA in the presence of fluores-
cence-labeled dyes. Commonly, the sample is labeled
with Cy-5 and the control with Cy-3. Both cDNAs
are combined and hybridized against the array (Raut-
enstrauss and Liehr 2001). Since DNA-DNA binding
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reactions are thermodynamically slow, the chip is in-
cubated overnight at temperatures above 60°C. Chip
analysis is performed by scanning with two lasers at
562nm (Cy-3) and 644nm (Cy-5). The overlay of
both scans shows genes that are deregulated. By con-
vention, overexpressed genes are shown in green, re-
pressed genes in red and unchanged expression in yel-
low. Data are evaluated by scatter blot analysis, where
the relative expression of each gene is indicated by log-
arithmic axes. Sophisticated bioinformatic protocols
are used for further annotation and data comparison
(Zhang 1999; Gaasterland and Berikanow 2000).

The best approach to microarray analysis is to be-
gin with a small number of the elements in the mi-
croarray known to be a pattern and ask questions of
the other elements in the microarray; i. e., perform in-
stantaneous scientific experiments regarding whether
each of the other elements in the microarray is related
to the known pattern (Burke 2000).

Emerging technologies and perspectives for mi-
croarray applications are reviewed by Gebauer (2004).

Epstein and Walt (2003) described fluorescence-
based fibre optic arrays as a universal platform for
sensing. Optical fibres provide a universal sensing plat-
form as they are easily integrated with a multitude
of different sensing schemes. Such schemes enable
the preparation of a multitude of sensors including
high-density oligonucleotide arrays and high-through-
put cell-based arrays. Imaging fibre bundles comprised
of thousands of fused optical fibres are the basis for an
optically connected, individually addressable parallel
sensing platform. Fibre optic imaging bundles possess
miniature feature sizes (3- to 10-um-diameter fibres),
allowing high-density sensor packing (~2x 107 sen-
sors per cm?).

Ge (2000) described the development of a universal
protein array (UPA) system that provides a sensitive,
quantitative, multipurpose, effective and easy technol-
ogy to determine not only specific protein—protein in-
teractions, but also specific interactions of proteins
with DNA, RNA, ligands and other small chemicals.

The application of biochip and microarray systems
in pharmacogenomics is discussed by Jain (2000).

MacBeath et al. (1999) discussed the possibilities of
printing small molecules as microassays and detecting
protein-ligand interactions en masse.

Firestein and Pisetsky (2002) published guidelines
for studies using DNA microarray technology. The cri-
teria for evaluating microarray studies are: (1) repro-
ducibility must be demonstrated, including rigorous
evaluation of the run-to-run variability of each gene;
(2) detailed statistical analysis is required; including

appropriate corrections for repeated multiple measure-
ments; (3) homogeneous cell populations should be
optimally studied, to reduce the complexity of anal-
ysis; (4) a non-array method must confirm changes in
the expression of key genes.

Ziauddin and Sabatini (2001) developed a microar-
ray-driven gene expression system for the functional
analysis of many gene products in parallel. Mam-
malian cells are cultured on a glass slide printed in
defined locations with different DNAs. Cells growing
on the printed areas take up the DNA, creating spots
of localized transfection within a lawn of non-trans-
fected cells. By printing sets of complementary DNAs
cloned in expression vectors, microarrays are made,
whose features are clusters of live cells that express
a defined cDNA at each location.

Feldman et al. (2002) described advantages of
mRNA amplification for microarray analysis and rec-
ommended routine mRNA amplification for all cDNA
microarray-based analysis of gene expression.

Nielsen et al. (2005) developed a ready-to-spot
polymer microarray slide, which is coated with a uni-
form layer of reactive electrophilic groups using an-
thraquinone-mediated photo-coupling chemistry. The
slide coating reduces the hydrophobicity of the na-
tive polymer significantly, thereby enabling robust and
efficient one-step coupling of spotted 5'-amino-like
oligonucleotides onto the polymer slide. The coated
polymer microarray slide represents a robust and cost-
effective platform for pre-spotted oligonucleotide ar-
rays.

Luo and Geschwind (2001) reviewed microarray
applications in neuroscience with reference to appli-
cations in neurologic diseases in humans and the use
of animal models.

Bunney et al. (2003) reviewed new strategies to dis-
cover candidate vulnerability genes in psychiatric dis-
orders by microarray technology.

Templin et al. (2002) discussed the possibilities of-
fered by protein microarray technology. Recent devel-
opments in the field of protein microarrays show appli-
cations for enzyme—substrate, DNA—protein and dif-
ferent types of protein—protein interactions. The au-
thors discuss theoretical advantages and limitations of
any miniaturized capture-molecule-ligand assay sys-
tem.

Salisbury et al. (2002) described peptide microar-
rays for the determination of protease substrate speci-
ficity using fluorogenic peptidyl coumarin substrates.

The technology, the materials and the methods used
for antibody microarrays are described by Lal et al.
(2002) and Kusnezow et al. (2003).
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Gopalakrishnan et al. (2002) described the appli-
cation of Micro Arrayed Compound Screening (mi-
croARCS) to identify inhibitors of caspase-3. In this
format, 8,640 discrete compounds are spotted and
dried onto a polystyrene sheet, which has the same
footprint as a 96-well plate. A homogeneous time-
resolved fluorescence assay format (LANCE) was ap-
plied to identify the inhibitors of caspase-3 using
a peptide substrate labeled with a fluorescent europium
chelate and a dabcyl quencher. The caspase-3 enzyme
was cast into a thin agarose gel, which was placed on
a sheet containing test compounds. A second gel con-
taining caspase substrate was then laid above the en-
zyme gel to initiate the reaction. Caspase-3 cleaves
the substrate and separates the europium from the
quencher, giving rise to a time-resolved fluorescence
signal, which was detected using a ViewLux charge-
coupled device imaging system.

Protein chip technology has been addressed by Zhu
and Snyder (2003). Protein microarray technology has
shown its great potential in basic research, diagnostics,
and drug discovery. It has been applied to analyze an-
tibody—antigen, protein—protein, protein—nucleic acid,
protein-lipid and protein—small molecule interactions,
as well as enzyme—substrate interactions. Progress in
the field of protein chips includes surface chemistry,
capture molecule attachment, protein labeling and
detection methods, high-throughput protein—antibody
production, and applications to analyze entire pro-
teomes.

Lenigk et al. (2002) recommended plastic biochan-
nel hybridization devices as a new concept for mi-
crofluidic DNA arrays.

Lee et al. (2004) described high-throughput screen-
ing of novel peptide inhibitors of an integrin receptor
from the hexapeptide library by using a protein mi-
croarray chip. Novel peptide ligands with high affin-
ity to the integrin were identified from the peptide
libraries with this chip-based screening system by
a competitive inhibition assay in a simultaneous and
high-throughput fashion.

Hsieh et al. (2004) described an ultra-high-through-
put microarray generation and liquid dispensing using
multiple disposable piezoelectric ejectors.

Lim et al. (2005) used microarray analysis to show
that some microRNAs downregulate a large number of
target mRNAs.

Howbrook et al. (2003) reviewed developments
in microarray technologies including gene expression
analysis, DNA microarrays, protein and peptide mi-
croarrays, glycomics, tissue and cell microarrays as
well as progress in microarray technology, such as

microfluids, molecular imprintation, and nanotechnol-
ogy.

Gosalia and Diamond (2003) developed a method
that performs enzymatic assays in nanoliter volumes in
the liquid phase with minimal evaporation, no cross-
contamination, and high reproducibility, and that has
the capability to rapidly assemble multicomponent
reactions with minimal usage in a microarray for-
mat. Chemical compounds within individual nano-
liter droplets of glycerol are microarrayed onto glass
slides at 400 spots/cm”. Using aerosol deposition,
subsequent reagents and water are metered into each
reaction center to rapidly assemble diverse multi-
component reactions without cross-contamination or
the need for surface linkage. This proteomics tech-
nique allows the kinetic profiling of protease mixtures,
protease—substrate interactions, and high-throughput
screening reactions.

Kusnezow and Hoheisel (2002) discussed promises
and problems of antibody microarrays and compared
this approach with the achievements of DNA microar-
rays.

Rondelez et al. (2005) developed microfabricated
arrays of femtoliter chambers that allow single
molecule enzymology. The microchip ensures that the
chambers are uniform and precisely positioned.

Rougemont and Hingamp (2003) provided
a method for automatically determining relevant
gene clusters among the many genes monitored with
microarrays.

Forster et al. (2004) described triple-target mi-
croarray experiments as a novel experimental strat-
egy. There are two main dye-labeling strategies for
microarray studies based on custom-spotted cDNA
or oligonucleotide arrays: (1) dye-labeling of a sin-
gle target sample with a particular dye, followed by
subsequent hybridization to a single microarray slide,
(2) dye-labeling of two different target samples with
two different dyes, followed by subsequent co-hy-
bridization to a single microarray slide. The two dyes
most frequently used for either method are Cy3 and
Cy5. The authors proposed and evaluated a novel ex-
perimental set-up utilizing three differently labeled tar-
gets co-hybridized to one microarray slide. In addition
to Cy3 and CYS5, Alexa 594 was incorporated as a third
dye label.

Sharma et al. (2004) developed software called “Ar-
rayD” that offers various alternative design solutions
for a microassay given a set of user requirements.

Watson et al. (2004) published methods for high-
throughput validation of amplified fragment pools of
bacterial artificial chromosome (BAC) DNA for con-
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structing high-resolution CHG assays. The develop-
ment of array based on comparative genomic hy-
bridization (CGH) technology provides improved res-
olution for detection of alterations in genomic DNA
copy number. In array CHG, generating spotting solu-
tion is a multi-step process where BAC clones are con-
verted to replenishable PCR-amplified fragment pools
(AFP) for use as spotting solution in a microarray for-
mat on glass substrate. Current methods for identifying
initial BAC clones can be adapted to verify the identity
of AFP spotting solutions used in printing assays. Of
these methods, AFP sequencing is considered to be the
most efficient for large-scale identification of spotting
solution in a high-throughput manner.

Daly et al. (2005) presented a statistical method
based on propagation of error to evaluate concentration
estimation errors in an ELISA microarray process.

Do and Choi (2006) gave a review of normalization
techniques of microarray data from single-labeled plat-
forms such as the Affymetrix GeneChip array to dual-
labeled platforms, e. g., spotted array, focusing on their
principles and assumptions.

Ma and Horiuchi (2006) recommended chemical
microarray as a new tool for drug screening and dis-
covery in order to find new ways in HTS to profile
the activity of large numbers of chemicals against hun-
dreds of biological targets in a fast, low-cost fashion.

Uttamchandani et al. (2005) reviewed recent ad-
vances and applications of small molecule microar-
rays. Small molecule microarrays (SMM) are of value
in high-throughput exploration, both in the identifica-
tion of biologically significant natural and synthetic
small molecules and in harnessing their vast potential
towards medicinal and diagnostic applications.

Sobek et al. (2006) recommended microarray tech-
nology as a universal tool for high-throughput analysis
of biological systems and reviewed the recent develop-
ments in surface chemistry and derivatization.
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0.4.7
NMR Technology

Magnetic resonance imaging (MRI) and spectroscopy
(MRS) have become established technologies in mod-
ern biomedical research, providing relevant informa-
tion on the various stages of the drug discovery and
development process and are an important tool in drug
discovery and metabolism (Hoult et al. 1974; Rudin et
al. 1999, 2004a, 2004b, 2006; Rudin and Weissleder
2003; Beckmann et al. 2001, 2005, 2006; Beckmann
and Rudin 2006). Several successful and potential ap-
plications of MRI and MRS in stroke, rheumatoid
arthritis, osteoarthritis, respiratory diseases, oncology
and cardiovascular diseases are described.

Strengths of MRI are: (1) high soft tissue con-
trast, which is governed by a multitude of parameters;
(2) noninvasiveness, which is relevant when studying
chronic diseases and allows for the translation of study
protocols from animals to humans; and (3) the high
chemical specificity of MRS, allowing the identifica-
tion of individual analytes based on compound-spe-
cific resonance frequencies, an important prerequisite
for the in vivo study of tissue metabolism. The main
disadvantage of MRI/MRS is the inherently low sen-
sitivity due to the low quantum energy involved as
compared to optical spectroscopy, leading to a low de-
gree of spin polarization. Only nuclei with high nat-
ural abundance and high intrinsic magnetic moment,
such as protons, provide sufficient signal intensity for
imaging applications. In addition, exogenous contrast
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agents (CA, paramagnetic or superparamagnetic com-
pounds) with different levels of specificity are often
used to modulate local signal intensities. MRI is a mul-
tidimensional technique providing cross-sectional im-
ages as well as full three-dimensional (3D) data of
body regions.

Bammer et al. (2005) gave a review on the founda-
tions of advanced MRI. The mathematical and physi-
cal basics as well as the medical applications of MRI
are described by Hornak (2007).

Using time domain NMR techniques, slice selection
with shaped pulses, special encoding by pulsed field
gradients, gradient echo detection and Fourier trans-
form methods, highly resolved images of anatomy can
be generated in almost real time. The most frequently
used parameters are the spin-lattice relaxation time
(T1) and the spin-spin relaxation time (7> ). MRI is rou-
tinely used as a tomographic imaging technique, where
anatomical pictures are created of 1-mm-thick tissue
sections. The contrast differences between brain struc-
tures in most MRI techniques are determined by the
different densities and diffusion of protons, as well as
differences in relaxation times. 7> images are sensitive
to water and, because all pathological alterations in
brains are associated with altered distribution of tissue
water (edema), this technique is highly useful for visu-
alizing the spatial distribution of lesions. Contrast in 7
images is determined mainly by different lattice den-
sities. Dense structures, such as compact white mat-
ter, have low T values, whereas relatively loose struc-
tures, such as gray matter or lesions, have higher 7
values. To distinguish inflammatory active from inac-
tive lesions, the paramagnetic dye gadolinium-DTPA
is intravenously injected (0.1-0.3mmolkg~!) and, in
areas of increased blood-brain barrier permeability,
leaks into the brain parenchyma, causing local en-
hancement of the 71-weighted signal intensity. Srijk-
ers et al. (2007) reviewed the current status of MRI
contrast agents.

Detailed descriptions on the use of MRI are re-
ported in Chap. A, Sects. 3.2.6, 3.2.7, 8.1.13 and
Chap. E, Sects. 10.1, 10.2, 10.2.1, 10.2.2, 10.2.3, 10.3,
10.3.1,and 10.3.2.

Sillerud and Larson (2006) reviewed screening
methods for drug discovery based on nuclear magnetic
resonance (NMR), which were boosted by the intro-
duction of sophisticated computational techniques for
reducing the time for the acquisition of the primary
NMR data for multidimensional studies.

Further non-invasive radiological techniques, such
as BOLD-MRI (blood-oxygen-level-dependent MRI;
Ogawa et al. 1992; Keogh et al. 2005; Burke and

Biihrle 2006), positron emission tomography (PET;
Fowler et al. 1999) and 3'P MRS (Braun et al. 1997),
have been evaluated.

With BOLD-MRI, brain function has been suc-
cessfully probed and has initiated the widely prac-
ticed field of functional MRI (fMRI) (Andersen et al.
2002; Schwarz et al. 2003). Mirsattari et al. (2005) de-
scribed physiological monitoring of small animals dur-
ing fMRI. Sauter et al. (2002) applied fMRI to study
functional recovery following cytoprotective treatment
in a rat model of human embolic stroke.

In addition, spectroscopic imaging with in vivo
magnetic resonance 'H-spectroscopy MRI, known as
MRSI, enables the quantification of relative concen-
trations of specific metabolites, such as intramyocellu-
lar lipid content, at predetermined locations in organs
(Kurhanewicz et al. 1996, 2000; Kuhlmann et al. 2003;
Neumann-Haefelin et al. 2004; Schoelch et al. 2004).

Another important MRI technique is magnetization
transfer ratio (MTR) imaging. The MTR of a given
tissue is defined as the ratio of free protons to protons
bound to tissue macromolecules (Deloire-Grassin et al.
2000; Smith et al. 2006).

Among other methodologies in functional imaging
is the use of electron paramagnetic resonance (EPR),
a technique almost identical in principle and practice
to NMR (Eaton et al. 1991). EPR addresses unpaired
spins, and in a given magnetic field the resonance fre-
quency of an ensemble of electrons is 658 times higher
than that of protons. There are two approaches of EPR
imaging (ERPI), namely the continuous-wave (CW)
modality (constant frequency with a field sweep) or the
time-domain (termed Fourier transform, FT) modal-
ity (acquisition of an impulse response of the sys-
tem at constant field). Devasahayam et al. (2004) de-
scribed tailored sinc pulses for uniform excitation and
artifact-free radiofrequency time-domain EPR imag-
ing. A truncated sinc [sin (x)/x] pulse, tailored to com-
pensate for the Q-profile (RF frequency response) of
the resonator, was shown to yield images from phan-
tom objects as well as in vivo images, with minimal
distortion.

Another very closely related modality known by
two alternate names, PEDRI (proton electron dou-
ble resonance imaging; Lurie et al. 1988, 2005)
and OMRI (Overhauser-enhanced magnetic reso-
nance imaging; Golman et al. 1998, 2002), utilizes
the Overhauser effect, by which protons are polar-
ized in the presence of stable free radicals to provide
highly enhanced MR images at very low fields. The
principle behind OMRI is the saturation of free rad-
ical resonance by continuous (or pulsed) irradiation
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at the electron resonance frequency, which leads to
an Overhauser enhancement of the proton magneti-
zation (also known as dynamic nuclear polarization,
DNP) via mainly the time-dependent dipolar interac-
tions between the unpaired electrons and the water
protons. This may lead to a high enhancement fac-
tor (Ardenkjer-Larsen et al. 1998). This technique has
been shown to produce useful functional proton im-
ages that can be used to perform non-invasive quanti-
tative in vivo oximetry. The sensitivity of OMRI can
be additionally improved by field cycling (Lurie et al.
1989; Subramanian et al. 2004).

Krishna et al. (2002) used OMRI for tumor oxime-
try and co-recording of tumor anatomy and tissue oxy-
gen concentration.

Post (2003) used exchange-transferred nuclear
Overhauser effect spectroscopy (et-NOESY) to probe
the conformation of a ligand while bound to its macro-
molecular receptor.
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0.5
Errors in Screening Procedures

Any screening procedure has a characteristic error rate.
This is inevitable because in high-throughput screen-
ing it is necessary to sacrifice some accuracy or preci-
sion to achieve the requisite speed. Thus when a large
number of compounds is carried through a particular
screen, some of the compounds will be classified incor-

rectly. A screen may be used in an absolute sense, so
that compounds that pass a certain criterion are termed
positives, whereas those that fail to meet the criterion
are termed negatives. Compounds that pass, but should
have failed, are false positives. In general, false posi-
tives are tolerable, if they are not too numerous, be-
cause they will be rectified later. Compounds that fail,
but should have passed, are false negatives. False nega-
tives are lost forever if the failure eliminates them from
further testing.

All screening procedures are based on assumptions
of analogy. They have different degrees of relevance
or predictability. Studies in phase II clinical trials will
predict with high probability the results in large clin-
ical trails. But even here there is the possibility of
false-positive or false-negative results. The relevance
of a test is much less in early pharmacological tests,
such as used in high-throughput screening. Generally,
the relevance is inversely proportional to the simplicity
of the test.

In any case, one is confronted with the problem of
false-positive results (type I errors) and false-negative
results (type II errors).

In each step two sources of error for false-positive
results have to be taken in account:

1. a = error of the first type due to the model

2. a = error of the first type due to statistics

For definition: In the error of the first type a compound
is considered to be active, but is actually ineffective.
This type of error will be clarified during further de-
velopment, after negative clinical trials at the latest.

However, there are also two sources of error for
false-negative results:

1. b = error of the second type due to the model

2. B = error of the second type due to statistics

In the error of the second type a compound is consid-
ered to be ineffective, but is actually effective.

This type of error will never be clarified; an effec-
tive drug has just been missed. Perhaps another inves-
tigator will test this compound under different aspects.

