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Preface

This, the 148th volume of the Handbook of Experimental Pharmacology
series, focuses on the very core of pharmacology, namely receptor theory. It
is fitting that the originator of receptor pharmacology, A. J. CLARK, authored
the fourth volume of this series 63 years ago . In that volume CLARK further
developed his version of receptor theory first described four years earlier
in his classic book The Mode of Action of Drugs. An examination of the topics
covered in volume 4 reveals a striking similarity to the topics covered in
this present volume; pharmacologists today are still as interested in unlocking
the secrets of dose-response relationships to reveal the biological and che-
mical basis of drug action as they were over half a century ago. Sections in
that 1937 volume such as “Curves relating exposure to drugs with biological
effects” and “Implications of monomolecular theory” show Clark’s keen
insight into the essential questions that required answers to move pharma-
cology forward.

With the advent of molecular biological cloning of human receptors has
come a transformation of receptor pharmacology. Thus the expression of
human receptors into surrogate host cells helped unlock secrets of receptor
mechanisms and stimulus-transduction pathways. To a large extent, this elim-
inates the leap of faith required to apply receptor activity of drugs tested on
animal receptor systems to the human therapeutic arena. However, a new leap
of faith concerning the veracity of the effects found in recombinant systems
with respect to natural ones is now required.

The use of recombinant systems allows manipulation of the composition
and stoichiometry of receptor systems; this, in turn, can tell us much about the
inner workings of receptors. It also allows this knowledge to be applied to
natural systems and thus far has shown how intricate natural systems can be
with respect to numerous controls and feedback systems needed for delicate
influenced response to chemical signals. This book discusses three aspects of
receptor pharmacology related to this new recombinant age. The volume’s first
section takes up synoptic physiological systems and how receptors and recep-
tor stimulus-response systems are integrated and interact with each other. Its
second section describes the theoretical models of receptor function that
have resulted from recent knowledge of receptor systems. Its third section



VI Preface

depicts the new technological approaches to the study of receptors and their
function.

Sixty three years after Clark’s volume, technology has revolutionized
pharmacology. However, while the means to answer the questions have com-
pletely changed, the questions remain the same.

Research Triangle Park, NC, USA TERRY KENAKIN
Parkville, Vic, Australia JaMES A. ANGUS
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Introduction:
Bioassays — Past Uses and Future Potential

JW. BLack

Pharmacology as an experimental science began in the nineteenth century in
the wake of advances in physiology. Pharmacologists described the effects of
drugs on physiological systems such as the respiratory, cardiovascular and
locomotor systems. Animals were used as pharmacological detectors. The
use of animals as pharmacological measuring instruments was not devel-
oped seriously until the 1920s. Quantitative pharmacology became vitally
important with the discovery of insulin in 1921. Although crystalline insulin
became available in 1926, the chemical structure of insulin only became known
in 1955. For many years after its introduction into clinical practice, even
crystallised insulin contained many impurities. As a consequence, the activity
of these extracts had to be assayed and standardised using experimental
animals.

Insulin produces hypoglycaemia. Hypoglycaemia induces convulsions. So
the first attempts to assay the amount of insulin in pancreatic extracts tried to
find out how much of the extract was needed to produce convulsions in rabbits.
The method was later refined to measure 1 unit as the amount of the extract
needed to reduce the blood sugar level to a given concentration. However,
these methods, which try to estimate the potency of a substance in terms of its
effects, ran into problems. Over and above within-experiment variances in the
susceptibility of individual animals to the test substance, pharmacologists had
to learn that a response parameter, measured repeatedly in a population, was
rarely stable. Repeated measurements throughout the year disclosed seasonal
changes. Between laboratories, there were variations due to diet and breed
plus variations due to goodness knows what. The attempt to measure the activ-
ity of an extract by an animal’s reaction to it, often expressed in “animal units”,
was eventually found to be too unreliable. Reproducibility and accuracy were
only achieved when it was realised that when an animal’s reactions are used
to compare the activity of a standard and test preparation within a balanced
experiment, then these population variations cancel out. Experiments, in
which a comparison is made between a standard and a test preparation, where
the test contains an unknown amount of the standard and where the biologi-
cal experiment is an exercise in analytical chemistry, are known as “analytical
dilution assays”. In these assays, provided that the active substance is the same
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in both standard and test preparations, the results will be independent of
both the species and the effect used in the comparison. The experimental
design and related statistical analysis of analytical dilution assays were pro-
gressively refined between 1920 and 1950 to turn them into very successful
chemical measuring instruments. Analytical bioassays have had an important
pharmacopoeial role.

Today, various types of chromatography and radioimmunoassay have
largely taken over the pharmaceutical standardisation of biological products
such as erythropoetin and the interferons. Nevertheless, the sophisticated
experimental designs and corresponding statistical methods that were devel-
oped during the era of analytical dilution bioassays were invaluable in the
development of quantitative bioassays for other purposes.

The sound logical and mathematical basis for analytical bioassays does not
apply to assays in which standard and test are chemically different. To quote
Schild (1950), “The assay then ceases to be an analytical method and becomes
a comparison of biological activity in which species, end-point and experi-
mental conditions become all-important”. GAppum (1953) wrote that “com-
parative assays have no satisfactory logical basis and their only justification
lies in the fact that the greatest contributions of pharmacology to medicine
have been based upon them”. He was, of course, referring to drug screening
tests. Nevertheless, comparative assays to establish rank orders of agonists on
different tissues have been much used by pharmacologists to expose receptor
heterogeneity. While this method cannot claim to be robust, it may reasonably
claim to have had some pragmatic utility. Still, the confusing literature on
agonist potency ratios should warn us that these methods may have similar
logical flaws to the use of “animal units”.

In the early days of the development of bioassays, when pharmacologists
were struggling to define “animal units”, the emphasis was on the “dose” of
drug that was given to the animal. The assays were being used because no
chemical analytical methods were available. Therefore, when comparative
assays were introduced, the reference standard was usually a specified weight
of dried extract. These assays were being used to specify drug dosages, so those
units by weight were appropriate. However, analytical dilution assays were
also being developed for another, non-pharmacopoeial purpose. Small trans-
mitter molecules, such as acetylcholine, histamine, noradrenaline and 5-
hydroxytryptamine, were originally discovered in tissues by their biological
effects. However, they were found to be present in tissues at concentrations
much lower than could be detected by the standard chemical analytical
methods then available. Consequently, bioassays had to be developed that
would estimate the concentrations of these substances in tissues. As the stan-
dard substances were available as pure chemicals, accurate concentrations of
them could be produced for calibrating the assays. Only in organ baths could
tissues be exposed to the standard solutions. So these assays spearheaded the
development of intact tissues in vitro as sensitive and accurate chemical-
measuring instruments.
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The use of sensitive tissues or intact animals as a litmus test in a dose-
titration assay involved no theory. The biosystem was just a black box that had
the property of responding reliably and sensitively to an applied chemical
stimulus. However, about a hundred years ago, JN. LANGLEY tried to illumi-
nate the black box with an idea. The idea was that certain substances produce
their effects by combining with specific chemical sites in tissues. He referred
to these sites as receptive substances. This mere idea eventually revolutionised
the science of pharmacology. LaNGLEY (1878) proposed that drugs, like pilo-
carpine, act by forming compounds with these receptive substances in tissues,
compounds that are formed “according to some law of which their relative
mass and chemical affinity for the substance are factors”. His argument was
based on analogy with inorganic chemistry. A.V. HiLL, a pupil of LANGLEY,
turned this idea of receptors into algebraic form. “Receptors” became a con-
centration parameter, a mathematical operator, invented to relate agonist con-
centration to effect. Mathematical operators are theoretical concepts that do
not have an independent physical existence. Thus, in mechanics, “force” is the
concept that relates mass and acceleration and, in electricity, “resistance”
relates voltage and current flow. HiLL (1906), in fact, measured the contractile
responses of the rectus abdominis muscle of the frog. In the classical “organ
bath” experiment, he recorded both the time course and size of the contrac-
tions produced by different concentrations of nicotine. He then showed, math-
ematically, that either of the concentration-dependent measurements could be
“explained” by assuming that the interaction between nicotine and the hypo-
thetical “receptors” was governed by the laws governing chemical interactions
(otherwise known as the Law of Mass Action). LANGLEY’s idea, that the effects
of alkaloids such as muscarine and nicotine were due to a chemical interac-
tion rather than a physical process, such as diffusion, was thus substantiated.

Hill imported into pharmacology the utility of measuring complete
dose-response curves, the value of recording the time-course of responses and
the significance of using algebraic curve-fitting procedures to describe these
relationships. Most important of all, he showed how an “as if” model could be
used to interpret the data. The attempts to interpret drug actions, pharmaco-
logical hermeneutics if you like, in terms of underlying, hypothetical mecha-
nisms I have referred to elsewhere as Analytical Pharmacology. This branch
of pharmacology was pioneered by A.J. Crark in the 1920s and by
J.D. Gappum in the 1930s. First, Clark showed that dose-response data could
be adequately described by at least four quite different saturation functions
and that the quality of the data was not good enough to distinguish between
them. The arbitrary nature of the choice of curve-fitting procedures means that
the analyst is free to choose one that refers to the simplest generative model.
In practice, the hyperbolic function (or, its more-generalised form, the logis-
tic function) is usually chosen because each also describes Mass Action-
determined, reversible, chemical interactions. Clark also studied the inter-
action between agonists and antagonists. Although the mutual antagonism of
agonist-antagonist pairs, such as atropine and pilocarpine, had been well-
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recognised for over 50 years, Clark was able to show that the dose-response
curves of acetylcholine on the frog heart were displaced in parallel by increas-
ing concentrations of atropine, that is the antagonistic effects of atropine
were wholly surmountable. However, he was unable to conclude that the
effects of atropine were due to “an antagonism of effects rather than of
combination”.

Gappum (1936), however, solved the problem of the quantitative expec-
tations of mutual, competitive antagonism. He assumed that the effects of an
agonist, A, are due to its ability to induce a tissue response in proportion to
the fraction of the (hypothetical) receptors, R, which are occupied when
the response reaches a steady state; that the receptor population is homoge-
neous; and that the fraction of receptors occupied is determined by the Law
of Mass Action. In other words, he assumed a model of agonism in which A
is able to activate R by occupation. In the simplest case, where the agonist
concentration—effect relationship is hyperbolic, the relation can be charac-
terised by a single parameter, the K,, the concentration of the agonist needed
to occupy half of the receptors at equilibrium. If, now, a molecule, B, can
occupy the same receptors as A but where, unlike A, receptors occupied by B,
BR, are not activated, then the effects of A are antagonised when B is allowed
to compete with A for receptor occupation. Gaddum showed that B has the
effect of “diluting” the effects of A such that the concentration—occupancy
curve is displaced in parallel along the concentration axis. The new Ky, Kag),
is equal to K, multiplied by a factor that contains only antagonist-related
elements. He showed that the concentration ratio, Ka/Ka, is equal to the
normalised concentration of B plus 1 (the Gaddum equation), where the
normalised concentration is the ratio of the concentration of B to its dissoci-
ation (“affinity”) constant, Kp. By using the ratio of agonist concentrations
needed to produce equal effects in the presence and absence of antagonist,
that is a null method, the agonist “affinity” parameter is cancelled out. There-
fore, the characteristics of the measured dose-response curves are irrelevant,
only their displacement by B is important. Finally, the advances made by
Clark and Gaddum were codified by H.O. ScuiLp (1954). Schild rearranged
Gaddum’s equation and then expressed it in logarithmic form. He showed that
the relationship between antagonist concentration and the measured concen-
tration ratio minus 1 would, for a simple competitive antagonist, be a straight
line with a slope of 1 and an intercept on the concentration axis equal to the
antagonist pKz (logKz), the dissociation constant. Antagonist data plotted in
this way is universally known as a Schild plot.

The combined discoveries of Hill, Clark, Gaddum and Schild revolu-
tionised the usefulness of quantitative bioassays using intact tissues. Intact-
tissue bioassays moved from instruments that could be used for estimating
drug concentrations to instruments that could be used for analysing mecha-
nisms of drug actions. To do this, create a family of agonist concentration—
effect curves measured in the presence of increasing concentrations of an
antagonist. Plot them in semi-logarithmic space. If the curves are displaced
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in parallel, this is sufficient evidence that the antagonism is surmountable.
Measure the concentration ratios, r, that is, the shift in location of the con-
centration-response curves produced by each concentration of antagonist.
Plot log (r-1) versus each antagonist concentration [B]. If the resulting Schild
plot is linear over at least 2 log units and has a slope not different from unity,
then the Ky of the antagonist for a specified receptor can be calculated. The
numbers that are estimated by these assays were eventually validated by the
development of radio-ligand binding technology. This is quite remarkable.
How can a tissue, such as the classical “guinea pig ileum preparation”, a tissue
of great cellular and chemical complexity, behave so simply?

Part of the answer lies in the nature of the agonist-receptor interaction.
Physiological agonists are variously classified as hormones, neurotransmitters,
autacoids, growth factors, chemokines and so on. These classes of chemicals
have in common the concept of “messenger molecules”. The concept of “mes-
senger molecule” was invented by Bayriss and StarLING in 1902 to describe
the physiological properties of secretin. They discovered that acid in the duo-
denum released “secretin” into the circulation, which then stimulated the
pancreas to secrete water and bicarbonate into the duodenum, so that the
lumenal acid was neutralised, the first example of single loop negative feed-
back control. Subsequently, they invented the word “hormone”, derived
from the Greek word “hormao”, meaning “I excite”, to define this new phys-
iological concept. CLARK included the neurotransmitters acetylcholine and
adrenaline into the generic class of hormones. Unfortunately, no one else
seems to have followed his example. So the overarching beauty of the mes-
senger (hormone)-receptor concept and the entailed (implicit) quantitative
relationships underlying all of them have become obfuscated. Investigators
who work on chemokines usually have a different background and training
from people who work on neurotransmitters. Specialists who work on hor-
mones, endocrinologists, differ in training and experience from the immunol-
ogists who study lymphokines. There seems to be no deep appreciation of the
quantitative expectations (and models) that underlie all of their work. Failure
to share basic chemical concepts, analytical techniques and derived models, a
failure that deprives us of potentially fruitful intellectual interactions, is the
consequence of taxonomic slackness. Having failed over the years in per-
suading biologists to see the merit of using “hormone-receptor” as an umbrella
classification, perhaps I will be more successful, in the age of Information Tech-
nology, in getting acceptance for “messenger-receptor” systems.

All messenger-receptor conjugates express both selectivity and speci-
ficity. Selectivity is the property that allows a messenger molecule to be recog-
nised in the first place, that is, when a substance extracted from a tissue is found
to have a tissue-selective ability to stimulate or inhibit the beat of pacemak-
ers, the generation of nerve impulses, the contractility of muscles, the secre-
tion of glands or the movement of cells. Thus, selectivity is an empirical
observation. Specificity, on the other hand, is the analytical attempt to explain
the basis of selectivity, that is, to try to specify the combination of receptors
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(and their subtypes), second messengers and metabolic sinks that achieve
physiologically relevant selective activity. The important point here is that
messenger molecules can have the property of selectively “lighting up” a single
class of proteins in a tissue. So how are homogeneous classes of protein recep-
tors specified, operationally in the first instance, in intact-tissue bioassays? The
answer — by using “specific” antagonists, that is, chemicals that meet the crite-
ria of simple competitive antagonism so that a Kg can be estimated. An antag-
onist K is a receptor-specific parameter. Therefore, estimated Ky’s can be used
to explore the homogeneity of receptors across tissues and between species.
Antagonists classify receptors; agonists expose them. A corollary to this, and
a beautiful test, is that an antagonist Ky is independent of the specific agonist
used in the measurement. The whole exercise flirts with circularity!

Based on the old “lock and key” idea, the basic antagonist-receptor inter-
action is conceptually simple. Although binding interactions obviously involve
molecular interactions, the concept of “binding” does not entail mechanism.
How the antagonist manages to exclude the agonist from its receptor is irrel-
evant. Competitive antagonism is an operational definition.

Although the pharmacological concept of competitive antagonism was
developed using bioassays, they have no monopoly in exploiting that concept.
“Binding” is a chemical concept and is best measured by chemical methods.
Usually, the antagonist binding parameter is measured by arranging for the
test ligand to compete with a radiolabelled ligand for receptors expressed in
homogenised tissues. Progressive refinement towards an unambiguous chem-
ical measurement can be achieved by using solubilised receptors or even pure
proteins; non-specific binding appears to be reduced without improved preci-
sion in parameter estimation. However, there is a trade-off. Increase in the
explicitness of chemical measurements is associated with the loss of the infor-
mativeness of bioassays. Some years ago, Colquhoun, commenting on phar-
macological models, wrote “The Schild method is beautiful, and it works . . .”
I agree, but, in my experience of assaying several thousand different ligands,
it doesn’t work very often. Indeed, the Schild method is most powerful when
the model doesn’t fit! Thus, the informativeness of intact-tissue bioassay has
allowed us to expose indirect competitive antagonism, various receptor
subtypes and plural drug actions that combine as pharmacological resultant
activity. None of these would have been discovered using explicit chemical
methods.

Bioassays have another advantage over chemical assays. Over 50 years
ago, it became clear that while the elementary “binding” model was a satis-
factory description of antagonist-receptor interactions, this model was an
inadequate descriptor of hormone-receptor interactions. Within a given iso-
lated-tissue bioassay, Ariens and Stephenson showed, independently, that ago-
nists not only varied in their potency (as judged by the half-maximal location
of their dose-response curves, the Asy) but also in their varying capacity to
generate a maximal response (as judged by the value of « in a logistic func-
tion fitted to the corresponding dose-response curve). Agonists whose
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maximal response was submaximal in a tissue became known as “partial ago-
nists”. Agonists were postulated to have the property of “efficacy” as well as
affinity. In a systematic series of “hormone” analogues, efficacy was often
found to vary independently from affinity. Au fond, agonism was conceived as
a sequential two-stage process. The big surprise was that efficacy was differen-
tially expressed both between tissues and between species. Thus, the adrena-
line analogue, dichloroisoprenaline, is a “full” agonist in the pacemaker of the
guinea pig heart but a simple competitive antagonist to adrenaline in ventric-
ular muscle. So a model with a new parameter was invented by STEPHENSON
to describe agonist-receptor interactions. In this model, the efficacy, “e”, is a
global parameter subsuming chemical elements intrinsic to the ligand, to
receptor density and to unspecified tissue factors that combine to convert
occupied receptors into effect. This is still the basic “standard model” used
today to define the expectations for agonist-receptor interactions. Note that
efficacy is a systems phenomenon and is not seen at the level of binding inter-
actions. Bioassays at the level of intact tissues or cell suspensions are needed.

In addition to exploring different tissues and species for efficacy detec-
tion, biotechnology has now made the efficacy of receptor systems a manipu-
lable property. Receptor densities can now be over- or under-expressed in
transgenic mice. Producing transgenic animals is now a huge industry. Ironi-
cally, the new technology has increased the need for the traditional technol-
ogy of isolated-tissue bioassays. In addition to being useful for exposing low
levels of partial agonist activity, overexpression of receptors has disclosed the
new pharmacological property of inverse agonism, that is, the discovery that
ligands previously classified as competitive antagonists switch off sponta-
neously active receptors. In my lab, we are now studying transgenic mice that
have cardiac-specific overexpression of human adrenergic 3, receptors. If these
mice are allowed to grow old they develop heart failure. Physiologically, iso-
prenaline, a powerful cardiac stimulant, activates both f, and 3, receptors.
In hearts isolated form these old transgenic mice, isoprenaline now inhibits
cardiac contractions. Treatment with a selective B,-receptor antagonist con-
verts the effects of isoprenaline to cardiac stimulation. This stimulant action
is mediated by f; receptors. fB; receptors are known to couple only to the exci-
tatory G, proteins while f3, receptors can couple to both excitatory G, and
inhibitory G; proteins. Our explanation is that activation of overexpressed 3,
receptors steals G, proteins from the f; receptors. The point is that this is a
system phenomenon that can only be disclosed in the intact tissue.

This property of bioassays, the ability to expose the efficacy of messenger
molecules, has traditionally been invaluable for the invention of new drugs.
Drugs act at the micro (molecular) but their desired effects have to be mani-
fest at the macro (physiological) level. The macro level of cells, tissues and
organs (ordered into physiological systems) is characterised by organisational
complexity. This complexity, a compound of histological structures and chem-
ical messengers, is organised into linear components, local feedback loops and
management hierarchies. To illustrate this, I have a slide that I use a lot in
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lectures — it is simply a list. The list has intact animals at the top; followed by
isolated, perfused organs; pieces of tissue, with their cellular architecture
intact, suspended in organ baths; cells in tissue culture; homogenised cells; and,
finally, purified proteins. I used to say that this was my “reductionism” slide, if
viewed from the top down, . .. or my “hierarchies” slide, if viewed from the
bottom up. However, I now say that this is my “fractal” slide because I have
come to realise that reductionism in biology does not achieve the aim of sim-
plification. Reductionism in biology merely replaces one type of complexity
by a different kind of complexity. No one level is more reliably informative
then any other. So I strongly believe that pharmacology needs to be studied
at all levels, the choice of level being dictated by the nature of the question
being asked.

In applied pharmacology, the question most commonly asked today is
“How can we find a drug to interact with a specific gene product?” It so
happens that we now have the technology to study the interaction of new com-
pounds with gene products at the level of pure chemistry. This is the entry level
of pharmacological screening in industrial pharmaceutical research at the
present time. To do this, huge libraries of molecules are being generated by
the ingenious techniques of combinatorial chemistry (combichem). Then these
libraries are rapidly scanned for selective interactions with the target mole-
cules. The process is known as HTS, high throughput screening. The idea is
that a successful binding interaction, known as a hit or a lead, then becomes
the basis for the conventional, systematic, iterative, optimisation process
that medicinal chemists excel at. As a lead generator, combichem plus HTS
undoubtedly works. Perhaps this is not surprising. Complexity specialists, such
as Kaufman, argue that life began as an exercise in combinatorial chemistry.
Even so, single-cell primitive tube-like forms and bacteria seem to have been
around for 2.5 billion years before the Cambrian explosion started structural
evolution 500 million years ago. Maybe natural selection had first to operate
at the level of combinatorial chemistry, chemical evolution, to develop popu-
lations of molecules that were comfortable with each other before structural
evolution could take off. My reading of the history of drug inventions suggests
that the most selective drugs, with the widest therapeutic ratio, have come
when the initial lead was a native, physiological molecule. Perhaps drugs that
are crafted round a natural template retain some of the parental selectivity.
So I wonder if the leads discovered by the combichem plus HTS strategy will
all have the same quality. Will the epitope on a receptor that selects a lead
from a combichem library necessarily be the same as the site that recognises
the natural messenger?

However, my main concern about the current thrust of drug research is
that it is rooted in targeting components rather than systems. The importance
of working with systems was discovered by Furchgott nearly 20 years ago,
work that led to the extraordinary discovery of nitric oxide as a universal
chemical messenger. Here is the story. When acetylcholine is infused intra-
arterially, the blood vessels dilate. Furchgott studied the effects of drugs on
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arterial muscle isolated in organ baths. At one time, the only way to measure
the effects of drugs on arterial muscle was by measuring changes in its length.
To get measurable shortening, the blood vessel was cut into a long spiral strip.
In this preparation, Furchgott found that acetylcholine had no relaxant effects,
indeed the muscle usually contracted. When instruments for measuring tension
became available, isometric measurements could be made on rings of arterial
muscle. Imagine his surprise when Furchgott found out that acetylcholine now
had the expected relaxant effects on arterial muscle. Furchgott showed that
the endothelium was intact in the muscle ring but destroyed in the muscle
spiral. He showed that acetylcholine relaxes arterial muscle indirectly by
stimulating the endothelium to secrete a relaxing factor which diffused into
the adjacent muscle layer. This seminal discovery was only possible when the
muscle and endothelium were combined in a system. We now know that the
relaxing factor is a gas, nitric oxide, which escapes when endothelial cells
are cultured in vitro. So this astonishing discovery could not have been made
by the powerful, component-directed, techniques of molecular and cellular
biology.

From the point of view of pharmaceutical research, I want to make a more
general and speculative point about the contrast between systems and com-
ponents. As far as I can see, the new drugs that the pharmaceutical industry is
seeking, to treat disorders such as asthma, dementia and cancer, are expected
to be similar to the ones that they have already invented to reduce high blood
pressure, heal stomach ulcers and relieve pain. I am concerned that this expec-
tation may not be fulfilled. Physiology is about how cells use chemicals to talk
to each other. Sometimes, the message has the shape of a command, such as
“contract” or “secrete”! Thus, adrenaline is the final messenger to the pace-
maker of the heart in emergency situations. So a drug that blocks the effects
of adrenaline on the heart effectively controls cardiac stress responses. Note
that the heart must react to stress reliably, on cue, but if it beats faster inap-
propriately nothing very bad happens. The process of heart rate changes is
inherently reversible. Some of our most useful drugs act by interfering with
chemical commands.

However, there is another kind of physiological system that must also be
activated reliably, on cue, but which, if activated inappropriately can have dam-
aging, even lethal, effects. Examples of these systems are commitment of bone
marrow stem cells, activation of killer lymphocytes, cell division and the
growing of new blood capillaries. Once initiated, these are inherently irre-
versible processes. So, how are these physiological processes controlled such
that they can be activated on cue but never inappropriately? The striking
feature of these irreversible processes is that many chemical messengers are
involved, each having a different cellular origin. They are often described as
cascades but they are unlikely to operate in sequence as implied by that word.
Another feature of these messengers is that they can often be shown to poten-
tiate each other. So I imagine a process that I call “convergent control”. I
imagine that an effective stimulus might involve the co-operative interaction
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of more than one agent, involving addition or amplification of, individually,
subliminal stimuli. For example, I imagine a growth factor giving a stem cell,
not a command, but a piece of advice, such as “Other things being equal, you
should start dividing”. The other equal things are other chemical messengers,
which have to impinge on the cell at the same time to achieve its activation.
Unlike the command-control action of adrenaline-like molecules, such an
advise-consent arrangement leads to information-rich management. Physio-
logical control by chemical convergence entails the possibility of redundancy.
Therefore, annulling the action of a single component may be disappointing.
Biotechnology has been hugely successful at blocking various molecules that
are overproduced by the immune system in septic shock. In every case, labo-
ratory success has ended up in clinical failure. At some point we must ask
whether the model or our way of thinking is wrong. I believe that the way
forward will lie, not in the discovery of more and more components, but in
improving our understanding of how components are organised into systems.

The principles involved in this approach can be illustrated with reference
to asthma. Experimental models of asthma have, to a great extent, focused on
allergic aspects of asthma, although allergic (atopic) subjects comprise only
one subset of the asthmatic population. In allergic asthma, a reductionist
approach to this disease has prevailed, resulting in many groups placing heavy
emphasis on individual components of the allergic response, such as mast cell
degranulation, specific mediators (e.g. leukotrienes) or specific cell types (e.g.
eosinophils). Whilst this has undoubtedly led to a detailed understanding of
the individual components of the allergic response, most of the drugs that have
been developed as highly specific antagonists or down-regulators of these
components have proved ineffective in clinical trials in subjects with asthma.
In fact, apart from the recent introduction of leukotriene receptor antagonists,
no new drug class has been introduced for the treatment of asthma in the last
20 years; indeed, even the leukotriene antagonists only give relief to a small
subset of patients. All of these therapeutic approaches have been based on the
assumption that asthma is a “component” problem. The time seems right to
try to tackle asthma as a “systems” problem.

A “systems” approach might go something like this: The large number of
molecular components recognised by reductionism are produced locally by
several different cell types. Others reach the tissues from the capillary circula-
tion. With asthma in mind, the architectural relations of these cell types, such as
afferent and efferent nerve fibres, mast cells and eosinophils and their relation
to bronchial muscle cells, can be maintained in intact-tissue bioassays from
human or animal lungs. Various messenger molecules can be selectively released
locally from these cell types and the resultant effects on the targeted muscle cells
can be studied. Messenger molecules and drugs added to the organ bath might
be considered dynamically equivalent to their delivery to the tissues via the cir-
culation. This intact biosystem can now be manipulated in various ways and its
behaviour exposed as families of frequency— or concentration-response rela-
tionships. An attempt to interpret these data can now be made in terms of
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hypothesised interactions among locally released messenger molecules, “circu-
lation-delivered” agents and the target cells. As with the simple models, when a
system is interpreted by an “as if” scenario, the idea can always be given alge-
braic expression and manipulated as a potential model of the data. The impor-
tance of the algebraic model is that it not only takes all the vagueness out of the
concept but it also makes the concept testable. When the model turns out to be
a poor fit to the data, a new or modified concept is needed.
In the 1996 volume of Annual Reviews of Pharmacology, I wrote:

“Mathematically, this model of convergent threshold amplification works. Bioassay is
the appropriate experimental tool. Bioassays can be designed to mimic and analyse
such convergent control systems. They could be used to explore new pharmaceutical
strategies. Hence, my belief is that bioassay and analytical pharmacology have an excit-
ing and important future.”

Bioassays have been at the heart of pharmacology for most of this century.
The uses of bioassays have kept changing. The theme of this essay is that some
of the traditional uses of bioassays and related models in analytical pharma-
cology are still enjoying uses that cannot be achieved any other way. More
than this, I think that isolated-tissue bioassays are set to lead the way into the
study of the pharmacology of complex convergent-control systems.
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CHAPTER 1
Human Vascular Receptors in Disease:
Pharmacodynamic Analyses in Isolated Tissue

J.A. ANGUS

A. Introduction

The pharmacologist’s goal is to discover new medicines. It follows that, at an
early stage in the discovery process, the potential drug must be tested against
the target disease in humans to confirm its selectivity and specificity (BLack
1996). Because experiments on disintegrated systems have greater analytical
power than those on integrated systems, scientists habitually employ experi-
ments at the molecular and cellular levels. In reality, however, tissue-based
assays isolated from the target organs of humans with or without disease offer
essential pharmacodynamic knowledge of the new medicine’s activity. The use
of human tissue in pharmacodynamic studies is becoming appreciated as we
learn that experimental animal-tissue assays do not always reflect human
receptor homology and tissue structure. In addition, so-called animal disease
models of human disease are usually found wanting and cannot reflect ageing,
genetic differences and so on.

While there are clearly a number of theoretical advantages of testing phar-
macodynamics in human isolated tissue, in reality, this approach is full of dif-
ficulties. For example, patient care is obviously paramount; tissue can only
be removed if this is normally done, and the tissue must then be discarded.
Surgeons do not set their timetables to suit a laboratory; furthermore, pre-
existing diseases, multiple therapeutic drug treatment and age and sex differ-
ences play havoc with experimental design and population sampling.
“Normal” human tissue is probably the most difficult to obtain in many
instances. With these issues in mind, the human-tissue experiment may not
meet “ideal” assay design, and the results are necessarily less robust.

In addition to testing agonist or antagonist receptor selectivity and speci-
ficity in human-tissue assays, the pharmacologist must first “calibrate” the
tissue in terms of its reactivity to stimuli. Often, comparing pharmacological
reactivity in normal versus diseased tissue offers a clue to the causes or con-
sequences of the disease.

This chapter will review approaches and findings of four areas of phar-
macodynamics in human isolated tissues of interest to the author. These areas
of study are centred on (1) the cause of variant angina and the analysis of
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reactivity in large and small coronary arteries; (2) the vascular reactivity of
human gluteal resistance arteries in patients with essential hypertension and
chronic heart failure (CHF); (3) a suitable vasodilator cocktail to prevent
spasm of the internal mammary artery (IMA) and saphenous vein grafts
during coronary artery bypass graft surgery; and finally (4) the development
of a robust measure of the vascular-to-cardiac selectivity ratio of calcium-
channel antagonists.

B. Receptors Mediating Coronary Artery Contraction:
Role in Variant Angina

I. Large Coronary Arteries

1. Ergometrine

Variant (or Prinzmetal’s) angina is characterised by short-lived spasm (zero
flow) of a large coronary artery, accompanied by acute chest pain with the
patient at rest (PrRINzZMETAL et al. 1959). This spasm can be reproduced in the
coronary-catheter laboratory by intracoronary injection of ergometrine
(ergonovine) (Curry et al. 1977). Often, the angiogram will show a small ath-
erosclerotic lesion at the locus of the spasm in response to ergonovine. In
normal patients, ergonovine only causes a diffuse narrowing of the large coro-
nary arteries, without any ischaemia. Candidate receptors for ergometrine are
serotonin (5-HT) receptors and a-adrenoceptors, given the earlier pharma-
cology of ergot derivatives. In dog isolated coronary arteries, it was established
that ergometrine had no affinity for a-adrenoceptors but was a partial 5-HT-
receptor agonist with very slow onset to equilibrium compared with 5-HT
(MULLER-SCHWEINITZER 1980; BRaZENOR and ANGUs 1981). This finding could
imply that endogenous 5-HT released from aggregating platelets on an unsta-
ble atherosclerotic intima or from nerve varicosities or other cells in the vessel
wall was triggering vasospasm in patients with variant angina. However, early
clinical trials of the 5-HT, receptor antagonist ketanserin against ergometrine-
induced ischaemia (FREEDMAN et al. 1984) or variant angina (DE CATERINA
et al. 1984) were disappointing. Clearly, 5-HT, receptors were not involved
or were not the only 5-HT receptors being activated by ergometrine.

2. 5-HT and Endothelium-Derived Relaxing Factor

The discovery of endothelium-derived relaxing factor (EDRF), its subsequent
identification as nitric oxide (NO) and the discovery of various endothelium-
derived hyperpolarising factors (EDHFs) have added a major insight
to this field. 5-HT can activate the receptors 5-HT,, and 5-HTjp, which
mediate contraction or relax the vessel directly (through 5-HT, receptors on
the smooth muscle) or indirectly (by the release of EDRF through 5-HT,4 or
5-HT,z receptors on endothelium; Cocks and ANGUs 1983; MARTIN 1998). The-
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oretically, endothelial dysfunction or loss of endothelial cells could tip the
balance towards contraction for two reasons (1) loss of endogenous basal
NO; and (2) loss of receptor-stimulated release of NO counteracting
smooth muscle-cell contraction. This has been confirmed experimentally;
ergometrine caused exaggerated constriction of endothelium-denuded coro-
nary arteries in conscious canine coronary arteries after intimal thickening fol-
lowing balloon endothelial cell denudation and high-cholesterol feeding
(KAwAcHI et al. 1984).

Data from experimental animals confirmed that high-cholesterol diets will
amplify the contraction resulting from 5-HT. For example, in rabbit isolated
left main coronary artery mounted in a myograph, 5-HT was a very weak
agent, causing contractions in less than 5% of vessels. However, in vessels
taken 16weeks after beginning a 1%-cholesterol-supplemented diet, the
concentration—contraction curve was markedly amplified (Fig. 1; ANGUS et al.
1989). Similarly, in long-term cholesterol-fed cynomolgus monkeys, the coro-
nary arteries display hyperreactivity to U46619 and 5-HT (QUILLEN et al.
1991).

By exploiting explant heart tissue from the heart-transplant program, we
were able to secure left and right main-epicardial coronary artery segments
with mild to moderate atheromatous plaque. Three-millimetre-long ring seg-
ments were mounted on wires in conventional organ baths and stretched to a
normalised wall tension for isometric force recording. This tissue came mostly
from hearts transplanted due to cardiac failure caused by cardiomyopathy or
ischaemic heart disease. On a few occasions (16%), unused donor hearts were
available. In general, the force records of the large arteries tended to break
into phasic contractions when activated, making analysis of concentration—
response curves difficult. Nifedipine (0.1 uM), while attenuating the range of
the contraction curves, was a convenient tool to prevent the phasic contrac-
tion. As far as 5-HT receptors were concerned, we found that 5-HT caused a
maximum contraction to only 40% of the maximum contraction in response
to K* (K'y.), while the 5-HT)p agonist sumatriptan and the mixed agents
methysergide and ergometrine caused contractions less than 10% of those
caused by K*. However if the arteries were exposed to the stable thrombox-
ane mimetic U46619 (1nM), which caused a small rise in force to 4 + 1% of
K" in arteries that did not develop phasic contractions, then the four ago-
nists caused substantial contractions, e.g. the contraction caused by sumatrip-
tan was 5%-49% of K", and that caused by 5-HT was 40%-92% of K"
(ANGus and Cocks 1996; Fig. 2).

This synergy may help explain how a combination of local factors could
give rise to variant angina. The synergy with 5-HT agonists is not confined to
U46619, since endothelin-1 has also been shown to enhance contractions to
noradrenaline (NA) and 5-HT in human isolated coronary and IMAs (YANG et
al. 1990). However, these experiments, by necessity, are conducted in arteries
probably harbouring a moderate degree of intimal pathology. To test the degree
of endothelial dysfunction, we applied the “acetylcholine test”. In 15 patients,
multiple (n = 100) 3-mm-long ring segments of large coronary arteries were
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Fig.1. Chart records of isolated coronary arteries from rabbits fed a normal diet (top)
or a 1%-cholesterol-supplemented diet for 16 weeks (bottom). Acetylcholine (ACH)
caused relaxation and contraction in normal rings (fop) but only contraction in the
atheromatous artery (bottom). Serotonin (5-HT') was a powerful constrictor in the
atheromatous vessel. Concentrations are —log M, in half-log-unit increments. Artery-
lumen internal diameters: normal diet, 878 um; cholesterol, 1145 um

pre-contracted to 50%-80% of the maximum contraction with U46619 (3—-
10nM), followed by construction of an acetylcholine concentration-response
curve. Acetylcholine relaxed only 50% (r=31) of the vessels, while the remain-
der either had no change (n = 31) or contracted further (n = 38 rings; Fig. 3).
Substance P and bradykinin concentration—-relaxation curves were slightly less
potent (right shifted), without a major change in range for the arteries that were
not relaxed by acetylcholine compared with the change in range for those that
were. There may, of course, be a major role for EDHF (in addition to NO) in
the human large coronary, since N°nitro-L-arginine (0.1mM) only partially
attenuated the relaxation cause by acetylcholine, substance P and bradykinin
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Fig.2. Original traces (A) and group data (B) showing the effect of pre-contraction
with the thromboxane A, mimetic U46619 (1nM; solid symbols) on contractions in
response to serotonin and sumatriptan in isolated rings of human epicardial coronary
artery. Contractions are expressed as percentages of the maximum contraction in
response to 124mM K* Krebs’ solution (KPSS; Cocks et al. 1993)

in arteries pre-contracted with U46619 (Stork and Cocks 1994; Fig. 4). Given
that acetylcholine can activate NO release and contract the artery through
muscarinic receptors on smooth muscle, many believe that acetylcholine offers
a better test for identifying endothelial dysfunction. However, this test is also
subject to uncertainty. For example, the agonist is biologically unstable due to
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symbols) in response to acetylcholine (ACH). Asterisks indicate significantly different
(P < 0.05) pECy, for vessels which did not relax in response to ACH compared with
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cholinesterases. If injected, the distal vasculature may not be exposed to the
same concentrations as the upstream endothelium. Variation may occur in the
muscarinic population in endothelial cells compared with that in smooth
muscle cells in different parts of the vasculature (see below). Finally, basal NO
arising from endothelial NO synthase (NOS) activity can affect reactivity in a
different manner than receptor-stimulated NO release (ANGUs and LEw 1992).

I1. Small Resistance Arteries

To investigate the pharmacodynamics of the important small resistance coro-
nary arteries, we developed a cooperative routine with cardiac surgeons in
nearby city hospitals. As patients were prepared for routine heart-lung bypass
surgery for coronary bypass grafting or valve replacement, the surgeons,
with Human Ethics Committee consent, removed the tip of the right atrial
appendage (0.5-1.0cm) and placed it directly into cold Krebs’ physiological
salt solution instead of discarding the tissue. Generally one or sometimes two
suitable arteries [100-300um internal diameter (i.d.)] were dissected under
microscopes and mounted as 2-mm-long ring segments on parallel, 40-um-
diameter stainless steel wires in a Mulvany-Halpern myograph (MuLvaNy and
HavrperN 1977).

Similarly sized arteries were removed from the apices of dog hearts, left
ventricles of rabbit hearts or atria or ventricles of pig (domestic large white)
hearts. As far as pathology was concerned, the human small coronary vessels
were remarkably free of atheroma, only showing the occasional lipid droplet
in a smooth muscle cell, even though these patients were undergoing bypass
graft surgery for extensive large artery atheroma.

The concentration-response curves to acetylcholine were markedly dif-
ferent. No attempt was made to remove the endothelium, as this destroyed
the contractility of these small vessels. As expected, acetylcholine caused con-
centration-dependent relaxation in dog arteries, similar to the results of sub-
sequent test with substance P. In contrast, human arteries pre-contracted with
K* (30mM) contracted further with acetylcholine. This occurred despite the
subsequent finding that substance P relaxed the artery, indicative of the pres-
ence of endothelium and the capacity to release NO. Rabbit coronary arter-
ies were biphasic in response; they were first relaxed and then contracted
by acetylcholine at concentrations greater than 1 uM (ANGus et al. 1991b) (Fig.
5). This acetylcholine paradox in human microcoronary arteries could
be explained by a decreased or absent muscarinic-receptor population on the
endothelium, compared with a significant number of receptors mediating con-
traction on smooth muscle cells (Fig. 6). This is a clear example of how coro-
nary microvessel pharmacology varies among three species and makes
extrapolation from animals to man quite hazardous:

We have investigated the pharmacology of human “normal” coronary
microvessels by simultaneously studying electrophysiological measurements
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Fig.6. Possible variations in number and location of acetylcholine (A) and substance-
P (@) receptors on endothelium and smooth muscle cells of coronary-resistance arter-
ies from humans, rabbits and dogs to explain the observed responses in Figs. 1-5
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Fig.7. Computer-regenerated recordings of membrane potential (E,,), its derivative,
dV/dt, and isometric force (F) in a human small coronary artery. Acetylcholine infu-
sion (1 uM) was applied between the marks, as indicated, with a 43-s delay before the
drug entered the bath. The dV/dt was calculated from six point-slope values of E., orig-
inally digitised at 200Hz, progressing one point per calculation. The resting value of
force is arbitrary

by conventional glass microelectrodes (tip resistance = 100MQ) and force
measurements in arteries from right atrial appendages mounted in a Mulvany
myographs (ANGUs et al. 1991a). Acetylcholine (0.1-1 uM) applied to the inlet
solution flowing over the artery caused a distinctive, rapid, short-lived depo-
larisation from a resting membrane potential (E,,) of -62 + 3mV to as high as
-20mV before repolarising to nearly the resting E,, and then depolarising
again, at a repetitive frequency of approximately 0.5 Hz. These regular oscil-
lations were accompanied by small-step increases in contractile force, with the
maximum rate of change of E,, (dV/dt) occurring with the first depolarisation
(Fig. 7). When acetylcholine (1 uM) was infused, the oscillations were accom-
panied by a steady rise in force to a plateau level. Substance P (30nM) infused
with the acetylcholine caused a rapid repolarisation and relaxation of the
vessel, indicative of NO/EDHF release from intact endothelium (Fig. 8). NA
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(1-5uM) also caused this unique oscillatory pattern in E,, in the human small
coronary arteries, but K* (124 mM) infusion only depolarised and steadily con-
tracted these vessels (Fig. 8). Like human large and small coronary arteries,
pig (large white) coronary arteries contract in response to acetylcholine.
However, we have not been able to reproduce the unique oscillation of £,
(observed in human arteries) in the pig small atrial or ventricle coronary arter-
ies; in the pig arteries, we observed only steady depolarisation with the occa-
sional spike in E,, in ventricular arteries (Fig. 9). This human small-coronary
artery (110-250 um i.d.) oscillatory E,, response to acetylcholine and NA may
be related to inositol 1,4,5-trisphosphate activation and calcium-induced
calcium release from the sarcoplasmic reticulum, since the £, oscillations and
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Fig.8. Simultaneous records of membrane potential (E,, in millivolts [mV]; top traces)
and active force (in millinewtons [mN]; bottom traces) recorded from the same human
small coronary artery (153 um diameter) in response to K* Krebs’ solution (KPSS,
124mM,; top) and acetylcholine with substance P (bottom). The bar indicates the infu-
sion period, and there was a 60-s delay between the pump switching and the drug
change in the myograph chamber
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from pig atrium and ventricle. At the arrow, a bolus of acetylcholine was applied to
the chamber and assumed to come into concentration equilibrium (1 uM). The chamber
(7ml) was perfused at Sml/min

contractions were sensitive to 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-
tetraacetic acid acetoxymethyl ester (20uM) and ryanodine (10uM; ANGUS
and Cocks 1996).

The acetylcholine-induced contractions and E,, oscillations were blocked
by atropine (0.1 uM) and are probably mediated by muscarinic M2 receptors,
since 4-diphenylacetoxy-N-methylpiperidine 0.01 uM gave an estimated pA,
of 9.2. Methocratamine (1uM) and pirenzepine (0.03 uM) did not affect the
responses. We proposed that acetylcholine activated muscarinic receptors on
the smooth muscle to cause a sharp rise in [Ca™];, which would, in turn, allow
Ca™-activated K*-selective channels to open, causing repolarisation. To date,
glibenclamide, charybdotoxin, apamin, tetrodotoxin and @-conotoxin GVIA
have not altered the E,, oscillation, while felodipine (0.1 uM) decreased the
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force by 60% but did not decrease the E,, response to acetylcholine (ANGUS
and Cocks 1996).

To show how different the coronary small artery is from other human
resistance arteries in response to acetylcholine, we took, in parallel experi-
ments, a small thumbnail-sized piece of gluteal skin with underlying fat,
removed from volunteers under local anaesthetic. These arteries hyperpo-
larised to acetylcholine and, if pre-contracted with the thromboxane mimetic
U46619, relaxed in a concentration-dependent manner (Fig. 10).

We also tested the reactivity to 5-HT, ergometrine and sumatriptan
(GR43175) in these human atrial vessels. Only 39% (n = 7) of all arteries
(n = 18) responded to 5-HT (0.01-10 uM), and the maximum in these respon-
ders was only 43 £ 14% of the contraction in response to K* (124 mM). Neither
sumatriptan (0.01-10uM) nor ergometrine (0.001-1uM) contracted these
vessels (Fig. 11). Some synergy was observed. When acetylcholine (0.3 uM) was
used to pre-contract the vessels (n = 5) to 6%-17% (mean 10%) of K.,
sumatriptan (3 uM) caused the force to rise to 16 = 4%.

Human small coronary arteries studied in the isometric myograph are gen-
erally less reactive to 5-HT than are conduit arteries. There is no reason to
doubt that the small arteries are viable given their reactivity to both acetyl-
choline and substance P. Intriguing, however, is the variable response to acetyl-
choline in human blood vessels. Only relaxation was observed in buttock skin
small arteries; however, only contraction (not relaxation) of the large coro-
nary arteries was comparable to that in the atrial small coronary arteries. How
this observation relates to resistance changes in vivo or the role of vagal effects
on small-coronary reactivity is unknown.

Human Human Pig
skin coronary coronary
Ach ,...-Ach Ach
—0-0-&
endothelial
ce” '- - -
smooth NO/EDRF NO/EDRF
muscle cellv w v
Force Relaxation Contractlon Contractlon
Em Hyperpol Depol./Repol. Depolarisation

Fig.10. Possible location of acetylcholine receptors in small coronary arteries from
human right atrium and pig atrium compared with human gluteal skin arteries. The
force and membrane responses are summarised for each vessel type
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III. Summary and Future Work

The pharmacodynamic results from human large and small coronary arteries
mounted under isometric conditions in organ chambers have left many ques-
tions unanswered. Most of our small coronary arteries were from the right
atrial appendage and the large arteries of explant hearts. We need to learn, if
we can, the reactivity of normal small and large arteries taken from various
sites in the human heart and measured under both isobaric and isometric con-
ditions (LEw and ANcus 1992). If each vascular segment has unique pharma-
cology and the acetylcholine responses in right atrial vessels point to such a
trend, then there is much to do.

Fundamental research is required to further unravel the receptor profiles
of the endothelium and smooth muscle cells and the interaction of age,
endothelial dysfunction and the effect of long-standing influences of hyperc-
holesterolaemia, hypertension and stress. Of singular importance is the need
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for rigorous attention to previous drug treatment, tissue procurement, dissec-
tion and mounting of human vessels to reduce experimental artefacts; these
are more easily controlled when using experimental animal tissue prepared at
the experimenter’s convenience.

Finally, returning to variant angina in patients with coronary spastic
angina, receptor specificity is critical. Kuiyama and colleagues (1999) have
shown that acetylcholine (50-100ug), as a bolus intracoronary injection,
induced coronary large-artery spasm and myocardial ischaemia in all patients
with spastic angina. In contrast, @-adrenoceptor stimulation by intracoronary
phenylephrine (PE) caused low-level constriction of a similar magnitude in
normal patients and in patients with spastic angina. The loss of endothelial
factors normally buffering direct contraction by acetylcholine and/or increase
in smooth muscle cell receptors or transduction of receptor activation could
explain this intriguing phenomenon.

C. Vascular Reactivity in Human Primary Hypertension
and Congestive Heart Failure

I. The Technique, Function and Structure

Buttock skin (gluteal biopsy), removed under local anaesthetic, has become a
useful tissue with which to explore the pharmacology of human resistance
arteries. The biopsies can provide one or two small arteries (100-300um i.d.)
of 2-mm length for mounting on parallel 40-um stainless steel wires in a
myograph.

AaLKJAER and colleagues (1987) have perfected a method of stretching
the vessel to a level of passive force equivalent to 100mmHg transmural
pressure. In addition to measuring isometric force changes in response to
constrictor or dilator drugs or transmural, perivascular nerve stimulation,
the morphology of the wire-mounted vessel can be determined by light
microscopy. Under normal illumination, the border between the medial
smooth muscle and the adventitia is clearly visible at a total magnification of
400x, as is the outer wire edge touching the intima. Multiple measurements by
means of an ocular micrometer allow calculations of medial thickness (w) and
lumen radius () to give the ratio w/r, normalised to an equivalent transmural
pressure of 60mmHg.

This w/r, ratio is used as an index of vascular hypertrophy when the artery
is actively relaxed. A number of studies have addressed the issue of remodel-
ling in the human vasculature by antihypertensive-drug therapy. These in vitro
experiments offer a focus for controlled measurement of the efficacy of anti-
hypertensive therapy at the site of the small resistance artery conveniently
dissected from a small biopsy from buttock skin. Thus, the angiotensin-I con-
verting enzyme inhibitor (ACEI) drug cilazapril, given over 2 years to patients
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with essential hypertension, restored the w/r; from 7.5 + 0.3% before treat-
ment to normal values of 5.8 + 0.2% in buttock skin resistance arteries, which
was not different from the w/r; value of 5.2 + 0.2% in normotensive subjects
(ScHIFrFRIN et al. 1995).

Confirming the results of studies in rats, not all antihypertensive drugs of
equivalent blood-pressure-lowering efficacy have the same effect on remod-
elling the vasculature. In the same study, patients treated with atenolol did not
show structural remodelling in their skin resistance arteries despite the similar
falls in arterial pressure. Values were: 146.4 + 2.5mmHg/99.8 £ 1.7mmHg
before cilazapril treatment; 130.2 £ 3.0mmHg/85 £ 3mmHg after cilazapril
treatment; 151.3 = 5.5mmHg/99.4 + 3mmHg before atenolol treatment; and
131.5 + 47mmHg/83 + 2.8 mmHg after atenolol treatment (SCHIFFRIN et al.
1995). Similarly, THyBo et al. (1994) treated patients with essential hyperten-
sion with the ACEI perindopril (4 mg/day) or atenolol (50 mg/day) for 1year.
Both treatments effectively lowered systolic and diastolic blood pressure (BP),
but only perindopril significantly lowered the w/r; ratio and increased the
lumen diameter. These studies raise several issues.

