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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 
Parkville, Vic, Australia 

TERRY KEN AKIN 

JAMES A. ANGUS 
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Introduction: 
Bioassays - Past Uses and Future Potential 

IW. 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 



2 1. BLACK 

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". GADDUM (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, IN. 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.Y. 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. CLARK in the 1920s and by 
J.D. GADDUM 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 antagoilistic 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" . 

GADDUM (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 KA, 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 KA, KA(B), 
is equal to KA multiplied by a factor that contains only antagonist-related 
elements. He showed that the concentration ratio, KA(B/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, KB. 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. SCHILD (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 pKB (log KB), 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 



Introduction: Bioassays - Past Uses and Future Potential 5 

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 KB 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 BAYLISS 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 



6 1. BLACK 

(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 KB can be estimated. An antag
onist KB is a receptor-specific parameter. Therefore, estimated KB'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 KB 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 Aso) but also in their varying capacity to 
generate a maximal response (as judged by the value of a 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 /3J. receptors. If these 
mice are allowed to grow old they develop heart failure. Physiologically, iso
prenaline, a powerful cardiac stimulant, activates both /31 and fJz receptors. 
In hearts isolated form these old transgenic mice, isoprenaline now inhibits 
cardiac contractions. Treatment with a selective fJz-receptor antagonist con
verts the effects of isoprenaline to cardiac stimulation. This stimulant action 
is mediated by /31 receptors. /31 receptors are known to couple only to the exci
tatory Gs proteins while /3J. receptors can couple to both excitatory Gs and 
inhibitory G] proteins. Our explanation is that activation of overexpressed fJz 
receptors steals Gs proteins from the /31 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. 



Section I 
Classical Pharmacology and 
Isolated Tissue Systems 



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 (PRINZMETAL 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-HT2 receptor antagonist ketanserin against ergometrine
induced ischaemia (FREEDMAN et al. 1984) or variant angina (DE CATERINA 
et al. 1984) were disappointing. Clearly, 5-HT2 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-HT2A and 5-HTJD, which 
mediate contraction or relax the vessel directly (through 5-HT4 receptors on 
the smooth muscle) or indirectly (by the release of EDRF through 5-HT2A or 
5-HT2B 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 (O.l,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+ max), while the 5-HTlD 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 (1 nM), which caused a small rise in force to 4 ± 1 % of 
K+ max 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+max. and that caused by 5-HT was 40%-92% of K+max 
(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 16weeks (bottom). Acetylcholine (ACH) 
caused relaxation and contraction in normal rings (top) 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-
lOnM), followed by construction of an acetylcholine concentration-response 
curve. Acetylcholine relaxed only 50% (n = 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 (0.1 mM) 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 A2 mimetic U46619 (1 nM; 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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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). 

II. 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 (O.S-1.0cm) and placed it directly into cold Krebs' physiological 
salt solution instead of discarding the tissue. Generally one or sometimes two 
suitable arteries [lOO-300Jim internal diameter (i.d.)] were dissected under 
microscopes and mounted as 2-mm-long ring segments on parallel, 40-Jim
diameter stainless steel wires in a Mulvany-Halpern myograph (MULVANY and 
HALPERN 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 JiM (ANGUS et al. 1991 b) (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. 5. Chart records of isometric force (in millinewtons [mN]) in similarly sized small
resistance arteries (256, 297 and 226.um internal diameter) isolated from human atria, 
rabbit ventricle and dog ventricle. Vessels were pre-contracted with K+ 30 mM before 
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Fig.6. Possible variations in number and location of acetylcholine (.) and substance
P (e) 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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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 (Em) of -62 ± 3 m V to as high as 
-20 m V before repolarising to nearly the resting Em 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 Em (dV/dt) occurring with the first depolarisation 
(Fig. 7). When acetylcholine (l.uM) was infused, the oscillations were accom
panied by a steady rise in force to a plateau level. Substance P (30 nM) 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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(1-5,uM) also caused this unique oscillatory pattern in Em in the human small 
coronary arteries, but K+ (124mM) 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 Em 
(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 Em in ventricular arteries (Fig. 9). This human small-coronary 
artery (110-250,um i.d.) oscillatory Em 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 Em oscillations and 
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Fig.S. Simultaneous records of membrane potential (Elm in millivolts [m V]; top traces) 
and active force (in millinewtons [mN]; bottom traces) recorded from the same human 
small coronary artery (15311m diameter) in response to K+ Krebs' solution (KPSS, 
124 mM; 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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Fig. 9. Membrane-potential (Em) and isometric-force (F) records from small arteries 
from pig atrium and ventricle. At the arrow, a bolus of acetylcholine was applied to 
the chamber and assumed to come into concentration equilibrium (111M). The chamber 
(7 ml) was perfused at 5 mUmin 

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

The acetylcholine-induced contractions and Em oscillations were blocked 
by atropine (O.l.uM) and are probably mediated by muscarinic M2 receptors, 
since 4-diphenylacetoxy-N-methylpiperidine O.01.uM gave an estimated pA2 
of 9.2. Methocratamine (l.uM) 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++]i' which would, in turn, allow 
Cart-activated K+-selective channels to open, causing repolarisation. To date, 
glibenclamide, charybdotoxin, apamin, tetrodotoxin and Q)-conotoxin GVIA 
have not altered the Em oscillation, while felodipine (O.l.uM) decreased the 
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force by 60% but did not decrease the Em 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 (0.01-10 .uM) nor ergometrine (O.OOI-I.uM) 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+ma" 

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. 
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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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Fig.H. Chart record of force changes in a human small coronary artery (318 pm diam
eter) in response to acetylcholine, ergometrine, serotonin and sumatriptan (G R 43175). 
Endothelium was intact, given the relaxation in response to substance P. Concen
trations are -logM in O.5-unit steps. Force change is in active pressure units (L'1P = 

Lliensionlradius) 

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 ANGUS 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. KUGIYAMA and colleagues (1999) have 
shown that acetylcholine (50-100.ug), as a bolus intracoronary injection, 
induced coronary large-artery spasm and myocardial ischaemia in all patients 
with spastic angina. In contrast, a-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 (lOO-300.um 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 lOOmmHg 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 (ri) to give the ratio w/ri normalised to an equivalent transmural 
pressure of 60mmHg. 

This w/ri 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/ri 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/ri value of 5.2 ± 0.2% in normotensive subjects 
(SCHIFFRIN 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 ± 2.5 mmHg/99.8 ± 1.7 mmHg 
before cilazapril treatment; 130.2 ± 3.0 mmHg/85 ± 3 mmHg after cilazapril 
treatment; 151.3 ± 5.5 mmHg/99.4 ± 3 mmHg before atenolol treatment; and 
131.5 ± 4.7 mmHg/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 1 year. 
Both treatments effectively lowered systolic and diastolic blood pressure (BP), 
but only perindopril significantly lowered the w/ri ratio and increased the 
lumen diameter. These studies raise several issues. 

II. Remodelling 

It was established from model analysis (KORNER and ANGUS 1992) that small 
decreases in internal radius ri accompanied by medial hypertrophy to give an 
increased w/ri 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 rio During drug treatment, 
artery remodelling would presumably occur from both a decrease in wall 
material and an enlarged radius, both lowering w/ri' 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 ACEIs 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 ,6-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 (ri) and wall 
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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 (top 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 (KORNER and ANGUS 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 ri (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 ri (Fig. 12C, upper middle). Debate has 
arisen over whether the normal artery could remodel directly to the eutrophic 
vessel (Fig. 12A-C; MULVANY 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 (KORNER and ANGUS 1997). Thus, measuring ri 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 VANHOUTrE 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 EDHF. For example, 
prostacyclin, contracting factors (such as superoxide anion), thromboxane 
A2/prostaglandin H2 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, 
COCKCROFT 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 48 years, mean supine BP 
116.5 ± 2.5 mmHg) and five normotensive volunteers (mean age 50 years, mean 
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BP 9S.2 ± 1.S mmHg) had small vessels of 231.1 ± 23.9,um i.d. (n = 6) in the 
normotensive and 31S.8 ± 40.7,um i.d. (n = 12) in the hypertensive patient 
groups. The arteries were contracted to a submaximal steady force by the 
thromboxane mimetic U46619 (1O-30nM) and were stimulated with acetyl
choline. We found that all the small arteries «SOO,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 Emax relaxation and 
ECso values for acetylcholine were 78.8 ± 13.3% and 7.29 ± 0.19 (Plog M) for 
normotensive (N) and 80.S ± 10.9% and 7.0S ± 0.23plog M for hypertensive 
(H) arteries. In the larger arteries (>SOO,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 Nand 
9.0S% for H arteries. In the large arteries, we were unable to measure medial 
thickness by the water-immersion-Iens technique. In other measurements of 
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Fig.l3. 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 e) 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, e) and 12 arteries with internal diameters <500,um (small) [rom 
eight patients with primary hypertension (H, 0) 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 Emax (but not the ECso) 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-
500}lm 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 (SUDHIR 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 = 

156mmHg/103 mmHg) were significantly stiffer, i.e. less compliant, than those 
from normotensive subjects (BP = 125 mmHg/81 mmHg). The internal diame
ters were 1.49 ± 0.42 mm and 1.07 ± 0.31 mm for Nand H veins, respectively, 
and there was no significant difference in medial thickness or w/ri 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 Nand H veins with regard to sensitivity or Emax in response to K+ 
or 5-HT, but H veins were significantly less sensitive to NA and the selective 
aradrenoceptor agonist UK14204, but not methoxamine. However, the Emax 

resulting from all three a-adrenoceptor agonists was significantly decreased in 
H veins (Fig. 15). Despite this lower reactivity to a-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 (HAS KING et al. 1986). In CHF 
patients, forearm plethysmographic studies show normal responses to hyper
aemia and dilatation in response to the aradrenoceptor antagonist yohimbine 
(KUBO 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 
(ANGUS et al. 1993). The six patients (mean age 65 years) had stable, long-term 
(>5 years) CHF of ischaemic origin with left and/or right ventricular ejection 
fractions less than 55% (New York Heart Association class II-IlIon treat-
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Fig.1S. a Average concentration-response curves to noradrenaline, methoxamine and 
UK14304 in vein segments from normal (N, e) and hypertensive (H, .) subjects, 
showing a reduced maximum contractile force (Fm,,) in response to each a-adreno
ceptor agonist Vertical error bars are ± one standard error of the mean at normalised 
Fmax ' b Average concentrations corresponding to 10%-90% of the maximum response 
(ECSO-90) 

ment). All patients were brought into the hospital and had their medication 
(including digoxin, diuretics, ACEIs and nitrates) withdrawn nh 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 pm i.d.) contracted to only 65% of the maximum response 
to K+ (124mM), NA (I,uM) or both together, as measured in nine arteries 
from normals (N) (296 ± 28,um i.d.; Fig. 16). This marked loss of Emax 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 l,uM, while N arteries relaxed to nearly 100%, 
with an ECso 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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Fig. 16. Representative chart records of the isometric force from two skin small arter
ies from a normal volunteer (left) 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 lOO, 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+ (124mM), noradrenaline (NA), angiotensin 
II (All) and acetylcholine (ACH) in the presence of pre-contraction by 1,uM 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 O.S-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 (left) 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 (l.uM). 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 p02 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 CHF. 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 

I. 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 700 mmHg) 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.IS. Group data showing constrictor concentration (-logM)-response curves to 
thromboxane A2 mimetic (U46619, .), noradrenaline (NA, A), phenylephrine (PE, 0), 
serotonin (5-HT, .), and K+ (D) 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 IMA by 
more than 80% over 5 min for K+ -pre-contracted rings or over 25 min 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 (0.8mM pH 4.4-4.8) 
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(30 pM) in human internal mammary artery segments pre-contracted by potassium 
(25mM) or thromboxane A2 mimetic U46619 (15nM). Points represent average data 
from six vessels from six patients 
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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 peri operative 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 ECso values of 6.48plog M and 6.07 plog 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 KB 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 (W) in human saphe
nous vein segments. Horizontal error bars are ± one standard error of the mean at the 
ECso 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% (ECso). 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 
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Fig.22. Average relaxation response to glyceryl trinitrate (lOflM) and verapamil 
(10 flM), singly and in a combination in rings of saphenous vein pre-contracted with 
phenylephrine (5 flM). Relaxation was measured at I-min intervals and expressed as a 
percentage of pre-contraction. Left panel: enlarged time scale over 15 min; right panel: 
responses up to 2 h 

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 (CLOZEL et al. 1991). 

A major difficulty in this area is trying to compare ECso 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 ECso values of each of the five drugs in 
cardiac and vascular in vitro preparations removed from patients. We reasoned 
that the assays would give ECso 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 (1) and spraying it on to the surface of the vein (II) 

lung bypass (SARSERO et al. 1998). These strips, less than 1 mm in diameter, 
were contracted at 1 Hz via supra threshold 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 (6 nM) 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 ECso 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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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 2 h 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 pICso values (-logICso), 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 ECso 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 ECso 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 ECsos (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 supra threshold 
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 (±one 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 F2a• 

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.l 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 a]- and az-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 a]- and aradrenoceptors 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 a]-adrenoceptor and three subtypes 
of %-adrenoceptor currently accepted, but in order to make a comprehensi
ble discussion of the overall stimUlus-response coupling pathways of vascular 
a-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 (Xj- and (Xradrenoceptors 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. arAdrenoceptors 

Activation of (Xj-adrenoceptors leads [via the guanosine-triphosphate-binding 
protein (G protein) Gq/ll] to the activation of phospholipase C (PLC), which 
hydrolyses phosphatidyl inositol (4,5) bisphosphate to inositol (1,4,5) trispho
sphate (IP3) and diacylglycerol (DAG). Several inositolphosphate species 
other than IP3 are also formed after activation of PLC, but it is likely that IP3 

is the most important in initiating the responses of interest. IP3 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 (Xj-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 (CaL; FISH et al. 1988; LOIRAND et al. 1990; XIONG 
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and SPERELAKIS 1995), but a depolarising stimulus is still needed to open 
the channels (PACAUD et al. 1991; XIONG and SPERELAKIS 1995). Following 
activation of aj-adrenoceptors, depolarisation of both isolated vascular 
smooth muscle cells and vein segments appears to be the result of chloride 
currents (BYRNE and LARGE 1988; VAN HELDEN 1988) probably through 
Ca2+-activated chloride channels (Clca; AMEDEE et al. 1990; PACAUD et al. 
1991). 

PACAUD et al. (1991) suggested that the sequence of events following acti
vation of aj-adrenoceptors in the portal vein is: (1) the receptor activates PLC 
to produce IP3 and DAG; (2) the IP3 induces release of calcium from the 
endoplasmic reticulum via the IP3 receptor; (3) the calcium then causes depo
larisation via Clca channels; (4) the depolarisation opens CaL 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 aj
adrenoceptor activation, but their role is complex. Activation of PKC can 
decrease the flux of potassium through delayed rectifier K+ channels (Kv; COLE 
et al. 1996) and adenosine triphosphate (ATP)-sensitive K+ channels (KATP; 

BONEV 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 aj-adrenoceptors (VAN HELDEN 1988). However, 
calcium released from intracellular stores has also been shown to open Ca2+
activated K+ channels, which can act as a feedback control of the depolarisa
tion elicited by other channels (KNOT et al. 1998). It is clear that the overall 
balance of ion channel openings following activation of aj-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 aj-adrenoceptor stimulation in arteries and in neuronal tissues 
(WILSON and MINNEMAN 1990; ESBENSHADE et al. 1993; GURDAL et al. 1997). 
GURDAL et al. (1997) showed that aj-adrenoceptor-mediated vasoconstriction 
responses and IP3 accumulation in rat aortae were partly inhibited by pertus
sis toxin and suggested the involvement of Go proteins, because immunopre
cipitation experiments showed aj-adrenoceptor coupling to both Gaq and Gao 
proteins (predominantly the former) but not G~ or Ga,;. It has also been 
shown, in cultured rat aortic smooth muscle cells, that the heterotrimeric G i 

protein (i.e. G~f3y) is associated with the IP3 receptor on the sarcoplasmic 
reticulum, increasing the sensitivity of the sarcoplasmic reticulum to IP3 

(NEYLON et al. 1998). Thus, the effect of pertussis toxin on vasoconstriction 
mediated by aj-adrenoceptors probably involves both decreased IP3 forma
tion and decreased IP3 potency in releasing intracellular calcium stores. Fig. 1 
is a schematic representation of the major stimulus-response pathways of aj
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 cxl-adrenoceptor 
stimulus-response coupling pathways. The cxl-adrenoceptors activate phospholipase C 
(PLC) predominantly via Gq; the PLC makes inositol triphosphate (IP3), which causes 
the release of sarco~lasmic Ca2+stores via the IP3 receptor. The calcium stores are 
replenished by a Ca + flux through store-operated calcium channels. Increased cyto
plasmic Ca2+ activates chloride channels, which de polarise the cell (indicated by +Vm ) 

and open L-type calcium channels to allow the influx of extracellular Ca2+. The depo
larisation is opposed by the Ca2+-activated K+ channels, which are opened by the ele
vation of cytoplasmic Ca2+, 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 

~T 
~------------------------.., 

Fig. 2. Schematic diagram of some important effects of protein kinase C (PKC). PKC 
enhances the Ca2+ 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 Ca2+. Abbreviations are as used in 
the text 
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II. ~·Adrenoceptors 

fXrAdrenoceptors 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 Gi and Go but is not entirely straightforward, 
with most studies showing that activation of fXradrenoceptors differentially 
inhibits basal and stimulated adenylate-cyclase activity. For instance, WRIGHT 
et a1. (1995) showed that fXradrenoceptor activation inhibited forskolin
stimulated cAMP production but not the basal rate of cAMP accumulation. 
That difference was not simply a matter of az-adrenoceptors reducing high 
(but not low) cAMP concentrations, because fXradrenoceptor 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 fXradrenoceptors but is shared by other 
Gila-coupled receptors, such as neuropeptide Y receptors and melatonin recep
tors (FREDHOLM et a1. 1985; CAPSONI et a1. 1994; EBISAWA et a1. 1994; WRIGHT 
et a1. 1995). Thus, this inability could be a consequence of the way the Gila 
protein subunits interact with adenylate cyclase. Another complication is that 
fXradrenoceptors have been shown to increase otherwise unstimulated adeny
late-cyclase activity in several recombinant systems (NASMAN et a1. 1997) and 
at least one physiological system, pancreatic islet cells (ULLRICH and WOLL
HElM 1984). However, the stimulatory effect of fXradrenoceptors on adenylate 
cyclase is generally seen at high levels of activation and is both adrenoceptor
subtype and cell-line specific (DuZIc and LANIER 1992). 

fXrAdrenoceptors in vascular tissues have only been shown to inhibit 
forskolin- or receptor-stimulated cAMP accumulation in several vascular 
tissues (FREDHOLM et a1. 1985; WRIGHT et a1. 1995; ISHINE and LEE 1996) and, 
so far, there appears to be no evidence for fXradrenoceptor-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 a1. 1992). Phosphorylation of 
CaL channels in vascular smooth muscle cells by PKA or PKG inhibits calcium 
flux (XIONG and SPERELAKIS 1995; Lm et a1. 1997), so a reduction in cAMP 
concentration following fXradrenoceptor activation would reduce PKA and 
PKG activation and disinhibit the influx of calcium through CaL channels. 
Phosphorylation (by PKA) of Ky channels in rabbit portal vein smooth muscle 
cells increases the channel-open probability (COLE et a1.1996), and KATP chan
nels are opened following phosphorylation by PKA in rabbit mesenteric artery 
smooth muscle cells (QUAYLE et a1. 1994). PKG activation seems responsible 
for the ability of cAMP to decrease intracellular Ca2+ levels in rat aortic 
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Fig.3. Schematic diagram of some important features of aradrenoceptor 
stimulus-response coupling pathways. The receptors inhibit adenyl ate cyclase via Gila, 
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 aradrenoceptors activate phospholipase D (PLD) via Gilm 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 a1. 1990), and phosphorylation of the IP3 

receptor by PKG decreases the ability of IP3 to release sarcoplasmic Ca2+ 

(KOMALAVILAS and LINCOLN 1994). Any decrease in the cellular cAMP con
centration following az-adrenoceptor activation has the potential to reduce 
those vasodilator stimuli and effectively disinhibit any concomitant vasocon
strictor stimuli. cxz-Adrenoceptors can also activate phospholipase D, which 
makes DAG, which in turn activates PKC (ABURTO et a1.1995). Thus, the PKC
mediated vasoconstrictor effects discussed above are relevant to both CXj- and 
cxz-adrenoceptor-mediated vasoconstriction, particularly the enhancement of 
calcium fluxes through CaL channels. Fig. 3 shows the major stimulus-response 
mechanisms of the cxz-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 CXj- and az-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 



a-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 Ca2+, 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 Ca2+ stores 

Vasoconstriction 

Fig.5. Schematic diagram of vascular a-adrenoceptor stimulus-response coupling pro
posed by TiMMERMANS et al. al-Adrenoceptors mediate the release of intracellular Ca2+ 
stores, and OQ-adrenoceptors mediate the influx of extracellular Ca2+ through L-type 
calcium channels 

and coworkers (1981a, 1981b) showed that pressor responses of pithed rats to 
al- and aradrenoceptor stimulation differed in their susceptibility to calcium 
channel blockers. The responses to arselective agonists were little affected by 
organic and inorganic calcium antagonists, but the responses to arselective 
agonists were almost abolished. The authors concluded that the responses to 
a\-adrenoceptors are dependent on the release of intracellular stores of 
calcium, whereas the responses to aradrenoceptors 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 a\-adrenoceptors by phenoxybenzamine treatment greatly 
increased the sensitivity of a\-adrenoceptor-mediated pressor responses to 
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calcium channel blockers and that al-adrenoceptor partial agonists behaved 
like az-adrenoceptor agonists (RUFFOLO et al. 1984; COOKE et al. 1985; LEW et 
al.1985). It was suggested that the coupling mechanisms of al- and az-adreno
ceptors might be qualitatively similar, with the different susceptibilities to the 
L-channel blockers of the responses to al- and az-adrenoceptor stimulation 
being the predictable result of non-competitive antagonism of responses of 
systems with high (al) and low receptor reserve (a2)' That idea was not uni
versally accepted (TIMMERMANS et al. 1984, 1987), and the fact that at least part 
of the response to aradrenoceptor stimulation was refractory to inhibition by 
calcium channel blockers meant that coupling of al-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 aradrenoceptor (MINNEMAN 1988). However, NICHOLS and 
RUFFOLO (RUFFOLO et al. 1991) proposed, in effect, that a single class of al
adrenoceptors coupled via two G protein transduction systems: one they called 
GpLC, which stimulated phospholipase C to cause the release of intracellular 
calcium pools, and another they called Gca. which mediated influx of extracel
lular calcium. They suggested that the same GCa mediated the responses to 
az-adrenoceptor stimulation. Pertussis toxin mimicked CaL-channel blockers 
in its pattern of inhibition of ai-and az-adrenoceptor-mediated pressor 
responses in the pithed rat, so GCa appeared to be a pertussis toxin-sensitive G 
protein. It had previously been proposed that az-adrenoceptors couple to vaso
constriction via G i and inhibition of adenylate cyclase (BOYER et al. 1983), but 
NICHOLS and colleagues argued that GCa was distinct from Gi and Go and that 
inhibition of adenylate cyclase played no role in the vasoconstriction responses 
to lXz-adrenoceptor stimulation (NICHOLS 1991; NICHOLS et al. 1988a, 1988b). 
The receptor reserve dependence of the effects of CaL-channel blockers on 
responses to aradrenoceptor agonists was explained by the suggestion that the 
GCa system has high sensitivity but a relatively low capacity to mediate vaso
constriction and that the GPLC system had a lower sensitivity but a higher capac
ity to mediate responses. Thus, low-efficacy agonists would primarily act via the 
high-sensitivity GCa system, giving responses that primarily involved influx of 
extracellular calcium. High-efficacy agonists could activate both the GCa and 
the lower-sensitivity GPLC 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 RUFFOLO 1988). 

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

1. al-Adrenoceptors activate GPLC, which activates PLC to make IP3 and 
release intracellular calcium stores. 

2. Both al- and lXz-adrenoceptors couple to opening of CaL channels via the 
same G protein, GCa' 

3. GCa is inhibited by pertussis toxin. 
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Fig.6. Schematic diagram of vascular a-adrenoceptor stimulus-response coupling pro
posed by NICHOLS and RUFFOLO. al-Adrenoceptors mediate the release of intracellu
lar Ca2+ stores via activation via GPLC of phospholipase C and inositol-triphosphate 
generation. Both aI-and a.z-adrenoceptors mediate (via GCa ) the influx of calcium 
through L-type calcium channels 

4. The relative reliance of a)-adrenoceptor responses on GCa increases with 
decreasing receptor reserve. 

5. Inhibition of adenylate cyclase by G i or Go is irrelevant to the effects of aT 
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 CaL channels, but the a)-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 ~-adrenoceptor
mediated responses on the opening of CaL channels. The pertussis toxin sen
sitivity of the a)-adrenoceptor-mediated vasoconstriction responses might be 
the result of the importance of pertussis toxin-sensitive G proteins in the for
mation and potency of IP3, but that should give a pertussis toxin-sensitive com
ponent to the intracellular calcium-dependent response, not the pertussis 
toxin-sensitive opening of CaL channels that was proposed by NICHOLS and 
RUFFOLO. The cellular and molecular data point to inhibition of adenyl ate 
cyclase as being one of the important parts of ~-adrenoceptor stimulus
response coupling, so we don't really have a clear single candidate for GCa' In 
the absence of a GCa molecule, it is difficult to assess the hypothesised reason 
for the agonist-efficacy-dependent reliance on calcium influx following 
activation of a)-adrenoceptors, and it is also difficult to be confident that Gi 

and Go are really irrelevant to the vasoconstrictor effects of aTadrenoceptor 
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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 RUFFOLO called GPLC is almost certainly Gq and mediates a calcium-influx
independent component of vasoconstriction responses by activating PLC 
to make IP3 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 
GPLC with Gq is not sufficient to make sense of the data because, if the calcium
influx-independent component of responses to al-adrenoceptor activation is 
mediated by Gq and IP3, 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 al-adrenoceptor acti
vation. This idea was proposed by MCGRATH and O'BRIEN (1987), who admin
istered al- and {Xz-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 al-adrenoceptor agonists, 
leaving the initial, transient part relatively intact. The sensitivity of the sus
tained responses to al- and aradrenoceptor activation to nifedipine were 
similar. Thus, it can be argued that the magnitude of the different sensitivities 
of al- and aradrenoceptor-mediated pressor responses to CaL-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 



a-Adrenoceptor-Mediated Vasoconstriction 61 

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 playa role include stretch-activated 
cation channels, PKC, PLC and membrane depolarisation leading to opening 
of CaL channels (MEININGER and DAVIS 1992). Part of the reason that so many 
different systems have been proposed to playa 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 
CaL channels (BULOW 1996; WESSELMAN et al. 1996; KNOT and NELSON 1998; 
TANAKA and NAKAYAMA 1998). 

In rat small cerebral arteries, increasing distending pressure from 
lOmmHg to 100mmHg caused constriction that was associated with smooth 
muscle cell depolarisation from -63mV to -36mV and a rise in intracellular 
calcium concentration from 119 nM to 245 nM. Inhibition of the CaL channels 
with nisoldipine decreased the intracellular calcium concentration and relaxed 
the arteries at 60mmHg 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 CaL 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 CaL-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 CaL-channel blockers 
(BULOW 1996). Myogenic responses involve depolarisation and the influx of 
extracellular calcium through voltage-gated CaL channels and, therefore, CaL 
channels probably playa 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 a)- and az-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 a-adrenoceptors 
both in vivo and in vitro. MEININGER and TRZECIAKOWSKI (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 lXz-adrenoceptor activation than by a)-adrenoceptor activation both 
in vivo and in vitro (FABER and MEININGER 1990; IKEOKA et al. 1992) and, thus, 
myogenic amplification of az-adrenoceptor-mediated vasoconstriction will be 
more important than myogenic amplification of aj-adrenoceptor-mediated 
vasoconstriction. As the myogenic responses involve opening of CaL channels, 
the idea of myogenic recruitment helps to explain the importance of CaL chan
nels in the response to lXz-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 a1- and aradrenoceptors 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 a
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 CaL channels (NEBIGIL 
and MALIK 1993; NISHIO et al. 1996). 

Purines, including ATP and adenosine, can be released from arteries fol
lowing stimulation of a1-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 cxz-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 az-adrenoceptor in those cells elicited a release of intracel
lular calcium stores via autocrine activation of P2Y receptors, which activate 
PLC to form IP3• 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 CaL channels opened as a consequence of depolarisation. If such 
paracrine activation was functionally significant, then one might expect vaso
constrictor responses to a-adrenoceptor activation to be partly sensitive to 
inhibition of purinoceptors. This has been reported to be the case in pithed 
rats, where responses to az-adrenoceptor stimulation were partially inhibited 
by desensitisation of P2X receptors with af3-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 a
adrenoceptor stimulation but does not help to explain why al-adrenoceptor 
partial agonists behave more like az-adrenoceptor agonists than like full al
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 ANGUS (1985) suggested that the depressor effect of 
calcium channel blockers may preferentially interfere with az-adrenoceptor 
agonists and partial al-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 CaL-channel blockers for effects mediated by opening of 
CaL 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; LEFF 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 CaL 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 
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coupled receptor system can have a receptor reserve but a low maximum 
effect. In other words, a full agonist at aradrenoceptors may have receptor 
reserve even where the maximum effect of aQ-adrenoceptor activation is less 
than the effect of al-adrenoceptor activation, a situation that has been docu
mented in the canine saphenous vein (RUFFOLO 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 aradrenoceptor activation in the 
pithed rat is less than that for al-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 CaL-channel blockers. 
Compared with responses to full agonists at al-adrenoceptors, responses to (1) 
aradrenoceptor stimulation, (2) partial agonists of al-adrenoceptors and (3) 
full al-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 al- and aQ-adrenoceptors should be sensitive to mechanistic antagonism 
by CaL-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 CaL-channel blockers. CaL-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 40 mmHg, 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 aI-and aQ

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 CaL-channel blockers, with 
the responses to aradrenoceptor agonists being almost abolished and the 
dose-response curve of full al-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 
al-adrenoceptors to calcium influx. In pithed rats, the pressor responses to al
and az-adrenoceptor agonists were substantially inhibited by pertussis toxin 
(RUFFOLO et al. 1991), with the magnitude and pattern of the effects of the 
toxin being similar to those of CaL-channel blockers (a more substantial inhi
bition of az-adrenoceptor agonists and partial al-adrenoceptor agonists than 
full al-adrenoceptor agonists). Thus, it was proposed that the adrenoceptors 
link to opening of CaL channels via a pertussis toxin-sensitive path, but the 
apparently critical experiment of testing for non-summation of the effects of 
pertussis toxin and CaL-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 aI-and aT 
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 CaL-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 az-adrenoceptor and al-adrenoceptor partial
agonist-mediated pressor responses. 

H. Adenylate Cyclase and ~-Adrenoceptors 
It was proposed that inhibition of adenylate cyclase plays little if any role in 
vasoconstriction responses to stimulation of aradrenoceptors, despite the per
tussis toxin-sensitive link between those receptors and vasoconstriction 
(NICHOLS et al. 1988; NICHOLS 1991). The logic of the arguments used is essen
tially that in order for inhibition of adenyl ate cyclase to mediate the large 
pressor response that can be obtained from stimulation of az-adrenoceptors 
(more than 80mmHg 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 adenyl ate 
cyclase in the pithed rat, adenosine would be produced in tissues underper
fused by the low basal blood pressure (-40mmHg diastolic). Adenosine Az 
receptors couple to vasodilatation via Gs and could easily provide an eleva-
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tion of adenylate-cyclase activity and cAMP that can be inhibited by Gi acti
vation following aradrenoceptor 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 BAVEL 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 aradrenoceptor-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 a-adrenoceptors and both adenosine receptors and [3-
adrenoceptor stimulation is consistent with inhibition of adenylate cyclase as 
a primary stimulus-response mechanism of the aradrenoceptors. 

It has been shown that aradrenoceptors are more sensitive than al
adrenoceptors to functional antagonism by the KATP-channel opener cro
makalim (TATEISHI and FABER 1995) and by cOMP-elevating agents (LEW and 
ANGUS 1985; PEDRINELLI and TARAZI 1985; OHYANAGI et al. 1992). This is 
the expected pattern of functional antagonism because of the stronger 
stimUlus-response coupling of the al-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 al-adrenoceptors (norepinephrine in the presence of 
rauwolscine) than that mediated by aradrenoceptors (norepinephrine in the 
presence of prazosin; NISHIGAKI et al. 1991). Similarly, in the pithed rat, salbu
tamol affected the concentration-response curves to the aradrenoceptor 
agonist B-HT 933 and the full al-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 adenyl ate cyclase by both the adenosine 
receptors and f3-adrenoceptors and the inhibition of adenyl ate cyclase by the 
az-adrenoceptors. In other words, where adenyl ate-cyclase activity is elevated 
above basal levels, aradrenoceptors can couple to vasoconstriction via inhi-
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bition of adenylate cyclase. The inability of aradrenoceptors to decrease basal 
levels of cAMP has been taken as evidence against a primary role of 
adenylyl-cyclase inhibition in a2-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 a2-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 al- and a2-
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 a-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 aJ-adrenoceptor-mediated 
CaL-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 CaL-channel 
opening in aradrenoceptor-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 playa 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 a
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 

Gs Protein-Coupled Receptors in 
Human Heart 

A.I 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 Gs 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 
Gs 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 Gs-coupled receptors. 

B. Receptor Subtypes 
Three mammalian ,B-adrenoceptors, which usually couple to Gs protein, 
have been cloned so far (BYLUND et al. 1994). It has been known since 1972 
(CARLSSON et al. 1972) that both ,Bl-and ~-adrenoceptors can mediate 
cardiostimulant effects. ,Bradrenoceptors have been reported to mediate 
cardiodepressant effects (GAUTHIER et al. 1996, 1998) but, as discussed below, 
this is controversial. A third cardiostimulant ,B-adrenoceptor has been pro
posed (KAUMANN 1989), previously considered as a putative ,B4-adrenoceptor 
(KAUMANN 1997), but now demonstrated to involve the ,Bl-adrenoceptor 
(KAUMANN et al. 2000). 

It has been known since 1989 that myocardial receptors for 5-
hydroxytryptamine (5-HT) are of the 5-HT4 sUbtype and localised in the 
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atrium (Kaumann et a1. 1989 and 1990) and sinoatrial node (Kaumann 1990). 
(For a general classification of 5-HT receptors, see HOYER et a1. 1994 and 
HARTIG et a1. 1996). Gs protein-coupled receptors for histamine (HILL et a1. 
1997) have H2 characteristics in heart (BLACK et a1.1972) and coexist with func
tional HI receptors in human atrium (SANDERS et a1. 1996). 

C. P.Adrenoceptor Subtypes 

I. Comparison of f3t- and {3z-Adrenoceptors 

1. Localisation 

Both /31- and A-adrenoceptors have been found to coexist in mammalian 
hearts. Using autoradiographic techniques and combinations of a radio ligand 
and selective antagonists for one or the other subtype, MOLENAAR and col
leagues (BUXTON et a1. 1987; ELNATAN et a1. 1994; SUMMERS and MOLENAAR 
1995) mapped /31- and A-adrenoceptors in human left and right atrium and 
ventricle, sinoatrial node, atrioventricular (A V) node, His bundle and Purkinje 
fibres. As found in the hearts of other species, the density of human cardiac 
/31-adrenoceptors is higher than that of A-adrenoceptors. The density of A
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 /31- and A-adrenoceptors in the human 
AV conducting system resembles that of other species (MOLENAAR et a1.1990a, 
1990b); the relative function of the two subtypes in this system is unknown. 

2. Function of A- and Pz-Adrenoceptors 

Noradrenaline and adrenaline can cause cardiostimulation through both /31-
and A-adrenoceptors. Contractility of isolated human atrial preparations is 
increased maximally by both noradrenaline and adrenaline through /31- and 
A-adrenoceptors, respectively (LEMOINE et al. 1988; HALL et a1. 1990). Nora
drenaline and adrenaline cause a similar incidence of arrhythmias mediated 
through /31- and A-adrenoceptors, respectively, in an experimental model of 
arrhythmias in isolated human atrium (KAUMANN and SANDERS 1993). In iso
lated ventricular trabeculae obtained from human hearts in terminal failure, 
both noradrenaline and adrenaline enhanced contractility (through /31- and A
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 
/31- and A-adrenoceptors, respectively (KAUMANN et a1. 1995a, 1999), as previ
ously observed in human ventricular myocytes (DEL MONTE et a1. 1993) and 
in human atria (HALL et al. 1990). Furthermore, in human atrium and ventri
cle both /31- and A-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 /31- and 
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Fig.1. Hastening of relaxation by (-)-adrenaline through both /31- and f3z-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 /31-adrenoceptors or both 300nM 
CGP-20712A and 50nM ICI-118,551 (triangles) to block both /31- and f3z-adrenocep
tors. The concentration-effect curves were fitted with the equation 

A A 
R = fl +f2 ( ) 

A + KAI +(1 + ICIjK 1C1 + CGP/KCGP1 ) A + KA2 1 + ICI/K 1CJ2 + CGP/K cGP2 

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 
/31- and f3z-adrenoceptors. K values for ICI and CGP were taken from KAUMANN and 
LEMOINE (1987). pKA values for (-)-adrenaline of 6.5 and 6.3 were estimated for /31-
and f3z-adrenoceptors, respectively. The fractions fl and f2 of the relaxant response (R) 
mediated through /31- and f3z-adrenoceptors were 0.44 and 0.56, respectively. The area 
between the circles and squares corresponds approximately to effects mediated through 
/31-adrenoceptors. The area between the squares and triangles corresponds roughly to 
effects mediated through f3z-adrenoceptors (KAUMANN and SANDERS, unpublished) 

fJz-adrenoceptors (Fig. 1). This evidence, taken together, is apparently puzzling 
because, in human heart, the /31-adrenoceptor population is consistently 
greater than the fJz-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 /31- and fJz-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 f3z-Adrenoceptors 

A tighter coupling of fJz-adrenoceptors to the G s protein-adenylyl cyclase 
system (compared with that of /31-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 /31- and/or /3.?-adrenoceptors. Fractional par
ticipation of /31- and /3.?-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 /31- and /3.?
adrenoceptors, and noradrenaline, which has an around twenty times higher 
affinity for /31-adrenoceptors (KAUMANN et al. 1989a), stimulated adenylyl 
cyclase more through /3.?- than through /31-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 /3.?-adrenoceptor led to the 
production of around four and seven times more cAMP molecules, respec
tively, than did one /31-adrenoceptor (Table 1) . 
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Fig.2. Comparison of f3r and f3z-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 [3H]_( - )-bupranolol 
and f3rselective CGP-20712A (left upper panel) and f3z-selective ICI-1l8551 (left lower 
panel) compete for binding. Concentration-effect curves for adenylyl (adenylate)
cyclase stimulation by (-)-noradrenaline and their shift by ICI-1l8551 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. f31- and f3z
adrenoceptor densities and fractional responses are depicted by curly brackets. 
Notice that fractional adenylyl cyclase responses of (-)-noradrenaline through f3z
adrenoceptors are greater than those through f31-adrenoceptors, but the f31-adrenocep
tor density is greater (KAUMANN and LEMOINE 1987) 
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Table 1. Estimate of coupling of /31- and f3z-adrenoceptors to the Gs 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-I 

/31 Ventricle Mitral lesion 29.8 4.85 (adrenaline) 163 
6.85 (noradrenaline) 234 

f3z Ventricle Mitral lesion 12.2 14.55 (adrenaline) 1195 
12.42 (noradrenaline) 1020 

/31 Atrium Ischaemia 29.0 8.83 (noradrenaline) 304 
f3z Atrium Ischaemia 15.2 17 .92 (noradrenaline) 1179 

cAMP, cyclic adenosine monophosphate. 