The statistical errors derive from the fact that a phar-
macological test is performed only several times or in
a limited number of animals. One can specify the prob-
ability that a decision made is incorrect, i.e., a drug
candidate is erroneously identified as effective when
it is actually ineffective. Usually this risk is set to 5%
(P<0.05) and is called the statistical error of the first
type or type I error. The error of the second type or
type II error is connected to the type I error by statisti-
cal rules.

Usually, screening is performed sequentially. Tests
in high-throughput screening are followed by tests in
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isolated organs, then in small animals, and special tests
in higher animals, until the compound is recommended
for further development and for studies in human be-
ings. From each step errors of type I, but also from
type 11, arise. As a consequence, many effective com-
pounds will be lost.

There are two ways to circumvent this obstacle:
(1) to increase the number of compounds entering the
screening procedure dramatically, hope for a reason-
able number of true positives, and accept a high rate
of false-negative results (White 2000) as followed in
the ultra high-throughput screening, or (2) to perform
tests with high relevance, meaning tests with high pre-
dictive value in whole animals at an early stage (Vogel
and Vanderbeeke 1990).

The literature on high-throughput screening in-
cludes some publications dealing with false-negative
results (Jones and King 2003; Colland and Daviet
2004; Heller-Uszynska and Kilian 2004).

Zhang et al. (1999, 2000) studied the role of false-
negative results in high-throughput screening proce-
dures. They presented a statistical model system that
predicts the reliability of hits from a primary test as
affected by the error in the assay and the choice of
the hit threshold. The hit confirmation rate, as well
as false-positive (representing substances that initially
fall above the hit limit but whose true activity is be-
low the hit limit) and false-negative (representing sub-
stances that initially fall below the hit limit but whose
true activity is in fact greater than the hit limit) rates
have been analyzed by computational simulation. The
Z-factor and the Z'-factor were introduced to charac-
terize the reliability of high-throughput assays.

The problem of type II errors, i.e., false-negative
results, also exists in many other physiological and
pharmacological studies (Martorana et al. 1982; Bar-
ros et al. 1991; Sandkiihler et al. 1991; Waldeck
1996; Williams et al. 1997). For example, Pollard
and Howard (1986) re-investigated the staircase test,

a well-accepted primary screening method for anx-
iolytics, and found several false-negative results for
clinically active anxiolytics.
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aq-Adrenoreceptor Binding

PURPOSE AND RATIONALE

aq-adrenoceptors are widely distributed and are ac-
tivated either by norepinephrine released from sym-
pathetic nerve terminals or by epinephrine released
from the adrenal medulla. Receptor activation medi-
ates a variety of functions, including contraction of
smooth muscle, cardiac stimulation, cellular prolifera-
tion and activation of hepatic gluconeogenesis and gly-
colysis. In the CNS, the activation of «1-adrenoceptors
results in depolarization and increased neuronal firing
rate.

The a-adrenoreceptor population of plasma mem-
branes from rat heart ventricles consists only of the o1 -
adrenoreceptor subtype. A constant concentration of
the radioligand *H-prazosin (0.2-0.3nM) is incubated
with increasing concentrations of a non-labeled test
drug (0.1 nM-1mM) in the presence of plasma mem-
branes from rat heart ventricles. If the test drug ex-
hibits any affinity to «-adrenoceptors, it is able to com-
pete with the radioligand for receptor binding é&sites.
Thus, the lower the concentration range of the test
drug, in which the competition reaction occurs, the
more potent is the test drug. The assay is used to eval-
uate the concentrationbinding characteristics of drugs
atria the o1-adrenoceptor.

PROCEDURE

Solutions

preparation buffer A:

MgCl, x 6H,O 5SmM
MgCl x 6H,0 1 mM
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D(+)-sucrose 250 mM

pH7.4

preparation buffer B ( =rinse buffer):

Tris-HCl 50 mM
MgCl, x 6H,O 10 mM
pH7.4

incubation buffer:

Tris-HCl 50mM
MgCl, x 6H,O 10 mM
ascorbic acid 1.6mM
catechol 0.3mM
pH7.4

radioligand:

3H-prazosin x HCI
specific activity
0.37-1.11 TBg/mmol
(10-30 Ci/mmol) (NEN)

Tissue Preparation

Male Sprague-Dawley rats (200-300g) are sacrificed
by decapitation and the dissected hearts are placed
in ice-cold preparation buffer A. After removal of the
atria, ventricles (approx. 30 g from 40 rats) are minced
with a scalpel into 2-3 mm pieces.

Membrane Preparation
Ventricles are homogenized by Ultra-Turrax (1 g tis-
sue/20 ml preparation buffer A), the homogenate is fil-
tered through gauze, and centrifuged at 2000 g (4°C)
for 10 min. The pellets are discarded; the supernatant is
collected, and centrifuged again at 40,000 g for 20 min.
The resulting pellets are resuspended in approx. 300 ml
preparation buffer B, homogenized by Ultra-Turrax
and centrifuged as before. The final pellets are dis-
solved (by Ultra-Turrax) in preparation buffer B, cor-
responding to 1g ventricle wet weight/4 ml buffer.
The membrane suspension is immediately stored in
aliquots of 5-20ml at —77°C. Protein content of the
membrane suspension is determined according to the
method of Lowry et al. with bovine serum albumin as
a standard.

At the day of the experiment the required volume of
the membrane suspension is slowly thawed and cen-
trifuged at 40,000 g (4°C) for 20 min. The pellets are

resuspended in a volume of ice-cold rinse buffer, yield-
ing a membrane suspension with a protein content of
1.0-1.5 mg/ml. After homogenization by Ultra-Turrax,
the membrane suspension is stirred under cooling for
20-30 min until the start of the experiment.

Experimental Course
For each concentration samples are prepared in tripli-
cate.

The total volume of each incubation sample is
200 pl (microtiter plates).

Saturation Experiments
total binding:

* 50 ul *H-prazosin
(12 concentrations, 5 x 10~11-5x 10~2 M)
¢ 50l incubation buffer

non-specific binding:

* 50 ul *H-prazosin
(4 concentrations, 5 X 10711-%10° M)
* 50 ul phentolamine (107> M)

Competition Experiments

* 50 ul *H-prazosin
(1 constant concentration, 2-3 x 10710 M)

* 50 ul incubation buffer without or with non-labeled
test drug (15 concentrations, 10719-1073 M)

The binding reaction is started by adding 100 ul mem-
brane suspension per incubation sample (1.0-1.5mg
protein/ml). The samples are incubated for 30 min
in a shaking bath at 25°C. The reaction is stopped
by withdrawing the total incubation volume by rapid
vacuum filtration over glass fiber filters. Thereby the
membrane-bound radioactivity is separated from the
free activity. Filters are washed immediately with ap-
prox. 20 ml ice-cold rinse buffer per sample. The re-
tained membrane-bound radioactivity on the filter is
measured after addition of 2ml liquid scintillation
cocktail per sample in a liquid scintillation counter.

EVALUATION
The following parameters are calculated:

* total binding

* non-specific binding

* specific binding=total binding—non-specific bind-
ing
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The dissociation constant (Kj) of the test drug is
determined from the competition experiment of 3H-
prazosin versus non-labeled drug by a computer-sup-
ported analysis of the binding data.

Kp *H x IC°
' Kp3H+[3H]
ICsp =concentration of the test drug, which competes
50% of specifically bound *H-prazosin in the compe-
tition experiment

[3H] = concentration of 3H-prazosin in the competi-
tion experiment.

Kp 3H =dissociation constant of 3H-prazosin, de-
termined from the saturation experiment.

The Kj-value of the test drug is the concentration,
at which 50% of the receptors are occupied by the test
drug. The affinity constant Kj [mol/l] is recorded and
serves as a parameter to assess the efficacy of the test
drug.

MODIFICATION OF THE METHOD
Binding of H-WB 4101 to «{-adrenergic receptors in
brain is used to test hypotensive activity as a possible
side effect of neuroleptic drugs. The test E.5.1.6 is de-
scribed in the chapter on neuroleptic activity.
Couldwell et al. (1993) found that the rat prostate
gland possesses a typical «1-adrenoceptor similar to
that found in the vas deferens.

SUBTYPES OF THE «1-ADRENOCEPTOR

Several subtypes of the «-adrenoceptor have been
identified by pharmacological means («¢1a and o1,
aic, ®1p; ®1H, oL and oN adrenoceptors; Endoh
et al. 1992; Garcia-Sainz et al. 1992, 1993; Ohmura
et al. 1992; Regan and Cotecchia 1992; Satoh et al.
1992; Schwinn and Lomasney 1992; Veenstra et al.
1992; Aboud et al. 1993; Oshita et al. 1993; Var-
gas et al. 1993; Ruffolo et al. 1994; Minneman and
Esbenshade 1994; Alexander et al. 2001) or by re-
combinant technology («1ad, @1b, @1c adrenocep-
tors). They correspond to the pharmacologically de-
fined a1a, o1B,and o p adrenoceptors in native tissues
(Bylund et al. 1994, 1998; Hieble et al. 1995; Gra-
ham et al. 1996; Hieble and Ruffolo 1996; Alexan-
der et al. 2001; Hawrylyshyn et al. 2004; Waitling
2006).

Binding of the radioligand [*H]-prazosin to the
a1a-adrenoceptor subtype can be measured in mem-
branes prepared from male Wistar rat submaxillary
glands (Michel et al. 1989).

Binding of the radioligand [*H]-prazosin to the
ap-adrenoceptor subtype can be measured in mem-
branes prepared from male Wistar rat livers (Adolfo
et al. 1989).

According to Eltze and Boer (1992), the adrenocep-
tor agonist SDZ NVI 085 discriminates between o1 -
and o1p-adrenoceptor subtypes in vas deferens, kid-
ney and aorta of the rat and may therefore be used as
a tool either to detect (rat vas deferens or kidney) or
exclude (rat aorta) the functional involvement of “aj A -
adrenoceptors in smooth muscle contraction.”.

Stam et al. (1998) found that (+)-cyclazosin, which
behaves as a selective, high-affinity «1g-adrenoceptor
ligand in binding experiments, did not show the profile
of a a1p-adrenoceptor antagonist in functional tissues.

Decreased blood pressure response in mice defi-
cient of the ajp-adrenergic receptor was found by Cav-
alli et al. (1997).

Kenny et al. (1995) used the contractile response
of rat aorta to adrenaline after the application of var-
ious «1-adrenoceptor antagonists for characterization
of a o1p-adrenoceptor.
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A1.1.2
op-Adrenoreceptor Binding

PURPOSE AND RATIONALE

ap-adrenoceptors are widely distributed and are ac-
tivated by norepinephrine released from sympathetic
nerve terminals or by epinephrine released from the
adrenal medulla or from some neurons in the CNS.
The most extensively characterized action is the pre-
junctionally mediated inhibition of the release of neu-
rotransmitters from many peripheral and central neu-
rons. ap-adrenoceptors are also present at postjunc-
tional sites, where they mediate actions such as smooth
muscle contraction, platelet aggregation and inhibi-
tion of insulin secretion. Activation of postsynaptic a2-
adrenoceptors in the brainstem results in an inhibition
of sympathetic outflow in the periphery.

Clonidine is a centrally-acting antihypertensive
agent, which lowers blood pressure mostly through re-
ducing sympathetic tone by acting at the nucleus trac-
tus solitarius in the brain stem (Kobinger and Wal-
land 1967). Clonidine can, however, act at both pe-
ripheral and central az-receptors. Peripherally admin-
istered clonidine causes a brief increase in blood pres-
sure followed by a prolonged decrease (Rand and Wil-
son 1968). Functional studies (*H-NE release) indicate
a presynaptic mechanism for clonidine (Langer 1977,
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1981; Starke 1977). However, lesioning studies fail to
confirm a presynaptic location for clonidine receptors
in either the CNS or periphery (U’ Prichard et al. 1979;
Bylund and Martinez 1981; U’Prichard et al. 1980).
No change in clonidine receptor sites was seen after 6-
hydroxydopamine lesions in cerebral cortex. This may
be due to the fact that az-receptors are both pre- and
postsynaptic (Hieble et al. 1988).

Alpha-adrenergic agonists most potently displace
3H-clonidine. Ergot compounds, dopamine agonists
and mianserin are also fairly potent (U’ Prichard et al.
1977). A survey on functions mediated by alpha-2
adrenergic receptors was given by Ruffolo et al. (1988)
and on the role of neurotransmitters in the central regu-
lation of the cardiovascular system by McCall (1990).
Although clonidine relieves the autonomic symptoms
of morphine withdrawal (Gold et al. 1978), there is no
evidence for a direct avp/opiate-receptor interaction.

The purpose of this assay is to assess the interac-
tion of hypotensive agents with central a,-receptors
and determine possible clonidine-like mechanisms of
action. Clonidine binding may also be relevant to the
activity of other classes of drugs such as antidepres-
sants that interact with ap-receptors.

PROCEDURE
Reagents
1. Tris buffer pH7.7
a) 57.2¢g Tris HCl g.s. to 1 liter
(0.5M Tris buffer, pH7.7)
16.2 g Tris base
b) make a 1:10 dilution in distilled H,O
(0.05M Tris buffer, pH7.7)
2. Tris buffer containing physiological ions
a) Stock buffer

NaCl 7.014¢g
KCl 0372g
CaClp 0.222¢g
MgClp 0.204 ¢

g.s to 100 ml in 0.5 M Tris buffer
b) Dilute 1:10 in distilled H>O.
This yields 0.05M Tris HCI, pH 7.7; containing
NaCl (120 mM), KC1 (5 mM), CaCl, (2 mM) and
MgCl, (1 mM)
3. [4-3H]-Clonidine hydrochloride (20-30 Ci/mmol)
is obtained from New England Nuclear.
For ICso determinations: SH-Clonidine is made up
to a concentration of 120 nM and 50 ul are added to
each tube (yielding a final concentration of 3 nM in
the 2 ml volume assay).

4. Clonidine-HCI is obtained from Boehringer Ingel-
heim.
A stock solution of 0.1 mM clonidine is made up to
determine non-specific binding. This yields a final
concentration of 1 uM in the assay (20 ul to 2 ml).
5. Test compounds:
For most assays, a 1 mM stock solution is made up
in a suitable solvent and serially diluted, so that the
final concentrations in the assay range from 107 to
10~8 M. Seven concentrations are used for each as-
say and higher or lower concentrations can be used,
depending on the potency of the drug.

Tissue Preparation

Male Wistar rats are sacrificed by decapitation and
the cortical tissue is rapidly dissected. The tissue
is homogenized in 50 volumes of 0.05M Tris buffer
pH7.7 (buffer 1b) with the Brinkman Polytron, and
centrifuged at 40,000g for 15min. The supernatant
is discarded and the final pellet rehomogenized in
50 volumes of buffer2b. This tissue suspension is
then stored on ice. The final tissue concentration is
10 mg/ml. Specific binding is 1% of the total added
ligand and 80% of total bound ligand.

Assay

100l 0.5M Tris — physiological salts pH7.7
(buffer 2a)

830ul  Hy0

20ul Vehicle (for total binding) or 0.1 mM cloni-
dine (for nonspecific binding) or appropriate
drug concentration.

50ul 3H-clonidine stock solution

1000l tissue suspension.

Tissue homogenates are incubated for 20 min at 25°C
with 3nM 3H-clonidine and varying drug concentra-
tions, and immediately filtered under reduced pres-
sure on Whatman GF-B filters. The filters are washed
with 3 five ml volumes of 0.05M Tris buffer pH7.7,
and transferred to scintillation vials. Specific cloni-
dine binding is defined as the difference between total
bound radioactivity and that bound in the presence of
1 uM clonidine.

EVALUATION

ICs calculations are performed using log-probit anal-
ysis. The percent inhibition at each drug concentration
is the mean of triplicate determinations.
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MODIFICATIONS OF THE METHOD

Perry and U’Prichard (1981) described [*H]rauwol-
scine (a-yohimbine) as a specific radioligand for brain
ap-adrenergic receptors.

Goldberg and Robertson (1983) reviewed yohim-
bine as a pharmacological probe for the study of the
az-adrenoreceptor.

Pimoule et al. (1983) characterized [PH]RX 781094
[(imidazolinyl-2)-2benzodioxane-1,4] as a specific
ap-adrenoceptor antagonist radioligand.

Murphy and Bylund (1988) characterized alpha-2
adrenergic receptors in the OK cell, an opossum kid-
ney cell line.

Binding of the radioligand [>H]-rauwolscine to the
aza-adrenoceptor subtype can be measured in mem-
branes prepared from rabbit spleens (Michel et al.
1989).

Binding of the radioligand [*H]-yohimbine to the
asp-adrenoceptor subtype can be measured in mem-
branes prepared from male Wistar rat kidney cortices
(Connaughton and Docherty 1989).

SUBTYPES OF THE «a3-ADRENOCEPTOR

Using *H-rauwolscine as ligand Broadhurst et al.
(1988) studied the existence of two alphaz-adreno-
receptor subtypes.

Bylund et al. (1988) used [*H]-yohimbine and [*H]-
rauwolscine to study alpha-2A and alpha-2B adrener-
gic subtypes in tissues and cell lines containing only
one subtype.

Brown et al. (1990) found that [3H]-yohimbine la-
bels at aoa- and aop-adrenoceptors whereas [*H]-
idazoxan labels the ap A -adrenoceptor and, in addition,
an imidazoline binding site.

Several subtypes of the ox-adrenoceptor have been
identified by pharmacological means (o2a-, ®2B-,
azc-, and app-adrenoceptors; Ruffulo 1990; Uhlén
and Wikberg 1990; Gleason and Hieble 1992; Satoh
and Takayanagi 1992; Takano et al. 1992; Ruffolo et al.
1993) or by recombinant technology as a24-, ®2b-, 0t2¢-
adrenoceptors (Bylund et al. 1994; Hieble et al. 1995;
Hieble and Ruffolo 1996; Alexander et al. 2001; Wait-
ling 2006).

Gleason and Hieble (1992) reported that the o-
adrenoreceptors of the human retinoblastoma cell line
(Y79) may represent an additional example of the aac-
adrenoceptor.

Marjamiki et al. (1993) recommended the use of
recombinant human «;-adrenoceptors to characterize
subtype selectivity of antagonist binding.

All three a2-adrenoceptor types serve as autorecep-
tors in postganglionic sympathetic neurons (Trende-
lenburg et al. 2003).

Uhlén et al. (1994) found that the «»-adrenergic ra-
dioligand [PH]-MKO912 is apc-selective among human
a2A-, aop- and axc-adrenoceptors.

Uhlén et al. (1998) tested the binding of the radi-
oligand [*H]RS79948-197 to human, guinea pig and
pig aoa-, aop- and apc-adrenoceptors and compared
the values with MK912, RX821002, rauwolscine and
yohimbine. [PH]RS79948-197 was non-selective for
the a-adrenoceptor subtypes, showing high affinity
for all three.
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A1.1.3
Electrically Stimulated Release of [*H]Norepinephrine
from Brain Slices

PURPOSE AND RATIONALE

The existence of presynaptic receptors which regu-
late the evoked release of neurotransmitters has been
functionally demonstrated in both peripheral and cen-
tral nervous system (Langer 1981; Starke 1981; Rai-
teri et al. 1984; Miller 1998). Presynaptic adrener-
gic ap-receptors regulate the evoked release of nore-
pinephrine, comprising a short negative feedback loop.
Alpha-2 agonists, such as clonidine and guanabenz, in-
hibit evoked release and alpha-2 antagonists, such as
yohimbine and idazoxan, enhance evoked release.

The assay is used as a biochemical screen for
agents which enhance or inhibit release of [*H]nor-
epinephrine (*H-NE) and is particularly useful for test-
ing receptor function of az-adrenergic agonists and an-
tagonists.

The procedures used emphasize delicate care of
slices. By treating slices with great care, one is able
to incubate at low tracer concentrations of H-NE
(25nM), thus minimizing nonspecific labeling of re-
leasable pools other than those in noradrenergic nerve
terminals. It also permits the use of low (and more
physiological) stimulation parameters, which allow the



58 Chapter A - Cardiovascular Activity

neurons to recover easily between stimulations and do
not flood the synaptic cleft with released NE, which
would compete with any applied drug thus decreasing
sensitivity.

PROCEDURE
This assay is based on the method described by Zah-
niser et al. (1986).