II. Remodelling

It was established from model analysis (KorRNER and ANGUS 1992) that small
decreases in internal radius r; accompanied by medial hypertrophy to give an
increased w/r; ratio are a much more “economical” way of normalising wall
stress in cases of high BP than production of more wall material (increased
wall thickness) by the artery while keeping the same r;. During drug treatment,
artery remodelling would presumably occur from both a decrease in wall
material and an enlarged radius, both lowering w/r,. What is intriguing is that,
presumably, all the effective antihypertensive drugs decrease wall stress as
transmural pressure falls, but long-lasting pressure attenuation and the oppor-
tunity for a drug-free lifestyle (that is, no rebound hypertension on ceasing
therapy) will occur with drugs that also remodel the resistance arteries. The
fact that ACEISs appear to structurally remodel the skin vessels suggests that
ACEIs may have additional properties of significance to the vessel wall.
Obvious candidates are the prevention of breakdown of bradykinin by the
inhibition of converting enzyme and the release of NO and EDHF. These
signals would not only cause local vasodilatation but could also slow smooth
muscle cell proliferation, actions not shared with S-adrenoceptor antagonists.

Adaptation of vascular smooth muscle-changing haemodynamics, such as
flow and pressure, is now a widely accepted phenomenon (ANGus 1994). An
increase in flow and sheer stress would be detected by the endothelium,
causing outward growth, increased internal radius and, perhaps, hypertrophy
(Fig. 12E, lower right; LaNGILLE 1993). Normal age-dependent growth of the
vasculature to keep pace with body size would cause a rise in cardiac output
and adaptation of the distributing arteries, with increased lumen (r;) and wall
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Hypotrophic Eutrophic Hypertrophic

Fig.12. This diagram is modeled after Mulvany and colleagues (1996). As a starting
point, the cross-section of a blood vessel (A) is at the centre (shaded ). If the cross-
sectional area were doubled, as in hypertrophic remodelling, the vessels would be as
depicted in the right column (vessels B, E); if the area were halved, as in hypotrophic
remodelling, the vessels would be as depicted in the left column (vessels D, G). If there
is a 30% reduction in lumen diameter, inward remodelling occurs (fop row); if there is
a 30% increase in lumen diameter, outward remodelling occurs (bottom row).If further
remodelling towards the starting vessel occurs by growth or apoptosis, the resultant
vessel may have the same cross-sectional area as at the start, but with a smaller (top)
or larger (bottom) lumen diameter. This is eutrophic remodelling. The arrows indicate
likely changes in the appearance (KoRNER and ANGUs 1997)

thickness (w) as BP (and wall stress) rises. Normally, there would be increased
vascular length (KorNerR and Ancus 1992). If the hypertrophic, outwardly
remodelled artery lost wall volume, returning to the starting volume, the vessel
would have undergone eutrophic remodelling around an increased r, (Fig. 12F,
lower middle panel). Finally,in arteries subjected to pressure load from hyper-
tension (increased wall stress), the lumen would narrow, and wall thickness
and volume would increase to restore normal wall stress (Fig. 12B, upper
right). Under drug treatment (ACEI), the artery could remodel to normal (Fig.
12A, centre) or remain with reduced r; (Fig. 12C, upper middle). Debate has
arisen over whether the normal artery could remodel directly to the eutrophic
vessel (Fig. 12A-C; Murvany et al. 1996). This could occur by de novo
rearrangement of the same wall volume by inward growth and outward apop-
tosis, an event inconsistent with early development. We favour a sequence in
which, in hypertension, arteries remodel to the hypertrophic-inward model
(Fig. 12A, B) before hypertrophy could regress to Fig. 12C or back to Fig. 12A
under drug treatment (KorRNER and ANGus 1997). Thus, measuring r; and
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medial thickness in relatively few 2-mm segments of buttock skin resistance
arteries, if done with utmost care at normalised transmural pressure in patients
with essential hypertension, is fraught with experimental error from sampling,
technical difficulties of accurately measuring the medial-adventitial border
and extrapolation from skin vessels to the rest of the circulation.

III. Endothelial Dysfunction

The discovery of EDRF prompted scientists to examine whether endothelial
dysfunction could explain the cause of hypertension. Many studies in labora-
tory animals with experimental hypertension induced by coarctation of the
aorta (LockETTE et al. 1986), desoxycorticosterone acetate salt models, or one-
kidney one-clip (VAN DE VoorDE and LEUSEN 1986) or genetic hypertension
in rats (LUscHER and VANHOUTTE 1986) have shown that isolated thoracic
aortae in organ baths relaxed poorly in response to acetylcholine compared
with the relaxation exhibited by normotensive control aortae. These findings
from relatively robust experimental models concur with human forearm
plethysmography studies in which Panza and colleagues (1990) reported that
the increase in forearm blood flow following intra-arterial acetylcholine infu-
sion was attenuated in patients with hypertension, while responses to the non-
endothelium-dependent dilator nitroprusside were unaltered. Similarly, in the
coronary circulation, acetylcholine responses were blunted in patients with
essential hypertension (TREASURE et al. 1992).

However, other studies show that one has to be cautious in describing
this attenuated response as evidence for endothelial dysfunction shown
indirectly and presumed to be due to a loss of NO and EDHE For example,
prostacyclin, contracting factors (such as superoxide anion), thromboxane
A,/prostaglandin H, and endothelin-1 are also released from the endothelium
(Imaoka et al. 1999). Furthermore, some authors have reported that the length
of the forearm (and presumably the destruction of intra-arterial acetylcholine
as a result of cholinesterase) has a strong negative correlation with vasodi-
latation in response to acetylcholine (CHOWIENCZYK et al. 1994). Importantly,
CockcrorT et al (1994) found that, in an extensive study of essential hyper-
tensives, they could find no evidence for endothelial dysfunction. Ageing,
period and level of hypertension and underlying hypercholesterolaemia could
alter the endothelial response and/or the reactivity of the underlying smooth
muscle to NO, EDHF or other local factors.

We attempted to assess the endothelial functional response to acetyl-
choline in buttock skin biopsies from volunteer patients with untreated
primary hypertension. We divided the arteries from the biopsies into “large”
and “small” at the arbitrary cut-off diameter of 500 um i.d., the diameter mea-
sured when normalised at the equivalent transmural pressure of 100mmHg
(ANGus et al. 1992). Eight patients (mean age 48years, mean supine BP
116.5 +2.5mmHg) and five normotensive volunteers (mean age 50 years, mean



32 J.A. ANGUS

BP 95.2 + 1.5mmHg) had small vessels of 231.1 + 23.9um i.d. (n = 6) in the
normotensive and 315.8 + 40.7um i.d. (n = 12) in the hypertensive patient
groups. The arteries were contracted to a submaximal steady force by the
thromboxane mimetic U46619 (10-30nM) and were stimulated with acetyl-
choline. We found that all the small arteries (<500 um i.d.) relaxed to acetyl-
choline with the same range and sensitivity in the two patient groups (Fig. 13).

In vessels where logistic curves could be fitted, the FE,,, relaxation and
ECs, values for acetylcholine were 78.8 + 13.3% and 7.29 + 0.19 (plog M) for
normotensive (N) and 80.5 + 10.9% and 7.05 £ 0.23 plog M for hypertensive
(H) arteries. In the larger arteries (>500 um i.d.), no relaxation or contraction
to acetylcholine was observed despite the relaxation in response to substance
P (10nM; Figs. 13, 14). The morphometry of these arteries showed a slightly
greater medial thickness in H arteries (26.9 £ 2.6 um) compared with the N
arteries (21.3 £ 2.9 um), presumably because of the larger diameters of the H
arteries. This gave a wall thickness/lumen diameter ratio of 9.2% for N and
9.05% for H arteries. In the large arteries, we were unable to measure medial
thickness by the water-immersion-lens technique. In other measurements of

HUMAN Thigh Skin artery SP
[ J
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U46619 10 nM —_—
2 min

Fig.13. Myograph chart records of two arteries removed from a buttock skin biopsy.
The simultaneous records show that the submaximal contraction in response to U46619
was inhibited by acetylcholine ACH (log M) only in the smaller artery, which had a
319 um internal diameter. Substance P (SP, 10nM @) relaxed the larger artery, indi-
cating the presence of endothelial cells
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Fig.14. Group data showing the relaxation of human isolated buttock skin resistance
arteries in response to acetylcholine (-log M) in a Mulvany myograph. Six arteries from
five normotensive (N, @) and 12 arteries with internal diameters <500 um (small) from
eight patients with primary hypertension (H, O) responded to acetylcholine, while
larger arteries (>500 um internal diameter; n = 5 for both the normal and hypertensive
groups) failed to relax in response to the endothelium-dependent relaxant. Arteries
were pre-contracted by U46619 (0.01-0.03 uM)

vasoconstrictor agents, we showed that the E,,, (but not the ECy) for NA, 5-
HT and angiotensin II was significantly greater in H small arteries compared
with N small arteries (ANGUS et al. 1991c¢).

These enhanced contractility responses were not observed in the larger
arteries. Thus, the smaller subcutaneous resistance arteries may behave as
pharmacological amplifiers in hypertensive circulation. This study again shows
how a change in location of only one branch order in a resistance bed (250-
500um i.d.) can apparently cause quite different pharmacology. To find no
apparent functional receptors of acetylcholine on the smooth muscle or
endothelium in the slightly larger arteries is particularly striking. Finally, in this
study, as in some forearm plethysmography studies, we could find no evidence
of endothelial dysfunction in human essential hypertension.

IV. Forearm Veins in Primary Hypertension

Venous distensibility measured by forearm plethysmography is decreased in
essential hypertension (WALsH et al. 1969). The cause is not known, but we
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reasoned that vein biopsies and in vitro pharmacological studies could shed
some insight into venous reactivity in hypertensive patients, where the veins
would not have been exposed to increased pressure.

We recruited 15 volunteers with untreated primary hypertension and 14
normotensive subjects and removed a 1-cm-long segment of forearm vein
close to the wrist under local anaesthetic (SupHIR et al. 1990). In organ cham-
bers, the passive length-tension relationship was determined by micrometer-
controlled increments in circumference stretches of the vein ring segment
while measuring wall tension. The veins from hypertensive subjects (BP =
156 mmHg/103mmHg) were significantly stiffer, i.e. less compliant, than those
from normotensive subjects (BP = 125 mmHg/81 mmHg). The internal diame-
ters were 1.49 £ 0.42mm and 1.07 £ 0.31 mm for N and H veins, respectively,
and there was no significant difference in medial thickness or w/r; ratio mea-
sured morphologically by fixing the tissue in the organ chamber under nor-
malised stretch conditions.

On cumulative concentration-response curves, there was no difference
between N and H veins with regard to sensitivity or E,, in response to K*
or 5-HT, but H veins were significantly less sensitive to NA and the selective
op-adrenoceptor agonist UK14204, but not methoxamine. However, the E,.,
resulting from all three a-adrenoceptor agonists was significantly decreased in
H veins (Fig. 15). Despite this lower reactivity to o-adrenoceptor agonists,
there was an enhanced contraction to transmural nerve stimulation in H veins
and a suggestion of a decrease in neuronal uptake. Interestingly, there was a
large increase in the range of contraction resulting from angiotensin II in H
veins.

These in vitro studies have established (1) that forearm vein biopsies are
a valuable aid to the detection of enhanced neural responses at the effector
site and (2) that there are constrictor-selective changes in reactivity. It would
be of great interest to repeat these studies in patients receiving treatment who
experience normalisation of their hypertension.

V. Chronic Heart Failure

CHF of ischaemic origin is characterised by activation of various neurohu-
moral compensatory mechanisms to maintain tissue perfusion and peripheral
vascular tone. NA is 163% higher in CHF-patient arterial plasma, due to an
increase in spillover and reduced clearance (HaskinG et al. 1986). In CHF
patients, forearm plethysmographic studies show normal responses to hyper-
aemia and dilatation in response to the o,-adrenoceptor antagonist yohimbine
(Kuso et al. 1989). We set out to compare the in vitro reactivity and sensitiv-
ity of small resistance arteries from gluteal biopsies from patients with CHF
(ANGuUs et al. 1993). The six patients (mean age 65years) had stable, long-term
(>5years) CHF of ischaemic origin with left and/or right ventricular ejection
fractions less than 55% (New York Heart Association class II-III on treat-
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Fig.15. a Average concentration-response curves to noradrenaline, methoxamine and
UK14304 in vein segments from normal (N, @) and hypertensive (H, A) subjects,
showing a reduced maximum contractile force (F,.,) in response to each a-adreno-
ceptor agonist. Vertical error bars are * one standard error of the mean at normalised
F,..x- b Average concentrations corresponding to 10%-90% of the maximum response
(ECso-50)

ment). All patients were brought into the hospital and had their medication
(including digoxin, diuretics, ACEIs and nitrates) withdrawn 72h prior to
biopsy. For our control group, we had nine untreated, healthy volunteers
(mean age 54years). Myograph studies showed that the CHF arteries (n = 6;
mean 294 + 47 um i.d.) contracted to only 65% of the maximum response
to K* (124mM), NA (1uM) or both together, as measured in nine arteries
from normals (N) (296 £ 28 um i.d.; Fig. 16). This marked loss of E,,, con-
tractility in CHF arteries was observed for NA and angiotensin I and II
concentration-response curves. Of great interest was the finding that the
endothelium-dependent agonist acetylcholine was almost without effect in
CHF arteries contracted by NA 1uM, while N arteries relaxed to nearly 100%,
with an ECs of 7.55 plog M (Fig. 17). Calcitonin-gene-related peptide was less
sensitive in CHF compared with N arteries, while the sensitivities and ranges
of sodium nitroprusside (SNP) relaxation curves were superimposable in the
two groups.
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D100 355um D100 401um
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Fig.16. Representative chart records of the isometric force from two skin small arter-
ies from a normal volunteer (lef) and a patient with chronic heart failure (right). Traces
should be read in sequence from top to bottom; w, washout with drug free solution;
D, the internal diameter of each vessel at the normalised transmural pressure of 100
mmHg. The isometric contraction is given in units of developed transmural pressure
(mmHg). Traces indicate exposure to: K* (124 mM), noradrenaline (NA), angiotensin
II (All) and acetylcholine (ACH)) in the presence of pre-contraction by 14M NA for
the heart-failure vessel and 3 uM for the normal vessel. Numbers refer to -logM con-
centration, and each unnumbered dot indicates a 0.5-unit increase in concentration

These studies are limited by the difficulties associated with very sick
patients and, thus, a low number of experiments. However, conclusions are that
these gluteal resistance arteries contract poorly to a range of constrictor agents
and may have an endothelial dysfunction. This “exhaustion” of contractile
function could be caused by overexposure to circulating neurohumoral sub-
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Fig.17. Concentration-relaxation curves to acetylcholine (leff) and calcitonin gene-
related peptide (cGRP; right) in buttock skin small arteries. Relaxation was measured
as a percent relaxation of the vessel pre-contracted by noradrenaline (1uM). For
acetylcholine, there were nine vessels in the normal (N) group and six in the chronic
heart failure (CHF) group; for cGRP, there were nine N vessels and four vessels in the
CHF group

stances, but we did not observe sensitivity changes. CHF could involve meta-
bolic abnormalities in vascular smooth muscle and endothelium, reflecting
hypoxia from low cardiac output — in vivo conditions quite different from the
myograph chamber, where the pO, is high. The wire-mounting procedure
destroys less than 30% of the endothelium and, as shown in the N arteries, the
vessels can still relax to 100% of the maximum contraction. The smooth muscle
reactivity to the NO donor SNP was normal in CHF, suggesting a loss of mus-
carinic receptors or that the NOS energy-requiring process is severely affected
by CHE. The pattern of vascular dysfunction found in these skin small arter-
ies from patients with CHF may point to a more general derangement in the
peripheral circulation. It would be of great interest to examine biopsy vessels
from the same patients after cardiac transplantation and recovery. The ethical
issues of taking such vessels during ongoing immunosuppressive therapy, etc.,
and the risk of infection make such a study impossible to conduct.

D. Pharmacology of Vascular Conduits for
Coronary-Bypass Graft Surgery

1. Introduction

Patients with severe angina caused by near-occlusive atherosclerotic plaques
in large coronary arteries are now routinely grafted down stream of the occlu-
sion by arterial grafts or venous conduits. In brief, the IMA is freed from
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the chest wall in its surrounding tissue, and the distal end is anastomosed
(end to side) to the coronary artery. For vein grafts, lengths of the saphenous
vein are harvested from the leg and anastomosed to the ascending aorta
and coronary artery as a coronary jump graft. Newer arterial jump-graft
procedures include the radial, gastroepiploic and inferior epigastric arteries.
The arterial grafts have a longer patency rate than vein grafts. The occlusion
rate of saphenous vein grafts in the first year is 10%—-26% but, by 10years
after the procedure, 50% of the grafts are occluded (GRONDIN et al. 1984). In
contrast, the IMA grafts spasm perioperatively, but the long-term patency
rate is far superior to that for vein grafts (LyTLE et al. 1985). Saphenous veins
spasm during harvesting because of surgical trauma, the tying off of side
branches and testing for leaks using high pressure (up to 700mmHg) from a
syringe, which destroys much of the intima and media (Ramos et al. 1976). In
the longer term, these grafts take up lipid and remodel with severe intimal
hypertrophy, with resultant reduction in lumen patency. The arterial grafts,
however, spasm at the distal end at operation, probably because of spilt blood
and surgical trauma. This makes anastomosis difficult and compromises coro-
nary flow in the short term. We set out to develop a simple, pharmacological
method to prevent spasm of both vein and arterial grafts prepared for bypass
grafting.

II. Internal Mammary Artery

At surgery, we collected discarded distal end pieces of IMA and mounted them
as 3-mm-long ring segments on wires in organ baths for isometric force record-
ings (HE et al. 1989). These segments were most sensitive and reactive to
U46619, followed by NA, 5-HT and PE (Fig. 18). In submaximally contracted
rings with K* or U46619, glyceryl trinitrate (GTN) and SNP caused full relax-
ation while, in K*-depolarised rings, nifedipine, verapamil and diltiazem caused
full relaxation (Fig. 19). If the vessels were pretreated with GTN, subsequent
curves resulting from U46619 or K* were unaffected. In contrast, pretreatment
with the calcium antagonist nifedipine abolished subsequent contractions in
response to K* and markedly reduced the response curve to U46619.

These experiments suggested that treatment with GTN in the setting of
spasm would be effective in relaxing the vessel by presumably (1) raising cyclic
guanosine monophosphate release from NO inside the smooth muscle and (2)
sequestering calcium. However, voltage-operated calcium-channel (VOCC)
antagonists would be effective in reducing subsequent stimulation by K* or
U46619. In the light of these laboratory studies, we developed a vasodilator
solution (glyceryl trinitrate and verapamil; GV solution) containing verapamil
(5mg), GTN (2.5mg), sodium bicarbonate (0.2ml) and Ringers’ solution (300
ml) to give a final concentration of both GTN and verapamil of 30 uM at pH
7.4. These concentrations of GTN and verapamil were sufficient to maximally
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Fig.18. Group data showing constrictor concentration (-logM)-response curves to
thromboxane A, mimetic (U46619, W), noradrenaline (NA, A), phenylephrine (PE,O),
serotonin (5-HT, @), and K* () in human internal mammary artery segments. Points
represent mean increase in force (g) at fixed concentrations of agent. Horizontal error
bars are one standard error of the mean for the effective concentration causing a 50%
maximal response, averaged from logistic fitted curves from each ring. Vertical bars are
error bars for the maximal response. Numbers of rings are eight (from seven patients)
for K* and six (from six patients) for all other constrictor agents

relax either K* (25mM) or U46619 (15nM) pre-contracted human TMA by
more than 80% over Smin for K*-pre-contracted rings or over 25min for
U46619-pre-contracted IMA rings (Fig. 20). In a clinical trial in the operating
theatre, intraluminal injection of the GV solution into one IMA caused an
increase in flow of 95% above basal levels (by timed collection), compared
with only a 53% increase following injection of Ringers’ solution in the con-
tralateral IMA. In a second study comparing papaverine (0.8 mM pH 4.4-4.8)
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Fig.20. Average relaxation responses to glyceryl trinitrate (30uM) plus verapamil
(30uM) in human internal mammary artery segments pre-contracted by potassium
(25mM) or thromboxane A, mimetic U46619 (15nM). Points represent average data
from six vessels from six patients



Pharmacodynamic Analyses in Isolated Tissue 41

with the GV solution, both treatments were equivalent, raising flow from base-
line by 107% for GV and 80% for papaverine. Given that papaverine solution
at acidic pH can destroy endothelium (CoNsTANTINIDES and RoHMSON 1969)
and a buffered, pH-7.4 solution of papaverine is unstable, we suggested that
the GV irrigation solution was an effective perioperative relaxant solution and
is the solution of choice for preventing or treating perioperative spasm of the
IMA.

III. Saphenous Vein

Discarded, non-distended, 1- to 2-cm lengths of saphenous vein not required
for grafting were suspended as 3-mm-long ring segments under isometric con-
ditions in organ chambers. After normalisation of passive stretching to
20-mmHg transmural pressure, these veins contracted powerfully in response
to 5-HT, with sensitivities in the order: U46619 > 5-HT > NA > PE (Fig. 21).
In veins pre-contracted by K™ or U46619, GTN caused rapid 100% relaxations,
with ECs, values of 6.48plog M and 6.07plog M, respectively. Verapamil
caused a slower onset of relaxation to 100% in K'-pre-contracted veins but
only to 75% in U46619-pre-contracted veins.

As for the IMA, the combination of verapamil and GTN offered syner-
gistic properties of sustained relaxation (verapamil) and rapid onset of action
(GTN) for both the receptor-operated agonist (U46619) and K* depolarisa-
tion (He et al. 1993). Similarly, when PE, the stable a-adrenoceptor agonist,
was used to pre-contract the saphenous vein, the GV cocktail showed much
efficacy (Fig. 22; ROSENFELDT et al. 1993).

In surgical practice, the GV solution is now perfused intraluminally and
applied topically as the vein is cannulated from the distal end (Fig. 23). The
cocktail should protect against spasm, lessening the need for use of damaging,
highly distending pressures and subsequent failure of long-term patency. The
precise nature of the cause of saphenous vein or IMA spasm is unknown.
However, theoretically (and now in practice) we have shown that the GV solu-
tion is an effective prophylactic, spasmolytic treatment based on the known
human vascular pharmacology of GTN and verapamil.

E. Human Vascular-to-Cardiac Tissue Selectivity of
L- and T-Type VOCC Antagonists

A major issue in analytical pharmacology is how to measure drug action in
two or more tissues that are highly dependent on assay conditions. For antag-
onists, the null-measure approach has stood the test of time. Here, the robust
Schild plot (ARUNLAKSHANA and ScHILD 1959) or, more recently, the approach
of global iterative fitting of a family of concentration-response curves is used
to obtain the Ky value of the antagonist (StoNE and ANGus 1978; LEw and
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Fig.21. Group data showing concentration—contraction curves to U46619, serotonin
(5-HT),noradrenaline (NA), phenylephrine (PE) and potassium (K") in human saphe-
nous vein segments. Horizontal error bars are + one standard error of the mean at the
ECs, averaged from logistic fitted curves for each ring. Each line represents more than
six vessels

ANGUs 1995); this is independent of agonist or tissue. It is a unique value
of the concentration of antagonist; it will always right shift the agonist
concentration—response curve with a concentration ratio of two. With VOCC
antagonists, the option of displacing an agonist that opens the channel by
increasing the concentration of an antagonist is not available. Therefore, sci-
entists have relied upon measuring the concentrations of VOCC antagonists
that decrease the response to channel activation by some stimulus in a par-
ticular tissue by 50% (ECs). The key question is “what is the best starting
response?”

We turned our attention to the problem of comparing a series of drugs
classified as “L-” (long-) type VOCC antagonists that relax vascular tissue and
decrease myocardial contractility. For the last 30 years, these long-opening



Pharmacodynamic Analyses in Isolated Tissue 43

PRECONTRACTED BY PHENYLEPHRINE

".\ Ore
L
\
L]
\
.\
20F " 20}
I Verapamil Verapamil
\\/ \/
L J L]
z
3 <o} \ ol \
g .
2 \
o \' o\
S eof o} .
b L)
GTN ~e
Q~0-0. to e
GTN O O, 4
Q' (o] ~e-o
¢ o/ ~—~— %(‘; ~°b o w‘.,\.
80 —0
i ‘\0/ GTN + orl GTN T \o
Verapamil 'Verapamil o
L\ . - a-hAmAbA—A— L A‘A}-&u,-‘ﬂ{‘ ey
100 100
[ E— . - - 3 [ @ A i A L et N——
o H 10 15 ] 20 40 60 80 100 120
TIME (min) TIME (Min)

Fig.22. Average relaxation response to glyceryl trinitrate (10uM) and verapamil
(10uM), singly and in a combination in rings of saphenous vein pre-contracted with
phenylephrine (5 uM). Relaxation was measured at 1-min intervals and expressed as a
percentage of pre-contraction. Left panel: enlarged time scale over 15 min; right panel:
responses up to 2h

calcium channel antagonists (developed from three different chemical classes)
have been used in the treatment of angina, hypertension, heart failure,
supraventricular tachycardia and after myocardial infarction. Of recent inter-
est were second-generation dihydropyridine derivatives from the parent mol-
ecule nifedipine; these were more vascular- than cardiac-selective, giving rise
to the advantage of peripheral afterload reduction at doses that did not
depress myocardial contractility. Most recently, a tetralol derivative, mibefradil
(derived from the non-vascular- to cardiac-selective VOCC antagonist vera-
pamil) was described,; it is selective for T-type (rather than L-type) VOCC and
displayed vascular to cardiac selectivity (CLozkEL et al. 1991).

A major difficulty in this area is trying to compare ECs, values for a few
widely different VOCC antagonists in animal tissue and extrapolating the find-
ings to man. We addressed this issue by taking four L-type VOCC antagonists
and mibefradil and comparing the ECs, values of each of the five drugs in
cardiac and vascular in vitro preparations removed from patients. We reasoned
that the assays would give ECs, estimates that were at least internally robust
and equivalent so that vascular- to cardiac-selectivity ratios could be compared
over a wide range of compounds from the same laboratory.

Human right-atrial trabeculae muscle strips (n = 1-11) were prepared
from each right-atrial appendage removed from patients undergoing heart—
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Fig.23. Method of injecting the glyceryl trinitrate and verapamil solution in the lumen
of the saphenous vein (/) and spraying it on to the surface of the vein (I)

lung bypass (Sarsero et al. 1998). These strips, less than 1mm in diameter,
were contracted at 1 Hz via suprathreshold stimulation from field electrodes.
We had 16 organ chambers, allowing the advantage of testing only a single
concentration of VOCC antagonist after allowing the submaximal inotropic
response to isoprenaline (6nM) to stabilise. Individual responses from 6-8
tissues at 6-8 concentrations from five different VOCC antagonists gave a
family of concentration-negative inotropic response curves that were logisti-
cally fitted to provide estimates of ECs, values after 2-h incubation periods
(Fig. 24).

For vascular responses, we chose a novel preparation of human aortic vasa
vasorum. Arteries were dissected from the 1- to 2-cm-diameter patch of
vasorum removed by the surgeons as they prepared the aorta for end-to-side
anastomosis of the saphenous graft. From each patch of vasorum, we obtained
from one to four 2-mm-long small resistance arteries; these were mounted in
the Mulvany myograph. After normalisation, the vessels were activated by K*
depolarisation by 50% K' Krebs’ solution (KPSS; 62mM K* with 62mM Na*)
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Human Right Atrial Trabeculae
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Fig.24. Average inotropic responses to five calcium-channel antagonists in human iso-
lated right atrial trabeculae. Each average value and standard error of the mean is the
inotropic force at 2h for 6-8 tissues in the presence of calcium antagonist. This force
is calculated as the percentage of the initial response to a sub-maximal concentration
of isoprenaline (6nM). Note that only one concentration of calcium antagonist was
applied per tissue. The values in brackets are the pICs, values (-logICs), which were
calculated by fitting a logistic equation

for 2min every 30min. The contraction was terminated by washing with K*-
free solution. In this assay, we obtained ECs, values from cumulative addition
of a VOCC antagonist as it decreased the peak contraction to sequential expo-
sures to 50% KPSS (Fig. 25).

By taking the ratio of ECs, values for vasa vasorum (vascular) and nega-
tive inotropic responses (cardiac), we found the following ratios: mibefradil
41, felodipine 12, nifedipine 7, amlodipine 5 and verapamil 0.22. Thus, vera-
pamil was fivefold more cardiac selective than it was at relaxing vascular
smooth muscle. If this result is normalised to one, then mibefradil is 200 times
more vascular selective than verapamil. These figures suggest that mibefradil
is more vascular selective than the dihydropyridines felodipine, nifedipine and
amlodipine and could be a result of T-type-VOCC selectivity.

These studies highlight the difficulties in assigning selectivity ratios to a
range of drugs. The stimulus chosen to activate the smooth-muscle K* depo-
larisation, probably has no equivalent stimulus in vivo, and we may have mea-
sured different ECss (and thus ratios) if a receptor-operated agonist (such as
methoxamine, endothelin-1, etc.) had been used to activate the tissue.

Similarly, for the cardiac tissue, we could have used the suprathreshold
basal contraction as the starting point rather than B-adrenoceptor activation
by isoprenaline. These choices raise the prospect of doing more extensive
experiments. The scarcity of human tissue precludes comparative protocols,
and one has to resort to animal tissue to test these questions (SARSERO et al.
1998). In a study similar to ours, Brixius et al. (1998) chose cumulative
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Fig.25. Average contraction responses of human isolated arteries from aortic vasa
vasorum exposed to K* (62mM) in the presence of increasing concentrations of five
calcium antagonists. Symbols are average responses (tone standard error of the mean)
at specific concentrations generated from cumulative curves within artery. Responses
were calculated as percentage of initial 2-min exposure to 62mM K. Inset shows
average effects of dimethyl sulfoxide cumulative concentrations on the contraction in
response to 62mM K* (n =5 arteries)

concentration-response curves of mibefradil, nifedipine and diltiazem to
inhibit contractions resulting from suprathreshold field stimulation of right-
atria trabeculae muscle and left-ventricular papillary muscle from explant
hearts with dilated cardiomyopathic heart failure. For their vascular tissue, they
used large proximal left-anterior descending or circumflex coronary arteries
from explant hearts pre-contracted by the receptor agonist prostaglandin F,,.
They used concentrations of the three drugs that caused 25% relaxation of the
coronary arteries and 25% negative inotropic response in atrial or ventricular
tissue. They found that mibefradil was 316-fold vascular selective, compared
with selectivities of 1.5 for nifedipine and 1.0 for diltiazem.

These studies serve to illustrate that the complexity of objective mea-
surement of tissue selectivity is dependent on the choice of assay and tissue
conditions. The incentive to using human tissue assays has to be balanced by
the difficulties of robust quantitative analysis.

In summary, my experience with human in vitro tissue assays is that (1)
the question needs to be very well defined before embracing clinical material;
(2) sampling is never ideal, as factors of age, disease, premedication, site of
biopsy, surgical trauma, transport to the laboratory, etc., must compromise to
some degree the quality of the data; and (3) it is best, if one can, to run
an experimental laboratory-animal assay in parallel with the human-tissue
assay to ensure that the protocols are robust, with appropriate time or vehicle
controls.
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CHAPTER 2

Problems in Assigning Mechanisms:
Reconciling the Molecular and Functional
Pathways in a-Adrenoceptor-Mediated
Vasoconstriction

M.J. LEw

A. Introduction

Advances in molecular and cellular biology have given us increased certainty
in our descriptions of receptors and their associated transducer proteins, and
help pharmacologists to document receptor stimulus-response pathways with
increasing precision. However, in many cases, several concurrent interacting
and branching pathways operate, resulting in a level of complexity that hinders
understanding of the relative importance of those paths even in simple cel-
lular systems. The inherent complexities of intact organs and whole animals
compound those of the cellular level and, thus, it is doubly difficult to make a
complete description of the overall stimulus-response pathways that might
operate at those higher levels of organisation. Nonetheless, an attempt needs
to be made because, from a therapeutic standpoint, the important pathways
are those that operate in the relevant target organ under physiological and
pathophysiological conditions. This chapter is a selective review of vascular
stimulus-response mechanisms of ;- and o,-adrenoceptors and an attempt to
integrate the observations from cellular and intact systems. a-Adrenoceptors
are an ideal subject, because many studies explore and compare their coupling
mechanisms, but this chapter is not intended to make a case for any special
relationship between ;- and ®,-adrenoceptors beyond their sharing of the
physiological agonists norepinephrine and epinephrine. Most of the concepts
aired in this review are also relevant to other receptor types in both vascular
and non-vascular tissues, because the complications arising from intrinsic
properties of vascular smooth muscle are likely to be analogous to complica-
tions that are important in many different tissues.

There are at least three subtypes of oj-adrenoceptor and three subtypes
of m,-adrenoceptor currently accepted, but in order to make a comprehensi-
ble discussion of the overall stimulus-response coupling pathways of vascular
o-adrenoceptors, repeated reference to issues of receptor subtypes has been
avoided where possible. While there are undoubtedly differences in strengths
and types of stimulus-response coupling between subclasses, we are fortunate
in that the similarities are much more prominent than the differences. Vascu-
lar a-adrenoceptors are probably distributed as mixtures of subtypes anyway,
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so the simplification should not be detrimental to the overall picture of mech-
anisms that is developed. It is unlikely that all of the many different stimulus-
response components associated with o- and o,-adrenoceptors are equally
important in mediating the final responses, and their relative importance must
vary among tissues and with the pre-existing cellular state. No description of
stimulus-response mechanisms can be sufficiently thorough in a complete
description of the pathways and their roles.

B. Coupling Mechanisms at the Molecular and
Cellular Levels

Vascular smooth muscle contracts when myosin is phosphorylated by myosin
light-chain kinase (MLCK) and is thereby made to interact with actin fila-
ments. Activation of MLCK is a result of the calcium-calmodulin complex and
is therefore dependent on the cytoplasmic calcium concentration. The rela-
tionship between cytoplasmic calcium and myosin phosphorylation is not nec-
essarily constant, but elevation of cytoplasmic calcium is nonetheless almost
synonymous with activation of vascular smooth muscle contraction, and much
of the work on stimulus-response coupling pathways in vascular smooth
muscle is aimed at determining the sources and controls of cytoplasmic
calcium.

I. og-Adrenoceptors

Activation of o5-adrenoceptors leads [via the guanosine-triphosphate-binding
protein (G protein) G;] to the activation of phospholipase C (PLC), which
hydrolyses phosphatidyl inositol (4,5) bisphosphate to inositol (1,4,5) trispho-
sphate (IP;) and diacylglycerol (DAG). Several inositolphosphate species
other than IP; are also formed after activation of PLC, but it is likely that IP;
is the most important in initiating the responses of interest. IP; activates its
receptors on the sarcoplasmic reticulum, stimulates the release of stored
calcium into the cytoplasm and initiates smooth muscle contraction (which is
relatively transient, because the stores can be rapidly depleted). Store deple-
tion is a signal for capacitative calcium entry through “store-operated calcium
channels”, and that process may be important to the sustained phase of
responses to ay-adrenoceptor activation (GIBsoN et al. 1988). DAG activates
some isoforms of protein kinase C (PKC), which can then phosphorylate
many different cellular regulatory proteins with generally excitatory effects
in vascular smooth muscle. In particular, PKC can increase the sensitivity of
contractile elements to activation by cytoplasmic calcium (NISHIMURA et al.
1990), probably by decreasing the activity of myosin light-chain phosphatase
(Buus et al. 1988). PKC can also enhance the flux of calcium through
L-type calcium channels (Ca;; FisH et al. 1988; Loiranp et al. 1990; XionG
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and SpeEreLAKIS 1995), but a depolarising stimulus is still needed to open
the channels (Pacaup et al. 1991; XionG and SpereLakis 1995). Following
activation of o-adrenoceptors, depolarisation of both isolated vascular
smooth muscle cells and vein segments appears to be the result of chloride
currents (BYRNE and LarRGeE 1988; VaN HELDEN 1988) probably through
Ca**-activated chloride channels (Clc,; AMEDEE et al. 1990; Pacaup et al.
1991).

Pacaup et al. (1991) suggested that the sequence of events following acti-
vation of og-adrenoceptors in the portal vein is: (1) the receptor activates PLC
to produce IP; and DAG; (2) the IP; induces release of calcium from the
endoplasmic reticulum via the IP; receptor; (3) the calcium then causes depo-
larisation via Clc, channels; (4) the depolarisation opens Ca; channels to allow
the influx of extracellular calcium; and (5) the influx of calcium is enhanced
by the action of PKC, which is activated by the DAG. Potassium channels
are also involved in vascular smooth muscle depolarisation following o-
adrenoceptor activation, but their role is complex. Activation of PKC can
decrease the flux of potassium through delayed rectifier K* channels (Ky; CoLE
et al. 1996) and adenosine triphosphate (ATP)-sensitive K* channels (K arp;
BonEev and NELsON 1996), and one or both of those actions may be responsi-
ble for the slow depolarisation of venous smooth muscle, which is sometimes
seen after activation of og-adrenoceptors (VAN HeLDEN 1988). However,
calcium released from intracellular stores has also been shown to open Ca*-
activated K* channels, which can act as a feedback control of the depolarisa-
tion elicited by other channels (Knor et al. 1998). It is clear that the overall
balance of ion channel openings following activation of o;-adrenoceptors
leads to depolarisation, but the types of experiments that allow identification
of individual channel types generally do not allow determination of the rela-
tive importance of those channels in the responses of intact vascular tissues.

Pertussis toxin-sensitive G proteins have been shown to be involved in
responses to og-adrenoceptor stimulation in arteries and in neuronal tissues
(WiLsoN and MINNEMAN 1990; ESBENSHADE et al. 1993; GurpaL et al. 1997).
GurpAL et al. (1997) showed that a;-adrenoceptor-mediated vasoconstriction
responses and IP; accumulation in rat aortae were partly inhibited by pertus-
sis toxin and suggested the involvement of G, proteins, because immunopre-
cipitation experiments showed os-adrenoceptor coupling to both Ge, and Ga,
proteins (predominantly the former) but not Ge; or Ges. It has also been
shown, in cultured rat aortic smooth muscle cells, that the heterotrimeric G;
protein (i.e. Gosfy) is associated with the IP; receptor on the sarcoplasmic
reticulum, increasing the sensitivity of the sarcoplasmic reticulum to IPs
(NEYLON et al. 1998). Thus, the effect of pertussis toxin on vasoconstriction
mediated by oj-adrenoceptors probably involves both decreased IP; forma-
tion and decreased IP; potency in releasing intracellular calcium stores. Fig. 1
is a schematic representation of the major stimulus-response pathways of o4-
adrenoceptors and should be viewed in conjunction with Fig. 2, which shows
some of the important actions of PKC.
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Fig.1. Schematic diagram of some important features of oy-adrenoceptor
stimulus-response coupling pathways. The o;-adrenoceptors activate phospholipase C
(PLC) predominantly via G,; the PLC makes inositol triphosphate (IP;), which causes
the release of sarcog)lasmic Ca®'stores via the IP; receptor. The calcium stores are
replenished by a Ca™ flux through store-operated calcium channels. Increased cyto-
plasmic Ca”* activates chloride channels, which depolarise the cell (indicated by +V,,)
and open L-type calcium channels to allow the influx of extracellular Ca®*. The depo-
larisation is opposed by the Ca**-activated K* channels, which are opened by the ele-
vation of cytoplasmic Ca*, and delayed rectifier K*channels, which are opened by the
depolarisation. Diacylglycerol produced by PLC can activate protein kinase C, the
effects of which are shown in Fig. 2. Abbreviations are as used in the text

Fig.2. Schematic diagram of some important effects of protein kinase C (PKC). PKC
enhances the Ca®* flux through open L-type calcium channels and decreases the
opening of delayed rectifier K*channels and adenosine-triphosphate-sensitive K* chan-
nels to enhance any depolarisation. PKC activity also increases the amount of con-
traction that results from any level of cytoplasmic Ca*. Abbreviations are as used in
the text
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II. o,-Adrenoceptors

o,-Adrenoceptors are classically thought to evoke responses by inhibiting
adenylate-cyclase activity to decrease the concentration of cyclic adenosine
monophosphate (cAMP). Inhibition of adenylate cyclase is mediated by per-
tussis toxin-sensitive G proteins G; and G, but is not entirely straightforward,
with most studies showing that activation of oy-adrenoceptors differentially
inhibits basal and stimulated adenylate-cyclase activity. For instance, WRIGHT
et al. (1995) showed that oy-adrenoceptor activation inhibited forskolin-
stimulated cAMP production but not the basal rate of cAMP accumulation.
That difference was not simply a matter of op-adrenoceptors reducing high
(but not low) cAMP concentrations, because o,-adrenoceptor activation also
failed to inhibit cAMP accumulation in the presence of a phosphodiesterase
inhibitor (rolipram), conditions of high cAMP concentration without activa-
tion of adenylate cyclase. The apparent inability to reduce basal adenylate-
cyclase activity is not unique to o,-adrenoceptors but is shared by other
Gyo-coupled receptors, such as neuropeptide Y receptors and melatonin recep-
tors (FREDHOLM et al. 1985; CAPSONI et al. 1994; Episawa et al. 1994; WRIGHT
et al. 1995). Thus, this inability could be a consequence of the way the Gy,
protein subunits interact with adenylate cyclase. Another complication is that
oy-adrenoceptors have been shown to increase otherwise unstimulated adeny-
late-cyclase activity in several recombinant systems (NAsMAN et al. 1997) and
at least one physiological system, pancreatic islet cells (ULLricH and WoLL-
HEIM 1984). However, the stimulatory effect of a,-adrenoceptors on adenylate
cyclase is generally seen at high levels of activation and is both adrenoceptor-
subtype and cell-line specific (Duzic and LANIER 1992).

op-Adrenoceptors in vascular tissues have only been shown to inhibit
forskolin- or receptor-stimulated cAMP accumulation in several vascular
tissues (FREDHOLM et al. 1985; WrIGHT et al. 1995; IsaiNE and LEe 1996) and,
so far, there appears to be no evidence for o,-adrenoceptor-mediated
adenylate-cyclase activation in vascular tissues. The vasoconstrictor stimulus
provided by inhibition of adenylate cyclase is really a reduction in the
vasodilator effects of cAMP. Those effects are not completely characterised,
but it is clear that many or most of the vasodilator effects of cAMP result from
its activation of CAMP- and cyclic guanosine monophosphate (cGMP)-depen-
dent protein kinases (PKA and PKG; JiaNG et al. 1992). Phosphorylation of
Ca, channels in vascular smooth muscle cells by PKA or PKG inhibits calcium
flux (X1oNG and SPERELAKIS 1995; Liu et al. 1997), so a reduction in cAMP
concentration following a,-adrenoceptor activation would reduce PKA and
PKG activation and disinhibit the influx of calcium through Ca; channels.
Phosphorylation (by PKA) of Ky channels in rabbit portal vein smooth muscle
cells increases the channel-open probability (CoLE et al. 1996), and K srp chan-
nels are opened following phosphorylation by PKA in rabbit mesenteric artery
smooth muscle cells (QUAYLE et al. 1994). PKG activation seems responsible
for the ability of cCAMP to decrease intracellular Ca®** levels in rat aortic
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Fig.3. Schematic diagram of some important features of op-adrenoceptor
stimulus-response coupling pathways. The receptors inhibit adenylate cyclase via G,
and this reduces the amount of cyclic adenosine monophosphate generated, thus reduc-
ing the activity of cyclic-adenosine-monophosphate-dependent protein kinase (PKA)
and, to a lesser extent, cyclic-guanosine-monophosphate-dependent protein kinase
(PKG). The a,-adrenoceptors activate phospholipase D (PLD) via G, and the PLD
makes diacylglycerol, which activates protein kinase C (PKC; Fig. 2 for the effects of
PKC). The effects of PKA and PKG are shown in Fig. 4

smooth muscle cells (LiNcoLN et al. 1990), and phosphorylation of the IP;
receptor by PKG decreases the ability of IP; to release sarcoplasmic Ca**
(KomaraviLas and LincoLN 1994). Any decrease in the cellular cAMP con-
centration following ,-adrenoceptor activation has the potential to reduce
those vasodilator stimuli and effectively disinhibit any concomitant vasocon-
strictor stimuli. a,-Adrenoceptors can also activate phospholipase D, which
makes DAG, which in turn activates PKC (ABURTO et al. 1995). Thus, the PKC-
mediated vasoconstrictor effects discussed above are relevant to both o4- and
op-adrenoceptor-mediated vasoconstriction, particularly the enhancement of
calcium fluxes through Ca; channels. Fig. 3 shows the major stimulus-response
mechanisms of the a;-adrenoceptor and should be viewed in conjunction with
Fig. 2 and Fig. 4, which shows relevant effects of PKA and PKG.

C. Coupling Mechanisms in the Intact Animal

The conclusions that can be gleaned from functional data from in vivo prepa-
rations regarding stimulus—response coupling pathways are, of necessity, more
broad than those from the cellular and molecular approaches. Nonetheless,
they are essential in defining therapeutic targets and mechanisms. This section
sets out those broad conclusions that have been obtained mostly from
experiments involving measurement of pithed rat blood pressure. Many other
experiments concerning o4- and m-adrenoceptor stimulus-response coupling
mechanisms have been performed using other in vivo preparations and intact
blood vessels in vitro, but the pithed rat work was very influential and acted as
a basis for interpretation of most of the other experiments. In 1981, vaN MEEL



o-Adrenoceptor-Mediated Vasoconstriction 57

Fig.4. Schematic diagram of some of the effects of cyclic-adenosine-monophosphate-
dependent protein kinase (PKA) and cyclic-guanosine-monophosphate-dependent
protein kinase (PKG) activation. Phosphorylation of L-type calcium channels by PKA
decreases the flux of Ca®, but phosphorylation of adenosine-triphosphate-sensitive K*
channels and delayed rectifier K*channels increases the K* flux, repolarising or hyper-
polarising the cell. PKG can phosphorylate the inositol-triphosphate receptor and
decrease the release of sarcoplasmic Ca® stores
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Fig.5. Schematic diagram of vascular o~adrenoceptor stimulus-response coupling pro-
posed by TiMMERMANS et al. op-Adrenoceptors mediate the release of intracellular Ca*
stores, and a,-adrenoceptors mediate the influx of extracellular Ca® through L-type
calcium channels

and coworkers (1981a, 1981b) showed that pressor responses of pithed rats to
0g- and op-adrenoceptor stimulation differed in their susceptibility to calcium
channel blockers. The responses to og-selective agonists were little affected by
organic and inorganic calcium antagonists, but the responses to o,-selective
agonists were almost abolished. The authors concluded that the responses to
og-adrenoceptors are dependent on the release of intracellular stores of
calcium, whereas the responses to op-adrenoceptors are mediated exclusively
by the influx of extracellular calcium (Fig. 5). That hypothesis found rapid
support, but became more complicated when it was reported that removal
of some of the oy-adrenoceptors by phenoxybenzamine treatment greatly
increased the sensitivity of oy-adrenoceptor-mediated pressor responses to
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calcium channel blockers and that o-adrenoceptor partial agonists behaved
like op-adrenoceptor agonists (RUFFOLO et al. 1984; CookE et al. 1985; LEw et
al. 1985). It was suggested that the coupling mechanisms of 04- and ®,-adreno-
ceptors might be qualitatively similar, with the different susceptibilities to the
L-channel blockers of the responses to o;- and a,-adrenoceptor stimulation
being the predictable result of non-competitive antagonism of responses of
systems with high (o;) and low receptor reserve (o). That idea was not uni-
versally accepted (TIMMERMANS et al. 1984,1987), and the fact that at least part
of the response to o-adrenoceptor stimulation was refractory to inhibition by
calcium channel blockers meant that coupling of ¢g-adrenoceptors to vaso-
constriction was through at least two distinct mechanisms. It had been sug-
gested that the different coupling mechanisms were connected with different
subtypes of aj-adrenoceptor (MINNEMAN 1988). However, NicHoLs and
RurroLo (RurroLo et al. 1991) proposed, in effect, that a single class of oy-
adrenoceptors coupled via two G protein transduction systems: one they called
Gy, which stimulated phospholipase C to cause the release of intracellular
calcium pools, and another they called Gg,, which mediated influx of extracel-
lular calcium. They suggested that the same G¢, mediated the responses to
op-adrenoceptor stimulation. Pertussis toxin mimicked Ca;-channel blockers
in its pattern of inhibition of oj-and op-adrenoceptor-mediated pressor
responses in the pithed rat, so G¢, appeared to be a pertussis toxin-sensitive G
protein. It had previously been proposed that ¢,-adrenoceptors couple to vaso-
constriction via G; and inhibition of adenylate cyclase (Boyer et al. 1983), but
NichHoLs and colleagues argued that G, was distinct from G; and G, and that
inhibition of adenylate cyclase played no role in the vasoconstriction responses
to op-adrenoceptor stimulation (NicHors 1991; NicHoLs et al. 1988a, 1988b).
The receptor reserve dependence of the effects of Ca;-channel blockers on
responses to og-adrenoceptor agonists was explained by the suggestion that the
G, system has high sensitivity but a relatively low capacity to mediate vaso-
constriction and that the Gprc system had a lower sensitivity but a higher capac-
ity to mediate responses. Thus, low-efficacy agonists would primarily act via the
high-sensitivity G, system, giving responses that primarily involved influx of
extracellular calcium. High-efficacy agonists could activate both the G¢, and
the lower-sensitivity Gprc system, so the responses would involve both the
influx of extracellular calcium and the release of intracellular calcium. Predic-
tions from a simple mathematical model based on these ideas matched the
experimental data well (NicHoLs and Rurroro 1988).

The main features of the stimulus-response coupling scheme that NiCHOLS
and RurroLo proposed based on pithed rat experiments (Fig. 6) are:

1. oy-Adrenoceptors activate Gprc, which activates PLC to make IP; and
release intracellular calcium stores.