Independent evidence obtained from human ventricle (Fig. 3) supports 
tighter coupling of J3z-adrenoceptors than of /31-adrenoceptors. The ability of 
the receptor to form a high-affinity complex with hormone and Gs 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 KH and K L . The 
magnitude of the KdKH 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 GTP}S of Fig. 3 revealed that the KdKH ratio is 13 for noradrenaline 
and 12 for adrenaline at /31-adrenoceptors. In contrast, for f3z-adrenoceptors, 
the KdKH ratio was considerably greater - 219 for noradrenaline and 387 for 
adrenaline. Interestingly, the KdKH ratio appears to be independent of the 
affinity of the catecholamine for the high- and low-affinity states of the f3z
adrenoceptor (Fig. 3), suggesting that it is related to a similar conformational 
state evoked by the binding of noradrenaline (KH = 0.21.uM, KL = 46.uM) 
and adrenaline (KH = 0.015.uM, KL = 5.8 .uM). The evidence is consistent with 
tighter coupling of J3z-adrenoceptors (compared with /3radrenoceptors) to the 
Gs 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) /31- and J3z
adrenoceptors. There is /31-adrenoceptor polymorphism. The more abundant 
arginine-389 variant appears to couple more firmly to the Gs 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){5 (lOO,uM) through human ventricu
lar ,81-adrenoceptors (c,d), ~-adrenoceptors (e,f) and both ,81- and ~-adrenoceptors 
(g,h). c-h depict binding-inhibition curves in the absence (0) and presence (e) of 
GTPyS. ,8-Adrenoceptors were labelled with (-)-[125I]-cyanopindolol (a), and a binding
inhibition curve for CGP-20712A (b) was plotted to assess the proportion of ,81-
adrenoceptors (58 %) and ~-adrenoceptors (42 %). To block ~-adrenoceptors, I CI-
118551 (50nM) was present in c and d. To block ,81-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 GTP{5 shifts were greater with ~- than ,81-adrenoceptors. Data 
from b-h were fitted simultaneously with an equation for two receptor populations 
(KAUMANN et a1. 1995a) 
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communication). Although both recombinant /31-adrenoceptor variants couple 
less to the Gs protein-adenylyl cyclase system than the ~-adrenoceptors do, 
it would be interesting to know whether it is possible to detect a difference in 
coupling with native cardiac /31-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 /31- and ~-adrenoceptors (KAUMANN et al. 1989a). In addition, 
feline cardiac /31-adrenoceptors (but not ~-adrenoceptors) hasten ventricular 
relaxation, suggesting that only the former but not the latter receptors use the 
Gs /cyclic AMP pathway (LEMOINE and KAUMANN 1991). Furthermore, the sit
uation is even more disparate in murine heart compared with human heart. 
Rat ~-adrenoceptors from adult rat and mouse ventricular myocytes appear 
to be coupled to G i protein (XIAO et al. 1994, 1999) which inhibits adenylyl 
cyclase, with functional consequences unrelated to the human cardiac ~
adrenoceptor coupled to the Gs protein-adenylyl cyclase pathway. Only when 
the G i protein is inhibited by pertussis toxin can a coupling of rat ~
adrenoceptors to the Gs protein-adenylyl cyclase pathway be demonstrated 
(XIAO 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 ~-adrenoceptors mediate maximum inotropic effects of adrenaline and 
are coupled selectively to the Gs 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 /31-adrenoceptors (not ~-adrenoceptors) 
couple effectively to a Gs protein-adenylyl cyclase pathway. These examples 
illustrate that it would be misleading to extrapolate conclusions from cardiac 
/31- and f3z-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, f3z-adrenoceptors are more tightly 
coupled to the Gs protein-adenylyl cyclase system than /31-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 f3z-adrenoceptors, while /31-adrenoceptors cease to couple to 
the enzyme through Gs protein (WITTE et al. 1995, 1998). 

The size of the functional Gs protein pool appears to be sufficient to permit 
complete coupling of both /3r and ~-adrenoceptors in human ventricle. This 
is demonstrated by the panels in Fig. 3g,h. When both /31- and ~
adrenoceptors are left to interact simultaneously with the Gs protein, the 
effect of GTP}S is roughly equivalent to the sum of the large effects on the 
smaller ~-adrenoceptor population and the small effects on the larger /31-
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 Gs protein pool is insufficient for complete coupling to the 
receptors (KENAKIN 1997). 

Human {h-adrenoceptors overexpressed approximately 50- to 200-fold in 
mouse heart couple spontaneously to the Gs 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. 
f3-Adrenoceptor-blocking agents caused decreases in contractile force on atria 
of these transgenic mice, presumably by changing the {h-adrenoceptors into a 
conformation that caused uncoupling from the Gs 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 Ca2+ current (MEWES et al.1993), perhaps through phosphorylation 
of the f3l-adrenoceptor. A puzzling observation is that ICI-118551, a selective 
{h-adrenoceptor antagonist, failed to inhibit the L-type Ca2+ current (MEWES 
et al. 1993), suggesting that, under these conditions, native {h-adrenoceptors 
are not pre-coupled to the Gs protein-adenylyl cyclase system. This is in con
trast to agonist-stimulated {h-adrenoceptors that mediated protein kinase A 
(PKA)-dependent increases of L-type Ca2+ current in human atrial myocytes 
(SKEBERDIS et al. 1997). Greatly overexpressed human {h-adrenoceptors in 
mouse heart can also couple to G i protein (Xiao et al. 1999). Native ventricu
lar {h-adrenoceptors from failing human hearts, however, couple to the Gs 

protein-adenylyl cyclase pathway (Kaumann et al. 1999), despite increased G i 

protein levels (Feldman et al. 1988) compared with non-failing hearts. These 
profound functional discrepancies between native human cardiac {h
adrenoceptors and recombinant .Bz-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 
/33-Adrenoceptors? 

I. Evidence Against Cardiostimulation 

The recombinant f3radrenoceptor (EMORINE et al. 1989) and natively occur
ring f3radrenoceptors in adipocytes (ARCH and KAUMANN 1993) are usually 
(but not always) thought to couple to Gs protein. f3rAdrenoceptor messenger 
RNA (mRNA) has been reported in human ventricle (KRIEF et al. 1993; 
GAUTHIER et al. 1996) and atrium (BERKOWITZ et al. 1995), but localisation in 
cardiac fat cells has not unambiguously been excluded. The advent of f3r 
adrenoceptor-selective agonists (ARCH and KAUMANN 1993) has furnished 
tools to test the hypothesis, expected from a Gs protein coupled receptor, that 
myocardial f3radrenoceptors mediate cardiostimulant effects. However, four 
f3radrenoceptor-selective agonists failed to enhance contractions of human 
ventricular trabeculae in the presence of the 131/ {h-adrenoceptor blocker 
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nadolol (MOLENAAR et al. 1997a). This finding agrees with a similar lack of /3r 
adrenoceptor-mediated cardiostimulant effects in rats in vivo (MALINOWSKA 
and SCHLICKER 1996) and in vitro (KAUMANN and MOLENAAR 1996) and ferrets 
in vitro (LOWE et al. 1998). 

II. Evidence for Cardiostimulation 

Recently, SKEBERDIS et al. (1999) reported that nanomolar concentrations of 
the i3:J-adrenoceptor-selective agonists BRL-37344 and SR-58611 increased L
type Ca2+ current 1.7-fold and 2.2-fold in human atrial myocytes, respectively. 
The effects of BRL-37344 were resistant to blockade by 10 .umol/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 Ca2+ current. 

III. Evidence for Cardiodepression 

Under some conditions, however, /3radrenoceptors appear to be able to 
couple to inhibitory G i 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 /3radrenoceptor 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 /31- and A-adrenoceptors by nadolol, an antagonist that has low affin
ity for i3:J-adrenoceptors (BOND and CLARKE 1988). As expected from f3r 
adrenoceptors (ARCH and KAUMANN 1993), the cardiodepressive effects of a 
i3:J-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 i) that 
inhibits adenylyl cyclase. Based on these experiments and observations 
(NANTEL et al. 1993) that f3radrenoceptors are more resistant to desensitisa
tion than 131- and A-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 f3radrenoceptor 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 W1-nitro-L-arginine methylester and W1-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 f3r 
adrenoceptors and coupling to GiProtein. 

IV. Evidence Against Cardiodepression 

The cardiodepressant effects reported by GAUTHIER et al. (1996) were not 
observed in isolated human cardiac preparations by others. Using micro molar 
concentrations of four i3:J-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 i3:J-adrenoceptor
selective agonist in human ventricular myocytes. Reasons for the lack of con
firmation of i3:J-adrenoceptor-mediated effects of GAUTHIER et al. (1996) are 
unknown. Their results are particularly puzzling, because it is the only evidence 
known for human f3radrenoceptors 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 f3radrenoceptors 
(ARCH and KAUMANN 1993). BRL-37344 has only micromolar affinity for 
human recombinant firadrenoceptors and micromolar potency for the fir 
adrenoceptor of human adipocytes, for which it is only a partial agonist 
(SENNITT et al. 1998). BRL-37344 is not selective for human recombinant i3:J
adrenoceptors, because its affinity for recombinant human A-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 A-adrenoceptors, has also 
been reported for human atrium (KAUMANN and SANDERS, cf in ARCH and 
KAUMANN 1993). Clearly, the interesting findings of GAUTHIER et al. (1996, 1998) 
- and especially the claim of mediation through i3:J-adrenoceptors - require 
confirmation by other laboratories before achieving widespread acceptance. 

E. Cardiostimulant Effects Through the Putative 
/34-Adrenoceptor 

I. Non-Conventional Partial Agonists 

The existence of a third cardiostimulatory f3-adrenoceptor was proposed in 1989 
(KAUMANN 1989). The proposal was based on a class of f3-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 p-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 (KAUMANN et a1.1979; BEARER et a1.1980; 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 p-adrenoceptor blocking agents, such as alpren-
0101 and oxprenolol (KAUMANN and BLINKS 1980). The hydrophilic benzimida
zolone CGP-12177 (STAEHELIN et a1.1983) 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 
a1.1998a, 1998c, 1999) for researching the putative p4-adrenoceptor. 

The dissociation between the blockade of pl/,l3z-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 CG P-12177 for the p-adrenoceptor populations with which 
(-)-isoprenaline interacted (i.e. mostly 131- and ,l3z-adrenoceptors, for which 
CGP-12177 has nearly the same affinity; NANOFF et al. 1987). 131%
Adrenoceptor occupancy curves for CGP-12177 were then calculated 
and normalised to the maximum CGP-12177-evoked cardiostimulation. 
As seen in Fig. 4, the pl/,l3z-adrenoceptor occupancy curves are situated at 
CGP-12177 concentrations around 1.5-2.31og units lower than those of the 
corresponding CG P-12177 cardiostimulant -effect curves, suggesting that 
the latter effects are not mediated through 131- and ,l3z-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 p-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 1.uM (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 /34-Adrenoceptor Resembles - But Is Distinct from 
- the /1J-Adrenoceptor 

At the time of the proposal of a third cardiostimulant j3-adrenoceptor, it was 
noticed that its properties resembled those of the j3radrenoceptor (KAUMANN 

1989). For example, several non-conventional partial agonists have agonist 
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properties at adipocyte fi:J-adrenoceptors, as verified on recombinant fi:J
adrenoceptors (EMORINE et al.1989). Both the third cardiostimulant J3-adreno
ceptor (KAUMANN and LYNHAM 1997) and J33-adrenoceptor (EMORINE et al. 
1989; SENNITT et al. 1998) mediate agonist effects consistent with activation of 
a Gs protein-cAMP-dependent pathway, and the effects are relatively resis
tant to blockade by antagonists of 131- and /32-adrenoceptors (propranolol; 
ARCH and KAUMANN 1993). Furthermore, after it was proposed that the /N/32-
adrenoceptor antagonist bupranolol also blocked the third cardiostimulant 
receptor (KAUMANN 1989), a variety of laboratories reported blockade of 
agonist effects mediated through fi:J-adrenoceptors (ARCH and KAUMANN 
1993). The assumption that the third cardiostimulant fJ-adrenoceptor was 
indeed a fi:J-adrenoceptor prevailed (BOND and LEFKOWITZ 1996). 

The development of J3radrenoceptor-selective agonists (ARCH and 
KAUMANN 1993) presented an opportunity to test the hypothesis as to whether 
or not the third cardiostimulant fi:J-adrenoceptor was actually a J3r 
adrenoceptor. The conclusion drawn from this approach was that J3r 
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 fi:J-adrenoceptors, leading to the designation of a "putative /34-
adrenoceptor" for what had previously been termed the third cardiostimulant 
J3-adrenoceptor (KAUMANN 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 J3-adrenoceptor was actually 
a J3radrenoceptor that adopts a conformation that mediates the effects of non
conventional partial agonists but not of fi:J-adrenoceptor-selective agonists. 
ARCH (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 ,6radrenoceptor gene disrupted (i.e. ,6radrenoceptor 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 ,6radrenoceptor knockout and wild-type mice 
(KAUMANN et al. 1998). The negative evidence with ,6radrenoceptor-selective 
agonists and the persistence of (-)-CGP-12177-evoked cardiostimulant effects 
in the fi:J-adrenoceptor knockout mice exclude the involvement of ,6radreno
ceptors. Consequently, it was thought at this stage that the putative ,64-adreno
ceptor could be encoded by a gene that is distinct from the gene that encodes 
the J3radrenoceptor (KAUMANN et al. 1998). 

Functional evidence for the cardiac putative ,64-adrenoceptor has been 
found in all mammalian species investigated so far, including man (KAUMANN 
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Fig.S. Persistence of positive chronotropic (upper panel) and inotropic effects (lower 
panel) of (-)-CGP-12177 in atria from the hearts of mice lacking the functional /33-
adrenoceptor gene (circles). Comparison with atria from wild-type mice (triangles). 
The closed circle represents data from left atria incubated with (-)-bupranolol 
1.uM (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 f3z-adrenoceptor-selective ligand have been shown to 
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Fig.6. Positive inotropic and lusitropic effects of (-)-CGP-12177 (added at dot) 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 1 Hz at 37°C in the presence of (-)-propranolol (200 nM) and 3-
isobutyl-1-methylxanthine (60 pM). 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 /31- and f3z-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 /34-adrenoceptor stimulation remains an open question. 

III. Which Endogenous Agonist for the Putative ,B4-Adrenoceptor? 

The identity of the endogenous agonist for the putative /34-adrenoceptor is 
unknown. The provisional name of "putative /34-adrenoceptor" is merely based 
on the high affinity of non-conventional partial agonists for /31- and f3z
adrenoceptors, which hardly justifies its classification as a /3-adrenoceptor 
sUbtype. If we are dealing with a /3-adrenoceptor, one would expect cate
cholamines to activate this putative /34-adrenoceptor. To investigate this, 
however, it is important to exclude the contribution of A-adrenoceptors in the 
mediation of catecholamine responses; this has proved frustrating, because /31-
adrenoceptor-selective antagonists are not selective enough to leave the pop
ulation of /34-adrenoceptors untouched. For example, although CGP-20712A 
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is a highly selective antagonist for /31-adrenoceptors, it is actually more potent 
as an antagonist of effects mediated through the putative /34-adrenoceptor 
rather than through f3z-adrenoceptors (KAUMANN and MOLENAAR 1996). Con
versely, although bupranolol blocks the putative /34-adrenoceptor, its affinity 
for /31- and f3z-adrenoceptors is considerably higher, thus making it more dif
ficult to uncover function mediated through the putative /34-adrenoceptor. The 
task of eliminating the contribution of coexisting /31- and f3z-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 /31- and f3z
adrenoceptors, no evidence has emerged for the participation of the putative 
/34-adrenoceptor, 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 /34-
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 /34-adrenoceptor population 
appears usually somewhat higher than the densities of coexisting /31- and f3z
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 mmolli. The low affinity of catecholamines is another property 
shared by the cardiac putative /34-adrenoceptor (MOLENAAR et al. 1997a; 
SARSERO et al. 1998a) and the native /3radrenoceptor (GERMACK et al. 1997). 
The low affinity of catecholamines for the putative ,64-adrenoceptor may 
preclude detection of functional participation of catecholamines in cardios
timulant effects under current conditions. Clearly, highly selective /31-
adrenoceptor blockers of low toxicity are needed. Even more important, 
antagonists selective for the putative /34-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 /3-
adrenoceptor subtype. Recent evidence, however, indicates that the putative 
,64-adrenoceptor is not a distinct catecholamine receptor but a special state of 
the ,61-adrenoceptor. 

IV. The Putative /34-Adrenoceptor is a Special State of 
the f3t-Adrenoceptor 

The dissociation between blockade and stimulation caused by several ,6-
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 IVBz-adrenoceptors (KAUMANN 1989): the putative /34-adrenoceptor 
(KAUMANN 1997). Interestingly, however, the frequently used non
conventional partial agonist CGP-12177 exhibits agonist effects on human and 
rat recombinant /31-adrenoceptors transfected into cell lines in which stimula
tion of adenylyl cyclase was assayed (PAK and FISHMAN 1996). The intrinsic 
activity of CGP-12177, compared with (-)-isoprenaline, increased from 0.21 to 
0.94 as the density of transfected /31-adrenoceptors increased from 130fmol/mg 
protein receptor to 1570fmol/mg protein receptor. Others have not detected 
stimulation of adenylyl cyclase for human recombinant /31-adrenoceptors 
(SENNITT et a1. 1998) transfected at around 200fmol/mg and using up to 
O.1mmol/l CGP-12177 (ARCH, personal communication). Using (_)_[3H]_ 
CGP-12177, PAK and FISHMAN (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 GTP[S sensitive. 

Some binding and pharmacological properties of (-)-CGP-12177 in 
cardiac tissues differ from those found with recombinant /31-adrenoceptors. 
Although the binding affinity of (-)-[3H]-CGP-12177 for putative /34-
adrenoceptors is similar to that of the low-affinity site for recombinant 
/31-adrenoceptors (PAK and FISHMAN 1996), the density of the putative /34-
adrenoceptor population appears consistently greater than that of the /31-
adrenoceptor population in cardiac membranes from rat, man and mouse 
(KAUMANN et a1.1998; SARSERO et a1.1998a, 1998c). In addition, unlike binding 
to the low-affinity state of the recombinant /31-adrenoceptor, which is reduced 
by GTP[S (PAK and FISHMAN 1996), binding of (-)-eH]-CGP-12177 to cardiac 
putative /34-adrenoceptor is not affected by GTP (SARSERO et a1. 1998a). 
Although the positive inotropic potency of (-)-CGP-12177 is similar to the 
cardiac binding affinity of (-)-[3H]-CGP-12177 at putative /34-adrenoceptors, 
(-)-CGP-12177 is actually approximately 40 times more potent than (-)
isoprenaline in mouse ventricular myocytes in eliciting arrhythmic Ca2+ tran
sients (FREESTONE et a1. 1999). With these discrepancies it would appear 
unlikely that the putative /34-adrenoceptor is a state or conformation of the /31-
adrenoceptors evoked by binding of non-conventional partial agonists to the 
/31-adrenoceptor. Alternatively, three different conformations of the cardiac /31-
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 /31-adrenoceptors 
of Pak and Fishman (1996). 

CGP-12177 also has agonist properties for recombinant J3z-adrenoceptors, 
but with lower intrinsic activity than it has for recombinant /31-adrenoceptors 
(PAK and FISHMAN 1996) and recombinant and native J3z-adrenoceptors 
(SENNITT et a1. 1998). The effects of (-)-CGP 12177 were therefore investigated 
on cardiac tissues from mice lacking cardiac J3z-adrenoceptors (J3z-AR knock
out - CHRUSCINSKI et a1. 1999) and mice lacking both /31- and J3z-adrenoceptors 
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(/31-AR%-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 /31-AR/~-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 (-)-[3H]-CGP 
12177, previously attributed to represent part of the putative /34-adrenoceptor 
(SARSERO et al. 1999), persisted in the /31-AR/~-AR double knockout. Conse
quently, /31-adrenoceptors have an obligatory role in the mediation of car
diostimulant effects of (-)-CG P 12177 and possibly other non-conventional 
partial agonists. The /31-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 
/34-adrenoceptor. 

F. 5· HT 4 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-HT1B and 5-HT2A 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-larisch 
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-HT3 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 al-, /31- and ~-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 (SAWADA et aI.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 
(KAUMANN 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 Ca2+ channel, phospholamban and troponin I (KAUMANN et al. 
1990). Phosphorylation of the L-type Ca2+ channel enhances the Ca2+ current 
which, in turn, causes Ca2+-induced Ca2+ release from the sarcoplasmic reticu
lum, thereby producing the positive inotropic effects of 5-HT. Phospholamban 
phosphorylation facilitates the activity of the Ca2+ pump of the sarcoplasmic 
reticulum by removing the inhibition caused by non-phosphorylated phos
pholamban, thus reducing Ca2+ 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 Ca2+. 

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 Ca2+ current that is as marked (about sixfold over basal 
current) as that produced by (-)-isoprenaline through J3-adrenoceptors 
(JAHNEL et al.1992, 1993; OUADID et al. 1992). The 5-HT-evoked increase in L
type Ca2+ 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 (OUADID et al.1992). 5-HT causes a greater availability of L-type 
Ca2+ channels (JAHNEL et al. 1993), presumably due to PKA-induced 
phosphorylation. 

II. 5-HT4-like Receptors 

The proposal for the existence of cerebral5-HT4 receptors (DUMUIS et al.1988, 
1989) prompted the use of the 5-HT3 receptor blockers tropisetron (IeS 
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-HT3 
receptor-selective antagonists granisetron and MDL-72222 (KAUMANN et al. 
1990). More recently, selective 5-HT4-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-HT4 
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 
131- and /3z-adrenoceptors, respectively (KAUMANN et al. 1996b). In piglet atria, 
the density of 5-HT4 receptors is ten times lower than in human atria 
(KAUMANN et al. 1995b). The low densities of human and piglet atrial 5-HT4 
receptors may, in part, account for the smaller maximum positive inotropic 
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Table2. Potency and affinity of ligands for human atrial5-hydroxytryptamine (5-HT)4 
receptors. pECso is -log(M) of the ECso for agonists and partial agonists. pKp, pKs and 
pKD 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-HT4 receptors labelled with [12SI]SB-207710 

pECso pKp pKs pKD References 

5-HT 7.4-7.9 

5-CT 4.7 
Renzapride 6.3 6.7 
Cisapride 6.1 6.2 
SB-207710 
P2SI] SB-207710 
GR-113808 
SB-203186 

SDZ-205-557 
Tropisetron 

5-CT,5-carboxyamidotryptamine. 

5.8 

4.9 
6.4 
6.0 

10.1 9.7 
9.6 

8.8 
8.7 8.0 

7.7 
6.7 6.1 

KAUMANN et al. (1990, 1991a, 
1996); SANDERS et al. (1995) 

KAUMANN et al. (1991a, 1996b) 
KAUMANN et al. (1991a, 1996b) 
KAUMANN et al. (1991a, 1996b) 
KAUMANN et al. (1994, 1996b) 
KAUMANN et al. (1996b) 
KAUMANN (1993) 
PARKER et al.(1995); KAUMANN 

et al. (1996b) 
ZERKOWSKI et al. (1993) 
KAUMANN et al. (1990, 1996) 

effects of 5-HT compared with those caused by catecholamines through 
human (KAUMANN et a1. 1990, 1991a; SANDERS and KAUMANN 1992; SANDERS 
et a1. 1995) and porcine (KAUMANN et a1. 1991b; LORRAIN et a1. 1992) 13-
adrenoceptors. In enzymatically disaggregated human atrial myocytes, 
however, 5-HT is more efficacious than in tissues, presumably due to addi
tional 5-HT4 receptors uncovered by the disaggregating enzymes (SANDERS et 
a1. 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 a1. 1991a) and piglet atrium (KAUMANN 1990; 
MEDHURST and KAUMANN 1993). By measuring increases in L-type Ca2+ 

current in atrial myocytes, OUADID et a1. (1992) confirmed that, compared with 
5-HT, renzapride is a partial agonist for human atrial 5-HT4 receptors. As 
observed with 5-HT in brain (DuMUIs et a1.1988, 1989), 5-HT (and, to a lesser 
extent, renzapride and cisapride) increase human atrial cAMP levels and 
cAMP-dependent protein kinase activity (KAUMANN et a1. 1990, 1991a; 
SANDERS et a1. 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 
(DuMUIs et a1. 1988). Furthermore, unlike brain 5-HT4 receptors, where cis
apride is slightly more efficacious and potent than renzapride, human atrial 
5-HT4 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 P25I]-SB-207710 (Table 2). Due to these quantitative differences 
of the effects of the benzamides between atrial and brain 5-HT4 receptors, 
atrial 5-HT4 receptors were initially referred to as 5-HT4-like receptors 
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Fig.7. Antagonism of the positive inotropic effects of 5-hydroxytryptamine (5-HT) in 
human atrium (a,b) by renzapride, and (c) comparison of affinity of renzapride and cis
apride for 5-HT4 receptors of human atrium. a Concentration-effect curves of 5-HT in 
the absence (0) and presence of 2.uM (e) and 6.uM (.6.) 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-HT4 receptor
occupancy estimates calculated from the slopes of the plots in b were 0.91 and 0.97 
with 2.uM and 6.uM renzapride, respectively; the corresponding equilibrium dissocia
tion constants [-log(M)] were 6.70 and 6.76. c Schild-plots (CR, concentration ratios) 
or plots (m, slope of the regressions in b) according to LEMOINE and KAUMANN (1982). 
Notice that renzapride has an affinity for the 5-HT4 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-HT4-like receptors closely resemble other peripheral 5-HT4 receptors in 
various gut regions (KAUMANN et al. 1991a). 

Since the cloning of the rat 5-HT4 receptor [with its two splice variants: 
short (5-HT4S) and long (5-HT4L; GERALD et al. 1995)], it has become plausi
ble that the pharmacological differences between brain and heart5-HT4 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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Fig. 8. Comparison of the concentration-effect 
curves (0) of the positive inotropic effects of 
5-hydroxytryptamine (5-HT), renzapride, 
cisapride and 5-carboxyamidotryptamine with 
the corresponding fractional 5-HT4 receptor 
occupancy-curves calculated from the binding
inhibition experiments of KAUMANN et al. 
(1996b; solid lines) and from antagonism of the 
positive inotropic effects of 5-HT by renza
pride and cisapride (broken lines; KAUMANN et 
al. 1991a). 5-HT4 receptors were labelled with 
[125I]-SB-207710. Equilibrium dissociation con
stants and their standard errors are shown as 
• and horizontal bars; for actual values, see 
Table 2. Notice that both the intrinsic activity 
and affinity are lower for cisapride than for 
renzapride 

ferences between 5-HT4 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-HT4S 
mRNA has been detected in rat atrium (GERALD et al. 1995) - a puzzling 
finding, because there is no functional evidence for atrial 5-HT4 receptors in 
this species (KAUMANN 1991a). Both mouse recombinant and cerebral5-HT4L 
receptors have higher binding affinity and efficacy for cisapride and renzapride 
than do human atrial5-HT4 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-HT4 receptor (which resembles the rat 5-HT4L receptor) transfected 
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into COS-7 cells at densities several hundreds times higher than the density 
of human atrial 5-HT 4 receptors (VAN DEN WYNGAERT et a1. 1997). These results 
suggest that it is unlikely that the 5-HT4L splice variant plays an important role 
for the effects of cisapride in human atrium. 

A human atrial5-HT4s splice variant has recently been cloned (CLAEYSEN 
et a1. 1997) and, when transfected at a density (lOfmollmg) almost as low as 
that of native atrial 5-HT4 receptors (4fmollmg; KAUMANN et a1. 1996b) in 
COS-7 cells, has been shown to mediate weak partial agonist activity (cAMP) 
with renzapride.An atrial5-HT4 receptor cloned by BLONDEL et a1. (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 a1. 1996b; CLAEYS EN et a1. 1997). These 
studies suggest that the 5-HT4S splice variant - expressed in human atrium but 
not ventricle (BLONDEL et a1. 1997) - plays an important role in the mediation 
of the effects of 5-HT. None of these studies with human recombinant 5-HT4 
receptors has systematically compared the effects of renzapride and cisapride 
on the same splice variant. VAN DEN WYNGAERT et a1. (1997) only used cis
apride, while both CLAEYS EN et a1. (1997) and BLONDEL et a1. (1997) only used 
renzapride. A systematic comparison of the pharmacology of the two recom
binant human splice variants was made by BACH et a1. (2000) who found that 
5-HT4S and 5-HT4L 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 a1. 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 a1. 2000). The possibility that other 5-HT4 receptor 
splice variants function in human atrium cannot yet be discarded. In addition 
to the 5-HT4s and 5-HT4L splice variants (GERALD et a1. 1995), another two 
cerebral splice variants of murine and human 5-HT4 receptors have recently 
been cloned (BOCKAERT et a1. 1998). The four splice variants are now desig
nated 5-HT4a (5-HT4S), 5-HT4b (5-HT4L), 5-HT4c and 5-HT4d and appear to 
show pharmacological differences when transfected into host cells (BOCKAERT 
et a1. 1998) and more splice variants are expected to be disclosed. 

G. Cross-Talk Between Cardiac Gs-Coupled Receptors, as 
Revealed by Chronic Blockade of /3t-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 ECso values for (-)-adrenaline in atrial tissues obtained from 
over 100 German patients with ECso 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 j3-adrenoceptor blocking agents, while the British surgeons did 
(KAUMANN et al. 1989c). The prevailing dogma of the 1980s was that chronic 
blockade of j31-adrenoceptors enhanced their function due to receptor upreg
ulation. The use of antagonists highly selective for .131- and {h-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 .131-
adrenoceptor-selective blockers was mediated through {h-adrenoceptors 
(KAUMANN et al. 1989c; HALL et al. 1990). The densities of neither .131- nor {h
adrenoceptors, assessed with both cell autoradiography and membrane 
binding, differed from the densities in atria from non-j3-adrenoceptor blocker
treated patients (KAUMANN et al. 1995a; MOLENAAR et al. 1997b). Binding 
affinities of ligands selective for either .131- or {h-adrenoceptors (including the 
affinity of a partial agonist of high intrinsic activity) in atrial membranes 
obtained from patients treated with j31-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 {h-adrenoceptors, are greatly enhanced in atria from patients 
chronically treated with j31-adrenoceptor-selective blockers; however, the 
blocking potency of salbutamol for the {h-adrenoceptors, estimated from the 
antagonism of (-)-adrenaline-evoked effects, is unchanged compared with 
the blocking potency in tissues from patients not treated with j3-adrenoceptor 
blockers (Fig. 9). The concentration-effect curve of salbutamol on atria 
obtained from non-j3-adrenoceptor blocker-treated patients can be fitted by 
the fractional occupancy of {h-adrenoceptors while, in atria from .13-
adrenoceptor blocker-treated patients, the concentration-effect curve of 
salbutamol is situated at lower concentrations than its {h-adrenoceptor-occu
pancy curve (Fig. 9). However, no j3radrenoceptor hyperresponsiveness was 
observed with (-)-noradrenaline (KAUMANN et al. 1989c; HALL et al. 1990) or 
(-)-adrenaline (KAUMANN 1991b). Even the maximal responses to a .131-
adrenoceptor-selective partial agonist, (-)-R0363, were only slightly enhanced 
(and inotropic potency was not changed) by chronic treatment of patients with 
j31-adrenoceptor-selective blockers (MOLENAAR et al. 1997b). Unlike the {h
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 
j3-adrenoceptor-blocker treatment, excluding modifications downstream of 
the adenylyl cyclase. Taken together, these results suggest that chronic .131-
adrenoceptor blockade improves the coupling of atrial {h-adrenoceptors 
(HALL et al. 1990) and perhaps other atrial receptors coupled to Gs protein 
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Fig.9a-d. Inotropic hyperresponsiveness to salbutamol mediated through A
adrenoceptors without a change of affinity in atria from patients chronically treated 
with the ,Bl-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 (0) followed by washout a curve for salbutamol 
was determined up to 20 pM (D) 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 (X). b Plot of equieffective concentrations of (-)-adrenaline in the absence 
(Az) and presence (A3) of salbutamol. The fractional A-adrenoceptor occupancy by 
salbutamol- Ys = [S]/([S] + Ks) = I-m, where Ks is the equilibrium dissociation con
stant), calculated from the slope m with the equation A2 = i + mA3 (MARANO and 
KAUMANN 1976) - is represented on the right side of the curve for salbutamol in a. c 
Plot of the inverse equieffective concentrations of (-)-adrenaline and salbutamol. Ks 
was estimated from the slope/intercept (WAUD 1969). The -log(Ks) values estimated 
from both band c were 6.1. d Comparison of inotropic concentration-effect curves for 
salbutamol from 12 atenolol-treated patients (e) and ten non-atenolol-treated patients 
(0), with the corresponding fractional A-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 Ys 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 H2) and of 5-HT4 (KAUMANN 1991b) coupled to effectors, 
including adenylyl cyclase. 

Hitherto, the function of five receptor populations, all presumably mainly 
coupled to Gs protein, has been studied in atria from patients either not treated 
or treated with /3-adrenoceptor blockers (usually blockers selective for /31-
adrenoceptors). The receptors are (in addition to the /31- and Pz-adrenoceptors 
described above) 5-HT4 receptors (KAUMANN and SANDERS 1994; SANDERS et 
al. 1995), histamine H2 receptors (SANDERS et al. 1996) and putative /34-
adrenoceptors (KAUMANN 1996). The rank order of receptor hyperrespon
siveness caused by chronic treatment of patients with /31-adrenoceptor-selec
tive blockers, as assessed with atrial positive inotropic responses, is: 

(1) 

The human atrial hyperresponsiveness caused by chronic treatment with 
/31-adrenoceptor blocking agents can be assumed to result from the elimina
tion of a noradrenaline-evoked partial reduction of the function of some Gs 

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 /31- and Pz
adrenoceptors (DEL MONTE et al. 1993), atrial /3-adrenoceptors and 5-HT4 
receptors (SANDERS et al. 1995). The putative /34-adrenoceptor has been shown 
to co-function with the /31-adrenoceptor in the same murine atrial and ven
tricular myocytes (FREESTONE et al.1999; SARSERO et al. 1999). These examples 
make it plausible that the /3radrenoceptor, activated chronically (on a scale of 
days) by noradrenaline, emits a signal that decreases the function of other 
coexisting Gs protein-coupled receptors in the same cardiomyocyte. 

How would chronic /31-adrenoceptor blockade improve coupling to Pz
adrenoceptors and perhaps other receptors of Gs protein? One possibility is 
that the inhibitory effects of G i proteins on effectors, including adenylyl 
cyclase, are reduced by chronic blockade of /31-adrenoceptors, thereby uncov
ering an otherwise partially repressed Gs function. This may be called the G i 

hypothesis. High plasma levels of noradrenaline observed in heart-failure 
patients lead to an enhanced expression of inhibitory G i proteins without 
changes in Gs protein expression (FELDMAN et al. 1988; NEUMANN et al. 1988). 
The hypothesis that G i protein suppresses partially /3-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 i 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 i protein, probably due to a cAMP-dependent 
increase in Gia2 mRNA transcription (MULLER et al. 1993). 

Given that these effects are reputed to occur through /31-adrenoceptor 
activation, one would expect chronic blockade of these receptors to eliminate 
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the excess G i levels and function. One apparent implication could perhaps be 
that when f31-adrenoceptors are activated by noradrenaline they also manifest 
coupling to G i protein. However, there is evidence for coupling of /32-adreno
ceptors (but not of f31-adrenoceptors) to G i protein in the rat and mouse heart 
(XIAO et al. 1994,1999). On the other hand, in line with the G i hypothesis, pigs 
injected with the f31-adrenoceptor-selective antagonist bisoprolol for 35 days 
have decreased levels of atrial and ventricular Gia2 mRNA and protein and 
also tend to have low Gs protein levels (PING et al. 1995). Another 131-
adrenoceptor-selective antagonist, metoprolol, reduced total G i protein levels 
by one quarter in ventricular biopsies from patients with congestive heart 
failure (JAKOB et al. 1996). Although the latter two pieces of evidence agree 
with the G i hypothesis, they do not explain why some Gs-coupled receptors 
show greater hyperresponsiveness than other Gs-coupled receptors after 
chronic f31-adrenoceptor blockade. Positive inotropic responses of human 
atrial and ventricular preparations, mediated through 131-, /32- and putative 134-
adrenoceptors, are all reduced by adenosine and carbachol (MOLENAAR et al. 
1998), consistent with functional antagonism through G i protein activation. 
However, /32-adrenoceptors - but neither f31-adrenoceptors (KAUMANN et al. 
1989c; HALL et al. 1990; MOLENAAR et al. 1997b) nor putative f34-adrenoceptors 
(KAUMANN 1996) - exhibit hyperresponsiveness in human atria obtained from 
f3-blocker-treated patients. From the G i hypothesis, one would expect a general 
increase in the function of Gs-coupled receptors, which does not occur. Assum
ing that G i protein function is reduced in atria from f3-blocker-treated patients, 
the G i hypothesis would have to be restricted to only the /32-adrenoceptor 
compartment. Thus, the G i hypothesis does not appear to generally account 
for receptor-dependent hyperresponsiveness after chronic blockade of 131-
adrenoceptors. 

Human atrial /32-adrenoceptor hyperresponsiveness after chronic 131-
adrenoceptor blockade could also be due to the suppression of (-)
noradrenaline-evoked phosphorylation of /32-adrenoceptors by cAMP-depen
dent protein kinase (PKA; KAUMANN 1991b). The portion of the ~-adreno
ceptor population that is phosphorylated would not couple to Gs 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 ~-adrenoceptors and by nora
drenaline through f31-adrenoceptors (FERRO et al. 1995). Prolonged incubation 
of the arteries with noradrenaline (16 h) decreases the response to adrenaline, 
perhaps through PKA-dependent phosphorylation of /32-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-
HT4 receptor (GERALD et al. 1995), whose native form exhibits marked atrial 
hyperresponsiveness after chronic f31-adrenoceptor blockade (KAUMANN and 
SANDERS 1994; SANDERS et al. 1995). 