A Reagents
1. Krebs-Henseleit bicarbonate buffer, pH7.4

(KHBB):

NaCl 118.4 mM
KCl 4.7 mM
MgSO4 x7 HyO 1.2mM
KH,PO4 2.2mM
NaHCO3 24.9mM
CaCl, 1.3mM
dextrose (added prior to use) 11.1mM

The buffer is aerated for 60 min with 95% O,
5% CO; on ice and pH is checked.

2. Levo-[Ring-2,5,6-*H]-norepinephrine  (specific
activity 40-50 Ci/mmol) is obtained from New
England Nuclear.

The final desired concentration of H-NE is
25nM. 0.125 nmol is added to 5 ml KHBB.

3. Test compounds
For most assays, a 1 mM stock solution of the test
compound is made up in a suitable solvent and
diluted such that the final concentration in the as-
say is 1 uM. Higher or lower concentrations may
be used depending on the potency of the drug.

B Instrumentation
Neurotransmitter release apparatus consisting of:

— oscilloscope B8K, Precision Model 1420,
dual-trace microscope (Dynascan Corp.)

— constant current unit, Grass model CCUI1
(Grass Instr. Co.)

— stimulator, model S44, solid state square wave
stimulator (Grass Instr. Co.)

— pump, Watson-Marlow, model 502 SHR, stan-
dard drive module; model 501 M multichannel
pumphead (Bacon Technical Instr.)

— circulator, Haake D8 immersion circulator
(Haake Buchler Instr. Inc.)

— fraction collector, Isco Retriever IV fraction
collector (Isco Inc.)

C Tissue Preparation
Male Wistar rats (100-150 g) are decapitated, corti-
cal tissue removed on ice and 0.4 mm slices are pre-
pared with a Mcllwain tissue chopper. The slices

are made individually and removed from the ra-
zor blade by twirling an artist’s paint brush under-
neath the slice. Care should be taken not to com-
press the slice or impale it on the bristles. The slices
are placed in cold, oxygenated buffer (10-20ml)
and incubated at 35°C for 30 min under oxygen.
After this incubation, the buffer is decanted, leav-
ing the slices behind. Then 5 ml of cold oxygenated
buffer is added, and enough [*H]NE to bring the fi-
nal concentration to 25 nM. This is then incubated
and shaken for 30 min at 35°C under oxygen. After
this step, the buffer is decanted and the “loaded”
slices are rapidly placed on the nylon mesh in
the stimulation chambers using a cut-off pipetman
tip.

D Assay
To establish a stable baseline, control buffer is
pumped through the chamber for 1 h at a flow rate
of 0.7 ml/min before the first stimulation. One hour
is allowed to pass before the second stimulation.
When drugs are used, each concentration is pre-
pared in a separate flask in control buffer and al-
lowed to equilibrate with the tissue slice 20 min
before the second stimulation. The experiment is
stopped 40 min after the second stimulation.
Stimulation parameters are set at 5 Hz (2 ms dura-
tion) for 60 s, with 1 ms delay and voltage setting of
440 SIU (250 €2).
After the experiment is completed, the chambers are
washed with distilled water for at least 20 min, then
200 ml of 20% methanol in distilled water, then dis-
tilled water again for at least 20 min.

EVALUATION

After conversion of dpm, percent fractional release is
calculated for each fraction, using the spreadsheet pro-
gram.

Percent fractional release is defined as the amount
of radiolabeled compound released divided by the
amount present in the tissue at that moment in time.
“Spontaneous release” (SP) values are the average of
the two fractions preceding and the first fraction in that
range after the stimulation period. “Stimulated” (S)
are the summed differences between the percent frac-
tional release during stimulation and the appropriate
SP value.

The effects of drugs can be reported as S»/S; ra-
tios. To normalize the data, drug effects can be esti-
mated by first calculating S»/S values for control and
drug-treated slices and then expressing the S»/S; value
for the drug-treated slices as a percentage of the
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S2/S1 value for the control slices for each experiment.
Each condition should be tested in slices from each an-
imal.
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Al114
Imidazoline Receptor Binding

PURPOSE AND RATIONALE

Imidazoline receptors constitute a family of nonadren-
ergic high-affinity binding sites for clonidine, ida-
zoxan, and allied drugs. Drugs selectively binding to
imidazoline receptors are expected to have less side
effects than clonidine (Ernsberger et al. 1992, 1997;
Molderings et al. 1992; Limon et al. 1992). One ma-
jor subclass, the I receptors, being mainly distributed
in the brain and brain stem, partly mediates the cen-
tral hypotensive action of clonidine-like drugs. The
I, receptors, an other subclass, are mitochondrial, not
G protein coupled, and have diversified functions.
They may be involved in neuroprotection for cerebral
ischemia. Two binding sites of [*H]p-aminoclonidine,
ap-adrenoceptors and imidazoline binding sites, could
be separated (Ernsberger et al. 1987; Bricca et al. 1988;
Kamisaki et al. 1990). At least 3 subtypes of imida-
zoline/guanidinium-receptive sites have been found by
photoaffinity labeling (Lanier et al. 1993).

Several endogenous ligands for imidazoline re-
ceptors, collectively termed clonidine displacing sub-
stances (CDSs), have been detected in tissues and
serum (Reis et al. 1995; Chan et al. 1997).

An endogenous substance with clonidine-like prop-
erties originally isolated from brain which binds se-
lectively to imidazoline receptors was described by
Atlas and Burstein (1984), Ernsberger et al. (1988),
Atlas (1991), Meeley et al. (1992), Dontenwill et al.
(1992, Ragunathan and Reis 1996). The endogenous
substance agmatine, a decarboxylated arginine, may be
the physiological agonist at imidazoline receptors act-
ing as neurotransmitter (Li et al. 1994; Gonzales et al.
1996; Head et al. 1997; Herman 1997; Reis and Regu-

nathan 2000). Further candidates of endogenous lig-
ands are discussed (Reis and Ragunathan 1998).

A critical review on imidazoline binding sites is
given by Eglen et al. (1998).

PROCEDURE
Tissue Preparation
Whole bovine brains and adrenal glands are obtained
from a local slaughterhouse. The lateral medulla ob-
longata is isolated by a sagittal section through the
lateral margin of the pyramids and then bisected. The
ventral half is defined as the ventrolateral medulla.
Fresh bovine adrenal glands are perfused retro-
gradely through the adrenal vein twice with 25 ml ice-
cold Krebs-Henseleit bicarbonate buffer. The glands
are perfused again with 25 ml ice-cold Krebs-Henseleit
buffer containing 0.025% collagenase (type I, Sigma
Chemical), incubated at room temperature for 1 h, then
perfused with 25 ml fresh buffer containing collage-
nase and incubated for 30 min at 35°C. The digested
glands are split, and the medulla is removed from the
cortex. Adrenal medullae are minced and incubated
while being stirred for 30 min at 37°C. The digest is
filtered and centrifuged at 200 g for 30 min at 20°C.
The cell pellet is resuspended in 30 ml Krebs’ solu-
tion without collagenase, recentrifuged, flash-frozen,
and stored at —70°C.

Membrane Preparation

Fresh bovine ventrolateral medulla and collagenase-di-
gested rat renal medulla are homogenized with a Poly-
tron (Tekmar Tissumizer; setting 80for 15s twice)
in 20 vol of ice-chilled HEPES-buffered isotonic su-
crose (pH 7.4) containing the protease inhibitors 1,10-
phenanthroline (100pM) and phenylmethylsulfonyl
fluoride (50 uM). Bovine adrenomedullary chromaf-
fin cells are homogenized in 15 ml HEPES-buffered
isotonic sucrose by 10 strokes in a glass/glass hand-
hold homogenizer. The homogenates are centrifuged
at 1000g for Smin at 4°C to remove nuclei and
debris. The pellets (P1) are resuspended in 20ml
of homogenization buffer and centrifuged again at
1000 g for 5min. The supernatants are centrifuged at
48,000 g for 18 min at 4°C, and the resulting pellet (P2)
is resuspended in 10-25vol 50 mM Tris-HCI buffer
(pH7.7) containing 5SmM EDTA. After recentrifuga-
tion at 48,000g for 18 min, the resulting membrane
pellet is resuspended in Tris-HCI containing 25 mM
NaCl, preincubated for 30 min at 25°C, chilled on ice,
centrifuged again, resuspended a final time in Tris-
HCI alone, centrifuged, flash-frozen, and stored at
—70°C.
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Binding Assays

For determination of specific binding to I1-imidazoline
sites and «p-adrenergic receptors radioligand bind-
ing assays are performed with [*H]clonidine, [3H]p-
iodoclonidine, or [PH]moxonidine. Membranes are
slowly thawed and resuspended in Tris-HCI or Tris-
HEPES buffer (pH7.7, 25°C). Assays are conducted
in a total volume of 250pl in polypropylene 96 well
plates (Beckman Macrowell). Each well contains
125yl membrane suspension, 25 ul radioligand, and
100l drug or vehicle. Incubations are initiated by
the addition of membrane suspension and carried
out for 40 min at 25°C. Nonspecific binding is de-
fined in the presence of either piperoxan or phen-
tolamine (0.1 mM), which are imidazoline-adrener-
gic agents. Specific ap-adrenergic binding is defined
by epinephrine (0.1 mM). In experiments with cat-
echolamines, all samples contain ascorbic acid in
a final concentration of 0.001%. Incubations are ter-
minated by vacuum filtration over Reeves-Angel or
Whatman GF/C fiberglass filters using a cell har-
vester (Brandel). The filters are washed four times
with 5ml ice-cold Tris-HCI, placed in scintillation
vials, covered with 4ml scintillation cocktail and
counted at 50% efficiency. Protein is assayed by
a modified Lowry et al. method (Peterson 1977) us-
ing a deoxycholate-trichloroacetic acid protein pre-
cipitation technique which provides a rapid quan-
titative recovery of soluble and membrane proteins
from interfering substances even in very dilute so-
lutions. Sodium dodecyl sulfate is added to alle-
viate possible nonionic and cationic detergent and
lipid interferences, and to provide mild conditions for
rapid denaturation of membrane and proteolipid pro-
teins.

EVALUATION

Data are obtained as disintegrations per min and trans-
ferred to the Equilibrium Binding Data Analysis pro-
gram (McPherson 1985). Then, several experiments
are analyzed simultaneously with the LIGAND pro-
gram for non-linear curve fitting (Munson and Rod-
bard 1980). ICso values are estimated from inhibi-
tion curves by non-linear curve fitting (Mutolsky and
Ransnas 1987). Protein assay data are also analyzed by
non-linear curve fitting (McPherson 1985).

MODIFICATIONS OF THE METHOD

Tesson et al. (1991) defined the subcellular lo-
calization of imidazoline-guanidinium-receptive sites
by performing binding studies with the radioligand
[*H]idazoxan.

Lanier et al. (1993) visualized multiple imidazo-
line/guanidinium-receptive sites with the photoaffinity
adduct 2-[3-azid0-4—[1251]i0d0-phen0xy]methyl imi-
dazoline.

Molderings et al. (1991) characterized imidazoline
receptors involved in the modulation of noradrenaline
release in the rabbit pulmonary artery pre-incubated
with [*H]noradrenaline.

Molderings and Gothert (1995) determined elec-
trically or K*-evoked tritium overflow from super-
fused rabbit aortic strips pre-incubated with [*H]nor-
adrenaline in order to characterize presynaptic imida-
zoline receptors which mediate noradrenaline release
and compared them with I;- and I>-imidazoline radi-
oligand binding sites.

Ernsberger et al. (1995) described optimization of
radioligand binding assays for I; imidazoline sites.

Munk et al. (1996) reported the synthesis and
pharmacological evaluation of a potent imidazoline-1
receptor specific agent.

Piletz et al. (1996) compared the affinities of sev-
eral ligands for [!2°I]p-iodoclonidine binding at hu-
man platelet I} imidazole binding sites.

Several selective ligands for imidazoline I, recep-
tors have been identified, such as:

e LSL 60101 (Alemany et al. 1995; Menargues et al.
1995),

¢ RS-45041-190 (MacKinnon et al. 1995; Brown
et al. 1995),

* RX801077 (=2-BFI=2-(2-benzofuranoyl)-2-imi-
dazoline and analogues (Jordan et al. 1996; Lione
et al. 1996; Alemany et al. 1997; Hosseini et al.
1997; Wiest and Steinberg 1997; Hudson et al.
1997).
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A1.15
B-Adrenoreceptor Binding

PURPOSE AND RATIONALE

B-adrenoceptors are widely distributed, found at both
central and peripheral sites, and are activated either via
norepinephrine released from sympathetic nerve ter-
minals or via epinephrine released from the adrenal
medulla. Important physiological consequences of -
adrenoceptor activation include stimulation of cardiac
rate and force, relaxation of vascular, urogenital and
bronchial smooth muscle, stimulation of renin secre-
tion from the juxtaglomerular apparatus, stimulation
of insulin and glucagon secretion from the endocrine

pancreas, stimulation of glycogenolysis in liver and
skeletal muscle and stimulation of lipolysis in the
adipocyte.

Three B-adrenoceptor proteins have been cloned,
and the characteristics of these recombinant receptors
correspond with those of the three well characterized
B-adrenoceptors on native tissue, designated as B,
B2 and B3. The possible roles of f3-adrenoceptors in
the cardiovascular system were discussed by Gauthier
et al. (2000). An additional B-adrenoceptor modulat-
ingcardiac contractility has been designated as the S4-
adrenoceptor (Kaumann et al. 1998).

While it was initially thought that cardiac stimu-
lation involved primarily the f-adrenoceptor, it now
appears that all of the receptor subtypes may be in-
volved. Bronchodilation appears to be mediated by the
B2-adrenoceptor. The B3-adrenoceptor is responsible
for lipolysis in white adipose tissue and thermogene-
sis in the brown adipose tissue found in rodents. Renin
release appears to be mediated by the §1-adrenoceptor
(Waitling 2006).

The B-adrenoceptor population of plasma mem-
branes from bovine heart ventricles consists of
75-80% B1- and 20-25% Br-adrenoceptors. The use
of this tissue allows a parallel investigation of the
binding characteristics of drugs at both the B1- and
Br-adrenoceptors. Both, the 81- and B;-adrenoceptors
coexist in rat ventricular myocytes, but stimulation
of these receptor subtypes elicits qualitatively differ-
ent cell responses at the levels of ionic channels, the
myofilaments, and sarcoplasmic reticulum (Xiao and
Lakatta 1993).

A constant concentration of the radioligand *H-
dihydroalprenolol (*H-DHA) (4-6nM) is incubated
with increasing concentrations of a non-labeled test
drug (0.1 nM—1 mM) in the presence of plasma mem-
branes from bovine heart ventricles. If the test drug ex-
hibits any affinity to 8-adrenoceptors, it is able to com-
pete with the radioligand for receptor binding sites.
Thus, the lower the concentration range of the test
drug, in which the competition reaction occurs, the
more effective is the test drug.

PROCEDURE
Materials and Solutions
preparation buffer:

Tris-HCl 5SmM
MgCl, x6 H,O 1 mM
D(+)-sucrose 250 mM
pH7.4
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310 mOsm sodium phosphate buffer:

pH7.4 rinse buffer:
Tris-HCl 50 mM
MgCl, x6 H, O 10 mM
pH7.4

incubation buffer:
Tris-HCl 50 mM
MgCl, x6 H,O 10 mM
ascorbic acid 1.6 mM
catechol 0.3mM
pH7.4

radioligand:

(-)*H-dihydroalprenolol x HCI

(®*H-DHA) specific activity 1.48-2.59 TBq/mmol
(40-70 Ci/mmol) (NEN)

for inhibition of 3H-dihydroalprenolol binding in
non-specific binding experiments:

(-)isoprenaline(+)bitartrate salt (Sigma)

Bovine hearts are obtained freshly from the local
slaughter house. The lower part of the left ventricle
from 5 hearts is separated and kept in ice-cold prepara-
tion buffer. In the laboratory, approx. 60 g wet weight
from the five ventricle pieces are minced with a scalpel
into 2-3 mm pieces.

Membrane Preparation

Ventricles are homogenized by Ultra-Turrax (1 g tis-
sue/10 ml buffer), the homogenate is filtered through
gauze and centrifuged at 500g (4°C) for 10min.
The pellets are discarded, the supernatant is col-
lected, and centrifuged at 40,000g for 20 min. The
resulting pellets are resuspended in approx. 300 ml
310 mOsm sodium phosphate buffer, homogenized
by Ultra-Turrax, and centrifuged as before. The fi-
nal pellets are dissolved (by Ultra-Turrax) in sodium
phosphate buffer corresponding to 1g ventricle wet
weight/2 ml buffer. The membrane suspension is im-
mediately stored in aliquots of 5-20ml at —77°C. Pro-
tein concentration of the membrane suspension is de-
termined according to the method of Lowry et al. with
bovine serum albumin as a standard.

At the day of the experiment, the required volume
of the membrane suspension is slowly thawed and cen-
trifuged at 40,000 g (4°C) for 20 min. The pellets are
resuspended in a volume of ice-cold rinse buffer, yield-
ing a membrane suspension with a protein content
of approx.2.0mg/ml. After homogenizing by Ultra-
Turrax, the membrane suspension is stirred under cool-
ing for 20-30 min until the start of the experiment.

Experimental Course

All incubation samples are performed in triplicate.
The total volume of each incubation sample is

200 pl (microtiter plates).

Saturation Experiments
total binding:

* 50ul *H-DHA
(12 concentrations, 3 x 10~19-4 x 10~% M)
e 50 ul incubation buffer

non-specific binding:

* 50ul *H-DHA
(4 concentrations, 3 x 107104 x 1078 M)
e 50l (-)isoprenaline (1073 M)

Competition Experiments

* 50 ul *H-DHA
(1 constant concentration, 4—6x 10~2 M)

¢ 50 ul incubation buffer without or with non-labeled
test drug
(15 concentrations 10~10-1073 M)

The binding reaction is started by adding 100 ul mem-
brane suspension per incubation sample (approx. 2 mg
protein/ml). The samples are incubated for 60 min in
a shaking water bath at 25°C. The reaction is stopped
by rapid vacuum filtration of the total incubation vol-
ume over glass fiber filters. Thereby the membrane-
bound radioactivity is separated from the free activity.
Filters are washed immediately with approx. 20 ml ice-
cold rinse buffer per sample. The retained membrane-
bound radioactivity on the filter is measured after ad-
dition of 2 ml liquid scintillation cocktail per sample in
a Packard liquid scintillation counter.

EVALUATION
The following parameters are calculated:

* total binding

 non-specific binding

* specific binding=total binding—non-specific bind-
ing

The dissociation constant (Kj) of the test drug is
determined from the competition experiment of 3H-
DHA versus non-labeled drug by a computer-sup-
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ported analysis of the binding data.

- Kp H x (O
' Kp *H+ [3H]

ICso=  concentration of the test drug, which com-
petes with 50% of specifically bound 3H-
DHA in the competition experiment

[*H]=  concentration of SH-DHA in the competi-
tion experiment.

Kp 3H= dissociation constant of 3H-DHA, deter-

mined from the saturation experiment.

The Kj-value of the test drug is the concentration, at
which 50% of the receptors are occupied by the test
drug.

The affinity constant Kj[mol/l] is recorded and
serves as a parameter to assess the efficacy of the test
drug.