2. Both o4- and o,-adrenoceptors couple to opening of Cay channels via the
same G protein, Gc,.

3. G, is inhibited by pertussis toxin.
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Fig. 6. Schematic diagram of vascular a-adrenoceptor stimulus-response coupling pro-
posed by Nicrors and RurrFoLo. o;-Adrenoceptors mediate the release of intracellu-
lar Ca® stores via activation via Gp¢ of phospholipase C and inositol-triphosphate
generation. Both oj-and m-adrenoceptors mediate (via Gg,) the influx of calcium
through L-type calcium channels

4. The relative reliance of oy-adrenoceptor responses on G, increases with
decreasing receptor reserve.

5. Inhibition of adenylate cyclase by G; or G, is irrelevant to the effects of ;-
adrenoceptors.

D. Reconciliation

While it is not possible to confidently assert which are the most important of
the many stimulus-response components implicated by the molecular and cel-
lular studies, the form of the pithed rat data would not be easily predicted from
the molecular and cellular studies. Both receptors can increase the flux of
calcium though Ca; channels, but the o4-adrenoceptors appear much better
able to depolarise the smooth muscle cells and, thus, to open those channels,
so it is not easy to explain an almost complete reliance of ap-adrenoceptor-
mediated responses on the opening of Ca; channels. The pertussis toxin sen-
sitivity of the oy-adrenoceptor-mediated vasoconstriction responses might be
the result of the importance of pertussis toxin-sensitive G proteins in the for-
mation and potency of IP;, but that should give a pertussis toxin-sensitive com-
ponent to the intracellular calcium-dependent response, not the pertussis
toxin-sensitive opening of Ca channels that was proposed by Nicuors and
Rurroro. The cellular and molecular data point to inhibition of adenylate
cyclase as being one of the important parts of o,-adrenoceptor stimulus—
response coupling, so we don’t really have a clear single candidate for Ge,. In
the absence of a G¢, molecule, it is difficult to assess the hypothesised reason
for the agonist-efficacy-dependent reliance on calcium influx following
activation of og-adrenoceptors, and it is also difficult to be confident that G;
and G, are really irrelevant to the vasoconstrictor effects of op-adrenoceptor
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activation. Thus, there are substantial discrepancies between the descriptions
of stimulus-response pathways obtained from the different types of experi-
ment. This section attempts to find reasons for these discrepancies.

Some of the features of the stimulus-response scheme shown in Fig. 6 can
be matched to the detailed molecular pathways: the G protein that NicHoLS
and RurroLo called Gp, ¢ is almost certainly G, and mediates a calcium-influx-
independent component of vasoconstriction responses by activating PLC
to make IP; and release calcium from the sarcoplasmic-reticulum stores.
However most of the components of the stimulus-response coupling scheme
cannot easily be matched to molecular information. By itself, even equating
Gpc with G, is not sufficient to make sense of the data because, if the calcium-
influx-independent component of responses to a-adrenoceptor activation is
mediated by G, and IP;, then one might expect it to be relatively transient or
at least to peak rapidly and decline, forms of response that are not seen in the
pithed rat data. This particular problem can be explained by a closer consid-
eration of the time-courses of responses in the pithed rat. The cumulative bolus
dose-response curves used in the relevant studies are rapid, with responses to
each bolus reaching a peak or “plateau” within only a few seconds (LEw and
ANGUs 1985). This will inevitably emphasise the mechanisms of the initial
response over the later mechanisms and, thereby, will probably decrease the
apparent role of the calcium influx in those responses to o4-adrenoceptor acti-
vation. This idea was proposed by McGratH and O’BRrIeN (1987), who admin-
istered oy- and op-adrenoceptor agonists to pithed rats by sustained infusion
rather than by bolus injection. They found that nifedipine preferentially inhib-
ited the late, sustained part of the responses to g-adrenoceptor agonists,
leaving the initial, transient part relatively intact. The sensitivity of the sus-
tained responses to ;- and o,-adrenoceptor activation to nifedipine were
similar. Thus, it can be argued that the magnitude of the different sensitivities
of a;- and op-adrenoceptor-mediated pressor responses to Ca;-channel block-
ers is affected by the rapid generation of agonist dose-response curves in the
normal pithed rat assay method.

Intracellular mediators frequently affect more than one downstream
target process or molecule, so stimulus-response pathways become branched
and interconnected. That complication is widely known. It is probably less
widely appreciated that, under many circumstances, activation of blood vessels
by many different receptors can lead to recruitment of activation processes
via physical and extracellular routes. Such recruited activation can occur in
intact systems but not molecular or cellular systems, so they might be the
reason for some of the discrepancies between the molecular mechanisms and
intact functional responses to a-adrenoceptor activation. The most powerful
of those recruited pathways is probably the smooth muscle myogenic response
that can be recruited by increased smooth muscle cell tension, but activation
by additional mediators released in response to a-adrenoceptor activation
might also be an important component in the overall stimulus-response cou-
pling mechanisms of a-adrenoceptors. Some of the remaining difficulties in
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reconciling the molecular and cellular stimulus-response coupling mecha-
nisms with data from intact systems might have resulted from misinterpreta-
tion of functional interactions and the initial conditions of the in vivo assays.

E. Myogenic Activation

Myogenic responses are intrinsic to the vascular smooth muscle and allow
many blood vessels to respond to increased distending pressure or to stretch
with increased vasoconstrictive effort. The most straightforward demonstra-
tions of myogenic responses are experiments where small arteries or arteri-
oles in vitro are exposed to increased distending pressure and the resulting
change in diameter is tracked. The vessels are initially distended in a passive
manner by the pressure step, but then they actively contract, often to a diam-
eter smaller than they had before the pressure step. In general, it is found that
small arteries and arterioles have a greater myogenic reactivity than large
arteries. The proximate stimulus for myogenic responses has not been
conclusively determined, but smooth muscle cell tension is very likely to be
involved (MEININGER and Davis 1992), and basal active smooth muscle tone
is probably necessary for arteries to sense and respond to increased distend-
ing pressure (SPEDEN and WARREN 1986). A role for the endothelium in these
responses was also proposed but is now considered to be unlikely, as there is
convincing evidence that endothelial cells are not required for myogenic
responses in many arteries (MEININGER and Davis 1992).

The mechanisms involved in myogenic responses appear complex, and the
many systems that have been proposed to play a role include stretch-activated
cation channels, PKC, PLC and membrane depolarisation leading to opening
of Ca; channels (MEININGER and Davis 1992). Part of the reason that so many
different systems have been proposed to play a part in the myogenic responses
is that interventions reported to inhibit myogenic responses actually inhibited
the active tone needed for myogenic activation to occur. Nonetheless, there is
convincing evidence for smooth muscle cell depolarisation and the opening of
Ca; channels (BuLow 1996; WESSELMAN et al. 1996; KNot and NELson 1998;
Tanaka and Nakavama 1998).

In rat small cerebral arteries, increasing distending pressure from
10mmHg to 100mmHg caused constriction that was associated with smooth
muscle cell depolarisation from -63mV to -36mV and a rise in intracellular
calcium concentration from 119nM to 245 nM. Inhibition of the Ca, channels
with nisoldipine decreased the intracellular calcium concentration and relaxed
the arteries at 60 mmHg but, importantly, the nisoldipine neither altered mem-
brane potential nor reduced the depolarising effect of extracellular K* (Knot
and NELson 1998). Thus, blockade of the Ca, channels inhibited myogenic
tone without inhibiting the proximal stimulus for the channel opening, and it
cannot be argued that the effect was due to interference with the myogenic
stimulus. Further evidence for a mechanistic antagonism of myogenic
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responses by Ca;-channel blockade is provided by experiments in the rat
femoral artery, where myogenic responses were enhanced following partial
inhibition of active tone by acetylcholine or pinacidil but were almost abol-
ished following an equivalent inhibition of the tone by Ca;-channel blockers
(Burow 1996). Myogenic responses involve depolarisation and the influx of
extracellular calcium through voltage-gated Ca; channels and, therefore, Ca.
channels probably play a role in vasoconstriction elicited by any stimulus that
recruits myogenic amplification.

Recruitment of myogenic responses during the responses initiated by
receptors implies recruitment of the stimulus-response pathways of the myo-
genic response into the overall stimulus-response pathway of those receptors.
Where the receptor and myogenic system have pathways in common, this
would simply reinforce the activation of already active pathways but, other-
wise, it would recruit pathways foreign to the receptor. Therefore, it seems
inevitable that responses to o;- and op-adrenoceptors will involve the mecha-
nisms of the myogenic responses. Myogenic self-activation has been found to
be a component in vasoconstriction responses initiated by o-adrenoceptors
both in vivo and in vitro. MEININGER and Trzeciakowskl (1988) showed that
the effects of a phenylephrine infusion on the vascular resistance of rat intes-
tine were reduced where the intestine was isolated from the pressor effect of
the phenylephrine (i.e. when the intestinal vascular bed was held isobaric).
They suggested that autoregulatory mechanisms in the intestinal bed were
activated by the increased perfusion pressure elicited by the phenylephrine,
implying that both the myogenic responses of the vasculature to the pressure
per se and alterations in production of locally made vasoactive agents due to
increased flow (i.e. overperfusion) in the vascular bed might be involved.
However, the fact that myogenic responses can be elicited from arterial seg-
ments in vitro suggests that the myogenic response to pressure plays an impor-
tant part and, thus, part of the primary response elicited by phenylephrine was
amplified by a myogenic response. The interaction between receptor-mediated
vasoconstriction responses and myogenic responses varies with the receptor
type. Myogenic activation of small arteries in the rat cremaster are facilitated
more by a,-adrenoceptor activation than by aj-adrenoceptor activation both
in vivo and in vitro (FABER and MEININGER 1990; IKEOKA et al. 1992) and, thus,
myogenic amplification of o,-adrenoceptor-mediated vasoconstriction will be
more important than myogenic amplification of @;-adrenoceptor-mediated
vasoconstriction. As the myogenic responses involve opening of Ca; channels,
the idea of myogenic recruitment helps to explain the importance of Ca; chan-
nels in the response to o,-adrenoceptor activation.

F. Autocrine and Paracrine Activation

Vasoactive purines and arachidonic-acid metabolites have been reported to be
released from arterial smooth muscle or endothelium after stimulation of
vascular a-adrenoceptors. Therefore, full consideration of a-adrenoceptor
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stimulus-response coupling in vascular tissues also requires attention to the
activation of other types of receptor that might be activated in an autocrine
or paracrine manner. Any autocrine effects of arachidonic acid released from
smooth muscle cells will vary according to which prostaglandins are formed
from the arachidonic acid. Significant amounts of prostacyclin have been
reported to result from activation of both ¢4- and a-adrenoceptors in rabbit
aortic smooth muscle (NEBIGIL and MALIK 1993), so it is possible that activa-
tion of adenylate cyclase might result indirectly from activation of o-
adrenoceptors. Presumably, however, vasoconstrictor pathways might also be
stimulated by other types of prostaglandin. The release of arachidonic acid and
prostacyclin are sensitive to pertussis toxin and appear to involve activation
of phospholipase A and the influx of calcium through Ca; channels (NEBIGIL
and MaALIK 1993; NisHio et al. 1996).

Purines, including ATP and adenosine, can be released from arteries fol-
lowing stimulation of o;-adrenoceptors, and those purines may act on smooth
muscle cells in an autocrine or paracrine fashion. Purine release upon activa-
tion with noradrenaline was much greater from the rat tail artery than from
the thoracic aorta, and the purines appeared to originate predominantly from
the endothelium (SHINOZUKA et al. 1994). The location of the norepinephrine
concentration—response curve for purine release from the tail artery was very
similar to the concentration-response curve for vasoconstriction, so it is
unlikely that the release of purines was simply a non-physiological artefact
from high concentrations of noradrenaline or excessive vasoconstriction.
Although the consequences of endothelial ATP and adenosine release for
smooth muscle cell function were not tested, it was estimated that the amount
of purines released from the endothelial cells was sufficient to affect vascular
function (SHINOZUKA et al. 1994). A functional autocrine role for noradrena-
line-induced ATP release has been shown in Chinese hamster ovary cells
transfected with op-adrenoceptors. Those cells responded to noradrenaline
with a rapid release of intracellular Ca stores, which was mimicked by exoge-
nous ATP and inhibited by the ATP-hydrolysing enzyme apyrase and by the
non-selective P2-receptor antagonist suramin (OKERMAN et al. 1998). Thus,
activation of the o,-adrenoceptor in those cells elicited a release of intracel-
lular calcium stores via autocrine activation of P2Y receptors, which activate
PLC to form IP;. Because vascular smooth muscle cells express P2X rather
than P2Y receptors, any autocrine activation by released ATP would presum-
ably involve depolarisation via the P2X non-specific cation channel. Presum-
ably, this would allow influx of calcium both through the P2X channel itself
and through Ca; channels opened as a consequence of depolarisation. If such
paracrine activation was functionally significant, then one might expect vaso-
constrictor responses to -adrenoceptor activation to be partly sensitive to
inhibition of purinoceptors. This has been reported to be the case in pithed
rats, where responses to op-adrenoceptor stimulation were partially inhibited
by desensitisation of P2X receptors with of-methylene-ATP (SCHLIKER et al.
1989; DALZIEL et al. 1990).
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G. Functional Antagonism

Indirect recruitment of stimulus-response coupling mechanisms helps explain
the importance of calcium influx in vasoconstriction responses to o-
adrenoceptor stimulation but does not help to explain why ¢;-adrenoceptor
partial agonists behave more like op-adrenoceptor agonists than like full oy-
adrenoceptor agonists. We may be able to explain this by consideration of the
efficacy-dependent features of functional interactions. Both PEDRINELLI et al.
(1985) and Lew and Ancus (1985) suggested that the depressor effect of
calcium channel blockers may preferentially interfere with op-adrenoceptor
agonists and partial og-adrenoceptor agonists by functional antagonism.

Before we can explore this issue in any depth, exact meanings of terms
describing antagonism need to be agreed on. The term “functional antago-
nism” can mean either antagonism of an effect by activation of an opposite
effect (a meaning that is sometimes called physiological antagonism) or antag-
onism by interference with events that follow receptor activation (JENKINSON
et al. 1995). Because the meaning of functional antagonism that was intended
by LEw and ANGUs and probably by PEDRINELLI et al. (1985) is the former but
the antagonism of Ca;-channel blockers for effects mediated by opening of
Ca_ channels is the latter, we need to discriminate between them clearly. One
might simply describe the former situation as physiological antagonism and
thus allow functional antagonism to unambiguously mean the latter. However,
because the term functional antagonism has been used to mean solely the
former in many important works on the topic (VAN DEN BRINK 1973; BROADLEY
and NicHoLSON 1979; Mackay 1981; LErr et al. 1985), it is preferable to reserve
that meaning for functional antagonism and to coin a new term for the latter.
It is suggested that “mechanistic antagonism” can be used to mean that type
of antagonism that occurs when the antagonist specifically blocks an event that
follows receptor activation. Thus, the antagonism of nifedipine for vasocon-
striction responses that involve the opening of Ca; channels is mechanistic
antagonism, whereas any antagonism of vasoconstriction by vasodilatation per
se is functional antagonism.

The exact patterns of functional antagonism interactions vary according
to the systems in which they are observed and with the particular pathways
used by the agonist and antagonist. However, where all else is equal, a full
agonist will be less affected by a functional antagonist than will a partial
agonist, and effects mediated by a strongly coupled receptor system will be
less affected than responses mediated by a less strongly coupled receptor. This
pattern results from the fact that the stronger systems have an excess capac-
ity to mediate activation, so a larger amount of inactivation stimulus is needed
to occlude their effects. This is sometimes explained in terms of receptor
reserve, which is probably an adequate way to describe the differences
between full and partial agonists acting at the same receptor. However, when
dealing with drugs acting at different receptors, one cannot group all of the
determinants of efficacy into receptor reserve; full agonists acting at a weakly



o-Adrenoceptor-Mediated Vasoconstriction 65

coupled receptor system can have a receptor reserve but a low maximum
effect. In other words, a full agonist at oy-adrenoceptors may have receptor
reserve even where the maximum effect of op-adrenoceptor activation is less
than the effect of og-adrenoceptor activation, a situation that has been docu-
mented in the canine saphenous vein (RurroLo and ZEID 1985). Receptor
reserve has predictive power when one is dealing with the effects of an irre-
versible competitive antagonist but not necessarily when one is dealing with
functional antagonism. In that case, one has to look beyond receptor numbers
(LEw 1995).

Because the maximum response to op-adrenoceptor activation in the
pithed rat is less than that for aj-adrenoceptor activation, the pattern of antag-
onism of a-adrenoceptor-mediated pressor responses by functional antago-
nism is qualitatively the same as that observed with Ca,-channel blockers.
Compared with responses to full agonists at ¢;-adrenoceptors, responses to (1)
op-adrenoceptor stimulation, (2) partial agonists of o;-adrenoceptors and (3)
full o4-adrenoceptor agonists after partial alkylation of the receptors all have
a lower ability to mediate vasoconstriction and preferentially inhibit vasodi-
latation in vitro (MARTIN et al. 1986; OHYANAGI et al. 1992) and in vivo (LEw
and ANGus 1985; PEDRINELLI and Tarazi 1985).

It is clear that at least part of the vasoconstriction responses mediated by
both ¢;- and ap-adrenoceptors should be sensitive to mechanistic antagonism
by Ca;-channel blockers, so the question is not whether the effects of the
blockers are the result of functional antagonism, but rather whether functional
antagonism contributes to the effect of the Ca; -channel blockers. Ca; -channel
blockers elicit a depressor effect in pithed rats and in anaesthetised rats with
autonomic blockade. The basal blood pressure in such preparations may be as
low as 40mmHg, probably low enough to make pressor responses in the pithed
rat preparation susceptible to functional antagonism by any further decrease
in pressure. That has been shown by the observation that while the blood pres-
sure is reduced by sodium nitroprusside, the pressor responses to o;-and oy-
adrenoceptor agonists are significantly inhibited by functional antagonism
(Lew and ANGus 1985; PEDRINELLI and TarAZI 1985). The pattern of inhibi-
tion is qualitatively the same as that caused by the Ca, -channel blockers, with
the responses to o,-adrenoceptor agonists being almost abolished and the
dose-response curve of full oj-adrenoceptor agonists being merely shifted
rightward.

TiMMERMANS et al. (1987) claimed to have excluded the possibility that the
depressor effect of nifedipine was important to its effects in the pithed rat;
however, they simply showed that prevention of the depressor effect by infu-
sion of vasopressin did not completely prevent the antagonism of responses
to phenylephrine by nifedipine in rats that had been treated with phenoxy-
benzamine. That experiment may have tested the hypothesis that functional
antagonism was the sole mechanism of antagonism by nifedipine, but such a
hypothesis had not been proposed. In fact, responses to phenylephrine in the
presence of nifedipine were slightly larger in the vasopressin-infused rats than
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in the control rats, so the data actually support a role for functional antago-
nism. Functional antagonism is probably also important in explaining the
apparent importance of the pertussis toxin-sensitive process in the coupling of
og-adrenoceptors to calcium influx. In pithed rats, the pressor responses to o;-
and op-adrenoceptor agonists were substantially inhibited by pertussis toxin
(RurroLo et al. 1991), with the magnitude and pattern of the effects of the
toxin being similar to those of Ca;-channel blockers (a more substantial inhi-
bition of mp-adrenoceptor agonists and partial o;-adrenoceptor agonists than
full oy-adrenoceptor agonists). Thus, it was proposed that the adrenoceptors
link to opening of Ca; channels via a pertussis toxin-sensitive path, but the
apparently critical experiment of testing for non-summation of the effects of
pertussis toxin and Ca;-channel blockers was not performed. Pertussis toxin
causes a decrease in the basal blood pressure of the pithed rats sufficiently
large that one would expect inhibition of pressor responses by functional
antagonism. Presumably, mechanistic inhibition of both o-and op-
adrenoceptor-mediated pressor responses also plays a role but, with the avail-
able data, it is not possible to compare the relative importance of the types of
antagonism. Functional antagonism almost certainly plays a role in the antag-
onism of pressor responses of the pithed rat by agents which, like Ca; -channel
blockers and pertussis toxin, lower the blood pressure. Thus, the efficacy-
dependent nature of functional antagonism can explain at least some of the
selectivity of those agents for o,-adrenoceptor and o;-adrenoceptor partial-
agonist-mediated pressor responses.

H. Adenylate Cyclase and o,-Adrenoceptors

It was proposed that inhibition of adenylate cyclase plays little if any role in
vasoconstriction responses to stimulation of op-adrenoceptors, despite the per-
tussis toxin-sensitive link between those receptors and vasoconstriction
(NicHoLs et al. 1988; NicuoLs 1991). The logic of the arguments used is essen-
tially that in order for inhibition of adenylate cyclase to mediate the large
pressor response that can be obtained from stimulation of a,-adrenoceptors
(more than 80 mmHg increase in blood pressure in the pithed rat), there would
need to be a sufficient level of adenylate-cyclase activity to hold the pressure
down by a similar amount. The authors suggested that there is little likelihood
that there is a level of any circulating agent that activates adenylate cyclase in
the pithed rat sufficient to account for such activation of the enzyme. That
argument may be wrong on the grounds that it focuses solely on “circulating
agents” and in the expectation that inhibition of adenylate cyclase has to
mediate the whole response.

While there may be little circulating adrenaline to activate adenylate
cyclase in the pithed rat, adenosine would be produced in tissues underper-
fused by the low basal blood pressure (~40mmHg diastolic). Adenosine A,
receptors couple to vasodilatation via G, and could easily provide an eleva-
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tion of adenylate-cyclase activity and cAMP that can be inhibited by G; acti-
vation following op-adrenoceptor activation. If part of the pressor effect is
supplied by myogenic amplification, then relatively little adenylate-cyclase
activation may be needed. One cannot say how much pressor stimulus is
needed to initiate a pressor response of 80mmHg, but in vitro experiments
suggest that it could be surprisingly little. Myogenic mechanisms can make the
stimulus-response curve in pressurised isolated segments of rat mesenteric
artery so steep that they respond to vasopressin in an almost all-or-none
fashion when the diameter is held constant by feedback control of the dis-
tending pressure (VAN BaviL and MULVANY 1994). Vasopressin concentrations
sufficient to elicit any activation caused maximal contractile effort, leading the
authors to conclude that even minor direct activation recruited myogenic acti-
vation sufficient for a maximal response. The conditions of that experiment
may seem more extreme than those that would pertain to the pithed rat, but
it should be remembered that at least some of the arteries and arterioles
activated in the pithed rat would have experienced a marked increase in
distending pressure as they contracted in response to the a-adrenoceptor
agonists. Those vessels may have experienced the isometric conditions that
were used in the in vitro experiments. Thus, the argument that inhibition of
adenylate cyclase cannot be important for op-adrenoceptor-mediated vaso-
constriction is based on an exaggerated assumption of the necessary initial
level of adenylate-cyclase activity. Inhibition of a modest amount of adeny-
late-cyclase activity may be sufficient to allow the pressor responses that result
from the combined direct and myogenic activation. The form of the interac-
tions between o-adrenoceptors and both adenosine receptors and f-
adrenoceptor stimulation is consistent with inhibition of adenylate cyclase as
a primary stimulus-response mechanism of the op-adrenoceptors.

It has been shown that o,-adrenoceptors are more sensitive than o4-
adrenoceptors to functional antagonism by the Karp-channel opener cro-
makalim (TateisHr and FaBer 1995) and by cGMP-elevating agents (LEw and
ANGUs 1985; PEprINELLI and Tarazi 1985; Onyanact et al. 1992). This is
the expected pattern of functional antagonism because of the stronger
stimulus-response coupling of the o-adrenoceptors. However, the opposite
pattern has been shown in the rat cremaster, where the adenosine-receptor
agonist 5’-N-ethylcarboxamidoadenosine is more potent at cancelling vaso-
constriction mediated by ay-adrenoceptors (norepinephrine in the presence of
rauwolscine) than that mediated by o,-adrenoceptors (norepinephrine in the
presence of prazosin; NisHIGAKI et al. 1991). Similarly, in the pithed rat, salbu-
tamol affected the concentration-response curves to the o,-adrenoceptor
agonist B-HT 933 and the full o4-adrenoceptor agonist cirazoline equally
(NicHoLs et al. 1989). In both of those cases, it is likely that there is a specific
interaction between the activation of adenylate cyclase by both the adenosine
receptors and f-adrenoceptors and the inhibition of adenylate cyclase by the
op-adrenoceptors. In other words, where adenylate-cyclase activity is elevated
above basal levels, op-adrenoceptors can couple to vasoconstriction via inhi-
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bition of adenylate cyclase. The inability of a,-adrenoceptors to decrease basal
levels of cAMP has been taken as evidence against a primary role of
adenylyl-cyclase inhibition in ,-adrenoceptor-mediated vasoconstriction
(WRIGHT et al. 1995). However, it must be noted that the physiologically rele-
vant state of adenylyl-cyclase activity may be well above the in vitro “basal”
level because of the simultaneous presence of a wide variety of vasoactive
agents. Thus, it seems likely that inhibition of adenylate cyclase is an impor-
tant stimulus-response coupling mechanism for vascular op-adrenoceptors, not
only in the cellular and molecular studies, but in vivo as well.

I. Conclusions

This review is a selective rather than comprehensive look at o4- and -
adrenoceptor stimulus-response pathways and, thus, the resulting schemas
might be both overly simple and biased. Important experiments that help com-
plete our knowledge of stimulus-response pathways, particularly many in vitro
studies of arteries and veins, have been omitted for the sake of clarity and
brevity. However, that limitation does not affect the overall conclusions
because, while there are many uncertainties in our picture of the
stimulus-response coupling mechanisms of the o-adrenoceptors, it is clear that
the pictures obtained from intact systems and the simpler cellular and mole-
cular systems differ in important ways. Some of those differences come about
because the increased relevance of more intact and complex experimental
systems comes at the cost of decreased acuity of interpretation. For example,
the role of pertussis toxin-sensitive G proteins in ¢-adrenoceptor-mediated
Ca, -channel opening and vasoconstriction is probably much smaller than the
in vivo experiments suggested. Other important differences between intact
and simple systems come about because the intact systems allow indirectly
recruited mechanisms to come into the stimulus-response pathways, as exem-
plified by the recruitment of myogenic responses involving Ca,-channel
opening in op-adrenoceptor-mediated vasoconstriction. It might be argued
that the mechanisms recruited indirectly are outside the proper or real stim-
ulus-response pathway for a particular receptor, but indirectly recruited mech-
anisms appear to play a physiologically important role in the overall response
of blood vessels to a-adrenoceptor activation and, therefore, cannot be
ignored. The intrinsic complexity of the stimulus-response mechanisms and
their interconnectedness means that we should expect that the roles of any
particular component will vary not only among tissues but among conditions
in a single tissue, and perhaps these roles will even vary from moment to
moment. Which of the putative coupling pathways are actually involved in o~
adrenoceptor stimulus-response coupling in blood vessels cannot be decided,
in part because of the difficulty in equating the results from the widely dif-
fering experimental models and protocols used in signal transduction research.
We must accept that many studies will document the possible rather than the
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actual and, as we gather more detailed information about stimulus-response
coupling mechanisms, it is increasingly important to be cognisant of the scope
of each type of experiment and to attempt to examine mechanisms at multi-
ple levels of organisation and under differing conditions of cellular activation.
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CHAPTER 3
G, Protein-Coupled Receptors in
Human Heart

A.J. KAUMANN

A. Introduction

Endogenous amines, such as the neurotransmitter noradrenaline or humoral
adrenaline, 5-hydroxytryptamine (5-HT) and histamine, enhance the rate and
force of the heart beat. These amines act as agonists at specific membrane
receptors that are usually coupled to the G, protein which, in turn, usually uses
adenylyl cyclase as an effector. Activation of some of these receptors can be
beneficial or harmful to heart function. Some interesting properties of these
cardiac receptors will be discussed, particularly their function in human heart.
A vast array of cardiac tissues and cells from animals have been used as models
of human heart function. Surprisingly, extrapolations and inferences about
receptor-mediated modulation of human heart function from results obtained
from animal cardiac tissues and cells can be misleading, resulting in the need
for direct experimentation on human heart tissues and cells. The aim of this
article is to concentrate on quantitative aspects of the function of coexisting
G; protein-coupled receptors in human heart to ascertain their relative impor-
tance. The value of choice of relevant animal models is critically stressed. The
function of individual receptors will be compared first, followed by some indi-
rect evidence for cross-talk among G,-coupled receptors.

B. Receptor Subtypes

Three mammalian B-adrenoceptors, which usually couple to G, protein,
have been cloned so far (ByLUND et al. 1994). It has been known since 1972
(CarLssoN et al. 1972) that both B;- and f,-adrenoceptors can mediate
cardiostimulant effects. B;-adrenoceptors have been reported to mediate
cardiodepressant effects (GAUTHIER et al. 1996, 1998) but, as discussed below,
this is controversial. A third cardiostimulant S-adrenoceptor has been pro-
posed (KAUMANN 1989), previously considered as a putative B-adrenoceptor
(KaumaNN 1997), but now demonstrated to involve the f-adrenoceptor
(Kaumann et al. 2000).

It has been known since 1989 that myocardial receptors for 5-
hydroxytryptamine (5-HT) are of the 5-HT, subtype and localised in the
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atrium (Kaumann et al. 1989 and 1990) and sinoatrial node (Kaumann 1990).
(For a general classification of 5-HT receptors, see Hoyer et al. 1994 and
HARTIG et al. 1996). G, protein-coupled receptors for histamine (HiLL et al.
1997) have H, characteristics in heart (BLAck et al. 1972) and coexist with func-
tional H; receptors in human atrium (SANDERs et al. 1996).

C. B-Adrenoceptor Subtypes
I. Comparison of ;- and B,-Adrenoceptors

1. Localisation

Both f;- and B,-adrenoceptors have been found to coexist in mammalian
hearts. Using autoradiographic techniques and combinations of a radioligand
and selective antagonists for one or the other subtype, MoLENAAR and col-
leagues (Buxton et al. 1987; ELNATAN et al. 1994; SuMMERS and MOLENAAR
1995) mapped B;- and B,-adrenoceptors in human left and right atrium and
ventricle, sinoatrial node, atrioventricular (AV) node, His bundle and Purkinje
fibres. As found in the hearts of other species, the density of human cardiac
Bi-adrenoceptors is higher than that of B,-adrenoceptors. The density of f3,-
adrenoceptors tends to be, however, higher in atrial than in ventricular
myocardium and is higher in the AV conducting system than in the surround-
ing myocardium. The distribution of f;- and B,-adrenoceptors in the human
AV conducting system resembles that of other species (MOLENAAR et al. 1990a,
1990b); the relative function of the two subtypes in this system is unknown.

2. Function of 3;- and B,-Adrenoceptors

Noradrenaline and adrenaline can cause cardiostimulation through both f;-
and f-adrenoceptors. Contractility of isolated human atrial preparations is
increased maximally by both noradrenaline and adrenaline through §;- and
Br-adrenoceptors, respectively (LEMOINE et al. 1988; HALL et al. 1990). Nora-
drenaline and adrenaline cause a similar incidence of arrhythmias mediated
through f;- and B,-adrenoceptors, respectively, in an experimental model of
arrhythmias in isolated human atrium (KAumMaNN and SANDERS 1993). In iso-
lated ventricular trabeculae obtained from human hearts in terminal failure,
both noradrenaline and adrenaline enhanced contractility (through f;- and f,-
adrenoceptors, respectively) to a similar extent (Kaumann et al. 1999). Fur-
thermore, on these ventricular trabeculae, noradrenaline and adrenaline are
also equipotent and equiefficacious in mediating hastened relaxation through
Bi- and By-adrenoceptors, respectively (KAUMANN et al. 1995a, 1999), as previ-
ously observed in human ventricular myocytes (DEL MoNTE et al. 1993) and
in human atria (HALL et al. 1990). Furthermore, in human atrium and ventri-
cle both §;- and fB,-adrenoceptors mediate similar PKA-dependent phospho-
rylations of phospholamban, troponin I and C protein, implicated in cardiac
relaxation (Kaumann et al. 1996a; Kaumann et al. 1999). With the help of
subtype-selective antagonists, the relaxant effect adrenaline in human ven-
tricular trabeculae are found to be mediated to similar extents through f;- and
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Fig.1. Hastening of relaxation by (-)-adrenaline through both f;- and f,-adrenocep-
tors. Right-ventricular trabeculae, paced at 37°C, from a 54-year-male patient with
ischaemic heart disease. The time to 50% relaxation, measured from 100-mm/s speed
tracings, is shown as a function of (-)-adrenaline concentration. Cumulative concen-
tration—effect curves for (-)-adrenaline were determined in the absence (circles) or
presence of 300nM CGP-20712 (squares) to block fj-adrenoceptors or both 300nM
CGP-20712A and 50nM ICI-118,551 (triangles) to block both f;- and B-adrenocep-
tors. The concentration—effect curves were fitted with the equation

A A
=1 +f,
"A+Ku +1+ICYK ¢ + CGP/Keon) A +K a1+ ICYK i, + CGP/K cop)

where A, CGP and ICI are concentrations of (-)-adrenaline, CGP-20712 A and ICI-
118,551, respectively, and K the corresponding equilibrium dissociation constants for
Bi- and B,-adrenoceptors. K values for ICI and CGP were taken from Kaumann and
LeMOINE (1987). pK4 values for (-)-adrenaline of 6.5 and 6.3 were estimated for f;-
and fB,-adrenoceptors, respectively. The fractions f, and f, of the relaxant response (R)
mediated through ;- and B,-adrenoceptors were 0.44 and 0.56, respectively. The area
between the circles and squares corresponds approximately to effects mediated through
Bi-adrenoceptors. The area between the squares and triangles corresponds roughly to
effects mediated through B,-adrenoceptors (KAUMANN and SANDERS, unpublished)

R

Br-adrenoceptors (Fig. 1). This evidence, taken together, is apparently puzzling
because, in human heart, the f;-adrenoceptor population is consistently
greater than the f,-adrenoceptor population, regardless of cardiac region
(Buxton et al. 1987; ELNATAN et al. 1994; SUMMERS and MOLENAAR 1995), and
predominates in terminal heart failure (though less than in non-failing hearts;
Bristow et al. 1986). Clearly, the contribution of ;- and fB,-adrenoceptors to
the effects of physiological catecholamines is not proportional to the size of
the corresponding receptor populations. To account for this disproportion, a
biochemical hypothesis has been advanced.

3. Selective Coupling of B,-Adrenoceptors

A tighter coupling of fB,-adrenoceptors to the G; protein-adenylyl cyclase
system (compared with that of f;-adrenoceptors) was proposed to occur in
human atrial (GILLE et al. 1985) and ventricular membranes from non-failing
(KauManN and LEmoINE 1987) and failing hearts (Bristow et al. 1989). The
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proposal came from the analysis of concentration—effect curves of adenylyl
cyclase stimulation by noradrenaline and adrenaline in the absence and pres-
ence of antagonists selective for ;- and/or fB,-adrenoceptors. Fractional par-
ticipation of ;- and f3,-adrenoceptors was estimated with non-linear analysis
under the assumption of interaction of the catecholamine with the two recep-
tor populations (GILLE et al. 1985; Kaumann and LemoiNE 1987). Both
adrenaline, which has similar affinity for human ventricular f;- and f,-
adrenoceptors, and noradrenaline, which has an around twenty times higher
affinity for fi-adrenoceptors (KAumaNN et al. 1989a), stimulated adenylyl
cyclase more through f,- than through fB;-adrenoceptors (GILLE et al. 1985;
KaumanN and LEMOINE 1987; Fig. 2). Assessments of both membrane adeny-
lyl cyclase stimulation and the density of membrane receptors yielded an esti-
mate of the number of molecules of cyclic adenosine monophosphate (cAMP)
produced through activation of one receptor per minute. This was obtained by
dividing the agonist-evoked activity of the adenylyl cyclase mediated through
a given receptor subtype by the corresponding subtype receptor density. When
stimulated by noradrenaline and adrenaline, one S,-adrenoceptor led to the
production of around four and seven times more cAMP molecules, respec-
tively, than did one f;-adrenoceptor (Table 1).
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Fig.2. Comparison of ;- and f},-adrenoceptor densities with the corresponding frac-
tional responses of adenylyl cyclase in human ventricular membranes from patients
without advanced heart failure. The receptors were labelled with [*H]-(-)-bupranolol
and By-selective CGP-20712A (left upper panel) and B;-selective ICI-118551 (left lower
panel) compete for binding. Concentration—effect curves for adenylyl (adenylate)-
cyclase stimulation by (-)-noradrenaline and their shift by ICI-118551 and CGP-
20712A are shown in the right upper and lower panels, respectively. Non-linear analysis
was carried out with equations for two coexisting receptor populations. ;- and S
adrenoceptor densities and fractional responses are depicted by curly brackets.
Notice that fractional adenylyl cyclase responses of (-)-noradrenaline through f;-
adrenoceptors are greater than those through f;-adrenoceptors, but the 3-adrenocep-
tor density is greater (KAuMaNN and LEMOINE 1987)
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Table1. Estimate of coupling of B;- and B,-adrenoceptors to the G, protein-adenylyl
cyclase system in membranes from non-failing human hearts. Calculated from atrial
data of GILLE et al (1985) and ELNATAN et al. (1994) and ventricular data of KAUMANN
and LEMOINE (1987)

Receptor  Tissue Disease Density  Adenylyl cyclase Molecules
fmol/mg pmol/(mg X min) cAMP

min™
B Ventricle Mitral lesion 29.8 4.85 (adrenaline) 163
6.85 (noradrenaline) 234
B Ventricle Mitral lesion 12.2 14.55 (adrenaline) 1195
12.42 (noradrenaline) 1020
B Atrium  Ischaemia 29.0 8.83 (noradrenaline) 304
B Atrium  Ischaemia 15.2 17.92 (noradrenaline) 1179

cAMP, cyclic adenosine monophosphate.

Independent evidence obtained from human ventricle (Fig. 3) supports
tighter coupling of f,-adrenoceptors than of f;-adrenoceptors. The ability of
the receptor to form a high-affinity complex with hormone and G, protein can
be tested with guanosine triphosphate (GTP), guanosine diphosphate (GDP)
or a non-hydrolysable analogue of GTP (GTP)S) known to cause dissociation
of the hormone from the receptor (RoDBELL et al. 1971; LoNDos et al. 1974)
by decreasing its affinity. High- and low-affinity receptor states are conven-
tionally described by the equilibrium dissociation constants Ky and K. The
magnitude of the K;/Ky ratio seems proportional to the tightness of coupling
between receptor and G protein (KeNT et al. 1980). Analysis of the experi-
ment on human ventricular membranes with the non-hydrolysable GTP ana-
logue GTP9S of Fig. 3 revealed that the K;/Ky ratio is 13 for noradrenaline
and 12 for adrenaline at f;-adrenoceptors. In contrast, for f,-adrenoceptors,
the K;/Ky ratio was considerably greater — 219 for noradrenaline and 387 for
adrenaline. Interestingly, the K;/Ky ratio appears to be independent of the
affinity of the catecholamine for the high- and low-affinity states of the f3,-
adrenoceptor (Fig. 3), suggesting that it is related to a similar conformational
state evoked by the binding of noradrenaline (Ky = 0.21uM, K; = 46 uM)
and adrenaline (Ky = 0.015uM, K; = 5.8 uM). The evidence is consistent with
tighter coupling of 3,-adrenoceptors (compared with §-adrenoceptors) to the
G, protein—-adenylyl cyclase system of human heart and appears to be tissue
independent, because it has been confirmed with human recombinant trans-
fected (GREEN et al. 1992) and co-transfected (LEvy et al. 1993) - and fB,-
adrenoceptors. There is f;-adrenoceptor polymorphism. The more abundant
arginine-389 variant appears to couple more firmly to the G, protein—
adenylyl cyclase system than the less abundant glycine-389 variant (MasoN
et al. 1999). GreeN et al. (1992) transfected the glycine-389 variant, while
Levy et al. (1993) co-transfected the arginine-389 variant (LEvy, personal
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Fig.3. Comparison of shifts of binding-inhibition curves of physiological cate-
cholamines by guanosine triphosphate (GTP))S (100uM) through human ventricu-
lar B-adrenoceptors (¢,d), B-adrenoceptors (e,f) and both f;- and f,-adrenoceptors
(g,h). c-h depict binding-inhibition curves in the absence (O) and presence (@) of
GTPyS. B-Adrenoceptors were labelled with (-)-[**1]-cyanopindolol (a), and a binding-
inhibition curve for CGP-20712A (b) was plotted to assess the proportion of f;-
adrenoceptors (58%) and fB,-adrenoceptors (42%). To block B-adrenoceptors, ICI-
118551 (50nM) was present in ¢ and d. To block f;-adrenoceptors, CGP-20712A (300
nM) was present in e and f. All assays were carried out on left-ventricular membranes
from the heart of a 58-year-old male patient with dilated cardiomyopathy in terminal
failure. Notice that GTPS shifts were greater with 3,- than f;-adrenoceptors. Data
from b-h were fitted simultaneously with an equation for two receptor populations
(KAUMANN et al. 1995a)
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communication). Although both recombinant f;-adrenoceptor variants couple
less to the G, protein-adenylyl cyclase system than the fB,-adrenoceptors do,
it would be interesting to know whether it is possible to detect a difference in
coupling with native cardiac f;-adrenoceptors in homozygous individuals
expressing either variant.

Selective coupling was not inferred from the joint analysis of experiments
with receptor binding and adenylyl cyclase assays from cat heart, in which the
magnitude of adenylyl cyclase stimulation is proportional to the correspond-
ing densities of f;- and f,-adrenoceptors (KAUMANN et al. 1989a). In addition,
feline cardiac B;-adrenoceptors (but not B,-adrenoceptors) hasten ventricular
relaxation, suggesting that only the former but not the latter receptors use the
G; /cyclic AMP pathway (LEMOINE and KaumanN 1991). Furthermore, the sit-
uation is even more disparate in murine heart compared with human heart.
Rat f,-adrenoceptors from adult rat and mouse ventricular myocytes appear
to be coupled to G; protein (X1a0 et al. 1994, 1999) which inhibits adenylyl
cyclase, with functional consequences unrelated to the human cardiac -
adrenoceptor coupled to the G, protein-adenylyl cyclase pathway. Only when
the G; protein is inhibited by pertussis toxin can a coupling of rat f5,-
adrenoceptors to the G; protein—adenylyl cyclase pathway be demonstrated
(X140 et al. 1994, 1999). In mouse left atria ,-adrenoceptors do not mediate
positive inotropic effects of adrenaline, not even after pertussis toxin treat-
ment (Oostendorp and Kaumann 2000), in sharp contrast to human atrium in
which B,-adrenoceptors mediate maximum inotropic effects of adrenaline and
are coupled selectively to the G, protein—adenylyl cyclase system (GILLE et al.
1985). Evidence from sheep (BorEa et al. 1992) and dog heart (ALTSCHULD et
al. 1995) also suggests that only f;-adrenoceptors (not fB,-adrenoceptors)
couple effectively to a G, protein—adenylyl cyclase pathway. These examples
illustrate that it would be misleading to extrapolate conclusions from cardiac
Bi- and B,-adrenoceptors of several species to their function in human heart,
stressing the need for direct experimentation on isolated preparations from
human heart. In the hamster heart, however, ,-adrenoceptors are more tightly
coupled to the G, protein-adenylyl cyclase system than S-adrenoceptors are
(WITTE et al. 1995), thus resembling the situation in human heart and perhaps
providing a relevant experimental model. Interestingly, in genetically car-
diomyopathic hamsters, catecholamines appear to stimulate adenylyl cyclase
entirely through B,-adrenoceptors, while B;-adrenoceptors cease to couple to
the enzyme through G, protein (WITTE et al. 1995, 1998).

The size of the functional G, protein pool appears to be sufficient to permit
complete coupling of both B- and f,-adrenoceptors in human ventricle. This
is demonstrated by the panels in Fig. 3g,h. When both fB- and S.-
adrenoceptors are left to interact simultaneously with the G, protein, the
effect of GTPS is roughly equivalent to the sum of the large effects on the
smaller B,-adrenoceptor population and the small effects on the larger Bi-
adrenoceptor population. This finding is in contrast to the situation in some
host cells, which greatly overexpress recombinant receptors at such high
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densities that the G, protein pool is insufficient for complete coupling to the
receptors (KENAKIN 1997).

Human f,-adrenoceptors overexpressed approximately 50- to 200-fold in
mouse heart couple spontaneously to the G, protein—adenylyl cyclase system
in the absence of agonist (MiLaNO et al. 1994; BonD et al. 1995). The hearts
and atria of these transgenic mice contracted stronger and faster than those
of littermates but were resistant to further contraction with (-)-isoprenaline.
B-Adrenoceptor-blocking agents caused decreases in contractile force on atria
of these transgenic mice, presumably by changing the B,-adrenoceptors into a
conformation that caused uncoupling from the G, protein, i.e. by acting as
inverse agonists (BonD et al. 1995). In human atrial myocytes, propranolol and
atenolol can act as inverse agonists in the presence of forskolin by decreasing
the L-type Ca** current (MEWES et al. 1993), perhaps through phosphorylation
of the Bi-adrenoceptor. A puzzling observation is that ICI-118551, a selective
B,-adrenoceptor antagonist, failed to inhibit the L-type Ca** current (MEWES
et al. 1993), suggesting that, under these conditions, native f-adrenoceptors
are not pre-coupled to the G, protein-adenylyl cyclase system. This is in con-
trast to agonist-stimulated B,-adrenoceptors that mediated protein kinase A
(PKA)-dependent increases of L-type Ca* current in human atrial myocytes
(SkeBERDIS et al. 1997). Greatly overexpressed human f,-adrenoceptors in
mouse heart can also couple to G; protein (Xiao et al. 1999). Native ventricu-
lar B,-adrenoceptors from failing human hearts, however, couple to the G,
protein—adenylyl cyclase pathway (Kaumann et al. 1999), despite increased G;
protein levels (Feldman et al. 1988) compared with non-failing hearts. These
profound functional discrepancies between native human cardiac f,-
adrenoceptors and recombinant SB-adrenoceptors overexpressed in mouse
heart preclude a variety of extrapolations from the latter to the former system.

D. Is There a Functional role for Cardiac
Bs;-Adrenoceptors?

I. Evidence Against Cardiostimulation

The recombinant f;-adrenoceptor (EMORINE et al. 1989) and natively occur-
ring f-adrenoceptors in adipocytes (ARcH and KAUMANN 1993) are usually
(but not always) thought to couple to G; protein. ;-Adrenoceptor messenger
RNA (mRNA) has been reported in human ventricle (Krier et al. 1993;
GAUTHIER et al. 1996) and atrium (BErRkowITZ et al. 1995), but localisation in
cardiac fat cells has not unambiguously been excluded. The advent of f;-
adrenoceptor-selective agonists (ArcH and KaumanN 1993) has furnished
tools to test the hypothesis, expected from a G protein coupled receptor, that
myocardial f;-adrenoceptors mediate cardiostimulant effects. However, four
Bs-adrenoceptor-selective agonists failed to enhance contractions of human
ventricular trabeculae in the presence of the pi/f,-adrenoceptor blocker
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nadolol (MOLENAAR et al. 1997a). This finding agrees with a similar lack of f3:-
adrenoceptor-mediated cardiostimulant effects in rats in vivo (MALINOWSKA
and ScHLICKER 1996) and in vitro (KAUMANN and MOLENAAR 1996) and ferrets
in vitro (Lowk et al. 1998).

II. Evidence for Cardiostimulation

Recently, SKEBERDIS et al. (1999) reported that nanomolar concentrations of
the Bi-adrenoceptor-selective agonists BRL-37344 and SR-58611 increased L-
type Ca® current 1.7-fold and 2.2-fold in human atrial myocytes, respectively.
The effects of BRL-37344 were resistant to blockade by 10umol/l nadolol.
These interesting results are puzzling because, in isolated human atrial prepa-
rations, both BRL-34377 and SR-58611 failed to elicit positive inotropic effects
(KAuMANN et al. 1997), which would have been expected from the increases
in L-type Ca® current.

III. Evidence for Cardiodepression

Under some conditions, however, f;-adrenoceptors appear to be able to
couple to inhibitory G; protein in adipocytes (CHAUDRY et al. 1994; BEGIN-
Heick 1995). Recently, GAUTHIER et al. (1996) reported comprehensive evi-
dence obtained from ventricular biopsies of transplanted human hearts that
nanomolar concentrations of f;-adrenoceptor agonists depress contractility
and abbreviate the durations of action potentials. GAUTHIER et al. (1996,
1998) also claimed that high concentrations of (-)-isoprenaline and (-)-
noradrenaline elicited cardiodepressant effects under a condition of blockade
of both - and f,-adrenoceptors by nadolol, an antagonist that has low affin-
ity for fB:-adrenoceptors (Bonp and CLARKE 1988). As expected from fs-
adrenoceptors (ArRcH and Kaumann 1993), the cardiodepressive effects of a
Bs-adrenoceptor-selective agonist, BRL-37344, were antagonised by bupra-
nolol. GAUTHIER et al. (1996) found that the cardiodepressant effects of BRL-
37344 were attenuated by pre-treatment of the ventricular tissue with pertussis
toxin, and used this evidence to suggest coupling to a G protein (i.e. G;) that
inhibits adenylyl cyclase. Based on these experiments and observations
(NANTEL et al. 1993) that B;-adrenoceptors are more resistant to desensitisa-
tion than f;- and B,-adrenoceptors, GAUTHIER et al. (1996) proposed that the
cardiodepressant effects of noradrenaline may further impair cardiac function
in patients with heart failure.

More recently, GAUTHIER et al. (1998) went a step further and attributed
the cardiodepressant effects of the f;-adrenoceptor agonist BRL-37344 to
release and action of nitric oxide (NO). The negative inotropic effects of BRL-
37344 were reduced by inhibiting NO-evoked activation of guanylyl cyclase
with methylene blue and inhibiting constitutively occurring NO synthase with
the arginine analogues N°-nitro-L-arginine methylester and N°-monomethyl-
L-arginine (L-NMMA). The inhibitory effect of L-NMMA was partially
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reversed by L-arginine. BRL-37344 increased NO production, and immuno-
logical staining of the NO synthase was demonstrated both in cardiomyocytes
and in endothelial cells. Consistent with activation of the NO effector guany-
lyl cyclase, both BRL-34377 and (-)-isoprenaline caused a threefold increase
in cyclic guanosine monophosphate (GMP) levels. The effect of BRL-37344
was abolished by L-NMMA, reduced by bupranolol and prevented by
pertussis toxin, consistent with the NO pathway, mediation through pf;-
adrenoceptors and coupling to G; protein.

IV. Evidence Against Cardiodepression

The cardiodepressant effects reported by GauTtHier et al. (1996) were not
observed in isolated human cardiac preparations by others. Using micromolar
concentrations of four fs-adrenoceptor-selective agonists (including BRL-
37344) in the presence of nadolol, KAUMANN and MOLENAAR (1997) failed to
find cardiodepression in human atrium, and MOLENAAR et al. (1997a) did not
observe cardiodepression in human ventricular trabeculae from failing hearts.
HArDING (1997) did not detect cardiodepression with a fi-adrenoceptor-
selective agonist in human ventricular myocytes. Reasons for the lack of con-
firmation of f;-adrenoceptor-mediated effects of GAUTHIER et al. (1996) are
unknown. Their results are particularly puzzling, because it is the only evidence
known for human fs;-adrenoceptors in which BRL-37344 is reputed to be an
agonist with nanomolar potency. The agonist potency of BRL-37344 is,
however, considerably lower for human than for murine fs;-adrenoceptors
(ArcH and KaumanN 1993). BRL-37344 has only micromolar affinity for
human recombinant f;-adrenoceptors and micromolar potency for the -
adrenoceptor of human adipocytes, for which it is only a partial agonist
(SENNITT et al. 1998). BRL-37344 is not selective for human recombinant f;-
adrenoceptors, because its affinity for recombinant human f,-adrenoceptors is
slightly higher, and it is a partial agonist of similar intrinsic activity for adeny-
lyl cyclase stimulation through these two receptors (SENNITT et al. 1998). A car-
diostimulant effect of BRL-37344, mediated through f3,-adrenoceptors, has also
been reported for human atrium (KaumanN and SaNDERS, cf in ArRcH and
KauManN 1993). Clearly, the interesting findings of GAUTHIER et al. (1996, 1998)
— and especially the claim of mediation through fB;-adrenoceptors - require
confirmation by other laboratories before achieving widespread acceptance.