Evidence with human atrial histamine receptors points to multiple factors 
involved in the hyperresponsiveness (caused by chronic f31-adrenoceptor 
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blockade) of some Gs protein-coupled receptors. Histamine H2 receptors 
mediate increases in the contractile force of human atria, and there is hyper
responsiveness of this receptor in atria from j3-blocker-treated patients 
(SANDERS et al. 1996). As found previously with 5-HT4 receptors (SANDERS et 
al. 1995), H2 receptors mediate enhanced increases of cAMP levels and more 
marked stimulation of PKA activity in atria from patients chronically treated 
with j3-blockers selective for j3)-adrenoceptors compared with atria from 
non-j3-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 j3)-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 block able by mepyramine in atria from patients 
not treated and chronically treated with a j3)-adrenoceptor-selective blocker, 
respectively (SANDERS et al. 1996). These findings are consistent with hyper
responsiveness of both Gs protein-coupled H2 receptors and Gq protein
coupled H) receptors induced by chronic blockade of j3)-adrenoceptors.1t has 
been suggested that the extra cyclic GMP produced through H)-receptor stim
ulation in atria from patients chronically treated with j3)-adrenoceptor block
ers contributes to the inotropic and biochemical hyperresponsiveness to 
histamine mediated through H2 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 ~ H2 ~ cAMP ~ PKA ~ increased contractility 
i hydrolysis 
PDE III (2) 
i inhibition 

histamine ~ H) ~ cyclic OMP 

The example with histamine H) and H2 receptors opens new questions 
about the heterogeneous consequences of chronic blockade of human atrial 
j3radrenoceptors. How is H) hyperresponsiveness initiated? Do other Oq 
protein-coupled receptors become hyperresponsive? Do PKA-catalysed phos
phorylations of Gq-coupled receptors playa role? It has been reported in this 
context that endothelin-1, presumably acting through a Oq protein-coupled 
receptor, produces a higher incidence of experimental arrhythmias in atria 
obtained from j3-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 0 proteins. A simple can
didate would be the Gs protein whose function could be enhanced by chronic 
j3)-adrenoceptor blockade. This Os hypothesis has been supported by a mod
erately enhanced function of human Gsa protein from j31-adrenoceptor 
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blocker-treated patients, with the Gsa protein reconstituted in S40 cyc- cell 
membranes (WANG et al. 1999). However, this evidence does not account for 
the hyperresponsiveness of Gq protein-coupled receptors and is inconsistent 
with the near lack of .BI-adrenoceptor hyperresponsiveness in atria obtained 
from patients treated with .BI-adrenoceptor-selective blockers. Other candi
dates are Gj proteins that oppose the effects mediated through Gs protein
coupled receptors. The Gj proteins inhibit effectors, such as adenylyl cyclase 
and Ca2+ channels, but can activate both cyclic nucleotide phosphodiesterases 
and K+ channels, and both the a unit and .Brunits 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-a from .By, 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 Ga-interacting protein, attenuate 
Gj-mediated inhibition of cAMP synthesis (HUANG et al. 1997). RGS4 does 
not bind to Gs protein, and the affinity of Gia1 is higher than that of Gia2 
(BERMAN et al. 1996). Conceivably, during chronic blockade of cardiac .BI
adrenoceptors, the activity of an RGS protein is enhanced, thereby inhibiting 
Gj protein activity and allowing augmentation of the function of some (but 
not all; see above) Gs protein-coupled receptors. This speculation would imply 
some sort of inhibitory effect of noradrenaline (mediated through .BI-adreno
ceptors) on the function or expression of the relevant RGS protein. Future 
research with human heart G i proteins may provide clues as to whether 
RGS proteins and modulation by .BI-adrenoceptors contribute to receptor 
cross-talk. 

H. Physiological, Pathophysiological and 
Therapeutic Relevance 

Following agonist-evoked activation of Gs 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 Ca2+ channels, phospholamban, troponin I, Na+ channels (pos
sibly) and other proteins involved in the physiology and pathology of human 
heart. 

I. fit- and fiz-Adrenoceptors 

The Gs protein-coupled receptors that are known to mediate beneficial effects 
of humoral and neuronally released catecholamines are .BI- and f3z
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 /31-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 .Bz-adrenoceptors. Furthermore, it has been suggested that 
endogenous surges of adrenaline could, in principle, improve diastolic func
tion through activation of .Bz-adrenoceptors in patients with heart failure under 
treatment with J3I-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 fJl-adrenoceptors . .Bz-Adrenoceptors desensitise less than fJI
adrenoceptors in heart failure (BRISTOW et al. 1986), presumably by 
uncoupling partially from Gs protein (BRISTOW et al. 1989). fJ-Adrenoceptor 
uncoupling has been observed experimentally 8 h 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 fJ
adrenoceptor density, apparent affinity for (-)-isoprenaline and prostaglandin
I-evoked adenylyl cyclase stimulation were unchanged. These experiments 
suggest that a 3-h stress causes long-lasting uncoupling of fJ-adrenoceptors 
from the Gs 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 .Bz
adrenoceptors, this hypothesis still requires experimental verification. One 
would expect a blocker of .Bz-adrenoceptors to prevent receptor uncoupling. 
Paradoxically, however, cardiac .Bz-adrenoceptors of cardiomyopathic ham
sters that (like human .Bz-adrenoceptors) are coupled selectively to adenylyl 
cyclase, actually mediate a reduced enzyme stimulation without a change in 
Gs protein content after 4 weeks of drinking water containing the fJII.Bz
adrenoceptor blocker propranolol (WITTE et al. 1998). It appears, therefore, 
that the chronic influence of fJ-blockers on .Bz-adrenoceptor function is differ
ent in human and cardiomyopathic-hamster heart. 

An enzyme that causes uncoupling of agonist-bound fJ-adrenoceptors 
from Gs protein is fJ-adrenoceptor kinase 1 (fJARKl), which interacts with 
membrane-bound fJysubunits of G protein (PITCHER et al.1992). fJARKllevels 
are enhanced in hearts in chronic failure (UNGERER et al. 1993), possibly 
contributing to reduced fJ-adrenoceptor responsiveness. Surprisingly, co
expression of a peptide cardiac-targeted (ct) inhibitor of fJARK1, fJARKct, 
normalises left-ventricular function and partially restores responsiveness to 
isoprenaline in a genetic model of murine dilated cardiomyopathy. Overex
pression of fJARKct 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 f3-adrenoceptor coupling contributes to heart failure, at least 
in mouse models. A mutant of the human f3z-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 Gs 
protein and reduced receptor sequestration when expressed in transgenic mice 
(TURKI et al. 1996). Furthermore, the isoleucine-l64 f3z-adrenoceptor poly
morphism adversely affects the prognosis of patients with congestive heart 
failure (LIGGETT et al. 1998). However, human f3z-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 Gs/cAMP pathway (MILANO et al. 1994; BOND et al. 1995). Thus, 
the beneficial effects of f3ARKct appear related, in part, to be due to an 
improvement of f31-adrenoceptor coupling in mouse heart. 

Although human f3z-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 Gs protein-mediated signalling in mice overexpressing about 200 
fold human cardiac f3z-adrenoceptors worsen experimental heart failure 
(ROCKMAN et al. 1998; Du et al. 2000). Relatively small overexpression of 131-
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 f3-adrenoceptors are 
enhanced cardiac oxygen consumption (against which f3-blockers were suc
cessfully developed; BLACK 1989) and arrhythmias. Experimental arrhythmias, 
elicited by noradrenaline through f31-adrenoceptors and by adrenaline through 
f3z-adrenoceptors, have been demonstrated in isolated human atrial prepara
tions as a function of pacing rate and are interpreted as the result of Ca2+ 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 (ORMEROD et al. 1984), probably by preventing the interaction of 
high plasma concentrations of noradrenaline and adrenaline with both 
131- and f3z-adrenoceptors. 

f3z-Adrenoceptor-mediated arrhythmias of adrenaline have also been 
observed in human ventricular myocytes (DEL MONTE et al. 1993). More 
recently, f3z-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 Ca2+ overload, canine ventricular 
myocytes made from hearts susceptible to ventricular fibrillation exhibit cat
echolamine-evoked increases of Ca2+ produced through f3z-adrenoceptor stim
ulation (BILLMAN et al. 1997). It has been suggested (KOCH et al. 1996; but see 
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ROCKMAN et al. 1998; Du et al. 2000) that overexpression of J3z-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 (ALTSCHULD et al. 1995). The experimental evidence for J3z
adrenoceptor-mediated arrhythmias would, however, preclude such an 
approach in heart failure. 

Treatment of chronic heart failure with /31-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), /3-adrenoceptor blockers may also reduce the incidence 
of fatal arrhythmias. An important aspect in the treatment of heart failure is 
the question of whether /3-blockers that block nearly non-selectively both /31-
and J3z-adrenoceptors are superior to /31-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 /31- and J3z
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 /31- and J3z-adrenoceptors mediate 
a similar incidence of experimental arrhythmias. (3) The incidence of experi
mental arrhythmias mediated through both /31- and J3z-adrenoceptors is higher 
in atria from patients treated chronically with /31-adrenoceptor-selective block
ers (KAUMANN and SANDERS 1993). The latter results mimic the well-known 
arrhythmias (including atrial fibrillation) observed after acute withdrawal of 
/3-adrenoceptor-blocking agents (PRITCHARD et al. 1983). 

Several so-called non-selective /3-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 J3z-adrenoceptors 
(two- to fivefold) compared with /31-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 /31-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 /3-blockers that are nearly 
non-selective for /31- and J3z-adrenoceptors than for /31-adrenoceptor-selective 
blockers (LECHAT et al. 1998). Consequently, both experimental and 
clinical evidence favours the concept that the blockade of both /31- and J3z
adrenoceptors is preferable to the blockade of only /31-adrenoceptors, in agree
ment with the deleterious effects on heart function of mice overexpressing {31-
(ENGELHARDT et al. 1999) and J3z-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 /34-
adrenoceptors, as discussed below. 
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II. Putative /34-Adrenoceptors 

It has not yet been demonstrated that catecholamine binding to a site of the [31-
adrenoceptor, responsible for putative [34-adrenoceptor pharmacology, is of 
functional relevance (SARSERO et al. 1998a). However, several clinically used 
[3-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 
SCHALEKAMP 1981) and neurocardiogenic syncope (ISKOS et al.1998), and it has 
been suggested that this effect is actually mediated through the putative 
[34-adrenoceptor (KAUMANN 1989; KAUMANN and MOLENAAR 1997). The exper
imental arrhythmias (FREESTONE et al. 1999; SARSERO et al. 1999; LOWE et al 
1998) observed with activation of the putative [34-adrenoceptor make it 
plausible that [3-blockers with intrinsic activity mediated through this receptor 
could potentially be harmful. A meta-analysis suggests that only [3-blockers 
without cardiostimulant effects prolong the survival of patients with myocar
dial infarction. However, patients treated with [3-blockers with cardiostimulant 
effects may not prolong survival or may even shorten survival (SORIANO et al. 
1997). The deleterious effects of [3-blockers with cardiostimulant effects 
mediated through the putative [34-adrenoceptor could be due to the propensity 
of this receptor to mediate cardiac arrhythmias. 

III. 5-HT4 Receptors 

5-HT can elicit arrhythmias in human atrial preparations and chronic [31-
adrenoceptor blockade enhances their incidence (KAUMANN and SANDERS 
1994). These arrhythmias could be related to 5-HT4 receptor-mediated 
increases of L-type calcium current (OUADID et al. 1992) and If 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 (KAUMANN 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, neuron ally released 
5-HT can interact with the atrial 5-HT4 receptors. This is demonstrated 
with field stimulation which, under blockade of [31- and fh-adrenoceptors with 
(-)-propranolol, elicits an increase in atrial contractility that is prevented by 
the highly selective 5-HT4-receptor antagonist SB-207710 (Fig. 10). 

Sinoatrial 5-HT4-like receptors in piglet right atria, which greatly resem
ble 5-HT4-like receptors of human atrium (KAUMANN 1990), mediate tachy
cardia evoked by 5-HT and partial agonists, such as renzapride and cisapride 
(Fig. 6). 5-HT and renzapride also elicit tachycardia in anaesthetised piglets 
(PARKER et al.1995) and adult pigs (VILLALON et al.1991) through 5-HT4 recep
tors. Because cisapride causes significant tachycardia in man (BATEMAN 1986), 
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Fig.lOa-d. 5-Hydroxytryptamine (5-HT) release by field stimulation and interaction 
with 5-HT4 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 1.uM 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 
200 nM (-)-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 30min with 10.uM 
5-HT followed by 10min wash-out before determination of the second (open triangles) 
and third curves (inverted open triangles). The protocol of the experiment in c was as 
in b, except that the 5-HT4-receptor-selective antagonist SB-207710 (lOOnM; KAUMANN 
et a1. 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 c represents the 
increase in contractile force elicited from neuronally captured and released 5-HT inter
acting with 5-HT4 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-HT4 nature. Cisapride can also produce supraventricular arrhythmias 
in man (INMAN and KUNOTA 1992; OLSSEN and EDWARDS 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-HT4 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-HT4-receptor-selective antagonists has been 
suggested for the prevention of atrial fibrillation and stroke in the elderly, 
especially when anticoagulants are contraindicated (KAUMANN 1994). Clinical 
studies with 5-HT4-receptor antagonists will test the hypothesis of atrial 5-
HT4-receptor-mediated arrhythmias. Recent evidence, showing that a 5-HT4-
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-HT4 receptors in these arrhythmias. 

I. Epilogue 
Some of the following questions are preludes to future research. Does inhibi
tion of f3ARK improve human heart failure? Although this has been proposed 
as a target in humans (ROCKMAN et al. 1998), it would be expected to enhance 
catecholamine-evoked f3-adrenoceptor function, including high myocardial 
oxygen consumption, which would be detrimental. This mitigates against the 
beneficial effects of f3-adrenoceptor-blocking agents in heart failure. The intro
duction of f3ARKl inhibition in the clinic will determine the outcome of this 
paradox. 

Are there circumstances under which the f31-adrenoceptor can elicit 
arrhythmias with putative f34-adrenoceptor characteristics in human heart? 
Is it possible to develop selective antagonists of the f31-adrenoceptor that 
mediates the putative f34-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-HT4 receptor (5-HT4a and 5-HT4b) 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 

J.J. LINDERMAN 

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 (E), as defined by FURCHGOTT (1966), and the stimulus (S) is defined 
by 

S = E[A][R tot ] 

[A]+Ko ' 
(1) 

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

Response = f(S) (2) 

where f is an unknown (generally assumed hyperbolic) function (STEPHENSON 
1956). The efficacy cis ligand-specific, whereas the values of [Rtot] 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 
[A ]/Ko, 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 Eqs. 1 and 2 do indeed describe many observed 
dose-response characteristics, the parameter E and the function f lack any 
mechanistic underpinnings. Both are simply fit to the data. 

Further, as pointed out by COLQUHOUN (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.I. Differences in ligand efficacy among ligands for the /3-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 /3-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 



122 J.J. LINDERMAN 

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. CI, 
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 

(3) 

which describes the conversion of species A into species B with first-order rate 
constants kf and kr• 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 

or 

[A] -K 
[B] - D 

(4) 

(5) 

where KD , the equilibrium dissociation constant, is equal to k/kf• 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 

(6a) 

and 
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(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 f and 
kr 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 [af3y-guanosine diphosphate (GDP)] and active 
[a-guanosine triphosphate (GTP) and f3y] 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 f 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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kf 
R+L( )C 

kr 
(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 f 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 a 
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 GILMAN 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 
(lANS 1992; MAHAMA 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 a-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 (11kr) 

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 j3-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 
BC3Hl cells stimulated with the aI-adrenergic receptor agonist phenyle
phrine. These cells were found to exhibit an all-or-none response, and the frac-



Kinetic Modeling Approaches to Understanding Ligand Efficacy 127 

A B 

Fig.3A,B. Ligand movement among cell surface receptors. Ligand is assumed to bind 
and dissociate from receptors with probabilities proportional to kf [ 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. Sa. 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 aj3y.GDP to form a-GTP and j3y (the exchange 
of GTP for GDP is assumed to be rapid), the hydrolysis of GTP by the a 
subunit to form a-GDP, the collision of a-GDP and j3yto re-form aj3y-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 

A B 

Fig. SA ,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 fJrsubunits (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 a-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 kr increases (i.e., as 
the mean receptor-ligand complex lifetime lIkr decreases). This occurs despite 
correction for the differing KDs 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 kr 
and the diffusion coefficient (SHEA et a1.1997). The larger values of kr (Fig. 7a) 
give a smaller depletion zone and are representative of the situation shown in 
Fig. 3a; the smaller values of kr (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 (lIkr) affects the efficacy. First, pre-coupled 
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Fig.6A,B. Predicted effect of the mean receptor-ligand complex lifetime 1/kr on G 
protein activation. Results for kr equal to 200, 20, and 0.2S-1 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 lIkr is short. B Situation 
existing when the mean receptor ligand complex lifetime lIkr is long. In each case, 
there are the same number of agonist-bound receptors. More activated G proteins are 
produced when kr 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 kr is small, receptors remain 
bound long enough to significantly deplete the region of inactive G proteins 

receptor-G protein complexes (Fig. 5b) may be present. In the simulation of 
this scenario, one allows colliding free receptors and inactive G proteins (af3r
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.S. 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 kro 
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 (llkr ). 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 (l/kJ The value of kr 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 micro domains, influence the degree to which the value of kr affects the 
dose-response curve. 

II. The Receptor Desensitization Rate Constant kx 

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 kr • 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 3612nm. 
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 kx• If the desensitization rate constant varies with the 
identity of the ligand, then kx also contributes to ligand efficacy. 

Quantitative investigations into the value of the desensitization rate 
constants kx 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.10. Receptor desensitization. Receptors 
may be converted from a signaling-capable to 
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Fig.n. Model scheme used by HOFFMAN et al. (1996) to analyze binding data and 
determine the desensitization rate constant kx for ligands binding to the N-formyl 
peptide receptor on human neutrophils 

HOFFMAN 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 (Au et al. 1993; 
TARDIF et al. 1993; PROSSNITZ 1997) and/or interaction of the receptors with 
cytoskeletal elements (KLOTZ and JESAITIS 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 kx 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 

1 There are also differences in the ligand-dissociation rate constant kr among these 
ligands (HOFFMAN et al. 1996). This may contribute to differences in efficacy, as 
described in the previous section. 
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Table 1. Desensitization rate constants for three N-formyl 
peptide receptor agonists at 4°C (HOFFMAN et al. 1996) 

Agonist 

CHO-NLFNTK-fi" 
CHO-MLFb 
FNLpc 

Desensitization rate constant kx (S-I) 

1.3 ± 0.4 x 10-2 

1.1 ± 0.1 x 10-4 
1.0 ± 0.4 x 10-4 

aN - formyl - norleucyl - leucyl - phenylalanyl - norleucyl -
tyrosyl-Iysine fluorescein. 
b N -formyl-methionyl-Ieucyl-phenylalanine. 
cN-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. CA). 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 en do somes, 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 FRENCH 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 a1. 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 1), 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) 

Table 2. Association (kf) and dissociation (kr ) rate con
stants for three epidermal growth factor (EGF)-receptor 
ligands at pH 6 (FRENCH et al. 1995) 

Ligand 

Mouse EGF 
Human EOF 
TOFa 

2.7 ± 1.0 x 107 

8.5 ± 1.0 x 106 

5.7 ± 2.0 x 106 

TGF, transforming growth factor. 

0.75 ± 0.16 
0.66 ± 0.12 
2.30 ± 0.91 

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-a (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 TGFa 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 kf and the dissociation rate con
stant kr 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.IS. Measured endosomal sorting outcomes for several epidermal growth factor 
(EOF)-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 EOF 
(filled triangle), human EOF (open circle), and transforming growth factor a (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 

A B 
PKact 

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 (X subunit, and recombination of (X 

and J3ysubunits are explicitly included (rate constants krh k j , and kre, respectively). Rate 
constants that make up each equilibrium reaction in the cubic ternary complex model 
(cTCM) are specified. For example, kR+G/kRG is 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; KENAKIN 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.2 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. 
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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 *), 
a-GTP, and [3y. THOMSEN and NEUBIG (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 krl 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 SAMAMA 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 [3y 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. (1996c) have discussed how 
ligand-dependent (a) and system-dependent (Kaet) 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, Kaet , and KA , 

constants a, [3, y, and 8, 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 a-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 a-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 a-GTP and a-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 a 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 a-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 a and f3 
(all other parameters were held constant). Mutant receptors were assumed to have a 
lOO-fold larger value of K act 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. 3 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 

3 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 a1. 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 *0. It is also possible that the ability of RGS proteins to regulate GTP 
hydrolysis by the a 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 (ki 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 kr 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) 
inter conversions 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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CHAPTERS 

The Evolution of Drug-Receptor Models: 
The Cubic Ternary Complex Model for 
G Protein-Coupled Receptors 

T. KENAKIN, P. MORGAN, M. LUTZ, and 1. 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 (KATZ and 
THESLEFF 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 CTC 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 
LEFKOWITZ (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 

+ 
A+R 

Kg II 
A+RG 

Ka 

yKa 

G 

+ 
AR 

II yKg 

ARG 

(1) 

where y represents 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 
[Rj] Concentration of receptor in the inactive state (i.e., this species does not 

activate G proteins 
[Ra] Concentration of receptor in the active state (this species activates G 

proteins) 
[G] Concentration of G protein in the system 
Ka Equilibrium association constant for agonist and receptor 
KA Equilibrium dissociation constant of the agonist-receptor complex 

(KA = lIKa) 
Kg Equilibrium association constant for receptor and G protein 
KG Equilibrium dissociation constant of the receptor/G protein complex 

(KG = 1/Kg) 
Y 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 = [Ra]/[RjD 

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

f3 Factor defining the differential affinity of the receptor for G protein when 
the receptor is in the active state 

8 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 (KATZ and THESLEFF 1957) and was later applied 
to autonomic and neurotransmitter receptors (KARLIN 1967; COLQUHOUN 1973; 
THRON 1973). 

C. Two-State Theory 

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

L 
Ra (2) 

The affinity of a ligand for the inactive state (Rj) is denoted by the asso
ciation constant Ka. Since the second receptor state is a different conforma
tion, the drug may have a different affinity for that state (to be denoted aKa, 
where a 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=Ra 

Ka II II aKa 
(3) 

aL 
ARi=ARa 

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: 

Constitutive Activity = ~ 
l+L 

(4) 

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: 

l+L 
Kobs = K A 1 + aL (5) 

From Eq.5, it can be seen that the factor a 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 (a> 1), then the selective binding of the agonist 
to that species will shift the equilibrium toward the production of more Ra, 

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., a < 1) would shift the pre
vailing equilibrium toward R i , the inactive state. If there is a measurable spon
taneous effect due to spontaneously formed Ra, 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: 

Ka 
A+Ri ARi 

L II 
aKa 

II aL 

A+Ra ARa (6) 
+ + 
G G 

PKall II j3yKg 

RaG=ARaG 
ayKa 

In this model, it can be seen that receptors can exist spontaneously in 
either the active (Ra) or inactive (Ri) 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 j3 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 ([ARiD or unbound [RJ, 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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Table 2. Extended ternary complex model response as a fraction of total receptor 

f3L[ G l/KG (1 +ay[ A l/K A ) 
p=----~~~~~~~~~~~--~--

A/K A (1 + aL(l + rf3[G l/KG)) + L(l + f3[Gl/KG)+ 1 

where p = response-producing species [RaGl and [ARaGl expressed as a fraction of 
the total receptor 

Maximal agonist response 

Observed agonist affinity 

GTP shift 

Constitutive activity 

Constitutive/maximum response 

GTP, guanosine triphosphate. 

1 +aL(l + rf3[G l/KG) 

KA (1 + L(l + f3[G D/K G ) 

1 +aL(l + rf3[Gl/Kd 

(1 + L)(l + aL(l + rf3[G l/KG )) 

(1 +aL)(l + L(1 + f3[G l/KG)) 

f3L[Gl/KG 

1 + L(1 + f3[Gl/KG) 

(1 +aL(l + rf3[G l/KG )) 

ay(l + L(l + f3[Gl/K G)) 

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 mayor may not recognize 
the two states of the receptor ([RaJ and [RiD with different affinities, but this 
possibility is accounted for by the inclusion of the factor a (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 
Ra 

II aKa 

ARa 
(7) 
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The equilibrium constant of the reaction from Rj to Ra is the product of 
the equilibrium constants of the component reactions. Thus, the thermody
namically derived equilibrium association constant for the production of ARa 
from Rj is aKaL. The free energy for the production of Rj from ARa must be 
independent of the route chosen (i.e., either via ARj or Ra); this concept of 
thermodynamic closure is generally referred to as the principle of microscopic 
balance or microscopic reversibility (WYMAN 1975). Under these circum
stances, aKa/ Ka = a/LlL, and the scheme becomes: 

L 

aL 

Ra 

II aKa 
ARa 

(8) 

The term a 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 Rj 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 
Ra 

II [3KG 
RaG 

(9) 

where the equilibrium between Rj and G proteins is controlled by KG. Again, 
thermodynamic closure dictates that [3KdKG = [3L/L; therefore, the scheme 
can be written: 

L 

[3L 

Ra 

II f3KG 
RaG 

(10) 

Under these circumstances, the term f3 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 RjG complex versus Rj; this is accom
modated by a factor denoted by y. Under these circumstances, 
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KG 

Again, by thermodynamic closure, yKGI KG 
scheme: 

yKG 

KG 
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(11) 

yKalKa, making the complete 

(12) 

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 ARaG complex. From Ri, 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 Ri 
(defined by the equilibrium association constant Kg) and ligand-bound Ri 
(equlibrium association constant yKg) 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, yKg would also control the interaction between Ra and G. 
Since the binding of Ra to G protein to form RaG is f3Kg, the ligand effect on 
G protein binding would then be rf3Kg• 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 ARa + G == ARaG will be 8rf3Kg• 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 
G protein-coupled receptors. The receptor is 
allowed to exist in one of two conformations, 
both of which can interact with G protein and 
ligand 
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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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Table 3. Cubic ternary complex model response as a fraction of total receptor 

P = [A]/KA (1 +aL+ y[G]/KG (1 + 8af3L)) + G/KG (1 + f3L)+ 1 + L 
where p = response-producing species [RaG] and [ARaG] expressed as a fraction of 
the total receptor 

Maximal agonist response 

Observed agonist affinity 

GTP shift 

Constitutive activity 

Constitutive/maximum response 

GTP, guanosine triphosphate. 

(1 +aL+ y[G]/Kd1 +8af3L)) 

KA (1 + L + ([GD/KG(l + j3L)) 
(1 +aL + y[G]/KG (1 + 8af3L)) 
(1 + L+[G]/KG)(l +aL+ y[G]/KG (1 +8aj3L)) 

(1 +aL+ y[G]/KG)(l + L+ [G]/KG (1 + f3L)) 

f3L[G]/KG 
1+L+[G]/Kd1+bL) 

1 +aL+y[G]/KG (1 + 8af3L) 
8aj3(1 + L + [G]/KG (1 + f3L)) 

protein coupling (simple ternary complex model I) or receptor activation 
through G protein coupling to agonist-bound receptor (simple ternary 
complex model II). 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 eTC 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 eTC 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 ARiG 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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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 f3L [R ]/Ko 
Maximal Response = 1 + f3L [R ]/Ko 

(13) 

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 ]/Ko (1 + 8af3L) 

Maximal Response = 8a(I + [R ]/Ko (1 + f3L)) 
(14) 

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

Constitutive Activity (1/ 8a) + f3L 
Maximal Response (1 + f3L) 

(15) 

If a reasonably efficacious agonist is used to measure the maximal 
response of the receptor system, then the term 1/8a approaches zero, and the 
maximal constitutive activity reduces to: 

Constitutive Activity f3L 
Maximal Response 1 + f3L 

(16) 

an expression entirely dependent on the receptor system and not the agonist. 
From Eq.I6, 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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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 KG 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. SA 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 eTC 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.SA-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 = f3 = 10, Y= 0 = 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: 

R ([RaG] + [ARaG]) 
esponse = ([RaG] + [ARaG]) + cf> 

(17) 

where cf> 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: 
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Constitutive Activity _ f3L(R)/Ko 

Maximal Response - [R ]/Ko (f3L + ¢(1 + f3L)) + ¢ 
(18) 

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

Constitutive Activity f3L 

Maximal Response f3L(1 + ¢) + ¢ 
(19) 

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. 
SB) with a receptor coupling efficiency factor of ¢ = 0.01. As can be seen from 
Fig. SC, 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 
[A RiG] 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 (CB 1), the inverse agonist SR -141716A [N -(piperidino-
1-yl)-S-( 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 Gi protein. These data 
clearly show that the inverse agonist can block G i 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-
141716A (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 Gi protein-mediated CB1 and insulin response but not the Gi 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 eHO 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 .u-opioid 
receptor antagonist naloxone benzoylhydrazone (NaIBzoH) blocks agonist
stimulated cyclic adenosine monophosphate responses with no accompanying 
stimulation; in all functional assays, NaIBzoH is an antagonist. Equilibrium 
binding studies indicate that there is a threefold enhancement of affinity for 
NaIBzoH 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 NaIBzoH has a preferential affinity for the inactive 
state of the receptor. Surprisingly, 3H-NaIBzoH 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. 7 A). 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; 0.1 mM] on offset kinetics of bound 3H-naloxone benzoylhydrazone. B 
Effect of pertussis toxin inactivation of Gi protein on offset kinetics. Inactivation of Gs 

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 i protein. This was not observed with the 
,u-opioid antagonist diprenorphine (Fig. 7C). The kinetic data and the fact that 
NaIBzoH affinity was enhanced with Gpp(NH)p are consistent with the notion 
that NaIBzoH forms an inactive receptor complex with GDP-associated G i 

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. BOND, 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 8-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-



168 R. BOND et al. 

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 A-, 
al- and aradrenoceptors (CHIDIAC et al. 1994; DAN et al. 1994; BOND et al. 
1995; LEE et al.1997); several subtypes of 5-hydroxytryptamine (5-HT) recep
tors [5-HT2c (CHIDIAC et al. 1994; LABRECQUE et al. 1995); 5-HTIA (BARR 
and MANNING 1997; NEWMAN-TANCREDI et al. 1997)], dopamine recep
tors [Ds (TIBERI and CARON 1994); D2 (HALL and STRANGE 1997); D3 
(MALMBERG et al. 1998)], muscarinic receptors (MJ, M2, M3, and Ms; MEWES 
et al. 1993; BURSTEIN et al. 1997), 8-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 H2 
receptors (SMIT et al. 1996), calcitonin receptors (POZVEK et al. 1997) and 
adenosine Al 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 cellular 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 A-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 ,8-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, Einy, was not correlated with 
the binding affinity of the ligands for the ,Bz-adrenoceptor, a correlation that 
would have been predicted if competition with endogenous hormone were 
the mechanism for inhibition of baseline activity. 

3. ,8-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 24 h 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-HTzc 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 IP 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 (0.1 nM) 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 ,Bz-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 ,8-
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 j3-adrenoceptor-agonist addition. Direct evidence of receptor and 
G protein pre-coupling (Gas subunit) in the absence of apparent agonist 
stimulation was also obtained. Following immunoprecipitation of Gas from 
cardiac membranes of TG4 and control mice, radioligand binding with the j3-
adrenoceptor ligand P25I]-iodocyanopindolol C25I-CYP) was performed on the 
immunoprecipitate. The density of j3-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 j3-adrenoceptor stimulation with 
isoproterenol (lOnM). 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 
f3-adrenoceptor activation (MILANO et al. 1994). 

In the three lines of transgenic mice (TG35, TG33, and TG4), but 
not in the control line, the ~-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 ~-adrenoceptor antagonists all 
produced varying amounts of inhibition when used at concentrations that were 
300 times their respective KB values for the ~-adrenoceptor (BOND et al. 
1995). Second, animals were treated with an intraperitoneal (i.p.) dose of 
reserpine (0.3mg/kg 24h 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 
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inhibition by ICI-118,551 (BOND et a1. 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 CRe. This shift is appropriate for alprenolol's affinity for the f3I
adrenoceptor and is indicative of a competitive interaction between the two 
compounds for a single receptor (BOND et a1. 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 f3I
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/dtmax) was used as an index of in vivo cardiac con
tractility. The TG4 mice had significantly higher LV dP/dtmax 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 a1. 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 ,B-adrenoceptors and 
muscarinic receptors of cardiac myocytes from various species in which 
electrophysiologic measurements of Ca2+ and K+ currents were assessed 
(HANF et a1. 1993; MEWES et a1. 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 a1. 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 10-12 M (LEEB
LUNDBERG et a1. 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 ,B2-adrenoceptor/mg 
membrane protein (CHIDIAC et al. 1994), a density very close to that observed 
in human lungs (-lS0fmollmg 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 DA vs DIs (TIBERI and CARON 1994), the 
prostaglandin EP3a vs EP3,6 (HASEGAWA et al. 1998) and the adrenoceptor 
,B2 vs ,61 (NOUET and BOUVIER, unpublished). In regard to the DIA and DIB 
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 DIs 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 aI., in press), the 
interferon-y-inducible 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 a1b-adrenoceptor leads to constitutive activation of the receptor 
even in the absence of agonist. Equivalent mutations in the ,8-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 ,8-
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adrenoceptor agonists can inhibit the spontaneous activity of constitutively 
activated /3;?-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 a1. 1992; MILLIGAN et a1. 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 a1. 1997; MOLINO et a1. 
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 a1. 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-HT2c 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 a1. 
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 0- and ,u-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 .Bz-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-H2 receptor in CHO cells, SMIT et al. recorded a time
and concentration-dependent up regulation 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-HI or -H3 receptors (SMIT et al. 1996). Both cimetidine and raniti
dine were able to inhibit basal cyclic-adenosine-monophosphate production 
in Hz-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 Hz-histamine receptor (Leu!24Ala) 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 H2 
receptor, which would oppose its therapeutic value of preventing histamine 
activation of the H2 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 [h
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 ,8-blocker drugs (many of 
which display inverse-agonist properties) is known to produce a degree of ,8-
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 [h-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+RHR*LHGR*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; 
MONOD 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 ([RJ) and 
active ([RaJ) states of the receptor can be depicted as: 

[Rd=[RaJ (1) 

where L = [RaJ![RJ 
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. 

(2) 

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

BURG EN (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.IA-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. Ie). 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 (KEN AKIN 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 aradrenergic recep
tors have shown that sequences in the second cytosolic loop are essential for 
activation of G i protein, whereas sequences in the third cytosolic loop active 
Gs protein (IKEzu et al.I992). 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.l) L could be altered chemically to 
induce an amount of Ra sufficient to produce a measurable response. The 
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Stimulus Trafficking: 
The Next Level of Agonist Selectivity 
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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 a1. 1993) or G proteins 
(SENOGLES et a1. 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 rS 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 KA where KA = lIKa; 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 
+ Ka + 

A+R AR 

Kg yKg 
(3) 

A+RG ARG 
yKa 

where Ka and Kg 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 KA 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 A • 

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

[R]= [ARG] 
[A]yKa[G]Kg 

(4) 

[RG] = [ARG] 
[A]yKa 

(5) 

[AR] = [ARG] 
y[G]Kg 

(6) 

[G] = [ARG] 
[A]y[R]KaKg 

(7) 

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] 

P = [R]+[RG]+[AR]+[ARG] 
(8) 
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From Eq.8 and the equilibrium equations: 

p= [A]/KA(y[G]/KG +1)+1+[G]/KG 
(9) 

where KA 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: 

KH = KA ([G]/KG + 1) 
(y[G]/KG + 1) 

(10) 

It can be seen from Eq.10 that, if the ligand promotes G protein com
plexation (i.e., y> 1), then KH < KA 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 KA (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: 

RATIO = KA = (y[G]/KG +1) 
KH ([G]/KG + 1) 

(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 
GTP}S). 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: 

AFFINITY RATIO = Agonist A = (y A[G]/KG + 1) 
Agonist B (YB[G]/KG + 1) 

(12) 

which reduces to an approximation of yAlYB 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 0f 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 radio ligand 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 K A , 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 J, 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 radio ligand [125I]_rat amylin 
(open circles) and peptide amylin receptor antagonist P25I]-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 Kd 
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) 

(13) 

where E is the intrinsic efficacy of the agonist, [Rtl is the receptor concentra
tion, p is the fractional receptor occupancy and [3 is a fitting parameter denot
ing the efficiency of stimulus-response coupling. This parameter will be 
referred to as the receptor coupling constant ([3) 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: 
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where KA is the equilibrium dissociation constant of the agonist-receptor 
complex (the reciprocal of affinity) and [A] is the agonist concentration. Equa
tion 14 is a general equation describing agonism in terms of receptor occu
pancy theory. 

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: 

PAEA[R t ] 

PAEA[R t ]+ [3 
PBEA[R t ] 

PBEB[R t ]+[3 
(15) 

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

RELATIVE EFFICACY = EA =~ 
EB PA 

(16) 

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. 



Efficacy: Molecular Mechanisms and Operational Methods of Measurement 197 

Method of Stephenson 

A. 
100 

(!) 
(J) 
c 
o 
0.. 
(J) 
(!) a: 50 

x 
cu 
~ 

<f< 

0~~-~9=--~8--~-7--~-6--~-5 

Log [Agonist] 

B. 

15 
./ 

(J) 

o / 
~ 10 / 

~I~ 
- 5 • 

3 ./ 

1./ 
o 1 3 5 10 15 

J.- X 108 
[A2J 

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 (£/ £zKA1 )(1-( £2/ £1)), where £1 and £2 refer to 
the intrinsic efficacies of agonists 1 and 2, and KAI refers to the equilibrium dissocia
tion constant of the agonist-receptor complex for agonist 1. Even though KAI 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 sub maximal (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 
RUFFOLO 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.S. A Dose-response curves for some a-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 t3-haloalkylamines; NICKERSON and 
GUMP 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: 

[G tot ] = [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 = [G] + [RG] + [ARG] 

(18) 

which can be rewritten as: 

y[A]/KA +1 
(19) 

Under these circumstances, the relative response of two agonists (denoted ~) 
can be shown to be: 



Efficacy: Molecular Mechanisms and Operational Methods of Measurement 199 

~ _ (Yl[A]/K A + 1)(Y2[A]/KA + KG/[R]+ 1) 
- (Y2[A]/K A + l)(Yl[A]/K A + KG/[R]+ 1) (20) 

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

~_ (Yl[A]/K A +1) 
- (Y2[A]/K A + 1) 

(21) 

An inspection of Eq. 21 shows that, as [A]/ KA approaches infinity, the ratio of 
maximal responses equals YJirz, 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 i ) 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: 

[R tot ] = [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: 

(24) 

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

R = Y 
max y+KG/[G] (25) 

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

~_ Yl(Y2 +KG/[GD 
- Y2(YI + KG/[G]) 

(26) 

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., 
YJirz). 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 
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G protein is diminished ([G]~O). Under either of these circumstances, S 
reduces to Ylirz. 

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 KG/[G]). Pairing of the curves 
for the two agonists at different levels of KG/[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 (Ylirz = 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 S approach Ylirz as receptor coupling is diminished? This can be done by 
defining a metric, If/, as rz[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 Ylirz) 
is related to the observed maximal responses of the two agonists (s) by the 
following equation (derived from Eq.26): 

s- Yllrz(lf/+l) (27) 
- (Yllrz)lf/+l 

y= 100 y= 30 
100 100 
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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 is 100/30 = 3.3 
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Table 1. Strengths and weaknesses of methods of estimating agonist efficacy 

Method 
Furchgott 

Stephenson 
GTP-shift 
High-affinity selection 

Relative maximal 
response 

Advantages 
Simple 

Simple 
Theoretical rationale 
Theoretical rationale; 

robust 
Sensitive to low 

effi caci es; 
theoretical rationale 

GTP, guanosine triphosphate. 