Standard data

propranolol hydrochloride K; = 6-8 x 10~ mol/l

MODIFICATIONS OF THE METHOD
Abrahamsson et al. (1988) performed a receptor bind-
ing study on the 8- and B»-adrenoceptor affinity of
atenolol and metoprolol in tissues from the rat, the
guinea pig and man with various radioligands, such
as ['2I](£)hydroxybenzylpindolol, [!2°T](-)pindolol,
[3H](—)dihydroalprenolol, and [*H](-)CGP 12177.
Fleisher and Pinnas (1985) used specific binding of
(9)[*H]dihydroalprenolol to rat lung membranes for in
vitro studies on the relative potency of bronchodilator
agents.
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A1.1.6
B1-Adrenoreceptor Binding

PURPOSE AND RATIONALE

B-adrenergic receptors were differentiated from o-
receptors (Ahlquist 1948) and subsequently divided
into 2 distinct subtypes, 81 and B> (Lands et al. 1967)
based on differing pharmacology in different tissues.
B-receptors have been labelled in a number of tissues
including heart, lung, erythrocytes and brain using the
B-agonists [*H]-epinephrine (U’ Prichard et al. 1978),
or [*H]-hydroxybenzylisoproterenol (Lefkowitz and
Williams 1977) or the S-receptor antagonists [*H]-
alprenolol (Mukherjee et al. 1975), [*H]-dihydroal-
prenolol (DHA) (U’Prichard et al. 1978; Bylund and
Snyder 1976) and ('*°I)-iodohydroxypindolol (Wei-
land et al. 1980). DHA is a potent S-antagonist
(Mukherjee et al. 1975), which labels both 8; and
B2 adrenergic receptors. The binding characteristics of
this ligand in brain were described by Bylund and Sny-
der (1976), who showed that antagonists competed po-
tently and agonists less potently although stereospeci-
ficity was maintained. The pharmacology of binding
was consistent with 1-receptor occupancy. Lesioning
studies (Wolfe et al. 1982), combined with non-linear
regression analysis of data have shown that while S-
receptors in rat cerebellum are primarily of the §2 sub-
type, the B1 occurring in rat cerebral cortex are phys-
iologically more significant. The assay can be used to
evaluate the direct interaction of drugs with B-recep-
tors labelled by [3H]-dihydroalprenolol.

PROCEDURE
Reagents
Tris buffer, pH 8.0
1. a) 44.4 g Tris HCI g.s. to 1 liter
(0.5M Tris, pH 8.0) 26.5 g Tris base
b) Dilute 1:10 in distilled water.
(0.05M Tris, pH 8.0)
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2. (-)-[propyl-1,2,3-*H] Dihydroalprenolol hydro-

chloride (45-52 Ci/mmol) is obtained from New
England Nuclear.
For ICs( determinations: A stock solution of 20 nM
3H-DHA is made up in distilled H,O and 50 pl is
added to each tube (this yields a final concentration
of I nM in the 1 ml assay).

3. (%)-propranolol HCI is obtained from Ayerst.

A 1 mM propranolol stock solution is made up in
distilled water and further diluted 1:20 in distilled
water to give 50 uM propranolol solution. Twenty pl
of dilute stock solution is added to 3 tubes to deter-
mine nonspecific binding (yields a final concentra-
tion of 1 uM in a 1 ml assay).

4. Test compounds:

For most assays, a 1 mM stock solution is made
up in a suitable solvent and serially diluted, such
that the final concentration in the assay ranges from
1073 to 10~® M. Seven concentrations are used for
each assay. Higher or lower concentrations may be
used depending on the potency of the compound.

Tissue Preparation

Male rats are decapitated and the brains rapidly
removed. The cerebral cortices are dissected free,
weighed and homogenized in 50ml of ice-cold
0.05Tris buffer, pH8.0. This homogenate is cen-
trifuged at 40,000 g, the supernatant decanted and the
pellet resuspended and recentrifuged at 40,000 g. The
final pellet is resuspended in the initial volume of fresh
0.05 Tris buffer, pH 8.0. This tissue suspension is then
stored on ice. The final tissue concentration in the as-
say is 10mg/ml. Specific binding is about 3% of the
total added ligand and 80% of the total bound ligand.

Assay
380ul  HO
50ul 0.5 Tris buffer, pH 8.0
20ul  Vehicle (for total binding) or 50 uM (%)
propranolol (for nonspecific binding) or
appropriate drug concentration
50ul  *H-DHA stock solution
500l tissue suspension.

The tissue homogenates are incubated for 15 min at
25°C with 1 nM *H-DHA and varying drug concentra-
tions. With each binding assay, triplicate samples are
incubated with 1 pM (&4)-propranolol under identical
conditions to determine nonspecific binding. The as-
say is stopped by vacuum filtration through Whatman
GEF/B filters which are washed 3 times with 5 ml of ice-

cold 0.05 Tris buffer, pH 8.0. The filters are counted in
10 ml of Liquiscint scintillation cocktail.

EVALUATION

The percent inhibition of each drug concentration is
the mean of triplicate determinations. /Cs¢ values are
obtained by computer-derived log-probit analysis.

MODIFICATIONS OF THE METHOD
Dooley et al. (1986) recommended CGP 20712 A as
a useful tool for quantitating 81 and 8, adrenoceptors.
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A1.1.7
B2-Adrenoreceptor Binding

PURPOSE AND RATIONALE

Lands et al. (1967) classified B-receptors into 81 and
B2 subtypes according to differences in the action
of various catecholamines. Synthesis of more selec-
tive B-antagonists has helped to confirm the existence
of receptor subtypes. Based on catecholamine phar-
macology and differences in the tissue distribution,
it has been suggested that the fi-receptor serves as
the receptor for norepinephrine acting as a neuro-
transmitter and the f;-receptor serves as a receptor
for epinephrine acting as a hormone. (Nahorski 1981;
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Ariens and Simonis 1983; Lefkowitz et al. 1983; Min-
neman 1983). Since [3H]-dihydr0alprenolol is a non-
specific ligand, it is necessary to select a tissue which
is enriched in fs-receptors in order to convey speci-
ficity to this assay. Tissues with predominantly f>-
receptors include lung (U’Prichard et al. 1978; Ariens
and Simonis 1983; Lefkowitz et al. 1983), cerebellum
(Lefkowitz et al. 1983; Minneman et al. 1983), rat and
frog erythrocytes (Mukherjee et al. 1975; Lefkowitz
et al. 1983) and ciliary process (Nathanson 1985)
whereas, forebrain, heart and avian erythrocytes are
relatively enriched in the 81-subtype (Lefkowitz et al.
1983). Due to poor binding characteristics in cerebel-
lum, rat lung is chosen as the tissue for 8,-adrenergic
receptors.

A compound with B-selectivity would be less
likely to produce cardiac effects but more likely to pro-
duce bronchiolar constriction. The test is used to deter-
mine the affinity of compounds for the §,-adrenergic
receptor subtype. A measure of receptor subtype se-
lectivity can be determined when data are compared
with those obtained in the f8;-adrenergic assay in rat
cerebral cortex.

The present nomenclature of 81, 82, and B3 recep-
tors was reviewed by Alexander et al. (2001).

PROCEDURE

Reagents

1. Tris buffers, pH 8.0
a) 44.4 ¢ Tris HCl g.s. to 1 liter

(0.5M Tris, pH 8.0) 26.5 g Tris base
b) Dilute 1:101n distilled water
(0.05M Tris, pH 8.0)

2. (=)-[propyl-1,2,3-3H] Dihydroalprenolol hydro-

chloride (45-52Ci/mmol) is obtained from New
England Nuclear.
For ICs determinations: A stock solution of 20 nM
3H-DHA is made up in distilled water and 50 ul is
added to each tube (this yields a final concentration
of 1 nM in the assay)

3. (%)-propranolol HCl is obtained from Ayerst.

A 1 mM propranolol stock solution is made up in
distilled water and further diluted 1:20 in distilled
water to give 50 uM propranolol solution. Twenty ul
of dilute stock solution are added to 3 tubes to deter-
mine nonspecific binding (yielding a final concen-
tration of 1 uM in a 1 ml assay).

4. Test compounds:

For most assays, a 1 mM stock solution is made
up in a suitable solvent and serially diluted, such
that the final concentrations in the assay range from
107 to 10~ M. Seven concentrations are used for

each assay. Higher or lower concentrations may be
used depending on the potency of the compound to
be tested.

Tissue Preparation

Male Wistar rats are sacrificed by decapitation and
the lungs removed, weighed and homogenized in
50 volumes of ice-cold 0.05 M Tris buffer, pH 8.0 using
a Tekmar homogenizer. The homogenate is passed
through a cheese cloth and centrifuged at 40,000 g for
15 min. The final membrane pellet is resuspended in
the original volume of Tris buffer, pH 8.0, and used in
the assay.

Assay
380ul  HxO
50ul 0.5 Tris buffer, pH 8.0
20l Vehicle (for total binding) or 50 uM
(£)-propranolol (for nonspecific binding) or
appropriate drug concentration
50ul  3H-DHA stock solution
500l tissue suspension.

The tissue homogenates are incubated for 15 min at
25°C with 1nM *H-DHA and varying drug concen-
trations. In each binding assay, triplicate samples are
incubated with 1 uM (Z)-propranolol under identical
conditions to determine nonspecific binding. The as-
say is stopped by vacuum filtration through Whatman
GEF/B filters which are washed 3 times with 5 ml of ice-
cold 0.05 Tris buffer, pH 8.0. The filters are counted in
10 ml of Liquiscint scintillation cocktail.

EVALUATION

The percent inhibition of each drug concentration is
the mean of triplicate determinations. /Csy values are
obtained by computer-derived log-probit analysis.

MODIFICATIONS OF THE METHOD

Dooley et al. (1986) recommended CGP 20712 as
a useful tool for quantitating f;- and B>-adreno-
ceptors.

McCrea and Hill (1993) described salmeterol as
a long-acting S-adrenoceptor agonist mediating cyclic
AMP accumulation in the B50 neuroblastoma cell line.

Sarsero et al. (1998) recommended (-)[°H]-CGP
12177A as radioligand for the putative f4-adreno-
ceptor.

McConnell et al. (1991, 1992; Owicki and Parce
1992) used a special apparatus, the ‘cytosensor micro-
physiometer’ which measures the rate of proton excre-
tion from cultured cells. Chinese hamster ovary cells
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were transfected with human f;-adrenergic receptors.
The B,-adrenergic receptor activates adenylate cyclase
resulting in an increase in the cyclic AMP concentra-
tion within the cell which can be measured as acid-
ification. Addition of 10 uM isoproterenol, 500 uM 8-
bromo cyclic AMP, or 10 pg/ml forskolin induced a re-
versible acidification.

Hoffmann et al. (2004) compared human g-
adrenergic receptor subtypes using characterization of
stably transfected receptors in CHO cells.

PROCEDURE

cDNA of human B-adrenergic receptors cDNAs cod-
ing for human g-adrenergic receptors in pcDNA3 ex-
pression vectors were verified by sequencing and com-
parison with the respective GeneBank entries. The
translated amino acid sequences corresponded to the
published sequences for the fi-adrenergic receptor
(Frielle et al. 1987), B2-adrenergic receptor (Schofield
et al. 1987), and B3-adrenergic receptor (Emorine et
Y al. 1989). With respect to polymorphisms, the S-
adrenergic receptors used in this study corresponded
to the following variants: 81-receptor 49-Ser, 389-Gly;
Ba-receptor 16-Arg, 27-Gln, 164-Thr; B3-receptor 64-
Trp. All of the variants correspond to the sequences
originally termed wild-type.

Stable Transfection of Cells

Chinese hamster ovary cells (CHO-K1 cells; CCL61,
American Type Culture Collection, Rockville, Md.,
USA) were transfected with plasmid DNA for stable
expression using the calcium phosphate precipitation
method (Chen and Okayama 1987) as described for the
rat A1 adenosine receptor (Freund et al. 1994). Positive
clones were selected with 600 pg/ml of the neomycin
analog G-418, and single clonal lines were isolated by
limiting dilution. Expression of the receptor was veri-
fied by radioligand binding.

Cell culture and membrane preparation Chinese
hamster ovary cells stably transfected with human
B-adrenergic receptor subtypes were grown adher-
ently and maintained in Dulbecco’s Modified Eagle’s
Medium with nutrient mixture F12 (DMEM/F12),
containing 10% fetal calf serum, penicillin (100 U/ml),
streptomycin (100 pg/ml), L-glutamine (2 mM) and ge-
neticin (G-418, 0.2 mg/ml) at 37°C in 5% CO2/95%
air. Cells were split 2 or 3 times weekly at a ratio
of between 1:5 and 1:15. In order to harvest cells
the culture medium was removed, cells were washed
twice with PBS and membranes were prepared or
cells were frozen on the dishes for later preparation
of membranes. Crude membrane fractions were pre-

pared from fresh (measurement of adenylyl cyclase) or
frozen cells (radioligand binding). The resulting mem-
brane pellets were resuspended in 50 mM Tris/HCI
buffer pH7.4 to give a final protein concentration of
1-2 mg/ml.

Radioligand Binding Studies and Adenylyl Cyclase Activity
The radioligand binding experiments were performed
with membranes prepared as described above. Assays
were done in a volume of 200 ul in 50 mM Tris/HCl,
pH 7.4 (assay buffer) in the presence of 100 uM GTP
to ensure monophasic binding curves for agonists. For
saturation binding experiments at human B1- and f»-
receptors up to 400 pM I-CYP and for B3-receptors
up to 1,500pM '>I-CYP were used. Non-specific
binding was determined in the presence of 10 uM al-
prenolol. For competition binding, 50 pM '>’I-CYP in
the case of B1- and B,-receptors, or 80 pM ' I-CYP
for B3-receptors were used. For most of the competi-
tion binding experiments membranes with intermedi-
ate receptor expression (81: 367 & 75 fmol/mg protein,
B2: 282 £ 19 fmol/mg protein, B3: 377 & 82 fmol/mg
protein) were used. For selected compounds it was
demonstrated that higher receptor expression did not
affect K; values (data not shown). Membranes were in-
cubated for 90 min at 30°C, filtered through Whatman
GF/C filters, and washed 3 times with ice-cold assay
buffer. Samples were counted in a y-counter (Wallac
1480 wizard 3). Kp-values for '2I-CYP were calcu-
lated by non-linear curve fitting with the program SCT-
FIT. Ligand ICsp values were calculated using Ori-
gin 6.1 (OriginLab Corporation, Northampton, Mass.,
USA) and were transformed to K; values according to
Cheng and Prusoff (1973).

Adenylyl cyclase activity in cell membranes was
determined according to Jakobs et al. (1976). Mem-
brane protein (50pg) was added to an incubation
mixture with final concentrations of 50 mM Tris/HCI
pH7.4, 100uM cAMP, 0.2% BSA, 10uM GTP,
100uM ATP, 1 mM MgClp, 100uM IBMX, 15mM
phosphocreatine, and 300U/ml of creatine kinase.
Membranes were incubated with about 200,000 cpm
of [a-3?P]-ATP for 20min in the incubation mix-
ture as described (Klotz et al. 1985). Accumulation
of [¢-3?P]-cAMP was linear over at least 20 min un-
der all conditions. The reaction was stopped by addi-
tion of 400ul of 125mM ZnAc-solution and 500 pl
of 144mM Na;COs3. Samples were centrifuged for
5min at 14,000rpm in a laboratory microcentrifuge.
Then, 800 ul of the resulting supernatant wase finally
applied to alumina WN-6 (Sigma) columns that were
eluted twice with 2ml of 100mM Tris/HCI pH7.4.
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The eluates were counted in a S-counter (Beckmann
LS 1801).

Niclauss et al. (2006) compared the ability of three
radioligands, [1251]-cyanopindolol, [*H]-CGP 12,177
and [3H]-dihydroalprenolol, to label the three human
B-adrenoceptor subtypes. Saturation and competition
binding experiments were performed using membrane
preparations from Chinese hamster ovary cells sta-
bly transfected with the three subtypes. While [*H]-
CGP 12,177 had very similar affinity for §;- and
B2-adrenoceptors (about 40 pM), ['21]-cyanopindolol
and [*H]-dihydroalprenolol had four- to sixfold higher
affinity for ;- as compared to Bj-adrenoceptors
(10vs. 45 and 187vs. 1,021 pM, respectively). The
affinity of ['>I]-cyanopindolol at B3-adrenoceptors
was considerably lower (440 pM) than at the other two
subtypes. The B3-adrenoceptor affinity of [*H]-CGP
12,177 and [*H]-dihydroalprenolol was so low that it
could not be estimated within the tested range of radi-
oligand concentrations (up to 4,000 pM and 30,000 pM
for [*H]-CGP 12,177 and [3H]-dihydroalprenolol, re-
spectively). All three radioligands were ill-suited to la-
beling fB3-adrenoceptors, particularly in preparations
co-expressing multiple subtypes. In the absence of al-
ternatives, [!2°I]-cyanopindolol appears the least un-
suitable for labeling B3-adrenoceptors. At present,
there is still a need for high-affinity radioligands that
are selective for 83-adrenoceptors.
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A1.1.8
Adenosine A; Receptor Binding

GENERAL CONSIDERATIONS

Adenosine receptors belong to the class of purinocep-
tors (Burnstock 1972, 1981; Olsson and Pearson
1990). Purinoceptors are divided into two general
types on the basis of recognized natural ligands:

Py receptors recognize adenosine and AMP and
P, receptors recognize ATP and AMP. Fredholm et al.
(1994), Abbracchio and Burnstock (1994, Jacobson
et al. 2000) proposed a nomenclature system which is
now widely accepted: two families of P2 purinocep-
tors, P2X ionotropic ligand-gated ion channel recep-
tors (North 2002) and P2Y metabotropic G-protein-
coupled receptors (Costanzi et al. 2004). The nomen-
clature of seven subtypes of P2X receptors and six sub-
types of P2Y receptors has been agreed by the NC-
IUPHAR Subcommittee (Burnstock 2001; Alexander
et al. 2001; Waitling 2006).

The effects of adenosine are mediated effects
through cAMP (Sattin and Rall 1970; VanCalker et al.
1978). It was discovered that adenosine could either
inhibit or stimulate the formation of cAMP. The dis-
covery of dual effects on adenylate cyclase led to the
proposal of two distinct adenosine receptors referred to
as the A; and Aj receptors. The A; subtype of adeno-
sine receptor mediates the inhibition of adenylate cy-
clase; whereas, the A; subtype mediates stimulation of
adenylate cyclase. The methylxanthines are relatively
nonselective inhibitors of adenosine receptor subtypes
and their pharmacological properties are thought to be
mostly due to antagonism of these receptors.

Comparison of adenosine receptors with other G-
protein linked receptors indicates that they comprise
a family of G protein coupled receptors that can be
grouped by subtypes or by species. Thus, in addition
to A; and Aj, several authors described Ay, Aip,
A2a, A2p, Az, and A4 receptors with species depen-
dent differences (Jacobson et al. 1992 1996; Zhou
et al. 1992; Linden et al. 1993; Salvatore et al. 1993;
Linden et al. 1994; Fredholm et al. 1994; Alexander
et al. 2001). The nomenclature and classification of
adenosine receptors were published by Fredholm et
al. (2001) and Waitling (2006). Klotz (2000) reviewed
adenosine receptors and their ligands. The four sub-
types of adenosine receptors referred to as Ay, Aza,
Aop, and A3 are members of the superfamily of G-

protein-coupled receptors. The most recently discov-
ered member of the adenosine receptor family, the A3
receptor, has a unique pharmacological profile (Salva-
tore et al. 1993; Avila et al. 2002).

PURPOSE AND RATIONALE

The purpose of this assay is to measure the affinity
of test compounds for adenosine (A1) receptors. Ev-
idence for an Aj adenosine receptor in the guinea
pig atrium was given by Collis (1983). Adenosine
plays a physiological role in many systems, includ-
ing platelet aggregation, lipolysis, steroidogenesis and
smooth muscle tone (Daly 1982).The vasodilatory
and cardiac depressant effects of adenosine are well
known. In addition to cardiovascular effects, adenosine
has marked effects in the CNS including depression
of electrophysiological activity (Siggins and Schu-
bert 1981), anticonvulsant activity, analgesic proper-
ties (Ahlijanian and Takemori 1985) and inhibition of
neurotransmitter release (Harms et al. 1979).

The agonist, [*H]cyclohexyladenosine (CHA), has
affinity for the Aj receptor in the nanomolar con-
centration range and has proven to be a suitable lig-
and for A; receptor assays (Bruns et al. 1980; Bruns
et al. 1986). Selective A (Schingnitz et al. 1991) and
A, antagonists (Shimada et al. 1992; Jacobson et al.
1993) have been described. Adenosine and its nu-
cleotides have not only a cardiovascular but predom-
inantly a cerebral activity (Phillis and Wu 1981; Daly
1982; Fredholm et al. 1982).