E. Cardiostimulant Effects Through the Putative
B-Adrenoceptor

I. Non-Conventional Partial Agonists

The existence of a third cardiostimulatory f-adrenoceptor was proposed in 1989
(KAauMANN 1989). The proposal was based on a class of f-adrenoceptor block-
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ing agents that caused cardiostimulant effects at concentrations considerably
higher than those that antagonised the cardiostimulant effects of cate-
cholamines. These agents were designated non-conventional partial agonists to
differentiate them from classical partial agonists in isolated cardiac muscle,
which often (but not always; Fig. 9) exhibit concentration—effect curves that can
be fitted closely by the corresponding S-adrenoceptor curve by using equilib-
rium dissociation constants estimated from antagonism (Kaumann 1973,1989).
An important group of non-conventional partial agonists are the indoleamine
pindolol and its analogues tert-butylpindolol, cyanopindolol, iodocyanopin-
dolol, hydroxybenzylpindolol, iodohydroxybenzylpindolol, carazolol and tert-
butylcarazolol (KaAumaNN et al. 1979; BEARER et al. 1980; KAUMANN and BLINKS
1980; Kaumann 1983). However, cardiostimulant effects of non-conventional
partial agonists are not restricted to indoleamines, and include (in addition to
pindolol) other clinically used S-adrenoceptor blocking agents, such as alpren-
olol and oxprenolol (KaumManN and BLinks 1980). The hydrophilic benzimida-
zolone CGP-12177 (STAEHELIN et al. 1983) is a non-conventional partial agonist
that has become a particularly useful tool, both as an agonist (KAUMANN 1983,
1989, 1996; KAUMANN and MOLENAAR 1996, 1997; MALINOWSKA and SCHLICKER
1996; KAuMANN et al. 1998; Lowe et al. 1998) and as a radioligand (SARSERO et
al. 1998a,1998c, 1999) for researching the putative B-adrenoceptor.

The dissociation between the blockade of f;/f,-adrenoceptors and the car-
diostimulant effects of CGP-12177 is illustrated in the experiments illustrated
in Fig. 4. CGP-12177 enhanced sinoatrial beating rate and force of contraction
of both paced left atrium and right-ventricular papillary muscle. The intrinsic
activities of these cardiostimulant effects of CGP-12177 are smaller than those
of the catecholamine (-)-isoprenaline and are tissue dependent. A maximally
effective cardiostimulant concentration of CGP-12177 antagonised the effects
of (-)-isoprenaline in a surmountable manner by causing around 3.5- to 4.5-
log-unit shifts of the concentration-effect curve for (-)-isoprenaline. Using
algebra and statistics (MaraNO and KAUMANN 1976) based on classical stimu-
lus theory (STEPHENSON 1956), equieffective concentrations of (-)-isoprenaline
in the presence and absence of CGP-12177 allowed the calculation of an affin-
ity estimate of CGP-12177 for the B-adrenoceptor populations with which
(-)-isoprenaline interacted (i.e. mostly ;- and B,-adrenoceptors, for which
CGP-12177 has nearly the same affinity; NaNoFr et al. 1987). B,/
Adrenoceptor occupancy curves for CGP-12177 were then calculated
and normalised to the maximum CGP-12177-evoked cardiostimulation.
As seen in Fig. 4, the B/B,-adrenoceptor occupancy curves are situated at
CGP-12177 concentrations around 1.5-2.3log units lower than those of the
corresponding CGP-12177 cardiostimulant-effect curves, suggesting that
the latter effects are not mediated through f;- and fB,-adrenoceptors. The
pattern of dissociation between stimulation and blockade for non-conven-
tional partial agonists, as exemplified by the experiments of Fig. 4, led to the
proposal of the existence of a third cardiostimulant S-adrenoceptor subtype
(KauMaNN 1989).
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Fig.4. CGP-12177 as non-conventional agonist. Comparison of the cardiostimu-
lant effects of CGP-12177 with its antagonism of the positive chronotropic and
inotropic effects of (-)-isoprenaline (ISO) on feline cardiac tissues. Three successive
concentration-effect curves were carried out, the first for ISO (open circles) followed
by washout, the second for CGP-12177 up to 1uM (diamonds) and the third for
ISO in the presence of 1 uM CGP-12177 (closed circles). Equilibrium dissociation con-
stants for CGP-12177 were estimated (MaraNo and Kaumann 1976) and fractional
receptor-occupancy curves calculated (broken lines); the logs of the errors of the con-
stants are represented by horizontal bars through the midpoints of the occupancy
curves. Notice the dissociation between blockade and stimulation by CGP-12177

(KaumANN 1983)

II. The Putative f-Adrenoceptor Resembles — But Is Distinct from
- the f;-Adrenoceptor
At the time of the proposal of a third cardiostimulant S-adrenoceptor, it was

noticed that its properties resembled those of the fB;-adrenoceptor (Kaumany
1989). For example, several non-conventional partial agonists have agonist
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properties at adipocyte fs-adrenoceptors, as verified on recombinant f;-
adrenoceptors (EMORINE et al. 1989). Both the third cardiostimulant S-adreno-
ceptor (Kaumann and LynHaM 1997) and Bi-adrenoceptor (EMORINE et al.
1989; SENNITT et al. 1998) mediate agonist effects consistent with activation of
a G, protein-cAMP-dependent pathway, and the effects are relatively resis-
tant to blockade by antagonists of f;- and B,-adrenoceptors (propranolol;
ArcH and Kaumann 1993). Furthermore, after it was proposed that the £,/5,-
adrenoceptor antagonist bupranolol also blocked the third cardiostimulant
receptor (Kaumann 1989), a variety of laboratories reported blockade of
agonist effects mediated through fs-adrenoceptors (ArcH and KAUMANN
1993). The assumption that the third cardiostimulant B-adrenoceptor was
indeed a f;-adrenoceptor prevailed (Bonp and LErkowiTz 1996).

The development of fs-adrenoceptor-selective agonists (ArcH and
KAUMANN 1993) presented an opportunity to test the hypothesis as to whether
or not the third cardiostimulant fs;-adrenoceptor was actually a fs-
adrenoceptor. The conclusion drawn from this approach was that f;-
adrenoceptor-selective agonists had neither agonist effects nor antagonist
effects on the cardiostimulant effects of non-conventional partial agonists
(KAUMANN and MOLENAAR 1996; MALINOWSKA and SCHLICKER 1996; MOLE-
NAAR et al. 1997a). These experiments were inconsistent with the notion that
the cardiostimulant effects of non-conventional partial agonists were medi-
ated through B;-adrenoceptors, leading to the designation of a “putative ;-
adrenoceptor” for what had previously been termed the third cardiostimulant
B-adrenoceptor (KaumMann 1989, 1997; KAUMANN and MOLENAAR 1997; MoLE-
NAAR et al. 1997a). However, against this panorama, ArcH (1997) had made
the interesting suggestion that the third cardiac -adrenoceptor was actually
a Bs-adrenoceptor that adopts a conformation that mediates the effects of non-
conventional partial agonists but not of Bi-adrenoceptor-selective agonists.
ARrcH (1997) based his interpretation on association with different G proteins
and/or different receptor conformations in a cell-dependent manner (KENAKIN
1995).

Conclusive experiments carried out on cardiac tissues of mice that had
the fs-adrenoceptor gene disrupted (i.e. B-adrenoceptor knockout mice)
demonstrated that the cardiostimulant effects of (-)-CGP-12177 are
unchanged compared with the effects in the hearts of wild-type mice (Fig. 5).
Moreover, the cardiostimulant effects of (-)-CGP-12177 are relatively resis-
tant to blockade by (-)-propranolol but are antagonised by (-)-bupranolol in
cardiac tissues of both fs-adrenoceptor knockout and wild-type mice
(KAUMANN et al. 1998). The negative evidence with fB;-adrenoceptor-selective
agonists and the persistence of (—)-CGP-12177-evoked cardiostimulant effects
in the B;-adrenoceptor knockout mice exclude the involvement of f:-adreno-
ceptors. Consequently, it was thought at this stage that the putative f;-adreno-
ceptor could be encoded by a gene that is distinct from the gene that encodes
the f:-adrenoceptor (KAUMANN et al. 1998).

Functional evidence for the cardiac putative f;-adrenoceptor has been
found in all mammalian species investigated so far, including man (KAaumanN
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Fig.5. Persistence of positive chronotropic (upper panel) and inotropic effects (lower
panel) of (-)-CGP-12177 in atria from the hearts of mice lacking the functional f;-
adrenoceptor gene (circles). Comparison with atria from wild-type mice (triangles).
The closed circle represents data from left atria incubated with (-)-bupranolol
1uM (KAUMANN et al. 1998)

1996, 1997; KauMaNN and MoLENAAR 1997; SARSERO et al. 1998b). As expected
for a cAMP-dependent pathway, the conventional partial agonist (~)-CGP-
12177 not only increases contractile force but also hastens relaxation (i.e. a
positive lusitropic effect), as demonstrated in isolated atrial and ventricular
trabeculae from a failing human heart (Fig. 6) (SARSERO et al. 1998b) and also
observed in rat ventricle (SARSERO et al. 1999). Similar cardiorelaxant effects
of catecholamines and a f,-adrenoceptor-selective ligand have been shown to
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Fig. 6. Positive inotropic and lusitropic effects of (-)-CGP-12177 (added at dof) on a
ventricular and atrial trabeculum obtained from a patient with adriamycin-induced car-
diomyopathy undergoing transplant surgery. The tissues were set up in the same organ
bath and paced at 1Hz at 37°C in the presence of (-)-propranolol (200nM) and 3-
isobutyl-1-methylxanthine (60 uM). Fast and slow speed recordings of force measure-
ment are shown together with the differentiated signal. Notice the change of calibration
of the differentiated signals during the onset of action of (-)-CGP-12177 (KAUMANN
and MOLENAAR 1997)

be mediated through f;- and f,-adrenoceptors in human ventricle (KAUMANN
et al. 1999) and atrium (KaumANN et al. 1996a) and are associated with cAMP-
dependent protein-kinase-catalysed phosphorylation of proteins (phospho-
lamban, troponin I, C protein) that are involved in the mediation of cardiac
relaxation. However, whether or not these proteins are also phosphorylated
under putative f;-adrenoceptor stimulation remains an open question.

III. Which Endogenous Agonist for the Putative ;- Adrenoceptor?

The identity of the endogenous agonist for the putative f,-adrenoceptor is
unknown. The provisional name of “putative ff-adrenoceptor” is merely based
on the high affinity of non-conventional partial agonists for fB;- and S,
adrenoceptors, which hardly justifies its classification as a S-adrenoceptor
subtype. If we are dealing with a f-adrenoceptor, one would expect cate-
cholamines to activate this putative Bs;-adrenoceptor. To investigate this,
however, it is important to exclude the contribution of B;-adrenoceptors in the
mediation of catecholamine responses; this has proved frustrating, because f;-
adrenoceptor-selective antagonists are not selective enough to leave the pop-
ulation of B,-adrenoceptors untouched. For example, although CGP-20712A
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is a highly selective antagonist for f;-adrenoceptors, it is actually more potent
as an antagonist of effects mediated through the putative f,-adrenoceptor
rather than through f,-adrenoceptors (KAUMANN and MOLENAAR 1996). Con-
versely, although bupranolol blocks the putative f;-adrenoceptor, its affinity
for B;- and fB-adrenoceptors is considerably higher, thus making it more dif-
ficult to uncover function mediated through the putative B-adrenoceptor. The
task of eliminating the contribution of coexisting f;- and f-adrenoceptors
with receptor-subtype-selective antagonists is particularly difficult in human
cardiac systems, where the contribution of these two receptor populations is
equally important and where the potency of the catecholamines is lower than
in animal models. So far, from the analysis of blockade of cardiostimulant
effects of catecholamines with antagonists selective for f;- and f-
adrenoceptors, no evidence has emerged for the participation of the putative
Bradrenoceptor, suggesting that, if there is a role for catecholamines, their
affinity for that receptor is probably low.

Taking advantage of the high hydrophilicity of CGP-12177 (which reduces
non-specific binding), it has recently been possible to label a putative S,
adrenoceptor population in the hearts of several species (MOLENAAR et al.
1997a; KAUMANN et al. 1998; Sarsero et al. 1998a, 1999), including man
(SarsEro et al. 1998c). The density of the putative ,-adrenoceptor population
appears usually somewhat higher than the densities of coexisting f;- and f;-
adrenoceptors. The binding affinity of (-)-CGP-12177 and other non-
conventional partial agonists usually agrees with the corresponding cardios-
timulant potencies. Interestingly, catecholamines also compete for binding in
a stereoselective manner. However, the affinity of the catecholamines (-)-
isoprenaline and (-)-noradrenaline is low, with dissociation equilibrium con-
stants around 1 mmol/l. The low affinity of catecholamines is another property
shared by the cardiac putative f,-adrenoceptor (MOLENAAR et al. 1997a;
SARSERO et al. 1998a) and the native S;-adrenoceptor (GERMACK et al. 1997).
The low affinity of catecholamines for the putative fj-adrenoceptor may
preclude detection of functional participation of catecholamines in cardios-
timulant effects under current conditions. Clearly, highly selective f;-
adrenoceptor blockers of low toxicity are needed. Even more important,
antagonists selective for the putative f-adrenoceptor are required for exper-
iments to decide whether or not this receptor mediates cardiostimulant
effects of endogenous catecholamines and, hence, can be classified as a f-
adrenoceptor subtype. Recent evidence, however, indicates that the putative
B-adrenoceptor is not a distinct catecholamine receptor but a special state of
the Bi-adrenoceptor.

IV. The Putative S;-Adrenoceptor is a Special State of
the B;-Adrenoceptor

The dissociation between blockade and stimulation caused by several f-
blockers, i.e. non-conventional partial agonists (Kaumann 1973), led to the
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proposal that their cardiostimulation was mediated through a receptor distinct
from Bi/B-adrenoceptors (Kaumann 1989): the putative fi-adrenoceptor
(KAuMANN  1997). Interestingly, however, the frequently used non-
conventional partial agonist CGP-12177 exhibits agonist effects on human and
rat recombinant f;-adrenoceptors transfected into cell lines in which stimula-
tion of adenylyl cyclase was assayed (Pak and Fisuman 1996). The intrinsic
activity of CGP-12177, compared with (-)-isoprenaline, increased from 0.21 to
0.94 as the density of transfected B;-adrenoceptors increased from 130fmol/mg
protein receptor to 1570fmol/mg protein receptor. Others have not detected
stimulation of adenylyl cyclase for human recombinant f;-adrenoceptors
(SEnnIIT et al. 1998) transfected at around 200fmol/mg and using up to
0.1lmmol/l CGP-12177 (ArcH, personal communication). Using (-)-[*H]J-
CGP-12177,Pax and FisuMAN (1996) found two binding sites, one large (90%),
with subnanomolar affinity, and another small (10%), with an approximately
100 times lower affinity; the latter was GTP9S sensitive.

Some binding and pharmacological properties of (-)-CGP-12177 in
cardiac tissues differ from those found with recombinant f;-adrenoceptors.
Although the binding affinity of (-)-[’H]-CGP-12177 for putative S,
adrenoceptors is similar to that of the low-affinity site for recombinant
pi-adrenoceptors (Pak and FisuMan 1996), the density of the putative ;-
adrenoceptor population appears consistently greater than that of the ;-
adrenoceptor population in cardiac membranes from rat, man and mouse
(KauMANN et al. 1998; SarsERo et al. 1998a, 1998c). In addition, unlike binding
to the low-affinity state of the recombinant f;-adrenoceptor, which is reduced
by GTP4S (Pak and FisuMAN 1996), binding of (-)-[*H]-CGP-12177 to cardiac
putative fB-adrenoceptor is not affected by GTP (Sarsero et al. 1998a).
Although the positive inotropic potency of (-)-CGP-12177 is similar to the
cardiac binding affinity of (-)-[’H]-CGP-12177 at putative f;-adrenoceptors,
(-)-CGP-12177 is actually approximately 40 times more potent than (-)-
isoprenaline in mouse ventricular myocytes in eliciting arrhythmic Ca* tran-
sients (FREESTONE et al. 1999). With these discrepancies it would appear
unlikely that the putative ,-adrenoceptor is a state or conformation of the ;-
adrenoceptors evoked by binding of non-conventional partial agonists to the
Bi-adrenoceptor. Alternatively, three different conformations of the cardiac f3;-
adrenoceptor mediate: (1) the classical cardiostimulant effects of (-)-isopre-
naline and other catecholamines; (2) the arrhythmic effects of (-)-CGP 12177,
and (3) the positive inotropic, lusitropic and chronotropic effects of (-)-CGP
12177 and other non-conventional partial agonists. Only conformations (1)
and (3) but not (2) would be observed with the recombinant f;-adrenoceptors
of Pak and Fishman (1996).

CGP-12177 also has agonist properties for recombinant ,-adrenoceptors,
but with lower intrinsic activity than it has for recombinant f;-adrenoceptors
(Pak and FisuMAN 1996) and recombinant and native Si-adrenoceptors
(SEnnITT et al. 1998). The effects of (—)-CGP 12177 were therefore investigated
on cardiac tissues from mice lacking cardiac f,-adrenoceptors (,-AR knock-
out — CHRUSCINSKI et al. 1999) and mice lacking both ;- and B,-adrenoceptors



90 A.J. KAUMANN

(Bi-AR/B,-AR double knockout — RoHRER et al. 1999). The cardiostimulant
effects of (-)-CGP 12177 were present in wild-type and ,-AR knockout mice
but were absent in ,-AR/B,-AR double knockout mice, despite functional
preservation of the post-receptor cAMP-dependent pathway (KAuMANN et al.
2000). A ventricular binding site with unaltered affinity for (-)-[’H]-CGP
12177, previously attributed to represent part of the putative f;-adrenoceptor
(SarseRro et al. 1999), persisted in the ;-AR/B,-AR double knockout. Conse-
quently, B;-adrenoceptors have an obligatory role in the mediation of car-
diostimulant effects of (—)-CGP 12177 and possibly other non-conventional
partial agonists. The fB;-adrenoceptor may possess an allosteric binding site
through which non-conventional partial agonists evoke or stabilise a confor-
mation responsible for the pharmacology previously attributed to a putative
Bi-adrenoceptor.

E. 5-HT, Receptors

Early work carried out in healthy volunteers demonstrated that intravenously
administered 5-HT usually caused dose-dependent tachycardia accompanied
by occasional chest pain (LE MESSURIER et al. 1959), sometimes preceded by
bradycardia and hypotension (HOLLANDER et al. 1957). These observations
summarise the main role of 5-HT in human heart. 5-HT;3 and 5-HT,, recep-
tors share the mediation of 5-HT-evoked contractions of human coronary
artery (KaumanN et al. 1994a) and may have mediated coronary spasm, thus
accounting for chest pain in the volunteers. The bradycardia and early tran-
sient hypotension is probably (no direct evidence in man) elicited when 5-HT
reaches vagal sensory nerve endings thereby initiating the Bezold-Jarisch
reflex and simultaneously inhibits sympathetic nerve output, as observed
experimentally in cats. The 5-HT-induced reflex and hypotension are pre-
vented by application of a selective antagonist for 5-HT; receptors to the
cardiac vagal nerve endings (MoHR et al. 1987).

I. Coupling to a cAMP Pathway

The main question was: which receptor mediates the 5-HT-evoked tachycar-
dia in man? An indirect approach was to study in vitro the effects of 5-HT in
human atrium. Although the author observed positive inotropic effects of 5-
HT on paced isolated preparations of human atrium in 1983, the nature of the
receptors involved remained obscure until 1989, because they were resistant
to blockade by the 5-HT receptor antagonists available at that time. The effects
of 5-HT were also resistant to blockade of o4-, ;- and f,-adrenoceptors, ruling
out indirect increases of contractile force through 5-HT-induced release of
noradrenaline from cardiac nerve endings. Since it was known that, in mollusc
hearts, 5-HT enhanced cAMP levels (Sawapa et al. 1984), cAMP was also mea-
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sured in human atria and found to be increased with 5-HT; this was accom-
panied by an increase in cAMP-dependent protein kinase (PKA) activity
(KAauMANN et al. 1989b, 1990). It was also observed that 5-HT hastened the
relaxation of human atrium. It was then proposed that the 5-HT-induced
increase in PKA activity causes the phosphorylation of the cardiac sarcolem-
mal L-type Ca* channel, phospholamban and troponin I (KAUMANN et al.
1990). Phosphorylation of the L-type Ca** channel enhances the Ca** current
which, in turn, causes Ca**-induced Ca®* release from the sarcoplasmic reticu-
lum, thereby producing the positive inotropic effects of 5-HT. Phospholamban
phosphorylation facilitates the activity of the Ca®* pump of the sarcoplasmic
reticulum by removing the inhibition caused by non-phosphorylated phos-
pholamban, thus reducing Ca** concentrations in the vicinity of myofilaments
and, consequently, hastening atrial relaxation. The phosphorylation of tro-
ponin I may also contribute to atrial relaxation by decreasing the affinity of
troponin C for Ca*.

Electrophysiological data supported the proposal of a cAMP-dependent
cascade for 5-HT responses of human atrium. 5-HT causes a reversible
increase in L-type Ca®* current that is as marked (about sixfold over basal
current) as that produced by (-)-isoprenaline through S-adrenoceptors
(JannEL et al. 1992, 1993; Ouapip et al. 1992). The S-HT-evoked increase in L-
type Ca** current is not additive with the effects of intracellularly administered
cAMP and is prevented by an inhibitor of PKA, consistent with an obligatory
role of PKA (OuabID et al. 1992). 5-HT causes a greater availability of L-type
Ca™ channels (JAHNEL et al. 1993), presumably due to PKA-induced
phosphorylation.

II. 5-HT,like Receptors

The proposal for the existence of cerebral 5-HT, receptors (Dumuis et al. 1988,
1989) prompted the use of the 5-HT; receptor blockers tropisetron (ICS
205,930) and benzamide derivatives renzapride and cisapride as tools to define
the nature of the human atrial 5-HT receptors. The positive inotropic effects
of 5-HT were competitively blocked by tropisetron but not by the 5-HT;
receptor-selective antagonists granisetron and MDL-72222 (KAUMANN et al.
1990). More recently, selective 5-HT,-receptor antagonists were introduced
and assayed on human atrium, including SB-203186 (PARKER et al. 1995), GR-
113808 (KAuMANN 1993) and SB-207710 (KAUMANN et al. 1994b), which com-
petitively blocked atrial 5-HT receptors (Table 2), supporting their 5-HT,
nature. Radioiodinated SB-207710 was used to label atrial 5-HT receptors of
piglet and man (KAUMANN et al. 1995b, 1996b). The density of human atrial 5-
HT receptors is low, amounting to around 10% and 20% of the densities of
Bi- and Br-adrenoceptors, respectively (KAUMANN et al. 1996b). In piglet atria,
the density of 5-HT, receptors is ten times lower than in human atria
(KauMANN et al. 1995b). The low densities of human and piglet atrial 5-HT,
receptors may, in part, account for the smaller maximum positive inotropic
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Table2. Potency and affinity of ligands for human atrial 5-hydroxytryptamine (5-HT),
receptors. pECs is ~log(M) of the ECs, for agonists and partial agonists. pKp, pKs and
pKp are equilibrium dissociation constants [-log(M)] estimated from antagonism of
the effects of 5-HT by the partial agonist (P) or antagonist (B) and from binding (D)
of ligands to 5-HT, receptors labelled with ['*1]SB-207710

pECs, pKr pKg pKp  References

5-HT 7.4-7.9 5.8 Kaumann et al. (1990, 1991a,
1996); SANDERSs et al. (1995)
5-CT 4.7 4.9 KaUuMANN et al. (1991a, 1996b)
Renzapride 6.3 6.7 6.4 Kaumann et al. (1991a, 1996b)
Cisapride 6.1 6.2 6.0 KAuUMANN et al. (1991a, 1996b)
SB-207710 10.1 9.7 KAuUMANN et al. (1994, 1996b)
[**1] SB-207710 9.6 KauUMANN et al. (1996b)
GR-113808 8.8 Kaumann (1993)
SB-203186 87 80 PARKER et al.(1995); KAUMANN
et al. (1996b)
SDZ-205-557 7.7 ZERKOWSKI et al. (1993)
Tropisetron 6.7 6.1 KaUMANN et al. (1990, 1996)

5-CT, 5-carboxyamidotryptamine.

effects of 5-HT compared with those caused by catecholamines through
human (KaumaNN et al. 1990, 1991a; SANDERS and KAUMANN 1992; SANDERS
et al. 1995) and porcine (Kaumann et al. 1991b; LorraIN et al. 1992) j3-
adrenoceptors. In enzymatically disaggregated human atrial myocytes,
however, 5-HT is more efficacious than in tissues, presumably due to addi-
tional 5-HT, receptors uncovered by the disaggregating enzymes (SANDERS et
al. 1995).

The effects of 5-HT were also competitively antagonised by the substi-
tuted benzamides renzapride and cisapride (Fig. 7), which are partial agonists
in human atrium (KAUMANN et al. 1991a) and piglet atrium (KaumManN 1990;
MEepHURST and KAuMANN 1993). By measuring increases in L-type Ca®'
current in atrial myocytes, OuADID et al. (1992) confirmed that, compared with
5-HT, renzapride is a partial agonist for human atrial 5-HT, receptors. As
observed with 5-HT in brain (Dumurs et al. 1988, 1989), 5-HT (and, to a lesser
extent, renzapride and cisapride) increase human atrial cCAMP levels and
cAMP-dependent protein kinase activity (Kaumann et al. 1990, 1991a;
SANDERS et al. 1995). Unlike human and porcine atrium, however, cisapride
and renzapride are actually more efficacious than (and at least as potent as)
5-HT in stimulating adenylyl cyclase in embryonic colliculi neurones in culture
(Dumurs et al. 1988). Furthermore, unlike brain 5-HT, receptors, where cis-
apride is slightly more efficacious and potent than renzapride, human atrial
5-HT, receptors have lower affinity and efficacy for cisapride than for renza-
pride, as confirmed both by drug-antagonism (Figs.7, 8) and competition for
binding with [**1]-SB-207710 (Table 2). Due to these quantitative differences
of the effects of the benzamides between atrial and brain 5-HT, receptors,
atrial 5-HT, receptors were initially referred to as 5-HT,-like receptors
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Fig.7. Antagonism of the positive inotropic effects of S-hydroxytryptamine (5-HT) in
human atrium (a,b) by renzapride, and (¢) comparison of affinity of renzapride and cis-
apride for 5-HT, receptors of human atrium. a Concentration—effect curves of 5-HT in
the absence (O) and presence of 2uM (@) and 6 uM (A) renzapride on three atrial
strips obtained from a 63-year-old male patient with coronary-artery disease. b Plot of
equieffective 5-HT concentrations in the absence and presence of the two renzapride
concentrations used in a (MaraNo and KauMann 1976). Fractional 5-HT, receptor-
occupancy estimates calculated from the slopes of the plots in b were 0.91 and 0.97
with 2uM and 6 uM renzapride, respectively; the corresponding equilibrium dissocia-
tion constants [-log(M)] were 6.70 and 6.76. ¢ Schild-plots (CR, concentration ratios)
or plots (m, slope of the regressions in b) according to LEMOINE and KAauMANN (1982).
Notice that renzapride has an affinity for the 5-HT, receptors threefold higher than
that of cisapride (KAuMANN et al. 1991a)

(KAUMANN 1990; KAUMANN et al. 1991a). It was also noted that human atrial
5-HT,-like receptors closely resemble other peripheral 5-HT, receptors in
various gut regions {(KAUMANN et al. 1991a).

Since the cloning of the rat 5-HT, receptor [with its two splice variants:
short (5-HT,s) and long (5-HT,; GERALD et al. 1995)], it has become plausi-
ble that the pharmacological differences between brain and heart 5-HT, recep-
tors can be attributed to the mediation by different splice variants. Despite the
recent cloning of additional species homologues, the question of subtle dif-
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ferences between 5-HT, receptors in brain and heart has not yet been defini-
tively solved. For example, both splice variants are expressed in the brains of
rat (GERALD et al. 1995) and mouse (CLAEYSEN et al. 1996), but only 5-HT\s
mRNA has been detected in rat atrium (GERALD et al. 1995) - a puzzling
finding, because there is no functional evidence for atrial 5-HT, receptors in
this species (Kaumann 1991a). Both mouse recombinant and cerebral 5-HT,p,
receptors have higher binding affinity and efficacy for cisapride and renzapride
than do human atrial 5-HT, receptors. Cisapride is even more potent (Dumuis
et al. 1988) and has a higher affinity than renzapride (CLAEYSEN et al. 1996),
while the opposite is true in human atrium (Figs. 7, 8). Cisapride is a full agonist
compared with 5-HT, producing a sevenfold increase in cAMP for a human
cloned 5-HT, receptor (which resembles the rat 5-HT,; receptor) transfected
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into COS-7 cells at densities several hundreds times higher than the density
of human atrial 5-HT, receptors (VAN DEN WYNGAERT et al. 1997). These results
suggest that it is unlikely that the 5-HT,. splice variant plays an important role
for the effects of cisapride in human atrium.

A human atrial 5-HT,s splice variant has recently been cloned (CLAEYSEN
et al. 1997) and, when transfected at a density (10fmol/mg) almost as low as
that of native atrial 5-HT, receptors (4fmol/mg; KAUMANN et al. 1996b) in
COS-7 cells, has been shown to mediate weak partial agonist activity (CAMP)
with renzapride. An atrial 5-HT, receptor cloned by BLoNDEL et al. (1997) also
exhibited only partial agonist activity with renzapride despite being trans-
fected at an approximately 50-fold-higher density into COS-7 cells than its
density in human atrium (KaumanN et al. 1996b; CLAEYSEN et al. 1997). These
studies suggest that the 5-HT,s splice variant — expressed in human atrium but
not ventricle (BLONDEL et al. 1997) — plays an important role in the mediation
of the effects of 5-HT. None of these studies with human recombinant 5-HT,
receptors has systematically compared the effects of renzapride and cisapride
on the same splice variant. VAN DEN WYNGAERT et al. (1997) only used cis-
apride, while both CLAEYSEN et al. (1997) and BLoNDEL et al. (1997) only used
renzapride. A systematic comparison of the pharmacology of the two recom-
binant human splice variants was made by BacH et al. (2000) who found that
5-HT,s and 5-HT, receptors (expressed in COS-7 cells) have essentially iden-
tical pharmacology that, with the exception of cisapride, greatly resembled the
pharmacology of human atrium. Cisapride and renzapride were partial ago-
nists (adenylyl cyclase stimulation) at moderate receptor densities and became
full agonists at high receptor densities. Unlike the situation in human atrium
(KauMaNN et al. 1991a), cisapride showed both higher agonist potency and
binding affinity than renzapride. mRNA for both splice variants was detected
in both right and left human atrium, suggesting that the effects of 5-HT and
renzapride (but perhaps not those of cisapride) are mediated through both
splice variants (BacH et al. 2000). The possibility that other 5-HT, receptor
splice variants function in human atrium cannot yet be discarded. In addition
to the 5-HT4s and 5-HT4. splice variants (GERALD et al. 1995), another two
cerebral splice variants of murine and human 5-HT, receptors have recently
been cloned (BockakrT et al. 1998). The four splice variants are now desig-
nated 5-HT,, (5-HTss), 5-HT4 (5-HT4), 5-HT4 and 5-HT,y and appear to
show pharmacological differences when transfected into host cells (BOCKAERT
et al. 1998) and more splice variants are expected to be disclosed.

G. Cross-Talk Between Cardiac G,-Coupled Receptors, as
Revealed by Chronic Blockade of fB;-Adrenoceptors
An unsuspected inotropic hyperresponsiveness to (-)-adrenaline was

observed in isolated right-atrial tissues obtained from British patients com-
pared with atria from German patients. The discovery was prompted by com-
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paring inotropic ECs, values for (-)-adrenaline in atrial tissues obtained from
over 100 German patients with ECs, values from a dozen British patients. (-)-
Adrenaline was ten times less potent on German atria than on British atria.
It was soon found that the German surgeons did not operate on patients
treated with fB-adrenoceptor blocking agents, while the British surgeons did
(KAUMANN et al. 1989¢). The prevailing dogma of the 1980s was that chronic
blockade of f;-adrenoceptors enhanced their function due to receptor upreg-
ulation. The use of antagonists highly selective for f;- and B,-adrenoceptors
as tools proved the dogma to be groundless for human atria when receptor
density was assessed with two independent techniques. The hyperresponsive-
ness to (-)-adrenaline in atria from patients chronically treated with f;-
adrenoceptor-selective blockers was mediated through f,-adrenoceptors
(Kaumann et al. 1989c; HaLL et al. 1990). The densities of neither f;- nor j,-
adrenoceptors, assessed with both cell autoradiography and membrane
binding, differed from the densities in atria from non-fB-adrenoceptor blocker-
treated patients (KaUuMANN et al. 1995a; MOLENAAR et al. 1997b). Binding
affinities of ligands selective for either ;- or B,-adrenoceptors (including the
affinity of a partial agonist of high intrinsic activity) in atrial membranes
obtained from patients treated with f3j-adrenoceptor-selective blockers did not
differ from affinities in membranes from patients who did not receive such
treatment (MOLENAAR et al. 1997b).

In contrast, the cardiostimulant effects of salbutamol, mediated through
human atrial f,-adrenoceptors, are greatly enhanced in atria from patients
chronically treated with f;-adrenoceptor-selective blockers; however, the
blocking potency of salbutamol for the f,-adrenoceptors, estimated from the
antagonism of (-)-adrenaline-evoked effects, is unchanged compared with
the blocking potency in tissues from patients not treated with S-adrenoceptor
blockers (Fig. 9). The concentration—effect curve of salbutamol on atria
obtained from non-f-adrenoceptor blocker-treated patients can be fitted by
the fractional occupancy of f,-adrenoceptors while, in atria from S-
adrenoceptor blocker-treated patients, the concentration—effect curve of
salbutamol is situated at lower concentrations than its 3,-adrenoceptor-occu-
pancy curve (Fig. 9). However, no f;-adrenoceptor hyperresponsiveness was
observed with (-)-noradrenaline (Kaumann et al. 1989¢; HALL et al. 1990) or
(-)-adrenaline (Kaumann 1991b). Even the maximal responses to a fi-
adrenoceptor-selective partial agonist, (—)-R0O363, were only slightly enhanced
(and inotropic potency was not changed) by chronic treatment of patients with
Bi-adrenoceptor-selective blockers (MOLENAAR et al. 1997b). Unlike the f3,-
adrenoceptor hyperresponsiveness to (—)-adrenaline and salbutamol, the pos-
itive inotropic effects of dibutyryl cAMP in atria (HaLL et al. 1990) and of
forskolin in atrial myocytes (SANDERS et al. 1995) are not changed by chronic
B-adrenoceptor-blocker treatment, excluding modifications downstream of
the adenylyl cyclase. Taken together, these results suggest that chronic ;-
adrenoceptor blockade improves the coupling of atrial f-adrenoceptors
(HALL et al. 1990) and perhaps other atrial receptors coupled to G, protein
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Fig.9a-d. Inotropic hyperresponsiveness to salbutamol mediated through pS;-
adrenoceptors without a change of affinity in atria from patients chronically treated
with the f;-adrenoceptor-selective antagonist atenolol. a—c Positive inotropic effects of
salbutamol and antagonism of the positive inotropic effects of (-)-adrenaline by salbu-
tamol in a human atrium obtained from an atenolol-treated patient. a A concentra-
tion-effect curve to (-)-adrenaline (O) followed by washout a curve for salbutamol
was determined up to 20 uM () and a second curve for (—)-adrenaline was determined
in the presence of salbutamol (). The responses to (-)-adrenaline were corrected for
desensitisation, as determined from successive curves for (-)-adrenaline on a paired
atrial strip (%). b Plot of equieffective concentrations of (-)-adrenaline in the absence
(A,) and presence (Aj) of salbutamol. The fractional B,-adrenoceptor occupancy by
salbutamol - Ys = [SJ/([S] + Ks) = 1-m, where K is the equilibrium dissociation con-
stant), calculated from the slope m with the equation A, = i + mA; (Marano and
Kaumann 1976) - is represented on the right side of the curve for salbutamol in a. ¢
Plot of the inverse equieffective concentrations of (-)-adrenaline and salbutamol. K
was estimated from the slope/intercept (Waup 1969). The —log(Ks) values estimated
from both b and ¢ were 6.1. d Comparison of inotropic concentration-effect curves for
salbutamol from 12 atenolol-treated patients (@) and ten non-atenolol-treated patients
(O), with the corresponding fractional ,-adrenoceptor occupancy curves. Notice that
chronic atenolol treatment did not modify the affinity of salbutamol (i.e. the positions
of the Ys curves) and that the Y curves fitted the data for salbutamol in atria from
non-atenolol-treated patients but not the salbutamol data from atenolol-treated
patients (HaLL et al. 1990)
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(such as histamine H,) and of 5-HT, (KaumannN 1991b) coupled to effectors,
including adenylyl cyclase.

Hitherto, the function of five receptor populations, all presumably mainly
coupled to G, protein, has been studied in atria from patients either not treated
or treated with B-adrenoceptor blockers (usually blockers selective for f;-
adrenoceptors). The receptors are (in addition to the ;- and S,-adrenoceptors
described above) 5-HT, receptors (KAUMANN and SANDERS 1994; SANDERS et
al. 1995), histamine H, receptors (SANDERs et al. 1996) and putative f,-
adrenoceptors (KauMANN 1996). The rank order of receptor hyperrespon-
siveness caused by chronic treatment of patients with f;-adrenoceptor-selec-
tive blockers, as assessed with atrial positive inotropic responses, is:

B,>5-HT, ~H,>> B, > B, (1)

The human atrial hyperresponsiveness caused by chronic treatment with
Bi-adrenoceptor blocking agents can be assumed to result from the elimina-
tion of a noradrenaline-evoked partial reduction of the function of some Gg
protein-coupled receptors. Does this cross-talk occur in the same myocyte? If
this were so, different receptor populations would have to coexist in the same
myocyte. This has been shown to be the case for human ventricular ;- and .-
adrenoceptors (DEL MoNTE et al. 1993), atrial B-adrenoceptors and 5-HT,
receptors (SANDERS et al. 1995). The putative f8-adrenoceptor has been shown
to co-function with the f;-adrenoceptor in the same murine atrial and ven-
tricular myocytes (FREESTONE et al. 1999; SArsERro et al. 1999). These examples
make it plausible that the f;-adrenoceptor, activated chronically (on a scale of
days) by noradrenaline, emits a signal that decreases the function of other
coexisting G, protein-coupled receptors in the same cardiomyocyte.

How would chronic fi-adrenoceptor blockade improve coupling to f3,-
adrenoceptors and perhaps other receptors of G, protein? One possibility is
that the inhibitory effects of G; proteins on effectors, including adenylyl
cyclase, are reduced by chronic blockade of f;-adrenoceptors, thereby uncov-
ering an otherwise partially repressed G, function. This may be called the G;
hypothesis. High plasma levels of noradrenaline observed in heart-failure
patients lead to an enhanced expression of inhibitory G; proteins without
changes in G, protein expression (FELDMAN et al. 1988; NEUMANN et al. 1988).
The hypothesis that G; protein suppresses partially S-adrenoceptor-mediated
contractility has received support by experiments of BRowN and HARDING
(1992). They demonstrated that cardiomyocytes from failing hearts exhibit a
blunted response to (-)-isoprenaline but that the (-)-isoprenaline-evoked con-
tractions are increased after inactivating G; protein with pertussis toxin.
Experiments in rat cardiomyocytes (REITHMANN et al. 1989) and tissues
(MULLER et al. 1993) demonstrate that high catecholamine concentrations
increase the expression of G; protein, probably due to a cAMP-dependent
increase in Gio, mRNA transcription (MULLER et al. 1993).

Given that these effects are reputed to occur through f-adrenoceptor
activation, one would expect chronic blockade of these receptors to eliminate
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the excess G; levels and function. One apparent implication could perhaps be
that when f;-adrenoceptors are activated by noradrenaline they also manifest
coupling to G; protein. However, there is evidence for coupling of $,-adreno-
ceptors (but not of f;-adrenoceptors) to G; protein in the rat and mouse heart
(X1a0 et al. 1994,1999). On the other hand, in line with the G; hypothesis, pigs
injected with the B;-adrenoceptor-selective antagonist bisoprolol for 35days
have decreased levels of atrial and ventricular Gio, mRNA and protein and
also tend to have low G, protein levels (PiNG et al. 1995). Another f;-
adrenoceptor-selective antagonist, metoprolol, reduced total G; protein levels
by one quarter in ventricular biopsies from patients with congestive heart
failure (Jakos et al. 1996). Although the latter two pieces of evidence agree
with the G; hypothesis, they do not explain why some G,-coupled receptors
show greater hyperresponsiveness than other Gg-coupled receptors after
chronic f;-adrenoceptor blockade. Positive inotropic responses of human
atrial and ventricular preparations, mediated through -, B,- and putative f,-
adrenoceptors, are all reduced by adenosine and carbachol (MOLENAAR et al.
1998), consistent with functional antagonism through G; protein activation.
However, B,-adrenoceptors — but neither f3-adrenoceptors (KAUMANN et al.
1989c; HALL et al. 1990; MOLENAAR et al. 1997b) nor putative f,-adrenoceptors
(KauMaNN 1996) —exhibit hyperresponsiveness in human atria obtained from
B-blocker-treated patients. From the G; hypothesis, one would expect a general
increase in the function of G,-coupled receptors, which does not occur. Assum-
ing that G; protein function is reduced in atria from B-blocker-treated patients,
the G; hypothesis would have to be restricted to only the B,-adrenoceptor
compartment. Thus, the G; hypothesis does not appear to generally account
for receptor-dependent hyperresponsiveness after chronic blockade of f;-
adrenoceptors.

Human atrial B-adrenoceptor hyperresponsiveness after chronic f;-
adrenoceptor blockade could also be due to the suppression of (-)-
noradrenaline-evoked phosphorylation of f,-adrenoceptors by cAMP-depen-
dent protein kinase (PKA; KAUMANN 1991b). The portion of the B,-adreno-
ceptor population that is phosphorylated would not couple to G, protein,
thereby reducing inotropic responses. Indirect evidence is consistent with this
mechanism (the PKA hypothesis). Under certain conditions, human coronary
arteries are relaxed by adrenaline through B,-adrenoceptors and by nora-
drenaline through f;-adrenoceptors (FERRO et al. 1995). Prolonged incubation
of the arteries with noradrenaline (16h) decreases the response to adrenaline,
perhaps through PKA-dependent phosphorylation of pf,-adrenoceptors
(FErrO et al. 1995). A limitation of the PKA hypothesis is that it does not
account for the lack of PKA phosphorylation sites at the recombinant 5-
HT, receptor (GERALD et al. 1995), whose native form exhibits marked atrial
hyperresponsiveness after chronic f;-adrenoceptor blockade (KauMANN and
SANDERS 1994; SANDERSs et al. 1995).

Evidence with human atrial histamine receptors points to multiple factors
involved in the hyperresponsiveness (caused by chronic f;-adrenoceptor



100 A.J]. KAUMANN

blockade) of some G; protein-coupled receptors. Histamine H, receptors
mediate increases in the contractile force of human atria, and there is hyper-
responsiveness of this receptor in atria from f-blocker-treated patients
(SANDERS et al. 1996). As found previously with 5-HT, receptors (SANDERS et
al. 1995), H, receptors mediate enhanced increases of cAMP levels and more
marked stimulation of PKA activity in atria from patients chronically treated
with B-blockers selective for Bi-adrenoceptors compared with atria from
non-f-blocker-treated patients (SANDERs et al. 1996). An assessment of the
receptor specificity of the histamine responses led to the remarkable and
unsuspected finding that the H;-receptor blocker mepyramine attenuated both
the inotropic and biochemical hyperresponsiveness to histamine in atria
from fB;-adrenoceptor blocker-treated patients (SANDERS et al. 1996). Another
related finding was that histamine produced tenfold and 25-fold increases in
cyclic GMP levels that were blockable by mepyramine in atria from patients
not treated and chronically treated with a B;-adrenoceptor-selective blocker,
respectively (SANDERs et al. 1996). These findings are consistent with hyper-
responsiveness of both G; protein-coupled H, receptors and G, protein-
coupled H; receptors induced by chronic blockade of f-adrenoceptors. It has
been suggested that the extra cyclic GMP produced through H;-receptor stim-
ulation in atria from patients chronically treated with B;-adrenoceptor block-
ers contributes to the inotropic and biochemical hyperresponsiveness to
histamine mediated through H, receptors. It has been proposed (SANDERs et
al. 1996) that the extra cyclic GMP inhibits phosphodiesterase III (PDE III),
thereby preventing hydrolysis of cAMP, as illustrated below.

histamine — H, - cAMP — PKA — increased contractility
T hydrolysis
PDE III (2)
T inhibition

histamine — H; — cyclic GMP

The example with histamine H; and H, receptors opens new questions
about the heterogeneous consequences of chronic blockade of human atrial
Bi-adrenoceptors. How is H; hyperresponsiveness initiated? Do other G
protein-coupled receptors become hyperresponsive? Do PKA-catalysed phos-
phorylations of Gg-coupled receptors play a role? It has been reported in this
context that endothelin-1, presumably acting through a G, protein-coupled
receptor, produces a higher incidence of experimental arrhythmias in atria
obtained from f-blocker-treated patients than in atria from non-treated
patients (BURRELL et al. 2000).

The discussed evidence from human atrial tissue and myocytes about
receptor cross-talk points to diverse but, so far, mostly hidden mechanisms
that need to be unravelled. Clearly, the cross-talk appears to occur mainly
between receptors and effectors, i.e. at the level of G proteins. A simple can-
didate would be the G, protein whose function could be enhanced by chronic
Bi-adrenoceptor blockade. This G, hypothesis has been supported by a mod-
erately enhanced function of human G,a protein from pfi-adrenoceptor
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blocker-treated patients, with the G, protein reconstituted in S40 cyc™ cell
membranes (WANG et al. 1999). However, this evidence does not account for
the hyperresponsiveness of G, protein-coupled receptors and is inconsistent
with the near lack of B;-adrenoceptor hyperresponsiveness in atria obtained
from patients treated with f;-adrenoceptor-selective blockers. Other candi-
dates are G; proteins that oppose the effects mediated through G, protein-
coupled receptors. The G; proteins inhibit effectors, such as adenylyl cyclase
and Ca®* channels, but can activate both cyclic nucleotide phosphodiesterases
and K* channels, and both the azunit and Byunits of the G protein are involved.
The G protein is tightly associated with GDP. Upon binding of an agonist, the
GDP dissociates, and freely available GTP binds, causing a conformational
change that results in dissociation of GTP-¢ from B, followed by activation
of the above effectors. Activation is terminated by the GTPase activity of a.
GTPase activity is considerably hastened by a family of GTPase-activating
proteins called regulators of G protein signalling (RGS; BERMAN and GILMAN
1998). Two such RGS proteins, RGS4 and Gorinteracting protein, attenuate
G;-mediated inhibition of cAMP synthesis (HuanG et al. 1997). RGS4 does
not bind to G, protein, and the affinity of Gial is higher than that of Gio2
(BERMAN et al. 1996). Conceivably, during chronic blockade of cardiac f;-
adrenoceptors, the activity of an RGS protein is enhanced, thereby inhibiting
G; protein activity and allowing augmentation of the function of some (but
not all; see above) G; protein-coupled receptors. This speculation would imply
some sort of inhibitory effect of noradrenaline (mediated through S;-adreno-
ceptors) on the function or expression of the relevant RGS protein. Future
research with human heart G; proteins may provide clues as to whether
RGS proteins and modulation by fj-adrenoceptors contribute to receptor
cross-talk.

H. Physiological, Pathophysiological and
Therapeutic Relevance

Following agonist-evoked activation of G, protein-coupled receptors, human
heart functions are modified through a cAMP-dependent pathway leading to
PKA activation. Activated PKA phosphorylates a number of target proteins,
including L-type Ca®* channels, phospholamban, troponin I, Na* channels (pos-
sibly) and other proteins involved in the physiology and pathology of human
heart.

I. Bi- and B,-Adrenoceptors

The G, protein-coupled receptors that are known to mediate beneficial effects
of humoral and neuronally released catecholamines are fB;- and f-
adrenoceptors. The former is released mainly during exercise; both are
released during stress. During exercise-induced tachycardia, noradrenaline
activates not only sinoatrial but also ventricular B;-adrenoceptors, which
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mediate beneficial hastening of relaxation, thereby causing a relative length-
ening of diastole compared to systole, thus facilitating ventricular filling. A
similar improvement of diastolic function may, in principle, occur during stress,
when high plasma adrenaline acts to an important extent through sinoatrial
and ventricular B,-adrenoceptors. Furthermore, it has been suggested that
endogenous surges of adrenaline could, in principle, improve diastolic func-
tion through activation of f,-adrenoceptors in patients with heart failure under
treatment with f;-adrenoceptor-selective blockers (Kaumann et al. 1999).
However, this effect seems hardly exploitable therapeutically because of the
arrhythmic effects of adrenaline.

Since the work of Bristow et al. (1982), evidence has accumulated that
chronic exposure to high noradrenaline levels in advanced heart failure
downregulates f;-adrenoceptors. B,-Adrenoceptors desensitise less than f;-
adrenoceptors in heart failure (Bristow et al. 1986), presumably by
uncoupling partially from G, protein (Bristow et al. 1989). f-Adrenoceptor
uncoupling has been observed experimentally 8h after a 3-h exposure of
human ventricular preparations to a high isoprenaline concentration
(KAUMANN et al. 1989a). Under these conditions, the Vmax of the isoprenaline-
evoked adenylyl cyclase stimulation is reduced to half, with a concomitant
reduction of maximum isoprenaline-induced increase in contractility. Total -
adrenoceptor density, apparent affinity for (-)-isoprenaline and prostaglandin-
1-evoked adenylyl cyclase stimulation were unchanged. These experiments
suggest that a 3-h stress causes long-lasting uncoupling of S-adrenoceptors
from the G, protein—adenylyl cyclase system. It is not yet clear whether this is
a physiological mechanism to reduce cardiac oxygen consumption after a
stressful situation. Although it is likely that the uncoupling is mainly of S,
adrenoceptors, this hypothesis still requires experimental verification. One
would expect a blocker of fB,-adrenoceptors to prevent receptor uncoupling.
Paradoxically, however, cardiac f,-adrenoceptors of cardiomyopathic ham-
sters that (like human f,-adrenoceptors) are coupled selectively to adenylyl
cyclase, actually mediate a reduced enzyme stimulation without a change in
G, protein content after 4weeks of drinking water containing the f,/f:-
adrenoceptor blocker propranolol (WITTE et al. 1998). It appears, therefore,
that the chronic influence of S-blockers on fB,-adrenoceptor function is differ-
ent in human and cardiomyopathic-hamster heart.