Disadvantages 
Requires unbiased estimate of 

affinity; inaccurate at low 
efficacies 

Errors at comparable efficacies 
Some GTP-insensitive systems 
Requires radioactive agonist and 

antagonist; dependent on [R]/[G] 
Inability to compromise maximal 

response in some systems; errors 
at widely divergent efficacies 

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 A2 is given by: 

[A2 ] [A 2](E! -E2) KA2E! 
--= +--
[Ad KA2E2 KA!E2 

(28) 

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

[A2 ] _ KA2E! 

[Ad - KA!E2 
(29) 

The use of potency ratios to characterize agonist actlVlty 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.lOA-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 (f3 = 
0.01), as is system B (f3 = 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. llA). 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. llB). In essence, this is what occurs in agonist drug discovery pro
grams. Lead compounds are chosen on the basis of a single relative-potency 

A. 

High Efficacy 
Low Affinity 

Low Efficacy 

\~~"",,,Hi AIfi";~ 

B. Potency Spectrum In Vivo 

Fig.llA,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 a
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 
j3-adrenoceptor agonist prenalterol (EC50 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. UA,B. Differences in potency ratios with different receptor densities and/or 
coupling. A The relative potency of the a-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 therapeutically 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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Table 2. System-dependent and -independent properties of prenalterol as a [3-
adrenergic receptor agonist. Data from KENAKIN and BEEK (1980) 

Tissue Observed Maximal Affinity" Relative intrinsic 
potencya agonist (nm) efficacl 
(nm) responseb 

(%) 

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 1.4 40 46 0.0045 
Guinea pig left atrium 3.2 24 32 0.005 
Guinea pig EDL NAe 0 39.8 NAe 

ED L, extensor digitorum longus muscle; NA, not applicable. 
a Molar concentration producing 50% maximal response. 
bpraction of the maximal tissue response, as measured by the response to the full [3-
adrenoceptor agonist isoproterenol. 
cMolar concentration of prenalterol that occupies 50% of the receptor popUlation at 
equilibrium (a chemical term). 
ctThe 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. 
eSince 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 (3 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 (3-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 [3 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 f3-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) 

piing constant in the following calculations. The efficiency of receptor coupling 
is inversely proportional to the magnitude of the receptor coupling constant 
f3. 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 f3) 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 andlor 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 
f3, where agonism disappears. Thus, one agonist may be powerful and have a 
limiting value of f3 of 1000 (i.e., a high-efficacy agonist will produce agonism 
in even poorly coupled organs; response will be seen in all organs with f3 < 
1000) while a weaker agonist may have a limiting value of f3 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 13 < 10). This would be a smaller subset of organs, 
and this would be quantified by the ratio of limiting values of 13. 

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

Using Eq.14 for an arbitrary level of coupling efficiency (for this simulation, 
13 = 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 13 can be related to 
an EDso 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(f3); Fig. 15B]. Not surprisingly, the lower the value of f3 (i.e., 
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Fig. IS. 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 ED so concentration 
for therapeutic effect, the magnitudes of the secondary responses for different values 
of f3 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 (350' 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 (350 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 (350 values for different agonists can give a 
measure of the relative propensity of the agonists to produce side effects. Since 
the (3 value for the therapeutic effect will be constant for all of the agonists 
tested in the same system, the relative (350 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 (350 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 (350 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 (350 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 /350, 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 [3 
values) than secondary responses to agonist A. 

The relevance of the ratio of [350 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 [350 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 [350 values generalize to all systems (vide infra). 

II. Algorithm for Calculation of Relative /350 
Prerequisites for calculation of relative [350 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: 

(30) 

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

(31) 

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, ET refers to the efficacy of the agonist at the therapeu
tic receptor, [RT] is the receptor density in the tissue mediating the therapeu
tic response, and fJr the efficiency of coupling of the therapeutic receptor. 

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

RESPs = EsKT 
f3s (KT + Ks) + «(f3s / f3T )KsET) + EsKT) 

(32) 

which can be rewritten as an inverse sigmoidal curve of the form c[/( C2 + x): 

RESPs = EsKT 
f3S(KT + Ks + KsET/ f3T) + EsKT 

(33) 

The location parameter of the curve described by Eq.33 is defined as the 
f3so, 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[/( C2 + x), this is given as: 

f3 - EsKT 
50 - (KT + Ks + (KsET / f3T)) 

(34) 

which can be rewritten as: 

(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, (ETI fJr) » 1 and that 
KsET/fJr» KT• Thus, Eq.35 can be approximated by: 
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(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 (3), and this lower concentration will produce a corre
spondingly lower incidence of side effects. This is represented by a low value 
for [350, corresponding to a smaller subset of secondary organs able to respond 
to the agonist to produce side effects. 

Finally, the ratio of [350 values can eliminate the dependence on the cou
pling of the therapeutic organ(s); this eliminates the dependence on f3r. Thus, 
for agonists A and B, 

[350A ESAKTAETBKsB 

[350B ETBKsAEsBKTB 
(37) 

Experiments yield relative efficacies; thus, the relative efficacy for the ther
apeutic effect is defined as ETA/ETB and, for the secondary effects, is defined as 
ESA/EsB. Similarly, the relative affinities for the therapeutic and secondary 
effects (as equilibrium dissociation constants) are given as reI KT(AlB) = KTA/KTB 

and reI KS(A/B) = KSA/KsB , respectively. Under these circumstances, Eq.37 
reduces to: 

[3 reI ES(A/B) x reI KT(A/B) 
50(A/B) = 

reI ET(A/B) x reI KS(A/B) 
(38) 

where E refers to efficacy and K is the equilibrium dissociation constant for 
binding (the reciprocal of affinity). Thus, reI ET(A/B) and reI ES(A/B) refer to the 
relative efficacies of agonists A and B on the receptors mediating the thera
peutic and secondary receptors, respectively. Similarly, reI KT(AIB) and rel KS(A/B) 

refer to the relative affinities (binding pKi values) for the therapeutic and sec
ondary receptors, respectively. 

III. Application of the Algorithm to /33-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 A-adrenoceptors (therapeutic agonism is defined, in this 
case, as increased rate of metabolism), two potential secondary receptors 
mediating side effects (/h-adrenergic receptor activation leading to digital 
tremor) and [3l-adrenergic receptors (mediating tachycardia). From these 
data, side effect versus coupling constant profiles were calculated for /h
adrenoceptors (Fig. 17 A) and [3l-adrenoceptors (Fig. 17B) for two different 
coupling efficiencies of the therapeutic ([3radrenoceptor) response. These 
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Table 3. Relative affinities and efficacies for /3-
adrenoceptor-mediated effects 

Compound pKi (binding)" Relative E!' 

~-adrenoceptors' 
Isoproterenol 5.0 1.0 
BRL-37344 6.4 0.003 
CL-31643 4.6 0.D25 

~-adrenoceptorsd 
Isoproterenol 7.5 1.0 
BRL-37344 7.2 0.016 
CL-31643 5.3 0.03 

/31-adrenoceptorse 
Isoproterenol 6.9 1.0 
BRL-37344 5.S 0.015 
CL-31643 4.0 0.1 

a Logarithm of the equilibrium dissociation constant of 
the compound-receptor complex. This corresponds to 
the molar concentration of compound producing 50% 
maximal receptor occupancy. 
b 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 /3r 
adrenoceptor clone 6. 
d Chinese hamster ovary cell line expressing human ~
adrenoceptor clone 10. 
eChinese hamster ovary cell line expressing human /31-
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 /350 values 
can be obtained graphically from Figs.17 A and B or can be estimated with Eq. 
36; relative /350 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 /3:J-adrenoceptors than fh
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 fh-adrenoceptor-containing tissues. The data in Table 3 
also show that BRL-37344 and CL31643 have respective selectivity ratios of 
75 and 83 for /3radrenoceptors over /3radrenoceptors (compared with iso
proterenol). This, in turn, also suggests that BRL-37344 and CL31643 should 
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Fig. 17A,B. Side effect versus coupling constant profiles for .8-adrenoceptor 
agonists at various efficiencies of receptor coupling for the therapeutic effect. A Data 
calculated for .81-adrenoceptors (I, highly efficient signal processing of the therapeutic 
effect; II, low-efficiency coupling). B Data calculated for .Bz-adrenoceptor (I, highly effi
cient signal processing of the therapeutic response; II, low-efficiency coupling) 

Table 4. Relative .850 values for /3:J-adrenoceptor agonists 
relative to isoproterenol. Reciprocals are given so that rel
ative selectivity may be displayed as a multiple 

Compound 

.Bz-adrenergic receptors (digital tremor) 
CL-31643 
BRL-37344 
Isoproterenol 

.81 (tachycardia) 
CL-31643 
BRL-37344 
Isoproterenol 

11.850 

50 
11 
1 

83 
75 

1 

be much less likely than isoproterenol to produce tachycardia in a range of /31-
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. 



Efficacy: Molecular Mechanisms and Operational Methods of Measurement 215 

35). However, under these circumstances, some estimated values for fJr must 
be used to calculate the relative {3so. 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 GTP,s, 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 
{3radrenoceptor 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; IISMAA 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 (STOECKENIUS and BOGOMOLNI 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 (RODBELL 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 
(CLARK 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 (KOTYK 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 GILL 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 WOLFENDEN 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; ARIENS 
et al. 1964; RANG 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: [Rt] , Or, and E. [Rt] is the molar concentration of the total 
number of receptors. Of is the fractional occupancy (i.e. the ligand-bound frac
tion of the total receptor population), computed by the mass-action law: Of = 

K[H]/(K[H] + 1), where [H] is the concentration of free ligand and K is the 
equilibrium affinity constant. The term E, the intrinsic efficacy of the ligand, 
indicates the "unit stimulus" produced by each ligand-receptor complex. It is 
dimensionless (although FURCHGOTT himself suggests that its dimension is M-1) 

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 E) 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: r = f(5). 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 f is 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. Iffis strictly linear, 
as in the limiting case of ARIENS, relative efficacy (i.e. intrinsic activity in his 



A Look at Receptor Efficacy 223 

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; 
FURCHGOTT 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 a1.1996). 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 E = 0, full agonists when 
E = 1 and partial agonists when 0 < E < 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 (E "" 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 I(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 both 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 a1. 1990; HILF and lAKOBS 1992; MEWES et a1. 1993; ADIE 
and MILLIGAN 1994; TIBERI and CARON 1994; COHEN et a1. 1997; lIN et a1. 1997). 
This constitutive activity can be enhanced dramatically by engineered 
(KJESLBERG et a1. 1992; ROBINSON et a1. 1992; REN et a1. 1993; SPALDING et a1. 
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1995; CHO et al. 1996; PARENT et al. 1996; HJORTH et al. 1998) or spontaneous 
(PARMA et al. 1993; ROBBINS et al. 1993; SHENKER et al. 1993; RAO et al. 1994; 
SCHIPANI 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; 
LEFKOWITZ et al. 1993). 

The notion that receptors have ligand-independent activity extends the 
scale of efficacy for antagonists. Along with those with E= 0, we can have antag
onists with negative efficacy (E < 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 E 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 CLAPHAM 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 
(LEFKOWITZ and CARON 1986; HAUSDORFF et al. 1990; LOHSE 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 I(S) is the result of the inherent complexity of the signalling network, not 
of insufficient knowledge about its components. 

One 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 LEFF illustrates this situation (BLACK and LEFF 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 r 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 the interaction is 
specified. 
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D. Molecular Definitions of Efficacy 

I. A Molecular Link Between Affinity and Efficacy 

Can ligand efficacy be defined using molecular dimensions independently of 
the biological signalling network serving the receptor? The reason for seeking 
an answer to such a question is experimental evidence suggesting that affinity 
and efficacy are not independent at the molecular level. The idea of their inde
pendence comes from years of studies of the structure-activity relationships 
on congeneric analogues of receptor ligands. That work, taken collectively, 
indicates that affinity and efficacy can be manipulated independently upon 
modification of ligand structure. Thus, K and E are truly independent constants 
in receptor theory, except for the obvious condition that makes the second 
impossible in the absence of the first. 

However, a different view emerges from biochemical investigations of 
agonist binding to G protein-coupled receptors. Two essential facts sum up a 
large number of diverse experimental observations: (1) the apparent affinity 
of agonists is diminished between one and two orders of magnitude by pre
venting the interaction of the receptor with the G protein and (2) the extent 
of such diminution is related to the magnitude of ligand efficacy (DE LEAN et 
al. 1980). The fundamental implication of this phenomenon is that a compo
nent of the free-energy change of agonist binding is somehow created by the 
molecular perturbation that the ligand induces when triggering a signal from 
the receptor. Therefore, efficacy can, in principle, be sought within the same 
interface of interaction that gives rise to affinity and, like affinity, efficacy can 
be expressed in physico-chemical terms. 

II. Allosteric Equilibrium, Free-Energy Coupling, and 
Thermodynamic Definitions of Efficacy 

A very general approach to analysis of how the binding of ligands modifies 
the function of proteins is the concept of allosteric equilibrium (WYMAN 1967; 
GILL et al. 1985; WYMAN and GILL 1990). The core idea is that a protein can 
be thought of as existing in equilibrium among several tautomeric conforma
tions, each of which corresponds to a different biologically functional state 
(DEL CASTILLO and KATZ 1957). If the protein has one (or more) ligand
binding site(s), the introduction of the ligand to the system will shift the tau
tomeric equilibrium towards the conformation(s) having the highest affinity 
for that ligand and, consequently, will turn the average activity of the protein 
into one primarily determined by that favoured conformation(s) (MONOD 
et al. 1963, 1965). 

A simple example illustrates how the allosteric idea leads to a definition 
of efficacy. Let us imagine an ion-channel-receptor existing roughly in two 
functionally distinct states: closed (non conducting, R) and open (conducting, 
R*; NEHER and SAKMANN 1976; HAMILL et al. 1981). In the absence of any 
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ligand, the equilibrium between Rand R* is given by J = [R*]J[R], which can 
be interpreted either as the ratio of the number of channels in the two states 
(for an ensemble of channels) or the ratio of average fractional times the 
channel spends in each state (for a single channel; COLQUHOUN and HAWKES 
1983). In the presence of the ligand H, the equilibrium becomes Scheme 1, 
where K is the affinity of formation of ligand-receptor complex for the 
"closed" state, and 13 is the measure of the change in relative abundance of R * 
induced by the bound ligand or, equivalently, the degree of selectivity of the 
ligand for the two channel states. Thus, 13 directly gauges the ligand's power to 
change the activity of the channel protein. For 13 > 1, the binding of the ligand 
shifts the equilibrium toward the active state (J versus f3J) or, equally, the 
ligand binds to the active state better than it does to the inactive one (K versus 
13K). The opposite happens for 13 < 1, while 13 = 1 means that the ligand does 
not perturb channel activity at all. 

R-J-R* 
I I 

f If 
HR-,BJ-HR* 

Let us assume that the measured biological function is the mean current 
carried by the population of channels in the cell (Fig. 1a). The functional 
change imparted by ligand binding (expressed as the increase in mean con
ductance) is f3(J + l)/(f3J + 1) (Fig. 1b). The dependence of this quantity on 13 
(Fig. 1 b) has a plateau given by (1 + Jt1, i.e. the inverse of the fraction of chan
nels existing in open state before the introduction of ligand. The smaller J is 
(smaller basal activity), the larger the maximum possible change in conduc
tance that can be induced by a ligand, which implies that there is an upper 
limit for production of a unit stimulus in a single channel by a ligand. 

The parallelism between 13 and the efficacy defined by classical theory (f) 
is obvious. Necessarily, 13 greater than, equal to or less than one implies f 

greater than, equal to or less than zero, respectively, and classifies ligands as 
agonists, neutral or negative antagonists, respectively. Unlike f, however, 13 has 
both physical meaning and energy units. It is the standard free energy of the 
coupling between the first-order transition in the protein (R--7R*) and the 
second-order ligand-binding process (H + R--7HR). While, in receptor theory, 
affinity is independent of efficacy, in the allosteric model, they are linked 
(COLQUHOUN 1987). In fact, the measurable binding affinity, given by Kobs = 

K(f3J + 1)/(1 + 1), includes both efficacy and the equilibrium of the channel 
among its possible states. The pure second-order constant K can only be 
calculated if J and 13 are known but never directly observed (except if we 
conceptually "freeze" the R--7R * interconversion prior to or during ligand 
saturation - an interesting exercise, perhaps, but unquestionably useless). 

Let us now examine a different kind of receptor, one for which function 
can be described by an additional ligand-binding process - for example, a 
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Fig.IA,B. An ion-channel example illustrates allosteric equilibrium. A Computer-sim
ulated sample recording of a single channel in free (upper trace) or ligand-bound forms 
(lower trace). In either form, the channel randomly shuttles between a conducting (R * 
or HR*) and non-conducting (R or HR) state. The ionic current carried by the open 
state (equivalent to its unit conductance, u,c,) is assumed constant and independent of 
the state of ligation of the molecule, However, in free form, the channel spends equal 
average times in the two states [fractional open time (f.o,t.) is 0.5] while, in ligated form, 
the open state is visited more frequently (f.o.t. = 0.91). Thus, the mean conductance (i,e. 
f.o.t. x u.c.) differs between the free and bound forms. According to the allosteric 
model, the equilibrium between open and closed states in unligated form ([R*]/[R] = 
0.5/0.5) is J = 1, and, in ligated form ([HR *]/[HR] = 0.9110.09), becomes f3J",10. Thus, 
13 '" 10 is the efficacy (unit stimulus) of the ligand. B Ligand-induced change in bio
logical activity as a function of 10g(f3) with J = 0.5. Biological activity (i.e. the change 
in mean conductance upon ligand binding) is measured as the ratio of f.o.t. in bound 
versus free forms (y-axis). According to the allosteric equilibrium of Scheme 1, it is 
given as [HR*]([R*] + [R])/[R*]([HR*] + [HR]) = (J + l)/(f3J + 1). The shaded 
rectangles show the regions where 13 lowers (left) or enhances (right) the biological 
activity of the channel. They correspond to regions of negative and positive efficacies, 
respectively. At the junction is null efficacy, equivalent to 13 = 1 (i.e. no change in channel 
conductance upon ligation). To translate from the single-channel situation shown here 
to an ensemble of channels, fractional times can be replaced with the fractional number 
of channels existing in the two possible states at any given instance 
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member of the G protein-coupled family, where biological effect depends on 
the interaction of the G protein transducer at a binding site different from that 
of the ligand. We may imagine that this receptor is in equilibrium among 
various isomeric forms R, R*, R**, and so forth. Each of the two ligands H 
and G would induce or stabilise a particular receptor state - R * when H is 
bound, and R ** when G is bound. What state would be predominant when 
both Hand G are bound? No matter how many pre-existing states we postu
late in the conformational space of the free receptor, it is clear that the state 
of the ternary complexed receptor must be neither entirely different nor 
exactly identical to those bound to either G or H. 

We encounter here the major limitation of the allosteric metaphor: the 
idea that a protein can be described by a restricted number - however large 
- of equilibrium conformations. This assumption cannot account for the quasi
continuous nature of the state transitions generated by the stochastic motion 
of the macromolecule. 

To solve this problem, WEBER introduced the concept of free-energy trans
fer between simultaneous binding processes on distinct sites of a protein 
(WEBER 1972,1973,1992). Accordingly, the interactions of H, G and R can be 
depicted using the equilibrium Scheme 2, where K and M are the uncondi
tional affinities for the formation of ligand-receptor and G protein-receptor 
complexes, respectively, and a represents the reciprocal effect that ligand and 
G protein impart on the binding of each other when they are simultaneously 
bound into a ternary complex. It measures the standard free energy trans
ferred from the binding of ligand to the binding of G protein (or vice versa). 

R-K-HR 
I I 

M aM 
II 

RG-aJ(-HRG 

In the allosteric model discussed before (Scheme 1), the change in the 
functional state of the receptor is addressed explicitly by drawing an equilib
rium between two postulated conformations having pre-existing activities. 
Here (Scheme 2), the change is assumed implicitly with the statement that the 
association of each of the two ligands (H and G) to their binding sites may be 
different depending on whether the second ligand is bound or not bound to 
the receptor (K versus aK and M versus aM). The equivalence between ligand 
efficacy and a is also obvious. a greater than, equal to or less than one implies 
that the ligand enhances, leaves unchanged or reduces the tendency of R to 
bind G, respectively; thus, it has positive, null or negative efficacy, respectively. 

Also, in this case, ligand affinity (Kobs = K(l + aM[GD/(l + M[G])) is a 
composite parameter and includes efficacy, M and [0]. Unlike K in Scheme 1, 
however, "pure" K here can be measured directly in the absence of G. Effi
cacy defined by a depends on H, Rand G. It is trivial to extend Scheme 2 to 
describe the interaction of R with 0 1, O2, ••• On, which yields a), a2, ... lxn. 
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This means that a given ligand H interacting with the same receptor R will 
have different efficacies when R binds to different types of G protein 
(KENAKIN 1988, 1995a, 1995b). Indirect experimental evidence for this theo
retical prediction are available (SPENGLER et a1. 1993; GURWITZ et a1. 1994; 
ROBB et a1. 1994; PEREZ et a1. 1996; RIITANO et a1. 1997). 

As suggested by the similarity of Schemes 1 and 2, [3 and a have identical 
thermodynamic meaning: the conservation of free energy for mUltiple pertur
bations applied to the same protein. Therefore, they lead to a unique defini
tion of efficacy based on fundamental principles and, thus, valid for any protein 
regardless of differences in function, detail and experimental background. 
However, the two approaches give rise to a potentially large series of appar
ently different models of receptor action (a small sample of which is compared 
in Table 1). The reason is that the property "biological function" appears as an 
intrinsic property in the receptor in the first case (R~R*) and an extrinsic one 
in the second (R+G~RG). In reality, biological function, by definition, is not 
part of any of the two formulations. It is merely an attribution that we make 
in their interpretation. 

III. Linkage Between Macroscopic Perturbations in the Receptor 

The constants [3 and a are two equivalent ways to assert the existence of a 
macroscopic linkage between standard free-energy changes concurrently 
taking place on the same macromolecule. For instance, if we could experi
mentally alter the equilibrium J (Scheme 1), we would find a correlated change 
in the apparent affinity of the ligand H, the extent and direction of which is 
given by the value of [3. Similarly, changes in M in the presence of G 
(Scheme 2) will produce correlated variations in ligand affinity, dictated by the 
value of a. 

The term "macroscopic linkage" here has a dual meaning. First, it declares 
the level of theoretical formulation. What a or [3 really intend to express are 
the microscopic changes occurring within the intramolecular interactions 
of the individual receptor. However, thermodynamics, by definition, can only 
formulate those changes macroscopically as the linkage they impose on the 
interaction of the receptor with the reacting partners of the macroscopic 
system in which they are all enclosed (WYMAN and ALLEN 1951; WYMAN 1967, 
1984). The second meaning of "macroscopic linkage" is a condition of valid
ity. The exactness of the linkage holds only for macroscopic observables, i.e. 
for measurements that can be considered the result of time- or ensemble-aver
aged properties of receptor molecules (DENBIGH 1968). 

To illustrate this point, the ion-channel example used before is still a very 
useful aid. Let us assume that the channel of Fig. 1 emits a spectroscopic signal 
strictly proportional to the number of molecules in the open state. If we mea
sured how that is modified at saturating concentrations of several ligands, we 
would find good agreement between ligand-induced spectral changes and 
modification of conductance and would also obtain similar values of [3. At com-
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parable levels of macroscopicity, in other words, physical and functional deter
minations appear to be well linked and lead to a singular value of ligand 
efficacy. 

However, let us now imagine that, at some stage of the study, the resolv
ing power of our experiments improves dramatically. Detailed analysis of 
single-channel statistics reveals the existence of a large number of discrete 
states that are physically distinct, perhaps, but functionally very similar 
(several closed and open states with diverging time statistics but comparable 
conductances, for example). Also, suppose that time-resolved half-life distrib
utions of the spectral signal lead us to discover that every ligand can induce a 
different pattern of many distinguishable physical states on binding. We now 
face two problems. First, we can no longer match physical and functional states 
with a simple correlation. Second, we cannot unequivocally quantify efficacy 
as the "conformational consequence" of ligand binding, because every ligand 
appears to perturb the state composition of the receptor regardless of its 
activity on the channel. In Fig. 2, we show a very schematic example of the 
disparity between ligand-induced physical states and macroscopic functional 
forms of the receptor. 

IV. Functional and Physical States in Proteins 

If proteins could be equated to conventional solids, there would be straight
forward correspondence between a well-defined biological function and a 
given conformation of the atomic structure of the receptor. Efficacy would be 
unambiguously identified and measured by the conformational displacement 
that the agonist-bound receptor undergoes with respect to the empty form. 
However, proteins posses all the characteristics of what is known in physics as 
a complex system (FRAUEN FELDER 1995). The energy of a protein as a function 
of its conformational coordinates draws a rugged hypersurface. Any cross
section through this surface traces an "energy landscape" where distributed 
minima indicate that a macromolecule in a given conformation can exist in a 
large number of slightly different substates. States and substates are organised 
in a branched hierarchical arrangement whose knottiness is progressively 
unveiled as the energy level decreases (FRAuENFELDER et al. 1988, 1991; 
BRYNGELSON et al. 1995). This means that each receptor state that we may 
infer from a macroscopically observed biological function or measure from an 
averaging physical determination, such as X-ray crystallography or nuclear 
magnetic resonance, corresponds to a large number of conformationally 
similar substates of approximately equal energy. Different substates may 
perform the same function with different kinetics, perhaps, or may even be 
totally inactive. This "graininess" of protein conformations implies that any 
functional state must always be considered as a macroscopic or heterogeneous 
entity according to some more resolving physical criterion. In essence, we may 
say that there is a stochastic relationship between functional and physical 
states in proteins. 
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Fig_2_ Schematic representation of the relationship between functional and physical 
states in a receptor. A putative receptor that carries a recordable biological activity 
exists in 13 physically distinct, interconvertible microstates (as in the reaction scheme 
of Fig. 3). Some substates (6-12) contribute to function, others (0-5) do not. From bio
logical observation, the unbound form of the receptor (upper panel) appears to be in 
equilibrium between two "functional" conformations (R and R*), within which the 
"hidden" microstates are grouped according to their biological activity. The arbitrary 
fractional abundance of physical states is shown on the left-hand histograms and is 
accumulated in the plot of the functional forms on the right-hand side. Two effects of 
ligand binding are envisioned (lower panels). In case 1, the ligand changes the stabil
ity of all microstates, but the relative abundance between the active and inactive groups 
of states is not changed. Therefore, there is no visible effect on the two macroscopic 
functional forms (left-hand panel), and the ligand is inactive (antagonism). Conversely, 
in case 2, the stabilities of all microstates are affected so that the relative abundances 
of the active states are enhanced. The result is a ligand-induced shift of the macroscopic 
equilibrium towards the R* form (right-hand panel; agonism). Thus, both ligands are 
"conformationally active", but only the agonist (ligand 2) is biologically active 
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v. Microscopic Interpretation of Allosteric Equilibrium 

The microscopic nature of efficacy becomes explicit if we define allosteric 
equilibrium microscopically over the entire conformational space of the recep
tor (ONARAN and COSTA 1997). Let us define the receptor as existing in equi
librium among all its possible conformational states. By "possible states" we 
mean all those that can be predicted from the primary sequence of the protein, 
regardless of the actual energy level. For example, given that each residue in 
a protein can assume, on average, two to three conformations of approximately 
equal energy, a typical G protein-coupled receptor of 450 amino acids has a 
total number of possible states of (2_3)450~3.3 x 10135. This is equivalent to an 
approximately continuous scale of interconvertible states. Each transition 
from state (i-I) to i (i > 0) is given by a corresponding stability constant. 
Microscopic reversibility (DENBIGH 1951) lets us relate all the transitions to an 
arbitrarily chosen state so, i.e. ji = [sJ/[ so] (Fig. 3). Thus, the mass conservation 
of a receptor existing in n possible receptor states is given by: 

[Rt] = [sol( 1 + t ji ) 

If the receptor is bound to a ligand H, the stabilities of the entire set of 
receptor states are potentially altered. Depending on the chemical character
istics of the ligand, some states will become more and some less stable, and 
others will not be affected. Thus, the state transitions in the bound receptor 
can be given as bji = [siH]/[ soH], where bi is a numerical multiplier of ji; it tells 
how the stability of state i is altered when that ligand is bound. The macro
scopic equilibrium affinity of the ligand is: 

" (1+ ~>jl L. [bound states] i=l I I) 
K_cro = [H1Lrfrcc statesl = k, (1 + ~h 1 (1) 

where ko = [Hso]/([H][soD and represents the second-order association con
stant that we would measure if all receptors were simultaneously "immo
bilised" in that single reference state so. This equation asserts that the Gibbs 
free-energy change for the association of every ligand to a macromolecule 
should always be regarded as the result of two contributions. One is the change 
due to the intermolecular association between the reactants (the "virtual" con
stant ko). The other is the displacement of intramolecular energy that the 
protein endures in the bound state (the fractional term of Eq. 1). Therefore, 
every ligand is expected to perturb the receptor conformation regardless of 
the biological effect. Where, then, is the microscopic equivalent of efficacy? 

We can define the collection of biologically active states of the receptor 
as a subset drawn within the universal set of all its possible states. No physi
cal criterion can identify such a subset, because a precise physical attribution 
would require that each active microstate be studied in isolation. We may call 
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R s 

HR 
H 

Fig. 3. Allosteric equilibria among microscopic states of the receptor (R). The recep
tor is schematically shown as consisting of 13 microscopic states (s, indexed from 0 to 
12) in equilibrium with each other. The upper and lower layers represent the free and 
ligand-bound forms of the protein, respectively. All possible paths of state transitions 
within layers (first-order constants) and between layers (second-order constants) are 
drawn as thin dotted lines. The transitions that are sufficient to fully describe the entire 
system in thermodynamic equilibrium are shown as thick solid lines. Within layers, they 
connect the arbitrarily chosen reference state So (or Hso in the ligand-bound form) to 
all the others. The corresponding parameters are jj for the free layer, and bJj for the 
bound layer (i = 1-12). Between layers, a single transition (governed by the virtual affin
ity ko) is enough to connect the two receptor forms. The parameters of such transitions 
collectively define the macroscopic affinity, Kmacro, describing the formation of the HR 
complex as explained in the text 

this the "informational" set I, for its existence can only be guessed from the 
signalling activity of the receptor. Let us also consider physically "predomi
nant" subsets of states that may appear in either the free or bound form 
of the receptor. A predominant subset P encloses all states whose stability 
exceeds a conveniently chosen critical value (all substates in a given energy 
minimum). Obviously, there will be a different P for each type of ligand that 
can bind to the receptor. We can now define ligand efficacy with a series of 
Boolean rules that specify the degree of intersection between the subset I and 
all possible subsets P in the conformational space (Fig. 4). The intersection is 
small in the empty receptor and determines the extent of constitutive recep
tor activity. If a full agonist is bound, the intersection is maximal, so I is a 
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u 

Fig.4. Venn diagram of ligand efficacy, according to the microscopic allosteric model. 
The conformational space of all possible states of the receptor is represented as the 
universal set, U. The subset I contains biologically relevant states. Physically favoured 
subsets P of states (see text) are traced either for the unbound form (subscript E), or 
for the forms bound to G protein (G), full agonist (FA), partial agonist (PA) or antag
onist (T), respectively. The intersection between I and all the others defines microscopic 
efficacy 

proper subset of P (including the "perfect" and unlikely case of I = P). Inter
sections anywhere between the previous two extremes identify partial ago
nists, while antagonists are defined by an intersection equal to or smaller than 
that in the empty receptor or by the case where I and P are disjoint sets. 

The relevant implication of this microscopic definition of efficacy is that 
even the most sophisticated tool of comparison of the structures of the bound 
or empty form of the receptor cannot warrant positive identification of the 
biologically relevant conformation. For example, it is often thought that an 
analysis of the difference in X-ray-resolved average structures of the receptor 
crystalised in either full-agonist or antagonist-bound forms would lead to iden
tification of the biologically active configuration. However, the identification 
of active states among all those that are not shared between the two ligand
bound conformations may still be a virtually unsolvable problem. The more 
ligands we include in the study, the greater the chance that the biologically rel
evant states may be identified, but that still depends on largely serendipitous 
factors, such as choice of available ligands, their chemical properties and the 
range of their efficacies. 

G protein-coupled receptors, however, constitute a special case. Here, the 
predominant set of the G protein-bound receptor (PG in Fig. 4) provides a 
"physical domain" where biological states must be present. Therefore, the 
examination of the similarities in state composition between the agonist-
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bound and G protein-bound receptor forms may be far more efficient than 
the analysis of the differences between agonist- and antagonist-bound recep
tors. A conceptually related strategy is the study of the conformations of recep
tors constitutively activated by mutagenesis. Since it is reasonable to assume 
that such mutations make the receptor active in a way similar to agonist 
binding, the predominant states of constitutively active receptors must include 
the active states, which allows one to search them even in the absence of 
precise information about the ligand-bound receptor forms. The usefulness of 
this strategy has been documented by a combination of molecular-dynamics 
simulations and site-directed mutagenesis (SCHEER et al. 1996, 1997; SHEER and 
COTECCHIA 1997). 

E. A Stochastic Model of Molecular Efficacy 

I. Protein Motion and Fluctuations in Its Conformational Space 

Allosteric states - even if microscopic - lead to a fundamentally static view of 
protein conformation. However, protein function depends on both structure 
and dynamics (BROOKS et al. 1987), and the second is conceivably much more 
important than the first. In a folded protein, the sharp inequality in the distri
bution of forces (strong covalent bonds along the backbone versus much 
weaker bonds across all residues) is not fixed but fluctuates as weak interac
tions are constantly broken and formed by thermal oscillations (KARPLUS and 
PETSKO 1990; GERSTEIN et al. 1994; HALTIA and FREIRE 1995). This generates 
large-scale, plastic conformational movements that seamlessly coexist with 
the vibrational motions of all the atoms (AMADEI et a1. 1993). Through such 
complex dynamics, each macromolecule at room temperature stochastically 
explores its energy landscape. Small energy fluctuations around the equilib
rium promote transitions among all substates in a local minimum. Larger, less 
frequent perturbations may allow jumps over energy barriers and movement 
towards other minima of the hypersurface. As a consequence, certain states 
and substates will emerge more frequently than others, depending on the 
intrinsic nature of the energy landscape and the interactions of the receptor 
with its external partners. Functions may be the intrinsic properties of clusters 
of substates that are visited more or less often but, just as likely, they may be 
the collective results of the way the protein moves across its landscape 
(KARPLUS and PETSKO 1990). Thus, the internal equilibrium of the protein 
should be regarded as a probability distribution of occurrences whose domain 
is the entire conformational space of the macromolecule, rather than as a 
collection of states given by a fixed matrix of stability constants. 

II. Probability Distribution of Microscopic States and Derivation of 
Macroscopic Constants 

Let us consider again the space of all theoretically possible states of a protein 
and assume that each member (Si) of this space is visited by the protein with 
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n 

a certain probability (Pi) in the unit time. Then L,[Pi] = 1 for the entire con-

formational space. In thermodynamic equilibrium, each Pi is expected to be 
time-independent, and their collection (P) defines a time-independent proba
bility distribution over the entire conformational space of the receptor protein 
(R). In an ensemble of such receptors, these probabilities can be seen as the 
relative abundance of microstates (TOLMAN 1938; HILL 1956): Pi = [si]/[R] 
(where brackets reads as the number or concentration of the corresponding 

n 

species). It follows that: LJ sd = [R]. Given the probability distribution p, we 
i=O 

can further define a set of constants (ji) that govern the transitions between 
an arbitrary reference state (so) and all the others (Si' i -::j:. O):ji = [Si]/[SO] = p/Po, 
with jo = 1. Since j also serves as a definition of free-energy difference between 
any state Si and so, then ji = e-6.GjOIkT. The sum of ji over states for the empty 
receptor is 

n 

Q = 1 + ~)[= (Pofl
] (2) 

i~1 

and represents, in a loose sense, a conditional partition function for the empty 
receptor, because it yields the standard result of Pi = e-6.GjOIkT/Q. 

Since the binding of a ligand X can be expected to change the frequency 
of appearance of microstates in the macromolecule, the probability distri
bution of the X-bound receptor over the conformational space is given by: 
xPi = [Xsi]/[XR] and Xji = [XsaWso] = xP/'Po, (with Xjo = 1), where left-hand 
superscripts indicate the presence of bound ligand. By defining the effect that 
ligand binding imparts on the equilibrium between So and Si with xbi = xjJji' the 
conditional partition function of the ligand-bound receptor is: 

n 

Q x = 1+ I, xbdi 
i~1 

or 
n 

Q x = l+QI, xbiPi (3) 
i~1 

For a second ligand Y, we likewise have: 
n 

Q =l+Q'"Yb·p· y L...J I I (4) 

If both X and Y can be simultaneously bound, 
n 

Qxy = 1 + Q L xbYbiPi (5) 
i~1 

Thus, the macroscopic free-energy coupling (a in Scheme 2) between the 
binding of X and Y is microscopically defined as follows: 

a = (QQxy) x (QxQy t (6) 
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provided that the reference microstate (so) is the same for all partition func
tions (Eq. 2-5). 

The virtual microscopic affinity, ko, for the formation of the ligand-so 
complex is xko = [Xso]/([X][so]) and Yko = [Yso]/([Y] [so]), for ligands 
X and Y, respectively. Thus, the macroscopic affinities for the two ligands 
(Kx and Ky), that govern the macroscopic-binding equilibria, X + RHXR and 
Y + RH YR, are defined as: 

(7) 

Equation 7 is the probabilistic equivalent of the macroscopic affinity 
derived before (Eq. 1) and shows again the separate contributions of protein 
motion (the terms Qx/Q and Q/Q) and intermolecular forces ('ko and Yko) to 
a macroscopic ligand-binding process. We can interpret ko as related to the 
sum of interaction energies between ligand and receptor (i.e. what might be 
computed from an average structural model of their complex, which does, in 
fact, constitute a "motionless" reference state of the receptor). It is evident 
from Eq. 7 that a mutation in the receptor may change the macroscopic affin
ity through either ko or Q. Therefore, a map of the ligand "docking site" 
inferred from the effect of mutations on binding affinity cannot possibly coin
cide with that deduced from an X-ray structure, because the contribution of 
molecular motion will influence the first far more than the second. 
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Fig. 5. Relationship between the probability of emergence of function and the macro
scopic active conformation R * of the receptor. The figure is a schematic representation 
of the logical process that generates macroscopic conformations from the probability 
distributions of microstates. The conformational space of the receptor is schematically 
shown as a unidimensional axis. The state distributions over the conformational space 
in the empty (dotted) or G protein-bound (shaded) receptor forms are drawn as bell
shaped lines. On top, the same conformational space is re-drawn as a gray-scaled string 
(where density is proportional to the probability level) and represents the projection 
of this space onto the macroscopic observation of biological response. Here, the G 
protein-bound distribution (dark smearing band) shows as a functional target for 
agonism (the functional form). The receptor is seen as a bipartite macroscopic entity 
switching between active (R *) and inactive (R) forms 
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III. Probabilistic Interpretation of Ligand Efficacy 

The model presented above provides a general microscopic formulation from 
which all macroscopic definitions of efficacy (f3 and a in Scheme 1 and 2) can 
be derived. In the case of a G protein-coupled receptor, the subset of states 
that have a relatively high probability of occurrence when the receptor is in 
the G protein-bound form identifies the target of biological relevance. Macro
scopically, this is equivalent to generating a partition in the receptor universe 
between an active form (R*), which localises the probability of emergence of 
function, and an inactive form (R), which is the rest (Fig. 5). Efficacy depends 
on how ligand-induced distributions of states intersect the biological target 
distribution (Fig. 6 for a schematic example). 