PROCEDURE

Reagents

1. a) 0.5M Tris buffer, pH 7.7
b) 0.05M Tris buffer, pH7.7

2. Adenosine deaminase is obtained from Sigma

Chemical Co.
Adenosine deaminase is added to 0.05M Tris-HCl
buffer, pH 7.7 for final resuspension of the mem-
brane pellet, such that the concentration in the assay
is 0.1 U/ml of tissue.

3. Cyclohexyladenosine, N®-[Adenine-2,8-H] (spe-

cific activity 34 mCi/mmol) is obtained from New
England Nuclear.
For ICsy determinations: [PH]JCHA is made up to
a concentration of 40nM and 50l are added to
each tube. This yields a final concentration of 1 nM
in the assay.

4. Theophylline is obtained from Regis Chemical Co.
A 100mM stock solution is made up in deionized
water. 20 ul are added to each of 3 tubes for the de-
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termination of nonspecific binding, yielding a | mM
final concentration in the assay.
5. Test compounds

For most assays, a 1 mM stock solution is pre-
pared in DMSO and serially diluted, such that the
final concentrations in the assay range from 107>
to 1078 M. Seven concentrations are used for each
assay. Higher or lower concentrations may be used
depending on the potency of the drug.

Tissue Preparation

Male Wistar rats are sacrificed by decapitation. Whole
brains minus cerebellum are removed, weighed and
homogenized in 10 volumes of ice-cold 0.05M Tris
buffer, pH7.7. The homogenate is centrifuged at
48,000 g for 10 min, the supernatant decanted, the pel-
let resuspended in the same volume of buffer and cen-
trifuged again as before. The final pellet is resuspended
in 0.05 M Tris buffer containing 0.1 U/ml of adenosine
deaminase.

Assay
1000l tissue suspension
930ul  HO
20ul  vehicle
or theophylline
or appropriate concentration of test compound
50ul  3H-CHA

The tubes are incubated for 2 hours at 25°C. The as-
say is stopped by vacuum filtration through Whatman
GF/B filters which are then washed 3 times with 5 ml
of 0.05M Tris buffer. The filters are then placed into
scintillation vials with 10 ml liquiscintillation cocktail,
left to soak overnight and counted.

EVALUATION

Specific binding is defined as the difference between
total binding and binding in the presence of 1 mM
theophylline. ICs¢ values are calculated from the per-
cent specific binding at each drug concentration.

The complexity of interaction of adenosine ligands
with receptors (Bruns et al. 1986) precludes the simple
calculation of Kj values by the Cheng—Prusoff equa-
tion.

MODIFICATIONS OF THE METHOD
Stiles et al. (1985) used '®I-labeled N®-2-(4-ami-
nophenyl)ethyladenosine as a selective ligand to probe
the structure of A receptors.

Lohse et al. (1987) described 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX) as a high affinity antago-
nist radioligand for A; adenosine receptors.

Klotz et al. (1989) described 2-chloro-N°-
[3H]cyclopentyladen0sine (PH]CCPA) as a high
affinity agonist radioligand for A; adenosine recep-
tors.

Von Lubitz et al. (1995) studied the therapeutic im-
plications of chronic NMDA receptor stimulation on
adenosine Aj receptors.

The partial agonism of theophylline-7-riboside on
the adenosine A receptor has been reported by Ijzer-
man et al. (1994).

Libert et al. (1992) reported the cloning and func-
tional characterization of a human A; adenosine re-
ceptor.
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A1.19
Adenosine A, Receptor Binding

PURPOSE AND RATIONALE

The A; receptor is a low-affinity binding site for
adenosine (Daly et al. 1981). Activation of the A; re-
ceptor subtype by agonists mediates an increase in
adenylate cyclase activity, while the A; receptor has
the opposite effect. Although many of the physiologi-
cal effects of adenosine seem to correlate with activity
at the A receptor, the effect on coronary blood flow
correlates with activation of A, receptors (Hamilton
et al. 1987).

This assay uses SH-NECA (5'-N-ethylcarbox-
amido[8-3H]adenosine) to label A, receptors in rat
striatum by the method described by Bruns et al.
(1986). Comparison of data from this assay and the
A1 receptor assay provides a measure of selectivity for
these two receptors.

PROCEDURE

Reagents

1. a) 0.5M Tris buffer, pH7.7
b) 0.05M Tris buffer, pH7.7
¢) 0.05M Tris buffer, pH7.7, containing 12 mM

CaCl; (final assay concentration: 10 mM)

2. Adenosine deaminase is obtained from Sigma

Chemical Co.
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Adenosine deaminase is added to 0.05M Tris-HCl
buffer, pH 7.7, containing 12 mM CaCl, for final re-
suspension of the membrane pellet, such that the
concentration in the assay is 0.1 U/ml of tissue.

3. 5'-N-Ethylcarboxamido[8->H]adenosine (spe-

cific activity 23-40mCi/mmol) is obtained from
Amersham.
For ICs determinations: >H-NECA is made up to
a concentration of 80 nM and 50 pl is added to each
tube. This yields a final concentration of 4 nM in the
assay.

4. Cyclopentyladenosine (CPA) is obtained from Re-
search Biochemicals Inc.

A 5mM stock solution is made up in DMSO. 20 ul
are added to each of 3 tubes for the determination
of nonspecific binding, yielding a 100 uM final con-
centration in the assay.

Since [*'H]NECA is not a specific ligand for A, re-
ceptors, CPA is added to all other tubes to mask the
A receptors at a final concentration of 50 nM.

5. Test compounds
For most assays, a 1 mM stock solution is made
up in a suitable solvent and serially diluted, such
that the final concentration in the assay ranges from
2x107 to 2x 108 M. Seven concentrations are
used for each assay. Higher or lower concentrations
may be used depending on the potency of the drug.

Tissue Preparation

Male Wistar rats are sacrificed by decapitation. Stri-
ata are removed, weighed and homogenized in 10 vol-
umes of ice-cold 0.05M Tris buffer, pH7.7. The ho-
mogenate is centrifuged at 48,000 g for 10 min, the su-
pernatant decanted, the pellet resuspended in the same
volume of buffer and centrifuged again as before. The
final pellet is resuspended in 100 volumes of 0.05M
Tris buffer containing 10 mM CaCl, and 0.1 U/ml of
adenosine deaminase.

Assay
830pul  tissue suspension
100ul  CPA
20ul  vehicle or CPA or appropriate concentration of
test compound
50ul  3H-NECA

The tubes are incubated at 25°C for 2 hours. The as-
say is stopped by vacuum filtration through Whatman
GF/B filters which are then washed 3 times with 5 ml
of 0.05M Tris buffer. The filters are then placed into
scintillation vials with 10ml Liquiscint scintillation
cocktail, left to soak overnight and counted.

EVALUATION
Specific binding is defined as the difference between
total binding and binding in the presence of 100 uM
CPA. ICs¢ values are calculated from the percent spe-
cific binding at each drug concentration.

The complexity of interaction of adenosine lig-
ands with receptors precludes the simple calculation
of K; values by the Cheng—Prusoff equation.

MODIFICATIONS OF THE METHOD

Jarvis et al. (1989) reported on [3H]CGS 21680, a se-
lective A, adenosine receptor agonist which directly
labels A receptors in rat brain. [H]CGS 21 680 bind-
ing was greatest in striatal membranes with negligible
specific binding obtained in rat cortical membranes.

Gurden et al. (1993) described the functional char-
acterization of three adenosine receptor types.

Hutchinson et al. (1990) described 2-(arylalkyl-
amino)adenosin-5’-uronamides as a new class of high-
ly selective adenosine Aj receptor ligands.

Ana Adenosine receptors from rat striatum and rat
pheochromocytoma PC12 cells have been character-
ized with radioligand binding and by activation of
adenylate cyclase (Hide et al. 1992).

Nonaka et al. (1994) reported on KF17837 ((E)-
8-(3,4-dimethoxystyryl)-1,3-dipropyl-7-methylxan-
tine), a potent and selective adenosine Aj receptor
antagonist.

The in vitro pharmacology of ZM 241385, a potent,
non-xanthine, A, selective adenosine receptor antag-
onist has been reported by Poucher et al. (1955).

Monopoli et al. (1994) described the pharmacol-
ogy of the selective Ay, adenosine receptor agonist 2-
hexynyl-5'-N-ethylcarboxamidoadenosine.

Jacobson et al. (1993) described structure-activ-
ity relationships of 8-styrylxanthines as Aj-selective
adenosine antagonists.

Varani et al. (1996) reported pharmacological and
biochemical characterization of purified A, adenosine
receptors in human platelet membranes by [PH]-CGS
21680 binding.

Van der Ploeg et al. (1996) characterized adenosine
A receptors in human T-cell leukemia Jurkat cells and
rat phaeochromocytoma PC12 cells using adenosine
receptor agonists.
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A1.1.10
Adenosine A3 Receptor Binding

PURPOSE AND RATIONALE

The A3 adenosine receptor has been cloned and char-
acterized by Zhou et al. (1992). A possible role in
reproduction has been discussed. The role of central
Az adenosine receptors may be the mediation of be-
havioral depressant effects (Jacobson et al. 1993). The

design of selective ligands of A3 adenosine receptors
and the therapeutic concepts including effects on loco-
motor activity, cardiovascular effects, effects in cere-
bral ischemia (von Lubitz et al. 1994), in cardiac pre-
conditioning and as antagonists in inflammation and
asthma has been discussed by Jacobson et al. (1995).
Von Lubitz et al. (1995) noticed some anticonvulsive
activity of the adenosine Ajz receptor selective ag-
onist IB-MECA (N6-(3-iodobenzyl) adenosine-5'-N-
methyl-carboxamide). Stimulation of the A3 adenosine
receptor facilitates release of allergic mediators in mast
cells (Ramkumar et al. 1993) inducing hypotension in
the rat (Hannon et al. 1995). A binding site model and
structure-activity relationships for the rat A3 adenosine
receptor are described by van Galen et al. (1994).

PROCEDURE

Cell culture and membrane preparation

Chinese hamster ovary (CHO) cells stably express-
ing the rat Az adenosine receptor are grown in F-12
medium containing 10% fetal bovine serum and peni-
cillin/streptomycin (100 units/ml and 100 pg/ml, re-
spectively) at 37° in a 5% CO; atmosphere. When cells
reach confluency, they are washed twice with 10 ml of
ice-cold lysis buffer (10 mM EDTA, pH 7.4). After ad-
dition of 5ml of lysis buffer, cells are mechanically
scraped and homogenized in an ice-cold Dounce ho-
mogenizer. The suspension is centrifuged at 43,000 g
for 10min. The pellet is suspended in the minimum
volume of ice-cold 50mM Tris/10 mM MgCly/1 mM
EDTA (pH8.26 at 5°C) buffer required for the bind-
ing assay and homogenized in a Dounce homogenizer.
Aminodeaminase (ADA, Boehringer Mannheim) is
added to a final concentration of 3 units/ml and the sus-
pension is incubated at 37°C for 15 min; the membrane
suspension is subsequently kept on ice until use.

Radioligand binding assay

Binding of ['2IJAPNEA (N°-2-(4-aminophenyl)-
ethyladenosine) to CHO cells stably transfected with
the rat A3 adenosine receptor clone is performed ac-
cording to Stiles et al. (1985). Assays are performed in
50/10/1 buffer in glass tubes and contain 100 pl of the
membrane suspension, 50 ul of inhibitor. Incubations
are carried out in duplicate for 1 h at 37°C and are ter-
minated by rapid filtration over Whatman GF/B filters,
using a Brandell cell harvester. Tubes are washed three
times with 3 ml of buffer. Radioactivity is determined
in a Beckman y -counter. Non-specific binding is de-
termined in the presence of 40 uM R-PIA = N°-[(R)]-
I-methyl-2-phenylethyl]adenosine.



74 Chapter A - Cardiovascular Activity

EVALUATION
K; values are calculated according to Cheng and Pru-
soff (1973), assuming a K4 for ['>>IJAPNEA of 17 nM.

MODIFICATIONS OF THE METHOD
1251-4-aminobenzyl-5"-N-methylcarboxamidoadeno-
sine has been recommended as a high affinity
radioligand for the rat A3 adenosine receptor (Olah
et al. 1994).

Molecular cloning and functional expression of
a sheep A3 adenosine receptor has been reported by
Linden et al. (1993).

G protein-dependent activation of phospholipase C
by adenosine A3z receptors in rat brain was reported by
Abbracchio et al. (1995).

Molecular cloning and characterization of the hu-
man Az adenosine receptor was reported by Salvatore
et al. (1993).

The differential interaction of the rat A3z adenosine
receptor with multiple G-proteins has been described
by Palmer et al. (1995).

Baraldi and Borea (2000) described new potent and
selective human adenosine A3 receptor antagonists us-
ing radioligand binding studies to the human A3 recep-
tor.
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A1.1.11
Inhibition of Adenosine Uptake in Human Erythrocytes

PURPOSE AND RATIONALE

Adenosine regulates multiple physiological functions
in animals and humans. It plays a potent neuromodu-
latory role mainly by inhibiting the presynaptic trans-
mitter release, e.g. of glutamate and aspartate. It is
released by synaptic stimulation and during hypoxia
in the central and peripheral nervous system. Adeno-
sine plays a neuroprotective role in hypoxia and is-
chemia since it reduces the excessive stimulation of
the NMDA receptors. The use of adenosine uptake in-
hibitors has been proposed as a new therapeutic strat-
egy for hypoxic/ischemic disease. Due to its vasodila-
tory action adenosine plays a key role in the regulation
of coronary and cerebral blood flow. The rapid cellular
uptake of adenosine by erythrocytes is a reason for the
short duration of action of adenosine.

Human erythrocytes are used as a cellular model
to detect adenosine uptake inhibitors. Erythrocytes are
treated with test compound and thereafter incubated
with 3H-adenosine. The uptake of 3H-adenosine is
evaluated in relation to the untreated control group.

Dipyridamole is a potent inhibitor of adenosine up-
take (ICs0 of 3x 1077 M).
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Standard compounds:

e theophylline
* dipyridamole (Persantin)
* propentofylline (HWA 285)

PROCEDURE
Materials and solutions
isotonic glycyl-glycine buffer, pH 7.4

KCl 5.0mM
NaCl 119.5 mM
MgClp 2.0mM
glycyl-glycine 50 mM
NapHPO4 2.0mM
2-[*H]-adenosine (specific activity SuM
0.2 uCi/umol)

Buffer-washed fresh human erythrocytes are depleted
of ATP by incubation in an isotonic glycyl-glycine
buffer at 37°C. Aliquots of the erythrocyte suspensions
are incubated for 2 min in fresh glycyl-glycine buffer
solution containing additional 10 mM glucose and test-
or standard compound. In screening assays, test com-
pounds are added at a concentration of 5x 10™* M.
Drugs showing an effect in this assays, are further
tested at a concentration range of 107°-5x 107 M
to determine /Csp values (triplicate samples for each
concentration).

The suspension is then incubated with 5uM ra-
dioactively labelled 2-[*H]-adenosine for 30s. The
adenosine uptake is stopped by adding cold buffer
(4°C) containing 5 uM adenosine, 10 uM glucose and
7.4 uM dipyridamole. After centrifugation, the tritium
radioactivity is determined in the supernatant.

EVALUATION

The percent change of 3H-adenosine uptake relative
to the vehicle control group is determined. The 3H-
adenosine uptake of the control group is taken as
100%; subsequent results are expressed as percentages
of this.

ICs( values are determined by plotting the percent
inhibition against test compound concentration; /Cs is
defined as the dose of drug leading to a 50% inhibition
of adenosine uptake.

Statistical evaluation is performed by means of the
Student’s ¢-test.

Standard data:

* ICsq of dipyridamole 3 x 1077 M

MODIFICATIONS OF THE METHOD
Marangos et al. (1982), Verma and Marangos (1985)
recommended [*H]nitrobenzylthioinosine binding as

a probe for the study of adenosine uptake sites in brain
of various species. The highest density of binding sites
were found in the caudate and hypothalamus of human
and rat brain.
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A1.1.12
Inhibition of Vasopeptidases

GENERAL CONSIDERATIONS
Vasopeptidase inhibitors (VPIs) inhibit both an-
giotensin converting enzyme (ACE) and neprilysin
(NEP) and can thus reduce the activity of the renin-
angiotensin system and potentiate the vasodilatory,
natriuretic and antiproliferative effects of bradykinin
and natriuretic peptides (Burnett 1999; Bralet and
Schwartz 2001). Combined inhibition of neutral en-
dopeptidase 24.11 (NEP) and ACE is a candidate
therapy for hypertension and cardiac failure (Dun-
can et al. 1999). Heath et al. (1995) described the
quantification of a dual ACE-I-converting enzyme-
neutral endopeptidase inhibitor and the active thiol
metabolite in dog plasma by high-performance lig-
uid chromatography with ultraviolet absorption detec-
tion. Dumoulin et al. (1995) studied the metabolism
of bradykinin by the rat coronary vascular bed and
found that combined treatment with the ACE inhibitor
enalaprilate and the NEP inhibitor retrothiorphan re-
duced bradykinin degradation to lower values than
enalaprilate alone.

Hubner et al. (2001) reported in-vitro and in-vivo
inhibition of rat neutral endopeptidase and ACE with
the vasopeptidase inhibitor gemopatrilat. Dumoulin et
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al. (2001) compared the effects of a vasopeptidase in-
hibitor with those of neutral endopeptidase and ACE
inhibitors on bradykinin metabolism in the rat coro-
nary bed.

Crackower et al. (2002) described type-2 ACE
(ACE2) as an essential regulator of heart function. In
three different rat models of hypertension, ACE2 mes-
senger RNA and protein expression were markedly re-
duced. Targeted disruption of ACE2 in mice resulted
in a severe cardiac contractility defect.

REFERENCES AND FURTHER READING

Bralet J, Schwartz J-C (2001) Vasopeptidase inhibitors: an
emerging class of cardiovascular drugs. Trends Pharmacol
Sci 22:106-109

Burnett JC (1999) Vasopeptidase inhibition: a new con-
cept in blood pressure management. J Hypertens 17
[Suppl 1]:S37-S43

Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki I,
Scanga SE, Oliveira-dos-Santos AJ, da Costa J, Zhang L,
Pei Y, Scholey J, Ferrario CM, Manoukian AS, Chap-
pell MC, Backx PH, Yagil Y, Penninger JM (2002) An-
giotensin-converting enzyme 2 is an essential regulator of
heart function. Nature 417:822-828

Dumoulin MJ, Adam A, Blais C Jr, Lamontagne D (1998)
Metabolism of bradykinin by the rat coronary vascular bed.
Cardiovasc Res 38:229-236

Dumoulin MJ, Adam A, Rouleau JL, Lamontagne D (2001)
Comparison of a vasopeptidase inhibitor with neutral en-
dopeptidase and angiotensin-converting enzyme inhibitors
on bradykinin metabolism in the rat coronary bed. J Car-
diovasc Pharmacol 37:359-366

Duncan AM, James GM, Anastasopoulos F, Kladis A,
Briscoe TA, Campbell DJ (1999) Interaction between neu-
tral endopeptidase and angiotensin converting enzyme in
rats with myocardial infarction: effects on cardiac hypertro-
phy and angiotensin and bradykinin peptide levels. J Phar-
macol Exp Ther 289:295-303

Heath TG, Massad DD, Carroll JI, Mathews BS, Chang J,
Scott DO, Kuo BS, Toren PC (1995) Quantification of
a dual angiotensin I-converting enzyme-neutral endopepti-
dase inhibitor and the active thiol metabolite in dog plasma
by high-performance liquid chromatography with ultravio-
let absorption detection. J Chromatogr B670:91-101

Hubner RA, Kubota E, Casley DJ, Johnston CI, Burrell LM
(2001) In-vitro and in vivo inhibition of rat neutral
endopeptidase and angiotensin converting enzyme with
the vasopeptidase inhibitor gemopatrilat. J Hypertens
19:941-946

A1.1.121
Inhibition of the Angiotensin-Converting Enzyme
in Vitro

PURPOSE AND RATIONALE

An in vitro system can be used to screen potential an-
giotensin-converting enzyme inhibitors. Fluorescence
generated by an artificial substrate in presence or ab-
sence of the inhibitor is measured to detect inhibitory
activity.