An enzyme that causes uncoupling of agonist-bound p-adrenoceptors
from G, protein is f-adrenoceptor kinase 1 (BARK1), which interacts with
membrane-bound SBysubunits of G protein (PITcHER et al. 1992). BARK1 levels
are enhanced in hearts in chronic failure (UNGERER et al. 1993), possibly
contributing to reduced p-adrenoceptor responsiveness. Surprisingly, co-
expression of a peptide cardiac-targeted (ct) inhibitor of JARKI1, BARKct,
normalises left-ventricular function and partially restores responsiveness to
isoprenaline in a genetic model of murine dilated cardiomyopathy. Overex-
pression of BARKct prevents the appearance of heart failure in the murine
model (RockMAN et al. 1998). These provocative experiments suggest that
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impediment of B-adrenoceptor coupling contributes to heart failure, at least
in mouse models. A mutant of the human fB,-adrenoceptor, in which the thre-
onine is switched to isoleucine at amino acid 164, exhibits decreased activa-
tion of the adenylyl cyclase by adrenaline due to defective coupling to G;
protein and reduced receptor sequestration when expressed in transgenic mice
(Turkr et al. 1996). Furthermore, the isoleucine-164 fB,-adrenoceptor poly-
morphism adversely affects the prognosis of patients with congestive heart
failure (LiGGeTT et al. 1998). However, human f,-adrenoceptors, overex-
pressed in the hearts of mice with genetic dilated cardiopathy, do not improve
heart failure (RockMAN et al. 1998) despite being (presumably) maximally
coupled to the G/cAMP pathway (MiLaNoO et al. 1994; Bonp et al. 1995). Thus,
the beneficial effects of BARKct appear related, in part, to be due to an
improvement of f;-adrenoceptor coupling in mouse heart.

Although human f,-adrenoceptors, overexpressed in mouse hearts, were
proposed to represent a model of genomic treatment of heart failure (MiLANO
et al. 1994; KocH et al. 1996), it is becoming increasingly clear that a high
cardiac density of these receptors is harmful to heart function. The chronic
maximum G, protein-mediated signalling in mice overexpressing about 200
fold human cardiac fB-adrenoceptors worsen experimental heart failure
(RockMmaN et al. 1998; Du et al. 2000). Relatively small overexpression of ;-
adrenoceptors (5-15 fold) produces cardiac hypertrophy followed by reduced
cardiac function (ENGELHARDT et al. 1999) illustrating the deleterious effects
of chronic hyperfunction of these receptors.

Major harmful cardiac effects mediated through B-adrenoceptors are
enhanced cardiac oxygen consumption (against which S-blockers were suc-
cessfully developed; BLack 1989) and arrhythmias. Experimental arrhythmias,
elicited by noradrenaline through §;-adrenoceptors and by adrenaline through
Br-adrenoceptors, have been demonstrated in isolated human atrial prepara-
tions as a function of pacing rate and are interpreted as the result of Ca?* over-
load (KAUMANN and SANDERs 1993). These arrhythmias are a model for
transient atrial arrhythmias (including the triggering of atrial fibrillation) that
occurs transiently in patients undergoing coronary-artery-bypass surgery.
The incidence of transient post-surgical atrial fibrillation is reduced by
propranolol (OrRMEROD et al. 1984), probably by preventing the interaction of
high plasma concentrations of noradrenaline and adrenaline with both
Bi- and B,-adrenoceptors.

Br-Adrenoceptor-mediated arrhythmias of adrenaline have also been
observed in human ventricular myocytes (DEL MoNTE et al. 1993). More
recently, ,-adrenoceptor-mediated arrhythmias (ventricular fibrillation) have
been confirmed to occur in dogs that have experimental infarcts at a healed
stage concomitantly with brief coronary artery occlusions (BILLMAN et al.
1997). In agreement with the hypothesis of Ca®" overload, canine ventricular
myocytes made from hearts susceptible to ventricular fibrillation exhibit cat-
echolamine-evoked increases of Ca®* produced through B,-adrenoceptor stim-
ulation (BILLMAN et al. 1997). It has been suggested (KocH et al. 1996; but see
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RockMmAN et al. 1998; Du et al. 2000) that overexpression of fB,-adrenoceptors,
which become constitutively active when expressed at high density (MiLaNO
et al. 1994; BonD et al. 1995), could be beneficial as gene therapy in heart
failure. It has also been suggested that these receptors would not mediate
arrhythmias (ArrscHULD et al. 1995). The experimental evidence for f,-
adrenoceptor-mediated arrhythmias would, however, preclude such an
approach in heart failure.

Treatment of chronic heart failure with f;-adrenoceptor blockers is
becoming increasingly accepted, and there is evidence for an increased time
before transplantation becomes necessary (with metoprolol; WAAGSTEIN et al.
1993). In addition to reducing myocardial oxygen consumption (an anti-
ischaemic property), f-adrenoceptor blockers may also reduce the incidence
of fatal arrhythmias. An important aspect in the treatment of heart failure is
the question of whether S-blockers that block nearly non-selectively both ;-
and B,-adrenoceptors are superior to f-adrenoceptor-selective blockers. At
least three experimental observations favour the use of non-selective block-
ers. (1) Noradrenaline and adrenaline are nearly equieffective in mediating
cardiostimulation and phosphorylation of proteins through f;- and pS,-
adrenoceptors, respectively, in human ventricular preparations from failing
hearts (KAUMANN et al. 1999), consistent with similar increases in oxygen con-
sumption through both receptors. (2) Both ;- and B,-adrenoceptors mediate
a similar incidence of experimental arrhythmias. (3) The incidence of experi-
mental arrhythmias mediated through both §;- and B,-adrenoceptors is higher
in atria from patients treated chronically with f3;-adrenoceptor-selective block-
ers (Kaumann and SanDers 1993). The latter results mimic the well-known
arrhythmias (including atrial fibrillation) observed after acute withdrawal of
B-adrenoceptor-blocking agents (PRITCHARD et al. 1983).

Several so-called non-selective f-blockers, such as propranolol (GILLE
et al. 1985), pindolol (KaumaNN and LoBNIG 1986) and timolol (WANG et al.
1996) have actually been found to be somewhat selective for f3,-adrenoceptors
(two- to fivefold) compared with B;-adrenoceptors of human heart. Interest-
ingly, propranolol and timolol reduce the relative risk of death after myo-
cardial infarction by 28% and 39%, respectively, while f;-selective atenolol
and metropolol only do so by 15% and 13%, respectively (HENNEKENS
et al. 1996). A recently meta-analysis of double-blind, placebo-controlled,
randomised trials from 3023 patients with chronic heart failure also concludes
that the reduction of mortality risk is greater for B-blockers that are nearly
non-selective for ;- and B,-adrenoceptors than for B-adrenoceptor-selective
blockers (LecHAT et al. 1998). Consequently, both experimental and
clinical evidence favours the concept that the blockade of both f;- and .-
adrenoceptors is preferable to the blockade of only 3i-adrenoceptors, in agree-
ment with the deleterious effects on heart function of mice overexpressing [;-
(ENGELHARDT et al. 1999) and fB,-adrenoceptors (Du et al. 2000). Pindolol does
not reduce relative death risks (Soriano et al. 1997), possibly because
it causes cardiostimulant effects presumably mediated through putative f;-
adrenoceptors, as discussed below.
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II. Putative f,-Adrenoceptors

It has not yet been demonstrated that catecholamine binding to a site of the f;-
adrenoceptor, responsible for putative f;-adrenoceptor pharmacology, is of
functional relevance (SARSERro et al. 1998a). However, several clinically used
B-adrenoceptor blockers, including pindolol, have agonist activity mediated
through this receptor (Kaumann 1997). Pindolol may produce beneficial
tachycardia in patients with orthostatic hypotension (MaN IN’T VELD and
ScuaLEkaMP 1981) and neurocardiogenic syncope (Iskos et al. 1998), and it has
been suggested that this effect is actually mediated through the putative
Bi-adrenoceptor (KAUMANN 1989; KAUMANN and MOLENAAR 1997). The exper-
imental arrhythmias (FREESTONE et al. 1999; Sarsero et al. 1999; Lowk et al
1998) observed with activation of the putative f,-adrenoceptor make it
plausible that -blockers with intrinsic activity mediated through this receptor
could potentially be harmful. A meta-analysis suggests that only S-blockers
without cardiostimulant effects prolong the survival of patients with myocar-
dial infarction. However, patients treated with B-blockers with cardiostimulant
effects may not prolong survival or may even shorten survival (Soriano et al.
1997). The deleterious effects of B-blockers with cardiostimulant effects
mediated through the putative f;,-adrenoceptor could be due to the propensity
of this receptor to mediate cardiac arrhythmias.

III. 5-HT, Receptors

5-HT can elicit arrhythmias in human atrial preparations and chronic f;-
adrenoceptor blockade enhances their incidence (KauMANN and SANDERS
1994). These arrhythmias could be related to 5-HT, receptor-mediated
increases of L-type calcium current (OuapiD et al. 1992) and I; pacemaker
current (PiNo et al. 1998) in human atrial myocytes. It has been proposed and
argued that 5-HT released from platelets may contribute to the initiation and
maintenance of atrial fibrillation, and may be involved in the production
and mobilisation of emboli, leading to stroke (KaAumann 1994). Besides plate-
lets, there are other plausible sources of 5-HT, including heart tissue (SoLE
et al. 1979) mast cells and nerve endings (CoHEN 1985). The experiment illus-
trated in Fig. 10 demonstrates that nerve endings of human atrium can capture
and release 5-HT. After loading nerve endings with 5-HT, neuronally released
5-HT can interact with the atrial 5-HT, receptors. This is demonstrated
with field stimulation which, under blockade of ;- and f,-adrenoceptors with
(-)-propranolol, elicits an increase in atrial contractility that is prevented by
the highly selective 5-HT,-receptor antagonist SB-207710 (Fig. 10).
Sinoatrial 5-HT;-like receptors in piglet right atria, which greatly resem-
ble 5-HT,-like receptors of human atrium (Kaumann 1990), mediate tachy-
cardia evoked by 5-HT and partial agonists, such as renzapride and cisapride
(Fig. 6). 5S-HT and renzapride also elicit tachycardia in anaesthetised piglets
(ParkER et al. 1995) and adult pigs (ViLLALON et al. 1991) through 5-HT, recep-
tors. Because cisapride causes significant tachycardia in man (Bareman 1986),



Fig.10a—d. 5-Hydroxytryptamine (5-HT) release by field stimulation and interaction
with 5-HT, receptors. Results from four trabeculae of a right-atrial appendage from a
50-year-old male patient undergoing coronary-artery surgery. The experiment was
carried out at 37°C in the presence of 200 uM ascorbate. The trabeculae were bathed
in Krebs solution and paced at 1 Hz through a punctiform electrode. To release neu-
rotransmitters, the tissues were stimulated with field stimuli delivered through field
electrodes into the absolute refractory period of the cardiac action potential (without
re-exciting the trabeculum) at the indicated frequency (in Hz), as described by
Kaumann (1970). To avoid interaction of released acetylcholine with atrial muscarinic
receptors, the experiments were carried out in the presence of 1uM atropine. Three
successive curves relating field-stimulation frequency (in Hz) to contractile force were
expressed as percentages of the increase for each trabeculum. Increases in contractile
force were expressed as percentages of the increase in peak contractile force caused
by 200 uM (-)-isoproterenol administered at the end of the experiment. Each panel
represents results from a single trabeculum. The first field-stimulation—force curve,
determined in the absence of any antagonist, is shown by filled circles. In a, the second
(open circles) and third (open squares) curves were determined in the presence of
200nM (-)-propranolol incubated for 45 min before the second curve was begun. In b,
the experiments for the second and third curves were carried out in the presence of
200nM (-)-propranolol as in a, but the tissues were incubated for 30 min with 10 uM
5-HT followed by 10 min wash-out before determination of the second (open triangles)
and third curves (inverted open triangles). The protocol of the experiment in ¢ was as
in b, except that the 5-HT,-receptor-selective antagonist SB-207710 (100 nM; KAuMaNN
et al. 1994) was added after the second curve was finished and was present during the
third curve (filled diamonds). In d, no 5-HT was present. The second curve (open dia-
monds) was determined in the absence of SB-207710 and the third curve (open hexa-
gons) in the presence of SB-207710 (100nM). The hatched area in ¢ represents the
increase in contractile force elicited from neuronally captured and released 5-HT inter-
acting with 5-HT, receptors. Similar results were obtained from two other experiments.
(KaumaNN and MOLENAAR, unpublished)
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it is likely that the human sinoatrial 5-HT receptors that mediate tachycardia
are of 5-HT, nature. Cisapride can also produce supraventricular arrhythmias
in man (INnmMaN and Kunota 1992; OvrsseN and Epwarps 1992). Patients with
carcinoid heart disease and high levels of blood 5-HT exhibit occasional
ectopic atrial rhythm and atrial fibrillation (LUNDIN et al. 1988). These clinical
observations, taken together, support the hypothesis that human 5-HT, recep-
tors mediate atrial arrhythmias (KAUMANN 1994) and are consistent with
the arrhythmias observed experimentally in human atrium (KaumanN and
SaNDERs 1994). The use of 5-HT,-receptor-selective antagonists has been
suggested for the prevention of atrial fibrillation and stroke in the elderly,
especially when anticoagulants are contraindicated (KaumManN 1994). Clinical
studies with 5-HT,-receptor antagonists will test the hypothesis of atrial 5-
HT,-receptor-mediated arrhythmias. Recent evidence, showing that a 5-HT},-
receptor-selective blocker terminates experimental fibrillation and atrial
flutter in pig (RAHME et al. 1999), supports the concept of an involvement of
5-HT and 5-HT, receptors in these arrhythmias.

I. Epilogue

Some of the following questions are preludes to future research. Does inhibi-
tion of BARK improve human heart failure? Although this has been proposed
as a target in humans (RockMmaN et al. 1998), it would be expected to enhance
catecholamine-evoked f-adrenoceptor function, including high myocardial
oxygen consumption, which would be detrimental. This mitigates against the
beneficial effects of f-adrenoceptor-blocking agents in heart failure. The intro-
duction of BARKI1 inhibition in the clinic will determine the outcome of this
paradox.

Are there circumstances under which the fS;-adrenoceptor can elicit
arrhythmias with putative f;-adrenoceptor characteristics in human heart?
Is it possible to develop selective antagonists of the f;-adrenoceptor that
mediates the putative f;,-adrenoceptor pharmacology, including arrhythmias?
The introduction of selective and non-selective antagonists will contribute to
clarify these questions.

At least two splice variants of the 5-HT, receptor (5-HT,, and 5-HT4,) of
remarkably similar pharmacology are expressed in human atrium. Is there a
functional role in human atrium for additional splice variants reported for
brain? The development of antagonists selective for either splice variant could
not only quench the curiosity of the researcher but could also have clinical
advantages. For example, it may be desirable to selectively prevent atrial
arrhythmias through one splice variant but leave unchanged the functions
modified through other splice variants located in several brain regions.
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CHAPTER 4
Kinetic Modeling Approaches to
Understanding Ligand Efficacy

J.J. LINDERMAN

A. Introduction

The responses of cells are governed to a large extent by the binding of ligands
to cell surface receptors and the signal transduction steps that follow. Al-
though these steps are being studied in detail to determine the identities of
the molecules participating and the reactions that occur during signal trans-
duction, there is, by comparison, little attention paid to quantitative aspects of
the signal transduction process. However, quantitative studies are necessary
to predict how specific numbers of bound receptors trigger particular levels
of responses and thus obtain the ability to carefully control or manipulate
the extent of cellular responses. An understanding of the kinetics of these
processes is vital to such quantification. The goal of this chapter is to describe
some kinetic modeling approaches that, in combination with experimental
data, suggest key parameters relating ligand-receptor binding to the cellular
response. A particular focus is on the ligand-specific parameters which under-
lie differences in ligand efficacy.

The generation of a response following the binding of ligand to cell
surface receptors — the underlying basis of ligand efficacy — is not simply a
function of the number of bound receptors. The ability of bound receptors to
transduce a response may depend on their “state” - e.g., active, inactive, desen-
sitized, or internalized — and this state may, in part, depend on the ligand used
to bind the receptor. Furthermore, receptors in a fully active state may be
unable to transduce a signal if they are unable to find and interact with the
appropriate effector in the signal transduction cascade. Thus, any quantitative
understanding of the link between receptor-ligand binding and cellular
responses or efficacy must entail a detailed grasp of receptor states, the kinet-
ics of receptor processing (or conversion between states), and the ability of
receptors in these different states to transmit the message of ligand binding.
In this chapter, four ligand-dependent parameters that relate to receptor states
and may contribute to ligand efficacy are discussed. Two of these focus on G
protein-coupled receptors.
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B. Background
I. Efficacy

It is well known that different ligands binding to the same number of recep-
tors of a particular type on the same cell type may elicit different levels of
a particular response; these ligands are said to have different efficacies. As
reviewed in Kenakin (1993), there have been several attempts to link recep-
tor occupancy with response for different ligands (occupation theory). In
a classical but still popular approach, the term “efficacy” means the intrinsic
efficacy (¢), as defined by Furcucott (1966), and the stimulus (S) is defined
by

_ AR ]
" [A]+Kp )

where [A] is the agonist concentration, [R,y] is the total number of receptors
available for binding ligand, and K, is the equilibrium dissociation constant.
The response is then related to the stimulus by

Response = f(S) ()

where fis an unknown (generally assumed hyperbolic) function (STEPHENSON
1956).The efficacy €is ligand-specific, whereas the values of [R,,,] and the func-
tion f are assumed to be tissue-specific. Efficacy is positive for agonists, nega-
tive for inverse agonists, and zero for neutral antagonists. Thus, in this model,
ligands are assumed to have two key properties: affinity and efficacy. In other
words, when the cellular response [increase in cell number, cyclic adenosine
monophosphate (¢cAMP) production, increase in intracellular free calcium
concentration, etc.] is plotted as a function of the scaled agonist concentration
[AJ/Kp, differences in the responses induced by different ligands are said
to be a result of different ligand efficacies. One example of this is shown in
Fig. 1. Equilibrium binding experiments can presumably be used to determine
a value for the affinity, but efficacy is a parameter that is often used in a
qualitative and relative sense (e.g. one ligand has a greater efficacy than
another). Although Eqgs. 1 and 2 do indeed describe many observed
dose-response characteristics, the parameter € and the function f lack any
mechanistic underpinnings. Both are simply fit to the data.

Further, as pointed out by CoLouHOUN (1987), the above model cannot
be correct; binding must influence efficacy and vice versa due to thermody-
namic considerations. For example, in G protein-coupled systems, the affinity
of agonist for receptor in the absence of G proteins is now believed to be
determined by its affinities for both an active and inactive state of the recep-
tor (Samama et al. 1993; Weiss et al. 1996b), and the ability of the ligand to
selectively bind to the receptor in the active state is believed to contribute to
its efficacy as an agonist. Therefore, the two properties — affinity and efficacy
— are necessarily intertwined.
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Fig.1. Differences in ligand efficacy among ligands for the S-adrenergic receptor.
Dose-response curves for seven different agonists — epinephrine (filled circle), iso-
proterenol (open circle), salbutamol (open square), metaproterenol (x), zinterol (open
triangle), dobutamine (open diamond ), and ephedrine (+) - binding to the f-adrener-
gic receptor on S49 cells are shown. Fractional activation represents 10 min of cAMP
accumulation normalized by the maximum response obtained using epinephrine
(StickLE and BARBER 1991)

In this chapter, I will use the qualitative definition of efficacy as the prop-
erty of a ligand that affects responses and is not simply related to the ability
of ligand to occupy cell surface receptors. The premise of this chapter, con-
sistent with all of the above, is that ligand efficacy is, in fact, dependent on a
variety of physical phenomena and thus depends on the parameters that
describe those phenomena. A combination of theoretical and experimental
work may enable us to determine some of the physical parameters that under-
lie efficacy and, ultimately, may allow us to predict efficacy. In this context,
physical parameters mean quantities that, in principle, are measurable, e.g.,
diffusivities, concentrations, and — notably — kinetic rate constants. The work
described below is by no means complete; indeed, only a few of the physical
parameters that may affect efficacy and cellular responses in general are
discussed.

II. Modeling

In this chapter, the focus is on models that link receptor-ligand binding with
the generation of cellular responses. Developing models requires that assump-
tions be made about the system to be described. Some of those assumptions
are very obvious, such as including one reaction but leaving another out. Some
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are less obvious and can be hidden in the framework of the model; it is the
modeler’s job to understand and make those assumptions explicit. For
example, the decision to treat all receptors in one particular state (e.g. ligand-
bound) as equivalent in a model is routinely made, and then only the con-
centration of that particular receptor population is tracked in time. In Sect. C.I,
we will see that this assumption may be limiting, and a different model frame-
work that allows tracking of individual receptors will be used.

1. Equilibrium, Steady State, and Kinetic Models

It is useful to briefly define some of the terms and discuss some of the princi-
ples that will be used to describe the models in this chapter. The models under
consideration here are ones that predict the concentrations of various molec-
ular species (free receptors, ligand-bound receptors, desensitized receptors,
activated G proteins, etc.). Consider the reversible reaction

ky
A ;k‘:B (3)

which describes the conversion of species A into species B with first-order rate
constants k; and k.. If you begin with only species A, initially only the forward
reaction occurs. Once some of species B is present, the reverse reaction also
occurs. As the concentration of A decreases, the rate of the forward reaction
decreases and, as the concentration of B increases, the rate of the reverse reac-
tion increases. Obviously, eventually a point is reached at which the rates of
the forward and reverse reactions are equal, and

ke[A]=k.[B] (4)
or

[A]

E =Kp (5)

where Kp, the equilibrium dissociation constant, is equal to k/k;. At this point,
no further net change in the amounts of A and B takes place, and the reac-
tion mixture is said to be in chemical equilibrium (FELDER and Rousseau
1986). The equilibrium solution to this model is given by Eq. 5. This, then,
is an equilibrium model. There are no dynamics; one does not know how
long it will take A to be converted into a mixture of A and B. To answer that
question, one must consider not equilibrium thermodynamics but chemical
kinetics.
One can also describe the model above with the kinetic equations

d[A]/dt = -k([A]+k.[B] (6a)

and
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d[B]/dt =k [A]-k.[B] (6b)

the solutions of which describe the change in the concentrations of A and B
with time. This is a dynamic or kinetic model. Eventually, a point at which the
concentrations of A and B do not change any further with time will be reached,
and the process is said to be at a steady state; before this point, the process is at
an unsteady state. The solution to this model depends on the rate constants and
not simply the equilibrium constant. For example, if one increases both k; and
k. by the same factor, the equilibrium solution (which depends only on their
ratio) is unchanged, but the approach to that state is more rapid.

For the model just described (Eq. 6a, b), the equilibrium and steady state
solutions to the model are identical. However, this is not always the case. For
example, in some systems, there may be a net flow of material and an accom-
panying steady state but no equilibrium (Wyman 1975). Consider the situation
of internalization and recycling of receptors via the endocytic pathway (for
simplicity, imagine that all internalized receptors are recycled). If the inter-
nalization pathway is suddenly “turned on” (perhaps by ligand binding), recep-
tors initially found on the surface will begin to appear inside the cell and,
eventually, these receptors will be returned to the cell surface. After some time,
the rates of internalization and recycling will be equal, and the numbers of
receptors on the cell surface and inside the cell will not change with time. This
steady state does not represent an equilibrium; there is a constant consump-
tion of energy (this is an “open” system, not a closed one) and a constant flow
of receptors around the loop. An analogous situation would be the cycling of
G proteins between inactive [ofy-guanosine diphosphate (GDP)] and active
[o-guanosine triphosphate (GTP) and fy] states. Even if a steady state in the
concentration of active and inactive G proteins was reached, there would still
be a continuing hydrolysis of GTP to GDP (and thus a continuing need for
GTP) and no thermodynamic equilibrium.

Of course, signal transduction is likely to be an inherently non-equilibrium
process. The process is initiated when agonist is added, and may then desen-
sitize in the continued presence of agonist. In the body (and in some in vitro
experiments), the added complication of agonist concentrations that change
with time is present. In this chapter, it is shown that kinetic modeling is a valu-
able tool for understanding ligand efficacy and signal transduction in general.

2. Diffusion-Versus Reaction-Controlled Events

In the simple example reaction scheme above (Eq. 3), rate constants are used
to describe the rate at which an event occurs. For example, in Eq. 6a above,
species A is converted to species B at a rate given by the product of the kinetic
rate constant k; and the concentration of A. The physics behind the rate con-
stant describing the conversion of A to B has not yet been specified.

Consider, for example, the reaction of receptor (R) with ligand (L) to form
a receptor-ligand complex (C) according to
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k

R+L ; C (7)

Although only a single arrow is shown for the forward (association)
process, the binding of receptor to ligand is, in actuality, a two-step process
(reviewed in LAUFFENBURGER and LINDERMAN 1993). Receptor and ligand must
first be transported near to each other (typically by diffusion), and then the
two may react with intrinsic kinetics dictated by the properties of the mole-
cules themselves. If the diffusion step is much faster than the intrinsic reaction
step, then the overall process is termed reaction-controlled or reaction-limited.
In this case, the value of k; is determined by the value of the intrinsic forward
reaction rate constant. However, if the intrinsic reaction step is much faster
than the diffusion step, then the overall process is termed diffusion-controlled
or diffusion-limited. In such a case, reactions occur with essentially 100% prob-
ability once two molecules capable of reacting actually collide. Finally, a reac-
tion may be partially diffusion-controlled (or equivalently, partially reaction-
controlled), and such a reaction would occur with less than 100% probability
once the molecules collide.

The binding of a ligand to a cell surface receptor is typically (though not
always) reaction-controlled (LAUFFENBURGER and LINDERMAN 1993 and refer-
ences therein). It is reasonable to assume that hydrolysis of GTP by the «
subunit of a G protein is also reaction-controlled [although the role of regu-
lators of G protein signaling (RGS) proteins in regulating the hydrolysis rate
may complicate that picture; BERMAN and GiLmMaN 1998]. However, the con-
version of inactive G proteins to active G proteins, occurring upon collision
of a G protein with a ligand-bound receptor (assuming adequate GTP is avail-
able), is likely to be either diffusion-controlled or partially diffusion-controlled
(Jans 1992; Manama and LINDERMAN 1994b, 1995). The interaction of two
receptors, one bound by ligand and one not, to form two cross-linked recep-
tors is also believed to be partially or completely diffusion-controlled (DEMBO
et al. 1982). Modeling treatments in these situations often take the diffusion
step explicitly into account.

3. Model Structures and Dose-Response Curves

Two types of models will be described in this chapter. Ordinary differential-
equation models (time-dependent), such as those given by Eq. 6a and b, can be
solved (by analytical or numerical techniques) to give the concentrations of
the various molecular species (ligand-bound receptors, desensitized receptors,
internalized receptors) as a function of time. Note that there is no ability to
distinguish between individual members of a particular species. Nor is there
the ability to distinguish between molecules based on their spatial position,
because time is the only independent variable. By identifying the concentra-
tion of one of the molecular species in the model (e.g. cAMP or a-GTP) as
indicative of a response, a dose-response curve can be generated.
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Alternatively, models that also consider the positions of molecules may
also be developed. In this chapter, Monte Carlo models which track individ-
ual molecules in time and space are described. Although there are many types
of Monte Carlo models (the name “Monte Carlo” simply means that there is
some random element in the model), the particular type described here can
be shown schematically in Fig. 2a. In this numerical-simulation scheme, mole-
cules associated with the cell membrane are placed on a lattice (they can also
be restricted to subregions or domains, as in Fig. 2b). Individual molecules are
chosen at random and allowed to move in a random direction a distance in
accordance with a specified diffusion coefficient and the time step of the sim-
ulation. Molecules are also allowed to undergo a conversion to a different mol-
ecular species. Some of these conversions are completely reaction-controlled,
and they occur with a probability related to the intrinsic kinetic rate constant
for that reaction. An example of such a conversion would be the conversion
of a free receptor to a ligand-bound receptor, which is (in most cases) not
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Fig.2a,b. Monte Carlo simulations. a Monte Carlo model lattice with particles. Mole-
cules (circles) are placed on a cell membrane (grid) and allowed to move among grid
locations (diffusion), collide with other molecules, and react. b Restriction of molecules
into specific subregions or domains. For clarity, the grid detail is not shown
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influenced by diffusion (LAUFFENBURGER and LINDERMAN 1993). Diffusion-
controlled conversions are set to occur with 100% probability once two mol-
ecules capable of reacting collide, and partly diffusion-controlled conversions
are set to occur with some intermediate probability once the molecules collide.
Overall, the simulation scheme simply keeps track of the individual molecules
as they move and react on the two-dimensional surface of the plasma mem-
brane (MaHAMA and LINDERMAN 1994). One can then count the number of
each particular species for comparison with the ordinary differential-equation-
model solution described above. Again, the identification of the concentration
of one particular species as a response (e.g. the number of o-GTP) allows a
dose-response curve to be generated.

C. Parameters Contributing to Ligand Efficacy

In the sections below, four categories of ligand-dependent kinetic rate con-
stants that are related to receptor states and may contribute to ligand efficacy
are discussed. Although the parameters and underlying phenomena are
treated somewhat individually here, all would act simultaneously in a cell to
modulate the cellular response.

I. The Lifetime of an Individual Receptor-Ligand Complex (1/k,)

Consider a G protein-coupled receptor system in which receptors exist in only
one of two states, ligand-bound or unbound, and in which only bound recep-
tors are capable of activating G proteins. Are all bound receptors equivalent?
Two situations of equal receptor occupancy with agonist are shown in Fig. 3.
In the left panel of the figure, occupancy of receptor by agonist ligand is shared
among all of the receptors. In the right panel, a very tightly binding antago-
nist is used to block some of the receptors. The remaining receptors are bound
by agonist. Note that the agonist concentrations in the two panels must be dif-
ferent in order to achieve equivalent occupancies. Is there a difference in terms
of expected G protein activation between the two situations shown?
Experimental data suggest that the equivalent receptor occupancies
shown in Fig. 3 may give unequal G protein activation. STICKLE and BARBER
(1989) measured the amount of cAMP production induced by epinephrine
binding to B-adrenergic receptors on S49 murine lymphoma cells. Cells were
incubated with agonist with or without preincubation with the antagonist pro-
pranolol to block some of the receptor sites. As shown in Fig. 4a, the fractional
response declined with increasing concentrations of the agonist despite equiv-
alent receptor occupancy by agonist. MAHAMA and LINDERMAN (1994a, 1995)
measured the increase in cytosolic free-calcium concentrations in individual
BC3H1 cells stimulated with the ol-adrenergic receptor agonist phenyle-
phrine. These cells were found to exhibit an all-or-none response, and the frac-
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Fig.3A,B. Ligand movement among cell surface receptors. Ligand is assumed to bind
and dissociate from receptors with probabilities proportional to k{A] and k,, respec-
tively. A Two-thirds of the receptors are occupied by agonist at any time, and each
receptor is occupied by agonist 66% of the time. B One-third of the receptors have

been blocked with a tightly binding antagonist. The remaining two-thirds of the recep-
tors are occupied by agonist 100% of the time
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Fig.4A,B. Impairing the movement of ligand among cell surface receptors may inhibit
G protein activation. A Fractional response (cAMP production) as a function of
agonist concentration (STICKLE and BARBER 1989). B Fractional response (fraction of
cells exhibiting a calcium rise) as a function of the number of receptors bound by
agonist and in the presence or absence of antagonist (MaHAMA and LINDERMAN 1995)

tion of cells responding was found to be an increasing function of the ligand
concentration. In Fig. 4b, the fractional response (percentage of cells respond-
ing) as a function of the number of receptors bound by agonist is shown. Cells
were either incubated with agonist alone or were pre-incubated with the
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tightly binding antagonist prazosin. These data suggest that movement of
ligand among receptors (Fig. 3a) allows a greater cellular response than if such
movement is inhibited (Fig. 3b).

The development of models for G protein activation offer an explanation
of the data of Fig. 4 and suggest a parameter that may contribute to ligand
efficacy. The hypothesized basis for the differences seen in Fig. 4 is the inabil-
ity of diffusion to act as an effective mixing mechanism in two dimensions.
Receptors and G proteins are believed to find each other by diffusion, as
shown in Fig. 5a. A receptor that remains ligand-bound for a long time (shown
schematically in Fig. 3b) may activate all nearby G proteins and have a diffi-
cult time accessing G proteins further away and, thus, a depletion zone in
which few inactive G proteins are available may develop around that recep-
tor. However, when the occupancy of receptors by ligand is effectively shared
among the entire receptor population (shown schematically in Fig. 3a), such
depletion zones are expected to be minimized, and greater G protein activa-
tion is anticipated. To test this scenario, the Monte Carlo models described
earlier are used to follow the interaction of individual receptors and G
proteins to produce the response of G protein activation (MaHAMA and
LINDERMAN 1994b, 1995; SHEA and LiNDERMAN 1997). The events included in
the model are: binding and dissociation of ligand and receptor, collision of
ligand-bound receptors with ofy-GDP to form o-GTP and By (the exchange
of GTP for GDP is assumed to be rapid), the hydrolysis of GTP by the «
subunit to form o~GDP, the collision of a-GDP and By to re-form ofy-GDP,
and the diffusion of receptors and G proteins (all forms) in the membrane. A
model framework that explicitly follows the spatial position of individual mol-
ecules is convenient, because one can then observe whether the hypothesized
depletion zone does indeed develop. The interaction between a ligand-bound

Fig.5A,B. Role of diffusion in receptor—G protein coupling. A Receptors and G pro-
teins find each other by diffusion in the plane of the membrane. B Receptors pre-
coupled to G proteins need not diffuse to activate a G protein
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receptor and inactive G protein to produce a-GTP and By subunits (leaving
the ligand-bound receptor unchanged) may be simulated as completely or par-
tially diffusion-controlled. This is a non-equilibrium model; there is a con-
sumption of GTP (assumed to be present in excess) due to the constant cycling
of G proteins between activated and inactivated states.

The prediction of this model can be plotted in the form of a dose-response
curve giving the amount of o-GTP at steady state as a function of the scaled
ligand concentration, as shown in Fig. 6a. Note that the dose-response curve
shifts to the left as the ligand dissociation rate constant k, increases (i.e., as
the mean receptor-ligand complex lifetime 1/k, decreases). This occurs despite
correction for the differing Kps of the ligands. As hypothesized above, the
reason for this shift in the dose-response curve is the development of larger
depletion zones around individual receptors bound for long periods of time
as compared with those bound for relatively short periods of time. A deple-
tion zone is shown schematically in Fig. 7 and the size of the predicted deple-
tion zone has been demonstrated to vary in a predictable fashion with both k,
and the diffusion coefficient (SHEA et al. 1997). The larger values of k, (Fig. 7a)
give a smaller depletion zone and are representative of the situation shown in
Fig. 3a; the smaller values of k, (Fig. 7b) give a larger depletion zone and are
representative of the situation shown in Fig. 3b. It is interesting to note that
the shape of the curve is hyperbolic — this is not an assumption as with the
StepHENSON model (1956) noted earlier but rather a consequence of the reac-
tions specified in the simulation.

Two additional factors can influence the degree to which the mean life-
time of a receptor-ligand complex (1/k,) affects the efficacy. First, pre-coupled
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Fig.6A,B. Predicted effect of the mean receptor-ligand complex lifetime 1/k, on G
protein activation. Results for k, equal to 200, 20, and 0.2s™ are shown in each plot.
A Activation in the absence of any receptor-G protein pre-coupling. B Activation in
the ongoing presence of receptor—G protein pre-coupling. For this simulation, coupling
parameters are set such that 30% of receptors are pre-coupled to G protein prior to
ligand addition (SHEa and LINDERMAN 1997)
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Fig.7A,B. Schematic of the depletion zones that may develop around agonist-bound
receptors. Bound receptors (filled squares), free receptors (open squares), activated G
proteins (shaded circles), and inactive G proteins (filled circles) are shown. A Situation
existing when the mean receptor-ligand complex lifetime 1/k; is short. B Situation
existing when the mean receptor ligand complex lifetime 1/k, is long. In each case,
there are the same number of agonist-bound receptors. More activated G proteins are
produced when k, is large, and those activated G proteins are more evenly distributed
in the membrane. Hypothetical depletion zones, regions near receptors that are devoid
of activatable G proteins, are shown by dotted lines. When k; is small, receptors remain
bound long enough to significantly deplete the region of inactive G proteins

receptor-G protein complexes (Fig. Sb) may be present. In the simulation of
this scenario, one allows colliding free receptors and inactive G proteins (¢S
GDP) to complex with some set probability throughout the simulation, and
for those complexes to break apart unproductively with a particular rate con-
stant. When these pre-coupled receptor—G protein complexes are present, the
need for a receptor-ligand complex to diffuse to find a G protein is reduced,
at least for finding the initial G protein to activate. The rapid sharing of recep-
tor occupancy among all surface receptors now conveys an even greater
advantage, and the dose-response curve in the presence of pre-coupling is dra-
matically influenced by the mean lifetime of a receptor-ligand complex, as
shown in Fig. 6b. The magnitude of this effect depends on both the equilib-
rium constant describing receptor-G protein coupling and uncoupling (not
shown) and the kinetics of receptor-G protein pre-coupling (Fig. 8).

Second, receptors and G proteins may be present only within discrete
microdomains on the cell surface. Such domains have been widely postulated
(NEUBIG 1994; NEER 1995), although the size of the microdomains and the
factors regulating them are unknown. One can use the Monte Carlo model
described above (with the grid set up as in Fig. 2b) to determine the effect of
domains on G protein activation. Generally, restricting receptors and G pro-
teins to a fraction of the membrane increases activation relative to the case of
no such restriction, as expected. When comparing cases of equivalent area cov-
erage of domains but different numbers of domains (i.e., many small domains
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Fig.8. Predicted effect of pre-coupling kinetics on activation. For simulations with pre-
coupling of receptors and G proteins, 30% of the receptors were pre-coupled prior to
ligand addition, thus setting the equilibrium constant describing receptor coupling and
uncoupling. The kinetic rate constants making up that equilibrium constant were then
varied. Larger values of those rate constants are predicted to shift the dose-response
curve to the left (SHEA and LINDERMAN 1997)

versus a few large domains), however, one finds that the magnitude of the
increase caused by compartmentalization to domains is dependent upon addi-
tional physical parameters, including the ligand-dissociation rate constant k..
When there are small domains, there is a distinct advantage to the sharing of
receptor occupancy among all receptors in all domains, as measured by the
mean lifetime of a receptor-ligand complex (1/k,). This effect on efficacy is
shown in Fig. 9.

Thus, the conclusion from this work is that ligand efficacy in G protein-
coupled systems is a function of the mean lifetime of the receptor-agonist
complex (1/k,). The value of k, contributes not only to the determination of
the number of bound receptors but also to the ability of those receptors to
signal. A number of presumably cell-dependent parameters, such as the
number of receptors pre-coupled to G proteins in the absence of ligand, the
kinetics of that pre-coupling (and uncoupling) reaction, the translational-
diffusion coefficients of the membrane molecules, and the presence and size
of microdomains, influence the degree to which the value of k, affects the
dose-response curve.

II. The Receptor Desensitization Rate Constant k,

In the previous section, we allowed receptors to be in ligand-bound, G protein-
coupled, or free (unbound) states. Now consider the possibility that receptors
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Fig.9a,b. Predicted dose—response curves for varying values of the ligand dissociation
rate constant k.. a Receptors and G proteins are localized to 504 domains of diameter
154nm. b Receptors and G proteins are localized to one domain of diameter 3612 nm.

For each case, 20% of the cell surface is covered with domains. Ligand movement

among surface receptors has a more significant effect on activation in the case of small
domains (SHEA and LINDERMAN 1998)

can have yet another state, a desensitized state, as shown in Fig. 10. The ability
of bound receptors to signal is clearly dependent on the value of the desensi-
tization rate constant k,. If the desensitization rate constant varies with the
identity of the ligand, then k, also contributes to ligand efficacy.

Quantitative investigations into the value of the desensitization rate
constants k, for different ligands binding to the same receptor type on the
same cell type are few. One of the complicating factors is that a number of
receptor-processing events (e.g. desensitization, internalization, recycling,
upregulation) can take place simultaneously and, thus, must be considered
when designing or analyzing experiments.
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Fig.11. Model scheme used by HorrmaN et al. (1996) to analyze binding data and
determine the desensitization rate constant k, for ligands binding to the N-formyl
peptide receptor on human neutrophils

HorrmaN et al. (1996) followed the binding of several ligands to the N-
formyl peptide receptor (a G protein-coupled receptor) on human neutrophils
at 4°C using flow-cytometric techniques. This receptor is known to convert
from a low-affinity state to a higher-affinity state (SKLAR 1987), a step that may
involve or occur in series with phosphorylation of the receptor (ALl et al. 1993;
TARDIF et al. 1993; ProssniTz 1997) and/or interaction of the receptors with
cytoskeletal elements (KLotz and Jesarris 1994) and which correlates with
receptor desensitization (SKLAR et al. 1985). Fluorescent ligands, or non-
fluorescent ligands in competition with fluorescent ligands, were used. At 4°C,
receptor internalization and upregulation are inhibited; however, desensitiza-
tion and ligand binding to and dissociation from the signaling and desensitized
forms of the receptor occur. A schematic of the model used to analyze these
events is shown in Fig. 11; the equations describing this model are time-
dependent ordinary differential equations. In order to determine the rate con-
stants of the model, binding data were analyzed using a statistical package to
fit the model of Fig. 11 to the data. The values of k, for three different agonist
ligands of different (but positive) efficacy at 4°C are given in Table 1. Note
that the value of the receptor-desensitization rate constant was found to be
ligand dependent.!

These data suggest, then, that differences in ligand efficacy may, in part,
be due to differences in desensitization rates for receptors bound by these
different ligands. The underlying reason for the differences in desensitiza-
tion rate constants is not known. For G protein-coupled receptors, recent

"There are also differences in the ligand-dissociation rate constant k, among these
ligands (HorrMaN et al. 1996). This may contribute to differences in efficacy, as
described in the previous section.
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Table1. Desensitization rate constants for three N-formyl
peptide receptor agonists at 4°C (HOFFMAN et al. 1996)

Agonist Desensitization rate constant k, (s™)
CHO-NLFNTK-fI* 1.3 +0.4 x 102
CHO-MLF® 1.1+0.1x 107
FNLP¢ 1.0+ 04 x 107

N - formyl - norleucyl - leucyl - phenylalanyl - norleucyl -
tyrosyl-lysine fluorescein.
°N-formyl-methionyl-leucyl-phenylalanine.
*N-formyl-norleucyl-leucyl-phenylalanine.

data and models (SamaMa et al. 1993; WEiss et al. 1996a) have suggested that
ligand-bound, non-desensitized receptors may exist in active (R*) and inac-
tive (R) forms and that the distribution between these forms may depend on
the ligand identity (Sect. C.4). If active and inactive forms of the receptor
are desensitized at different rates, then the overall observed differences in
desensitization rates of receptors bound by different ligands may be due partly
or entirely to the underlying differences in the distribution of active versus
inactive receptors (RICCOBENE et al. 1999).

III. The Ligand Binding and Dissociation Rate Constants at
Endosomal pH

Let us now consider the trafficking of receptors to the interior of the cell and
the possible recycling of those receptors back to the cell surface. This adds at
least one additional receptor “state” (that of the internalized receptor) and
presumably more (internalized receptors may be ligand-bound, desensitized,
etc.). Although signal transduction and membrane trafficking have previously
been considered as separate subdisciplines within cell biology, this clearly
cannot continue (SEaMAN et al. 1996). For example, internalization and recy-
cling of receptors may allow for resensitization of G protein-coupled recep-
tors (KRUEGER et al. 1997), and signals generated by receptor—agonist binding
(which may be ligand-dependent) may influence internalization (CoLomBo et
al. 1994). In this section, however, the other side of that picture is discussed;
the outcome of endocytosis — i.e., whether receptors are recycled or not — may
influence signaling and may be the result of ligand-dependent properties.
The number of receptors on the cell surface that are available for initiat-
ing signal transduction is modulated by endocytosis. As shown in Fig. 12, inter-
nalized receptors are sorted in endosomes (which have a pH of about 5.0) into
at least two pathways: the recycling pathway returns receptors to the cell
surface, and the degradative pathway sends receptors to lysosomes. A similar
choice of pathways is available to internalized ligands. If ligand properties
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Fig.12. Receptor and ligand sorting in endosomes. Receptors and ligands are inter-
nalized, delivered to acidic endosomes, and there targeted for either recycling or
degradation

influence the outcome of the sorting process, then these properties would also
be expected to contribute to ligand efficacy.

A model for the endosomal sorting process, developed by LINDERMAN and
LAUFFENBURGER (1988) and extended by FrRENCH and LAUFFENBURGER (1996),
is based on the hypothesis that receptors found in endosomes may be sorted
differently based on their state in the endosome (bound, free, or even cross-
linked by a multivalent ligand). The expected scenario is that receptors that
are unbound by ligand are capable of diffusing into the tubular portion of the
endosome that is involved in recycling to the cell surface. Receptors that are
bound by ligand can be trapped by an interaction with a “retention compo-
nent” and thus are forced to remain behind in the central vesicular portion of
the endosome and are targeted for degradation. This scheme is shown in
Fig. 13. Although, when originally proposed, the “retention components” were
simply hypothesized to exist, a molecule that may function as a sorting nexin
for the epidermal growth factor (EGF)-receptor system has recently been
identified (KURTEN et al. 1996).

Because different ligands are likely to have different abilities to bind at
the low pH of the endosome, the outcome of the sorting process is expected
to vary with the identity of the ligand. A ligand which readily dissociates from
its receptor at low pH will leave many receptors free (unbound by ligand),
unlikely to interact with retention components, and able to be recycled. Con-
versely, a ligand that does not readily dissociate will leave many receptors
bound, likely to interact with retention components, and unable to recycle.
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Fig.13. Proposed model for sorting of receptors and ligands inside endosomes. Recep-
tors and ligands that enter tubules are recycled, while those that do not are later
degraded. Ligand-bound receptors may be trapped by endosomal retention compo-
nents and prohibited from diffusing into tubules. Thus, the ability of ligand to bind
receptor in the endosome influences the outcome of the sorting process

Thus, the different abilities of ligands to dissociate at low pH will contribute
to different efficacies.

For this model (Fig. 13), time-dependent ordinary differential equations
are written to describe the number of each species (bound receptors in vesi-
cles, bound receptors in tubules, free receptors in tubules, free ligand in
tubules, receptors trapped by the retention components, etc.). Receptors
(bound and free) that are not trapped by retention components are free to
diffuse into tubules. Receptors can bind and dissociate ligand with rate con-
stants evaluated at endosomal pH and can interact with retention components
with forward and reverse rate constants.

A major prediction of the model for the outcome of the sorting process
at steady state is shown in Fig. 14. In this figure, the outcome of the sorting
process for a particular ligand is shown as a function of loading by the ligand,
i.e., the intracellular ligand concentration. At low ligand concentrations
(region I in the figure), few of the ligands are bound and, thus, the fraction of
ligand that is recycled corresponds to the fraction of the endosomal volume
found in tubules (here estimated as ~60%). As the ligand concentration is
increased, a greater fraction of the ligand is bound to receptors, and those
receptors remain behind in the vesicular portion of the endosome. Thus, the
amount of ligand recycled drops (region II). Finally, as the ligand concentra-
tion is increased still further, the endosomal retention components are satu-
rated, and bound receptors are found in the recycling tubules. In this region
(region III), both free ligand and much of the bound ligand is recycled, and
the fraction of ligand recycled increases. This is the qualitative behavior
expected for every ligand; however, the locations and sizes of the different
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Fig.14. Predicted qualitative behavior of the sorting model of Fig. 13. The fraction of
internalized ligand that is recycled to the cell surface depends on the intracellular
ligand loading. At low ligand loading (region I), much of the ligand is free. At higher
loading (region II'), more ligand is bound, and those bound receptors are trapped by
endosomal retention components. At the highest ligand loading (region III), endoso-
mal retention components are saturated and ligand recycling increases. Plotting the
sorting outcome as a function of the intracellular ligand loading rather than the extra-
cellular ligand concentration allows differences in binding of ligands at the cell surface
to be normalized (FRENCH and LAUFFENBURGER 1996)

Table2. Association (k) and dissociation (k,) rate con-
stants for three epidermal growth factor (EGF)-receptor
ligands at pH 6 (FRENCH et al. 1995)

Ligand ks k,

min M min™!
Mouse EGF 2.7+1.0x107 0.75 £ 0.16
Human EGF 8.5+ 1.0x10° 0.66 +0.12
TGF«x 5.7 +2.0x10° 2.30+0.91

TGF, transforming growth factor.

regions will depend on ligand- and cell-dependent parameters such as the asso-
ciation and dissociation rate constants for ligand binding to receptor at endo-
some pH and the number of retention components.

Quantitative data to support the model of Fig. 13 are difficult to obtain,
because it is difficult to isolate the outcome of the sorting process from
other receptor- and ligand-processing events. Recently, however, elegant
experiments by FRENcH and co-workers (1995) have measured different out-
comes of sorting that are qualitatively consistent with model predictions. The
investigators used three ligands — mouse EGF, human EGF, and transforming
growth factor-oo (TGFa) — which bind to the EGF receptor and have differ-
ent pH sensitivities at low pH (data is only available to pH 6), as shown in
Table 2. To determine the outcome of sorting, B82 fibroblasts were transfected
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with wild-type EGF receptors. Cells were incubated at 37°C for 2h in various
concentrations of labeled ligand, were washed at pH 3.0 and 4°C to remove
surface-bound ligand, and were chased at 37°C with an excess of unlabelled
ligand. Gel filtration was used to separate degraded from intact (recycled)
radiolabeled ligands in the medium. The three ligands were found to have dif-
ferent sorting outcomes, as shown in Fig. 15. In this figure, differences in
binding at the cell surface are normalized by plotting the amount of ligand
recycled versus the amount of intracellular ligand. Note that TGFo behaves as
in region II of Fig. 14. There is enough intracellular ligand nearby to bind some
of the internalized receptors, and these receptors, along with the TGFa, are
presumably trapped by the retention components and ultimately degraded.
Mouse and human EGF, which are more likely to remain bound to receptors
at endosome pH than are TGFa (Table 2), behave as in region III of Fig. 14.
Because many of the receptors remain bound by ligand, the endosomal reten-
tion apparatus is saturated, and many of the receptors, along with the EGF,
are recycled.

Thus, the conclusion drawn from this work is that ligand efficacy is a func-
tion of the ligand association rate constant k; and the dissociation rate con-
stant k, at endosomal pH. Two ligands acting identically at the cell surface
(same association and dissociation rate constants, same ability of receptor—
ligand complexes to transmit a signal, same rate of desensitization and/or
internalization, etc.) may have different efficacies if, for example, ligand A is
likely to stay bound to receptors within the endosomes and ligand B is likely
to dissociate. Ligand A will direct more receptors to the degradative pathway,
thus reducing further signal transduction, while ligand B will allow receptors
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Fig.15. Measured endosomal sorting outcomes for several epidermal growth factor
(EGF)-receptor ligands. The fraction of internalized ligand that is recycled to the cell
surface as a function of the amount of intracellular ligand is shown for mouse EGF
(filled triangle), human EGF (open circle), and transforming growth factor o (open
square) (FRENCH et al. 1995)
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to recycle and again signal at the cell surface. Furthermore, cell-dependent
parameters (such as the number of endosomal retention components and the
kinetics of their interaction with ligand-bound receptors) may contribute to
the abilities of these ligands to induce cellular responses.