£ 
:.0 
ctl 
.0 

2 
0... 

1 

,----,-- R* 

Ligand 1 Bound 

Conformational Axis 

Fig.6. Ligand-induced perturbations of the state distribution of the receptor and effi
cacy. The topmost panel shows schematic state distributions over the conformational 
space of a receptor in empty (1) or G protein-bound (2) form. The conformational 
space is drawn over a single dimension, as in Fig. 5. The next three panels show three 
possible state distributions on the same conformational axis for the receptor bound to 
three different ligands. The virtual subspace (R*) defined by the distribution of G 
protein-bound receptor is framed, and the intersecting areas of the ligand-induced dis
tributions are shaded. The calculated ex values of the three ligands (Eq. 6 in the text) 
range between 98 and 102. The shapes of the distributions are arbitrarily chosen for 
demonstration purposes. Note that the three ligands induce different physical distor
tions of the conformational space but result in equal efficacies 
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To illustrate the relationship between ligand efficacy and physical pertur
bation, we provide an example based on computer simulations of a simplified 
conformational space (Fig. 7). We assume a receptor consisting of 100 mi
crostates (arbitrarily indexed as 0-99 on one dimension), the distribution of 
which (in the empty form) is exponential in state number (Fig. 7a). For the G 
protein-bound receptor, we set a bell-shaped distribution over the same con
formational axis (a Gaussian in state number, with the expected value located 
at state index 25). We next assume a panel of ligands (consisting of 56 
members) defined as follows. Each ligand, when bound to the receptor, results 
in a bell-shaped distribution having a different expected value on the confor
mational axis. This value is placed at state number 5 for the first ligand, and it 
is gradually shifted rightwards for succeeding ligands (i.e. 6 for the second, 7 
for the third and so forth). The variances of the distributions are set identical 
for all 56 ligands (Fig. 7a). From all distributions, the macroscopic efficacies a 
of each ligand are computed using Eqs. 1-5. The relationship between these 
numerical values [loge a)] and the intersections among the probability distri
butions of microstates is shown in Fig. 7b. 

It is evident from this simulation that efficacy cannot be related to the 
extent of physical perturbation that ligands produce in the receptor. As shown 
in the example (Fig. 7a), pairs of ligands producing vastly different "distor
tions" of the distributions of states of the empty receptor (zone 1 and zone 2 
in Fig. 7b) result in perfectly identical extents (or lacks) of macroscopic effi
cacy. This means that the same level of efficacy can be produced by an endless 
number of diverse possible modes of receptor perturbation. This number, 
however, becomes progressively smaller as the ligand approaches full agonism 
(ligand 1 in Fig. 7b), because there are fewer ways to match the G protein-

Fig.7A,B. Numerical simulation of the conformational space of a receptor bound to 
ligands of varying efficacies. A A mono dimensional conformational space of 100 ele
ments (as numbered in the x-axis) is defined as explained in the text. r, RG, and HR 
are the conditional distributions of microstates for empty, G protein-bound and ligand
bound receptors, respectively, over the same conformational axis. The probabilities of 
states are given in the ordinates. The exponential (empty receptor) and Gaussian dis
tributions (G protein- or ligand-bound receptor) with equal variances and different 
means were chosen arbitrarily for simulation purposes. Probability values less than 10-10 

were not allowed, so all distributions become uniform when the probability falls below 
that value. For clarity, of the distributions for the 56 ligands (assigned as explained in 
the text), only the first and the last are shown. B Upper panel: log( a) values for dif
ferent ligands are calculated (Eq. 6) from the distributions in A and are plotted against 
the positions of the mean values of the corresponding Gaussians on the conformational 
axis. Five ligands further illustrated in the lower panel (the negative antagonists 1 and 
5, the neutral antagonists 2 and 4, the full agonist 3) are marked. Ligands are divided 
into two zones, as indicated on the picture. Lower panel: the state distributions of the 
bound receptor (HR, black, filled Gaussians) related with the five ligands marked in 
the upper panel, are compared with those of empty (R exponential) and G protein
bound (RG gray-shaded Gaussians) receptor, respectively. Note that, in this particular 
simulation, full agonism [maximum log( a) value with the ligand labelled 3) 1 results 
from a perfect match between G protein- and ligand-bound receptor distributions 
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target perturbation than to miss it. This also explains why, at the macroscopic 
level, there is an upper limit to the range of efficacy (Fig. 1). 

IV. Relationship Between Physical States and Biological Function 

There are two fundamental differences of interpretation between the proba
bilistic model described here and the general microscopic definition of 
allosteric equilibria given in the previous section. 

1. In the microscopic allosteric model, we are forced to view biological activ
ity as a static property present in a hidden set of microstates (the informa
tional set). This implies that we conceptually decompose function into 
microscopic quanta like the protein itself so that each microstate either is 
or is not microscopically active. In the probabilistic model, ligand activity 
can only be defined as the probability of occurrence of all the microstates 
of the receptor among concurrent perturbations. This intersection emerges 
and gains functional meaning en route from the microscopic to the macro
scopic level. Therefore, function is seen as a collective property that results 
from the microscopic elements of the receptors and their motions but 
cannot be individually attributed to any of them. 

2. Consequently, the problem of relating receptor physics to function is dif
ferently formulated in the two models. In the allosteric model, it is the trivial 
question of how individually active or inactive microstates are embodied 
in physically identified clusters. In the stochastic model, receptor function 
and physics move along opposite vectors. The first is evanescent or blurred 
microscopically but sharpens at the macroscopic level, and vice versa for 
the second. They may overlap, depending on the reference frame of obser
vation, but do not converge. 

This has crucial implications for the interpretation of the results of receptor
engineering studies. A single residue replacement in a receptor is a micro
scopic change within the space of the macromolecule. However, since proteins 
are complex systems, the perturbation that such change generates may either 
remain microscopic or have vast repercussions at the macroscopic level. To 
understand the results of mutations, the stochastic nature of the conforma
tional space in which they are created cannot be overlooked. Here, by exam
ining two experimental examples, we show that the stochastic model discussed 
above can be of help. 

V. Relationship Between Efficacy and Fluorescence Changes in 
f3z.-Adrenoceptors 

For the rationale and experimental strategies of this elegant study, we refer to 
the original paper (GETHER et al. 1995). Only the essence of the results will be 
discussed here. Purified f3:,-adrenoceptors were covalently labeled on cysteines 
with the environment-sensitive ftuorophore 4-[(iodoacetoxy)ethylmethy-



A Look at Receptor Efficacy 245 

lamino]-7-nitro-2,1,3-benzoxadiazole (IANBD). Ligand-induced changes of 
fluorescence were determined at saturating concentrations of a panel of ligands 
with a wide range of efficacy. As shown in a replot of the data (Fig. 8b, left), ago
nists and antagonists produced opposite shifts in fluorescence, the magnitude 
of which was correlated to their intrinsic activity on adenyl ate cyclase. 
Although not obvious from the overall outstanding correlation between fluo
rescence and efficacy (Fig. 8b, left), these data reveal a systematic departure 
from the predictions of a two-state macroscopic, allosteric model. 

To show why, we need to define how the change in fluorescence can be 
predicted from the model. We assume that the inactive (R) and the active (R*) 
receptor conformations have two different arbitrary weights (Wl and W2) on 
the observed total fluorescence. We thus define fluorescence per mole of recep
tor (Rtotal), in the absence (Of) or presence of saturating concentrations of 
ligand (hf) as follows: 

of = (Wl [R ]+w2[R *])/Rtotal; hf = (wl[HR]+w2[HR *])/Rtotal (8) 

The ligand-induced shift in fluorescence is M = hf-of and can be derived 
by combining Eq. 8 and the mass-conservation relationships for the equilib
rium given in Scheme 1 (Sect. D.I1): 

M = FL'lw(fJ -1) (9) 

where L'lw = W2-Wl, and F is the positive-valued function F(J,fJ) = J/[(l + J) 
(1 + fiT)]. Since ligands shift fluorescence (Fig. 8a, left), W2 and Wl must be 
different. If we choose W2 < W1, then M < 0 for agonists (fJ> 1), and M > 0 for 
negative antagonists (fJ < 1), as observed in the experimental data. However, 
M = 0 means fJ = 1 and implies that neutral antagonists are the only ligands 
that should result in no change of fluorescence. This is in conflict with the 
experiments, because the trend shown in Fig. 8a (left) predicts that zero shift 
occurs with some partial agonists. The implication is that R * is different - albeit 
slightly - with respect to function and fluorescence, for there are ligand
induced changes in the receptor that are visible to either the one or the other, 
but not to both. In fact, (1) IANBD senses a perturbation induced by neutral 
antagonists that has no effect on the cyclase response and (2) the molecular 
change induced by weak partial agonists is detected by the cyclase but not by 
the fluorophore. 

At this point, there are two choices. One is to blame "unknown factors" 
that may warp (to some extent) either fluorescence or efficacy measurements 
and to be satisfied with the prominent correlation between the two criteria. 
Another is to search for the root of the "imperfection" within the microscopic 
nature of the receptor. As shown next, the second choice brings further 
insight. 

For the simulation of fluorescence according to the probabilistic model, 
we use exactly the same example as that illustrated in Fig. 7. To calculate the 
macroscopic shift induced by each of the 56 ligands, we assume that each 
microstate of the conformational space contributes to the total fluorescence 
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with a microscopic weight (wJ The macroscopically observed fluorescences in 

empty or ligated receptors are of = L WiPi and h fm = L w7 Pim, respectively, 

where the index i enumerates the states and m stands for different ligands. 
The ligand-induced change in fluorescence intensity can be calculated as 
Afm = hfm-of Fluorescence weights - arbitrarily given otherwise - were chosen 
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to have a global minimum on the conformational axis around the R * region. 
That is, they point to the macroscopic "active" form of the receptor (Fig. 8a). 

Now the relationship between Nm and efficacy (Fig. 8b, right) draws a 
sharply bent line in which ligands in zone I and zone II (Fig. 7b) apparently 
trace two possible trends. In the second, simulated and experimental data are 
in good agreement. In fact: (1) the relationships are both monotone and equally 
shaped; (2) fluorescence shifts have opposite signs for negative antagonists and 
strong agonists but are positive for neutral antagonists; (3) there is a critical 
value of efficacy (partial agonist) at which the shift in fluorescence is zero. 

As shown in Fig. 8b (right), there are two different relationships between 
fluorescence and efficacy which converge in the full-agonism "kink" (zones 
I and II). If we analyse the data with a slightly more realistic model (i.e. 
by computing a multi-dimensional rather than linear conformational space), 
the relationship between M and efficacy becomes a funnel-shaped, uneven 
hypersurface that encloses all possible sections of space where different 
shifts of fluorescence project onto equal regions of efficacy (data not shown). 
This reflects the variety of ligand-induced physical perturbations that can 
lead to equal levels of efficacy. For example, in the two-state analysis of the 
data, dichloroisoproterenol (DCI) seems to be an outlier, because it has 
as much efficacy as ephedrine (EPH) but has a fluorescence shift like that of 
the antagonist alprenolol (Fig. 8a, left). In the probabilistic model, however, 
this means that DCI and EPH produce two alternative physical perturbations 
of the receptor that result in quite similar intersections with the biological 
target. 

Fig.8. A Fluorescence weights of microstates in the receptor conformational space. 
Each member of the conformational space described in Fig. 7 is given an arbitrary flu
orescence weight (w.). The weights are plotted on the same conformational axis as the 
state distribution of G protein-bound receptor (indicated as RG). The virtual subset 
that defines the macroscopic, "active" conformation of the receptor (R *) is shaded. Flu
orescence weights have a global minimum centred in the R* region but slightly off the 
peak of the target distribution (RG). B Relationships between ligand-induced changes 
in fluorescence and ligand efficacy. Left panel: experimentally recorded ligand-induced 
shifts in fluorescence intensity in 4-[ (iodoacetoxy)ethylmethylamino ]-7-nitro-2,l,3-
benzoxadiazole-labelled human f3z-adrenoceptors were digitised from GETHER et al. 
(1995) and are re-plotted against the intrinsic activities of ligands. The shifts are given 
as relative to the background fluorescence of the receptor (indicated as water in the 
picture). The abbreviations used for the ligands are: ICI (ICI118551), PRO (propra
nolol), ALP (alprenolol), PIND (pindolol), DCI (dichloroisoproterenol), EPR 
(ephedrine), DOB (dobutamine), SAL (salbutamol), EPI (epinephrine), and (ISO) iso
proterenol. Data points were interpolated using a fourth-order polynomial. Right panel: 
computer simulation of experimental data using the set of ligands described in Fig. 7 
and fluorescence weights as in the left panel. The ligand-induced shift in receptor flu
orescence (calculated as described in the text) is plotted against the logarithm of the 
molecular efficacy of the ligand (a). The M curve bends in the full agonist [loge a) = 
2.5] region and traces two alternative relationships, reflecting the two ligand zones 
(zones I and II) described in Fig. 7b. Note that ligands aligned over zone II agree best 
with the experimental data 
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We can predict that the more ligands we include in the study, the more 
scattered will be the relationship from the perspective of the two-state model. 
If we reacted to such discrepancies by postulating additional macroscopic 
forms of the receptor (R *, R **, R ***, etc.), we would certainly crowd our brain 
with a growing number of ill-defined parameters, but would gain little under
standing. It is not the scarcity of states, in fact, but the deterministic nature of 
the macroscopic model that imposes one-to-one relationships between physi
cal and functional changes, which is both impossible and unreasonable to 
expect in a protein. 

VI. Correlated Macroscopic Changes in Constitutively 
Active Adrenoceptors 

Mutagenesis of residues in critical areas of adrenoceptors produces constitu
tive activity (KJELSBERG et a1. 1992; REN et a1.1993; SAMAMA et a1. 1993; SCHEER 
and COTECCHIA 1997). The "activating" sites are generally located at the cytoso
lic side of the molecule, which is not accessible to ligands. However, agonist 
affinity is enhanced by these mutations in a manner that is related to both the 
extent of constitutive activity and the magnitude of ligand efficacy. Therefore, 
the effect on ligand affinity of such mutations is allosteric in nature. This 
linkage, as stated in Sect. D.III, could in principle be explained according to 
Scheme 2 (the ternary complex model, or TCM, in pharmacologists' jargon), 
assuming that G protein affinity M is enhanced by the mutations. However, 
experiments show that the presence of G protein is not indispensable for 
observation of the constitutively active phenotype (SAMAMA et a1. 1993; 
GETHER et al. 1997). Instead, they suggest that spontaneous activity is the effect 
of an intrinsic shift towards the "active" conformation of the receptor itself 
(SCHEER and COTECCHIA 1997; GETHER et a1. 1997). 

A pragmatic way to model such a situation is to combine the two equi
libria given in Schemes 1 and 2 into one to produce either a two-cycle (if only 
R * can bind to G; SAMAMA et a1. 1993) or a "cubic", six-cycle (if R also binds 
to G; WEISS et a1. 1996) thermodynamic reaction scheme. Either model can 
explain activating mutations as resulting from the increase of the equilibrium 
constant J == [R *]/[R]. Mathematically, this is equivalent to stating that if there 
was an exclusive change of J (which is explicit in Scheme 1 and "hidden" in 
Scheme 2) in a receptor studied according to Scheme 2, then the three para
meters K, M and a of the TCM must all be affected as follows: 

a mut ==a[3(1+J)/(1+(3J);Kmut ==K(1+(3J)/(1+J);Mmut ==MJ/(1+J) (10) 

Since J is present in all three equations, it affects (in a linked fashion) 
efficacy (a), ligand affinity (K) and G protein affinity (M) simultaneously. 
The correlation among all three parameters as a function of the variation of 
J is plotted in Fig. 9. 

The existence of such correlations is the fundamental criterion for decid
ing whether a mutation exclusively affects the intramolecular equilibria of G 
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Fig. 9. Relationship between the variation of J and the macroscopic parameters of the 
ternary-complex cycle. The graph shows how a change in the tautomeric equilibrium 
of the receptor imposes correlated changes in the parameters of the ternary complex 
model (TCM). It is envisioned that, in a receptor studied according to Scheme 2 in the 
text (TCM), a perturbation applied through mutagenesis changes only J (which is 
hidden in Scheme 2 and is defined in Scheme 1). Data are computed according to 
Eq. 10. J is varied from 0.01 to 100, and f3 is maintained fixed at 30. The data are plotted 
in a three-dimensional Cartesian space where the values of the three parameters are 
scaled relative to J = 1, arbitrarily chosen as the "wild-type" receptor point (subscripts 
m and wt stand for mutant and wild type, respectively). The projections of the curve 
on the three surfaces show all the correlations between the three pairs of parameters. 
J > 1 and J < 1 correspond to activating and inactivating mutations, respectively 

protein-coupled receptors, because direct diagnostic tools are lacking. A 
remarkable exception is the fluorescence example discussed above (GETHER 
et al. 1997). Important issues are how perfect such correlations should be and 
how to detect outliers. 

For example, A293 in the third cytosolic loop (KJELSBERG et al. 1992) and 
the acidic residue of the conserved DRY sequence (SCHEER et al. 1996, 1997) 
of al-adrenoceptors, are crucial "activating" spots. All-residue substitutions at 
those sites produce uniform increases of basal activity and enhancement of 
agonist affinity. The changes in the two parameters are broadly correlated, but 
there are deviations. Also, replacement of arginine in DRY enhances affinity 
in the same way that replacement of the adjacent aspartate does, but does not 
affect constitutive activity. Shall we assume that the correlated effects are 
caused by a change of J, while the others are caused by a different parameter, 
such as M? If so, is it conceivable that in the same point of the sequence, one 
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residue affects the equilibrium conformation of the receptor while another 
only changes the intermolecular forces that hold it bound to an external 
ligand? Shall we need to build a different model of receptor action for each 
different residue that is replaced? It is clear from such questions that the static 
nature of the RHR* equilibrium eventually drives us into stunning confusion. 

According to the stochastic model of the receptor conformational space, 
a mutation that alters the state distribution of the free receptor enhances 
constitutive activity if such distortion improves the intersection between the 
probability distributions of empty and G protein-bound receptors. However, 
any perturbation (activating or not) in the probability distribution of the 
free receptor must also affect efficacy and affinity, for both depend on the 
probability distribution of free receptor, as shown in Eqs 2-6. 

To illustrate how this happens, let us assume a mutation that perturbs the 
distribution of states in the free receptor but alters neither the tendency of a 
ligand to distort such distribution (i.e. bi in Eqs. 4-6) nor the intermolecular 
forces holding it bound to the receptor (ko). Wild-type and mutated receptors 
are defined by two different probability distributions of states in the unligated 
form called pI and p2. Let us examine the probability distribution of a hypo
thetical ligand X, which we may equally well regard, for the purpose of this 
argument, as either an agonist or the G protein. We must compare three state 
distributions in the ligand-bound receptor (Fig. lOa): (1) the distribution of xb, 
which is invariant and represents the "projected" or potential effect of the 
ligand, (2) the calculated distribution xpl, which indicates how that prospect 
is "realised" in the wild-type receptor, and (3) the distribution xp2, which shows 
how xpl is changed in the mutant. 

The discrepancy between bi and xpi may be defined as resistance of the 
receptor to the distortion induced by the ligand upon binding. It is the differ
ence between the actual distribution in ligand-bound form (Xpl) and what 
would result if the bound receptor perfectly complied with the distribution 
"intended" by a ligand with xbi . It" is evident from Fig. lOa that the mutation 
diminishes such resistance ('p2 is shifted towards xbJ Numerical calculations 
(data not shown) indicate that, if p is varied with xko and xbi held constant, the 
macroscopic affinity of the ligand is inversely proportional to receptor resis
tance. This means that the increase in affinity induced by an activating muta
tion can be interpreted as diminished thermodynamic work done (against the 
resistance of the receptor) by agonists changing the average conformation. 
Similar conclusions have been proposed from molecular-mechanics arguments 
(GETHER et a1. 1997). Analogous considerations apply to G protein binding. 
Therefore, the increase in G protein and agonist macroscopic affinities induced 
by the activating mutations is the result of the concurrent reduction of the 
receptor resistances to the tendencies of the two ligands to alter the intrinsic 
motion of the receptor when both ligands are simultaneously bound. 

To illustrate numerically the correlations among macroscopic parameters, 
we again assumed a conformational axis of 100 elements. The distributions of 
bi for agonist and G protein over the conformational axis were set similar on 
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Fig.10. A Effect of state distribution of empty receptors on the ligand-induced state 
distribution. The conformational space is given as a unidimensional axis consisting of 
100 elements, as in Fig. 7. The curve xb represents an arbitrarily distributed set of 
allosteric factors for the ligand (see text). The values of xb are normalised with respect 
to the area under the entire curve of xb in order to show them on the same probabil
ity scale as the others. PI And P2 are two exponential distributions representing the 
state distributions of two different empty receptors (wild type and mutant). The ligand
bound counterparts of the empty-receptor distributions, i.e. xPI and xp2, are deduced 
from PI> P2 and xb using Eqs. 2 and 3. Note that Xb is what ligands tend to produce upon 
binding to the receptor, but what is actually produced is xPI or xP2 in wild type and 
mutant, respectively. The discrepancy between "intended" and "realised" distributions 
of ligand-bound receptors is larger for xPI than xp2. The macroscopic affinity Kx (cal
culated with Eq. 7) was enhanced 4.2 orders of magnitude in the mutant (not shown). 
B Distributions of b values for agonist and G protein. The two distributions are scaled 
as in A on the same conformational axis. Their intersection is the "projected" efficacy 
of that agonist. The actual efficacy (i.e. the intersection between the probability distri
butions xp of agonist or G protein-bound receptor) depends on the state distribution 
of the empty receptor and changes if that receptor is modified by mutations. The slight 
offset in the two distributions reflects the idea that the conformation of the receptor 
bound to both ligands cannot be exactly identical to that bound to either ligand alone 
(Sect. D.II). These distributions were used for the simulations shown in Fig. 11 
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average but were slightly different in details (as in Fig. lOb). To simulate 
mutants, 5000 different random distributions of the free receptor were gener
ated. The results are plotted (Fig. 11) as previously shown for the macroscopic 
two-state calculations (Fig. 9). The output shows how mutation-induced 
changes in the internal equilibrium of the receptor result in correlated changes 
of the macroscopic parameters of agonist-receptor -G protein interactions. On 
average, the macroscopic interdependence of the parameters is quite similar 
to that predicted from the two-state model TCM (compare Figs 9 and 11) but, 
in detail, individual mutations that violate such correlations are clearly 
evident. 

To compare theoretical predictions and experimental data, the macro
scopic quantities of Fig. 11 were converted into something close to experi-
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Fig.n. Perturbations of internal equilibrium of unbound receptor and macroscopic 
parameters of the ternary complex cycle (K, M, a). Each point in the picture corre
sponds to a possible change of the state distributions of the empty receptor, upon which 
ligand and G protein act, with invariant sets of b values (Fig. lOb). A total of 5000 vari
ations were computed to simulate random mutations. Each point was generated by a 
two-step procedure. First, probability values from a discrete exponential distribution 

99 

(with LP; = 1) were randomly assigned to the elements of the conformational space 
1=0 

(defined as in Figs. 7-9). The result is taken as the state distribution of the empty recep
tor. Next, a single point on the parameter space (K, M, a) is calculated using Eqs. 1-7 
with the b values shown in Fig. lOb. Each point thus obtained corresponds to a muta
tion of the receptor that alters only the internal equilibrium of the empty receptor (see 
text for details). An arbitrary point in the macroscopic-parameter space is selected as 
the wild-type receptor, and all others are shown relative to that. Data are plotted and 
projected as in Fig. 9 
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mental measurables (legend in Fig. 12) and were compared with the results of 
"real" mutations. The experimental set included single- or double-residue 
replacements made in "activating sites" of the alB-adrenoceptor. Although 
prepared with a precise purpose in mind (SCHEER and COTECCHIA 1997), these 
mutants were treated as a "random" sample. 

The experimental mutants fit within the region of variation predicted by 
the "theoretical" ones (Fig. 12) and may thus be consistent with a shift in the 
internal equilibria of the receptor. Analysed individually or as small selected 
groups (which would be the case if only a few mutations had been made in 
the study), we find examples that apparently call for more complex interpre
tations. In fact, examining the results - (1) enhancement of basal activity and 
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Fig.12. Comparison of computer-simulated and experimental mutations. Each point 

from Fig. 11 is translated into experimental variables as follows: [RG] '" M[ G] for 
R lOtal 1 + M[ G] 

basal activity (receptor activity in the absence of ligand); [HRG] '" aM[ G] for 
R total 1 + M[ G] 

maximum response (at saturating ligand concentration); and t1RG '" [HRG]-[RG] 
RIOIOI 

for net response. Apparent agonist affinities are given in a logarithmic scale relative to 
that obtained in the wild-type receptor (KmutIKwt). We assumed M[G] = 0.01 for the 
wild-type receptor. The crossings between the thin lines of each graph indicate the posi
tion of the wild-type receptor. In the simulated data, both activating (increased basal 
activity) and inactivating (decreased basal activity) mutations are shown in the first 
two plots, but only the activating mutations are shown in the third to avoid scaling 
problems. Insets are the corresponding experimentally measured variables obtained 
from a series of alb-adrenoceptor mutants. Experimental details for the preparation 
of the mutants and their study are given elsewhere (SCHEER et al. 1996, 1997). 
The following groups of human alB-adrenergic-receptor mutants were plotted in the 
insets: (i) constitutively active mutants: N63A; D142 to N, E, F, R, G, K, L, S A; A293E; 
R288KIK280HI A293L (cam3); cam3/D142A; (ii) wild-type-like mutants: N63D; 
R160A; N344D; (iii) less- or non-coupled receptor mutants: N63 to V,K; D91 to 
E, N; N344A; Y348A; D142R/R143D; D142A/D91N; D91N/N63D; Cam3/R143 
to A, N; Cam3/N344A; Cam3/D91N 
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(2) efficacy-dependent increase of ligand affinity - demonstrates that all three 
outcomes (i.e. 1, 2, or both) are found as possible results of the mutations. A 
deterministic interpretation would again force us to introduce multiple con
formations and distribute the changes over new parameters defined in the 
hyperspace of complex reaction mechanisms. However, the validity of such 
models would only last until the next mutation was made. 

We find, in this example, a situation complementary to the fluorescence 
case examined before. There, a single version of the receptor conformational 
space was confronted with many possible ligand-induced perturbations. Here, 
a single perturbation imposed by the same agonist is faced with many possi
ble versions (mutations) of receptor space. The final message, however, is iden
tical. The relationship between physical changes (measured in the first case 
or engineered in the second) and receptor function is likely to be evident on 
average but unclear in the details. These imperfections are not necessarily the 
outcome of experimental noise or poor resolution. They result from our insis
tence that the protein be viewed as a mechanical or deterministic object, which 
it is not. 
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CHAPTER 9 

Mechanisms of Non-Competitive Antagonism 
and Co-Agonism 

D.G. TRIST and M. CORSI 

A. Non-Competitive Antagonism 
This chapter has the objective of furnishing the reader with some under
standing of non-competitive antagonism. A simple version is first discussed; 
this will then be followed by a specific case applied to N-methyl-D-aspartate 
(NMDA) receptors. Since the latter is a particular system that is activated by 
the simultaneous presence of two agonists, it will be seen that competitive 
antagonists for one agonist-binding site appear to be non-competitive for the 
other agonist. 

I. Definition 

Antagonism is the term generally used to indicate the process of inhibition of 
agonist-induced responses. Antagonists can be classified on the basis of the 
molecular mechanism(s) by which they block agonist responses. A drug can 
chemically interact with the agonist and, therefore, block receptor activation 
(chemical antagonist). An antagonist may bind to the same site on the recep
tor as the agonist (competitive antagonist). The antagonist may bind to a site 
on the receptor different from the agonist-recognition site but, through an 
allosteric or other type of mechanism, may prevent the agonist activation of 
the receptor (non-competitive antagonist). Moreover, to inhibit the response, 
a functional antagonist does not interact with the receptor but with the process 
of activation. 

II. Analysis of the Effect of Non-Competitive Antagonists 

The hypothesis to be considered is that the antagonist binds to a site on the 
receptor different from the agonist-binding site without modifying the equi
librium dissociation constant of the agonist-receptor complex. In this way, the 
antagonist interferes with the process of receptor activation and produces a 
depression of the concentration-response curve of the agonist rather than 
dextral displacement with retention of the maximal asymptote. Considering 
the interaction between the agonist [A] and the receptor [R], 
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K2 
A+R E • AR 

Kl 

at the equilibrium, this equation can be written: 

[A] 
(KA+[A]) 

[AR] 
[Rt] 

D.G. TRIST and M. CORSI 

(1) 

where Rt is the total receptor concentration and KA is the dissociation con
stant of the agonist-receptor complex (K2/Kl). 

In the presence of a non-competitive antagonist, we can define the 
receptor fraction bound to the agonist as Y and the fraction bound to the 
antagonist as DB. At equilibrium, [R] is equal to (1-Y -Os). 

K2 
A+R E • AR 

+ Kl 
B 

Klb 11 K-lb 

BR 

Therefore, 

[A] . (1 - Y - DB) = KA . Y 

which rearranges to: 

[A]· (I-DB) = y. (KA+[AD 

Substituting yields the equation: 

[A] .(1-0)- [AR] 
(KA + [A]) B - [Rt] 

Calculating Os by the mass-action law yields: 

DB = [BR] = 1 
R/ 1 KB 

+TBr 

(2) 

(3) 

(4) 

(5) 

where [BR] is the receptor concentration bound to the antagonist [B], and 
KB (K-1b/K1b) is the dissociation constant of the antagonist-receptor complex. 

Therefore, an equation that links the receptor occupancy ([AR]/[Rt]) and 
potency of the non-competitive antagonist can be derived as follows: 

(6) 
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Equation 6 describes the concentration of a non-competitive antagonist 
that modulates the receptor occupancy. As depicted in Fig. 1, the removal of 
the receptors by increasing the amount of antagonist produces a progressive 
reduction of receptor occupancy. 

Considering the production of response by the AR species gives the 
equation: 

K2 
A + R ~, =:=::;;.. AR ----;>-. Effect 

K1 

Assuming a hyperbolic relationship between receptor stimuli and tissue 
response (E), 

E [AR] 
Em (Ke+[AR]) 

(7) 

where Ke is the value of [AR] which elicits half the maximal tissue 
response (denoted Em). Ke is generally used to quantify relative agonist 
efficacy. 

Combining Eq. 7 with Eq. 1 as described by BLACK and LEFF (1983), the 
following equation can be obtained: 

E = Em·r·[A] 
(KA +[A])+r· [A] 

(8) 

0 
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Fig. 1. Simulation of the effect of a non-competitive antagonist on receptor occupancy 
(AR/Rt). Curves have been simulated by setting the agonist KA equal to lO.uM and 
the antagonist KB equal to l.uM, and the antagonist concentration ([B]) was set to the 
values given above the curves 
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where r is defined as [Rt]lKe. As described by BLACK and LEFF (1983), Eq.8 
is the essential one in the operational model, as it defines the production of 
tissue response as a function of maximal tissue response, agonist concentra
tion [A], agonist binding to the receptor KA and the parameter r. The latter is 
defined as a transducer constant and measures the efficacy of the agonist in 
that particular system. 

In the presence of a non-competitive antagonist, Eq. 8 becomes: 

E= Em·r·[A]·(1-8B ) 

(KA +[A])+r· [A]· (1-8B ) 
(9) 

Substituting (1-8s) for (111 + [B]/KB), Eq.9 becomes: 

E = Em· r· [A]{I+[B~/KB) 
(KA+[A])+r· [A]· (1+[~/ KB) 

(10) 

Equation 9 has been used to simulate the effect of a non-competitive 
antagonist on agonist response. In particular, Fig. 2 shows that a reduction 
of the agonist maximal response is produced by increasing the antagonist 
concentration. 

The effect induced by a non-competitive antagonist on agonist response 
may differ considerably because of the efficacy (Ke) of the agonist. Figure 3 

100 
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..... 60 IJ 

~ ..... 
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~ 40 

20 

[A] 11M 

Fig. 2. Simulation of the effect of a non-competitive antagonist on agonist-induced 
effects by using Eq.10. Parameters have been set as: agonist KA = lO.uM, antagonist 
KB = 1.uM, r = 3 and Em = 100. Antagonist concentrations ([B]) are given above the 
curves 
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Fig.3A,B. Simulation of the effect of a non-competitive antagonist on agonist-induced 
effects by using Eq.lO. Parameters have been set as: agonist KA = 10,uM, antagonist 
Ks = 1,uM, Rt = 3 and Em = 100. In A, Ke was set equal to 10 whereas, in B, Ke was 
set equal to 0.1 

shows the effect of a non-competitive antagonist on an agonist with a low 
receptor reserve (3A; low efficacy) and a large receptor reserve (3B; high effi
cacy). In the latter event, the lower concentrations of the antagonist seem to 
produce a competitive antagonism, with a right shift of the agonist curve with 
or without a minimal effect on the agonist maximum response. However, by 
increasing the concentration of the antagonist, a clear depression of the 
agonist-induced response can be observed. 
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A similar result can be obtained by testing a non-competitive antagonist 
in systems with different numbers of receptors (Rt). It appears to be more 
potent in a system with a low receptor number as opposed to one with a high 
receptor number, thus showing that the effect of a non-competitive antagonist 
is also influenced by tissue factors. Therefore, both tissue and agonist factors 
influence the activity of non-competitive antagonists, thus making their effects 
unpredictable, unlike the case for competitive antagonists. 

The estimation of the equilibrium dissociation constant for non
competitive antagonist-receptor complexes has been derived, as described 
by KENAKIN (1993). In practice, agonist concentration-response curves are 
carried out in the absence and presence of the non-competitive antagonist. 
Generally, a depression of more of than 50% of the maximal response of the 
agonist concentration-response curve in the presence of the non-competitive 
antagonist gives accurate KB values. 

The curves for the control and the antagonist-treated samples are related, 
based on the assumption that the fraction of the receptors occupied by the 
agonist in the presence of the antagonist is: 

[A] [ 1 1 [AR] 
(KA+[A])' 1+~ = [Rt] 

[KB] 

(11) 

In the absence of the antagonist, the curve is described by Eq.1. Assum
ing that equal receptor-occupancy fractions lead to equal responses, equiac
tive concentrations of the agonist obtained in the absence and presence of the 
non-competitive antagonist are related by the following equation: 

[A] 
(KA+[A]) 

[AI] 1 

(KA+[AI])' 1+~ 
[KB] 

which can be rearranged to yield: 

1 1 1 1 
-=--.--+----
[A] [AI] I-os l-osKA 

(12) 

(13) 

A regression of lIA versus liN yields a straight line of slope lI(l-bs) and 
intercept bs/(l-bs)KA. The antagonist KB can be obtained by the following 
equation: 

KB = B/(slope -1) 

Equation 11 can be rewritten as: 

[AI] =[AI]. 1 +_1_ 
[A] l-osKA I-os 

This yields KB = B/(intercept-l). 

(14) 

(15) 
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B. Co-Agonism 
Co-agonism is defined as the condition whereby two agonists must bind to the 
receptor for physiological response to occur. 

I. Theory as Applied to the Glutamate NMDA Receptor 

1. Evidence for Co-Agonism 

Within the vertebrate central nervous system (CNS), excitatory synapses that 
are glutamatergic in nature mostly function through the glutamate NMDA 
receptor (NMDAR). This receptor belongs to the family of ligand-gated ion
channel receptors and is oligomeric in nature. Altogether, there are five gene 
products that potentially can contribute to the receptor/channel. These can be 
subdivided into two types on the basis of sequence homology: (1) NMDAR1 
and (2) NMDAR2A, NMDAR2B, NMDAR2C and NMDAR2D. The exact 
composition of these receptors is unknown, and pen tamers, tetramers and 
trimers have all been proposed. What is known, however, is that NMDAR1 is 
essential in functional receptors, and at least two NMDAR2 subunits also seem 
to be involved. 

Like other ligand-gated ion channels, the NMDA receptor is modulated 
by a number of different molecules, including polyamines, Zn2+, H+ and 
Mg2+ ions and glycine, each binding to their own unique site. It was JOHNSON 
and ASCHER (1987) who were the first to show that glycine for NMDAR, 
but not for the other ionic glutamate receptors, was a co-agonist. That 
is, both glycine and NMDA (or glutamate) are needed simultaneously to 
activate the receptor. This is demonstrated in Fig. 4 where, in hippocampal 
neurons from embryonic rats, it can be seen that, electrophysiologically, 
glycine-concentration-effect curves are only generated in the presence of 
NMDA. Recently, point-mutation studies on both NMDAR1 (WILLIAMS et al. 
1996) and NMDAR2B (LAUBE et al.1997) subunits has suggested that the two 
agonists bind differentially; glycine binds to NMDAR1, and glutamate binds 
to NMDAR2. 

Importantly, the binding of one agonist seems to facilitate binding of the 
other although, in theory, co-agonism can be positive, neutral or even nega
tive. Radioligand-binding experiments have shown that both glycine and glu
tamate increase each other's affinity for the receptor (FADDA et al. 1988). Thus, 
the binding of one agonist effectively confers activity to the action of the other. 
This was pointed out by MARVIZON and BAUDRY (1993) when they proposed a 
model of co-agonism to account for the data obtained from the binding of 
[3H]dizocilpine (also called MK-801) binding to NMDAR. This ligand binds 
within the channel of NMDAR and, thus, can be used to measure channel 
opening in response to glycine and glutamate. It is a classical non-competitive 
antagonist, and it will be used as a reference standard when the behaviour 
of competitive antagonists for each of the co-agonists is discussed. Thus, 
electrophysiological, molecular-biological and biochemical evidence has 
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Fig.4. The effect of N-methyl-D-aspartate (NMDA) on the response to glycine in hip
pocampal neurons from embryonic rats. Glycine-concentration-effect curves were con
structed in the absence (e) or in the presence of lO,uM NMDA (_) or lOO,uM NMDA 
(.). The ordinate represents the steady-state current after each application, as mea
sured by single-cell patch electrophysiology. Each point represents the mean of six 
replicates, with standard error bars 

strongly supported the notion of co-agonism between glycine and glutamate 
atNMDAR. 

2. The Theory of Co-Agonism 

As mentioned above, MARVIZ()N and BAUDRY (1993) published a model which 
effectively described the interaction of two agonists and their binding sites on 
NMDAR. This model has been extended into an operational format and 
expanded to take account of the effect of antagonists (CORSI et al. 1996; FINA 
et al. 1997). This is represented in Fig. 5, which depicts the interaction of 
glycine, glutamate and a glycine antagonist. The model also takes into account 
the interaction of MK-801. The model is expressed in terms of steady states 
and, thus, does not take account of desensitisation, multiple inactive states, etc. 
However, the model does approximate the behaviour of the two agonists and 
their antagonists as seen in different functional systems. 