PROCEDURE
Reagents
1. 50 mM Tris-HCI buffer, pH 8.0 + 100 mM NaCl
2. 10 mM potassium phosphate buffer, pH 8.3
3. Substrate: O-aminobenzoylglycyl-p-nitro-L-pheny-
lalanyl-L-proline (molecular weight482) (Bachem
Gentec. Inc., Torrance, California, USA)
a) stock solution: 10 mg substrate in 10 ml 50 mM
Tris-HCI buffer, pH 8.0 + 100 mM NaCl
b) working solution: 2 ml stock solution is added to
18 ml 50 mM Tris-HCI buffer, pH 8.0+ 100 mM
NaCl; final concentration in the assay is
170.2 uM.
4. Test compounds
Compounds are made up to a concentration of
I mM in 50 mM Tris-HCI buffer, pH 8.0+ 100 mM
NaCl or 10% methanol in Tris/NaCl if insoluble in
aqueous buffer alone. This will give a final concen-
tration in the assay of 0.1 mM. If inhibition is seen,
further dilution in Tris/NaCl should be made.

Enzyme preparation

Lung tissue from 10rats is diced and homogenized in
a blender with 3 pulses of 15s each. The homogenate
is centrifuged at 5000g for 10min. The pellet is
discarded, the supernatant is dialyzed against three
1 liter changes of 10 mM potassium phosphate buffer,
pH 8.3 overnight in the cold and then centrifuged at
40,000 g for 20min. The pellet is discarded, 390 mg
(NH4)2S0y is added for each ml of supernatant. This
will give 60% saturation. The solution is stirred on
ice for 15min. The pellet formed is dissolved in
15 ml potassium phosphate buffer, pH 8.3 and dialyzed
against the same buffer overnight in the cold with three
1 liter changes. Some protein will precipitate during
dialysis. The suspension is centrifuged at 40,000 g for
20 min and the supernatant is discarded. The final solu-
bilized enzyme preparation can be aliquoted and stored
at —20°C at least 6 months.

Enzyme inhibition studies

1. Enzyme activity is measured with a Perkin Elmer
LS-5 Fluorescence Spectrophotometer or equiva-
lent at an excitation wavelength of 357 nm and an
emission wavelength of 424 nm.

2. Enzyme assay
50 ul vehicle or inhibitor solution and 40 ul enzyme
are preincubated for 5min, then 410pul substrate
working solution is added.

Samples are mixed by drawing fluid back up into the

pipette and by pipetting into the cuvette. For the initial
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control run of the day, the auto zero is pushed immedi-
ately after placing the sample in the cuvette.

EVALUATION
The individual fluorescence slope is measured and
% inhibition is calculated as follows:

% inhibition

= % inhibition

= (100 —

Inhibitor concentrations on either side of the ICsg
should be tested to generate a dose-response curve.
The ICs is calculated using Litchfield-Wilcoxon log-
probit analysis.

Standard data:

lope i f inhibit
slope in presence of inhibitory 100
control slope

e [Cs5p values for inhibition of angiotensin I-con-
verting enzyme

e Compound ICsp [M]

* Captopril 6.9x 10~

MODIFICATIONS OF THE METHOD

Other assays use the cleavage of hippuric acid from
tripeptides (Hip-Gly-Gly or Hip-His-Leu) whereby
hippuric acid is either tritium labelled or determined
spectrophotometrically (Cushman and Cheung 1969,
1971; Friedland and Silverstein 1976; Santos et al.
1985; Hecker et al. 1994).

Biinning (1984) studied the binding and inhibition
kinetics of ramipril and ramiprilate (Hoe 498 diacid)
with highly purified angiotensin converting enzyme
using furanacryloyl-Phe-Gly-Gly as substrate.

The importance of tissue converting enzyme inhibi-
tion in addition to inhibition in plasma has been veri-
fied in several studies (Unger et al. 1984, 1985; Linz
and Scholkens 1987).

Eriksson et al. (2002), Oudit et al. (2003), and
Danilczyk et al. (2003, 2004) discussed the role
of the homolog of angiotensin-converting enzyme
ACE2 in cardiovascular physiology. ACE2 appears to
negatively regulate the renin-angiotensin system and
cleaves Ang I and Ang II into the inactive Ang 1-9
and Ang 1-7. ACE2 differs in its specificity and phys-
iological role from ACE.
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A1.1.12.2
Inhibition of Neutral Endopeptidase (Neprilysin)

PURPOSE AND RATIONALE

Neutral endopeptidase cleaves various peptides, such
as enkephalins, kinins, chemotactic peptide, atrial na-
triuretic factor, and substance P. Reviews on neutral
endopeptidase 24.11 (enkephalinase) were given by
Erdos and Skidgel (1989) and by Roques et al. (1993).
Structural requirements were investigated by Santos et
al. (2002).
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Several enzymatic assays have been developed for
measuring neutral endopeptidase (NEP) activity, such
as radiolabeled methods (Vogel and Altstein 1977;
Llorens et al. 1982) and colorimetric assays (Almenoff
et al. 1981; Almenoff and Orlowsky 1984); fluoromet-
ric assay (Florentin et al. 1984; Goudreau et al. 1994).
Burell et al. (1997) and Hubner et al. (2001) used
the selective NEP inhibitor radioligand !**I-labelled
RB104.

Cavalho et al. (1995, 1996) described a highly se-
lective assay for neutral endopeptidase based on the
cleavage of a fluorogenic substrate related to Leu-
enkephalin.

PROCEDURE

A recombinant soluble form of NEP (rNEP) was ex-
pressed using a baculovirus/insect-cell system and pu-
rified by immunoaffinity.

The substrate (10 nmol) was incubated with INEP
(100 ng) in a final volume of 100 ul of 50 mM Tris-
HCI buffer, pH7.4, at 37°C for 30 min. For the in-
hibition assays, the enzyme was preincubated with
1 uM thiorphan or 1pM captopril for 20 min before
its incubation with the substrate. The reaction was
stopped by heating for 5 min at 100°C. After centrifu-
gation at 10,000g for 10min, the supernatant frac-
tion was injected into an HPLC column and eluted
with a 20%—40% gradient of acetonitrile containing
0.05% trifluoroacetic acid over a period of 30 min, at
a flow rate of 1 ml/min. The substrate and products,
detected by both UV absorbance (220 nm) and fluores-
cence (Aem =420 nm, dex =320 nm) with the detectors
arranged in series, were collected to identify the cleav-
age site by amino acid analysis.

EVALUATION

Kinetic parameters for the NEP-catalyzed hydrol-
ysis were determined from the double-reciprocal
Lineweaver-Burkq plots.

MODIFICATIONS OF THE METHOD

Sulpizio et al. (2004) described the determination of
NEP activity in tissues after in vivo treatment of rats
with ACE inhibitors. After sacrifice of the animals, ap-
proximately 250 mg of kidney tissue was homogenized
in 6 volumes of 0.1 M KH,POy4, pH 8.3, 0.3M NaCl,
and 1 uM ZnSOy, using a Teflon-glass motor-driven
pestle. NEP activity was measured by adding 35 ul of
homogenate to wells containing 5 pl buffer or 10 phos-
phoramidon. Next, 10pul of 2.5 mM N-dansyl-D-ala-
gly-p-nitro-phe-gly substrate (Florentin et al. 1984)
was added to each sample to yield a 0.5mM final

concentration and incubated for 4 min at 37°C. Subse-
quently, 100 ul of 10% TCA was added and plates were
centrifuged to pellet precipitated proteins. Then 50 pl
of supernatant was added to 100l of 100% ethanol
and 50 ul of 1N NaOH in a black fluorometric plate.
After 10 min, plates were read at 590 nm emission,
320 nm excitation in a fluorometer.

Zhang et al. (1994) described an ELISA for the
neuropeptide endopeptidase 3.4.24.11 in human serum
and leukocytes.

Gros et al. (1989) studied the protection of atrial
natriuretic factor against degradation and the di-
uretic and natriuretic responses after in vivo inhibi-
tion of enkephalinase (EC 3.4.24.11) by acetorphan.
Increased tissue neutral endopeptidase 24.11 activity
in spontaneously hypertensive hamsters was reported
by Vishwanata et al. (1998). Graf et al. (1998) stud-
ied regulation of neutral endopeptidase 24.11 in hu-
man vascular smooth muscle cells by glucocorticoids
and protein kinase C.

Pham et al. (1992) described the effects of a se-
lective endopeptidase inhibitor on renal function and
blood pressure in conscious normotensive Wistar and
hypertensive DOCA-salt rats.

NEP is involved in organ systems other than the car-
diovascular system, for example the brain and lung.

Ratti et al. (2001) studied the correlation between
neutral endopeptidase (NEP) in serum and the degree
of bronchial hyperreactivity.

Shirotani et al. (2001) found that neprilysin de-
grades both amyloid g peptides 1-40 and 142 very
rapidly and efficiently. Newell et al. (2003) found that
thiorphan-induced neprilysin inhibition raises amyloid
B levels in rabbit cortex and cerebrospinal fluid.

Facchinetti et al. (2003) described the ontogeny,
regional and cellular distribution of metalloprotease
neprilysin 2 (NEP2) in the rat in comparison with
neprilysin and endothelin-converting enzyme-1.
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A1.1.13
Quantitative Autoradiographic Localization
of Angiotensin-Converting Enzyme

PURPOSE AND RATIONALE

Cardiac angiotensin converting enzyme can be quan-
tified in tissue, such as in rat hearts with chronic in-
farction after left coronary ligation, by computerized
in vitro autoradiography (Kohzuki et al. 1996)

PROCEDURE

Myocardial infarction is induced in Wistar rats by left
coronary artery ligation (see A.3.2.2). After various
time intervals (1-8 months) the animals are decapi-
tated, the hearts rapidly removed, and snap-frozen in
isopentane at —40°C. Frozen section (20 um) are cut
in a cryostat at —20°C. The sections are thaw-mounted
onto gelatin-coated slides, dried in a desiccator for 2 h
at 4°C and then stored at —80°C.

Quantitative autoradiography
Radioligand: MK351A is a tyrosyl derivative of lisino-
pril, a potent competitive inhibitor of ACE. MK351A
is iodinated by the chloramine T method and sepa-
rated free from 21 by SP Sephadex C25 column chro-
matography.

1251_MK351A binding: The sections are preincu-
bated in 10 mmol/L sodium phosphate buffer, pH 7.4,
containing 150 mmol/L. NaCl and 2% bovine serum
albumin for 15min at 20°C. The sections are then
incubated with 11.1KBg/ml '»I-MK351A in the
same buffer for 60min at 20°C. Nonspecific bind-
ing is determined in the presence of 107% mol/L
MK351A or lisinopril. Binding isotherms are deter-
mined using a set of serial sections incubated with
10~2-107% mol/L lisinopril for 60 min.

After incubation, the sections are rapidly dried un-
der a stream of cold air, placed in X-ray cassettes, and
exposed to Agfa Scopix CR3 X-ray film for 12-72h
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at room temperature. After exposure, the sections are
fixed in formaldehyde and stained with haematoxylin
and eosin. The optical density of the X-ray films is
quantified using an imaging device controlled by a per-
sonal computer.

EVALUATION

The optical density of the autoradiographsis calibrated
in terms of the radioactivity density in dpm/mm? with
reference standards maintained through the procedure.
The apparent binding site concentration (Bpyax) and
binding affinity constant (K) in all the areas (exclud-
ing coronary arteries) of the right ventricle, intraven-
tricular septum, the infarcted area in the left ventri-
cle and the non-infarcted area in the left ventricle
are estimated by an iterative non-linear model-fitting
computer program LIGAND (Munson and Rodbard
1980).
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A1.1.14
Angiotensin Antagonism

The renin-angiotensin-aldosterone hormonal axis is
the major long-term control for regulation of both
arterial blood pressure and sodium balance. It sup-
ports normotension or hypertension via angiotensin
vasoconstriction and angiotensin plus aldosterone-in-
duced renal sodium retention (Laragh 1993; Unger and
Scholkens 2004).

Volpe et al. (1995) Wagner et al. (1996) showed that
regulation of aldosterone biosynthesis by adrenal renin
is mediated through AT receptors in renin transgenic
rats.

Easthope and Jarvis (2002) reviewed pharmaco-
logical, pharmacokinetic and clinical data on the an-
giotensin II antagonist candesartan cilexetil.

REFERENCES AND FURTHER READING

Easthope SE, Jarvis B (2002) Candesartan Cilexetil. An update
of its use in essential hypertension. Drugs 62:1253-1287

Laragh JH (1993) The renin system and new understanding
of the complications of hypertension and their treatment.
Arzneim Forsch/Drug Res 43:247-254

Unger T, Scholkens BA (eds) (2004) Angiotensin. Handbook of
experimental pharmacology, Vol 1 (548 pp) and Vol II (603
pp)- Springer, Berlin Heidelberg New York, p 163Volpe M,
Rubattu S, Gigante B, Ganten D, Porcellini A, Russo R,
Romano M, Enea E, Lee MA, Trimarco B (1995) Regu-
lation of aldosterone biosynthesis by adrenal renin is me-
diated through ATj receptors in renin transgenic rats. Circ
Res 77:73-79

Wagner J, Thile F, Ganten D (1996) The renin-angiotensin sys-
tem in transgenic rats. Pediatr Nephrol 10:108-112

A1.1.14.1
Angiotensin Il Receptor Binding

PURPOSE AND RATIONALE

Angiotensin II receptor subtypes, AT; and AT, have
been identified by structurally dissimilar antagonists,
by different distribution in organs of various species
and with specific radioligands (Chiu et al. 1989, 1990,
1992, 1993; Chang and Lotti 1991; Gibson et al. 1991;
Chansel et al. 1992; Steckelings et al. 1992; Aiyar et al.
1993; Barnes et al. 1993; Bossé et al. 1993; Bottari
et al. 1993; Dzau et al. 1993; Feuillan et al. 1993; van
Meel et al. 1993; Alexander et al. 2001). These two
types of receptors have been cloned (Sasaki et al. 1991;
Murphy et al. 1991; Mukoyama et al. 1993; Kam-
bayashi et al. 1993). Two other mammalian receptors
named AT3 and AT4 have been described (de Gasparo
et al. 1998).

The functional correlates of angiotensin II recep-
tors have been discussed by Timmermans et al. (1992,
1993; Bernstein and Berk 1993). Most effects of an-
giotensin are mediated via the AT; receptors, but
a possible role of angiotensin II subtype AT, recep-
tors in endothelial cells and isolated ischemic rat hearts
has been suggested (Wiemer et al. 1993a, b). Clearance
studies in dogs indicated that the angiotensin type 2 re-
ceptor may be related to water handling in the kidney
(Keiser et al. 1992).

Evidence for AT; receptor subtypes (ATjn and
ATig) has been reported (Iwai and Inagami 1992;
Kakar et al. 1992; Balmforth et al. 1994; Matsubara
et al. 1994; Bauer and Reams 1995; de Gasparo et al.
1998).

Chai et al. (2004) described the properties of the
angiotensin IV/AT4 receptor.

The assay described below is used to determine the
affinity of test compounds to the angiotensin II recep-
tor by measuring their inhibitory activity on the bind-



A.1 - Cardiovascular Analysis 81

ing of 3H-angiotensin II to a plasma membrane prepa-
ration from rat or bovine adrenal cortex.

PROCEDURE

Fresh bovine adrenal glands are obtained from the
local slaughter house. For rat adrenal glands, male
Sprague-Dawley rats weighing 250-300g are sacri-
ficed. The adrenals are separated from fat tissue and
the medullae removed. The cortices are minced and
homogenized in 5SmM Tris buffer containing 1 mM
MgCl, and 250 mM sucrose, pH 7.4, using a chilled
Potter homogenizer. The homogenate is centrifuged at
3000 g and 4°C for 10 min. The supernatant is recen-
trifuged at 39,000 g and 4°C for 10 min. The pellets are
resuspended in 75 mM Tris buffer containing 25 mM
MgCl,, pH7.4, and recentrifuged twice at 39,000 g
and 4°C for 10 min. After the last centrifugation, the
pellets are suspended in 75 mM Tris buffer containing
25 mM MgCl, and 250 mM sucrose, pH 7.4. Samples
of 0.5ml are frozen in liquid nitrogen and stored at
—70°C.

In the competition experiment, 50ul 3H-an-
giotensin II (one constant concentration of 0.5-1x
10~ M), and 50l test compound (6 concentrations,
107°-10"'9M) and 100ul membrane suspension
from rat or bovine adrenal cortex (approx. 250 mg wet
weight/ml) per sample are incubated in a bath shaker
at 25°C for 60min. The incubation buffer contains
50 mM HEPES, 0.1 mM EDTA, 100 mM NaCl, 5 mM
MgCl, and 0.2% bovine serum albumin, pH 7.4.

Saturation experiments are performed with 12 con-
centrations of 3H-angiotensin 11 (15-0.007 x 10~° M).
Total binding is determined in the presence of incuba-
tion buffer, non-specific binding is determined in the
presence of non-labeled angiotensin IT (1076 M).

The reaction is stopped by rapid vacuum filtra-
tion through glass fiber filters. Thereby the membrane-
bound radioactivity is separated from the free one. The
retained membrane-bound radioactivity on the filter
is measured after addition of 3 ml liquid scintillation
cocktail per sample in a liquid scintillation counter.

EVALUATION OF RESULTS
The following parameters are calculated:

« total binding of *H-angiotensin I

» non-specific binding: binding of *H-angiotensin I
in the presence of mepyramine or doxepine

* specific binding=total binding—non-specific bind-
ing

* % inhibition of H-angiotensin II binding: 100—-spe-
cific binding as percentage of control value

The dissociation constant (Kj) and the ICsq value of
the test drug are determined from the competition ex-
periment of *H-angiotensin II versus non-labeled drug
by a computer-supported analysis of the binding data
(McPherson 1985).

MODIFICATIONS OF THE METHOD

Olins et al. (1993) performed competition studies in
rat uterine smooth muscle membranes and rat adrenal
cortex membranes using ['>I] labeled angiotensin II.

Membranes from cultured rat aortic smooth mus-
cle cells and from human myometrium were used for
binding studies with ['>°I] labeled angiotensin II by
Criscone et al. (1993).

Wiener et al. (1993) used membrane preparations
from rat lung and adrenal medulla for binding studies
with [12°1] labeled angiotensin II.

Bradbury et al. (1993) used a guinea pig adrenal
membrane preparation to study nonpeptide an-
giotensin II receptor antagonists.

Cazaubon et al. (1993) prepared purified plasma
membranes from rat livers for [12°1] AIl binding as-
says.

Noda et al. (1993) described the inhibition of rab-
bit aorta angiotensin II (AII) receptor by a non-peptide
AII antagonist.

Kushida et al. (1995) tested AT II receptor binding
in particulate fractions of rat mesenteric artery and rat
adrenal cortex and medulla with ' I-AT II.

Chang et al. (1995) used rabbit aorta, rat adrenal
and human AT receptors in CHO cells and AT recep-
tors from rat adrenal and brain to characterize a non-
peptide angiotensin antagonist.

Aiyar et al. (1995) tested inhibition of ['>I]-
angiotensin II or [1251]angi0tensin II (Sar!,Ile®) bind-
ing in various membrane and cell preparations, such
as rat mesenteric artery, rat adrenal cortex, rat aortic
smooth muscle cell, human liver, recombinant human
AT receptor, bovine cerebellum, and bovine ovary.

Caussade et al. (1995) tested [1251]SaI1,Ileg-angio-
tensin II binding to rat adrenal membranes and rat aor-
tic smooth muscle cells.

Using ['?°1]Sar! Ile3-angiotensin II as radioligand,
de Gasparo and Whitebread (1995) compared the affin-
ity constants of valsartan and losartan in liver and
adrenal of rat and marmoset, human adrenal and in rat
aortic smooth muscle cells.

Webb et al. (1993) transfected the vascular an-
giotensin II receptor cDNA (AT4) into Chinese ham-
ster ovary cells to generate the stable cell line CHO-
AT and recommended these cells as a useful model
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to study ATa receptor domains, which are critical to
signaling pathways.

Kiyama et al. (1995) used COS cells transfected
with a cDNA encoding a human AT angiotensin II re-
ceptor to evaluate nonpeptide angiotensin II receptor
antagonists.