IV. Rate Constants in a Ternary Complex Model

Recently, new experimental data have suggested that there may be multiple
interconverting states for G protein-coupled receptors on the cell surface.
Receptors potentially able to interact with G proteins are hypothesized to
exist in active (R*) and inactive (R) conformations. These may actually rep-
resent families of conformations (KENAKIN 1996a), and the minimum number
of such “families” that will be needed in a model is not known. Thus, the
ternary (i.e., ligand/receptor/G protein) complex model (TCM) proposed by
JacoBs and CuaTrecasas (1976) and DeLEAN et al. (1980) and extensively
studied in its various forms (KENAKIN 1996b and references therein) has been
modified to include these additional states. Two such modifications have been
proposed: the extended ternary complex model (eTCM) shown in Fig. 16a
(Samama et al. 1993) and the more thermodynamically complete cubic ternary
complex model (cTCM) shown in Fig. 16b (Chap. 2.2; WEiss et al. 1996a). The
eTCM and ¢cTCM account for, among other data, the observation that the
increase in the affinity of ligands for a constitutively active mutant (CAM)
receptor is correlated with their intrinsic activity at the wild-type receptor
(Samama et al. 1993). They also allow ligands to behave as inverse agonists.
The models shown in Fig. 16, like the original TCM, are equilibrium
models. They have, however, been used to predict activation in the presence
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Fig.16. Equilibrium ternary complex models that include active (R*) and inactive
(R) receptor states. A Extended ternary complex model (eTCM). B Cubic ternary
complex model (cTCM). The cTCM reduces to the eTCM when the concentrations of
RG and ARG are small. Equilibrium constants for each reaction are shown
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Fig.17. The ternary complex activation model (TCAM). The steps of G protein acti-
vation, hydrolysis of guanosine triphosphate by the o subunit, and recombination of o
and Bysubunits are explicitly included (rate constants kg, k;, and k., respectively). Rate
constants that make up each equilibrium reaction in the cubic ternary complex model
(cTCM) are specified. For example, kgr,c/krg1s seen to be equal to the equilibrium con-
stant Kg of the cTCM. For clarity, other rate constants are not shown, but see SHEA
(1997)

of guanine nucleotides by making the assumption that activation is propor-
tional to [R*G] + [AR*G] (SamaMa et al. 1993; KEnakiIN 1996b, 1997). In these
models, in other words, the “active” receptor coupled to G protein is assumed
to produce activated G proteins in proportion to the receptor concentration
calculated from the model, although this step is not explicitly included. Alter-
natively, one can think of these models as most appropriate when applied to
data obtained in the absence of GTP.

We have examined an extension to these models that also accounts for
the activation of G proteins in the presence of GTP (SHEA 1997; SHEA et al.
1998). This model - a non-equilibrium model termed the ternary complex acti-
vation model (TCAM) —is shown in Fig. 17 and is based, in part, on the cTCM
of Fig. 16b.” Transitions between receptor states that are part of the “cube” are
described by forward and reverse rate constants (their ratios give the equilib-

2 An analogous model based instead on the eTCM would give qualitatively similar
results, as the eTCM is a subset of the cTCM.



Kinetic Modeling Approaches to Understanding Ligand Efficacy 141

rium constants of Fig. 16b). Of these, for simplicity, only two are shown in
Fig. 17. Activation of G proteins by the AR*G (or R*G) complex includes the
exchange of GTP for GDP and the breakup of the complex into AR* (or R*),
o-GTP, and fy. THomseN and NEuBIiG (1989) found these events to be ade-
quately described by a single rate-limiting step (the breakup of the complex)
and, thus, only a single step with rate constant k,; is used in the TCAM. Using
the kinetic model shown in Fig. 17 (and the time-dependent ordinary differ-
ential equations that describe it) gives new insights into ligand efficacy.

It is worth noting first that the TCAM, which reduces to the cTCM at equi-
librium in the absence of guanine nucleotides, is capable of describing the
ligand-binding behavior that originally motivated the development of the
eTCM, as described in SamMaMma et al. (1993). Furthermore, if one uses the a-
GTP concentration as a measure of the cellular response (one could also use
the concentration of By subunits or, by adding other elements to the model,
the concentration of another downstream molecule), one can describe posi-
tive, neutral, and negative agonism (Fig. 18a) and the greater activity of CAMs
compared with wild-type receptors (Fig. 18b) using the TCAM.

KENAKIN (1996b, 1997, 1998) and WEIss et al. (1996¢) have discussed how
ligand-dependent (o) and system-dependent (K,.) equilibrium parameters of
the ¢cTCM contribute to efficacy and the dose-response curve. Below, it is
shown that,in addition, the individual kinetic rate constants of the TCAM con-
tribute to ligand efficacy.

In Fig. 19, sample predictions of the kinetic model (TCAM) and equilib-
rium model (cTCM) are compared for identical values of the nine constants
the two models have in common (equilibrium constants Kg, K., and Kj,,
constants a, 3, %, and &, and the total numbers of receptors and G proteins;
Fig. 16b). For the kinetic model, additional parameters (the rate constants)
must also be specified, and the prediction shown represents only one of many.
The response plotted for the TCAM is the amount of o~GTP at steady state;
the response plotted for the cTCM is the number of receptors in the active
state that are coupled to G proteins ([R*G]+[AR*G]).

Note first that activation (as measured by o~GTP in the kinetic model) is
not predicted from the value of [R*G] + [AR*G] in the equilibrium model
(SHEA 1997). In the particular case shown, the equilibrium and kinetic models
predict positive and negative agonism, respectively. By comparing the kinetic
model to the equilibrium model, one can identify three factors that lead to
different predictions (WooLF and LiNDERMAN 2000). First, the addition of a
second pathway (the activation pathway) from R*G to R* and from AR*G
to AR* in the kinetic model alters the distribution of receptor states so that
the non-G protein-coupled states are more favored than when the activation
pathway is not present. Second, the number of G proteins available for
coupling to receptors is reduced in the kinetic model, because some of the G
proteins are now present as -GTP and o-GDP. Finally, the models are qual-
itatively different — the kinetic model is used to determine a steady state, which
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Fig.18a,b. Sample predictions of the ternary complex activation model. a Positive,
neutral, and inverse agonism are found as o is varied as shown and all remaining para-
meters (rate constants and total numbers of receptors and G proteins) are held
constant. Responses are assumed to be proportional to the amount of o-guanosine
triphosphate (GTP) at steady state. b Intrinsic activity (normalized amount of a-GTP)
of a constitutively active mutant as a function of the activity of the wild type. Each
point represents a different ligand simulated by choosing different values of o and 8
(all other parameters were held constant). Mutant receptors were assumed to have a
100-fold larger value of K, than wild-type receptors. The behavior shown is reminis-
cent of that reported in SAMAMA et al. (1993)

is not at all the same as equilibrium. These factors conspire — for the parame-
ter set chosen here — to cause negative agonism in the activation model.’ Thus,
knowledge of the parameters in the equilibrium model does not uniquely
determine activation and, in fact, the equilibrium model may give qualitatively
and quantitatively different predictions than the related kinetic model. This is

¥Even when the two models predict the same type of behavior, such as inverse agonism,
the magnitudes of the responses predicted are often very different.
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Fig.19. Comparison of the predictions of the equilibrium (cubic ternary complex
model; ¢cTCM) and kinetic (ternary complex activation model; TCAM) models.
Response in the cTCM is given by the sum of the concentrations of AR*G and R*G.
Response in the TCAM is given by the steady state amount of aGTP. All parameters
common to the two models are identical; in addition, the kinetic model requires that
individual rate constants be specified. For the particular parameters used here, the
TCAM predicts inverse-agonist behavior, while the cTCM predicts positive agonism

not only true for predictions of “responses” (Fig. 19) but also for predictions
of concentrations of various species, such as receptors pre-coupled to G pro-
teins (SHEA et al. 1998).

Thus, the conclusion from this work is that efficacy in G protein-coupled
systems may be a function of the kinetic parameters describing conversion
between receptor states — for example, the ligand-dependent rate constants
describing the interconversion of inactive ligand-bound receptor (AR) and
active ligand-bound receptor (AR*) and the interconversion of AR* and
AR*G. It is also possible that the ability of RGS proteins to regulate GTP
hydrolysis by the o subunit of the G protein may be influenced by the ligand
(BermaN and GiLMAN 1988), suggesting that the value of the rate constant for
hydrolysis (k; in Fig. 17) may also contribute to efficacy.

D. Concluding Remarks

The premise of this chapter is that kinetic models of receptor signaling offer
insights into the determinants of ligand efficacy. Several kinetic models are
described here to suggest that ligand efficacy is a function of (1) the ligand-
dissociation rate constant k, when the receptor must diffuse to find the next
component — here a G protein — in the signal transduction pathway, (2) the
receptor desensitization rate constant k,, and (3) the many rate constants
describing receptor state (e.g. active/inactive, coupled/uncoupled to G protein)
interconversions in G protein-coupled systems. In addition to these parame-
ters, other potentially ligand-dependent kinetic rate constants can also con-
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tribute to ligand efficacy. Examples of such kinetic parameters include the
receptor internalization rate constant and the rate constant for receptor re-
sensitization. The influence that each of these parameters may have on the
dose-response curve may be modulated by a number of cell-dependent para-
meters including, for example, the numbers of receptors, G proteins, receptor
kinases (involved in desensitization), and endosomal retention components,
and the rate constants describing, for example, interconversion between active
and inactive forms of a G protein-coupled receptor in the absence of ligand.

Although not the focus of this chapter, model validation through experi-
ments is essential. With the growing ability of molecular biologists to alter the
structures of receptors, ligands, and effectors, we may be able to directly test
many of these models by intentionally modifying key kinetic rate constants
and other system parameters. At that point, we may be able to further iden-
tify the molecular structures that underlie differences in the measured values
of kinetic rate constants and use that knowledge to rationally design drugs
with a desired efficacy.
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CHAPTER 5
The Evolution of Drug-Receptor Models:
The Cubic Ternary Complex Model for
G Protein-Coupled Receptors

T. KENAKIN, P. MorGaN, M. Lurz, and J. WEISS

A. Receptor Models

One of the earliest explicit mathematical representations of drug-receptor
kinetics was given by CLARK (1933, 1937). It was known as occupancy theory,
a name that suggested that occupation of a receptor by a drug could evoke a
response. To differentiate drugs that simply occupied the receptor from those
that occupied and presumably changed the receptor (to produce a physiolog-
ical response), a proportionality factor (intrinsic activity) was added to re-
ceptor occupancy for these latter drugs (ARIENs 1954). These ideas were
later extended and made more applicable to experimental pharmacology by
STEPHENSON (1956) with the introduction of “efficacy”.

This chapter will describe the evolution of the ternary complex model for
G protein-coupled receptors (GPCR). As a preface, two important ideas in
receptor pharmacology, which led to the development of the ternary complex
model, will be discussed. The first is the description of allosterism in receptor
proteins from ideas describing the behavior of ion channels (Karz and
TuesLEFF 1957). The ability to monitor the flux of ions through open and shut
ion channels afforded a method to study the various conformations of protein
ion channels and the development of two-state theory. Open and closed ion
channels allowed such quantification by means of measurement of current
flow through the open channel. The other idea crucial to the thinking about
seven transmembrane (7TM) receptors was one that described receptors as
mobile entities in the lipid of the cell membrane, i.e., the “mobile receptor”
hypothesis by Cuatrecasas (1974). This suggested a new realm of interaction
of receptors and other membrane-bound proteins, specifically G proteins.

These ideas came together in the ternary complex model, as published by
DE Lean and colleagues (DE LEaN et al. 1980). This model considered the acti-
vation of a receptor by an agonist to produce a ternary complex with a
G protein, thereby activating the G protein to initiate cellular response. A
modified, so-called extended ternary complex model has been described by
Samama et al. (1993); it incorporates constitutive receptor activity. Since its
publication in 1980, the ternary complex model and its extension have become
the standard by which drug interaction with 7TM receptors has been studied.
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A recent further extension of this 7TM model, referred to as the cubic ternary
complex model (CTC model), has been presented; it differs from the extended
ternary complex model by allowing the G protein to interact with the inacti-
vated receptor (WEIss et al. 1996a, 1996b). The thermodynamic reasons for
allowing this interaction are discussed later.

This chapter will derive the various equations used to describe these
models and show relationships that can be used to experimentally verify the
specific predictions of each of the models. In particular, some predictions of
the extended ternary complex and the CT'C models will be contrasted. As a
preface to the description of these complex models, it is useful to review the
behaviors of receptors and drugs in terms of the root two-state model.

B. The Ternary Complex Model of Receptor Function

In view of data suggesting that receptors translocate within the two-
dimensional space of cell membranes, CuaTRECAsAs (1974) proposed a model
whereby receptors translocate within the lipid bilayer of membranes to inter-
act with other membrane-bound components. The first specific model to incor-
porate this idea into receptor function was given by DE LEAN, STADEL, and
LerkowiTz (1980). It was termed the ternary complex of receptors. The com-
ponents of this system are receptors ([R]), drugs ([A]), and membrane-bound
protein couplers (in the case of 7TM receptors, these are G proteins, denoted
[G]). Response is produced by activation of G protein by the active state
receptor. The system is:

G G
+ Ka +
A+R——AR
Kg H YKe (1)
A+RG ARG
7Ka

where yrepresents the differential affinity of the G protein for the receptor
when it is ligand bound. Alternatively, y represents the differential affinity of
the ligand for the G protein-bound (versus the unbound or R) state of the
receptor. This model introduced the G protein into the receptor system and
made it an integral part of ligand and receptor behavior patterns. In general,
during the development of the ternary complex model, a synoptic view of a
receptor system (as opposed to a receptor in isolation) was taken. The defin-
itions of the various components of this model are shown in Table 1.

While the ternary complex model was a radical step forward in terms of
defining the mechanism of action of GPCRs, it still viewed agonist activation
of the receptor as a prerequisite to G protein activation. As in occupancy
theory, the ternary complex model also viewed the mechanism by which recep-
tor activation takes place as a conformational change brought on by agonist
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Table 1. Parameters for receptor models

Symbol  Definition

[R] Concentration of receptor in the system

[R] Concentration of receptor in the inactive state (i.e., this species does not
activate G proteins

[R.] Concentration of receptor in the active state (this species activates G
proteins)

[G] Concentration of G protein in the system

K, Equilibrium association constant for agonist and receptor

Ka Equilibrium dissociation constant of the agonist-receptor complex
(Ka = UK,)

K, Equilibrium association constant for receptor and G protein

K Equilibrium dissociation constant of the receptor/G protein complex
(K(} = 1/Kg)

¥ Factor defining the differential affinity of the receptor for G proteins

when the receptor is ligand bound. In the cubic ternary complex model,
it defines the effect of ligand binding on the interaction of the receptor
with G protein when the receptor is in the inactive state

L Allosteric constant denoting the ratio of receptor in the active vs. inactive
state (L = [R.)/[Ri])

o Factor defining the differential affinity of an agonist for the active vs. the
inactive state. Also, the effect of ligand binding on receptor activation

B Factor defining the differential affinity of the receptor for G protein when

the receptor is in the active state
Factor defining the synergy produced by simultaneous ligand binding and
receptor activation on the interaction of the G protein with receptor

binding. To understand the major conceptual changes in this model leading to
the extended ternary complex model years later (Samama et al. 1993), discus-
sion of two-state theory is useful. Two-state theory was introduced to describe
the behavior of ion channels (Karz and TaesLerr 1957) and was later applied
to autonomic and neurotransmitter receptors (KArRLIN 1967; CoLQUHOUN 1973;
ThronN 1973).

C. Two-State Theory

The two-state model describes an equilibrium between two conformations of
a receptor (denoted R, for active state and R, for inactive state) controlled by
an allosteric constant L. The following system is described:

L
Ri ———— R, (2)

The affinity of a ligand for the inactive state (R;) is denoted by the asso-
ciation constant K. Since the second receptor state is a different conforma-
tion, the drug may have a different affinity for that state (to be denoted oK,
where o is the difference in affinity caused by the change in receptor state).

The scheme in which drug A interacts with a two-state receptor system is given
by:
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A A
+ L +
Ri———R,
Ka oK, )
ol
ARj——= AR,

The various parameters describing the model are given in Table 1. Two-
state theory introduces the idea that, because of an intrinsic property of the
receptor, the receptor system can have basal constitutive activity in the
absence of an agonist. Thus, the basal ligand-independent activity of the recep-
tor system is given by:

L
Constitutive Activity = —— (4)
1+L

From this equation, it can be seen that the allosteric constant controls the
magnitude of the constitutive activity of the system. This same constitutive
activity also affects the observed affinity of a ligand according to the equation:

1+L
1+ol

Kobs = Ka (5)

From Eq.5, it can be seen that the factor o and the set point of the recep-
tor system (the magnitude of L) affect the observed affinities of ligands. Two-
state theory offers a molecular mechanism for efficacy in terms of selective
affinity for the two receptor states. If the affinity of the agonist is greater for
the active state of the receptor (o> 1), then the selective binding of the agonist
to that species will shift the equilibrium toward the production of more R,,
and response will result. All of these features laid the foundation for the
extended ternary complex model.

Two-state receptor theory also introduced a new concept to receptor
theory, namely the idea that drugs can not only produce excitation of recep-
tor systems (possess positive efficacy) but can also could reverse spontaneous
activity of receptor system (have negative efficacy). A drug having a higher
affinity for the inactive state of the receptor (i.e., & < 1) would shift the pre-
vailing equilibrium toward R;, the inactive state. If there is a measurable spon-
taneous effect due to spontaneously formed R,, then this type of drug (called
an inverse agonist) will block the spontaneous basal response.

Certain experimental observations with recombinant receptor systems
could not be accommodated with the simple ternary complex model. For
example, it had been shown, in numerous experimental receptor systems, that
receptors could spontaneously form active states and go on to activate G pro-
teins in the absence of agonists. Thus, spontaneous activation of the receptor,
as predicted by two-state theory, became a requirement for the behavior of
7TM receptor systems. In 1993, Samama and colleagues introduced a formal
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modification of the ternary complex model to account for different sponta-
neously formed receptor conformations within the ternary complex model.

D. The Extended Ternary Complex Model

The components of GPCR systems, according to the extended ternary complex
model, are:

A + Rij=———=AR;
H oL

A+ fa Alja ©6)
G G

BKa ‘ l BrKe
R.G=——= AR.G

oyKa

In this model, it can be seen that receptors can exist spontaneously in
either the active (R,) or inactive (R;) form, ligands can interact with either
form, and G proteins can interact with the active form whether it is occupied
or unoccupied by ligand. At this point, it is useful to develop the equilibrium
equations describing this model and contrast them with the statistically com-
plete version to be described later. The definitions of the various components
of the system are given in Table 1. The expressions for certain experimentally
observable features of receptor systems (according to the extended ternary
complex model) are given in Table 2.

The extended ternary complex model cannot be regarded as a simple
joining of two-state theory and the ternary complex model. This is because the
insertion of the factor 8 formally indicates that there are thermodynamic dif-
ferences between the unbound receptor (activated and inactivated), the
ligand-bound receptor, and the G protein-bound receptor. This distinction pre-
vents the model from qualifying as a two-state receptor system.

From a thermodynamic point of view, the extended ternary complex
model for receptor activation is incomplete. This is because the inactive state
of the receptor, either ligand bound ([AR;]) or unbound [R;], coexists with G
protein in the system, and these species must have some constant of interac-
tion (albeit possibly very small). In terms of thermodynamic closure (WyMaN
1975), there must also be a thermodynamic energy pathway between all
species in the system. While all of these interactions may not take place to an
appreciable extent at equilibrium, the mechanism for their formation must
exist. These considerations led to the development of the statistically complete
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Table2. Extended ternary complex model response as a fraction of total receptor

BLIGI/K (1+ay[Al/K,4)
A/K, (1+aL(1+9B8[G]/Kg))+ L(1+ B[G]/Ks)+1

where p = response-producing species [RaG] and [ARaG] expressed as a fraction of
the total receptor

p:

aBL[G]/Ke
1+aL(1+y8(G]/Kq)

Maximal agonist response

Observed agonist affinity Ka(1+L(1+B[G])/K)
1+aL(1+98[G]/Kq)

(1+L)(1+oL(1+y8[G]/Ks))

GTP shift
(1+oL)1+L(1+ B[G]/Ks))
Constitutive activity - If;(]IE-Gﬂ][/(If];KG )
Constitutive/maximum response (1 + aL(l +1BlG1/Ko))
ay(1+ L(1+ B[G]/Ks))

GTP, guanosine triphosphate.

ternary complex model, named the CTC model because of the conceptual
arrangement of the components in Euclidean space.

E. The CTC Model

In the thermodynamically complete version of the ternary complex model, it
can be seen that the principle of microscopic reversibility dictates that the G
protein must be able to interact with the inactive form of the receptor. This
type of model is considerably more complex, because the effect of each
element on the interaction of the other two elements must be accounted for
(WEiss et al. 1996a, 1996b). This is done by modifying interactions between
any two components by introducing a third.

To understand the implications of the CTC model and the various con-
stants employed, it is useful to build the cube from various sides. The first is
the effect of ligand activation of receptors. Ligands may or may not recognize
the two states of the receptor ([R,] and [R;]) with different affinities, but this
possibility is accounted for by the inclusion of the factor « (as with two-state
theory and the extended ternary complex model). Thus, the standard two-state
receptor scheme for this situation is given by:

L
R; Ra
Il Ka I oKa )
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The equilibrium constant of the reaction from R, to R, is the product of
the equilibrium constants of the component reactions. Thus, the thermody-
namically derived equilibrium association constant for the production of AR,
from R; is oK,L. The free energy for the production of R; from AR, must be
independent of the route chosen (i.e., either via AR; or R,); this concept of
thermodynamic closure is generally referred to as the principle of microscopic
balance or microscopic reversibility (Wyman 1975). Under these circum-
stances, aK,/K, = o/L/L, and the scheme becomes:

L
R; Ra
I K I oK, ®)
AR; AR,
oL

The term o has two interpretations. First, it measures the differential
propensity of bound and unbound receptors to convert to their active forms
(the effect of ligand binding on activation). Second, it measures the differen-
tial affinity of the ligand for the activated receptor (the effect of receptor acti-
vation on ligand binding).

In the extended ternary complex model, only the active form of the recep-
tor couples with G protein. In this model, the concept of thermodynamic
closure must allow the inactive receptor R; to interact with the G protein. This
is not a unique constraint on the model since all proteins have an affinity con-
stant (albeit possibly small) for interaction. The interaction of receptors with
G proteins can be viewed by the following scheme:

L
R] Ra

Il Ko Il BKa )
RG R.G

where the equilibrium between R; and G proteins is controlled by K. Again,
thermodynamic closure dictates that BKs/Ks = BL/L; therefore, the scheme
can be written:

L
Ri Ra
Il Kg I BKG (10)
BL

Under these circumstances, the term 8 can be thought of as the effect of G
protein coupling on receptor activation or, alternatively, the differential affin-
ity that the activated receptor has for G proteins.

The effect of ligand on the receptor-G protein interaction is considered
a differential affinity of the ligand for the R;G complex versus R;; this is accom-
modated by a factor denoted by y. Under these circumstances,
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AR; ARG
Il Ka Il yKa (11)
R; RiG

Kg

Again, by thermodynamic closure, vK¢/Kg = YK./K,, making the complete
scheme:

YKa
AR; ARG
I Ka I J/Ka (12)
R RiG
Ka

The factor y measures both the extent to which G protein binding to the
receptor alters ligand binding and the effect of ligand binding on receptor-G
protein binding.

At this point, all but one of the vertices of the cube are constructed, and
all that remains is to arrive at the AR,G complex. From R;, there are three
processes: the binding of ligand to the receptor, the activation of the receptor,
and the binding of G protein. The order for these is immaterial, and there are
six (3!) pathways. If one of the pathways is defined, then thermodynamic
closure will necessitate what constants control the other two.

It is useful to define one of the edges in terms of the effect of ligand
binding on G protein binding to both active and inactive receptors. Thus, a
factor y that differentiates the binding of G protein to bare receptor R;
(defined by the equilibrium association constant K,) and ligand-bound R;
(equlibrium association constant yK,) can be defined. If the activation state of
the receptor is not relevant to the binding of G protein, then it is assumed that
the state of the receptor (active or inactive) is not relevant to the binding of
G protein. Thus, YK, would also control the interaction between R, and G.
Since the binding of R, to G protein to form R,G is BK,, the ligand effect on
G protein binding would then be y8K,. However, if the activation state of the
receptor is important, then the ligand effect will differ; this will be denoted by
the factor 8. Under these circumstances, the complete set of factors for the
reaction AR, + G = AR,G will be 6yK,. The remaining constants are set by
thermodynamic closure to yield the complete model shown in Fig. 1.

The front face of the cube shows the interaction of ligand with the active
and inactive states of the receptor and, moving from the front face to the back,
the interaction with G protein. Moving from the left-hand face to the right-
hand face represents the effect of receptor activation, while moving from the
bottom to the top represents ligand binding. These movements are shown in
Fig. 2.

The definitions of the various components of GPCR systems, arranged
according to the cubic ternary complex model, are given in Table 1. The equi-
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Fig.1. The cubic ternary complex model for dapL
G protein-coupled receptors. The receptor is ARiG=———AR,G
allowed to exist in one of two conformations,
both of which can interact with G protein and vKa BKg
ligand K, LA
ol
AR; =IV AR, L

Fig.2A~C. Transitions within the cubic ternary complex model. A The activation of
receptors (either through binding to agonist or spontaneously) causes a shift of species
from the left to the right face. B The binding of ligand shifts species from the bottom
to the top. C The binding of G protein shifts species from the back face to the front
face

librium equations describing some observable features of the cubic ternary
complex model are shown in Table 3.

F. General Application of the Cubic Model

The cubic model is a statistically complete model that subsumes a great many
previously described models of drug-receptor interaction. The relationships of
these models and the ways they relate to the CTC model are shown in Fig. 3.
The earliest described model is the classical occupancy model, which assumed
that the binding of the agonist activates the receptor. The simple two-state
model described the agonist-bound receptor existing in one of two states
(active and inactive). The full two-state model extended this idea to the recep-
tor, which existed in one of the two states whether or not it was ligand bound.
With the addition of G protein to the system, agonism was described in terms
of either receptor activation through agonist binding with subsequent G
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Table3. Cubic ternary complex model response as a fraction of total receptor

] BLIG/K (1+8ay[A]/K,)
P [A]/Ka(1+0aL+7y[G]/Kg (1+80BL))+G/Kg(1+BL)+1+L

where p = response-producing species [RaG] and [ARaG] expressed as a fraction of
the total receptor

sapLIG) Ko
(1+aL +7[G]/Kq (1+8apL))
K, (1+L+([G])/Kq(1+pL))
(1+aL +7[G]/Kq (1+daBL))
(1+L+[G]/K¢ )1+ oL +7[G]/Kq (1+60fL))

Maximal agonist response

Observed agonist affinity

GTP shift
(1+0L+y[G]/Kg)1+L+[G]/Ke (1+ BL))
Constitutive activity PLIG]/Kq
1+L+[G]/K¢(1+bL)
Constitutive/maximum response ;;;EI;:E Fﬁg;; (Gla i‘fs;

GTP, guanosine triphosphate.

protein coupling (simple ternary complex model I) or receptor activation
through G protein coupling to agonist-bound receptor (simple ternary
complex model IT). This latter model is directly related to the complete ternary
complex model, in which receptor activation occurs through G protein binding
and agonist binding promotes G protein coupling. The simple ternary complex
model I, the complete ternary complex model, and the full two-state model
culminate in the extended ternary complex model, in which G protein cou-
pling and receptor activation are separate steps. Binding of the agonist pro-
motes receptor activation and G protein coupling, but only to the activated
receptor. The extension introduced in the CTC model is that the inactive
receptor also can bind G protein (Fig. 3).

At this point, it is worth considering the advantages and disadvantages of
using the more complex CTC model rather than the more simple and frugal
partial models, such as the ternary or extended ternary complex models. One
drawback of the cubic model is the large number of terms and the corre-
sponding lack of estimatability of constants. This relegates the model to a
descriptive and predictive role, one not amenable to the fitting of real data.
However, aside from the statistical completeness of the cubic model, the exis-
tence of a receptor in two states that can interact with a ligand and a G protein
compels the thermodynamic existence of eight species. An important consid-
eration at this point is the relevance of the ARG state; i.e., what is the evi-
dence that the inactive receptor interacts and complexes with the G protein
without activating it?
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Fig.3. Interrelationships between pharmacologic receptor models
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I. Evidence for the AriG Complex

There is a theoretical approach that may be useful in the evaluation of
the CTC model. There are substantially different predictions made by the
extended ternary complex model and the CTC model regarding the maximal
amount of constitutive receptor activity that can be obtained by receptor over-
expression. The expression for the amount of constitutive activity produced
by spontaneous receptor activation (expressed as a fraction of the maximal
response to a full agonist) is given as:

Constitutive Activity  SL[R]/Kg (13)
Maximal Response 1+ SL[R]/Kg

It can be seen that, as [R] approaches infinity, the constitutive receptor
activity, expressed as a function of the maximal response obtainable with a full
agonist, will approach unity. Thus, if an effectively infinite stoichiometric
amount of G protein can be applied to the system then, theoretically, all of
the receptor can be converted from the inactive form to the signaling RaG
complex.

An interesting contrast to this is predicted by the CTC model. With this
model, the constitutive receptor activity, expressed as a fraction of the maximal
response to a full agonist, is given as a function of receptor density, with:

Constitutive Activity  [R]/Kq(1+3afL)
Maximal Response  do(1+[R]/K¢(1+BL))

Here, it can be seen that, as [R] approaches infinity, constitutive activity
due to receptor over-expression does not equal unity, but

(14)

Constitutive Activity _ (1/8er)+ L (15)
Maximal Response ~ (1+fL)
If a reasonably efficacious agonist is used to measure the maximal

response of the receptor system, then the term 1/8c approaches zero, and the
maximal constitutive activity reduces to:

Constitutive Activity AL (16)
Maximal Response 1+ L

an expression entirely dependent on the receptor system and not the agonist.
From Eq. 16, it can be seen that, even in the presence of an apparently infinite
amount of receptor and G protein, the constitutive activity may remain sub-
maximal (depending on the intrinsic reactivity of the receptor with G protein
and the spontaneous formation of the active state). This is because of the
potential for the inactive state of the receptor to interact with G protein, thus
reducing the possibility of complete G protein activation. This is shown
schematically in Fig. 4.

The respective equations describing constitutive activity in terms of the
extended ternary complex model and the CTC model were used to simulate
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Extended Ternary Complex Model

Cubic Ternary Complex Model

Ka KG (IKa
K
bhe BL [RVKg AL
Basal=———  as|[R] — «, Basal »
Hi=———=R, [RIKg (F+BL)+1 1+BL

Fig.4. Schematic description of constitutive production of the activated receptor-G
protein complex ([RaG]) with unlimited G protein. In terms of the extended ternary
complex model, all of the receptor species will eventually be converted to [RaG]. In
contrast, the cubic ternary complex predicts a possible sub-maximal formation of
[RaG] if K allows a substantial amount of [RiG] species to be formed. Since [RiG]
does not produce physiological response, a submaximal response (in terms of [RaG])
could result

constitutive activity in Fig. SA for a receptor with a relatively high energy
barrier to formation of the active state. It can be seen that the extended ternary
complex model (Eq.13) predicts that, when the G protein concentration is
not limiting, then a high receptor density will lead to a maximal constitutive
response (as given by spontaneous formation of the [RaG] complex). The
same parameters were used in Eq. 14 to simulate the spontaneous production
of the [RaG] species, and it can be seen from Fig. 5A that the maximal con-
stitutive activity falls far short of the maximum attainable by a full agonist.
While, in theory, this distinction is capable of differentiating which recep-
tors adhere to either the extended ternary complex model or the CTC model,
in practice, there are a number of caveats that preclude this. The first is that,
if a receptor had an intrinsically low energy barrier for activation (i.e., if L was
large), then the constitutive activity may well approach the maximal response
achieved with a full agonist (Eq.16). There is another complication encoun-
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Fig.5A-C. Constitutive response with unlimited G protein. A Formation of [RaG]
complex in terms of the extended ternary complex model (ETC) and the cubic ternary
complex model (CTC; a= =10, y= 6 =1, L = 0.1). B Stimulus-response function
(according to Eq.17) with ¢ = 0.01. The amplification of the [RaG] species allows near-
maximal response to result from submaximal formation of [RaG]. C The response
output from B for the [RaG] produced in A. Note how the CTC model allows obser-
vation of maximal constitutive response, as does the ETC model

tered when attempting to use observed physiological responses to determine
maximal constitutive receptor activation. The complication arises from the
translation of receptor stimulus into tissue response. In general, tissues amplify
receptor signals, and the effects of stimulus response mechanisms can be
modeled by the insertion of a hyperbolic function between receptor occupancy
and tissue response. Thus, response can be depicted as a function of the
response producing receptor species [RaG] and [ARaG] according to:

([RaG]+[ARaG]) (17)
([RaG]+[ARaG])+ ¢
where ¢ represents a stimulus-response-coupling constant (KENAKIN and

Beek 1980). Under these circumstances, the constitutive receptor activity, as
measured by physiological response, is given by the CTC model as:

Response =
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Constitutive Activity BLR)/Kg
Maximal Response  [R]/K(BL +¢(1+BL)) + ¢

It can be seen from this equation that, as [R] approaches infinity, the
maximal constitutive receptor activity becomes:

(18)

Constitutive Activity BL

= (19)
Maximal Response ~ SL(1+¢)+ ¢

It can be seen from this equation that, if ¢ is much less than 1, then con-
stitutive receptor activity can approach the maximum observed with a full
agonist, i.e., the same prediction as that of the extended ternary complex
model. The instance of a low (relative to unity) value for ¢ is not uncommon,
since many tissues have high degrees of stimulus amplification (i.e., low
amounts of receptor occupancy by an agonist lead to tissue maximal response).

The spontaneously formed amounts of the [RaG] complex calculated in
Fig. SA were amplified by a stimulus-response cascade function (Eq.17; Fig.
5B) with a receptor coupling efficiency factor of ¢ = 0.01. As can be seen from
Fig. 5C, the dramatic difference in the maximal constitutive receptor activity
disappears and is replaced by a difference in the location parameter along
the receptor concentration axis. As there is no experimental method to
verify where this location parameter should be in terms of either model, the
ability of this approach to differentiate between the two models is lost. In
general, while the proclivity of receptor systems to produce constitutive
receptor activity may help differentiate which systems are represented by the
extended versus the cubic ternary complex models, it cannot be relied upon
to do so.

Perhaps a more useful approach would be to explore whether or not the
[ARiIG] complex can be detected, either by direct biochemical means or
through inference, in pharmacological effects. There is provocative data with
cannabinoid receptors that may be relevant to this latter point.

In Chinese hamster ovary (CHO) cells transfected with human central
cannabinoid receptors (CB1), the inverse agonist SR-141716A [N-(piperidino-
1-y1)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-pyrazole-3-
carboxamide| decreased constitutive CB1 receptor activity (as measured by
activation of mitogen-activated protein kinase, MAPK) as expected, but also
unexpectedly blocked the pertussis-sensitive activation of the same kinase by
insulin and insulin-like growth factor 1 (IGF-1) receptors also (BouaBouLA
et al. 1997). Figure 6 shows the blockade of insulin and IGF-1 effects by SR-
141716A and the lack of effect of this inverse agonist on MAPK activation
through fibroblast growth factor receptors. This latter receptor does not utilize
a pertussis-sensitive G protein. Figure 6D-F show the dependence of the effect
on CB1 receptors (no effects are observed in wild type CHO cells not trans-
fected with CB1 receptors). This crossover inhibition was also seen when Mas-
7 (a mastoparan analogue) was used to directly activate G; protein. These data
clearly show that the inverse agonist can block G; protein-mediated effects of
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Fig.6. The effect of inverse agonism for CB1 receptors on responses to ligands for
insulin (A,D), insulin-like growth factor-1 (B,E) and fibroblast growth factor b (FGF-
b; C,F). Chinese hamster ovary cells were transfected with CB1 receptors pre-treated
(open circles) and not pre-treated (closed circles) with the CB1 inverse agonist SR-
141716 A (see text for details). Cells were then stimulated with agonist shown, and
mitogen-activated protein kinase activity was measured. Note how the inverse agonist
blocks the G protein-mediated CB1 and insulin response but not the G; protein-
independent FGF-b response (BouaBouLa et al. 1997)

other receptors, thereby indicating circumstantial evidence for the formation
of the [ARIG] species in this system.

Another finding in CHO cells stably transfected with u-opioid receptors
indicates the formation of an inactive ligand-receptor—G protein complex
for opioid receptors (BRown and PasTErNAK 1998). Thus, the potent p-opioid
receptor antagonist naloxone benzoylhydrazone (NalBzoH) blocks agonist-
stimulated cyclic adenosine monophosphate responses with no accompanying
stimulation; in all functional assays, NalBzoH is an antagonist. Equilibrium
binding studies indicate that there is a threefold enhancement of affinity for
NalBzoH in the presence of the GTP-stable analogue guanylylimido diphos-
phate [Gpp(NH)p], indicating a low level of negative efficacy. This is consis-
tent with the proposal that NalBzoH has a preferential affinity for the inactive
state of the receptor. Surprisingly, *‘H-NalBzoH demonstrated biphasic kinet-
ics, indicative of two affinity states. The elimination of the high-affinity state
by Gpp(NH)p indicated an association with G protein (with no concomitant
signaling; Fig. 7A). The production of this same effect with pertussis toxin
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Fig.7A-C. G protein-dependent antagonist binding; evidence for an [AriG] complex.
Ordinate axes: logarithms of specific binding at various times as a fraction of specific
binding at time zero. Abscissae: time (min). A Effect of guanylylimido diphosphate
[Gpp(NH)p; 0.1mM] on offset kinetics of bound *H-naloxone benzoylhydrazone. B
Effect of pertussis toxin inactivation of G; protein on offset kinetics. Inactivation of G
with cholera toxin had no effect on the rate of offset. C Lack of effect of Gpp(NH)p
on offset kinetics of the antagonist diprenorphine (BRowN and PaSTERNAK 1998)

treatment (Fig. 7B) indicated that the high-affinity component was a ligand-
associated receptor complexed with G; protein. This was not observed with the
u-opioid antagonist diprenorphine (Fig. 7C). The kinetic data and the fact that
NalBzoH affinity was enhanced with Gpp(NH)p are consistent with the notion
that NalBzoH forms an inactive receptor complex with GDP-associated G;
protein; this complex (AriG complex) does not signal.

G. Conclusion

Presently, it is not clear whether G protein-coupled receptors adhere gener-
ally to the CTC model or the more simple extended ternary complex model.
It may be that the behavior of some receptors requires one model and that of
others requires another.
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CHAPTER 6
Inverse Agonism

R. Bonp, G. MILLIGAN, and M. BOUVIER

A. Background

For the superfamily of guanine nucleotide-binding regulatory protein
(G protein)-coupled receptors, traditional receptor theory has postulated
that agonist binding to the receptor induces a conformational change of
the receptor. As a result, the agonist-receptor complex possesses increased
affinity for the G protein. This increase in affinity has been proposed to
define the ligand’s intrinsic efficacy (KENAKIN 1988; MACKAY 1988; LEFF
and HARPER 1989). Unoccupied receptors are believed to be in a single,
quiescent state until they are activated by agonist binding. According to
this theory, antagonists are believed to bind to the receptor and to prevent
agonist binding, but not believed to alter the affinity of the complex for the G
protein.

However, in the last few years, numerous reports have documented the
ability of G protein-coupled receptors (GPCRs) to couple with G proteins and
signal a cellular response in the absence of hormones or agonists (MILLIGAN
et al. 1995a). Simultaneous with the discovery of the spontaneous activity of
unliganded receptors was the discovery of compounds that could decrease this
activity.

The first studies implicating the spontaneous activity of GPCRs were per-
formed using radioligand-binding assays and reconstituted or transfected cell
systems that monitored guanosine triphosphatase (GTPase) activity (COSTA
and HERZ 1989; COSTA et al. 1990). Perhaps the strongest evidence in these
earlier studies was a report by COSTA and HERZ (1989) using NG-108 cells
endogenously expressing the d-opioid receptor. By substituting potassium for
sodium in the media, these authors demonstrated an increase in unstimulated
“baseline” GTPase activity. With this increased baseline, the authors
were able to show that several compounds previously classified as opioid-
competitive antagonists were able to decrease the spontaneously increased
GTPase activity. These compounds were referred to as “negative antagonists”,
and subsequent papers have also used the term “negative agonists”, but the
term “inverse agonist” is now commonly used. Furthermore, the authors were
able to show that a neutral antagonist, a compound which does not affect base-
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line in the absence of hormone, was able to block the responses to both inverse
agonists and agonists.

The report by COSTA and HERZ (1989) also demonstrated the importance
of raising the baseline as a means of detecting the inverse-agonist properties
of drugs. While there are reports of inverse agonist activity in native systems
(see below), the general rule is that one has to increase the number of spon-
taneously active receptors to reveal inverse-agonist efficacy. The two most
commonly used methods today are: overexpression of wild-type receptors and
receptor mutations which increase the level of spontaneous activity.

The list of wild-type and mutant GPCRs demonstrating constitutive activ-
ity that can be inhibited by inverse agonists is now extensive. It includes f,-,
04- and o,-adrenoceptors (CHIDIAC et al. 1994; TIAN et al. 1994; BOND et al.
1995; LEE et al. 1997); several subtypes of 5-hydroxytryptamine (5-HT) recep-
tors [5-HT,c (CHIDIAC et al. 1994; LABRECQUE et al. 1995); 5-HT;5 (BARR
and MANNING 1997; NEWMAN-TANCREDI et al. 1997)], dopamine recep-
tors [Ds (TIBERI and CARON 1994); D, (HALL and STRANGE 1997); D;
(MALMBERG et al. 1998)], muscarinic receptors (M;, M, M3, and Ms; MEWES
et al. 1993; BURSTEIN et al. 1997), -opioid receptors (COSTA and HERZ 1989;
MULLANEY et al. 1996; SZERKERES and TRAYNOR 1997), canabinoid recep-
tors (CB1; BOUABOULA et al. 1997, CouTs and PERTWEE 1997; LANDSMEN
et al. 1997), bradykinin B2 receptors (LEEB-LUNDBERG 1994), histamine H,
receptors (SMIT et al. 1996), calcitonin receptors {POZVEK et al. 1997) and
adenosine A, receptors (SHYROCK et al. 1998), among others. The number of
papers about or discussing inverse agonists for GPCRs has gone from about
four in calendar year 1994 to about 35 in calendar year 1997.

This chapter will review in more detail some of the papers that helped
establish the concepts of spontaneously active GPCRs, and inverse agonism
and will discuss the underlying mechanisms and the potential functional con-
sequences of this change in pharmacological paradigm.

B. Overexpression, Spontaneous Activity and
Inverse Agonism

As mentioned above, overexpression systems have been instrumental in
demonstrating ligand-independent celtular signalling through GPCRs. The sig-
nalling responses being measured ranged from the aforementioned GTPase
activity to responses involving effector mechanisms, such as adenylate-cyclase
activity (CHIDIAC et al. 1994) or phosphoinositide (PI) hydrolysis (BARKER
et al. 1994), and even in vivo measurements, such as cardiac contractility
(BOND et al. 1995).

Demonstration that wild-type GPCRs could activate their effector
systems in the absence of agonist stimulation came from studies in Sf9 cells
overexpressing the human f,-adrenoceptor following use of the baculovirus-
infection expression system. Baseline adenylate-cyclase activity was shown to
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increase proportionately with receptor density, and several compounds previ-
ously classified as B-adrenoceptor antagonists were shown to be inverse ago-
nists, as they inhibited baseline adenylate cyclase activity in the apparent
absence of agonist stimulation (CHIDIAC et al. 1994). To rule out competition
with contaminating endogenous hormone as the cause of the inhibition, these
authors presented four lines of evidence.

1. The increase in the baseline and inverse-agonist activities of some ligands
could be observed even in the absence of serum from the medium, elimi-
nating the most likely source of contaminating catecholamines.

2. The magnitude of the inverse-agonist effect, E;,,, was not correlated with
the binding affinity of the ligands for the fB,-adrenoceptor, a correlation that
would have been predicted if competition with endogenous hormone were
the mechanism for inhibition of baseline activity.

3. B-Adrenoceptor antagonists that had little effect on baseline activity
(herein termed neutral antagonists) were able to block the inhibitory effect
of inverse agonists. Again, if competition with endogenous catecholamines
were the primary cause of inhibitory effects on baseline activity, then a com-
bination of two “antagonists” should have augmented the response by pro-
ducing greater competition with the hormone.

4. Pretreatment of the cells for 24h with high concentrations of alprenolol, a
treatment that would displace any possibly contaminating agonist from the
receptor, followed by extensive washing, did not significantly decrease base-
line activity or inhibition by inverse agonists (CHIDIAC et al. 1994).

Using PI hydrolysis as the functional endpoint, similar results were obtained
for the 5-HT,c receptor expressed in NIH-3T3 fibroblasts (BARKER et al. 1994)
and Sf9 cells LABRECQUE et al. 1995). Cells overexpressing the receptor
showed an increase in baseline inositol-monophosphate (IP) formation rela-
tive to non-transfected cells, and some ligands previously classified as 5-HT
antagonists functioned as inverse agonists and decreased baseline TP forma-
tion. In one of these studies (BARKER et al. 1994), the authors ruled out com-
petition with endogenous 5-HT as the mechanism for inhibition of baseline
activity. They measured the amount of 5-HT in the culture medium by high-
performance liquid chromatography (HPLC) and concluded that the amount
of 5-HT present (0.1nM) could not solely account for the increase in baseline.
Furthermore, they used a neutral antagonist, 2-bromolysergic acid diethy-
lamide, to block the effects of the inverse agonists mianserin and mesulergine
(BARKER et al. 1994).

The use of receptor overexpression to detect spontaneous activity and
inverse agonism was not limited to cell-culture systems. Indeed, spontaneous
activity of the fB-adrenoceptor has also been detected in transgenic mice
specifically overexpressing the human receptor in cardiomyocytes (MILANO
et al. 1994). Three such lines of transgenic mice have been developed:
TG35, TG33 and TG4. These have, respectively, 50, 100 and 200 times the f-
adrenoceptor density of control mice (MILANO et al. 1994). Basal adenylate-
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cyclase activity in cardiac membranes was significantly greater in the TG4
and TG33 lines relative to control mice. In fact, the basal level of activity
measured in the TG4 line was comparable to the maximal agonist-stimulated
(isoproterenol) response observed in control mice (MILANO et al. 1994).
Nevertheless, this elevated adenylate-cyclase activity could be further stimu-
lated on B-adrenoceptor-agonist addition. Direct evidence of receptor and
G protein pre-coupling (G, subunit) in the absence of apparent agonist
stimulation was also obtained. Following immunoprecipitation of G, from
cardiac membranes of TG4 and control mice, radioligand binding with the f-
adrenoceptor ligand [**I]-iodocyanopindolol (**I-CYP) was performed on the
immunoprecipitate. The density of S-adrenoceptors in the immunoprecipitate
of the TG4 line was approximately 50-fold higher than in the control line
(GURDAL et al. 1997).

In addition, to demonstrate that spontaneous activity can be biochemi-
cally detected in cardiac tissues, the transgenic mice enabled assessment of the
functional consequences of such spontaneous activity both in vitro and in vivo.
In vitro, isometric contractility was measured in the isolated, paced left atria
of control and TG4 mice. Similar to the results obtained for adenylate-cyclase
activity, baseline atrial contractility of TG4 mice was found to be significantly
elevated when compared with controls, and the baseline of the TG4 line was
comparable to controls following maximal B-adrenoceptor stimulation with
isoproterenol (10nM). However, unlike the adenylate-cyclase data, in which
further increases in enzyme activity were observed after isoproterenol admin-
istration, the TG4 atria did not respond to isoproterenol. Thus, atrial con-
tractility was maximal in the TG4 line and could not be further enhanced by
B-adrenoceptor activation (MILANO et al. 1994).

In the three lines of transgenic mice (TG35, TG33, and TG4), but
not in the control line, the fB,-adrenoceptor ligand ICI-118,551 produced
concentration-dependent inhibition of basal left-atrial tension. The maximal
inhibition correlated with the receptor density, suggesting a receptor-mediated
event (BOND et al. 1995). To again rule out competition with endogenous
hormone as the mechanism of inhibition, three lines of evidence were pro-
vided. First, if the inhibition produced by the antagonist were due to dis-
placement of endogenous catecholamines, then the inhibition produced by
various antagonists should be equal if the amount of such displacement were
equal. However, at variance with predictions of the “competition of endoge-
nous hormones” explanation, four different f3,-adrenoceptor antagonists all
produced varying amounts of inhibition when used at concentrations that were
300 times their respective Ky values for the B,-adrenoceptor (BOND et al.
1995). Second, animals were treated with an intraperitoneal (i.p.) dose of
reserpine (0.3mg/kg 24 h prior to sacrifice), which produced greater than 98%
depletion of cardiac catecholamines, as measured by HPLC coupled to elec-
trochemical detection. This treatment with reserpine failed to alter the con-
centration-response curve (CRC) obtained with ICI-118,551, again indicating
that displacement of endogenous catecholamines was not the mechanism of



Inverse Agonism 171

inhibition by ICI-118,551 (BOND et al. 1995). Third, a neutral antagonist,
alprenolol, was used to block the inhibitory effects of ICI-118,551. Alprenolol
(100nM) produced an approximately 30-fold shift to the right of the ICI-
118,551 CRC. This shift is appropriate for alprenolol’s affinity for the S,
adrenoceptor and is indicative of a competitive interaction between the two
compounds for a single receptor (BOND et al. 1995). These data also rule out
the possibility that the inhibitory effect of ICI-118,551 is due to a non-specific
effect of the drug. If a non-specific effect were the cause, the combination of
two blockers should have exacerbated the effect or, at least, left the larger
effect intact. Thus, the ICI-118,551 effect was exerted via the B-adrenoceptor
but not by competition with endogenous agonist.

It was also possible to demonstrate the spontaneous activity of the f,-
adrenoceptor and the inverse agonist activity of ICI-118,551 in vivo. Cardiac
catheterisation and haemodynamic measurements were performed in anaes-
thetised TG4 and control mice. The maximum first derivative of the left-
ventricular pressure (LV dP/dt,,,,) was used as an index of in vivo cardiac con-
tractility. The TG4 mice had significantly higher LV dP/dt,,,, values compared
with controls. Again, the inverse agonist ICI-118,551 produced inhibition of
this parameter, and this inhibitory effect could be blocked by prior adminis-
tration of the neutral antagonist alprenolol (BOND et al. 1995).