Fixing the amount of glutamate (Glu), the fraction of receptors occupied 
following the interaction of glycine (Gly) with NMDAR (R) as shown in 
Fig. 5 can be described as follows: 

[Gly]. [Glu] . [R t ] 

[GluRGly]= a·KGly+[Glu] 
[Gly] + a· Koly . (Kolu + [Glu]) 

a·Kolu + [Glu] 

(16) 
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Fig.5. A model of co-agonism for glutamate (Glu) and glycine (Gly) as activators of 
the N-methyl-D-aspartate receptor. The agonists Glu and Gly can bind to uncoupled 
receptor (R) or R pre-bound with the other agonist. Only when R is bound with both 
Glu and Gly can an effect (£) be elicited. Competitive glycine antagonists (B) can inter
act with either the uncoupled R or R bound with Glu. The dissociation constants (K) 
for each interaction are modified by the allosteric parameters ex (for agonists) and y 
(for antagonists) when R is already coupled to an agonist. MK-801 (abbreviated to M 
for simplicity) couples only with the activated form of the receptor when the channel 
is open 

If this binding is transduced into an effect (E) by a hyperbolic function of 
the general form, the following equation is obtained: 

E = Em· [GluRGlyf 

Ken + [GluRGlyf 

By substituting Eq. 16 into Eq. 17, we get the following equation: 

Em' [Glyr . (r. [Glu] )" 
a· KGlu + [Glu] 

E=------------~----~~~~-----

( * [ ])" ( [Glu] )" [ ]" KGly + Gly + r· [Gl]' Gly 
a· KGlu + u 

where 

K* -K .(a.KGlu+a.[Glu]) 
Gly - Gly K [Gl] a· Glu + U 

(17) 

(18) 

(19) 

The meaning of the parameters a, KGly, and KGlu is given in Fig. 5. The 
symbol r is the transducer ratio and, as stated by BLACK and LEFF (1983), it 
links the number of receptors to the intrinsic efficacy of the agonist (r= R/Ke). 
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In this case, co-agonism means that each agonist alone has an efficacy close to 
zero when bound to the receptor. Thus, the system efficacy of both agonists 
bound together at the receptor needs to be taken into account, i.e. (" = 

R/Ke(Glu-Gly))' This is a fundamental difference from the operational model as 
applied to single-agonistlreceptor interaction. 

A major consequence of co-agonism is the effect it has upon the loca
tion and maximal response of the concentration-effect curve. Table 1 shows 
how these parameters have become modified. Thus, the location of the 
curve in functional experiments includes not only the dissociation con
stant (KGly), but also ", K Glu, [Glu] and a. Therefore, methods designed to 
estimate KGly or "will be dependent on the value of the other parameters. For 
example, 

". [Glu] 
"estimated = K [GI] a· Glu + U 

(20) 

By plotting "estimated against [Glu] , a logistic-function curve whose midpoint 
is equal to a x K Glu is obtained. At high [Glu] , "estimated approaches ". Thus, 
experiments to determine" need to be done in supra-maximal concentrations 
of this co-agonist. The location parameter of Gly will be shifted to the left 
when a is reduced or "is increased. Thus, a highly potent agonist will have a 
less than one (positive allosteric effect) and a large" value. Thus, positive 
allosterism contributes to potency but has little effect on the maximal 
response, which is more sensitive to ". In theory, a can be less than, equal to 
or greater than unity. The latter system would exhibit negative allosterism 
between the two agonists. 

Table1. The location ([Aso]) and maximal effect (Max) for glycine-concentration
effect curves using radioligand binding and functional experiments with either single 
agonists or co-agonists 

Description 

Single agonism, binding 

Single agonism, functional 

Co-agonism, binding 

Co-agonism, functional 

[Aso] 

K G1y 

(2+rn)l/n -1 

a· KG1y ' (KG1u + [CluD 
a . KG1u + [Clu] 

KGI . (a. KG1u +a· [Clu]j 
Y a.Kc1u+[Clu]) 

(2 ( r·[Clu] YJl/n 1 
+ a· KG1u + [CluJ) -

Max 

rn 
E --

m rn+1 

[CluJ . [Rt] 
a . KG1u + [Clu] 

E . (r . [Clu] Y 
m a . K G1u + [Glu lJ 
1 ( r·[Clu] Y 
+ a· KG1u + [CluJ) 
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3. The Effect of Competitive Antagonism on Co-Agonism 

When a competitive antagonist (B) for glycine is introduced, the model must 
be modified to take into account the antagonist-receptor interaction (Fig. 4). 
In the same way that an agonist binding at one site might allosterically change 
the binding of the co-agonist, so also might a glycine-receptor antagonist 
modify the binding of glutamate. To account for this interaction, another 
parameter yhas been introduced into the model. Thus, the effect of B on the 
co-agonists causes Eq. 19 to be modified to: 

(21) 

where Max refers to the tissue maximal response and 

K - (y. Kczu +y. [Glu])· KB 
Bapp - (y. Kczu + [Glu]) (22) 

and Glyso and max are as described in Table 1 for functional co-agonism. 
As for agonists, the estimation of the antagonist dissociation constant (KB) 

is complicated in that the apparent KB is influenced by other parameters, 
namely y, KG1u and variable concentrations of Glu. The influence of yon the 
estimation of the value of KB can be observed in the simulations in Fig. 6. It 
can clearly be seen that, when yis less than unity, the KB is overestimated, and 
when it is smaller than one, KB is underestimated. 

The behaviour of the KB under different values of [Glu] can be diagnos
tic as to whether y is less than, equal to or greater than one. Figure 7 shows 
the influence of [Glu] on KBapp for values of yof 0.1 and 10. In both cases, a 
logistic function describes the simulation. However, when y = 0.1, KBapp 
decreases with increasing [Glu], whereas it increases when y= 10. When y= 1, 
KBapp = KB at all values of [Glu). Experiments where KB is estimated for a 
glycine antagonist with different [Glu] should predict the magnitude of yeven 
if the exact value of yis unknown. 

In general, differences in KBapp for a glycine-receptor antagonist when 
tested in different assays may be due to NMDAR heterogeneity, different ys 
and system effects, such as different [Glu]/KGlu values. 

Even if the dissociation constant of a competitive glycine antagonist is not 
accurately assessed, the behaviour of the antagonist against glycine is always 
insurmountable. More interesting is the behaviour of the glycine antagonist 
against the co-agonist glutamate. It has been suggested that glycine may nor
mally be in supra-maximal concentrations (KEMP and LEESON 1993). Impor
tantly, it seems that, in pathological conditions [such as focal ischaemia 
(stroke )], it is glutamate that increases during the first hours following artery 
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Fig. 6. Graphic simulation of the effect of the parameter r on the KB of a competitive 
glycine antagonist [as demonstrated by the shift of the glycine-concentration-effect 
curve in the presence of a fixed concentration of antagonist (B)], as proposed in the 
co-agonist model. The following values were assigned to the parameters: K Glu = 1, [Glu] 
= 1, KB = 1, n = 1, Max = 1, Glyso = 1, [B] = 0 (control; -) or [B] = 10 with r= 0.1 ( .... ), 
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Fig. 7. Graphic simulations of the effect of increasing [Glu] on the estimated dissoci
ation constant (KB) of a competitive glycine antagonist in conditions where r is less 
than, equal to or greater than one. Curves were simulated using Eq.22, with the 
following parameters: KGlu = 1,uM, [Glu] = 1,uM and KB = 1,uM 
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Fig.S. Graphic simulations of antagonism by a competitive glycine antagonist of (A) 
a glycine-concentration-effect curve and (B) a glutamate-concentration-effect curve. 
Curves were simulated using Eq. 21. The following parameters were used: Max = 2, KB 
= l.uM, [B] = 0, 3, 10 and 30.uM, n = 1, Glyso = l.uM, Gluso = l.uM, IX = 1 and Y= 1. In 
the case of A, increasing [B] caused a right shift of the glycine-concentration-effect 
curve, with no effect on the maximal response. However, in case B, increasing [B] 
reduced the maximal response in a concentration-dependent way, with no effect on the 
location of the curve 

occlusion. In the case of glutamate, the antagonism can appear to be non
competitive. Figure 8 shows simulations of the antagonism of a glycine antag
onist against glycine and against glutamate. Under the conditions chosen, the 
glycine antagonist, which shows classical competitive antagonism against 
glycine, reduces the maximal response of a glutamate-concentration-effect 
curve. However, the nature of this antagonism depends on the value of both 
a and of y. Thus, a low value of r or a high value of a predicts that the con
centration effect collapses, with a left shift in the location of the curves. A high 
value of ror a low value of a causes the antagonism to appear to be compet
itive at low concentrations of the antagonist and non-competitive at higher 
concentrations. This behaviour is different from that of a more traditional 
non-competitive antagonist and means that the nature of the antagonism can 
be tissue dependent, as a and r can be considered to be properties of the re
ceptor, which has been shown to contain different subunit compositions in 
different tissues (MONYER et al. 1992). 

4. The Effect of a Non-Competitive Antagonist on 
the Response of Co-Agonists 

In the presence of a non-competitive antagonist, such as dizocilpine, the model 
of co-agonism can be modified. In this case, the Glyso and the maximal 
response become modified as shown below. 
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(23) 

where M is dizocilpine (MK-801, MK) and Km is the equilibrium constant for 
dissociation of M from the receptor. Furthermore, 

Max= 

l ]n 

E . [Glu] 

m a.KGlu+[GIU].(l+f.) 

l ]n 

1+ r·[Glu] 

a.KGlu +[GIU].(l+ ';,,) 

(24) 

Unlike the non-competitive antagonism of a glycine antagonist against 
glutamate, the affinity of MK is independent of a, yand r. In terms of behav
iour of the antagonism, the concentration of MK required to give the same 
effect does not depend on a, but increasing r does affect the sensitivity to MK. 
Thus, the larger the value of r, the greater the amount of MK required for the 
same antagonism. Thus, in tissues where there is high efficacy co-agonism, a 
single concentration of MK will be less effective. This might well explain the 
observation that MK does not have the same effect on different combinations 
of subunits of NMDAR (SUCHER et a1. 1996). 

II. Experimental Data Supporting the Concept of Co-Agonism and 
Its Antagonism 

1. Recombinant Experiments 

Many experiments have been carried out on NMDAR subunits expressed in 
a number of different systems. These include Xenopus oocytes and human 
embryonic kidney cells (SUCHER et a1. 1996). These have tended to be experi
ments where only two subunits have been expressed, namely NMDAR1 with 
each of the different NMDAR2 subunits. Electrophysiological studies on these 
recombinants have supported the idea that co-agonism exists, i.e. both glycine 
and glutamate or NMDA need to be present. Table 2 summarises some of the 
data in the literature for agonists. Experiments where glycine concentra
tion-effect curves have been constructed in the presence of a fixed concen
tration of NMDA have shown that the Glysos differ for different combinations 
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Table 2. Selectivity of some agonists and antagonists for different combinations of 
N-methyl-D-aspartate (NMDA)-receptor-1/NMDA-receptor-2 (NMDAR1/NMDAR2) 
subunits (SUCHER et al. 1996) 

Agonist/antagonist 

Glutamate 
Glycine 
NMDA 
MK-801 
ACEA-1021 
CGP-39653 

Rank order of potency against different combinations of 
NMDA subunits 

NMDAR1/2B>NMDAR1I2A>NMDAR1/2D>NMDAR1/2C 
NMDAR1/2C>NMDAR1/2B=NMDAR1/2D >NMDAR1/2A 
NMDARl/2A=NMDAR1I2B=NMDAR1/2C=NMDARl/2D 
NMDARl/2A=NMDAR1/2B>NMDAR1I2C=NMDAR1/2D 
NMDAR1/2A>NMDARl/2C>NMDARl/2B>NMDARl/2D 
NMDAR1/2A>NMDARl/2B>NMDARl/2C=NMDAR1/2D 

of NMDA subunits. Our data differs slightly from those reported in Table 2 in 
that we find the highest potency for the NMDARlINMDAR2D combination. 
This may well reflect the different recombinant systems used. Radioligand 
binding suggests that these differences might be affinity changes (LAURIE and 
SEEBURG 1994), but they are relatively small. Thus, selectivity might be 
explained in terms of changes in a or r. The data also shows quite clearly that 
agonists mayor may not show selectivity. Thus, NMDA appears to have the 
same [Aso] across the four combinations, whereas glutamate shows a higher 
preference for the NMDARlINMDAR2B receptor. Again, this could be due 
to system effects, such as variance in a, KGJu or r. 

The finding that glycine and glutamate bind to distinct subunits, and in 
particular that glycine binds to the NMDAR1 subunit suggests that glycine 
antagonists might be less selective than glutamate antagonists. This, in fact, is 
not the case. It has been shown that the competitive glycine antagonist ACEA-
1021 has a higher inhibition (ICso) on NMDARlINMDAR2A than on 
NMDARlINMDAR2D (WOODWARD et al. 1995). This might indicate that 
glycine has a lower Glyso (higher potency) on this latter combination and, 
therefore, that higher concentrations of antagonist are needed to generate the 
same inhibition. Experiments with other structurally different glycine antago
nists confirm the data generated with ACEA-1021 (TRIST and CARIGNANI, 
unpublished). Thus, even though glycine may bind to only one type of subunit, 
some selectivity can still be seen with both agonists and antagonists, and this 
reflects differences in interaction (i.e. different values of a) between 
NMDARl and the different types of NMDAR2 subunits. Alternatively, the 
differences could also include differences in affinity (KGJy) or in y. Importantly, 
competitive glycine antagonists do appear to produce non-competitive anta
gonism of NMDA-concentration-effect curves. This supports a major tenet of 
the co-agonist hypothesis. 

As postulated above, MK is not equally potent against each recombinant 
combination. Thus, it has been reported that the NMDARlINMDAR2A and 
NMDARlINMDAR2B combinations have a higher sensitivity to MK than 
the NMDARlINMDAR2C and NMDARlINMDAR2D associations. This is 
an important observation and argues against the assumption that MK is 
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non-selective when it binds within the channel. A summary of the selectivities 
for the two antagonists discussed above for the different NMDARlINMDAR2 
associations is shown in Table 2. These data indicate that, even if the exact 
receptor construction is not known, recombinant experiments can provide 
information that supports the concept of co-agonism. 

2. Tissue Experiments 

In theory, there are thousands of possible combinations of the NMDAR sub
units, and many of these might be present not only in different parts of the 
CNS but also within individual synapses. Thus, responses are probably the 
mean of many subtypes, each with its own value of a and T. The result of 
the potentially diverse receptors that might be present could be additive or 
subtractive, or they might all be the same. Thus, it was interesting to ask if the 
behaviour predicted by the theory of co-agonism, which is supported by 
recombinant experiments, is also seen at the level of the tissue. Thus, experi
ments were carried out to detect possible affinity changes of antagonists for 
one agonist in the presence of an antagonist of the co-agonist. In addition, 
functional experiments were undertaken to measure the effect of antagonists 
on the field-potential changes in brain slices activated by glycine and NMDA. 
A number of observations confirmed that the response predicted by co
agonism is also seen in CNS tissues. Responses to NMDA in both rat cortical 
slices and in rat hippocampal slices were blocked non-competitively by the 
two glycine antagonists 7-chlorokynurenic acid (7CK) and GV 150526A (GV; 
TRIST et al. 1997). However, the nature of the antagonism differed from tissue 
to tissue and between the two antagonists. In rat cortex, 7CK appeared to act 
as a low-a or high-yantagonist (Fig. 9) in that the lower concentrations tested 
exhibited a competitive antagonism whereas the highest concentration showed 
a reduction in the maximal response. In hippocampal slices, the maximal 
response was reduced at all concentrations, but a right shift of the curve was 
maintained. Comparison of 7CK and GV in the same rat cortex tissue, where 
a and other tissue parameters should be constant, indicated that GV showed 
a small right shift of the NMDA curve at the lowest concentration (ltIM) fol
lowed by collapse of the curves at the higher concentrations tested (3 tIM and 
10 tIM; Fig. 9). Thus, since GV did not act the same as 7CK, it can be assumed 
that the different behaviour between the two reflects different values of yfor 
the two antagonists. As the NMDA A50S were not left-shifted by GV, it seems 
that GV should have a value of yclose to one, whereas that of 7CK should be 
much higher. 

Experiments were carried out in which the response of a fixed concen
tration of glycine and NMDA was antagonised by increasing concentrations 
of two competitive glycine antagonists. By assuming that the concentration of 
NMDA is much greater than its dissociation constant (KNMDA), the ratio of the 
concentrations of each antagonist producing half maximal inhibition (IC5o) can 
be written as: 
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Fig.9. The antagonism of N-methyl-D-aspartate-induced depolarisations in rat cortical 
slices by (A) 7-chlorokynurenic acid (7CK) and (B) GV 150526. It is assumed that the 
tissue parameters remained the same for both antagonists, as did the concentration of 
glycine. Therefore, since a and r should be constant, the behaviour of the two antago
nists reflects different values of r For GV, it would appear that yis close to unity, as 
the curves collapse around the EDso of the control curve. In contrast, for 7CK, yshould 
be large, as there is an appreciable right shift of the ED so before the maximal effect is 
affected 

ICsOBl YBl·KBBl 

ICsoB2 YB2' KBB2 
(25) 

Obviously, if Y is equal to unity, then the ratio of the ICsos becomes the 
ratio of the KBs. Applying this concept to two tissues, namely the immature 
rat spinal cord (BRSC) and the adult rat cortical slice (ARCS), ICsos were gen
erated for ACEA-1021 and 7CK, and their ratios were calculated. These values 
are given in Table 3. It can be seen that the difference in ratios obtained 
between the two tissues are expected only if the receptors are heterogeneous 
or if the allosteric factors (y) for the two glycine antagonists are different. As 
reported above, the effect of 7CK on NMDA-concentration-response curves 
suggests a high-yantagonist and implies that either solution is possible. 

Not only did glycine antagonists behave as expected in the whole tissue, 
MK also showed the non-competitive antagonism expected. In both slice 
preparations, MK reduced the maximal response of the NMDA curve and 
caused a small left shift of the NMDAso, as predicted by the model (Fig. 5). 
However, the hippocampus was less sensitive to MK than the cortex (O.l.uM 
MK caused 49% inhibition in the cortex and 17% inhibition in the hip
pocampus), suggesting that rmight be higher in the hippocampus. 

Radiolabelled-binding experiments have been carried out in washed rat 
cortical membranes in which the effects of co-agonists on the binding of a com
petitive NMDAR antagonist, [3H]CGP-39653 (MUGNAINI et al. 1993), have 
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Table 3. pICsos (± standard error) calculated for ACEA-1021 and 7-chlorokynurenic 
acid (7CK) in immature-rat spinal cord (BRSC) and adult-rat cortical slice (ARCS) in 
the presence of 30l1M N-methyl-o-aspartate and lOOI1M glycine (CORSI et al. 1997) 

BRSC 
ARCS 

pICso (ACEA) 

5.04 ± 0.06 
5.67 ± 0.01 

pICso (7CK) 

5.17 ± 0.14 
4.67 ± 0.01 

ACEA17CK 

1.35 
0.10 

been studied. Dissociation of the antagonist was enhanced in the presence of 
glycine, but not with NMDA. This negative allosterism of glycine on NMDA 
antagonists has been reported for other compounds (MUGNAINI et al. 1996). 
Interestingly, at least one antagonist, [3H]-3-( (R)-2-carboxypiperazin-4-
yl)propyl-1-phosphonic acid (CPP), is not allosterically modified by glycine 
(MUGNAINI et al. 1993). In addition, similar observations were made in a quan
titative autoradiography study using [3H]CGP-39653 (MUGNAINI etal. 1996). 
Again, the antagonist binding was inhibited by glycine, but binding was not 
equal throughout the brain; lower inhibition was observed in the striatum 
compared with the cortex and hippocampus. These experiments support the 
concept that antagonists for one site differentially interact with the co-agonist 
site. 

III. Implications of Co-Agonism 

As already mentioned above, glycine may be the constant partner of the two 
agonists, and pathologies involving over-activation of the NMDA receptor are 
probably a manifestation of changing glutamate concentrations. Thus, the non
competitive nature of the glycine-antagonist-glutamate interaction is a con
siderable bonus in that the antagonism is insurmountable. Therefore, it can be 
predicted that a glycine antagonist should be effective in blocking NMDARs 
in vivo. This has been shown both with intracerebroventricularly (icv) admin
istered NMDA itself and in cerebral ischaemia models (REGGIANI et al. 1995), 
where significant enhancements of glutamate have been reported (ANDINE 
et al. 1991). 

Co-agonism predicts that the behaviour of a glycine antagonist can 
depend on the allosterism between the two agonists, and it allows for an 
allosteric interaction between the antagonist of one agonist with the co
agonist. Thus, it might explain why glycine-receptor antagonists have been 
shown in animals to lack the side effects seen with competitive NMDAR 
antagonists and with MK. In experiments where 7CK, CPP and MK were 
injected icv into mice and anti-convulsive activity against NMDAR antago
nists was compared with cognitive function and ataxia, CPP was more potent 
in producing memory impairment than as an anti-convulsant or in the pro
duction of ataxia. MK showed a small separation between the desired effect 
and cognition and ataxia, while 7CK demonstrated good anti-convulsant 
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activity and practically no undesired effects over the dose range tested 
(CHIAMULERA et al. 1990). Experiments with other glycine antagonists have 
confirmed that this approach to NMDAR inhibition does not exhibit the 
expected side-effect profile, as seen particularly with competitive NMDAR 
antagonists. Co-agonism can offer two possible explanations. The first is that, 
in pathological situations, the receptor subunits activated are those selective 
for glycine antagonists, namely NMDA2A-like subunits. This may also involve 
disease-modifying mechanisms at the level of the receptor, such as phospho
rylation states. NMDAR can be phosphorylated. This phosphorylation has 
been shown to be combination specific. In general, the phosphorylated recep
tor is more active when NMDAR2A and NMDAR2B are involved and much 
less when NMDAR2C is in the combination (KUTSUWADA et al. 1992). Phos
phorylated NMDAR2B persisted longer than phosphorylated NMDAR2A. 
The second explanation is that the behaviour of the glycine antagonist may be 
similar in different brain regions, but the level of glutamate is much lower 
for physiological functions than in pathological conditions. Thus, the nature 
of non-competitive antagonism means that the inhibition is more effective 
with higher concentrations and much less effective at the lower end of the 
dose-response curve. 

C. General Observations 

In general, pharmacologists have, on the whole, approached the problem 
of inhibiting receptors involved in physiological and pathological processes 
by designing reversible, competitive antagonists. They can be discovered 
logically by modifying the natural agonist structure, removing those attributes 
that cause agonism and, often, by increasing affinity. Since the starting point 
is the hormone or transmitter, it is not surprising that the antagonism should 
be surmountable with increasing agonist concentration. This has been a very 
successful approach to discovering medicines. Examples exist for a wide 
number of receptors. These include ,B-adrenoceptor antagonists used for 
angina and hypertension, histamine-H2-receptor antagonists used for gastric 
ulcers, SHT3 antagonists used to treat radiation- and chemotherapy-induced 
emesis, dopamine-D2-receptor antagonists used for psychosis and many more 
examples. 

The emphasis on competitive antagonists probably results from the fact 
that this type of antagonism is independent of tissue factors, such as receptor 
number and different transduction mechanisms. However, non-competitive 
antagonists can be advantageous when high concentrations of agonist are 
causing pathological conditions and therapeutic windows need to be main
tained. In this condition, the concentration of competitive antagonist has to be 
increased to surmount the increase in agonist present and, as a consequence, 
the antagonist may well lose its selectivity, leading to unwanted side effects. 
An alternative approach that has not been overly exploited by industrial phar-
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macologists is to design insurmountable antagonists that are independent 
of agonist concentration and, in some cases (such as for co-agonism), can 
be selective, with fewer side-effects than conventional competitive antago
nists. This article has attempted to describe non-competitive antagonists as 
potential medicines. 
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CHAPTER 10 

Mechanisms of Receptor Activation and the 
Relationship to Receptor Structure 

D.M. PEREZ and S.S. KARNIK 

A. Introduction 

Current receptor theories try to relate drug effects to the interaction of a drug 
molecule with its specific receptor. While many theories have evolved and are 
explained in great detail in other chapters of this book, most are derived from 
the widely accepted and broadly based occupation theory by CLARK (1937) 
and the laws of mass action. The most important corollary to this theory is that 
the magnitude of the drug effect is directly proportional to the number of 
receptors occupied by the drug. The maximum response occurs when all of the 
receptors are occupied, and it is assumed that one drug molecule interacts with 
one molecule of receptor. Clark recognized that the ability of a drug to cause 
an effect depends on the drug "fixing" or binding to the receptor and the ability 
of the drug to produce its action on the receptor after binding. Although sub
sequent theories to explain spare receptors, efficacy and other pharmacologi
cal effects appeared, the basic tenets of Clark's model and his insights into 
drug action and recognition have held. With the advent of molecular biology 
and the ability to clone, purify, and mutagenize receptors, the principles of how 
drugs bind and subsequently activate receptors at the molecular level are 
becoming apparent. This chapter will review these activational paradigms in 
the G protein-coupled receptor (GPCR) field and how this field relates to the 
receptor's structure, and will try to bring together a general mechanistic view 
of drug action. 

B. Common GPCR StructurelFunction 

Common features of the primary and secondary structures of GPCRs and how 
they relate to functional mechanisms will be briefly reviewed here. The GPCR 
superfamily includes several hundred distinct but related proteins. They are 
found in a wide range of organisms and are involved in the transmission of 
signals across membranes. Over 80% of all hormones signal through these 
types of receptors, which makes their interest to the pharmaceutical industry 
and pharmacology apparent. They are composed of single polypeptide chains, 
each containing seven stretches of 20-28 hydrophobic amino acids that rep-
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resent transmembrane (TM) domains (Fig. 1). The TM segments are believed 
to be a-helices oriented approximately perpendicular to the membrane, as 
shown in rhodopsin (SCHERTLER et al. 1993), although helices such as TM5 
might have distinct differences or may be not be fully a-helical (JAVITCH et al. 
1995). The N-terminus of each receptor is extracellular and contains several 
glycosylation sites (ApPLEBURY and HARGRAVE 1986). The C-terminus is located 
on the intracellular side and contains sites for phosphorylation, which are used 
in the regulation of the receptor in desensitization and sequestration. The TM 
domains are linked by three intracellular and three extracellular loops. There 
is also a highly conserved disulfide bond between cysteines in the second and 
third extracellular loops. This bond is needed to maintain proper folding of 
the protein and the attainment of the high-affinity site in binding (KARNIK and 
KHORANA 1990). 

MEMBRAIIE 
BILAYER 

Fig. 1. General topography and conserved amino acids and motifs in G
protein-coupled receptors. The model is generated from data in BALDWIN (1993). 
Designated amino acids shown are conserved in at least 70% of all G-protein-coupled 
receptors. The dashed line indicates a disulfide bond that is also conserved in (>70%) 
of all G-protein-coupled receptors. X represents potential sites for phosphorylation in 
the regulation of receptor function. Roman numerals designate transmembrane helices 
or domains 1-7. Y in the N-terminus indicates sites for potential glycosylation 
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The receptors bind a signaling molecule on the extracellular side and then, 
following activation by the drug, cause a conformational change which causes 
the intracellular side to bind and activate the heterotrimeric guanine 
nucleotide-binding protein (G protein). The activated G protein then dissoci
ates from the receptor and subsequently initiates a second messenger response 
by activating various effector molecules, such as phospholipases and channels. 
The exact mechanism of the receptor-G protein coupling is still unclear, since 
there is no direct structural information. However, the intracellular loops and 
C-terminus are implicated, with particular emphasis on intracellular loop 3, 
where the amino acids near the lipid bilayer have been found to impart 
specificity of coupling to a particular G protein (WONG et al. 1990; WONG and 
Ross 1994; BUN et al. 1995). 

Historically, the cloning of the ,B-adrenoceptor (~AR) and its homology to 
rhodopsin (DIXON et al. 1986) led researchers to recognize that all GPCRs are 
encoded by genes with similar features. There is conservation of particular 
sequence( s) and spacing between key functional amino acids, especially in the 
TM domains and where the G proteins are predicted to bind and activate. This 
has suggested that the entire GPCR family arose from a single ancestral gene. 
A comparison of a large number of GPCRs by BALDWIN (1993) has highlighted 
the conserved motifs in the TM domains (Fig. 1). Of special consideration here 
is the conserved DRY at the end of helix 3, which has been shown to be involved 
in the binding and activation of G proteins. Specifically, the Arg is involved in 
the activation process, since mutations at this region still allow the G protein to 
bind but are unable to cause the exchange of guanosine diphosphate for guano
sine triphosphate, a necessary step in the activation of the G protein (ACHARYA 
and KARNIK 1996). The Asp or Glu, in some cases, may be involved in some kind 
of proton shuttle, as suggested by the mutagenesis work of Cotecchia (SCHEER 
et al. 1997), since a number of substitutions at this region caused constitutive 
activation, with the protonation/deprotonation of this residue speculated to 
determine the transition of the inactive receptor, R, to the active receptor, R *. 
Also involved in the binding and activation process are conserved amphiphilic 
helices located in the intracellular loop regions. It is believed that these positive 
helices bind to oppositely charged helices on the G protein, as suggested by 
mutagenesis (KUNKEL and PERALTA 1993) and work on the peptide toxin 
mastoparan (Ross and HIGASHIJIMA 1994), in which this highly positively 
charged a-helix can effectively block receptor-G protein activation. 

Although the tilt and orientation of the helices in the membrane may be 
different, all members of the GPCR family are believed to have basically the 
same structure in a membrane environment and, thus, may share common 
ligand-binding and G protein-activating paradigms. It has been assumed that 
the GPCRs have the same structure as bacteriorhodopsin (bR), an integral 
membrane protein from Halobacterium halobium which contains the same 
distinctive pattern of seven TM domains and has had its structure determined 
to 2.5 A (PEBAY-PEYROULA et al.1997). Many molecular models of GPCRs have 
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based their a-carbon coordinates on bR. Mechanistically, bR also shares with 
rhodopsin its response to light through the isomerization of a retinal chro
mophore, but bR is involved in proton pumping and is not coupled to G pro
teins, and its sequence has none of the conserved motifs associated with other 
GPCRs. The projection map of rhodopsin also suggests that the tilt and ori
entation of the helices are distinct from bR. Nonetheless, the activational par
adigms are analogous to rhodopsin and other GPCRs and will be included in 
this chapter. The lessons from bR demonstrate the concluding observations of 
this chapter, in which paradigms of binding and activation may be conserved 
even though there is a wide variety of differences in receptor primary 
sequence and type of ligand. 

To understand the molecular mechanisms involved in receptor activation, 
a brief review of our current understanding of receptor theory is needed. Our 
current model of receptor theory is based upon a key paper in which muta
tions in the C-terminal region of the third intracellular loop of the A-AR 
resulted in its constitutive activation (SAMAMA et al. 1993). The mutant exhib
ited dramatic increases in affinity for agonists (even in the absence of G 
protein) but not for antagonists, with the extent of affinity increase being cor
related with the intrinsic activity of the ligand. In addition, the constitutively 
active mutant (called CAM) exhibits an increased potency of agonists for stim
ulation of second messengers and an increased intrinsic activity of partial ago
nists. This prompted the speculation that this mutant receptor might have an 
increased tendency to adopt an active conformation, which could be respon
sible for the observed agonist-binding behavior and the spontaneous-activa
tion properties. From a structural viewpoint, these mutants can be envisioned 
as being impaired in their key constraining function, thus spontaneously 
"relaxing" into their active conformation. This mutation lead to the revision 
of the old ternary-complex model (DELEAN et al. 1980), which postulated that 
receptor activation required the agonist-promoted formation of an active, 
"ternary" complex of agonist, receptor, and G protein. The revised and 
extended model (called the two-state model) includes an explicit isomeriza
tion ( allosteric) of the receptor to an active state (R *) before it can couple to 
the G protein (SAMAMA et al. 1993). According to this model, constitutive acti
vation is explained as a disturbance of the normal equilibrium between the 
inactive state (R) and the active state (R *), leading to a higher proportion of 
receptor molecules in the active R * state. Inverse agonists, formally called neg
ative antagonists, such as ICI-118551, have a higher affinity for the inactive 
state, R. Therefore, inverse agonists can reverse a constitutively active pheno
type of higher basal activity by shifting the equilibrium of the constitutively 
active receptor (in the R * state) back to the inactive state, R. Neutral antag
onists, by definition, bind with equal affinity to both Rand R *. Therefore, 
neutral antagonists cannot shift equilibrium and have no effect on the basal 
activity of constitutively active receptors. A number of inverse agonists, includ
ing ICI-118551, and neutral antagonists have been described and verified for 
A-AR (CHIDIAC et al. 1994, 1996; BOND et al. 1995). 
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C. Rhodopsin and BR Activation: Light as the Ligand 

The first GPCR to be cloned and studied was rhodopsin, the photoreceptor 
molecule of the retinal rod cell. Because it is highly expressed in cell lines and 
can be purified in large amounts for spectrophotometric analysis, structure
function studies of this receptor are extensive and have served as a paradigm 
for the structure-function relationship in other GPCRs. At first glance, this 
highly specialized protein of the photoreceptor signaling cascade seems unre
lated to other G protein receptors, but the structure-function relationship 
that is now known in other receptor systems can always draw parallels to 
rhodopsin. The photoreactive chromophore of rhodopsin is ll-cis-retinal, 
which is covalently bound in the interior of the protein as a protonated Schiff 
base. Rhodopsin initiates a cascade of visual transduction when a photon 
induces isomerization of its ll-cis-retinal chromophore to the all-trans-retinal 
chromophore (HUBBARD and KROPF 1958). This leads to an increase in the 
overall volume of the protein, which induces formation of a new binding site 
for the G protein on its cytoplasmic surface. Therefore, photoisomerization 
of ll-cis-retinal to all-trans-retinal causes receptor activation. Direct evidence 
for the arrangement of seven a-helices was obtained from cryo-electron 
microscopy projection maps of bovine and frog rhodopsins at 7.5-A resolution 
(SCHERTLER et al.1993; UNGER et al.1997). The structural features delineated so 
far support much biochemical evidence that describes rhodopsin functions. 
Hence, the structural features of rhodopsin have been described in some detail. 

I. Direct Structural Information 

The projection map from two-dimensional crystals allows both the assignment 
of sequence segments of rhodopsins to the density peaks and the calculation of 
tilt angles for the seven TM helices in the membrane plane, but does not permit 
clear assignment of connections (loops) between the helices. Helices 4, 6, and 7 
are the least tilted. Helices 1,2,3, and 5 are tilted and may also be curved. Helix 
1 is more exposed to lipid and forms a short connection, with helix 2 in the cyto
plasmic side. Helix 2 interacts with helices 1,3, and 7 at the extracellular side 
and also with helix 4 at the intracellular side. Helix 3 is the most tilted of helices, 
with its cytoplasmic end closer to helix 5 and the extracellular end away from 
helix 5. This helix would then form the floor of the retinal-binding pocket, 
closing it off from access from the cytoplasmic side. Helix 4 is the shortest and 
least tilted in the entire density map. Helix 5 is most ambiguous in the map, 
since it is exposed to lipid throughout its length. Helix 6 is vertical and may be 
bent towards helix 5 on the extracellular side to limit lipid access to the interior 
of the protein. Helix 7 is the most perpendicular to the membrane and is in 
interaction with helices 1, 2, and 6 along its entire length. 

The helices are somewhat loosely packed towards the extracellular side, 
with a retinal binding cavity formed by helices 3, 4, 5, 6, and 7. The helix 
arrangement close to the cytoplasmic surface of rhodopsin is significantly more 
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compact (-25% smaller cross-sectional area) than at the extracellular surface. 
This is consistent with light-induced activation of rhodopsin, which has now 
been shown to involve movement of the helices to increase the cytoplasmic 
surface area and formation of the binding site for the G protein. 

The electron-density map of the extracellular domain in bovine and frog 
rhodopsins suggests that the TM helices do not extend considerably beyond 
the membrane border. The projected amount of density represents part of the 
glycosylated N-terminus and the connecting loops. An important part of this 
extracellular domain structure is the loop connecting TM helices 4 and 5, which 
forms the roof of the retinal-binding pocket. In contrast to the extracellular 
domain, limited electron-density regions are visible outside of the lipid bilayer 
in the intracellular domain. A small segment connecting helices 1 and 2 is 
visible. Near this 1-2 loop, density corresponding to an ordered part of 
the C-terminal tail is also visible. TM helix 6 appears to extend farthest into 
the intracellular region. Thus, the cytoplasmic IMpS are less packed than the 
extracellular loops. Portions of cytoplasmic loop connecting TM3 and TM4 in 
addition to the loop connecting TM5 and TM6 have been functionally impli
cated in interactions with G protein, receptor kinase and arrestin. However, 
large segments of these two loops can be deleted without significantly ham
pering the TM-domain function. Therefore, the low-resolution structure of the 
cytoplasmic loops suggests that rhodopsin lacks a constitutive binding site for 
the G protein in the ground state. Light activation would lead to formation 
of a complete binding site through the rearrangement of TM helices and, 
presumably, by induction of an ordered structure in the cytoplasmic loops. 
The molecular mechanism underlying this rearrangement of TM helices is 
reviewed in some detail below. 

II. The Activation Mechanism 

1. How Retinal Binds 

In rhodopsin, the basal, inactive pigment contains ll-cis-retinal covalently 
attached to Lys296 in TM7 through a protonated Schiff-base linkage. Forma
tion of this pigment suppresses a small but measurable basal activity of the 
apoprotein, especially at low pH (i.e. inverse agonist). Preference for the bent 
geometry of ll-cis-retinal is conserved among all visual receptors. Linear 
analogs, such as 13-cis-retinal and all-trans-retinal, are not efficient at inhibit
ing the basal activity or quantitatively generating rhodopsin from opsin. The 
key residues in retinal binding and subsequent activation by retinal are 
expected to be conserved in the entire opsin family. Constraints from muta
genesis combined with spectroscopic studies suggest that the retinal-binding 
pocket is largely defined by conserved residues on TM helices 3,5,6 and 7. 
Gly121 in TM3 and Phe261 in TM6 form one of the possible contact sites along 
the chromophore (HAN et al. 1996a, 1996b). Cross-linking studies are consis
tent with the idea that the C3 carbon of the ion one ring is near Trp265 and 
Leu266 in TM6 (NAKAYAMA and KHORANA 1990). These likely favorable steric 
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interactions are necessary to form a stable pigment whose binding pocket can 
discriminate between the inactive (ll-cis-retinal) and active (all-trans-retinal) 
states of the chromophore. 

2. Salt-Bridge Constraining Factor: Movement ofTM3 and TM6 

The strong positive charge of the protonated retinal-protein Schiff-base 
linkage in the middle of TM7 is compensated by the counter-ion, Glu1l3 in 
TM3. Mutation of either Lys296 or Glu1l3 results in constitutive activation of 
the apoprotein, opsin. The molecular mechanism of activation of opsin has 
been shown to be the same as that involved in the light activation of rhodopsin. 
The model for activation involves disruption of the salt-bridge interaction 
between the protonated retinal-Lys296 Schiff base and Glu1l3, followed by 
deprotonation of the Schiff base and net uptake of a proton by Glu1l3 which 
essentially generates a neutral pocket (COHEN at al. 1992). The developed 
strain in retinal that ultimately leads to disruption of the salt bridge is formed 
from steric interactions between the chromophore and apoprotein at two dif
ferent sites, Trp265 and Tyr268 in TM6, which interact with the f3-ionone ring, 
as suggested by ligand cross-linking, mutagenesis and retinal-analog reconsti
tution studies (NAKAYAMA and KHORANA 1990, 1991; BHATTACHARYA et al. 1992; 
RIDGE et al. 1992). Substitution of Trp265 and Tyr268 uncouples the photocy
de from the biochemical activation. This uncoupling occurs since metarho
dopsin II (i.e. the active transition-state intermediate) can be generated in 
these mutants, but less than 10% of the G protein can be activated. An iden
tical phenotype results when opsin is reconstituted with an analog of ll-cis
retinal that is constrained from converting to the all-trans form. These studies 
suggest that Trp265 and Tyr268 in opsin undergo steric perturbation during the 
light-induced cis-to-trans isomerization of retinal. A Trp residue is highly con
served in TM6 of nearly all members of the GPCR super family, and occur
rence of an aromatic residue three or four residues away from the conserved 
Trp is very frequent. Therefore, this region in the GPCR structure is likely to 
be important for a conserved function in other GPCRs. 