Mizuno et al. (1995) used bovine adrenal corti-
cal membranes, Nozawa et al. (1997) membrane frac-
tions from rat aorta, bovine cerebellum and human my-
ocardium and ['>>I]angiotensin II as radioligand.

Renzetti et al. (1995a, b) used membranes from rat
adrenal cortex and bovine cerebellum for binding as-
says with [*H]angiotensin II as radioligand.

Inter-species differences in angiotensin AT recep-
tors were investigated by Kawano et al. (1998).

The angiotensin II receptor subtype having a high
affinity for lorsatan has been designated angiotensin
AT receptor and the receptor having a high affinity for
PD123177 (1-(3-methyl-4-aminophenyl) methyl-5-
diphenylacetyl-4,5,6,7-tetrahydro-1H-imidazo[3,5-
c]pyridine-6-carboxylic acid) as angiotensin AT, re-
ceptor (Bumpus et al. 1991; Nozawa et al. 1994;
Chang et al. 1995).

In order to determine affinity for the angiotensin
AT subtype in a radioligand binding assay with '2°1-
sarcosine!, isoleucine® angiotensin II, Chang and Lotti
(1991), Chang et al. 1995), Wong et al. (1995) incu-
bated membranes of tissues with both AT and AT)» re-
ceptors in the presence of 1uM PD121981 (which
occupied all the AT, binding sites) and for the an-
giotensin AT, subtype in the presence of 1 uM lorsatan
(which occupied all the AT binding sites).

Hilditch et al. (1995) used membranes from rat liv-
ers and [PHJ-AT 1II for the determination of binding
affinity at AT; receptors, or membranes from bovine
cerebellum and [1251]-Tyr4-AT II for AT; receptors.

Lu et al. (1995) studied the influence of freezing on
the binding of '?°I-sarcosine!, isoleucine® angiotensin
II to angiotensin II receptor subtypes in the rat. The re-
sults suggested that studies of AII receptor subtypes
that involve freezing of the tissue underestimate the
density and affinity of the AT receptor subtype.
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A1.1.14.2
AT» Receptor Binding

PURPOSE AND RATIONALE
In addition to the AT receptor, the AT, receptor has at-
tracted increasing interest (Gallinat et al. 2000; Nouet
and Nahmias 2000). Steckelings et al. (2005) reviewed
the knowledge of AT?2 receptor distribution, signaling
and function with an emphasis on growth/anti-growth,
differentiation, and the regeneration of neuronal tissue.
Wan et al. (2004a, 2004b) described a porcine my-
ometrial membrane AT, receptor assay.

PROCEDURE

Myometrial membranes are prepared from porcine
uteri. Nielsen et al. (1997) found that in myometrium
from non-pregnant sows, the Ang II receptors were al-
most exclusively AT, receptors. A presumable inter-
ference by binding to AT; receptors was blocked by

addition of 1uM losartan. Binding of ['>I]Ang II to
membranes was conducted in a final volume of 0.5 ml
containing 50 mM Tris-HCI (pH 7.4), 100 mM NaCl,
10 mM MgCl,, 1 mM EDTA, 0.025% bacitracin, 0.2%
BSA, homogenate corresponding to 10 mg of the orig-
inal tissue weight, [1251]Ang 1T (80,000-85,000cpm,
0.03 nM), and variable concentration of test substance.
Samples were incubated at 25°C for 1.5 h, and binding
was terminated by filtration through Whatman GF/B
glass-fiber filter sheets, which had been pre-soaked
overnight with 0.3% polyethylamine, using a Brandel
cell harvester. The filters were washed with 3 x 3 ml
of Tris-HCI (pH 7.4) and transferred to tubes. The ra-
dioactivity was measured in a y-counter. All determi-
nations were performed in triplicate.

EVALUATION

The characteristics of the Ang-II-binding AT, recep-
tor were determined by using six different concen-
trations (0.03-5nmol/l) of the labeled [1251]-Ang 1L
Non-specific binding was determined in the pres-
ence of 1 uM Ang II. The specific binding was de-
termined by subtracting the non-specific binding from
the total bound [1251]-Ang II. ICs¢ was determined by
Scatchard analysis of data obtained with Ang II by us-
ing GraFit (Erithacus Software, UK).

MODIFICATIONS OF THE METHOD

Whitebread et al. (1991) described the radioligand
CGP 42112A as a high-affinity and highly selective
ligand for the characterization of angiotensin AT, re-
ceptors. Heemskerk and Saavedra (1995) performed
quantitative autoradiography of Ang II AT, receptors
with [12T]CGP 42112.

Heerding et al. (1997) performed mutational analy-
sis of the Ang II type 2 receptor in order to study the
contribution of conserved extracellular amino acids.

Hoe et al. (2003) reported the molecular cloning,
characterization, and distribution of the gerbil Ang II
AT receptor.

Utsunomiya et al. (2005) described Ang II AT re-
ceptor localization in cardiovascular tissues by its an-
tibody developed in AT, gene-deleted mice.
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A1.1.143
Angiotensin Il Induced Contraction
in Isolated Rabbit Aorta

PURPOSE AND RATIONALE

The isolated rabbit aorta has been used to evaluate an-
giotensin II agonists (Liu 1993) and angiotensin II an-
tagonists (Chang et al. 1992, 1994; Noda et al. 1993;
Aiyar et al. 1995; Cirillo et al. 1995; Kushida et al.
1995; Mochizuki et al. 1995; Renzetti et al. 1995;
Wong et al. 1995; Hong et al. 1998; Kawano et al.
1998).

PROCEDURE

New Zealand White male rabbits weighing 2-3 kg are
sacrificed and exsanguinated. The thoracic aorta is re-
moved and cleaned from adherent fat and connec-
tive tissue. The vascular endothelium is removed by
gently rubbing the intimal surface of the vessel. Spi-
ral aortic strips (2-3 mm wide and 30 mm long) are
prepared and mounted in 5ml organ baths contain-
ing Krebs-Henseleit solution (120 mM NaCl, 4.7 mM
KCl, 4.7mM MgSO4, 1.2mM KHyPO4, 2.5mM

CaCly, 25 mM NaHCOs3, glucose 10 mM, pH 7.4). The
organ baths are kept at 37°C and gassed continuously
with 95% O,/5% CO,. Strips are attached to isometric
transducers connected to a polygraph and a resting ten-
sion of 1 g is applied to each strip. Changes in contrac-
tion are analyzed with a digital computer. Aortic strips
are allowed to equilibrate for 1h and washed every
15 min. Two consecutive contractile-response curves
to cumulative addition of ATII (0.1-300 mM) are con-
structed. After each curve the strips are washed 4 times
and allowed to relax to the baseline tension. After-
ward, each strip is incubated for 30 min with the ve-
hicle or with a single concentration of the antagonist
(1-10-100-1000mM) before a third concentration-
response curve to angiotensin II is obtained.

EVALUATION

The result of each concentration is expressed as a per-
centage of maximum response to AlIl. The pA, and
pD’, values are calculated (van Rossum 1963).

MODIFICATIONS OF THE METHOD
Isolated guinea pig aortas were used by Mizuno et al.
(1995).

Cirillo et al. (1995) evaluated the antagonism
against All-induced vasoconstriction in rat isolated
perfused kidney.

Chang et al. (1992, 1994) determined All-induced
aldosterone release in rat adrenal cells and All-induced
[*Hlinositol phosphate accumulation in cultured rat
aorta smooth muscle cells.

Shibouta et al. (1993) described the pharmacolog-
ical profile of a highly potent and long-acting Ang II
receptor antagonist and its prodrug.

Ojima et al. (1997) studied the mechanisms of
the insurmountable antagonism of candesartan, an an-
giotensin AT receptor antagonist, on Ang-II-induced
rabbit aortic contraction in contraction and binding
studies.
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A1.1.14.4
Angiotensin Il Antagonism in Vivo

PURPOSE AND RATIONALE

The effect of ATII antagonists on blood pressure has
been measured in anesthetized (Olins et al. 1993;
Beauchamp et al. 1995; Kawano et al. 1998), in pithed
(Cazes et al. 1995; Christophe et al. 1995; Cirillo et al.
1995; Deprez et al. 1995; Hiuser et al. 1998) and in
conscious (Junggren et al. 1996; Nozawa et al. 1997;
Shibasaki et al. 1997; Hashimoto et al. 1998) nor-
motensive and hypertensive rats.

PROCEDURE

Male Sprague-Dawley rats are anesthetized with
100mg/kg i.p. Inactin and placed on servo-con-
trolled heating pads to maintain body temperature be-
tween 37°C and 38°C. PE50 catheters are implanted
in the femoral artery and vein to measure arterial
blood pressure and administer compounds, respec-
tively. A catheter is placed in the trachea to ensure
airway patency. Arterial pressure is measured contin-
uously by connecting the arterial catheter to trans-
ducer coupled to a Gould pressure transducer. The out-
put is recorded on a polygraph. Mean arterial pres-
sure is derived electronically. After a 30-45 min sta-
bilization period, autonomic transmission is blocked
by treatment with mecamylamine (3 mg/kgi.v.) and at-
ropine (0.4 mg/kg i.v.). After arterial pressure has sta-
bilized, angiotensin is infused i.v. in isotonic saline
with a syringe pump. When the pressure response to
angiotensin has stabilized, angiotensin II antagonists
are given in increasing doses. The doses are given in-
travenously in a cumulative fashion, i. e., the next high-
est dose is given at the time of maximum response to
the prior dose.

EVALUATION

Data are presented as percent inhibition of the an-
giotensin pressor response to each dose of the antag-
onists and plotted against the log of the cumulative
doses of antagonist. Linear regression is used to cal-
culate the dose at which the response to angiotensin is
inhibited 50% (IDsg) for each rat. Means +=SEM are
calculated.

MODIFICATIONS OF THE METHOD

Olins et al. (1993), Cirillo et al. (1995) determined
also the antihypertensive effects in conscious sponta-
neously hypertensive rats and in conscious sodium-de-
ficient dogs.
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Stasch et al. (1997) studied the long-term blockade
of the angiotensin II receptor in renin trangenic rats,
salt-loaded Dahl rats, and stroke-prone spontaneously
hypertensive rats.

Nishioka et al. (1998), Richter et al. (1998) used
the (mRen-2)27 transgenic (Tg*) rat, a hypertensive
model dependent on increased expression of the renin
angiotensin system, to explore the role of angiotensin
AT, receptors in the control of cardiovascular and re-
nal excretory function.

Simoes e Silva et al. (1998) evaluated the effects
of chronic administration of an angiotensin antagonist
on diuresis and natriuresis in normotensive and spon-
taneously hypertensive rats.

Kai et al. (1998) examined the effects of an an-
giotensin II type 1 antagonist on cardiac hypertrophy
and nephropathy using Tsukuba hypertensive mice
(THM) carrying both human renin and angiotensino-
gen genes.

Kivlighn et al. (1995a, b), Gabel et al. (1995), stud-
ied angiotensin II antagonists in conscious rats, dogs,
rhesus monkeys and chimpancees.

Keiser et al. (1995) studied arterial blood pres-
sure in conscious renal hypertensive rats, conscious
sodium-depleted dogs, conscious sodium-depleted
monkeys and conscious renal hypertensive monkeys.

Kim et al. (1997) examined the effects of an an-
giotensin AT receptor antagonist on volume overload-
induced cardiac gene expression in rats. Cardiac vol-
ume overload was prepared by abdominal aortocaval
shunt. Cardiac tissue mRNA was measured by North-
ern blot analysis with specific probes.

Yamamoto et al. (1997), Ogilvie et al. (1998), stud-
ied angiotensin II receptor antagonists in acute heart
failure induced by coronary artery ligation in anes-
thetized dogs and in chronic heart failure induced by
left ventricular rapid-pacing in conscious dogs.

Massart et al. (1998) evaluated the cumulative hy-
potensive effects of angiotensin II- and endothelin-1-
receptor antagonists in a model renovascular hyperten-
sion in dogs.

Hayashi et al. (1997) examined the hemodynamic
effects of an angiotensin II type | receptor antagonist
in rats with myocardial infarction induced by coronary
ligation.

Kivlighn et al. (1995c¢) studied the effects of a non-
peptide that mimics the biological actions of an-
giotensin II in anesthetized rats.

Huckle et al. (1996) evaluated angiotensin II recep-
tor antagonists for their ability to inhibit vascular inti-
mal thickening in a porcine coronary artery model of
vascular injury.
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A1.1.15
Renin-Inhibitory Activity Using Human Kidney Renin
and a Synthetic Substrate

PURPOSE AND RATIONALE

In contrast to other enzymes, renin shows a rather high
species specificity. To be relevant for humans human
renin has to be used. One of the reasons that human
renin is specific for human angiotensinogen lies in the
sequence of human angiotensinogen itself. Inhibition
of renin is measured by angiotensinogen formed in the
presence of angiotensinase inhibitors. The following
procedure is used to determine the effect of potential
renin inhibitors on purified human kidney renin with-
out interference from plasma proteins or lipids.

PROCEDURE

The synthetic substrate represents the first four-
teen amino acids of the N-terminus of human an-
giotensinogen: Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-
Leu-Val-Ile-His-Asn. The assay mixture is composed
of phosphate buffer (pH7.5), bovine serum albumin,
3mM EDTA, 0.01 mM phenylmethylsulfonyl fluoride
(PMSF), 0.002% Genapol PF 10, test compound (dis-
solved in DMSO), substrate (3 uM) and purified hu-
man kidney renin (Calbiochem GmbH, Frankfurt/M.,
Germany; cat.no.553861). The mixture is incubated
for two hours at 37°C. Then the reaction is stopped
by transfer of 450 pl into preheated (95°C) Eppendorf
tubes. The amount of angiotensin I liberated is mea-
sured by RIA (Renin MAIA kit, Serono Diagnostika
GmbH, Freiburg, Germany).

Human angiotensinogen (0.2puM) may be used
as a substrate instead of the tetradekapeptide.
The pH value of the incubation mixture may
be lowered t06.0 by using a maleic acid buffer;
this results in higher renin activity. HEPES (N-
2-hydroxyethylpiperazine-N"-2-ethane sulfonic acid)
may be substituted for phosphate in the pH 7.5 buffer.

EVALUATION

Renin activity, i.e. angiotensin I production
(ng/mlx2h), is corrected for an angiotensin I —
like immunoreactivity which can be measured in the
assay samples even in the absence of added renin.
ICs values are determined from a plot of renin activ-
ity (as per cent of control) vs. molar concentration of
the test compound.
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MODIFICATIONS OF THE METHOD

Wang et al. (1993) described a continuous fluorescence
assay of renin activity employing a new fluorigenic
peptide substrate.

Inhibition of plasma renin activity in blood sam-
ples from various species can be determined in order
to evaluate the species specificity of a renin inhibitor
(Linz et al. 1994)

Blood samples are obtained from dogs, sheep and
rhesus monkeys by venipuncture. Wistar rats and
guinea pigs are anesthetized with Nembutal (60 mg/kg
intraperitoneally) and the blood is collected by punc-
ture of the abdominal aorta. Human blood is col-
lected from volunteers (Donafix blood collecting set,
Braun Melsungen AG, Melsungen, FR Germany) in
cooled bottles. All blood samples are anticoagulated
with Na-EDTA (final concentration 10-15mM). The
renin is dissolved in DMSO as 1072 M stock solu-
tion and diluted before each experiment in DMSO.
The endogenous formation of ANG I in plasma dur-
ing incubation at 37°C is determined as the mea-
sure of renin activity. Generation and quantitation
of ANG I are performed using a commercial ra-
dio immunoassay kit (Renin-MATIA, Serono Diagnos-
tika GmbH, Freiburg, FR Germany). Plasma samples
are thawed on ice and centrifuged after addition of
100 ul PMSEF solution (kit) per 10 ml. The assay mix-
ture contains 450 ul plasma plus 1% (v/v) PMSF solu-
tion, 45 ul buffer (phosphate buffer,pH="7.4,+ 107> M
ramiprilate) and 5 pl renin inhibitor solution (diluted
in DMSO as required) or pure DMSO for con-
trols. The assay is incubated for an appropriate time
(2-3hours) at 37°C. ANG I is measured in 100 ul
samples (triplicate determinations). Basal ANG I im-
munoreactivity of the plasma is determined from an
unincubated control assay (0°C). This pre-incuba-
tion value is subtracted from all measurements. The
renin activity in the presence of the renin inhibitor
is calculated as percent activity in relation to con-
trol samples containing only DMSO. The ICsy value
is determined from a semilogarithmic plot of percent
renin activity versus concentration of the renin in-
hibitor.

Wood et al. (1990) determined the activity of a syn-
thetic renin inhibitor against rat, mouse, dog, guinea
pig, rabbit, cat, marmoset and human renin using
plasma pools from these species. Plasma from each
species was collected using EDTA as an anticoagu-
lant. Samples of plasma were incubated at 37°C in the
presence or absence of varying concentrations of test
compound. The ANG I formed was measured by ra-
dioimmunoassay.

Shibasaki et al. (1991) used squirrel monkeys to
study the in vivo activity of a specific renin inhibitor
after intravenous and oral application.

Bohlender et al. (1996) reconstructed the human
renin-angiotensin system in transgenic rats overex-
pressing the human angiotensin gene TGR(hOGEN)
1623 by chronically injecting human recombinant
renin intravenously using Alzet pumps.

Salimbeni et al. (1996) tested the in vitro inhibition
of human plasma renin activity by two synthetic an-
giotensinogen transition state analogues.

Wood et al. (2003) determined the inhibitory
potency of an orally effective renin inhibitor in
vitro against human renin. Human recombinant renin
(0.33ng/ml) was incubated with a synthetic tetrade-
capeptide substrate (TDP, 13.33 uM) corresponding to
the 14 terminal amino acids of human angiotensino-
gen, in 0.33 M Tes buffer, pH 7.2, containing 1% hu-
man serum albumin and 0.1% neomycin sulphate for
1 h at 37°C. The enzymatic reaction was stopped by
adding 1 ml ice-cold 0.1 M Tris-acetate buffer, pH 7.4,
containing 0.1% HSA. The angiotensin generated dur-
ing the incubation was measured by radioimmunoas-
say. The oral activity was confirmed in hypertensive
patients (Gradman et al. 2005).
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A1.1.16
PAF Binding Assay

PRINCIPLE AND RATIONALE

Injection of platelet activating (PAF) factor induces
a wide range of potent and specific effects on
target cells, including aggregation of platelets and
shock symptoms like systemic hypotension, pul-
monary hypertension, increased vascular permeabil-
ity, neutropenia and thrombocytopenia. Inhalation of
PAF causes immediate bronchoconstriction followed
by inflammation of the airways (further information
see Sect. B.1.9).

Hikiji et al. (2004) showed in PAF-deficient mice
that the absence of platelet-activating factor recep-
tor protects mice from osteoporosis following ovariec-
tomy, a model of postmenopausal osteoporosis.

PAF is also implicated in estrogen-induced angio-
genesis via nuclear factor-xB activation (Seo et al.
2004) and in delaying corneal wound healing (Bazan
2005).

The PAF receptor belongs to the superfamily of
G protein-coupled receptors (Chao and Olson 1993,
Izumi and Shimizu 1995). Cloning studies have indi-
cated a single human PAF receptor gene containing an

intron at the 5’ flanking region, providing alternative
sequences (Ishi and Shimizu 2000).

The following procedure is used to detect com-
pounds that inhibit binding of 3H-PAF (platelet acti-
vating factor) in rabbit platelets (PAF receptor).

PROCEDURE

Crude rabbit platelets are incubated in plastic tubes for
15 min at 25°C in a buffer solution (0.54 g/l KH,POy,
0.6 g/l NagHPO4, 5.8 g/1 NaCl, 1.0g/1 BSA, pH7.1)
with 1nM synthetic 3H-labeled PAF (1-0-[1,2-
3 Halkyl-2-O-acetyl-sn-glycero-3-phosphocholine)
and various concentrations of test compound. Non-
specific binding is determined in the presence of
10uM CV 3988. Bound ligand is separated from the
incubation medium by rapid filtration through What-
man GF/C glass fibre filters. Following rinsing with
ice-cold buffer (3 x 5 ml), the filters are placed in 10 ml
scintillation cocktail for radioactivity determination.