Although spontaneous GPCR activity can be more easily demonstrated
and characterised in overexpression systems, evidence for constitutively active
receptors and compounds functioning as inverse agonists have also been
obtained in native, untransfected cells. For example, such evidence exists
for the B-adrenoceptor of turkey erythrocytes, using adenylate-cyclase activ-
ity as the endpoint (GOTZE and JAKOBS 1994), and for $-adrenoceptors and
muscarinic receptors of cardiac myocytes from various species in which
electrophysiologic measurements of Ca®* and K* currents were assessed
(HANF et al. 1993; MEWES et al. 1993). There is also evidence (in rat myome-
trial cells) for the spontaneous activity of the bradykinin B2 receptor and
for the inverse activity of ligands previously classified as B2-receptor antago-
nists (LEEB-LUNDBERG et al. 1994). In this study, contamination by endoge-
nously produced bradykinin was ruled out by measuring bradykinin levels.
Bradykinin was not detected in an assay with a sensitivity of 1 x 10™*M (LEEB-
LUNDBERG et al. 1994).

Thus, the phenomenon of spontaneous receptor activity and the existence
of inverse agonists has been demonstrated for a variety of GPCRs that can
respond to chemically distinct neurotransmitters (acetylcholine, epinephrine,
bradykinin, 5-HT, etc.). The evidence has been obtained not only from a wide
variety of receptors but also from various methodologies, including second-
messenger assays, isolated cells and tissues and in vivo studies. At the present
time, there is no overt reason to suggest that this phenomenon could not apply
to all of the hundreds of GPCRs. However, the questions of what percentage
of the receptors is in the active state(s) and whether the spontaneous iso-
merisation has any (patho)physiological relevance remain largely unanswered.
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However, evidence that spontaneous activity may have a functional sig-
nificance under normal physiological conditions is accumulating. One argu-
ment often used to dispute the importance of spontaneous activity and inverse
agonism is that artificial overexpression is required to observe the phenome-
non. As discussed above, this is not the case. In addition to being observed in
native tissues, spontaneous activity and inverse agonism have been readily
observed in cell lines expressing as little as 200fmol of f2-adrenoceptor/mg
membrane protein (CHIDIAC et al. 1994), a density very close to that observed
in human lungs (~150fmol/mg protein) and certainly lower than the local
density found at synapses. The observation that closely related receptors
display markedly different levels of spontaneous activity also lends support to
the potential physiological importance of the phenomenon. Such differences
have been seen for the dopamine D, vs D,z (TIBERI and CARON 1994), the
prostaglandin EP3¢ vs EP33 (HASEGAWA et al. 1998) and the adrenoceptor
B2 vs B1 (NOUET and BOUVIER, unpublished). In regard to the D, and Dig
dopamine receptors, the authors found that, despite displaying a very similar
pharmacology (as determined by the affinities of various compounds for both
receptor subtypes), the D;g receptor produced greater increases in basal
adenylate-cyclase activity at comparable levels of expression (TIBERI and
CARON 1994). This led the authors to propose that such difference could
account for the basis of heterogeneity within a given class of neurotransmit-
ter receptors. They also raised the interesting possibility that some psy-
chotropic antagonist drugs used in the management of certain brain disorders
may have beneficial effects as inverse agonists.

The more recent discovery that some endogenous ligands can act as
inverse agonists for specific receptors further supports a physiological role for
spontaneous activity. The first demonstration of an endogenous inverse agonist
was obtained for the central melanocortin receptor MC1 in mouse B16
melanoma cells (SIEGRIST et al. 1997). Indeed, the peptide agouti, which is the
product of the coat-colour gene Agouti in mice, acts as an efficacious inverse
agonist on the spontaneous adenylate-cyclase stimulation promoted by the
melanocortin receptor. Since then, the concept of endogenous ligands with
intrinsic negative activity has been extended to virally encoded GPCRs.
Recently, a virally encoded chemokine receptor, the Kaposi’s-sarcoma-
associated herpes virus (also called ORF74) GPCR, which acts as an onco-
gene and angiogenesis activator in acquired immune deficiency syndrome-
related malignancy, was found to have very high spontaneous activity when
compared with its mammalian homologue, the interleukin-8 receptor. In very
recent reports (GERAS-RAAKA et al. 1998; ROSENKILDE et al., in press), the
interferon-yinducible protein 10 and stromal cell-derived factor-1 were found
to inhibit ORF74 spontaneous activity both in inositol triphosphate and cell-
proliferation assays, thus behaving as endogenous inverse agonists.
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C. Mutations and Diseases of Spontaneous
Receptor Activity

The above discussion indicates that, although mounting evidence suggests the
physiological importance of GPCRs spontaneous activity in normal condi-
tions, further studies are required before the generality of this phenomenon
can be clearly established. However, a large body of data clearly demonstrates
that agonist-independent receptor activity, at least in the case of constitutively
activating mutations (CAMs), contributes to various pathophysiological
processes.

The first indications that certain mutations could lead to the constitutive
activation of GPCRs came from studies carried out by COTECCHIA et al.
(1990), demonstrating that substitutive mutations in the third cytoplasmic
loop of the alb-adrenoceptor leads to constitutive activation of the receptor
even in the absence of agonist. Equivalent mutations in the f-adrenoceptor
also promoted the appearance of high levels of agonist-independent activity
(SAMAMA et al. 1993). Interestingly, in the case of this last receptor, it was
shown that the same inverse agonists that could inhibit the spontaneous activ-
ity of the overexpressed wild-type receptor (CHIDIAC et al. 1994) also inhib-
ited the constitutive activity of the mutant receptor (SAMAMA et al. 1994).
Thus, inverse agonists can inhibit spontaneous activity whether it is revealed
by overexpression or promoted by mutations. Following these early studies,
mutations of an increasing number of GPCRs were found to promote various
levels of constitutive activity. CAMs were even found for receptors that had
no detectable spontaneous activity in overexpression systems (PREZEAU et al.
1996; GROBLEWSKI et al. 1997).

Soon after the first reports that specific site-directed mutation of GPCRs
can lead to constitutive activity, naturally occurring mutations that also lead
to constitutive activity were identified in tissues obtained from patients
afflicted with rare congenital diseases. In fact, it has been shown that several
human diseases result from mutations of GPCRs that promote their constitu-
tive activity. The first published example was a type of male precocious puberty
resulting from a mutation of the leutinising-hormone (LH) receptor in the
testes; this mutation produces spontaneous function of the receptor in the
absence of circulating LH, thus leading to an exaggerated testosterone secre-
tion and a precocious onset of puberty (SHENKER et al. 1993). Additional
examples include: the Jansen-type metaphyseal chondrodysplasia, which
results from a CAM of the parathyroid-hormone receptor (SCHIPANI et al.
1995); congenital and somatic hyperthyroidism caused by CAMs of the
thyrothropin receptor (PARMA et al. 1993; KOpP et al. 1995); and retinitis
pigmentosa and stationary night blindness as a consequence of CAMs of
rhodopsin (RIM and OPRIAN 1995). One can conclude from these examples
that alterations of GPCR spontaneous-activity levels can underlie pathologi-
cal conditions and, therefore, that it represents an important physiological
parameter. Based on the observation (previously reviewed) that inverse -
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adrenoceptor agonists can inhibit the spontaneous activity of constitutively
activated f,-adrenoceptor, it could be argued that an inverse agonist would be
of greater therapeutic utility than neutral antagonists in the diseases cited
above, since the problem is spontaneous activity of the receptor, not excess
hormonal stimulation. Until inverse agonists for the culprit receptors are iden-
tified or developed, this clinically important hypothesis will remain untested.
Whether inverse agonists could also represent better drugs than neutral antag-
onists in pathologies resulting from the overexpression of a given receptor
subtype also remains an open question.

D. Modulation of Receptor Function by Agonists and
Inverse Agonists

The topic of modulation of receptor function by agonists and inverse agonists
has recently been reviewed, and the following discussion contains excerpts
of a previously published review, reprinted with permission (MILIGAN and
BOND 1997). As GPCRs are the primary recognition point for the presence,
variation and intensity of hormonal and neurotransmitter-encoded informa-
tion, their regulation at transcriptional, translational, post-translational and
degradative stages is to be anticipated (HADDOCK and MALBON 1991,
COLLINS et al. 1992; MILLIGAN et al. 1995b). One facet of this regulation that
has been widely explored is the capacity of agonist ligands to cause desensiti-
sation, internalisation or sequestration of GPCRs over a relatively short
period of exposure. This can be followed by a combination of resensitisation
and recycling to the cell surface or, if the stimulus is both prolonged and
intense, degradation of the GPCR, resulting in an overall reduction in cellu-
lar levels, a process called downregulation. These processes have been studied
at both biochemical and cell-biological levels and are becoming well under-
stood (VON ZASTROW and KOBILKA 1992; BARAK et al. 1997; MOLINO et al.
1997; Ruiz-GOMEZ and MAYOR 1997).

There is no reason a priori to assume that the conformational state
enhanced by agonist binding to produce G protein coupling is the same
conformation that is a substrate for phosphorylation and downregulation.
For example, although D-Tyr-Gly-[(norleucine 28,31, D-Trp30)cholecystokinin
26-32]-phenethyl ester functions as a cholecystokinin antagonist with no evi-
dence of agonist function, it is able to cause the internalisation of the chole-
cystokinin-A receptor expressed in Chinese-hamster ovary (CHO) cells
(ROETTGER et al. 1997). This is also true of a non-peptide antagonist at this
receptor. There are also studies (in primary cultures of epithelial cells derived
from the choroid plexus, which express the 5-HT,c receptor endogenously)
showing downregulation of receptors is not always caused by agonists. In this
system, the inverse agonist mianserin causes downregulation of the receptor
whereas an antagonist ligand fails to reproduce this effect (BARKER et al.
1994). Furthermore, following expression in insect Sf9 cells, a range of antag-
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onist/inverse-agonist ligands produced receptor downregulation. However,
there was no strong correlation between inverse efficacy and the degree of
effect, indicating these two features are not intrinsically linked (LABRECQUE
et al. 1995). Conversely, in HEK 293 cells expressing 6~ and p-opioid recep-
tors, morphine was shown to activate opioid receptors without producing
internalisation (KEITH et al. 1996).

However, for most receptor systems, downregulation of receptors is asso-
ciated with ligands that function to increase G protein coupling (agonists).
Thus, the receptor conformation that interacts with G proteins is often also a
substrate for desensitisation and downregulation. For example, in a recent
study using HEK-293 cells transfected with the f3,-adrenoceptor, the same rank
order of agonist potency was observed for adenylate-cyclase activation, desen-
sitisation, and receptor internalisation (JANUARY et al. 1997), thus suggesting
that the conformational requirements are similar for all three processes.
According to the potentially overly simplistic complementary view of agonism
and inverse agonism developed above based on the selective stabilisation of
inactive and active GPCR conformations, if prolonged exposure to agonist
ligands frequently results in GPCR downregulation, equivalent treatment with
inverse agonists might be anticipated to result in their upregulation. A large
literature exists on such effects produced in vivo by administration of “antag-
onist” ligands. However, it is often difficult to discern whether these effects are
simply antagonist effects that prevent a degree of GPCR downregulation due
to the presence of circulating endogenous agonist or are truly a reflection of
the inverse-agonist nature of the ligand employed. This issue has recently been
addressed in cell lines stably transfected to express GPCRs. Following expres-
sion of the rat histamine-H, receptor in CHO cells, SMIT et al. recorded a time-
and concentration-dependent upregulation in levels of this receptor when
the cells were exposed to cimetidine or ranitidine. This was not replicated
by treatment with burimamide or by ligands with good selectivity for the
histamine-H; or -H; receptors (SMIT et al. 1996). Both cimetidine and raniti-
dine were able to inhibit basal cyclic-adenosine-monophosphate production
in Hy-receptor-expressing cells but not in untransfected CHO cells, demon-
strating the function of these compounds as inverse agonists. By contrast, buri-
mamide functioned as a neutral antagonist (SMIT et al. 1996). Interestingly, the
inverse agonist cimetidine did not promote any upregulation of a mutant form
of the Hy-histamine receptor (Leu'**Ala) having limited basal and histamine-
stimulated activity, thus suggesting that the capacity of an inverse agonist to
reverse GPCR-produced elevated basal second-messenger levels is central to
upregulation.

The authors further suggested that these findings may yield a plausible
explanation for the observed development of tolerance with the use of cime-
tidine and ranitidine. Their chronic use may produce upregulation of the H,
receptor, which would oppose its therapeutic value of preventing histamine
activation of the H, receptor and subsequent release of hydrochloric acid. It
follows that, in this case, a neutral antagonist may be a preferred therapeutic
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agent. Very similar results were observed for the wild-type human f,-
adrenoceptor following stable expression in NG108-15 neuroblastoma x
glioma hybrid cells. Sustained exposure to either betaxolol or sotalol, which
function as inverse agonists, resulted in approximately a doubling in mem-
brane levels of the receptor, whereas equivalent treatment with the antago-
nist alprenolol was unable to produce this effect (MACEWAN and MILLIGAN
1996). Furthermore, treatment of patients with fB-blocker drugs (many of
which display inverse-agonist properties) is known to produce a degree of -
adrenoceptor upregulation. If a clear distinction develops between inverse
agonists and antagonists in their capacity to upregulate wild-type GPCRs, and
if this trend is extended following more detailed examination of a range of
GPCRs that display relatively high degrees of constitutive activity then, to
avoid potential onset of subsequent short-term supersensitivity to endogenous
agonist, therapeutic use of such ligands may require careful monitoring on
their removal until the cells and tissues have re-established the initial steady-
state levels. As such, these concerns may be more theoretical than practical,
but they clearly require further consideration and the development of
robust assays to allow discrimination among ligands possessing antagonist and
inverse-agonist properties.

The preceding discussion clearly indicates that, in addition to having
immediate effects on receptor signalling, inverse agonists can have long-term
effects on the responsiveness of the systems. These effects appear, in most
cases, to be the mirror images of the effects classically promoted by sustained
agonist treatments. In most instances, investigations have considered the con-
sequences of either agonist or inverse-agonist treatment on the subsequent
responsiveness to agonists. Only one study assessed the effect of sustained
agonist stimulation on the efficacy of inverse agonists. In Sf9 cells overex-
pressing the human f,-adrenoceptor, treatment for 30 min with isoproterenol,
which promotes desensitisation to further agonist stimulation, significantly
increased the negative efficacy of the inverse agonists (CHIDIAC et al. 1996).
Pre-treatment with agonist, therefore, had reciprocal effects on the respon-
siveness of the system to agonist and inverse agonist (i.e., reducing the effi-
cacy of the agonists and increasing the negative efficacy of the inverse
agonists). Overall, however, pre-treatment with agonist pre-set the system so
that, in all cases, lower levels of activity are observed. This study also illus-
trated that signalling efficacy is not exclusively a ligand-dependent parameter.
Indeed, dichloroisoproterenol (which behaves, under control conditions, as a
weak partial agonist) became a weak inverse agonist when tested in mem-
brane preparations derived from desensitised cells. This dramatic change in
apparent efficacy clearly indicates that some compounds can act as either ago-
nists or inverse agonists, depending on the initial conditions of the system.
Ligands that posses such dual signalling properties are now referred to as
protean ligands (KENAKIN 1995; JANSSON et al. 1998). The theoretical basis
that could underlie the dual behaviour of ligands has recently been reviewed
(KENAKIN 1997), and some of the models (such as the cubic model; see below
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and Chap. 2.2) that have been developed to explain receptor activation and
can accommodate the existence of protean ligands.

E. Models

Overall, the findings obtained in the last few years concerning spontaneous
activity and inverse agonism at GPCRs are difficult to reconcile with the clas-
sical induced-fit model of receptor activation, which considers that the ternary
complex agonist-receptor—G protein is the only active form of the receptor
(L+R&R*Le>GR*L). However, the findings are entirely consistent with the
“two-state” receptor model, whereby the receptor exists in at least two-states
— R (inactive) and R (active) — even in the absence of ligands. This sponta-
neous isomerisation to an active conformer would be responsible for the spon-
taneous activity observed in systems expressing high levels of receptor. Under
basal conditions, the inactive state would largely predominate for most recep-
tors, and spontaneous activity could be detected only if the absolute number
of receptors in the active conformation is sufficient to promote a sizeable
signal. In such a model, mutations leading to constitutive activation would be
envisioned as stabilising or favouring the transition towards the active isomer,
most likely by relieving a molecular constraint that increases the transition
energy. However, the conformational changes permitted by the mutations can
not be seen as rigid or irreversible since, as mentioned above, inverse agonists
can inhibit the spontaneous activity of the constitutively activated receptor
mutants.

In a two-state model, the actions of agonists and inverse agonists can then
be described in terms of their preferential affinities for a given state; inverse
agonists and agonists preferentially bind to and stabilise the inactive and
the active states, respectively. A neutral antagonist would not discriminate
between the two conformers and would thus act as a competitive antagonist
towards both agonists and inverse agonists. Interestingly, and similarly to the
phenomenon of partial agonism, various levels of inverse efficacy were found.
In fact, a continuum going from full inverse agonist to neutral antagonist was
observed for many receptors. These different efficacies can be rationalised by
assuming that different compounds will have distinct relative preferences for
the active and inactive conformers. In a first effort to formalise a two-state
model in the context of receptor-G protein interactions, SAMANA et al. (1993)
proposed the extended ternary-complex model, which allows both ligand-
unoccupied and ligand-bound receptors to adopt the R* conformation and,
thus, to bind to the G protein. It follows that, in contrast to the classical
ternary-complex model, at least two active complexes exist (R*G and LR*G).
One theoretical limitation of this model is that G proteins are allowed to bind
to R* but not R. However, there is no a priori reason to rule out either the
process by which GR* relaxes to GR or the binding of R to G (albeit with a
lower affinity than R*). A more general model termed the cubic model has
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thus been proposed (WEISS et al. 1996; Chap.2.2). This model, although more
complex, has the advantage of being thermodynamically complete. According
to both the extended ternary-complex and the cubic models, ligand efficacy
may be viewed as conformational selection of pre-existing states. Although this
selected-fit model offers an easy explanation for spontaneous activity and for
the mode of action of inverse agonists, various lines of evidence suggest that
different ligands may promote or stabilise ligand-specific conformational
changes. If the existence of such multiple active states of the receptor (which
may have distinct signalling efficacies and isomerisation constants) is ex-
perimentally confirmed, models that pretend to describe receptor-activation
processes would need to incorporate them.

F. Summary and Conclusions

Recent evidence has now demonstrated beyond question that numerous
GPCRs exhibit spontaneous activity and signal cellular responses in the
absence of agonist binding. At the present time, there is no reason to assume
that the spontaneous activity of GPCRs is not applicable to all of the hundreds
of GPCRs though, for several neurotransmitters and hormones, the percentage
of receptors in the spontaneously active form can vary within the receptor sub-
types. For these spontaneously active GPCRs, ligands termed inverse agonists
have been shown to decrease the level of spontaneous activity.

Several diseases where mutations of the receptor increased the level of
spontaneous activity have been identified in humans. It would seem that the
development of inverse agonists for these mutated receptors would be a ratio-
nal form of treatment. Furthermore, inverse agonists and antagonists can have
differential effects on receptor upregulation, thereby suggesting that chronic
treatments may also reveal differences that are not acutely observable
between inverse agonists and antagonists. For these reasons, it appears that
the drug industry must develop appropriate screens to determine whether
their compounds function as inverse agonists or antagonists (BLACK and
SHANKLEY 1995).

Finally, the classic receptor-theory model, based on a single quiescent state
of GPCRs, must be modified. At present, most of the observed experimental
results can be satisfactorily modelled based on an equilibrium between two
receptor conformations: an inactive and an active conformation. However, the
existence of ligand-specific selection of different conformational states of a
receptor has necessitated an expansion beyond the two-state model.
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CHAPTER 7

Efficacy: Molecular Mechanisms and
Operational Methods of Measurement. A New
Algorithm for the Prediction of Side Effects

T. KENAKIN

A. Introduction

This chapter will consider efficacy, the property of a molecule that changes the
behavior of a receptor towards its host. It will be seen that efficacy can be pos-
itive or negative and that the manifestation of efficacy can change in accor-
dance with the set point of the receptor system. The chapter will be divided
into two main themes. The first will review the molecular mechanisms of effi-
cacy. The second will consider the operational methods available to measure
the relative efficacy of agonists and will describe a new method whereby rel-
ative efficacy estimates can be extended to predict agonist selectivity in vivo.

B. The Molecular Nature of Efficacy

Membrane receptors are extraordinary in that they repeatedly react to agonist
messenger molecules to translate the chemical information they bear without
changing that messenger. Unlike enzymes, receptors do not change their “sub-
strates” but rather read the information encoded in the chemical structure of
the agonist and change their behavior toward the cell accordingly. There
has been a great deal of study into the mechanisms by which receptors cause
physiological responses. In many cases, the specific mechanisms relate to the
specific receptor types, but there are general global mechanisms by which
receptors can translate information. These involve the ways in which proteins
change tertiary conformation.

In early formulations of receptor theory, the agonist molecule was thought
to bind to the receptor and thus change the receptor conformation to make it
reactive toward other cellular components. Work on the allosteric nature of
enzymes provided the rationale for thinking that the binding of an agonist at
one part of the receptor could impart a change in conformation in another
part of the receptor, thus initiating physiological responses (KosHLAND 1960;
Monob et al. 1965). A pivotal discussion of how these ideas relate to agonism
and drug receptors was given by BURGEN (1966), who coined terms for two
apparently divergent mechanisms. One he called conformational selection,
whereby agonists selectively bind to one of two (or more) receptor confor-
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mations and thus bias the population towards that conformation. The ratio-
nale for this mechanism comes from mass action kinetics.

It is known that G protein-coupled receptors (GPCRs) can adopt active
(with respect to interaction with G proteins) conformations spontaneously.
The equilibrium between an inactive state and an active state of the receptor
can be described by an intrinsic equilibrium constant (termed an allosteric
constant, denoted L). Within this theoretical framework, inactive ([R;]) and
active ([R,]) states of the receptor can be depicted as:

[Ri]==I[R.] 1)
where L = [R,J/[R]].
If a ligand binds selectively to one of the conformations, it effectively

removes that conformation from the equilibrium formerly controlled by the
allosteric constant L.

L Ka
[Ri]==_[R.]+[A]==[AR,] (2)

In this scheme, the binding of the agonist to the receptor removes R, from the
equilibrium controlled by the allosteric constant L; therefore, more R, is
formed to make up the deficit left by the conversion of R, to AR,. If response
is a function of the amount of receptor in the active state (R, plus AR,), then
the selective binding of the agonist to the R, species will lead to physiological
response.

BurGgen (1966) outlined another, apparently different, mechanism for
agonism; he termed it conformational induction. This idea resembled the his-
torical view of efficacy in that agonists were thought to bind to and, by that
binding, to deform the receptor into an active state that then initiates physio-
logical response. As presented, these ideas appeared to be divergent and rep-
resentative of separate mechanisms of agonism. However, in thermodynamic
terms, a substantial energy of binding would be required for a small molecule
to cause a receptor to adopt a different tertiary conformation. It is more likely
that molecules stabilize pre-existing conformations of the receptor protein.
Proteins are thought to adopt a number of tertiary conformations and vari-
ably adopt these according to levels of thermal energy. The concept of an
“energy landscape” can be used to depict the various conformations present
at any instant in a population of proteins (FRAUNFELDER et al. 1988, 1991). Thus,
at any instant in time, the numbers of receptors in any given conformation
could be depicted as a spectrum of frequency histograms. Figure 1A shows a
frequency distribution of receptor states (most of which are inactive with
respect to physiological signaling) of a given receptor population. The most
prevalent spontaneously formed active state is given as a filled bar. If an
agonist selectively bound to this spontaneous active state, then agonism would
ensue (Fig. 1B). Also shown is another active state, the spontaneous produc-
tion of which is extremely rare in a quiescent (no agonist present) receptor
system. The apparently conflicting ideas of conformational selection and
induction can then be reconciled as extremes of the same mechanism. In this
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Fig.1A-C. Histograms depicting the frequency of occurrence of different receptor
conformations. A While most of the conformations do not activate G proteins, the
states labeled I and II produce G protein activation. The spontaneous occurrence of
state II is low but measurable. State I occurs so infrequently that it is insignificant. A
large concentration of receptors allows constitutive activity to be observed by virtue
of the spontaneous formation of state II. B Conformational selection. Agonist A pro-
duces a bias in the receptor conformation spectrum, thus enriching active state II; the
agonist selects the naturally most prominent active state. C Conformational induction.
Agonist B appears to “induce” a special active conformation by shifting the spectrum
of conformations toward the extremely rare conformation I

scheme, the selection of an extremely rare spontaneously active conformation
would appear to occur via conformational induction, i.e., the conformation
would essentially not exist, in appreciable quantities, in the absence of the
agonist (apparent conformational induction; Fig. 1C). This would reconcile the
thermodynamics in that the agonist would not be required to produce a con-
formation that the receptor did not naturally assume (KeENakin 1996a).
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This concept is discussed in statistical terms by ONARAN and Costa (1997).
They describe a population of receptors existing in a very large number of
interconvertible microscopic states. Thus, the conformational universe of that
receptor could be described as a distribution in terms of the probability or
fraction of receptors existing in those states. When a ligand is introduced into
the system, it binds according to its microscopic affinity for each of the states
and thus changes the distribution of conformations. The binding of G protein
to the native receptor confers yet another distribution of states, and the intro-
duction of a ligand into the receptor-G protein milieu forms a collection of
distributions of the receptor. From this concept, it can be seen that different
collections of receptor distributions could result from the binding of different
ligands to the system.

One scenario for the production of physiologic response would be that
agonists, by selectively binding to receptor states, present the cell with arrays
of active-state receptors, which then go on to interact with G proteins. There
are numerous examples of receptor—G protein pleiotropy (KENAKIN 1996b).
It is also known that different regions of receptor cytosolic loops activate dif-
ferent G proteins. For example, point mutation studies on op-adrenergic recep-
tors have shown that sequences in the second cytosolic loop are essential for
activation of G; protein, whereas sequences in the third cytosolic loop active
G; protein (IKezU et al. 1992). If it can be assumed that different receptor con-
formations alternately expose and conceal these different regions in the
cytosol, then it is also logical to assume that different conformations of the
receptor can result in differential activation of G proteins.

This opens the possibility of agonist-directed trafficking of receptor stim-
ulus (KENAKIN 1995a; Krumins and BARBER 1997). By virtue of differential sta-
bilization of receptor active states, different agonists could traffic receptor
stimuli to different G proteins. Under these conditions, the creation of ago-
nists for selective receptor states would represent a new level of agonist selec-
tivity (KeNakIN 1998; Fig. 2). If it is assumed that limiting the cytosolic cascades
activated by an agonist in different cell types will lead to a more selective
agonist profile, then it might also be assumed that receptor state-selective ago-
nists should offer a more selective spectrum of agonism.

C. Positive and Negative Efficacy

Before the advent of constitutively active receptor systems, agonists and antag-
onists were studied in quiescent systems, i.e., there was little physiological
activity present in the absence of an agonist. The production of agonist-
independent activation of opioid receptor by the removal of sodium ions
(Costa and Herz 1989) heralded the introduction of concepts relating the
natural ability of G protein-coupled receptors to signal in the absence of
ligands. Thus, the allosteric constant (Eq.1) L could be altered chemically to
induce an amount of R, sufficient to produce a measurable response. The
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Fig.2. A wide range of tissue responses is produced by the endogenous agonist for
the general family of receptors R. A decrease in the range of responses can be achieved
by producing an agonist for a receptor subtype of the general family. If agonists
produce different active receptor conformations, then a further degree of selectivity
can be achieved by utilizing agonists that produce a single active conformation
(KenakIN 1998)

reversal of this constitutive receptor activity by ligands introduced a new type
of efficacy into pharmacological awareness. For example, the opioid ligand
ICI-174864 produced a concentration-dependent blockade of the constitutive
opioid receptor activity produced by removal of sodium ions in NIH-3T3
cells (Costa and Herz 1989). The term “inverse agonist” was coined for these
ligands.

Subsequent work in many receptor systems has confirmed both the exis-
tence of constitutive receptor activity and inverse agonists. Even without ionic
involvement, the allosteric constants of some receptors allow the production
of measurable constitutive receptor activity from simple stoichiometry.
The increased expression of receptors (Samama et al. 1993) or G proteins
(SeNoGLEs et al. 1990) in recombinant systems leads to the production of con-
stitutive, receptor-mediated, physiological, basal response. Thus, the set point
of the receptor systems determines whether a ligand will be classified as a
neutral antagonist or an inverse agonist.

The reversal of constitutive receptor activity most probably emanates
from the very same mechanisms as those mediating positive agonist responses:
specifically, a selective affinity for the inactive state of the receptor. Under
these circumstances, efficacy cannot be thought of only in terms of positive
activation of cellular pathways. An alternate definition would suggest that
efficacy is that property of a ligand that changes the behavior of the receptor
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towards its host (KENAKIN 1996a) Within this definition, inverse agonists
possess negative efficacy, and agonists that activate cellular-response pathways
possess positive efficacy.

D. The Operational Measurement of Relative Efficacy

At present, there is no absolute scale of efficacy, and it can only be measured
as a ratio of proportionality factors relating the ability of agonists to occupy
the receptor and produce a biological response. There are considerable advan-
tages to measuring the efficacy of an agonist, since it is a molecular property
that transcends the measuring system. Under ideal circumstances, the relative
efficacies of agonists can be measured and used to predict agonism in every
tissue thereafter, including human tissue in the therapeutic arena.

The location parameter of a dose-response curve for an agonist (potency)
depends upon the affinity of the agonist for the receptor, and its efficacy. For
this reason, it is not possible to judge the relative efficacy of two agonists if
both produce the tissue-maximal response. Therefore, a dissimulation can
occur if the agonist is discovered and initially tested in a system where it pro-
duces a maximal response and is then utilized in subsequent testing systems
where the receptor density and/or efficiency of coupling is lower. In these
latter systems, efficacy primarily determines the observed agonism and, if a
low-efficacy agonist has been chosen from the initial test system, no response
may be observed in these latter systems. By quantifying the relative depen-
dence of agonist potency on efficacy (versus affinity), predictions can be made
about the sensitivity of the agonism in a range of different organs containing
the receptor (vide infra). As a preface to the description of a new method of
doing this, the various operational methods of measuring the relative effica-
cies of agonists will be discussed in terms of two experimental approaches:
binding experiments and functional experiments.

I. Binding Studies
1. Guanosine Triphosphate yS Shift

In keeping with the notion that the more efficacious an agonist is, the more it
will promote the interactions of receptors and G proteins, the difference
between the observed affinities of agonists for receptors that can undergo
interaction with G proteins and their affinities when this process is canceled
has been used as a measure of efficacy. If receptor-G protein interaction is
not allowed to produce a steady-state accumulation of ternary complex
(agonist-receptor-G protein), then the observed affinity of the agonist for
the receptor will reflect the equilibrium dissociation constant of only the
agonist-receptor complex (denoted K, where K, = 1/K,; Eq.2). However, if
G protein complexation is possible, then the observed affinity of the agonist
will be controlled by the avidity of this secondary complexation. Schemati-
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cally, the following interactions between receptors ([R]), G proteins ([G]) and
ligands ([A]) are relevant:

G G
+ K, +
A+R AR
A3)
Kg YKg
A +RG ARG
YK

where K, and K, are equilibrium association constants of the ligand-receptor
and receptor-G protein complexes, respectively, and yis a multiplicative factor
denoting the effects of ligand binding on the subsequent interaction of the
receptor and G protein. Thus, an agonist ligand with positive efficacy would
have a value of y greater than 1. A value of yequal to 10 indicates that the
production of ARG is tenfold more likely after the initial interaction of agonist
with receptor, i.e. there is high degree of isomerization produced by the agonist
(it has high efficacy). It can be seen that, from a thermodynamic point of view,
the overall reaction from the mixing of [A] and [R] to final [ARG] depends
on both K, and the second reaction. Since the [AR] complex formed by initial
interaction of [A] and [R] is removed from the initial equilibrium by com-
plexation with [G], more [A] is formed to take its place. Thus, the presence of
the second reaction drives the initial reaction forward beyond the original con-
straints of K 4.

The fraction of receptors in the ternary complex form ([ARG]) can be
derived from the following equilibrium equations:

[ARG]

Rl oo @
6= (5, ©

The fraction of receptor forming the ternary complex species ARG can
be calculated for use in the guanosine triphosphate (GTP)-shift approach.
Under these circumstances,

[ARG] .
[R]+[RG]+[AR]+[ARG] ®)

p:
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From Eq.8 and the equilibrium equations:

V[A]/KA ©)
[Al/KA(y[G)/Ks +1)+1+[G]/Kq

p:

where K, and Kg are now equilibrium dissociation constants for the
agonist-receptor and G protein-receptor complexes, respectively. From Eq.9,
the observed affinity of binding in the presence of an operative G protein,
complexation is given by:

([G]/KG +1)
(V[G]/KG +1)

It can be seen from Eq.10 that, if the ligand promotes G protein com-
plexation (i.e., y> 1), then Ky< K, and the observed affinity of the agonist
will be greater than the affinity of the ligand for the bare receptor. This will
be referred to as the high-affinity state. In the absence of G protein complex-
ation, the observed affinity will be equal to K, (the low-affinity state). There-
fore, the ratio of affinities for an agonist ligand in the absence and presence
of G protein coupling is given by:

_Ka o (y[Gl/Ks +1)
RATIO = = (G/Ke +D)

Ky =K, (10)

(11)

The ratio described by Eq.11 has been termed the “GTP shift” experi-
mentally since, in practical terms, it is the ratio of the affinity of agonist ligand
obtained in the presence of G protein complexation and to that obtained after
cancellation of that complexation by facilitation of guanosine diphosphate
(GDP)-GTP exchange by excess GTP (or stable GTP analogue, such as
GTP98). An example of this method is shown in Fig. 3. Thus, the magnitude
of the ratio is defined as the GTP shift for a given agonist. The relative GTP
shift for two agonists is given as:

Agonist A (yA[G]/Kg +1)
Agonist B (y5[G]/Kg +1)

AFFINITY RATIO= (12)

which reduces to an approximation of ¥4/} at appreciable ratios of [G]/Kg.
Thus, the GTP shift can be used to estimate the relative efficacy of two agonist
ligands.

The strength of the GTP shift method is that there is a theoretical and
mechanistic rationale for the estimate of relative efficacy. In practical terms,
however, there are systems where the kinetics of GDP-GTP exchange are not
sufficiently rapid to cancel accumulation of the [ARG] complex. Under these
circumstances, the cancellation of ternary complex formation is incomplete,
and erroneous estimates of relative efficacy may result.
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Fig.3. Efficacy reflected as the magnitude of the guanosine triphosphate (GTP) shift.
A displacement curve for radioligand displacement by an agonist in a G protein-rich
environment reflects the affinity of agonist for the receptor and its ability to produce
a ternary complex (efficacy). In the presence of GTP, this secondary receptor coupling
is canceled, and the displacement curve reflects only agonist affinity. The difference
between the two curves is a measure of efficacy

2. High-Affinity Selection Binding

An alternative to the GTP-shift approach for the estimation of efficacy in bio-
chemical binding experiments takes advantage of the stoichiometry between
receptors and G proteins. This approach works best in receptor systems where
the stoichiometric relationship between receptors and G proteins is such that
there is an overabundance of receptors. Under these circumstances, agonists
will form a relatively small amount of ternary complex on binding, while
antagonists will stochastically sample the complete receptor population. With
appropriate radioligands, the receptor population can be “selected”, and the
ensuing difference in observed affinity can be used as an index of efficacy.

In receptor-overexpressed systems, agonists will only bind with high affin-
ity to receptors that can couple to G proteins. If the agonist is a radiolabel,
then the population of radioactive receptor species will be a “selected” popu-
lation of ternary complexes. In contrast, an antagonist radioligand will bind to
a random sample of receptors, with no regard for G protein coupling (CHEN
et al. 1997; KENAKIN 1997a, 1997b).

When a non-radioactive agonist is used to displace an antagonist radioli-
gand, it will induce G protein coupling (high-affinity binding) and then, at
higher concentrations, compete for uncomplexed receptors. This would result
in the well-known biphasic displacement curves seen with agonists but, since
the G protein population is so much smaller than the receptor population, the
high-affinity binding will be inconsequential (or result in a small biphasic com-
ponent of the displacement curve). When a non-radioactive agonist is used to
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displace a radioactive agonist in a system where the only radioactive species
are ternary complexes, then the production of ternary complex by the non-
radioactive ligand will necessarily displace the radioactive agonist ternary
complexes. This results in high-affinity displacement, in contrast to what is
observed with a radioactive antagonist. Thus, there will be a difference in the
observed potency of agonists in displacing radioactive agonists and antago-
nists in receptor-overexpressed systems, and this difference will be propor-
tional to the “power” of the ligand to induce ternary complex production (i.e.,
efficacy).

Figure 4A shows a series of saturation curves for a radioactive agonist
under conditions of increasing G protein concentration. Low levels of G
protein (10%) produce a small high-affinity component of binding followed
by a large low-affinity component. The distinction becomes less evident as the
stoichiometry between receptor and G protein approaches unity and exces-
sive amounts of G protein. Figure 4B panels I-VI show the disappearance of
the difference in observed affinity of an agonist radioligand as G protein levels
increase (KENAKIN 1998b). For example, this phenomenon has been noted in
recombinant systems, such as cells transfected with receptor complementary
DNA for human calcitonin receptor type 2 (hCTR2; Fig. 5). Theoretically,
recombinant systems are ideal for the utilization of high-affinity selection if
receptor expression levels are high or the G protein coupling is inefficient (i.e.,
baculovirus expression in Ti ni cells).

High-affinity selection may offer an additional method to detect and
measure ligand efficacy in binding studies. Two disadvantages of this technique
are the need for both agonist and antagonist radioligands and the dependence
of the absolute differential in affinity on the relative quantity of G protein
(usually an unknown). However, null techniques can be used effectively in the
appropriate system to determine the relative efficacy of agonists.

II. Function

As a preface to the discussion of functional methods to estimate the relative
efficacies of agonists, it is useful to describe agonism in terms of receptor occu-
pancy theory. The ability of any given agonist to produce response depends
upon its concentration in the receptor compartment (the fractional receptor
occupancy, as defined by mass action and K4, the equilibrium dissociation con-
stant of the agonist-receptor complex), its efficacy (a dimensionless propor-
tionality constant) and how well the organs having the receptor can process
receptor signaling. This last ability depends upon the receptor density and the
efficiency of coupling of the cellular stimulus-response mechanisms. A math-
ematical description of this stimulus-processing ability is the location para-
meter of a general logistic function linking receptor occupancy and tissue
response (Kenakin and Beek 1980). This function can accurately model the
stimulus-response characteristics of any tissue for any receptor. Thus, the
response to an agonist is given by:
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Fig.4A,B. High-affinity selection. A Saturation curves for a radioactive agonist in the
presence of increasing amounts of G protein. It can be seen that, when G protein is
limiting (i.e., 10%), a small ridge of high-affinity binding is observed, followed by a
much larger secondary phase of binding to the bare receptor. As the G protein content
of the system is increased, this ridge of high-affinity -binding increases until, in a G
protein-rich environment (i.e., a natural system), only the high-affinity state is seen.
B Displacement of a radioactive agonist (dotted line) and antagonist (solid line) by an
agonist in a G protein-deprived (10%) system (panel I). Note the disparity in the
observed potencies. Panels II-VI: same curves as for panel I, with increasing amounts
of G protein. The curves converge as the G protein content increases
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Fig.5. The displacement of the amylin receptor agonist radioligand [**I]-rat amylin
(open circles) and peptide amylin receptor antagonist ['*1]-AC512 (filled circles) by
non-radioactive amylin in (A) human MCF-7 cells, (B) transfected COS cells and
(C) transfected HEK-293 cells. Note (1) the difference in the displacing potency of non-
radioactive amylin (the relationships between each radioligand and its respective Ky
for binding were very similar) for displacement of agonist versus antagonist radioli-
gand and (2) the monophasic nature of the displacement curves in the recombinant
systems. The total number of bound radioactive counts was adjusted to be equal for
the displacement experiment (KENAKIN 1997b)

pe[R ]
pe[R ]+

where ¢ is the intrinsic efficacy of the agonist, [R,] is the receptor concentra-
tion, p is the fractional receptor occupancy and S is a fitting parameter denot-
ing the efficiency of stimulus-response coupling. This parameter will be
referred to as the receptor coupling constant () and is a property of the tissue.
Redefining p by the Langmuir adsorption isotherm for receptor occupancy
shows response to be the following function of agonist concentration:

RESPONSE = (13)
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[Ale[R,]
[Ale[R.]+B)+ BKa

where K, is the equilibrium dissociation constant of the agonist-receptor
complex (the reciprocal of affinity) and [A] is the agonist concentration. Equa-
tion14 is a general equation describing agonism in terms of receptor occu-
pancy theory.

RESPONSE = (14)

1. The Method of Furchgott

In functional studies, the most common method used to measure the relative
efficacies of agonists was derived by FurcHGoTT (1966). Comparing equivalent
responses to another agonist B yields the equality:

PA«‘?A[RJ _ pBgA[Rt]
paéalRJ+B  pues[RJ+B

From this relationship, it can be shown that the ratio of the relative receptor
occupancies of the two agonists at an equivalent response yields:

(15)

RELATIVE EFFICACY = 24 = 22 (16)

€ Pa

This method compares the ability of a compound to produce response
with its concomitant ability to occupy receptors and yields the “power” of an
agonist to produce response as a unit of response per receptor. For example,
an agonist that produces 50% response while occupying 20% of the receptors
is less efficacious than one that produces 50% response while occupying 2%
of the receptors. In this method, the relative efficacy of agonists is obtained by
plotting the response as a logarithmic function of the receptor occupancy.
When this is done for two agonists in the same system (null procedures cancel
tissue effects), a measure of the relative efficacy of the two agonists results
(Fig. 6).

The method breaks down at low efficacies, because the curves become
non-parallel, and all curves approach a limit of 100% occupancy. Even for ago-
nists of high efficacy, there is a serious practical problem with this and other
functional methods, namely the requirement for an unbiased estimate of the
affinity of the agonist. This is because agonists produce isomerization of the
receptor, a process that causes two-stage binding to G proteins. Under these
circumstances, the observed affinity results from the two-stage binding process,
and how well this process occurs depends on how well the ligand promotes G
protein activation (i.e., the magnitude of the efficacy). Thus, the observed affin-
ity is a system property, not a receptor property dependent on the efficacy and
availability of cofactors, such as G proteins. BLAck and SHANKLEY (1990) have
termed this effect “receptor distribution” to denote the ability of agonists
to redistribute the receptor population into various species bound and not
bound to G proteins. Thus, for agonists of high efficacy, there is a possibility
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Fig.6. The Furchgott method for the estimation of relative efficacy. Given curves for
the response (solid line) and receptor occupancy of an agonist (dotted line), the effi-
cacy is estimated as the multiplicative factor between them. For two agonists, the rel-
ative efficacy can be obtained by expressing the response curve as a function of
receptor occupancy. The relative location parameters of these occupancy-response
curves yields a measure of efficacy

of a higher observed affinity and a subsequent underestimation of efficacy in
the Furchgott method.

2. The Method of Stephenson

Another, less widely used method in functional studies is the method of
STEPHENSON (1956). This approach simply compares the dose-response curves
of two agonists of equiactive concentrations in a double-reciprocal plot to
yield a factor denoting the relative efficacy of the agonists (Fig. 7). However,
if the agonists are of comparable efficacy, the intercept of this plot approaches
zero, leading to enormous error in the efficacy ratio. This inordinate sensi-
tivity to the relative efficacy of the agonists makes the Stephenson method
limited.
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Fig.7A,B. The Stephenson method for the estimation of relative efficacy. The recip-
rocals of equiactive doses of two agonists are compared in a double-reciprocal plot.
The intercept of this plot yields the value (&/6,K4;1)(1-(&/€)), where ¢ and &, refer to
the intrinsic efficacies of agonists 1 and 2, and K, refers to the equilibrium dissocia-
tion constant of the agonist-receptor complex for agonist 1. Even though K,; may not
be known, the sign of the intercept can provide an estimate of the rank order of effi-
cacy of the two agonists

3. Comparison of Relative Maximal Responses

Perhaps the most robust method to estimate the relative efficacy of agonists
is to test them under null conditions, in receptor systems so compromised that
the agonists cannot produce the system maximal response. This is because,
when the maximal response to that agonist is submaximal (with respect to the
tissue maximum), its magnitude is dependent upon efficacy and is not affected
by differences in affinity (provided the concentration of agonist producing
maximal response is saturating). For example, Fig. 8A shows dose-response
curves for a number of a-adrenergic receptor agonists in rat aorta (data from
RurroLo et al. 1979). It can be seen from this figure that seven of the agonists
produce sub-maximal responses. It can be shown theoretically that the
maximal response to an agonist under these conditions is dependent on effi-
cacy and is completely independent of affinity (vide infra). Therefore, this
system can definitively rank the relative order of the efficacies of the agonists
as: phenylephrine > oxymetazoline > naphazoline > xylometazoline >
clonidine > tenaphtoxaline > tolazoline > tetrahydrozoline. Measurement of
the efficacies of these agonists by the method of Furchgott indicates that the
maximal responses correlate well with efficacy (Fig. 8B), but it should be
stressed that there are many conditions under which such an occurrence may
not yield a good correlation (i.e., receptor distribution may cause the Furch-
gott method to be in error). The actual correspondence of the efficacy to the
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Fig.8. A Dose-response curves for some o-adrenergic receptor agonists in rat aorta.
B The relative maximal responses to these agonists correlated with their relative effi-
cacies, as measured by the method of Furchgott (KENAKIN 1997a)

maximal responses may differ somewhat and depends upon the coupling set
point of the system (vide infra). However, the rank order is definitive and can
be used to classify agonists.

Historically, the usual method of compromising the efficiency of a recep-
tor system is to chemically reduce the receptor density to a point where sub-
maximal system stimulation is produced by activation of 100% of the available
receptor pool. Traditionally, this has been accomplished by chemical alkyla-
tion of receptors by affinity labels that irreversibly bind to the receptor protein
and prevent agonist activation (i.e., with f-haloalkylamines; NickersoN and
Guwmp 1949). The effect of altering receptor density on agonist response can
be observed by expressing response as a fraction of the total G protein. The
total G protein is given by the conservation equation:

[Gtot] = [G] + [RG] + [ARG] (17)

It is assumed that observed physiological response results from activated
receptor and G protein interaction, i.e., the quantities [ARG] + [RG]. This is
given by the ratio:

[RG]+[ARG]

P =1G|+[RG|+[ARG] (18)

which can be rewritten as:

p= V[A]/KA +1 (19)
[A]/K4 (Ka/[R]+7)+1+Kg/[R]
Under these circumstances, the relative response of two agonists (denoted &)
can be shown to be:
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(r:[A)/Ka +1)(y /KA+KG/[R

S = WalAVK x + ):[Al/Kn + Ko /[R]+

(20)

As the concentration of receptors is progressively decreased, the follow-
ing equation for the ratio of maximal responses results:

(MAYKA+])
= (aAKa+D) @

An inspection of Eq.21 shows that, as [A]/K, approaches infinity, the ratio of
maximal responses equals y/p, the ratio of the abilities of the agonists to
induce the active state of the receptor (efficacy).

Another approach, when alkylating agents for the receptor are not avail-
able, is to compromise the system such that the activated receptor cannot
produce the maximal response. This can be done either by reducing the
amount of G protein (i.e., pertussis toxin treatment for G;) or by increasing
the equilibrium dissociation constant of the ternary complex (increasing the
dissociation constant Kg). For this calculation, the response is written as a
function of the occupancy of the total receptor population. The conservation
equation for receptors is:

[Ria]=[R]+[RG]+[AR]+[ARG] (22)

The response is assumed to emanate from the species [RG] and [ARG] and
is given by the ratio:

[RG]+[ARG]

P =R]+[RG]+[AR]+[ARG] (23)
which can be rewritten:
p= [A]/KA +1 (24)

[A]/Ka (Ko /[G]+7)+1+Ks/[G]

The maximal response to an agonist can be estimated by letting [A]/K,
approach infinity. Under these circumstances, R, is given by:

4
7+Kq/[G]

The relative maximal response to two agonists [A1] and [A2] (denoted &)
is then given by:

_n (72 +KG/[G])
Y2(y: + KG/[G])

It can be seen from Eq.26 that two conditions could make the relative
maximal response depend upon the relative efficacy of the two agonists (i.e.,
%/7,). This will occur when either the coupling of receptor to the G protein is
severely compromised (Kg becomes very large) or the relative quantity of the

Rmax = (25)

(26)



200 T. KENAKIN

G protein is diminished ([G]«>0). Under either of these circumstances, &
reduces to /7.

Figure 9 shows dose-response curves for two agonists, one with efficacy
y= 100 and one with y= 30 in a system where the receptor coupling is pro-
gressively diminished (i.e., increasing values of K¢/[G]). Pairing of the curves
for the two agonists at different levels of K/[G] shows that, as the receptor
coupling becomes increasingly compromised, the relative maximal responses
of the two agonists approach the asymptote of the relative efficacy for these
agonists (%4/7% = 100/30 = 3.3). This raises the question of the error involved in
this method as the maximal responses become depressed; i.e., how quickly
does & approach y/p as receptor coupling is diminished? This can be done by
defining a metric, y, as %[G]/Kg, which allows the relative coupling efficiency
of the receptor system to be linked to the efficacy of one of the agonists. Under
these circumstances, the relative efficacy of the two agonists (defined as y/9)
is related to the observed maximal responses of the two agonists (£) by the
following equation (derived from Eq.26):

/1y +])
N (7’1/72)‘l/+1 @)

100 100

50

% Max. Response
o
(=)

1
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Log ([AVKa) Log ([A/Kg)
[G]=1 [G]=0.1 [G] =0.01 [G] = 0.003
curves 2 curves 3 curves 5 curves 6
3
=
2 £=1.04 £=3.3
/ﬁ
3 2 4 0 1 2 3 20 T2 8 2401 2 520 12

- Log ([Agonist]/K)

Fig.9. The effect of diminishing the receptor coupling (and, therefore, response-
producing ability) of a receptor system on the responses to two agonists of differing
efficacy. Pairing of the curves examines the effects of a given change in receptor cou-
pling on the relative responses to the two agonists. The true relative efficacy of the ago-
nists 1s 100/30 = 3.3
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Table1. Strengths and weaknesses of methods of estimating agonist efficacy

Method Advantages Disadvantages
Furchgott Simple Requires unbiased estimate of
affinity; inaccurate at low
efficacies
Stephenson Simple Errors at comparable efficacies
GTP-shift Theoretical rationale ~ Some GTP-insensitive systems
High-affinity selection ~Theoretical rationale; Requires radioactive agonist and
robust antagonist; dependent on [R}/[G]
Relative maximal Sensitive to low Inability to compromise maximal
response efficacies; response in some systems; errors

theoretical rationale  at widely divergent efficacies

GTP, guanosine triphosphate.

Values of relative maximal response that yield accurate estimates of the rela-
tive efficacy indicate that the greater the difference in efficacy of the two ago-
nists, the more the receptor coupling must be reduced to produce an accurate
estimate.

The various strengths and weaknesses of the operational methods avail-
able to estimate the relative efficacies of agonists are given in Table 1. It can
be seen from this table that some methods are more suitable for lower-
efficacy agonists rather than higher-efficacy agonists.