Gly121, in the middle of TM3, is another crucial residue in the activation 
process; it has been shown to make direct contact with the C9 methyl group 
of retinal. The progressive loss of G protein activation and the stability of the 
pigment in the basal state result from regeneration of Gly121 mutants with 
ll-cis-retinal analogs bearing larger ethyl and propyl groups at the C9 posi
tion. Furthermore, Gly121 mutants regenerated with ll-cis-retinal show 
partial G protein activation without light activation, but the opsin form of the 
Gly121 mutants are not constitutively active (HAN et al. 1996a). This residue 
is conserved in opsins (but not in other GPCRs), but mechanisms analogous 
to this apparent van der Waals contact with the agonist and TM3 appear to be 
conserved in several GPCRs. Linking Gly121 in TM3 and Phe261 in TM6 in 
the activation mechanism are studies in which the Gly121 mutants can be 
partially rescued by mutation of Phe261 (HAN et al. 1996b), a residue highly 
conserved in all GPCRs. In addition, Glu122 in TM3 and His211 in TM5 are 
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thought to interact with ll-cis-retinal and may also playa role in activation 
of rhodopsin, but they are not conserved in the entire family and are dis
pensable in bovine rhodopsin (SAKMAR et al. 1989; WEITZ and NATHANS 1992). 
Although more than 22 residues located on six out of seven TM helices of 
opsin stabilize interaction between retinal and the apoprotein, only a small 
number of interactions directly influence the functional activation. Thus, in 
rhodopsin, contacts between ll-cis-retinal and the Gly121, Trp265, Tyr268 
residues of the apoprotein playa key role in controlling the rate of protein 
conformational changes initiated ultimately by breaking the critical salt-bridge 
interaction. Therefore, a reasonable goal for elucidating structure-function 
relationships of GPCRs without an easy experimental system should be the 
identification of interactions that critically influence the function. We believe 
the locations of such interactions are well conserved within the putative struc
ture of the receptors. 

From a different experimental system, spin-label studies indicate that pho
toexcitation involves a rigid-body movement of TM3 relative to the other 
helical bundles (FARAHBAKHSH et al. 1995). The net effect is similar to move
ment of a cylinder, with the extracellular top half of the helix tilting toward 
the binding pocket while the intracellular bottom half tilts outward. Other 
spin-label studies have also shown that TM6 movement is involved in 
rhodopsin activation (ALTENBACH et al. 1996). The sequences studied included 
the TM6 and TM7 intracellular regions, a transducin interaction site. Changes 
in the characteristics of the spin labeled rhodopsin upon photo activation indi
cate that chromophore isomerization results in patterns of structural changes 
that can be interpreted in terms of movement of the TM6 helix that extends 
into the aqueous loop regions of the intracellular region. 

Recent biochemical data have also linked the TM3 and TM6 helical 
movements together (SHEIKH et al. 1996). Metal-ion-binding sites between 
TM3 and TM6 were engineered by substituting His residues for the natural 
amino acids at the cytoplasmic ends of these helices. The resulting mutant pro
teins were able to activate the visual G protein transducin in the absence (but 
not the presence) of metal ions. This was due to the constraint formed by the 
chelation of the metal ions with the substituted His. These results indicate that 
TM helices 3 and 6 are in close proximity and suggests that movements of 
these helices relative to each other are required for transducin activation. 
Thus, both the spin-label and chelation studies confirm implications from the 
diffraction studies, in which light activation leads to an opening of the cyto
plasmic surface, allowing the interaction site(s) with the G protein transducin 
to be exposed. Thus, a change in the orientation of TM3 and TM6 is likely to 
be a key element in the mechanism for the coupling of ligands to the activa
tion of other GPCRs. 

Indeed, several of the details involved in rhodopsin activation have also 
been shown to be involved in the photochemical coupling reactions that form 
the basis of the proton-pumping mechanism in bR (KHORANA 1988), halide-ion 
pumping by halo rhodopsin (HAuPTs et al. 1997), and chemotaxis by sensory 
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rhodopsin (HAUPTS et al. 1997). These proteins share with rhodopsin the 
retinylidene Schiff base deprotonation reaction as the primary light-triggered 
reaction that leads to protein conformational transitions. The photocycle of bR 
can be compared with that of rhodopsin, in which proton transport from the 
cytoplasm to the extracellular surface is initiated by the light-induced isomer
ization of retinal from all-trans-retinal (inactive) to 13-cis-retinal (active). The 
apoprotein structure contains a seven-TM-helical domain with a Lys residue in 
the TM7 also attached to the retinal chromophore via Schiff-base linkage. The 
third TM helix harbors the putative counter-ion (Asp85 in bR) for the proto
nated Schiff base, which directly extracts the proton from the Schiff base. In 
both charge and position, both of these residues are analogous to Lys296 and 
Glul13 in rhodopsin. A Leu residue (Leu93 in bR) in TM3 interacts with the 
C13 methyl group of retinal; this interaction controls the rate of protein con
formational change associated with retinal isomerization (DELANEY et al. 
1995). TM6 contains a Trp residue which, when mutated, slows down the 
protein-isomerization rate. Both of these residues are analogous to Trp265 and 
Gly121 in rhodopsin. Thus, the basic steps that trigger conformational transi
tions upon retinal isomerization are conserved in other retinal-based signal 
transducers, though they are not coupled to G proteins. 

D. AR Activation: Small Organics as Ligands 

After rhodopsin, the most widely studied GPCRs are the ARs. ARs represent 
a large class of receptors in which the endogenous ligand is a small organic, 
non-peptide molecule. It is also representative of a smaller family of biogenic 
amine receptors in which the endogenous ligand contains a conserved proto
nated amine that is essential for bioactivity. Members of the biogenic amine
receptor family are the AR amines, serotonins, dopamines, muscarinics, and 
histamine. The AR family (ala> alb, aId, a2a, a2b, a2e, f3j, A, /33) mediates the 
effects of the sympathetic nervous system through the actions of the cate
cholamines, (-)-epinephrine (adrenaline) and (-)-norepinephrine (noradren
aline). All of the above subtypes are cloned (BYLUND et al. 1994). Classification 
of ARs (all a2, and 13-) is based on the primary amino acid sequences and 
potencies of selective AR ligands (STROSBERG 1990). All ARs contain highly 
conserved residues within the TM domains where the agonist binds. However, 
the ligand-binding pocket is distinct among the receptor subtypes, as they can 
discriminate among a wide variety of synthetic agonists and antagonists (HWA 
et al. 1995). The observed physiological response is dependent upon the type 
of AR expressed in the tissue being innervated. 

I. Important Binding Contacts of the Endogenous Ligands 

Norepinephrine is composed chemically of an ethylamine moiety attached to 
a di-hydroxyl (catechol) benzene ring. For positively charged ligands, such as 
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the biogenic amines (and specifically norepinephrine), negatively charged 
counter-ions in the binding pocket are crucial to ligand binding and subse
quent activation. Earlier work has shown that removing the aspartic acid in 
TM3 of the receptor (conserved to Glul13 of rhodopsin) reduces the binding 
of agonists and antagonists in the f3I-AR by 10,OOO-fold (STRADER et al. 1988), 
with similar results in the arAR (WANG et al.1991) and Ml muscarinic (FRASER 
et al. 1989). However, the same mutation in al-AR still maintains high-affin
ity binding for antagonists and reduced (but not abolished) affinity for ago
nists (PORTER et al. 1996). A similar result for al-AR was also obtained in a 
serotonin-receptor subtype (Ho et al. 1992). The apparent contradiction may 
be due to the type of substitution, which also affects the correct folding of the 
receptor protein. Alternately, the strength of the ionic bond may be different 
among the adrenergic SUbtypes. Nonetheless, the aspartic acid residue in the 
receptor is a very important binding contact for the endogenous ligand and is 
analogous in both charge and position to Glu113 of rhodopsin. 

Another important binding contact in ARs is how the catechol hydroxyls 
of epinephrine interact with the receptor. The catechol hydroxyls are orien
tated on the benzene ring para and meta to the ethyl amine moiety. There are 
several Ser residues in TM5 that are highly conserved among receptors (gen
erally three total) that bind catecholamines, but not in other GPCRs. In f3I
AR, two Ser residues in TM5, Ser204 and Ser207, have been shown to be 
involved in hydrogen-bond interactions with the hydroxyl groups on the cat
echol ring (STRADER et al. 1989). Both residues are required for high-affinity 
binding of agonists (either Ser204Ala or Ser207 Ala result in a lOO-fold reduc
tion in binding affinity) and for the full activation of the receptor, with each 
Ser contributing 50% to the activation process. Using catechols that lack either 
a m- or p-hydroxyl, together with the two mutant Ser receptors, the authors 
proposed a model in which Ser204 hydrogen bonds with the m-hydroxyl group 
of the catechol ring while Ser207 interacts with the p-hydroxyl group. The 
validity of extrapolation of this model to ~-AR is unclear-The equivalent 
serines in the ~-AR (Ser200 and Ser204) both show a tenfold decreased affin
ity for (-)-epinephrine when mutated to Ala (suggesting both Ser residues and 
receptor hydroxyls are required) but no change in affinity with an optically 
racemic mixture of synephrine that lacks a m-hydroxyl group (suggesting the 
p-hydroxyl is unimportant; WANG et al. 1991). The Ser204 mutant significantly 
attenuated the functional activity (65 % active), but only with synephrine, 
implicating p-hydroxyl interaction. No changes in activity were seen with the 
natural hormones with either Ser mutant. 

With the recent cloning of the ala subtype and the receptor containing 
only two of the three conserved serines in TM5, the role of the serines in al
AR was explored and compared with the f3I-AR paradigm (HWA and PEREZ 
1996). Replacement of either Ser188 or Serl92 in TM5 of ala-AR with an Ala 
did not significantly reduce the binding affinity for any of the agonists com
pared with the binding in wild-type (WT) protein. In fact, the binding affinity 
for phenylephrine was significantly increased (sevenfold) in the Serl92A 
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mutant. These results are quite distinct from the ~-paradigm, where either Ser 
mutation was able to reduce agonist-binding affinity. To confirm a hydrogen
bond interaction, the double mutant Ser188/192Ala was created and found to 
decrease the binding affinity by 25-100-fold for various agonists, consistent 
with a decrease in binding energy of ~G = +2-3 kcallmol and equivalent to a 
disruption of a single hydrogen bond. Since either Ser residue is sufficient in 
itself in maintaining the WT binding affinity but the free energy values indi
cate only one hydrogen bond is formed, the data suggests that both serines 
contribute a weak hydrogen bond to the agonist. When one Ser is eliminated 
by mutagenesis, there are competition interactions occurring between the two 
hydroxyls on the agonist and the remaining Ser on the receptor in which the 
agonist moves to optimize its docking. This results in no net decrease in affin
ity when one Ser is mutated but decreases by 25-100-fold when both serines 
are mutated. However, because of the sevenfold increase in affinity for 
phenylephrine (the m-hydroxyl agonist) with the Ser192Ala mutant, it seems 
that the m-hydroxyl interaction with Ser188 is the stronger of the two inter
actions, and only the Ser188-m-hydroxyl contributes a major role in receptor 
activation, providing 70-90% of the WT response in inositol phosphate (IP) 
release. However, the effect of Ser192 on receptor activation was minimal. 

To account for a stronger m-hydroxyl interaction and a weaker p-hydroxyl 
effect, the catecholamine would be modeled in a planar orientation (relative 
to the extracellular surface) in the ligand-binding pocket as opposed to a 
skewed (tilted) orientation in f3-AR. Since there are three residues between 
the two serines in the TM5 helix in al-ARs, as opposed to two residues 
between the fJ-AR serines, the placement of the serines on the helix is differ
ent in these two receptor subtypes, which results in differences in the orien
tation of the catechol ring in the binding pocket. The m-hydroxyl-Ser188 
interaction in al-AR is closest to TM4, while the m-hydroxyl-Ser204 interac
tion in fJ-AR is closer to TM6, resulting in rotation of the catechol ring about 
120° in al-AR. Hence, it appears that the catechol docks in a unique manner 
in al-ARs as compared with the fJ-AR paradigm, and this may implicate 
activational differences. 

There is also a report of a phenylalanine residue in TM6 of the ~-AR that 
is involved in an aromatic/hydrophobic contact with the benzene ring of 
epinephrine (DIXON et al. 1988). Although not confirmed in the other ARs, 
it is likely to be analogously involved in binding, since this residue is strictly 
conserved (unlike the serines in TM5) in all AR subtypes. It is also analogous 
to Phe261 in rhodopsin in identity and position. 

II. Insights on How Epinephrine Activates 

1. Release of Constraining Factors 

A "constraining factor" has been previously postulated for the awAR 
subtype, holding the receptor in a basal or inactive configuration until bound 
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by a receptor agonist (KJELSBERG at a1. 1992). This hypothesis is based on the 
characterization of mutant awARs where the normal Ala at position 293 in 
the third cytosolic loop was changed to all possible amino acid combinations. 
KJELSBERG et a1. observed that any amino acid substituted at position 293 
caused the alb-AR to become constitutively active. This constitutive activity 
was characterized by higher binding-affinity values for AR agonists but not 
antagonists. Also, a higher AR-agonist potency for generating intracellular 
signals was observed and, more importantly, there was increased second
messenger production in the absence of AR agonist; this all reflects the active 
state, R *. In addition, KJELSBERG et a1. suggested that any amino acid change 
at position 293 of the alb-AR releases a physical restraint that allows the iso
merization of the receptor protein to an active configuration. This has also 
been proposed for the same mutation in the [h-AR but analyzed structurally 
using fluorescent anisotropy (GETHER et a1. 1997). Here, the mutation pro
duced more pronounced structural changes with both agonists and antagonists 
than the WT receptor but was structurally unstable. It was proposed that these 
CAMs remove some stabilizing conformational-structural constraints, allow
ing CAM to more readily undergo transitions (i.e., have greater flexibility) 
between the inactive and active states and making the receptor more suscep
tible to denaturation. This was consistent with the CAM being a "high-energy" 
or "active-state" intermediate in the activation process. This notion of release 
of constraining factors may be an important conserved paradigm in the acti
vation processes of all GPCRs in which the resulting release caused by agonist 
occupation is the direct cause of helical movements. This unification hypoth
esis of agonist-induced conformational changes would explain drug action at 
the molecular level and the rationale of conserved key pharmacophores in 
agonist drug classes. The implications of such a theory would make possible 
rationally designed pharmaceuticals with specific targets and lesser side 
effects. 

2. Evidence for a Salt-Bridge as a Constraint: Movement of TM3 and TM7 

As reviewed in Sect. C, previous work has identified an inter-helical salt bridge 
holding the rhodopsin receptor in a basal or inactive conformational structure 
until activated by light. These charged amino acid pairs of the rhodopsin
receptor salt bridge are conserved in other GPCRs that are activated by bio
genic amines. The negatively charged Asp in TM3 involved in epinephrine 
binding is highly conserved among all aminergic receptors and is analogous in 
both position and charge to the Glul13 found in TM3 of rhodopsin. The pos
itive counter-ion is also preserved between some aminergic and rhodopsin 
receptors. In non-conserved cases, a different basic amino acid may be substi
tuted in TM7, comparable to what is observed for the dopamine receptor, or 
the Asp may be an Asn, forming a hydrogen-bond constraint. Similarities 
between the position and type of charged amino acid pairs found in rhodopsin 
versus the alb-AR suggest that a constraining salt bridge could also be formed. 
Analogous to rhodopsin, this potential salt bridge between Lys331 in TM7 and 
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an Asp12S in TM3 could restrict the (XwAR to a basal conformation until 
bound by an AR agonist. Abolishing this ionic bond would allow the (Xlb-AR 
to adopt an active conformation that would have properties of a constitutively 
active receptor, as in the rhodopsin receptor. To test this hypothesis, site
directed mutagenesis eliminated this charged amino acid pair in (Xlb-AR by 
mutating the Lys331 to an Ala or a Glu and Asp12S to an Ala or a Lys (PORTER 
et al. 1996). In summary, both sets of mutations produced constitutively active 
receptors, strongly suggesting the existence of an Asp12S-Lys331 salt bridge 
in the WT (Xlb-AR that constrains the receptor in the inactive state. Docking 
of epinephrine initiates a competition between the protonated amine of the 
ligand and the positive charge of Lys331 for the negative Asp counter-ion. It 
is speculated that competition for the Asp12S disrupts the salt bridge, allow
ing a translational movement of TM3 towards the protonated amine of the 
ligand, a helical movement conserved in the rhodopsin paradigm. 

To further test the hypothesis that a salt-bridge constraint was involved in 
the activation mechanism, triethylamine (TEA) was used to mimic the basic 
amine portion of the endogenous agonist to break this ionic constraint, leading 
to agonism (PORTER et al. 1998). TEA was able to generate concentration
dependent increases in IP release in transiently transfected COS-1 cells of the 
(Xlb subtype and in stably transfected fibroblast cells with the (Xla subtype, 
though it was not a full agonist. TEA was able to synergistically potentiate the 
IP response of weak partial agonists, an ability which was fully inhibited by 
prazosin, a specific (Xl antagonist. However, this potentiation was not observed 
for full agonists; it shifted the dose-response to the right, indicating competi
tive antagonism and was consistent with the efficacy of TEA as a weak agonist. 
TEA can bind to (X1-ARs with a Kj of 28mM, which was consistent with 
its ECso. The site of TEA binding was found to be at Asp12S in TM3, which 
is part of the constraining salt bridge. These results are consistent with a 
direct interaction of TEA in the binding pocket, which leads to a disruption 
of the salt bridge. It was postulated that full agonists break the salt bridge and, 
therefore, TEA can now only compete at the same binding site as the full 
agonist, thus displaying competitive antagonism. Weak partial agonists, 
because they cannot bind optimally, cannot break the salt bridge but instead 
weaken it, thus allowing TEA to bind to Asp12S and break the salt bridge, 
leading to potentiation. Thus, the use of a basic amine salt has supported 
the salt-bridge-breakage hypothesis and it is at least part of the activational 
mechanism in (X1-ARs. 

This hypothesis of salt-bridge breakage as a step in the activation process 
also explains previous work on f3z-AR, in which substitution of the Asp12S 
with a longer Glu12S imparted to some antagonists the ability to display 
partial agonism (STRADER et al. 1989). Many antagonists in the ARs contain a 
protonated nitrogen analogous to adrenergic agonists; it is located, however, 
at a longer bond-length away from the aromatic moiety. This may impair the 
ability of antagonists to break the salt bridge because of sub-optimal posi
tioning of the basic amine and accounts for why a Glu substitution partially 
rescues its potential agonism. 
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3. Evidence for Multiple Activation States or Mechanisms 

Recently other constitutively active ARs have been characterized, and insights 
have been contributed to the activation process. A Cys-to-Phe mutation in 
TM3 of £Xlb-AR a helix turn below the critical Asp125 involved in binding con
stitutively activates the receptor, resulting in G protein coupling in the absence 
of agonist and selective constitutive activation of a single-effector pathway 
(phospholipase C, not phospholipase A2; PEREZ et al. 1996). It was shown pre
viously that these two pathways in COS-1 cells are coupled to two different 
G proteins. It was found that phenethylamine agonists, such as epinephrine, 
were able to recognize this "selective active state" by binding and potency 
changes. However, a structurally distinct imidazoline agonist, such as oxymeta
zoline, could not. Since Cys was strictly conserved in /3J.-AR, this mutation was 
created in /3J.-AR (ZUSCIK et al. 1998) and gave analogous phenotypes. The /3J.
AR C116F mutant can selectively constitutively activate the Na/H exchanger 
NHE-1 through the putative G protein Ga13 without constitutively activating 
the Gas/adenylate-cyclase pathway. Both studies indicate that a single recep
tor subtype forms multiple conformations for G protein interactions (i.e. dif
ferent activation states) that are specific for a particular G protein/effector 
pathway and that multiple binding sites that promote or induce these specific 
interactions exist for different classes of agonists. 

This notion that a receptor conformation is important in recognizing a G 
protein activated state is also supported by the observation in £x2a-AR in which 
a point mutation in TM2 uncoupled the receptor from activating potassium 
currents but not calcium currents (SUPRENANT et al. 1992). Since this mutation 
and the TM3 mutant are located in the TM domains and not in the intracel
lular loops, which are thought to interact directly with the G proteins, the 
receptor conformation must have changed to allow this differential coupling. 
In support, it has also been shown in /3J.-AR that agonists and antagonists 
induce distinct conformational states of the receptor (GETHER et al. 1995). 
Ligand-dependent structural changes, as measured by fluorescent anisotropy, 
showed that agonists and antagonists have opposite effects on baseline 
fluorescence. 

4. Evidence for Additional Constraining Factors: Movement of 
TM5 andTM6 

Since the catechol hydroxyls bind to serines in TM5 and the benzene ring of 
epinephrine interacts with a phenylalanine in TM6, it might also be expected 
that residues in these helices are also involved in the activation process. 
Indeed, the salt-bridge mutants are not fully active, suggesting such a possi
bility. How can different mutations/residues located in diverse areas of the 
receptor all lead to the same, R * or active state of the receptor? It is possible 
that many of these mutations alter helical packing of important TM domains 
that are involved in the activation process. These mutations can be direct, such 
as the salt-bridge mutants, or indirect, such as what was found in /3J.-AR, in 
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which extracellular-loop mutants caused constitutive activity (ZHAO et al. 
1998). Here, it was postulated that TM domains 6 and 7, attached to the extra
cellular loop mutants, were indirectly altered in their packing to allow a greater 
ability of the intracellular loops to bind G protein. In a similar conclusion 
(HWA et al. 1996), CAMs in TM5 and TM6 of the ala or alb subtypes were 
created by substituting a particular residue in either helix with the corre
sponding amino acid in the other subtype (TM5: Ala204Val, alb to ala; TM6: 
Met292Leu, ala to alb)' The constitutive activity could be silenced or reversed 
when the complementary amino acid in the adjacent helix was substituted with 
the corresponding same-SUbtype residue. A simple interpretation of these find
ings is that the entire structure of the receptor has evolved to constrain the 
receptor in the inactive state such that even helix packing has important 
ramifications in the activation process. Whether these helices have specific con
straining factors that are broken indirectly by the helix-packing differences or 
the implicit deduction that the helices move in bulk due to steric constraint 
from agonist binding is still unknown. The aromatic ring conserved in all ARs 
is positioned near TM5/6. Movement of these helices (TM5/6) to accommo
date steric strain induced by agonist occupation would be analogous to that 
in rhodopsin, where the ionone ( aromatic) ring of retinal flips toward TM6 
during cis-to-trans isomerization. It is this resulting accommodation of steric 
bulk that is speculated to move TM6 in the activation process. 

Recent evidence using the substituted Cys accessibility method on a con
stitutively active ~-AR also suggests movement of TM6 in the activation 
process (JAVITCH et al. 1997). Using the CAM ~-AR previously characterized 
(SAMAMA et al. 1993), JAVITCH has showed that Cys285 in TM6 is the sole Cys 
responsible for the increased susceptibility of the CAM for the polar 
sulfhydryl-specific reagent methane thiosulfonate ethyl ammonium (MTSEA), 
compared with the WT receptor. The results are consistent with a rotation 
and/or tilting of the sixth membrane-spanning segment associated with acti
vation of the receptor and similar to the rhodopsin paradigm (ALTENBACH et 
al. 1996). This rearrangement ofTM6 would bring Cys285 to the margin of the 
binding crevice, where it becomes accessible to MTSEA. 

Further evidence of additional constraining factors comes from studies 
combining individual CAMs. Three CAMs [C128F in TM3 (PEREZ et al. 1996), 
A204V in TM5 (HWA et al. 1996) and A293E in the 5-6 intracellular loop 
(KJELSBERG et al. 1992), which moved TM6 above] in awAR displayed similar 
manifestations of constitutive activity. It was hypothesized that the individual 
mutations, because of their critical locations, alter the conformation or packing 
of the TM helices so that mimicry that partially conforms to the activated state, 
R *, occurs. To explore whether these potential conformations are indepen
dent, these three mutations were combined in all possible permutations (HWA 
et al. 1997). Each mutation contributed independently and synergistically to 
both receptor-agonist binding and constitutive activation. There was also a 
direct correlation between epinephrine's binding affinity and the degree of 
constitutive activity. The binding curves became more complex (reflected by 
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multiple binding sites that were independent of G protein modulation, as 
assessed by the addition of guanylyl imido diphosphate ) as the degree of con
stitutive activity increased. This was consistent with the idea that these mutants 
allow a greater degree of flexibility (or a lowering of activational energy) 
between the Rand R * states. Indeed, from a structural viewpoint, these 
mutants can be envisioned as being impaired in their key constraining func
tions, thus spontaneously "relaxing" into their active conformation. Because 
the mutations affect different TM domains, these results are consistent with 
a mechanism in which helical movement acts in a concerted fashion in agonist
induced activation, a synergism predicted if multiple helix movement 
(between TM3, 5, and 6) is involved in receptor activation. Multiple-helix 
movement implicates additional constraining factors that are released upon 
agonist binding, allowing this greater flexibility between the Rand R * states. 

E. Angiotensin-Receptor Activation: Peptides as Ligands 

I. Peptide-Hormone GPCRs: How the Peptide Binds 

The endogenous ligands for many GPCRs are peptide hormones with sizes 
varying from tripeptides to large glycoproteins. The primary-sequence iden
tity between the peptide hormone GPCRs and opsins or biogenic amine recep
tors is less than 20%. Hydropathy analysis, the alignment of sequence motifs 
that define GPCR structure, suggest that the putative structure of peptide
hormone GPCRs is likely to be similar to that of rhodopsin and adrenergic 
receptors. However, the functional pharmacophore mapped on the surfaces of 
many peptide hormones suggests that the binding site on GPCRs might have 
a substantially larger surface area than that determined from the binding of 
retinal and biogenic amines. Consistent with this expectation, in several 
peptide-hormone GPCRs, the agonist contact residues identified are located 
in the putative extracellular domain. The first and second extracellular seg
ments are critical for binding of different neurokinins to their receptors 
(HUANG et al. 1995). The high-affinity binding of thyrotropin and lutropin 
requires the N-terminal region of the respective receptors (LAAKONEN et al. 
1996). In GPCRs for angiotensin II (AngII), formyl peptide, and interleukin-
8, evidence for involvement of the extracellular loop has been obtained (PEREZ 
et al. 1994; SERVANT et al. 1997). Thus, in contrast to the retinal and biogenic 
amine receptors, the extracellular segments playa role in agonist interaction 
in peptide-hormone GPCRs. In light of this observation, the well-ordered 
structure of the extracellular segments in the rhodopsin electron-density map 
may be very pertinent for this group of receptors. 

II. The Ang-II Receptor 

The existence of at least two specific subtypes of the AngII receptor has been 
confirmed by molecular cloning studies (MURPHY et al. 1991; SASAKI et al. 1991; 
KAMBAYASHI et al. 1993; MUKOYAMA et al. 1993). The type-1 (AT!) receptor is 



Mechanisms of Receptor Activation and the Relationship to Receptor Structure 299 

highly selective for the biphenylimidazole non-peptide antagonist DUP753 or 
losartan while displaying low affinity for penta peptide analogs, such as 
CGP42112A. The other subtype, AT2, binds a Park-Davis antagonist, 
PD123377, preferentially and essentially has affinities that are the opposite of 
those of the AT! receptor. AngII-dependent activation of the AT! receptor 
causes intracellular IP production through the activation of a G protein that 
is pertussis-toxin insensitive (MURPHY et al. 1991). Most of the physiology for 
AngII has been assigned to the AT! receptor (BUMPUS and KHOSLA 1977; 
DUDLEY et al.1990), with the signal-transduction pathways and G protein cou
pling of AT2 still unknown. 

ill. How Angll Peptides and Non-Peptides Bind 

Despite significant advancement in defining the ligand pocket, the molecular 
mechanism of activation of the peptide hormone GPCRs is unclear at this 
time. An important insight for the striking similarities between the activation 
processes of rhodopsin, biogenic amine receptors, and the peptide-hormone 
GPCRs through the involvement of the TM domains comes from the mapping 
of the binding sites for the small-molecule, non-peptide agonists and antago
nists. Recently, the complete binding site of the biphenyl imidazole antagonist 
and agonist compounds that are selective for the AngII receptor have been 
mapped (JI et al. 1995; NODA et al. 1995; SCHAMBYE et al. 1995; MONNOT et al. 
1996; PERLMAN et al. 1997). The site is formed by residues located in TM3-7, 
buried in the middle of the plane of the lipid bilayer, similar to the biogenic 
amine receptors. Pharmacophore overlay suggests that the biphenyl analogs 
of the non-peptide ligands mimic the C-terminal tetrapeptide region of AngII, 
which carries the functional determinants. The binding epitopes for the 
neurokinin-receptor antagonists are also localized on TM2, 5, and 6 (FONG 
et al. 1993; GETHER et al. 1993; HUANG et al. 1995). The particular residues 
involved are located at positions equivalent to residues in adrenergic recep
tors that bind the catechol ring. Similarities in non-peptide binding suggest the 
existence of a site within the TM domain of the peptide-hormone GPCRs; this 
site must be accessed by the native peptide hormones to initiate the receptor
activation process. Whether this is achieved by direct contact or indirectly 
through extracellular loops is unclear. 

The observation that TM3 and TM6 in the AT! receptor directly interact 
with the agonism-specifying functional groups of AngII suggests that the 
mechanism of activation of this peptide hormone GPCR conforms to a more 
general molecular mechanism of GPCR activation. The octapeptide hormone 
AngII (DRVYIHPF) plays an important role in regulating hydromineral 
balance and arterial blood pressure in species as diverse as fish and humans. 
The C-terminal tetrapeptide region of AngII has been proven important for 
receptor activation (BUMPUS and KHOSLA 1977). Substitution of the Phe8 side 
chain with an aliphatic group produces an agonist-to-antagonist transition 
without a change in binding affinity. Hydrophobic aliphatic substitutions at 
position 4 weaken agonist activity and reduce binding affinity for the recep-
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tor (BUMPUS and KHOSLA 1977). The remaining hormone residues are not 
considered to be crucial for agonist activity. Several predicted electrostatic/ 
hydrogen-bonding interactions between Angn and its receptor have recently 
been assigned using group-specific modifications of Angn in combination with 
AT1-receptor mutagenesis. The contact between the N-terminus of Angn and 
the extracellular domain involves two salt-bridge/hydrogen-bond interactions 
between His183 of the ATl receptor and Asp1 of Angn and between Asp 281 
of the ATl receptor and Arg2 of Angn. His183 is located in the extracellular 
loop connecting TM4 and TM5, and Asp281 is in the extracellular loop con
necting TM6 and TM7. These two points of contact are not utilized by the non
peptide agonists and antagonists in binding to AT 1 receptor, which is consistent 
with the lower affinity of the non-peptide analogs. A direct interaction 
between the backbone a-COO-group of Phe8 in Angn and Lys199 of the 
receptor was also demonstrated (NOD A et al. 1995). Lys199 is located in TM5 
of the ATl receptor. An interaction between the aromatic side group of Phe8 
of Angn and His256 in TM6 of the ATl receptor is also necessary for Angn
dependent receptor activation (NODA et al.1995). NODA et al. (1995) confirmed 
that the a-COO-group of Angn docked to Lys199 and demonstrated that 
Lys199, in combination with His256 in TM6, constitutes an important site 
where all classes of AT1-selective ligands bind to exert agonist or antagonist 
effects. 

IV. Insights into AngII Activation 

1. Role of His256 in TM6 

Replacement of the Phe8 side chain in Angn with aliphatic side chains 
(such as He, Ala, and Thr) and Gly produces poor agonists without substantial 
change of affinity. Likewise, the replacement of His256 of the ATl receptor 
also produced a functionally defective receptor with no change in affinity for 
Angn. The results obtained with the His256 mutants are consistent with van 
der Waals contact between His256 and the angiotensin position-8 side chain, 
based on small differences in the affinity of the analogs, implying that a direct 
contact of His256 with the Phe8 side chain (i.e., amino aromatic or cation n) 
is responsible for "transmitting" the agonist occupancy of the ligand pocket 
as a signal for receptor activation (NODA et al. 1995). The most significant 
conclusion from the present results, therefore, is that His256 is a point of 
contact between agonists and the ATl receptor, where the process of receptor 
activation is initiated. 

2. Release of Constraining Factors: Role of TM3 

Molecular modeling of Angn docked to the ATl receptor predicts interaction 
between Tyr4 of Angn and TM3, specifically with residues Ser107, Asn111, and 
Leu112 (NODA et al. 1996). Mutagenesis studies indicate a role for Asn111 in 
Angn binding but have excluded a significant role for Ser107, Leu112, and 
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Ser115, all located in TM3 (NODA et al. 1996). The binding affinity of AngII is 
specifically affected by the size of the residue substituted at position 111 of 
the ATI receptor, implying an interaction between them. The most surprising 
observation, however, was the constitutively active phenotype of Asn111Ala 
and Asn111Gly mutants of the ATI receptor.ATl-receptor agonists and partial 
agonists show an increase in binding affinity for these mutants compared 
with WT receptor, whereas AT1-receptor antagonists exhibited a markedly 
lower binding affinity. These mutations also induce a conformational change 
in the AngII-binding pocket, which leads to an increase in binding affinity 
for agonists in the absence of G protein coupling, suggesting that the muta
tion induced an "active-state" conformation of the receptor. This, in turn, pro
motes ligand-independent activation of intracellular signal transduction 
(SAMAMA et al. 1993). Basal IP production in the Gly111 and Ala111 receptor 
mutants was substantially elevated (NODA et al. 1996). Therefore, it appears 
that the Asn111Gly mutation induces a conformational change in the AngII
binding pocket, which causes misalignment of the residues required for losar
tan binding but favors the binding of agonists and partial-agonist analogs of 
AngI!. 

Because Asn111 is a receptor residue that is also involved in docking 
Tyr4, the Tyr4/Asn111 interaction is likely to be the switch that controls a 
conformation-dependent reconfiguration of the ground-state binding pocket, 
which concomitantly stabilizes AngII binding and induces the active state of 
the receptor (R *). In addition, experimental evidence suggests that His256 is 
not required when the Asn111 side chain is mutated and that the Phe8/His256 
interaction enables the Tyr4/Asn111 switch to engage the WT ATI receptors 
in the activation process (NODA et al. 1996). This is seen experimentally in the 
Asn111Gly mutant, which is able to become fully activated with AngII analogs 
that substitute the aromaticity of the Tyr4 and Phe8 residues, but the WT 
receptor is unable to respond. The simplest way to explain this data is that the 
transition of a WT receptor into a fully activated receptor requires a deter
minative step (a true transitional intermediate or pre-active state) that occurs 
after AngII binds but does not occur when AngII analogs lacking Tyr4 and 
Phe8 groups bind to the WT receptor. The initial rate-limiting step in activa
tion is achieved through thermodynamically linked interactions between 
AngII-[Tyr4] and Asn 111 of the ATI receptor, and between AngII-[Phe8] and 
His256 of the ATI receptor, resulting in helical changes in TM3 and 6. When 
the ligand-binding pocket is not occupied, the receptor is stabilized by a 
complex set of intramolecular interactions that chiefly constrain Asnl1l. 
Release of Asn111 from this interaction produces a conformational change in 
the ligand-binding pocket such that this pocket now favors agonists and partial 
agonists of the ATI receptor but not antagonists. Whether the paradigm of 
peptide-hormone GPCR activation through contact of agonism-specifying 
hormone groups with critical receptor residues in the TM domain is unique to 
ATI receptors or is a more general phenomenon among the peptide-hormone 
receptors remains to be established. However, the involvement of TM3 and 6 
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in the activation process is conserved among the rhodopsin receptor, AR, and 
angiotensin receptors. 

A separate report has also postulated a role for Asnll1 as a constraining 
factor, but differs from the previous report in that a hydrogen-bond constraint 
with Asn295 in TM7 is proposed (BALM FORTH et al. 1997). This would be anal
ogous to the salt-bridge constraining factor between TM3 and 7 in rhodopsin 
and the a)-AR. Mutation of Asn295 produced a constitutive active phenotype 
similar to that produced by substitution of Asnlll. They also proposed that 
substitution of these two residues causes the loss of an interaction between 
TM3 and 7, which allows the receptor to "relax" into its active conformation. 
However, a molecular model of the rat AT) receptor (JOSEPH et al. 1995) has 
suggested not Asn295 but Tyr292 as the molecular constraining partner for 
Asnlll. However, this particular residue has been mutated (MARIE et al.1994) 
to a Phe and did not yield the predicted constitutive phenotype. This would 
imply that Asnll1-Asn295 is a more likely interaction. 

F. The Ties that Bind: Concluding Remarks 
I. Conservation of Critical Binding Contacts and 

Resulting Helical Movements 

Since all GPCRs are thought to have evolved from a single ancestral gene, 
there is key conservation of the structural motifs and the coupling regions in 
the intracellular loops of the G protein, it is likely that the binding determi
nants, the agonist-induced conformational changes, and the resulting helical 
movements that occur in rhodopsin will be conserved in other GPCRs. In 
support of this notion, evidence from both the AR and angiotensin receptors 
indicate a critical interaction in the binding of the endogenous agonists in 
TM3, 5, and 6. Indeed, the involvement of these helices in the binding of the 
endogenous agonist in many other GPCRs not reviewed in this chapter sup
ports this consensus. This and the evidence of the resulting movements in TM3 
and TM5/6, analogous to the rhodopsin paradigm, suggest these helices in 
the binding and subsequent activation mechanism in all GPCRs. As in 
rhodopsin, the conformational result in other GPCRs, regardless of the class 
of ligand, would be a widening of the cytoplasmic surface via the intracellular 
loops, allowing for higher affinity interactions with the G protein(s). 