EVALUATION
The following parameters are calculated:

» total binding of *H-PAF

 non-specific binding in the presence of 10 uM CV
3988

e specific binding=total binding—non-specific bind-
ing

* % inhibition: 100-specific binding as percentage of
the control value

Compounds are first tested at a single high concentra-
tion (5000nM) in triplicate. For those showing more
than 50% inhibition a displacement curve is con-
structed using 7 different concentrations of test com-
pound. Binding potency of compounds is expressed ei-
ther as a “relative binding affinity” (RBA) with respect
to the standard compound (CV 3988) which is tested
in parallel or as an ICsy.

RBA — 1C5¢ standard compound

100%
ICsp compound x v

Standard data:
e CV 3988 ICs50: 276 nM %24 (n=20)

MODIFICATIONS OF THE METHOD

Several authors (Casals-Stenzel et al. 1987; Dent et al.
1989a, b; Ring et al. 1992; Ukena et al. 1988) used
the specific platelet activating factor receptor antag-
onist [PH]WEB-2086 or [*H]Apafant to identify and
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characterize the PAF-receptors expressed on the cell
surface of platelets, macrophages, and eosinophils.

Balsa et al. (1996) characterized [3H]Apafant bind-
ing to the PAF receptor on rabbit platelet membranes
and compared a microplate filtration system with the
standard method.
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A1.1.17
Endothelin

A1.1.171
General Gonsiderations

Endothelin is an endothelium-derived peptide family
consisting of three peptides (ET-1, ET-2, and ET-3)
with very potent and long-lasting vasoconstrictive ac-
tivity (Yanagisawa et al. 1988a, b; King et al. 1989;
Miller et al. 1989; Yanagisawa and Masaki 1989; In-
oue et al. 1989; Shinmi et al. 1989; Vanhoutte et al.
1992; Davenport 2002; Masaki 2004).

ET-1 is processed from prepro ET-1, pro-ET-1 to big
ET-1, which is converted to ET-1 by the endothelin-
converting-enzyme (ECE).

Subtypes of endothelin receptors have been de-
scribed (Takayanagi et al. 1991; Miyazaki et al. 1992).

Molecular characterization of the ETA and ETg re-
ceptors was reported by Miyazaki et al. (1992),
Sakuarai et al. (1992).

In addition, the existence of a third type, ETc, was
found in Xenopus laevis (Karne et al. 1993).

The comparison of recombinant endothelin recep-
tors shows different affinity rank orders to the three
endothelins (Masaki et al. 1994).

Grant et al. (1997) reported the in vitro expression
of endothelin-1 (ET-1) and the ETp and ETg ET re-
ceptors by prostatic epithelium and stroma.

The ET peptides not only elicit potent and long-
lasting contractions of isolated strips of various blood
vessels in vitro but also increase blood pressure in
vivo suggesting that this peptide family may be in-
volved in the pathogenesis of cardiovascular diseases
(Simonson and Dunn 1990; Masaki 1991; Doherty
1992; Goto et al. 1996; Gray and Webb 1996; Dou-
glas and Ohlstein 1997). Sarafotoxin Séc, originally
isolated from snake venom, is an agonist which distin-
guishes between endothelin subtypes (Williams et al.
1991).

Endothelin is degradeted by vascular smooth mus-
cle cells (Bernmek et al. 1996).
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A1.1.17.2
Evaluation of Endothelin Activity

PURPOSE AND RATIONALE

Most investigators used isolated arteries to evaluate the
activity of endothelins and derivatives. Rodman et al.
(1989) compared the potency and efficacy of porcine
and rat endothelin in rat aortic and pulmonary rings.

PROCEDURE

Arterial rings are obtained from male Sprague Daw-
ley rats weighing from 300-400g. Rats are anes-
thetized with 50 mg/kg i.p. pentobarbital, the chest
is opened, 100 units heparin sulfate are injected into
the right ventricle, and the rats are exsanguinated.
Rings are then isolated from either the descend-
ing thoracic aorta or the right main pulmonary
artery, cleaned of adventitia, and suspended from
Grass FT03 force-displacement transducers in mus-
cle baths containing 10 ml of physiologic salt solution
of the following composition (x 1073 M): CaCl, 1.80,
MgS040.83, KC15.3.6, NaCl 116.34, NaH,PO4 0.40,
D-glucose 5.50, and NaHCO3 10.04. The solution is
maintained at 37°C and bubbled with 21% O, and
5% CO,. Endothelium-denuded rings are prepared by
gently rubbing the intima with a roughened steel rod.
Denudation is confirmed by the absence of relaxation
to 107> M acetylcholine in rings precontracted with
10~7 M norepinephrine. Resting force is adjusted to
the optimum resting tension of 0.75 g for pulmonary
artery rings and 1.0 g for aortic rings. Maximum con-
traction to 8 x 107>M KCI is determined and subse-
quent responses to endothelin are expressed as a per-
centage of maximum KCI contraction for determina-
tion of maximum effectiveness or as a percentage of
maximum endothelin contraction for determination of
potency.
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EVALUATION

Concentration-response curves are compared using the
method of Carpenter (1986). Data are expressed as
means =+ SEM and statistical comparisons are per-
formed using Student’s #-test, with P <0.05 considered
significant.

MODIFICATIONS OF THE METHOD

Lembeck et al. (1989) studied the effects of endothelin
on the cardiovascular system and on smooth muscle
preparations in different species.

Reynolds and Mok (1990) studied the role of throm-
boxane Aj/prostaglandin Hj receptor in the vasocon-
strictor response of rat aorta to endothelin.

Pang et al. (1990) studied the cellular mechanisms
of action of endothelin in isolated canine coronary
arteries.

Liischer et al. (1992) used perfused and pressur-
ized mesenteric resistance arteries of rats and hu-
man internal mammary arteries to study the interac-
tion between endothelin and endothelium-derived re-
laxing factors.

Michel et al. (2003) studied the endothelin system
in various animal models of pulmonary hypertension.

Advenier et al. (1990) studied the contractile activ-
ity of three endothelins (ET-1, ET-2 and ET-3) on the
human isolated bronchus.

Wallace et al. (1989) compared the effects of en-
dothelin-1 and endothelin-3 on the rat stomach.

Aldosterone secretion in cultured calf zona
glomerulosa cells was stimulated by ET-1 and sarafo-
toxin S6b to a similar degree, but less than by an-
giotensin II (Gomez-Sanchez 1990).

Brock and Danthuluri (1992) used cultured vascu-
lar smooth muscle cells to study the cellular actions
of endothelin.

Pigment dispersion in cultured dermal
melanophores from Xenopus laevis was used as
indicator of ET¢ receptor mediated responses (Karne
et al. 1993).
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A1.1.173
Endothelin Receptor Antagonism in Vitro

PURPOSE AND RATIONALE
Competitive endothelin antagonists are of therapeu-
tic interest (Ihara et al. 1991; Fujimoto et al. 1992;
Fukuroda et al. 1992; Urade et al. 1992; Breu et al.
1993; Mihara and Fujimoto 1993; Sogabe et al. 1993;
Warner 1994; Opgenorth 1995; Brunner 1998).

A sensitive sandwich-enzyme immunoassay for hu-
man endothelin has been established by Suzuki et al.
(1989).

PROCEDURE
The ventricles of rat hearts are minced with scissors
and homogenized in 7 vol of ice-cold 20 mM NaHCO3
containing 0.1 mM PMSF (Phenylmethylsulfonyl fluo-
ride), pH 7.4, with a Polytron homogenizer (Brinkman
Instruments Inc., Westberg, NY). The homogenates
are centrifuged at 1000 g for 10 min, and then the pellet
discarded. The supernatant is centrifuged at 30,000 g
for 30min. The pellet is washed once and resus-
pended in Tris buffer (50 mM, pH 7.4 at 25°C) contain-
ing 0.1 mM PMSF, and stored at —80°C until use.

For binding studies (Gu et al. 1989) cardiac
membranes (0.21 mg/ml as protein) are incubated
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with 25pM ['2TJET-1or ['?’T]ET-3 (New England
Nuclear) in a final assay volume of 0.1ml in
borosilicated glass tubes, containing 50mM Tris-
HCI, 0.1 mM PMSEF, 10 pg/ml aprotinin, 10 ug/ml le-
upeptin, 10pug/ml pepstatin A, 250 ug/ml bacitracin,
and 10 ug/ml soybean trypsin inhibitor (pH 7.4). Bind-
ing is performed for 60 min at 37°C. The binding reac-
tion is terminated by the addition of 2.5 ml of ice-cold
50mM Tris-HCI (pH 7.4), followed by a rapid filtra-
tion through a Whatman GF/C glass fibre filter (pre-
soaked in 1% polyethyleneimine) under reduced pres-
sure. The filters are then quickly washed 4 times with
2.5 ml of the buffer. Radioactivity retained on the filter
is counted.

EVALUATION

Non-specific binding is defined in the presence of ET-
1. Specific binding is the difference between total and
non-specific binding. Kj-values and Scatchard plots are
calculated.

MODIFICATIONS OF THE METHOD
The nomenclature of endothelin receptors has been re-
viewed by Alexander et al. (2001).

Cain et al. (1991) described an endothelin-1 recep-
tor binding assay for high throughput chemical screen-
ing using the clonal cell line A10 of smooth muscle
cells, derived from embryonic rat thoracic aorta.

Functional endothelin/sarafotoxin receptors were
described in rat heart myocytes (Galron et al. 1989)
and in the rat uterus (Bousso-Mittler 1989).

Mihara and Fujimoto (1993) cultured rat aortic
smooth muscle A7r5 cells expressing ETA receptors
(Takuwa et al. 1990) and human Girardi heart cells ex-
pressing ETg receptors (Mihara and Fujimoto 1992).
Receptor specificity could be demonstrated.

Mihara et al. (1994) characterized the nonpeptide
endothelin receptor antagonist 97-139, both in vitro
(rat aortic smooth muscle cells and Girardi heart cells)
and in vivo (ET1- antagonism in pithed rats) and com-
pared it with another endothelin receptor antagonist
(BQ-123). Discrepancies between in vitro and in vivo
data were explained by different plasma binding.

Aramori et al. (1993) studied the receptor-binding
properties and the antagonistic activities of an endothe-
lin antagonist in transfected Chinese ovary hamster
cells permanently expressing the two ET receptor sub-
types (ETa and ETp).

De Juan et al. (1993) characterized an endothelin
receptor subtype B in the retina of rats.

Clozel et al. (1994) performed binding assay on
cells or membranes from baculovirus infected insect

cells that expressed recombinant ETA or ETg recep-
tor, CHO cells that expressed recombinant ETp or
ETg receptor, cultured human vascular smooth mus-
cle cells from umbilical veins, rat mesangial cells
(for ET4), microsomal membranes from human pla-
centa and from porcine cerebellum (for ETg;) and
from porcine trachea (for ETgy, using BQ-3020 or
sarafotoxin S6C as ligand).

Williams et al. (1995) used CHO cells expressing
cloned ET4 or ETg receptors directly in binding and
functional assays without preparing membranes from
them.

Reynolds et al. (1995) used CHO-KI cells ex-
pressing recombinant human ETg receptor, Ltk™ cells
expressing human ETa receptor and rabbit renal
artery vascular smooth muscle cells expressing rabbit
ET 4 receptor for evaluation of an ETA receptor antag-
onist.

Rat or bovine cerebella were used for differentiation
of receptor subtypes (Williams et al. 1991).

Peter and Davenport (1995) proposed a selective
ligand for ETx receptors.

Thara et al. (1992), Watakabe et al. (1992) described
radioligands for endothelin (ETg) receptors.

Vigne et al. (1996) described the properties of an
endothelin-3-sensitive Eta-like endothelin receptor in
brain capillary endothelial cells.

The human type-B endothelin receptor was cloned
from human lung poly A+RNA and expressed in CHO
cells by Chiou et al. (1997). Dissociation character-
istics of endothelin receptor agonists and antagonists
were determined.

Stables et al. (1997) described a bioluminescent
assay for agonist activity at G-protein-coupled re-
ceptors, such as the endothelin ET receptor. Tran-
sient expression of apoaequorin in CHO cells and re-
constitution with the cofactor coelenterazine resulted
in a large, concentration dependent agonist-mediated
luminescent response following cotransfection with
the endothelin ET4, angiotensin ATy, TRH and neu-
rokinin NK receptors, all of which interact predomi-
nantly with the Gey-like phosphoinositidase-linked G-
proteins.
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A1.1.174
Endothelin Receptor Antagonism in Vivo

PURPOSE AND RATIONALE
Various pharmacological models have been used for
the characterization of endothelins and endothelin an-
tagonists, such as the isolated porcine coronary artery.
(Hickey et al. 1985; Yanagisawa et al. 1988, 1989; In-
oue et al. 1989; Kimura et al. 1989; Ihara et al. 1991;
Fukuroda et al. 1991).

Since the smooth musculature is considered to con-
tain mainly ET4 receptors the preparation is used to
test ETA antagonists.
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PROCEDURE

Left anterior descending coronary arteries are iso-
lated from fresh porcine hearts. Connective tissues
and adherent fat are removed. For removal of vascu-
lar endothelium, the intimal surface of spiral strips is
rubbed gently with filter paper. The endothelium-de-
nuded arteries are cut into spiral strips about 10 mm
long and 1 mm wide. Each strip is suspended in an
organ bath containing Krebs-Henseleit solution bub-
bled with 95% O02/5% CO, at 37°C. After equilibra-
tion, reference contraction is isometrically obtained
with 50 mM KCI. Concentration-response curves for
ET-1 are obtained by cumulative additions of ET-1.
Antagonists are added 20 min before the cumulative
additions of ET-1.

EVALUATION
The pA; values and slopes are obtained by analysis of
Schild plots.

MODIFICATIONS OF THE METHOD

Opgenorth et al. (1996) characterized an orally active
and highly potent ET s -selective receptor antagonist by
in vitro and in vivo methods.

Calo et al. (1996) investigated three rabbit vessels,
the carotid, the pulmonary artery, and the jugular
vein to identify vascular monoreceptor systems, either
ET(A) or ET(B), for structure-activity studies of en-
dothelins and their antagonists.

Vedernikov et al. (1993) used rings of the left cir-
cumflex coronary artery from dogs which were de-
nuded of endothelium and exposed to anoxic peri-
ods. August et al. (1989), Urade et al. (1992) used
rat aortic smooth muscle denuded of the epithelium
and Sogabe et al. (1993) spirally cut strips of rabbit
aorta.

Williams et al. (1995) used rat aorta, rabbit il-
iac and pulmonary artery for contractile assays, and
anesthetized ferrets and conscious normotensive
dogs as in vivo models to characterize a nonpeptidyl
endothelin antagonist.

Itoh et al. (1993) studied the preventive effect of
an ET 4 receptor antagonist on experimental cerebral
vasospasm in dogs using a two-hemorrhage model
of subarachnoid hemorrhage. Clozel et al. (1993) per-
formed similar experiments in rats.

The vasodilating effect in the isolated perfused
rat mesentery which is found after infusion of rat en-
dothelin (Warner et al. 1989) and after the selective
ETpg receptor agonist sarafotoxin S6¢ (Williams et al.
1991) can be antagonized by an endothelin receptor
antagonist (Clozel et al. 1993).

Ercan et al. (1996) found an increase of digoxin-
induced ectopic ventricular complexes by endothelin
peptides in isolated guinea pig hearts, which could be
antagonized by an endothelin-A receptor antagonist.

The endothelin-induced sustained increase of
blood pressure in anesthetized rats was studied by
Yanagisawa et al. (1988), Inoue et al. (1989), Thara
et al. (1991). Intravenous bolus injection of endothe-
lin causes a biphasic blood pressure response: a tran-
sient decrease, probably mediated from the release
of vasodilator mediators (prostacyclin and EDRF),
and a sustained increase (Rubanyi and Bothelho
1991).

Nishikibe et al. (1993) examined the antihyperten-
sive effect of an endothelin antagonist in a genetic
hypertensive model (stroke-prone spontaneously hy-
pertensive rats).

Watanabe et al. (1995) characterized the pharmaco-
logical profile of a non-selective endothelin receptor
antagonist and studied the inhibition of myocardial
infarct size in rats.

The contractile activity of the isolated guinea pig
trachea without epithelium and of the guinea pig lon-
gitudinal muscle was used by Urade et al. (1992) for
determination of ETp receptor mediated responses.

Spinella et al. (1991) assessed bioactivity of a spe-
cific endothelin-1 antagonist in an isolated perfused
guinea pig lung preparation in which pulmonary
artery pressure was monitored.

Gosselin et al. (2002) demonstrated the effects of
a selective ET 5-receptor antagonist in murine models
of allergic asthma.

Tabrizchi and Ford (2003) studied the haemody-
namic effects of the endothelin receptor antagonist
tezosentan in anaesthetized rats treated with tumor
necrosis factor-alpha.
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A1.1.175
Quantitative Autoradiographic Localization
of Endothelin-1 Receptor

PURPOSE AND RATIONALE
The endothelin-1 (ET-1) receptor can be quantified in
tissue, such as in rat hearts with chronic infarction after

left coronary ligation, by computerized in vitro autora-
diography (Kohzuki et al. 1996)

PROCEDURE

Myocardial infarction is induced in Wistar rats by left
coronary artery ligation (see A.3.2.2). After various
time intervals (1-8 months) the animals are decapi-
tated, the hearts rapidly removed, and snap-frozen in
isopentane at —40°C. Frozen section (20 um) are cut
in a cryostat at —20°C. The sections are thaw-mounted
onto gelatin-coated slides, dried in a desiccator for 2 h
at 4°C and then stored at —80°C.

Quantitative autoradiography
Radioligand: Endothelin-1 is iodinated with '*Todine
using Iodogen (Pierce Chemical Co, IL, USA)
125I.ET-1 binding: The sections are preincubated
for 15 min at 20°C in 20 mmol/L Hepes buffer, pH 7.4,
containing 135 mmol/L NaCl, 2 mmol/L CaCl,, 0.2%
BSA, and 0.01% bacitracin. The sections are then in-
cubated with 11.1 KBg/ml '?’I-ET-1 in the same buffer
for 60 min at 20°C. Nonspecific binding is determined
in the presence of 10~% mol/L ET-1. Binding isotherms
are determined using a set of serial sections incubated
with 107'? to 107® mol/L unlabelled ET-1 for 60 min.
After incubation, the sections are rapidly dried un-
der a stream of cold air, placed in X-ray cassettes, and
exposed to Agfa Scopix CR3 X-ray film for 12-72h
at room temperature. After exposure, the sections are
fixed in formaldehyde and stained with hematoxylin
and eosin. The optical density of the X-ray films is
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quantified using an imaging device controlled by a per-
sonal computer.

EVALUATION

The optical density of the autoradiographsis calibrated
in terms of the radioactivity density in dpm/mm? with
reference standards maintained through the procedure.
The apparent binding site concentration (Bpax) and
binding affinity constant (K ) in all the areas (exclud-
ing coronary arteries) of the right ventricle, intraven-
tricular septum, the infarcted area in the left ventricle
and the non-infarcted area in the left ventricle are es-
timated by an iterative non-linear model-fitting com-
puter program LIGAND (Munson and Rodbard 1980).
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A1.1.17.6
Inhibition of Endothelin Converting Enzyme

PURPOSE AND RATIONALE

Endothelin converting enzyme inhibitors suppress the
biosynthesis of endothelin are therefore potential anti-
hypertensive drugs (De Lombaert et al. 1994; Trapani
et al. 1995; Morita et al. 1994; Bihovsky et al. 1995;
Claing et al. 1995; Descombes et al. 1995; Chackala-
mannil et al. 1996; Jeng 1997; Jeng and De Lombaert
1997; Brunner 1998).

Purification of rat and porcine endothelin convert-
ing enzyme (ECE) was reported by Ohmaka et al.
(1993), Takahashi et al. 1993). Molecular cloning and
characterization of the enzyme ECE-1 was performed
from rat (Shimada et al. 1994), bovine (Ikura et al.
1994; Schmidt et al. 1994; Xu et al. 1994), and hu-
man tissue (Schmidt et al. 1994; Shima