E. Limitations of Agonist Potency Ratios

The most common method of comparing agonists in pharmacologic systems
is with potency ratios. It can be shown that the potency ratio of two agonists,
if measured in the same receptor system under the same conditions, yields a
value dependent only upon the drug-specific factors of affinity and efficacy.
This null procedure cancels the translating tissue effects of receptor number
and stimulus-response mechanisms. Thus, it can be shown that the relative
equiactive potency ratio of two agonists A; and A, is given by:
[As] [Aslle —&) K&

= + 28
[Al] K& Kai&2 ( )

where the relative equilibrium dissociation constants of the agonist-receptor
complexes are denoted K, and the efficacy is denoted &. If the agonists are of
comparable efficacy, the potency ratio can be estimated with a simple ratio of
affinity and efficacy:

[Az] _ Ka&
[A1] Kai&

(29)

The use of potency ratios to characterize agonist activity has been
extensively used in pharmacology for numerous years. While the ratio can be
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immutable under a number of experimental circumstances, it should be noted
that it is a ratio of two completely independent properties. Thus, an agonist
could have a given potency because of high efficacy and relatively low affin-
ity, and another could be equiactive because of lower efficacy but higher affin-
ity. This constitutes a major shortcoming in the use of isolated potency ratios.

Clearly, if the receptor-coupling efficiency of the test system is sufficient
to allow both agonists to produce maximal response (or near-maximal
response), then the potency ratios will transcend the specific coupling
efficiencies of particular systems, and the estimate will not depend upon
the type of test system used to measure agonism. Problems arise if the recep-
tor test system is of low sensitivity. It should be stressed that low sensitivity
is a relative term with respect to the strength of the agonists being tested;
i.e., a natural hormone may produce a powerful response, but the system will
still be inadequate to yield correct potency ratio values if the test agonists are
of such low efficacy that they do not produce maximal response. Figure 10
shows the potency ratios of two agonists A and B differing in intrinsic efficacy
by a factor of 100. It can be seen that the potency ratio is relatively stable in
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Fig.10A-D. Estimates of potency ratios (defined as an equipotent molar ratio and
denoted as EPMR) in systems of various sensitivities. System A is well coupled (S =
0.01), as is system B (= 0.1). However, as receptor coupling becomes less efficient,
the EPMR becomes ambiguous (system C) and meaningless (system D)
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systems I and II but that completely errant values are obtained in systems C
and D.

Another shortcoming of single relative-potency measurements relates to
how the “snapshot” of relative potency in one test system can lead to dissim-
ulation in other systems with differing signal processing abilities. Two agonists
could be equiactive in a given test system for different reasons, i.e., one agonist
could derive its potency from high efficacy and low affinity and another from
high affinity but low efficacy. This could be likened to a snapshot of two horses
jumping over a fence (Fig. 11A). More informative would be to see the com-
plete film of the horses as they jump over the fence; this could be likened to
observing the agonism in a range of tissues of differing receptor-coupling abil-
ities (Fig. 11B). In essence, this is what occurs in agonist drug discovery pro-
grams. Lead compounds are chosen on the basis of a single relative-potency

Fig.11A,B. Potency ratios as snapshots of a continual process (depicted as horses
jumping over a fence). A Since the observed potency of full agonists is an amalgam of
a ratio of intrinsic efficacy and affinity, two agonists could be equipotent, one by virtue
of high affinity and low intrinsic efficacy and the other by low affinity and high intrin-
sic efficacy. A single estimate of potency in one system (i.e., one receptor density and
receptor coupling efficiency) cannot predict what will be observed under different
tissue conditions. B The complete film of the horses jumping over the fence (i.e., the
relative positions of the horses depict the relative potencies of the agonists under dif-
ferent tissue conditions) is observed when the agonists are tested in vivo, where they
encounter numerous tissues under different conditions
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estimate (the snapshot) and are then tested in vivo, where they encounter a
wide range of tissues (the complete film). For these reasons, it is desirable to
have a measure of the relative potencies of agonists that does not depend upon
the coupling efficiency of the receptor system. There are examples of how such
snapshots can be misleading and can create potential hazards of relying on
estimates of relative agonist potency. Specifically, it can be shown that differ-
ences in receptor coupling can greatly affect the magnitude of agonism
observed. This underscores the limitation of single agonist potency ratios.

The location parameter of a dose-response curve depends on the drug
factors affinity and efficacy and the tissue factors receptor density and effi-
ciency of receptor coupling. When two agonists are compared in the same test
system, this null procedure cancels the tissue effects and allows estimation
of only drug effects. However, if both agonists produce system-maximal
responses, then it is not possible to distinguish the relative contributions affin-
ity and efficacy make to agonist potency. This is important, since the contri-
butions of these drug factors differ considerably when receptor coupling is
less efficient. Figure 12A shows the relative activity of the a-adrenoceptor
agonists norepinephrine and oxymetazoline in an efficiently receptor coupled
tissue (rat anococcygeus muscle). It can be seen that oxymetazoline is twofold
more potent than norepinephrine. In contrast, a less well-coupled tissue
(rat vas deferens) bearing the same receptors shows norepinephrine to be the
more active agonist. This is because oxymetazoline is a high-affinity but
low-efficacy agonist, while norepinephrine is a low-affinity but high-efficacy
agonist (KEnakIN 1984). These data show that the relative agonist profiles for
oxymetazaoline and norepinephrine differ considerably in two different test
systems.

Compromise of system signal processing ability also can demonstrate
differences. Fig. 12B shows the effects of progressive diminution of o-
adrenoceptor number by treatment with phenoxybenzamine in the rat anococ-
cygeus muscle. It can be seen that the relative profile of the agonists changes
(toward that seen in vas deferentia) with decreases in receptor number. The
same type of effect can be seen with the muscarinic agonists oxotremorine
(low efficacy/high affinity) and carbachol (high efficacy/low affinity) in guinea
pig ileum (KenakIN 1997).

F. Why Measure the Relative Efficacies of Agonists?

The estimation of the relative efficacy of agonists, while not a trivial procedure,
can be a useful method of removing system-dependence from relative esti-
mates of agonism. For example, Table 2 shows a wide range of potencies for the
B-adrenoceptor agonist prenalterol (ECs, values) and maximal responses
(intrinsic activities); these are system-dependent measures of receptor activity.
In contrast, the molecular parameters of affinity (equilibrium dissociation con-
stant of the agonist-receptor complex) and relative efficacy for prenalterol
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Fig.12A,B. Differences in potency ratios with different receptor densities and/or
coupling. A The relative potency of the o-adrenergic agonists norepinephrine and
oxymetazoline in the rat anococcygeus muscle and vas deferens. Whereas oxymetazo-
line is the more powerful agonist in the anococcygeus muscle, it is less active in vasa
deferentia. Data from KENaKIN (1984). B The effect of a-adrenergic receptor diminu-
tion (by alkylation with phenoxybenzamine) on the relative agonism produced by nor-
epinephrine and oxymetazoline in rat anococcygeus muscle. The response to the
lower-efficacy agonist (oxymetazoline) is more sensitive to decreases in receptor
number (KENAKIN 1997)

(versus isoproterenol) vary little from tissue to tissue. Thus, the estimation of
relative efficacy allows the prediction of agonism across receptor systems and,
thus, is a good parameter for therapeuticalily directed medicinal chemistry.

Another reason for estimating relative efficacy is to determine whether
the observed potency of a given agonist results from high affinity (affinity-
driven agonist) or high efficacy (efficacy-driven agonist). As seen in Fig. 12B,
efficacy-driven agonists are less sensitive to compromise of stimulus-response
abilities of tissues and, therefore, desensitizing effects may be overcome with
increased dosing (unlike affinity-driven, lower-efficacy agonists).
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Table2. System-dependent and -independent properties of prenalterol as a f-
adrenergic receptor agonist. Data from KENAKIN and Beexk (1980)

Tissue Observed Maximal Affinity® Relative intrinsic
potency® agonist (nm) efficacy
(nm) response”
(%)
Guinea pig trachea 0.2 79 31.6 0.005
Cat left atrium 0.37 64 32 0.005
Rat left atrium 0.6 65 32 0.004
Cat papillary 14 40 46 0.0045
Guinea pig left atrium 3.2 24 32 0.005
Guinea pig EDL NA® 0 39.8 NA®

EDL, extensor digitorum longus muscle; NA, not applicable.

#Molar concentration producing 50% maximal response.

®Fraction of the maximal tissue response, as measured by the response to the full B-
adrenoceptor agonist isoproterenol.

“Molar concentration of prenalterol that occupies 50% of the receptor population at
equilibrium (a chemical term).

9The relative power of prenalterol to produce response, relative to that of the full
agonist isoproterenol. This is a measurement of agonism that transcends the receptor
preparation.

¢Since no agonist response was observed in the EDL, no potency as an agonist or no
estimate of relative efficacy could be obtained.

G. A Simple Algorithm for the Prediction of Agonist Side
Effects Using Efficacy and Affinity Estimates

The algorithm described below is designed to extend the information obtained
in a single assay depicting relative potencies of agonists into a general pattern
of behavior applicable to all agonist situations in vivo. The calculations are
based on a term that characterizes the efficiency of signal transduction in a
tissue; this term will be termed the receptor coupling constant. As discussed
previously, various tissues process and amplify receptor stimuli by application
of a succession of saturable biochemical cytosolic reactions. Each can be
approximated by a hyperbolic function, and the sum total can also be gener-
alized by a hyperbolic function (KENAKIN and BEek 1980). Thus, a hyperbola
with a fitting parameter B can be used to mathematically model stimulus—
response functions (Eq.13). It is known that different tissues have different
amplification properties, i.e., some are more efficient at processing receptor
stimuli than others. For example, Fig. 13 shows the receptor occupancy—
response curves for isoproterenol in a range of S-adrenoceptor-containing
tissues. It can be seen that, while nearly 90% response is achieved in guinea
pig trachea with an isoproterenol receptor occupancy of 2%, this same occu-
pancy produces only a 14% response in guinea pig extensor digitorum longus
muscle (Fig. 13). A unique fitting parameter 8 can be assigned for each
tissue/receptor combination. This value will be referred to as the receptor cou-
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Fig.13. Receptor occupancy-response curves for different isolated tissues: isopro-
terenol responses mediated by B-adrenoceptors. Ordinates: fraction of the maximal
response to isoproterenol. Abscissae: fractional receptor occupancy by the concentra-
tions of isoproterenol producing the responses. Data from KeNakIN and Beek (1980)
for guinea pig trachea (filled circles), rat left atria (open circles), cat left atria (filled
triangles), cat papillary muscle (open triangles), guinea pig left atria ( filled squares) and
guinea pig extensor digitorum longus muscle (open squares) (KENAKIN 1997)

pling constant in the following calculations. The efficiency of receptor coupling
is inversely proportional to the magnitude of the receptor coupling constant
B. Figure 14 shows the response to a given agonist in a range of tissues pos-
sessing different efficiencies of stimulus-response coupling. As can be seen
from this figure, the agonist produces a maximal response at low concentra-
tions in highly coupled tissues (low value of ) and partial agonism in less effi-
ciently coupled tissues (high f3).

It can be seen from the previous discussion that the observed agonist
response for a high-efficacy agonist will be more resistant to differences in
receptor density and/or coupling efficiency in various organs than the response
for a low-efficacy agonist. Assuming that a wider range of receptor coupling
efficiencies implies a wider range of organs in which the agonist can produce
response, it would be predicted that the high-efficacy agonist will produce
agonism in a much larger number of target organs than the low-efficacy
agonist. This concept can be used to predict the relative propensity of two ago-
nists to produce responses in vivo.

One way to quantify the respective subsets of organs that will generate
response to an agonist is to define the limiting value of the coupling constant
B, where agonism disappears. Thus, one agonist may be powerful and have a
limiting value of f of 1000 (i.e., a high-efficacy agonist will produce agonism
in even poorly coupled organs; response will be seen in all organs with f§ <
1000) while a weaker agonist may have a limiting value of j of 10 (response
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Fig.14. The effects of differing values of the receptor coupling constant (Eq.13) on
the location and maximal asymptote of dose-response curves for a given agonist

will be seen in all organs with 8 < 10). This would be a smaller subset of organs,
and this would be quantified by the ratio of limiting values of f.

I. Therapeutic Versus Secondary Agonism: Side Effect Versus
Coupling Constant Profiles

Using Eq. 14 for an arbitrary level of coupling efficiency (for this simulation,
B = 0.25) and measured values for the affinity and intrinsic efficacy of an
agonist for the primary receptor (the receptor mediating the therapeutic
effect), the dose-response curve for therapeutic agonism can be calculated.
An example is shown in Fig. 15A (double line). With knowledge of the intrin-
sic efficacy and affinity of the same agonist at a secondary receptor (mediat-
ing the unwanted side effects), a range of dose-response curves depicting
secondary agonism can be calculated for a range of coupling efficiencies of the
secondary receptor; these are shown as dotted lines in Fig. 15A. These curves
represent the dose-response curves possible for secondary effects in vivo. The
magnitudes of the secondary effects at various values of f can be related to
an EDs, concentration of agonist for the therapeutic effect. These are shown
by the intersection of a vertical line at the concentration producing 50% ther-
apeutic effect and the various dose-response curves for the secondary effect
(Fig. 15A). Thus, the magnitude of the secondary effect can be related to a
given efficiency of coupling of the secondary receptor; this defines an inverse
sigmoidal function of secondary agonism versus the logarithm of the efficiency
of coupling [log(f); Fig. 15B]. Not surprisingly, the lower the value of S (i.e.,
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Fig.15. A The relationship between secondary responses at various receptor coupling
efficiencies for the secondary response (dotted lines) and the therapeutic response
shown as a double-line dose-response curve (calculated for an arbitrary coupling con-
stant for the receptors mediating the therapeutic response). At the EDs, concentration
for therapeutic effect, the magnitudes of the secondary responses for different values
of 3 for the secondary response are denoted by the numbers 1 to 4. B These secondary
responses can be displayed as a function of the various coupling constants for the
secondary response. This defines a side effect versus coupling constant profile for the
agonist

the more efficiently coupled the secondary receptor), the greater the magni-
tude of the secondary effect. It is useful, at this point, to define a characteris-
tic parameter of the agonist and the in vivo system, namely the Ss. This is the
value of the receptor coupling constant where the secondary response to a
concentration of agonist producing 50% therapeutic effect is also 50% of the
maximum of the secondary response. The curve depicting this behavior will be
referred to as the side effect versus coupling constant profile (Fig. 15B).

It can be seen that the magnitude of the S, is dependent on the coupling
efficiencies of the receptors mediating the therapeutic effect. This latter para-
meter is not known in vivo. However, at any given coupling efficiency for the
therapeutic effect, the relative fs, values for different agonists can give a
measure of the relative propensity of the agonists to produce side effects. Since
the f value for the therapeutic effect will be constant for all of the agonists
tested in the same system, the relative Bs, values for the secondary responses
will be related to each other and will reflect the relative tendencies of the ago-
nists to produce side effects in the same system. Also, it will be seen that this
algorithm can be used to calculate the relative B, values for a collection of
agonists and that it does not depend on the coupling efficiency of the thera-
peutic response.

An example of how the fs can predict the relative ability to produce
agonism at the secondary receptor (side effects) is shown in Fig. 16. This graph
shows the side effect versus coupling constant profiles for two agonists,
denoted A and B. It can be seen from this figure that the selectivity of agonist
A is greater than that of agonist B. The relative B, value for this example is
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Fig.16. Side effect versus coupling constant profiles for two hypothetical agonists. The
midpoint of this curve is the s, defined as the receptor coupling constant at which the
therapeutic concentration of the agonist (producing 50% therapeutic effect) also pro-
duces 50% maximal side effect. The shading refers to the spectrum of tissues (i.e., spec-
trum of coupling efficiencies) where the side effect to the particular agonist would be
expected. The darker shading (smaller area) is for agonist A and lighter is for agonist
B. It can be seen that a smaller subset of organs would be expected to respond to
agonist A; thus, a higher degree of selectivity with this agonist would be expected

60, and this translates to a situation in which the secondary responses to
agonist B will be observed in a greater number of tissues (a wider range of 8
values) than secondary responses to agonist A.

The relevance of the ratio of S, values to the choice of agonists for use
in vivo is the relative nature of the measurement. The coupling constant at
which the side effects diminish to 50% maximal value is calculated from exper-
imentally derived measures of efficacy and affinity and depends on the chem-
ical features of the agonists. While any particular S5, value depends on the
specific coupling constant of the therapeutic receptor system (which is not
known), in a clinical setting, the agonist will be given until a therapeutic effect
is observed, and this will automatically set the operative coupling constant for
the therapeutic system. This level will be constant for all agonists tested in
vivo; thus, the relative fs, values generalize to all systems (vide infra).

II. Algorithm for Calculation of Relative fs,

Prerequisites for calculation of relative f values are the affinities (as equi-
librium dissociation constants obtained in binding studies) and relative effica-
cies for the therapeutic receptor and secondary receptor. The relative efficacy
can be estimated by the method of Furchgott or can be approximated by the
relative ratio of potency in binding and response in a functional assay (previ-
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ous section). For this calculation, the subscript T refers to the therapeutic
receptor, and subscript S refers to the secondary receptor.

From Eq. 14, the location parameter for the function-dose-response curve
is:

K,
EDw = iR 1+ (0)

From Eq.30, an expression for the concentration producing half-maximal
therapeutic response (EDs,) is given as:

prKr
(er[RJ+Br)

This fixes the concentration being tested in the in vivo system (it is
assumed the dose of agonist is adjusted to produce a 50% maximal therapeutic
response). For Eq.31, &r refers to the efficacy of the agonist at the therapeu-
tic receptor, [Ry] is the receptor density in the tissue mediating the therapeu-
tic response, and By the efficiency of coupling of the therapeutic receptor.

This concentration then is substituted into the equation for response of
the secondary receptor (denoted RESP, and obtained from Eq.14) to yield:

EsKT
Bs (Kt +Ks)+(((Bs /ﬂT)ngT) +£5Kr)

which can be rewritten as an inverse sigmoidal curve of the form c¢,/(c, + x):

EDSOT = (31)

RESP; = (32)

EsKT
Bs(Kt +Ks + KSET/ﬂT) +&sKr

The location parameter of the curve described by Eq.33 is defined as the
Bso, the value of receptor coupling efficiency where this particular concentra-
tion of agonist (the concentration set by observation of the therapeutic effect)
produces a 50% maximal response at the secondary receptor. For an equation
of the form c,/(c, + x), this is given as:

EsKT
= 34
Po = 7K + (Keer /B0) (39
which can be rewritten as:
&Ky
= 35
Bso Ky +Ks+((er/Br)+1) (35)

The lower this value is, the smaller the subset of tissues where this
concentration of agonist will produce side effects. It can be seen from an
inspection of Eq.33 that, under normal circumstances, (&/8;) > 1 and that
Ksér/Br > Kr. Thus, Eq.35 can be approximated by:
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&K rfr
0= Ke (36)
From Eq.36, it can be seen that the value of the coupling constant pro-
ducing 50% secondary response is linked to the sensitivity of the therapeutic
agonism. This is a reasonable relationship, since a lower concentration of
agonist will be needed to produce therapeutic effect if the target organ is
highly coupled (low B), and this lower concentration will produce a corre-
spondingly lower incidence of side effects. This is represented by a low value
for By, corresponding to a smaller subset of secondary organs able to respond
to the agonist to produce side effects.
Finally, the ratio of S, values can eliminate the dependence on the cou-
pling of the therapeutic organ(s); this eliminates the dependence on fr. Thus,
for agonists A and B,

Bsoa _ esaKraersKsp
Bsos  emsKsagseKrs

Experiments yield relative efficacies; thus, the relative efficacy for the ther-
apeutic effect is defined as epx/erg and, for the secondary effects, is defined as
gsalesg. Similarly, the relative affinities for the therapeutic and secondary
effects (as equilibrium dissociation constants) are given as rel Kramp) = Kra/Ktp
and rel Ksam = Ksa/Ksp, respectively. Under these circumstances, Eq.37
reduces to:

(37)

rel Es(a/B) X rel KT(A/B)

ﬁSO(A/B) = (38)

rel Era/B) X rel KS(A/B)
where ¢ refers to efficacy and K is the equilibrium dissociation constant for
binding (the reciprocal of affinity). Thus, rel &rasm) and rel &ap) refer to the
relative efficacies of agonists A and B on the receptors mediating the thera-
peutic and secondary receptors, respectively. Similarly, rel Kram) and rel Kgam)
refer to the relative affinities (binding pK; values) for the therapeutic and sec-
ondary receptors, respectively.

ITII. Application of the Algorithm to f;-Adrenoceptor
Agonists

An example of how this method could be used to quantify agonist selectivity
is shown below. Table 3 shows the relative intrinsic efficacies and affinities for
three agonists on fs;-adrenoceptors (therapeutic agonism is defined, in this
case, as increased rate of metabolism), two potential secondary receptors
mediating side effects (f,-adrenergic receptor activation leading to digital
tremor) and f;-adrenergic receptors (mediating tachycardia). From these
data, side effect versus coupling constant profiles were calculated for -
adrenoceptors (Fig. 17A) and fB-adrenoceptors (Fig. 17B) for two different
coupling efficiencies of the therapeutic (f:-adrenoceptor) response. These
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Table3. Relative affinities and efficacies for f-
adrenoceptor-mediated effects

Compound pK; (binding)* Relative &
Br-adrenoceptors®

Isoproterenol 5.0 1.0
BRL-37344 6.4 0.003
CL-31643 4.6 0.025
B,-adrenoceptors?

Isoproterenol 7.5 1.0
BRL-37344 7.2 0.016
CL-31643 53 0.03
Bi-adrenoceptors®

Isoproterenol 6.9 1.0
BRL-37344 5.8 0.015
CL-31643 4.0 0.1

?Logarithm of the equilibrium dissociation constant of
the compound-receptor complex. This corresponds to
the molar concentration of compound producing 50%
maximal receptor occupancy.

®Calculated according to the method of Furchgott from
functional (adenylate cyclase assay; Tim True, Glaxo Well-
come Dept. of Receptor Biochemistry) and binding data
(Tim True and Conrad Cowan, Glaxo Wellcome Dept. of
Receptor Biochemistry).

¢Chinese hamster ovary cell line expressing human p;-
adrenoceptor clone 6.

4Chinese hamster ovary cell line expressing human S;-
adrenoceptor clone 10.

¢Chinese hamster ovary cell line expressing human p;-
adrenoceptor clone 1.

curves show the relative immutability of the order of potency to the coupling
efficiency of the therapeutic event (slight differences occur at very inefficient
receptor coupling efficiencies and require the complete form of Eq. 38, namely
Eq.35). Under normal circumstances, the differences are small, and the
general application of Eq.38 to data is recommended. The relative S, values
can be obtained graphically from Figs.17A and B or can be estimated with Eq.
36; relative B, values are shown in Table 4.

From the data in Table 4, it can be seen that BRL-37344 and CL31643 are
11 and 50 times more selective (respectively) for f;-adrenoceptors than f,-
adrenoceptors compared with isoproterenol. These data suggest that BRL-
37344 and CL31643 should be much less likely than isoproterenol to produce
tremor in a range of B,-adrenoceptor-containing tissues. The data in Table 3
also show that BRL-37344 and CL31643 have respective selectivity ratios of
75 and 83 for B;-adrenoceptors over fj-adrenoceptors (compared with iso-
proterenol). This, in turn, also suggests that BRL-37344 and CL.31643 should
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Fig.17A,B. Side effect versus coupling constant profiles for pS-adrenoceptor
agonists at various efficiencies of receptor coupling for the therapeutic effect. A Data
calculated for f;-adrenoceptors (Z, highly efficient signal processing of the therapeutic
effect; 11, low-efficiency coupling). B Data calculated for ,-adrenoceptor (I, highly effi-
cient signal processing of the therapeutic response; 1, low-efficiency coupling)

Table4. Relative fs values for B;-adrenoceptor agonists
relative to isoproterenol. Reciprocals are given so that rel-
ative selectivity may be displayed as a multiple

Compound 1/Bso

B-adrenergic receptors (digital tremor)
CL-31643 50
BRL-37344 11
Isoproterenol 1

B (tachycardia)
CL-31643 83
BRL-37344 75
Isoproterenol 1

be much less likely than isoproterenol to produce tachycardia in a range of ;-
adrenoceptor-containing tissues.

IV. Limitations of the Algorithm

It should be stressed that this algorithm predicts relative effects between ago-
nists but that secondary responses in vivo may be so efficiently coupled that
even extremely selective agonists may still produce the secondary effect. Sec-
ondly, if the receptors mediating the therapeutic effect are very poorly coupled
(i.e., there is a low receptor density on the target organ), then the algorithm
estimated by Eq. 28 should be substituted for the more complete equation (Eq.
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35). However, under these circumstances, some estimated values for S must
be used to calculate the relative fBs. Finally, it should be stressed that the algo-
rithm depends on an accurate estimate of relative efficacy which, in turn,
depends on an accurate estimate of affinity. It is well known that the affinities
of agonists can be modified by G protein coupling and that, by this mecha-
nism, the efficacy of the compound can artificially elevate the apparent affin-
ity. This effect can be canceled, in some cases, by GTP4S, but it is not clear that
this obviates the problem in all cases. Therefore, it is possible that the very
property that is being estimated also affects the measurement of a vital para-
meter needed for its calculation. This can lead to circular reasoning. Under
most circumstances, the null method of measuring relative efficacies for a
range of agonists in the same test system tends to reduce the error produced
by this effect. However, it is possible that the sensitivity of affinity measure-
ments may not be linearly related to efficacy in some regions of the scale of
efficacy. Under these circumstances, the affinities of some agonists may be
more prone to G protein-coupling error than others, resulting in correspond-
ing errors in the estimation of relative efficacies.

H. Conclusions

Research aimed at the discovery of agonists can consider both the quality and
quantity of efficacy possessed by ligands. The quality of efficacy relates to the
mechanism by which different agonists produce changes in the behavior of
receptors towards their hosts. One particular arena where there may be
practical applications of this approach is the differentiation of agonists that
produce different populations of receptor active states, and may thus target
stimulus toward different G proteins.

The quantity of efficacy possessed by an agonist can be estimated opera-
tionally by a number of means utilizing both binding and functional assays.
There are examples where the quantification of efficacy has advantages over
the simple measurement of relative agonist potency in the prediction of
agonism in other receptor systems. In particular, an algorithm to predict the
complete spectrum of agonism in a range of receptor systems is presented
here, with application to the prediction of digital tremor and tachycardia for
Bs-adrenoceptor agonists designed for metabolic thermogenesis.
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CHAPTER 8
A Look at Receptor Efficacy. From the
Signalling Network of the Cell to the

Intramolecular Motion of the Receptor

H.O. ONARAN, A. SCHEER, S. CoTEccHIA, and T. Costa

A. Introduction

In this article, we examine the multiple connotations of the idea of ligand effi-
cacy, from the macroscopic complexity of the signalling network in the living
cell to the microscopic complexity of the single-protein macromolecule. Our
analysis consists of two parts.

In the first (Sects. B, C), we give a discussion-oriented overview of the
concept. Rather than be systematic or comprehensive, we try to identify the
logical threads that link the definitions of efficacy based on stimulus—response
relationships of classical pharmacology to the current developments of cellu-
lar and molecular pharmacology.

In the second (Sects. D, E), we focus more closely on molecular defini-
tions. We illustrate the similarity of efficacy to the ideas of allosteric linkage
and free-energy coupling and propose a paradigm of microscopic generalisa-
tion of these concepts. Finally, we present a stochastic model of molecular effi-
cacy. We use such tools to examine the complex relationship between physics
and function in a macromolecule and the influence of this relationship on the
macroscopic observables that we call affinity and efficacy.

B. Biological Receptors and the Dualism of Affinity
and Efficacy

I. Signal Transfer and Conformational Change in
Membrane Receptor

Membrane receptors are proteins committed to the vectorial transfer of exter-
nal signals to the intracellular environment. The input message is usually a
freely diffusible extracellular mediator, such as hormone, neurotransmitter, or
any mimicking drug. It is detected when such a molecule binds to a specific
recognition site on the receptor. The output signal is generated in response to
the binding event if and only if the activity state of the ligand-receptor complex
is different from that of the unbound receptor. The result is a cascade of
biological reactions. The outcome depends on (1) the intracellular network of
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biochemical transducers and effector proteins to which the receptor is con-
nected and (2) the physiological role of the cells in the organism.

Analogies in molecular structure, biochemical properties and signalling
mechanisms let us group receptors into major families, such as ion channels,
various types of protein phosphokinases, guanylyl cyclases and so on (MORGAN
1989; Tismaa et al. 1995). The largest of such families, the G protein-coupled
receptors, lacks any known enzymatic or channel activity. It consists of
monomeric polypeptides folded to form seven hydrophobic membrane-
spanning helices (StoeckeNtUs and BoGgoMoLNT 1982; DoHLMAN et al. 1987,
HaRGRAVE and McDowELL 1992; BALDWIN 1994; STRADER et al. 1994; IisMAA et
al. 1995; STROSEBERG 1996; WEss 1997). Signal transfer through these proteins
relies entirely on the ability of guanosine triphosphate (GTP)-binding regula-
tory proteins to “read out” a conformational change that ligand binding can
apparently induce in the receptor (RopBeLL 1980; GiLMAN 1987; BOURNE 1997,
SprANG 1997; Hamm 1998). The idea of “ligand-induced perturbation” actually
applies to all sorts of receptors. The leading step of signal transduction is
always an intramolecular change intimately linked to the ligand-binding
process. Thus, the ability of proteins to adapt their structures in response to
ligand binding is a fundamental feature of all biological signalling strategies.

II. The Distinction Between Affinity and Efficacy

The conversion of receptors into active forms, however, does not necessarily
result from binding. When many chemical analogues of a ligand for the same
recognition site are available, only some of them can trigger a response.
Among the effective ligands, the intensities of the triggered responses can be
vastly different (ARIENS et al. 1964). To describe empirically this phenomenon,
we may say that not all conformational changes induced by occupation of the
binding site result in equivalent functional changes of the receptor. We thus
make an implicit distinction in underlying molecular mechanisms between the
recognition of the ligand as a binding partner and the conversion of the bound
receptor into a functionally relevant form.

This divergence was noted early in pharmacology and medicinal chem-
istry. Clark first realised that the binding of a drug to its receptor is a neces-
sary (but not sufficient) condition for the production of a biological response
(Crark 1933, 1937). Virtually any theoretical model of receptor action con-
siders ligand binding and ligand-induced change in receptor activity as distinct
and distinguishable properties. The first property is analysed using the concept
of affinity, which comes from chemical thermodynamics and the law of mass
action (DENBIGH 1968). It indicates the tendency of a given ligand and recep-
tor to exist in a complexed form. The second property is conceived as efficacy,
to specify the ability of the receptor-bound ligand to excite or produce a stim-
ulus. As explained in more detail later, its analysis largely depends on the
nature and sampling mode of the observable called “biological response”.
Ligands that have efficacy are named agonists. The extent of response that they
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produce is related to the degree of intrinsic efficacy. Ligands lacking efficacy
are called antagonists since their ability to compete for agonist binding results
in impairment of the response elicited by an agonist.

III. Generality of the Concept of Efficacy in Functional Proteins

The distinction between affinity and efficacy is often felt as a mundane puzzle
distilled from the imprecise jargon. However, the problem lies at the root of
the relationship between intermolecular recognition and intramolecular struc-
tural change in proteins. It is crucial to understand not only receptors but any
protein in which ligand binding is linked to a specific functional task (Wyman
and GiLL 1990; WEBER 1992). For instance, the purpose of an enzyme is to bind
to the substrate and accelerate a chemical change of the molecule, which
would probably not take place otherwise (KosHLAND 1968). Transporters or
carriers bind ligands, which physically move across different compartments or
are released in response to a proper shift of the environment (Koryk and
Janacek 1970). Ion channels form solvated pores on phospholipid membranes,
allowing ions to flow through selectively (MILLER 1987). For membrane recep-
tors, the goal is to detect selected chemicals outside and transmit a recognis-
able signal inside the cell. In all such molecules, the change in functional
condition (catalytic rate, translocation efficiency, ion conductance, signalling
state) follows a structural perturbation that the binding of “efficacious” ligands
can induce. In all such cases, ligands that do not produce the “effective
kind” of perturbation on binding are inhibitors. In this widest sense, ligand
efficacy is the endeavour to separate the binding of ligand (which holds two
molecules together against the law of diffusion) from the resulting perturba-
tion of intramolecular energy distribution (which makes a protein catalyst,
transporter, ion filter or signal transducer despite the tendency to minimise

energy).

IV. Asking the Questions

This raises a number of questions. One, obviously, concerns the validity of the
objective. Does a distinction between affinity and efficacy indeed exist? What
is the theoretical justification for such a distinction? The physics of proteins
indicates that such a distinction cannot be made. The forces involved in the
interaction of a protein with an external ligand are of the same type and mag-
nitude as those holding together its many residues within the folded macro-
molecule (WEBER 1992). Hence, it is not possible to find a principle-based
explanation that can assign these two properties (i.e. affinity and efficacy) to
diverse molecular mechanisms of the protein macromolecule.

We think that the question to raise is phenomenological, not theoretical.
Experiments show that affinity and efficacy are distinct kinds of information,
both encoded within the ligand molecule. What simplifying metaphor of the
protein physico-chemical behaviour can we use to understand such phenom-
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ena? Does the metaphor help build valuable models of receptor action? Most
importantly, can the metaphor provide a code to translate molecular structure
and dynamics into elements of biological information? These questions are the
centre of this chapter.

The concept of allosteric modulation is an example of the metaphor most
often used to understand the relationship between binding and function in
proteins (WymaN and GiLr 1990). The underlying idea, as discussed later in
this article, is that diverse functional forms of the protein directly map onto
correspondingly different conformations. This lets us draw simple correlations
between structural attributes and matching functional behaviour. For instance,
if we know that an agonist can make a receptor active, all we must do is solve
the structure of the agonist-bound receptor to identify the functionally active
receptor form. Similarly, a binding-induced allosteric transition between high-
and low-conductance conformations allows us to explain how a ligand can reg-
ulate ion flow through a channel. Metaphors are useful in science when con-
sidering complexity but become deceptive if mistaken for reality. The allosteric
idea is a powerful tool of insight and experimental design. However, allosteric
conformations of a protein do not represent its true physical states, nor do
allosteric transitions say anything at all about the true dynamics of molecular
motion underlying function. Therefore, we can use this concept to study the
functional behaviour of the receptor, but not its physics.

V. Two Flavours in the Definition of Efficacy:
Biological and Molecular

We mentioned the generality of the concept of ligand efficacy among proteins.
The signalling purpose of the functional task, however, distinguishes the recep-
tor from any other sort of “molecular machine”. This makes it difficult to
define a set of variables that can gauge the functional efficiency of the protein
at the molecular level. In contrast, the efficiency of an enzyme on the purified
molecule can easily be measured through a suitable combination of equilib-
rium and rate constants governing the reaction that is catalysed (RADZICKA
and WoLrFENDEN 1995). Similar estimates can be made for ion channels or
carrier molecules when studied in isolation. However, the signalling efficiency
of the receptor ~ especially the G protein-coupled kind - can only be appraised
in the presence of at least one other partner of the signal-transducing network
in which it operates.

The implication is that there is a fundamental difference among models
of affinity and efficacy, depending on whether the receptor is described as a
gregarious or an isolated molecule. In the first case, the biochemical network
of signal-transducing molecules in the cell hosting the receptor sets the stage
of the phenomenology that should be predicted. The molecular properties of
the receptor itself need no explicit address or can conveniently be hidden in
a conceptual “black box”. In the second case, the transduction network is only
an accessory reading tool, while the dominant problem is the search for “infor-
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mation” within the intramolecular universe of the receptor macromolecule.
To acknowledge this difference, we speak of “biological” and “molecular”
definitions of efficacy for the two cases illustrated above.

C. Biological Definitions of Efficacy
I. The Nature of Signal Strength

The aim of a theoretical model of receptor action is to predict all possible rela-
tionships between the strength of the input signal and the extent of the
response. This requires a precise definition of quantities. What is the strength
of the signal, and what are its components?

Experiments show that (1) receptors establish high-affinity but reversible
bonds with signalling chemicals and (2) biological responses increase uni-
formly with the number of molecules of the ligand (VAN Rossum 1963; ARIiNS
et al. 1964; Ranc 1973). Thus, one component of signal strength is the number
of ligand-bound receptors, which is related to the ligand concentration by
the equilibrium affinity that governs their interaction. A second component
appears when we analyse a collection of ligands all capable of binding to the
same site on the receptor. If compared at saturating concentrations, the range
of output they produce can be very broad - from null to full, with all possible
gradations in between. This means that amplitudes of the signal triggered by
bound ligands differs from one ligand to another.

Thus, the number and amplitudes of signals are two experimentally observ-
able components of signal strength, and both are required for its definition.
Experiments also show that these two components look like independent
quantities, for chemical modification of the ligand can change its ability to
trigger a response without altering the binding affinity and vice versa
(KeNAKIN 1984).

Even from this intuitive description, it is clear that the components of
signal strength pose a conceptual problem. They appear to be set on quite dif-
ferent scales. The first (number of signals) has probabilistic connotations. What
makes the cell respond in gradual fashion to the concentration of signalling
chemicals is the presence of an ensemble of receptors on its surface. It is the
bound fraction of such an ensemble that tells the cell how much ligand is
present. However, at the molecular level, each receptor can be either bound
or not so. As an individual molecule, the receptor is a binary source of signs
(bound/not bound) that can transfer at most one bit of information. Con-
versely, the amplitude of the signal encrypted in the ligand is a graded quan-
tity that each single molecule of receptors can decode. Its boundaries enclose
all possible molecular structures that “fit” the ligand-binding site of the recep-
tor. The range can be very large and, for many practical purposes, may not be
discernible from infinite. In this case, each receptor acts like a continuous
signalling source. However, we do not measure output from single receptors
but from the (whole) population existing in a membrane.
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Clearly, a normalisation for the two components of signal strength is
needed before any relationship to cell response can be established. In recep-
tor theory, this was achieved simply and cleverly, with the introduction of the
quantity called stimulus (S; STEPHENSON 1956). S indicates the “sum of stimu-
lations” produced by all receptors that are occupied by the ligand on the cell
surface. The best definition of S was given in FURCHGOTT (1966) as the product
of three terms: [R,], Oy, and & [R] is the molar concentration of the total
number of receptors. O is the fractional occupancy (i.e. the ligand-bound frac-
tion of the total receptor population), computed by the mass-action law: O; =
K[H]/(K[H] + 1), where [H] is the concentration of free ligand and K is the
equilibrium affinity constant. The term ¢, the intrinsic efficacy of the ligand,
indicates the “unit stimulus” produced by each ligand-receptor complex. It is
dimensionless (although FurcHcotT himself suggests that its dimension is M™)
and covers the range of positive real numbers and zero. Thus defined, efficacy
looks like a “weight” given to the bound receptor over the unbound form.
However, it may also be interpreted as a measure of the “extra information”
gained by each receptor upon ligand binding.

Of the four parameters defining S, affinity and efficacy (K and €) are con-
stants, determined only by the characteristics of the ligand and the receptor,
and independent of the cellular system and the experimental settings in which
they are measured. Although both are molecular attributes, they show an
important difference. Affinity is — to a crude approximation, at least - a true
physicochemical quantity: the standard free energy change for the reaction of
association between ligand and receptor. It can be expressed in fundamental
energy units and measured in the test tube with isolated receptor molecules,
if necessary. Efficacy, however, is a molecular property that cannot be formu-
lated using molecular dimensions, for it needs the signal transduction equip-
ment of a cell to be revealed. Since it lacks physical or chemical units, it must
be expressed as a relative measure whose sole reference frame is the collec-
tion of ligands that are available for the receptor under study. The term “bio-
logical”, as used here, denotes that efficacy thus defined is only gauged through
the biochemical effectors of response.

II. Stimulus—Response Relationship

The signal-transduction network of the cell forges the relationship between
stimulus and response. In the final and most general theory of STEPHENSON and
FurcHGoTT, response r was defined as an unspecified but monotone function
of the stimulus: 7 = f(S). The exact shape of this function depends on the cell
(or tissue) where the receptor is located and must be found by experiments.
ARIENs had previously adopted the far more restrictive assumption that fis a
linear function (ARIENs 1954), which prompted enough experimental work to
show that such an assumption is seldom true in practice.

Efficacy, of course, can always be measured whatever the nature of f is,
but the effort required differs dramatically in the two cases. If fis strictly linear,
as in the limiting case of ARIENS, relative efficacy (i.e. intrinsic activity in his
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words) can be deduced simply (from concentration-response curves) as the
ratio of maximal effects induced by different agonists. For non-linear f, effi-
cacy affects all the parameters of the concentration-response curves. Thus, we
must derive the stimulus-response relationship numerically to calculate the
relative efficacy of ligands (as, for example, in the null method, which relies on
the researcher’s ability to manipulate the number of membrane receptors;
FurcHcoOTT 1966).

At the time the essentials of receptor theory were developed, biological
response was an end-point measurement. Isolated tissue preparations and
their contractions were the sole instrument used to quantify the effects of
drugs and hormones, while second messengers and their biosynthesis were the
objectives of discovery rather than of routine determination. Despite such lim-
itations — or perhaps because of them — the models of receptor action derived
from that work are so robust and versatile that they are still applicable today
(KENAKIN 1992).

Receptor-mediated responses can now be assessed at multiple levels:
intact cells, permeabilised-cell preparations, isolated plasma membranes
and even synthetic vesicles, where purified receptors are reconstituted with
selected proteins of diverse signal-transduction pathways. Preparations in
which signal amplification is low, such as isolated membranes or reconstituted
systems, are more likely to exhibit linear stimulus-response relationships. For
instance, this is often the case for receptor-dependent stimulation of GTPase
or adenylate-cyclase activity (KAUMANN and BIRNBAUMER 1974; LEvy et al.
1993). Conversely, responses measured in intact cell systems, such as secretory
activity or gene expression, are likely examples of strongly hyperbolic rela-
tionships between stimulus and response.

No general a priori assumption can be made, however, and an experimen-
tal verification of the stimulus-response function is always needed to compute
efficacy. To evaluate the nature of the stimulus-response relationship, we can
measure affinity and receptor number by radioligand binding assay. Linearity
between observed response and receptor occupancy also indicates linearity of
f(S). To avoid artifacts, however, the variable time should be eliminated from
both determinations (i.e. occupancy must be measured at equilibrium, and
response must be measured under steady-state conditions), which is not always
a trivial task. Another interesting strategy is the possibility of generating a large
variation in receptor number by engineering cells expressing receptor comple-
mentary DNAs under the control of inducible promoters (GosseN et al. 1995;
Howe et al. 1995; THEROUX et al. 1996) or selecting transfected cells exhibiting
a suitable range of receptor densities (CHIDIAC et al. 1996). In such cells, stimu-
lus-response relationships for agonists can be derived at several levels of signal
transduction, and efficacy can be precisely measured.

III. The Scale of Agonism and Antagonism

Affinity and efficacy are unique molecular markers of both the ligand and
receptor and, thus, provide a major means to their classification (KENAKIN
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1984). Since the reference frame of receptor efficacy is determined by its
ligands, receptors lacking a sufficient number of ligands of varying efficacy
cannot be studied. An orphan receptor, even if well characterised with respect
to molecular structure and signalling pathway, is basically an unknown recep-
tor, and it will remain so until ligands of varying efficacy become available.

The numerical values of efficacy can be arbitrarily ranged between zero
and one. If this is done, ligands are antagonists when & = 0, full agonists when
€ =1 and partial agonists when 0 < £ < 1. The extent of efficacy dictates the
“virtual” effect of a ligand, i.e. the theoretical stimulus that it can trigger from
the receptor. However, the actual biological effect depends on the stimu-
lus-response function. The nature of this function, therefore, sets the biologi-
cal significance of the scale of efficacy.

For example, a weak partial agonist (¢ = 0) would produce a barely
detectable biological effect if we measure a linearly coupled response (such
as stimulation of adenylate-cyclase activity in isolated plasma membranes) so
that it may be considered as an antagonist in practice. However, the same
ligand may produce as much stimulation as a full agonist in that cell if we
measure a response with strong hyperbolic dependence on the stimulus, such
as cyclic-adenosine-monophosphate-dependent secretory activity or gene
induction.

The divergence between efficacy and effect is not only a trivial cause of
discrepant literature regarding whether a certain ligand is an agonist or antag-
onist. It is also the source of a more serious misconception: the idea that ligand
efficacy may vary among cell types. It is not the efficacy that is changing, of
course, but the relationship between the stimulus and response. Similar mis-
conceptions are generated by the common notion of “receptor reserve” or
“spare receptors” that describe non-linear stimulus-response relationships in
cells. Since a hyperbolic f(S) generates a discrepancy between agonist occu-
pancy and response, the number of receptors appears to be “in excess” with
respect to the fractional effect in this case, from which the idea of “spareness”
comes. However, this notion causes only confusion, because it fosters two prej-
udices: (1) that the existence of spare receptors depends on the receptor only,
rather than borh the ligand and receptor, and (2) that the non-linearity of stim-
ulus-response relationships is the result of the existing stoichiometry between
receptors and effectors. The dullness of such conceptions has little to do with
the refined subtlety of the theory they attempt to simplify.

Originally, the efficacy of antagonists was set to zero. The underlying
assumption was that receptors not bound to ligand are basically “silent” sig-
nalling sources. There is plenty of experimental evidence now for a different
scenario. Under proper experimental conditions, receptors induce basal or
“constitutive” signalling activity in the absence of ligands (Costa and HErTZ
1989, 1990; LEUNG et al. 1990; HiLF and Jakoss 1992; MEWESs et al. 1993; ADIE
and MILLIGAN 1994; TiBerr and CARON 1994; CoHEN et al. 1997; Jin et al. 1997).
This constitutive activity can be enhanced dramatically by engineered
(KJESLBERG et al. 1992; RoBinsoN et al. 1992; Ren et al. 1993; SPALDING et al.
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1995; CHo et al. 1996; PARENT et al. 1996; HiorTH et al. 1998) or spontaneous
(Parma et al. 1993; RoBBINS et al. 1993; SHENKER et al. 1993; Rao et al. 1994;
Schipant et al. 1995; Ferris et al. 1997) mutations of their sequences. For some
such mutants, any possible amino-acidic replacement (except for the original
one) invariably results in some basal response (KJESLBERG et al. 1992; SCHEER
et al. 1997). Thus, the emerging scenario is that receptors are intrinsically active
molecules by default and that their inactive states are maintained by one or
more crucial structural constraints. Removal of such constraints, as may be
reversibly achieved by agonist binding or irreversibly caused by some muta-
tions, would then be the key mechanism of activation (KJESLBERG et al. 1992;
LerkowITZ et al. 1993).

The notion that receptors have ligand-independent activity extends the
scale of efficacy for antagonists. Along with those with =0, we can have antag-
onists with negative efficacy (€ < 0), as has been experimentally shown (Costa
et al. 1989, 1992; BARKER et al. 1994; Samama et al. 1994; Smit et al. 1996). As
far as the classical theory, there is no problem, of course, in accounting for neg-
ative efficacy. We simply let the range of €include negative numbers. However,
this is only a mathematical gimmick. How can efficacy be negative? What is a
negative stimulus, and what is its reference frame? The strict logical abstrac-
tion that defines efficacy in the Stephenson—Furchgott model cannot provide
answers to such questions.

IV. Steps of Signal Transduction and the Indeterminacy of
Stimulus-Response Relationships

Suppose we wish to draw a simple scheme of a receptor-operated membrane
signalling process. The variety of molecules and biochemical mechanisms is so
large, and the fraction of those known in sufficient biochemical detail is so
small (ALBERTS et al. 1994), that any attempt to generalise seems pointless. We
can roughly identify, however, two separate phases of signal transfer in every
membrane receptor system. The first includes detection and transmission of
the signal, and the second includes modulation and processing. A precise
attribution of these functions to diverse molecular entities is hard to make
in general, but the family of G protein-coupled receptors offers one special
example where such subdivision appears more evident.

Here, the first phase involves the receptor and G protein exclusively, and
it is confined to the membrane. The receptor (i.e. the receiver) detects the
message and decodes its information by promoting subunit dissociation of the
G protein heterotrimer (GILMAN 1987; BourNE 1997; Hamm 1998). G protein
subunits (i.e. the transducer) broadcast the message by stimulating or inhibit-
ing a number of membrane-bound proteins having enzymatic or channel activ-
ity (NEer and CrapHAM 1988; BIRNBAUMER 1990). Pre-amplification of the
signal also happens at this stage (Ross 1989).

The second phase involves the membrane and the whole cells via the inter-
vention of multiple-enzyme systems. and gene expression. Modulation (i.e.
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control of the sensitivity of the detection system) is achieved by a variety of
mechanisms. Phosphorylation operated by specific cytosolic kinases segregates
the receptor from the G protein, e.g. by promoting binding to arrestins
(LerkowITz and CaroN 1986; HAUSDORFF et al. 1990; Lonsk et al. 1990). Accel-
eration of receptor recycling and repression of messenger-RNA expression
leads to reduction of the steady-state levels of receptor units (KIRSHHAUSEN
et al. 1997; FERGUSON et al. 1998). Processing accomplishes the conversion of
the signal into cellular output. Both high-gain amplification and integration of
the signal occur at this stage. Amplification is due to the inherent power of the
sequence of hyperbolic enzymatic reactions that link, in a non-linear fashion,
the initial membrane stimulus to the final cell response. Integration results
from the convergence of multiple signals onto pre-programmed circuits of
response and the mutual exclusion or synergy of opposite or parallel signalling
pathways.

It is obvious from this layout that the relationship between ligand con-
centration and final output continuously changes with the step of signal trans-
duction that is the object of observation. The signal decoded at the receptor
gains emergent properties as it travels through the network of biochemical
interactions sketched above. These properties, in turn, influence our percep-
tion of the initial stimulus generated at the receptor level. According to such
perspective, we may define the relationship between initial stimulus and final
cellular response as a “macro” function whose domain includes the subsets of
all stimulus-response functions related to the range of signals that are prop-
agated within the cell. Even if we were able to dissect and analyse in detail
each of those subfunctions, it would be impossible to define precisely how
extensive or minimal changes in their parameters affect the global function in
which they are all enclosed. Therefore, the undetermined nature of the func-
tion f(S) is the result of the inherent complexity of the signalling network, not
of insufficient knowledge about its components.

Orie implication of these considerations is that for efficacy to be an exclu-
sive constant of ligand and receptor, it must be stripped of any dimension that
may link it to the biochemical interactions that reveal its existence. Biologi-
cally defined efficacy, in other words, must be dimensionless to retain invari-
ance. As we add explicit biochemical attributes to its definition, we also add
indeterminacy. The operational model of receptor action introduced by BLack
and LEeFF illustrates this situation (Brack and LErr 1983). They proposed that
the stimulus-response relationship may be empirically defined as a hyperbolic
function describing the operational interaction of the agonist-receptor com-
plex with elements of the transduction process. The dissociation constant
for such interaction (normalised to receptor concentration or its reciprocal,
named 7 by the authors of the model) yields a measure of ligand efficacy.
However, efficacy now does not depend on ligand and receptor only but also
on the characteristics of the effector system for which 