II. Conservation of Switches that Control Attainment of 
the Active State(s) 

An interesting conservation in TM3 appears to be a possible "switch residue" 
or region that can control key aspects of the activation state(s). As shown in 
Fig. 2, alignment of the third TM domain has Gly121 in rhodopsin, which is 
conserved in all visual pigments; in bR, it is replaced by Leu93. In analogous 
positions in the ARs are Cys1l6 in the /3z-AR and Cys128 in the a)b-AR, while 
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Transmembrane helix 3 

III 

ATI N L Y A S V F L LTC L S DRY 

I 28 

alb C C T A S L S L C A S DRY 

I I 6 

~2 C V T A S E T L C V A V DRY 

I 2 I 

Rho G G E ALWS LVVLA E R Y 

9 3 

Br L L L L D L ALL V DAD Q G T 

Fig.2. Alignment of residues in the third transmembrane helix of the angiotensin type-
1 receptor (AT!), the alb adrenoceptor (alb)' the fh. adrenoceptor (fh.), rhodopsin (Rho) 
and bacteriorhodopsin (Br). Using the highly conserved DRY domain located at the 
cytoplasmic surface of the helix as a reference (bold), Asnl11 in AT!, Cys128 in alb, 
Cys116 in fh. and Gly121 in rhodopsin are in or near the same relative position in the 
helix. Bacteriorhodopsin is aligned according to the rhodopsin sequence (i.e., at the 
counter-ion for the Schiff base, not shown), which places Leu93 at the same position 
as Gly121 in rhodopsin. Bacteriorhodopsin does not have the DRY domain, because 
it is not G-protein coupled. All five amino acids cause aspects of constitutive activity 
when mutated and are implicated as switch positions in the a-helix that control recep
tor isomerization to selective and/or distinct activation states 

the angiotension receptor contains Asnll1. Substitution at all of these posi
tions gives some aspects of constitutive activity. In rhodopsin, substitution 
of Gly121 causes ll-cis-retinal to become a pharmacological partial agonist 
(HAN et al. 1997), allowing the mutant rhodopsin to activate transducin in the 
dark. Replacement of Gly121 with residues of increasing size results in 
increased transducin activation in the presence of the agonist all-trans-retinal. 
Replacement of Leu93 in bR results in a 250-fold increase in the time needed 
to complete the photocycle with the continued presence of the 13-cis-retinal 
intermediate (DELANEY et al. 1995). Since bR's photocycle is opposite that of 
rhodopsin (proton transport is initiated by the light-induced isomerization 
from the all-trans to the 13-cis configuration), the 13-cis-retinal buildup rep
resents an increase in the active-state intermediate. In the both the AR and 
angiotensin receptors, the constitutive activity from these substitutions was 
obvious and explained in their sections. However, since it is possible for these 
receptors to couple to more than one G protein, the data indicate that the con
stitutive activity represents a particular activation state. In the ARs, this is rep
resented as preferential coupling to one particular G protein, suggesting that 
each G protein/receptor complex represents distinct activational states. 
The angiotensin receptor was analogous, with the mutant giving a distinct 
intermediate state, R', that was different from R *. All of these residues are 
predicted to face the water-accessible binding pocket and, in rhodopsin, the 
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phenotype can be "rescued" by an appropriate substitution of Phe261 in 
TM6. Given the tilt of TM3 towards TM5 at the intracellular end of rhodopsin, 
it is possible for Gly121 to face the pocket towards TM6. This has not been 
confirmed in the ARs or angiotensin receptors, and the tilting of TM3 may be 
different in these molecules, which may account for the apparent one-base 
difference in the alignments. 

The mechanistic reasons behind this switch position in TM3 may be the 
result in changes in Van der Waals contact, as was proposed for Asn1l1 (NODA 
et a1. 1996) and Gly121 (HAN et a1. 1996). The inactive-state partner for the 
switch residue may then be Phe261 in TM6 (as in rhodopsin) or the analogous 
Phe residue conserved in both the AR and angiotensin receptors. It is inter
esting to speculate that the substitution of a bulkier side chain at the Gly121 
position may somehow mimic the structural interactions and movements that 
occur between TM3 and 6. Similar larger substitutions in the alb-AR at Cys128 
(such as Tyr or Trp) also lead to greater levels of constitutive activity (PORTER 
et a1. 1996). This Van der Waals interaction would then be a predicted "con
straining factor" that is broken upon agonist occupation. The different degrees 
of flexibility or distinct conformational states that are imparted to the recep
tor may be directly dependent upon the changes in van der Waals contact 
resulting from the class of agonist occupying in the pocket. Alternately, this 
switch position may be invoked in the constraining process between TM3 and 
7 (as in the ionic salt-bridge in rhodopsin, bR, and the arAR) or in the pos
tulated hydrogen-bond constraint (as in the AT l ). The substitution of the 
natural switch residue could interfere in this constraint. It is possible that the 
release of one constraint in the activation process allows competent coupling 
to one G protein, while another constraint imparts specificity to another G 
protein. Release of all constraints, as done with the endogenous agonist, leads 
to multiple couplings. If this is true, the goal is to design agonists that only 
remove a specific constraint to achieve true signal fidelity, which would lead 
to rationally designed drugs that impart fewer side effects. 

Since it is unlikely that rhodopsin couples to more than one G protein 
(transducin), because of the high fidelity (on/off) needed in the visual system, 
the residue in TM3 can only alter the kinetics of the inactive-active-state 
isomerization in rhodopsin. The same is true for bR, in which the sole "signal
transduction" pathway is proton pumping. However, we speculate that, in 
other GPCRs in which mUltiple G proteins can couple (and, thus, multiple sig
naling pathways are activated), this residue acts as a "switch" in controlling 
agonist trafficking or the ability of the agonist to direct different activational 
states that are G protein dependent. 
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CHAPTER 11 

The Assembly of Recombinant Signaling 
Systems and Their Use in Investigating 
Signaling Dynamics 

S.M. LANIER 

A. Introduction 

Recombinant signaling systems are a basic component of research efforts con
cerned with the structure and function of members of the superfamily of mem
brane receptors coupled to heterotrimeric G proteins. The widespread use of 
such systems in pharmacology began in the mid 1980s following isolation of 
the complementary DNAs (cDNAs) encoding ,B-adrenergic receptors (ARs) 
and muscarinic receptors. The next decade witnessed the determination of the 
primary structure of several protein families involved in signal propagation, 
including receptors, G proteins and effectors. In the midst of this activity, 
transient and stable expression systems were used to determine the ligand
recognition properties and functional domains of the receptor protein in addi
tion to the signal-transduction events initiated by agonist-activated receptors. 
Generally, this approach involved ectopic expression of the receptor in a 
mammalian cell line. With recent advances in gene technology, recombinant 
systems can also be generated in Saccharomyces cerevisae, aplysia, Dic
tyostelium discoideum, Caenorhabditis elegans, Drosophila melanogaster, 
transgenic rodents and mini-swine. 

Recombinant signaling systems using G protein-coupled receptors have 
provided insight into several basic issues of cell signaling, including signaling 
efficiency/specificity, the mechanistic basis for partial/inverse agonists and mul
tiple receptor conformations that may be drug or signaling-pathway specific. 
The use of stably transfected cell lines together with cells expressing the 
endogenous gene of interest provides a very powerful investigative tool when 
appropriate controls are in place. In almost every report, the signaling mech
anisms (i.e. G proteins and effectors involved) associated with receptors 
ectopically expressed in mammalian cells at reasonable receptor densities are 
observed in non-transfected cells expressing the endogenous receptor gene. 
In some transfected systems, a receptor unexpectedly couples to signal
transduction pathways not normally observed to be activated by agonists in 
tissues or cell lines expressing the endogenous receptor gene. Such observa
tions may be interpreted as artifacts of the transfection system; usually, 
however, these results provide key insights into the signaling pathways a 
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receptor is capable of activating at specific stages of cell development or when 
the signaling system goes awry in certain diseases. This chapter focuses on the 
generation and use of recombinant signaling systems in mammalian cell lines 
to gain insight into the pharmacology and cell biology of G protein-coupled 
receptors. 

B. Assembly of Recombinant Signaling Systems 

Heterologous expression of a gene product in a mammalian cell line can be 
achieved by stable or transient transfection. Stable transfection essentially 
means that the gene/cDNA becomes incorporated into the host genome and 
is propagated with each mitotic event such that, theoretically, each cell 
expresses the same amount of the gene product. Most transfection studies use 
the cDNA clone rather than genomic clones for optimal expression. Stable 
transfections require -2-3 months for complete characterization. Transient 
transfection refers to systems that express high levels of the gene product of 
interest over a defined period of time shortly following introduction of the 
cDNA (usually within 2-4 days). These two systems for gene expression in 
mammalian cells provide the basis for the great majority of recombinant sig
naling systems. The recombinant signaling system may be used to determine 
the ligand-recognition and structural properties of specific receptors, various 
aspects of receptor regulation or to determine the signal-transduction path
ways regulated by a receptor. In addition, systems may be constructed in 
varying degrees of complexity to address broader issues relative to mecha
nisms of signal transfer and control of the signaling process. 

I. Stable Transfection 

A large number of cell types have been used for stable expression of G 
protein-coupled receptors and subsequent analysis of receptor function 
(ALBERT 1994; GEISS et al. 1996; TATE and GRISSHAMMER 1996; GERHARDT et al. 
1997; KOLLER et al. 1997). Fibroblast cell lines are commonly used to generate 
recombinant signaling systems, because the cells grow well and are easily 
transfected. Such cells do not express a wide panel of G protein-coupled re
ceptors; thus, in the great majority of cases, fibroblast cell lines would not 
normally express the endogenous counterpart of the transfected protein. 
Fibroblast cell lines stably transfected with a G protein-coupled receptor 
are routinely used to screen compounds for receptor interaction using 
radioligand-binding assays and for analysis of receptor-effector coupling. 
However, one must consider that the receptor's microenvironment in fibrob
lasts may be quite different from that in which the receptor normally func
tions in vivo. Indeed, it is quite clear that the signal-transduction pathways 
activated by a G protein-coupled receptor are dependent upon the cell type 
in which the receptor is functioning. Thus, for functional analysis of signaling 
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events in recombinant systems, one should consider the use of additional, non
fibroblast cell lines related to the cell type expressing the protein of interest 
in vivo. 

Plasmid vectors are used as vehicles to introduce the cDNA of interest 
(i.e. receptor, G protein subunit, effector) into the cell. The cDNA is incorpo
rated into the vector in the sense direction downstream of viral promoter ele
ments and upstream of a polyadenylation signal. If the gene product is toxic 
to the cells or if specific issues of receptor coupling are being addressed, one 
may select an expression vector that uses an inducible promoter (GOSSEN et 
al. 1995). These and other expression vectors are illustrated and described in 
detail elsewhere (SAMBROOK et al. 1989; KAUFMAN 1990). Generally, it is best 
to insert only the protein-coding region of the cDNA into the expression 
vector. Elimination of non-coding sequences 5' to the translational start site 
will remove any regulatory regions that may compromise gene expression. The 
3' untranslated region (utr) is usually less problematic but can also present 
problems in various expression systems (YANG et al. 1997). The expression of 
a foreign gene can often be enhanced by inserting a Kozak's consensus 
sequence for translational initiation at the translational start site or by modi
fying the 3' utr to stabilize the mRNA. A drug-resistance cassette is required 
to isolate stable transfectants. Such a marker generally confers resistance of 
the transfected cell to a drug, such as G418 or hygromycin. The drug-resistance 
cassette may be included in the same vector containing the cDNA of interest, 
or cells may be co-transfected with an expression vector containing the gene 
of interest and another vector containing the drug-resistance cassette. Cell 
lines stably transfected using one selectable marker can also be further 
manipulated by transfection using a second drug-resistance cassette. 

For stable transfection of cells as monolayers, we routinely use calcium 
phosphatelDNA co-precipitation, maintaining a fixed concentration of 
plasmid DNA (KEOWN et al. 1990; COUPRY et al. 1992; DUZIC et al. 1992). Our 
experience indicates essentially similar results using linearized or supercoiled 
plasmids. Cell lines resistant to transfection by the calcium phosphatelDNA 
co-precipitation technique may be transfected by electroporation or lipid
mediated gene-transfer reagents. Compared with monolayer cultures of cells, 
cell lines that do not attach to the tissue-culture dish are more difficult to trans
feet. For primary cultures and cell lines that are particularly resistant to trans
fection by standard procedures, one may explore the use of a viral-based 
packaging system. The viral-based systems are more involved than standard 
plasmid-based transfection systems in terms of both vector construction and 
transfection optimization. 

Monolayer cultures of mammalian cell lines are generally transfected at 
60% confluency, and a control transfection using the plasmid vector without 
insert should be processed in parallel. Cells are allowed to recover for 2-3 days, 
permitting expression of the drug-resistance cassette. At this stage, the cells 
are usually confluent, and G418 or hygromycin is added to the medium. Drug 
sensitivity will vary among cell lines, and a concentration-response curve for 
the drug must be determined in each cell line prior to transfection. Generally, 
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the non-transfected cells will die within the first week, and the transfected cells 
will start to appear as isolated colonies 2-4 weeks later. Such colonies are easily 
removed from the plate using cloning cylinders for subsequent propagation as 
individual cell lines. Clonality may be further ensured by serial dilution. 

Once sufficient numbers of clonal cells are propagated, the different cell 
lines are evaluated for expression of the transfected cDNA by radioligand 
binding, immunoblotting or functional readouts. Although each of the isolated 
transfectant cell lines are drug resistant, the expression of transfected cDNA 
may be variable. The drug-resistant cell lines can also be screened for exp
ression of the transfected cDNA by RNA-blot analysis. Only transformants 
expressing the appropriate size of messenger RNA (mRNA) for the trans
fected cDNA are utilized for further studies. The expected size of mRNA is 
calculated from the expression-vector construct, and this analysis serves as a 
strong indicator that the coding region and regulatory regions are intact. 
Appropriate processing of the transfected cDNA may also be ascertained 
by characterizing the expressed protein (i.e. photoaffinity labeling or 
immunoblotting). One would expect an Mr for the expressed cDNA similar to 
that observed for the protein in tissue homogenates. The effects of receptor 
activation on any ofthe typical signal transduction pathways in a cell are deter
mined by standard procedures. In some cases, the systems are constructed to 
provide an easily detectable readout as a reporter for receptor activation 
facilitating rapid screening for agonists (WELSH and KAY 1997). 

In stable transfection systems, the receptor is generally expressed at den
sities of 50-7000fmol/mg membrane protein. In contrast, receptor densities in 
tissue homogenates range from 20fmol/mg to 1200fmol/mg. The higher den
sities are observed in tissues where one cell type predominates (i.e., az-AR in 
basolateral membranes of renal proximal tubules or in enriched human 
platelet membranes or a1-AR in liver membranes). The lower receptor densi
ties in tissue homogenates are observed in tissues expressing multiple cell 
types and, thus, are an underestimate of receptor density in that percentage of 
cells actually expressing the protein of interest. Although the receptor protein 
is generally considered to be "overexpressed" in stable or transient transfec
tion systems, one may select clonal cell lines expressing receptor densities 
similar to those observed in vivo. For studies using cell lines stably transfected 
with G protein-coupled receptors or other entities involved in signal trans
duction, the functional properties of the expressed protein should be studied 
in multiple clonal cell lines expressing a range of receptor densities to avoid 
clonal artifacts in data interpretation. 

II. Transient Expression Systems 

COS cells and HEK-293 cells are widely used for transient expression of G 
protein-coupled receptors and the various signaling proteins downstream of 
the receptor. COS cells are actually transform ants of the CV-1 cell line derived 
from African green-monkey kidneys engineered to express the SV 40 large T 
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antigen. Expression in the COS system requires plasmids with an SV 40 origin 
of replication to ensure high copy numbers. Otherwise, the various expression 
vectors are generally interchangeable between transient and stable expression 
systems. The expression vector pMT2 is particularly efficient in the COS 
system (KAUFMAN 1990). The systems used to introduce the expression vector 
into the cell are also interchangeable between stable and transient systems. 
Both the calcium phosphate/DNA co-precipitation and diethylaminoethyl
(DEAE-) dextran methods are widely used due to their simplicity, repro
ducibility and effectiveness in diverse cell types. The DEAE-dextran method 
described by Kaufmann is highly reproducible and efficient for protein expres
sion in COS cells (KAUFMAN 1990; LANIER et al. 1991). Lipid-mediated gene
transfer reagents may result in a higher percentage of transfectants. It is fairly 
easy to titrate protein expression in the transient expression system by using 
increasing amounts of plasmid DNA during transfection, although a plateau 
is quickly reached. Such a strategy is quite useful when cells are transfected 
with multiple plasmid vectors containing cDNAs encoding different signaling 
molecules. 

Transient expression of G protein-coupled receptors allows rapid analy
sis of their ligand-recognition properties and functionalities. The transient 
systems are particularly useful for analysis of signaling events in a single 
cell by confocal imaging and also for simultaneous transfection of multiple 
cDNAs. However, this approach is less suitable for detailed analysis of the cel
lular effects of receptor activation, since only a small percentage (10%-20%) 
of cells express the transfected cDNA. These cells often express the transfected 
cDNA far in excess of other components of the signaling pathway compared 
with the stoichiometry observed under normal conditions. In transient systems, 
quantitative measurements of the expressed protein (radioligand binding, 
immunoblots) underestimate the relative levels in the expressing cell popula
tion by five- to tenfold. The expression of the gene in a subpopulation of cells 
in the transient system complicates functional characterization of receptors 
that elicit inhibitory responses (i.e., inhibition of adenylyl cyclase). If only 10% 
of the cells express the desired inhibitory receptor, changes in the basal level 
of adenylyl cyclase in the transfected subpopulation of cells are difficult 
to detect and the effects of receptor activation on hormone- or forskolin
stimulated cyclase are compromised by the stimulation of adenylyl cyclase in 
the entire cell population. Receptors coupled in stimulatory fashion to effec
tors are more readily assayed in such a system. Several approaches are avail
able to overcome these limitations. The transfected cells can be selected by 
fluorescence-activated cell sorters by co-transfection with an appropriate 
marker, providing an enriched population of transfectants. Alternatively, the 
G protein-coupled receptor of interest can be co-transfected with another 
cDNA (i.e., effector, regulatory molecule, different receptor) that would allow 
the functional readout to be restricted to the subpopulation of transfected 
cells. Co-transfection of multiple cDNAs is quite useful for transient systems 
as, generally, a high percentage (90%) of transfected cells take up and express 
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each of the presented cDNAs. Nevertheless, even following selection, there 
will likely be individual variation in terms of protein expression among cells. 

C. Drug-Receptor Interactions in Recombinant 
Signaling Systems 

I. Cell-Type-Specific Signaling Events 

Although the generation of various recombinant signaling systems and analy
sis of various signal-transduction events are fairly straightforward, there are 
several factors that influence data interpretation. Perhaps the most important 
factor is the realization that the responses mediated by the great majority of 
G protein-coupled receptors are cell specific (Fig. 1). The realization that a 
single receptor molecule functions in a cell-specific manner is a simple point 
but has broad implications. First, these observations indicate that the signal
ing system is dynamic and, thus, likely developmentally regulated and respon
sive to physiological and non-physiological challenges. Second, the action of 
an agonist/antagonist at a receptor in one cell may be different from that 
observed for the same receptor in another cell type, and the action of an 

"........ U2B-AR 
~ 
0 250 PC12 ...... ... ro ...... 
::I 
S 200 ...... ... 
IJ} 

~ ..... 150 ...... 
] 

IJ} 
~ 
0 100 '-I-< 

'-I-< 
0 NIH-3T3 
~ 0 50 '-"" 

~ 

:E 
< 0 
u 0 9 8 7 6 5 4 

-Log [Epinephrine] (M) 

Fig.1. Cell-type-specific regulation of adenylyl cyclase by the a2B-adrenergic receptor 
(AR). NIH-3T3 fibroblasts or the pheochromocytoma cell line PC-12 were stably trans
fected with lXzB-AR. Receptor densities: -1 pmol/mg membrane protein for NIH-3T3; 
-1.8pmollmg membrane protein for PC-12 (DUZIC and LANIER 1992) 
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agonist/antagonist in a normal cell can be quite different from its action in the 
same cell following initiation of a disease process. 

The cell-specific responses observed for a specific receptor reflect the 
microenvironment in which the receptor is operating. Downstream signaling 
components and proteins involved in receptor regulation/trafficking are also 
expressed in a cell-type-specific manner. In addition, the architecture of each 
cell is unique, presenting the possibility of segregated signaling events in cel
lular microdomains where a receptor may have access to a subpopulation of 
the G proteins/effectors expressed in the cell. Thus, one is faced with issues 
related to stoichiometry of the signaling components and unknown cell
specific factors that regulate signal propagation. A role for the stoichiometry 
of the receptor/G protein and effector in signaling efficiency/specificity is indi
cated by altered G protein levels associated with signaling malfunction in 
various disease states and by receptor-inactivation studies indicating pathway
specific receptor reserves (Chap. 3, Sect. c.I.3). 

These caveats are important considerations when one designs a recombi
nant system and in interpreting the data generated with such systems. These 
issues are illustrated by several examples in which one can manipulate recep
tor-mediated responses. For example, formation of the ternary complex can 
be manipulated by altering the type of G protein expressed in the cell (Fig. 2; 
COUPRY et al. 1992). Agonist-competition curves at the RGlO ~cAR 
expressed in NIH-3T3 fibroblasts were monophasic in the absence of the G 
protein Goal but became biphasic when cells were co-transfected with recep-

~ 
?S 
~ -~ wo e::::::~·o·"-·-··~ .~~~:::-~~ RGIO/Goo(. 
~ • RG10 \ o~ • Conl,ol 
"'- '" ., 0\\, 8, 80 '- 0 RG10/Goo(. ,,\__ 0 Gpp(NH)p 

~.~ 60 "-0'0.0\ \ ...... ~ '\ • Perlussis Toxin 

~! 40 0\:\ .\~\.\ 
~ ~ " \ \ o--=---

{ " \~~ '!:;------!:-' ---:;.-' ----::---~~-="""'! ~ 0 9~' --~8~--~7~--~6----~5~~4 9 8 7 6 5 4 

- Log [Epinephrine j (M) 

Fig.2. Expression of Goa facilitates the formation ofreceptor conformations exhibit
ing high affinity for agonist. NIH-3T3 fibroblasts, which do not normally express Go, 
were stably transfected with the RG-10 ~cadrenergic receptor (AR) or co-transfected 
with the ~cAR and Goal. The transfectants were characterized by radio ligand 
binding and immunoblotting to verify the expression of receptor and G protein. For
mation of the high-affinity state for agonists was determined in agonist-competition 
studies. Receptor density: 1.2-1.5 pmol/mg membrane protein (COUPRY et al. 1992) 
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tor and Goal, indicating effective interaction of the receptor with Go. The 
hormone-induced response mediated by a specific receptor is also dependent 
on the types of effector molecules expressed in the cell (Fig. 3; MARJAMAKI 
et al.1997). In DDT j -MF2 cells transfected with a2AID-AR and different adeny
lyl cyclases not normally expressed in the cell, receptor activation inhibited 

A 120 --0--- control 
-o-ACII 
____ ACIII 

'2 100 -tr--ACIV 
0 
'p 

'" "3 
80 E 

'p 
en 
~ 
til 60 u.. .... 
0 

e 40 
lL 
::;;: 
« 
u 

20 

0 
0 9 8 7 6 5 4 

- log [UK 14,304], (M) 

Fig.3A,B. Effect of ~AID-adrenergic receptor (AR) activation on forskolin- and iso
proterenol-stimulated adenylyl cyclase (AC) in DDT j -MF2 cell lines expressing ACII, 
ACIII or ACIV DDT1-MF2 cells stably transfected with ~AID-AR and selected by 
0418 resistance were transfected again with ACII, ACIII or ACIV complementary 
DNA using hygromycin selection. Cell membranes from control and AC transfectants 
were incubated with A forskolin (FSK) or B isoproterenol (ISO) and increasing con
centrations of the ~A/D-AR agonist UK-14,304 and enzyme activity measured by stan
dard procedures (MARJAMAKI et a1.1997). Receptor densities: -3-4pmollmg membrane 
protein 
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forskolin-induced activation of adenylyl cyclase in each cyclase transfectant. 
However, the effects of a2AID-AR activation on enzyme activity stimulated 
by the f3-AR agonist isoproterenol was adenylyl-cyclase-type specific. These 
examples of manipulation indicate the importance of cell-specific expression 
of the signaling molecules in determining the cell response to extracellular 
stimuli. 

The importance of cell-type and stoichiometric considerations are also 
illustrated by the use of recombinant signaling systems in the analysis of partial 
and inverse agonists (Chap. 2, Sect.B.2) (Table 1). Partial agonists are defined 

Table 1. Analysis of partial agonists in recombinant signaling systems 

Receptor Celliine/readout Results Citation 
system 

M2 CHO/cAMP/PI Partial agonists VOGEL et al. (1995) 
converted to full 
agonists at higher 

5-HT1A CHO/GTPy 35S 
receptor densities 

Partial agonists NEWMAN-TANCREDI 
binding converted to full et al. (1997) 

agonists at higher 
receptor densities 

a2cAR CHO/cAMP Partial agonists POHJANOKSA 
converted to full et al. (1997) 
agonists at higher 
receptor densities 

5-HTlDb C6-glial CHOI Intrinsic activities for PAUWELS and COLPAERT 
cAMP selected ligands (1995) 

GTPy 35S 
are cell specific 

v-Opioid Intrinsic activities SELLEY et al. (1997) 
binding for selected ligands 

are cell specific 
5-HT1B Y-1/cAMP Receptor reserve ADHAM et al. (1992) 

masks partial 
agonist activity 

M1,M3,M5 NIH-3T31 Gq overexpression BURSTEIN et al. (1997) 
proliferation increases the efficacy 

of partial agonists 
5-HT1A HeLa/intracellular Antagonist converted BODDEKE et al. (1992) 

calcium to agonist at higher 
receptor densities 

5-HTIA NIH-3T3/cAMP Efficacy of full and VARRAULT et al. (1992) 
partial agonists 
increased at higher 

NIH-3T3/GTPy 35S 
receptor densities 

a2AIo-AR Partial agonist YANG and LANIER 
binding converted to full (1999) 

agonist by co-
transfection of 
receptor and Goal 

cAMP, cyclic adenosine monophosphate; CHO, Chinese-hamster ovary; GTP, guano-
sine triphosphate. 
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by their inability to produce the same maximum response observed for the 
endogenous receptor agonist (i.e., full agonist). The explanation for full versus 
partial agonism remains elusive. Possible explanations for this behavior must 
incorporate the concept of pre-coupling of receptor and G protein, confor
mational selection/induction by agonists, the "energy landscape" generated by 
multiple conformations of the receptor and the cell-specific manifestation of 
partial agonism (KENAKIN 1989; EASON et al. 1994; PEREZ et al. 1996; WEISS 
et al. 1996; Chap. 2, Sect. G). For receptors that couple to mUltiple G proteins, 
the relationships between partial and full agonists may be influenced by the 
type/amount of G protein expressed in the cell (GETTYS et al. 1994), the recep
tor density or accessory proteins that regulate the transfer of signal from 
receptor to G protein and to various effectors further downstream (Table 1). 
Figure4 presents an example of how a drug may be partial agonist in one cell 
and a full agonist in another. In NIH-3T3 a2ND-AR transfectants, the aTAR 
agonist clonidine was essentially converted from a partial to a full agonist by 
co-expression of Goal, a pertussis-toxin-sensitive G protein not normally 
expressed in these cells (YANG and LANIER 1999). These observations have sig
nificance relative to the concepts of conformational induction vs conforma
tional selection in terms of agonist efficacy and the development of 
cell-specific drug efficacy. The classification of a partial versus a full agonist in 
such recombinant systems and in vivo also depends on whether the readout is 
proximal (i.e., guanosine triphosphate (GTP) y15s binding) or distal (i.e., 
adenylyl cyclase activity, contractionlrelaxation of smooth muscle) within the 

120.,.-----------..., 

100 

20 

o 

• Epinephrine 

o 9 8 7 654 

-Log [agonist] (M) 

~A/D-AR + Goa 

• Epinephrine 

• Clonidine 

o 9 8 7 6 5 4 

-Log [agonist] (M) 

Fig.4. Expression of Goal increases agonist efficacy. NIH-3T3 fibroblasts, which do 
not normally express Go, were stably transfected with IXzA/D-AR or co-transfected with 
IXzAID-AR and Goal. The transfectants were characterized by radioligand binding and 
immunoblotting to verify the expression of the receptor and G protein. G protein acti
vation was determined by measuring agonist-induced increases in [35S]-guanosine 
triphosphate-(S binding in membrane preparations (SATO et al. 1995). The receptor 
transfectants expressed 4-6 pmol of receptor per milligram of membrane protein. G 
protein activation was determined in the presence and absence of increasing concen
trations of epinephrine or clonidine (24°C for 30min) 
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signal-transduction cascade. The influence of such factors on the relationship 
between full and partial agonism indicates that the effects of a particular drug 
could be maximized in tissue where it behaves as a full agonist but would be 
diminished in tissues where it behaves as a partial agonist. The same thoughts 
may apply to inverse agonists. 

II. Influence of Accessory Proteins 

Based on results in cells expressing the endogenous receptor gene or in cells 
stably transfected with receptor subtypes, a specific receptor can couple to 
multiple effectors. For example, the a2A -AR, a typical G protein-coupled 
receptor, may regulate phospholipases A2, C and D, calcium flux, Na+/H+ 
exchangers, p21-ras or adenylyl cyclases (references in MARJAMAKI et al.1997). 
The specific regulation of any of these effector molecules often depends upon 
receptor subtype, receptor density and the environment in which the receptor 
is operating. The variable efficiency/specificity of coupling observed for a 
specific receptor in different cells actually suggests that there are additional, 
unidentified, cell-specific proteins/lipids involved in the signaling process 
(SATO et al. 1995). 

One working hypothesis that encompasses several recent observations rel
ative to signaling events is that signaling efficiency/specificity is determined, 
in part, by proteins found in the receptor's microenvironment which, together 
with receptor, G protein and effector, contribute to the formation of a signal
transduction complex at the cytoplasmic face of the receptor. I refer to these 
proteins as accessory proteins, distinct from receptor, G protein and classical 
effectors (Table 2). This hypothesis is consistent with data suggesting the exis
tence of multimeric G protein-subunit complexes, the isolation of receptor or 
G protein subunits together with some effectors (NAKAMURA and RODBELL 
1990; VAILLANCOURT et al. 1990; AUSIELLO et al. 1992; COULTER and RODBELL 
1992; MAR et al. 1992) and the existence of proteins that influence the activa
tion state of G (Table 2). The signal-transduction network for this system may 
parallel that used by receptors with a single-membrane span motif, where 
binding of an agonist initiates a series of protein interactions dependent on 
protein phosphorylation. 

Within the theoretical framework of a signal-transduction complex, one 
might list accessory proteins, as indicated in Table 2. Group I accessory pro
teins are those involved in various aspects of receptor regulation, including 
receptor kinases/phosphatases and arrestins. Group II accessory proteins are 
suggested to influence events at the receptor-G protein or G protein-effector 
interfaces. Group III proteins have the potential to interact with receptor or 
G protein, based on various types of protein interaction assays. A fourth group 
of proteins directly influence the activation state of G proteins and includes 
proteins that may inhibit/stimulate signal propagation and/or determine the 
specific pathway that the signal travels. The precise functional roles of several 
of the group II, III and IV proteins are undefined at present. 
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Binding of agonist to a G protein-coupled receptor is a trigger for guanine
nucleotide exchange, and the bound GTP is hydrolyzed by Ga subunits at 
varying rates. Several observations suggested that the exchange of guanosine 
diphosphate (GDP) for GTP and/or subsequent GTP hydrolysis are regulated 
by accessory proteins. First, the kinetics of signal termination for many phys
iological responses is faster than the rate of GTP hydrolysis of purified Ga 
subunits. A second observation relates to the transfer of signal from receptor 
to G protein in a reconstituted system. G activation occurs with homogeneous 
preparations of receptor and G protein following reconstitution in phospho
lipid vesicles, suggesting that initiation of the cellular response to a biological 
stimulus involves only receptor and G protein. However, the efficiency with 
which the receptor mediates the agonist-induced activation of G protein and 
subsequent effector regulation/signal termination is often dramatically lower 
when the purified entities are reconstituted in phospholipid vesicles than what 
is observed or expected to occur in the intact cell or membrane preparations. 
Such a discrepancy may reflect technical issues associated with reconstitution 
studies or the absence of other cellular factors required for driving these 
events. A third point relates to the ability of non-receptor proteins/peptides 
to associate with and regulate the activation state of specific G proteins (Table 
2). Fourth, the efficiency of G protein activation by a specific receptor and the 
influence of guanine nucleotides on receptor-G protein interactions varies 
among cell types (DuZIe and LANIER 1992; NAN OFF et al. 1995; SATO et al. 1995 
and references therein). NANOFF et al. have partially purified a protein ("cou
pling cofactor") from brain tissue; it is suggested to trap the ternary complex 
and impede further signal propagation (NANOFF et al. 1995). Using a "signal
reconstitution system", SATO et al. demonstrated that cell-specific differences 
in the transfer of signal from a specific receptor to G protein was independent 
of G protein type or amount (SATO et al. 1995). Overall, these observations 
indicate the existence of accessory proteins that influence events at the recep
tor-G protein or G protein-effector interface and regulate the key steps of 
nucleotide exchange and/or GTP hydrolysis. Recombinant signaling systems 
have provided a powerful tool to study the functionalities of such proteins. 

Relative to the first point in the preceding paragraph, the effectors for Gq 

and transducin were found to actually accelerate the GTPase activity of the 
Ga subunit, and these data provide a partial explanation for earlier discrep
ancies regarding the catalytic process of GTP hydrolysis. In addition to this 
function of certain effectors, a family of proteins, "regulators of G protein 
coupled receptor signaling" (RGS), was recently discovered; these proteins 
also act to stimulate hydrolysis of bound GTP. Several RGS proteins stimu
late the GTPase activity of the Ga subunit, effectively turning the signal off 
(BERMAN et al. 1996; KOELLE and HORVITZ 1996; DRUEY et al. 1996; HUNT et al. 
1996; WArSON et al. 1996; HELPER et al. 1997). These proteins serve a function 
somewhat analogous to the GTPase-activating proteins for low-molecular
weight monomeric G proteins, such as p21-ras. Although the RGS proteins 
characterized to date impede signal propagation by accelerating signal termi-
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nation or by blocking effector interaction, other members of this protein 
family might actually use the RGS core motif as a handle for G protein asso
ciation but act in the opposite manner to accelerate/enhance signal propaga
tion (SAITOH et a1. 1997). The recently characterized family of caveolins are 
also listed in group IV as potential regulators of G protein function (LI et a1. 
1995; SCHERER et a1. 1996). 

Other group IV proteins may influence the rate of nucleotide exchange 
analogous to the guanine-nucleotide-exchange inhibitors/stimulators for 
several low-molecular-weight G proteins. For heterotrimeric G proteins, the 
activated receptor serves as a guanine-nucleotide exchange stimulator and, in 
one sense, Gf3rserves as a guanine-nucleotide-exchange inhibitor. In addition 
to receptor, other proteins or chemicals directly activate G, likely by increas
ing the rate of GDP dissociation. Examples of such entities include neuro
modulin (GAP-43), tubulin, f3-amyloid precursor protein and the wasp venom 
mastoparan (HIGASHIJIMA et a1. 1990; MOUSLI et a1. 1990; STRITTMATTER et a1. 
1991, 1993; SUDO et a1. 1992; MILES et a1. 1993; NISHIMOTO et a1. 1993; Roy
CHOWDHURY et a1. 1993; POPOVA et a1. 1994; VITALE et a1. 1994; LI et a1. 1995; 
OKAMOTO et a1. 1995). As part of a broader approach to define a signal trans
duction complex for G protein-coupled receptors (Wu et a1. 1997, 1998), we 
developed a solution-phase assay system to identify proteins that directly 
influence the activation state of G (SATO and LANIER 1996; SATO et a1. 1996). 
This approach resulted in the partial purification and characterization of the 
NG10815 G protein activator (SATO et a1. 1996). This protein activates both 
heterotrimeric brain G protein and free Ga and exhibits mechanistic pro
perties that are distinct from receptor-mediated activation of G protein. 
The NG108-15 G protein activator is distinct from neuromodulin, tubulin, 
f3-amyloid-precursor protein and caveolins, based on immunoblot analysis of 
partially purified material and its biochemical properties. 

The functional role of the G protein activator and other members of the 
group IV accessory proteins within the cell is open to speculation. One might 
imagine the following: 

1. Group IV proteins may provide a cell-specific mechanism for signal ampli
fication by acting in concert with G protein-coupled receptors; 

2. Group IV proteins may influence the population of activated G protein 
within the cell, independent of receptor activation; and/or 

3. Group IV proteins may be "effectors" subject to receptor regulation, pro-
viding attractive targets for cross-talk between diverse signaling systems 

Whatever the case, such accessory proteins are extremely interesting, with 
potentially broad physiological and pharmacological significance relative to 
the cell biology and functional properties of G proteins themselves. Such pro
teins may selectively interact with specific G proteins to regulate specific sig
naling pathways. Influences on signaling specificity may also be achieved by 
the cell-specific and developmentally regulated expression of such proteins 
and their ability to influence signal intensity and/or duration. By contributing 
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to the amplification of biological stimuli commonly observed with signaling 
events involving heterotrimeric G protein, group IV proteins may be of 
particular significance in tissues requiring rapid signal processing or under 
conditions of aberrant cell growth and development. 

D. Perspective 
The molecular cloning of the various members of the signal-transduction path
ways associated with G protein-coupled receptors and their analysis in recom
binant signaling systems has provided a wealth of information regarding both 
how these molecules actually elicit a cellular response and the flexibility of the 
signaling system. One of the amazing aspects of G protein-coupled-receptor 
signaling systems is the inherent specificity of the cell response to the myriad 
of external stimuli that are processed by such systems. The apparent flexibil
ity of G protein-coupled-receptor signaling is an important aspect of the 
dynamic ability of the cell to learn, remember, and respond. This refers not 
only to events in the central nervous system but also to the ability of periph
eral tissues to reset and adjust to their environments. These observations 
present a major challenge to investigators in this field. What are the factors 
involved in regulating the apparent plasticity of signal transduction? Can this 
information be "exploited" to provide a new level of therapeutic specificity? 
A more complete understanding of cellular plasticity with respect to signal 
transduction may lead to the development of therapeutic approaches that 
perhaps target the receptor-G protein or G protein-effector interface, as 
opposed to the receptor's hormone-binding site. Such advances will require 
novel approaches to chemistry and drug delivery and a precise understanding 
of the molecular events involved in signal processing. This understanding 
includes dissection of the signaling pathways and their regulatory mechanisms 
and fine-structural analysis of the signaling molecules and the mis-signaling 
events that occur in the disease process. 
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CHAPTER 12 

Insect Cell Systems to Study the 
Communication of Mammalian Receptors and 
G Proteins 

R.T. WINDH, A.I BARR, and D.R. MANNING 

A. Introduction 
Cells contain large and often diverse complements of receptors that bind cir
culating hormones, paracrine factors, and neurotransmitters and, in so doing, 
initiate events that culminate in the regulation of cell function. The largest 
family of cell-surface receptors are those coupled to guanosine triphosphate 
(GTP)-binding regulatory proteins (G proteins). These receptors, or GPCRs 
(G protein-coupled receptors), exhibit a characteristic seven-transmembrane
domain motif. The binding of an agonist to a GPCR induces a change in struc
ture which, if GTP is present, culminates in the activation of one or more G 
proteins. Activated G proteins, in turn, regulate enzymes and channels respon
sible for the control of intracellular second messengers. 

G proteins are af3r heterotrimers present at the inner surface of the 
plasma membrane. The identity of the G protein is usually linked to that of 
its a subunit. Currently recognized a subunits range in size from 40 kDa to 
46kDa and, by virtue of structural similarities, support the classification of G 
proteins into four major families (Fig. 1). The activity of G proteins and the 
consequent status of target regulation are tightly linked to the binding and 
hydrolysis of GTP (BOURNE et al. 1991; CONKLIN and BOURNE 1993). Upon 
binding to receptors at the cell surface, agonists promote the release of guano
sine diphosphate (GDP) from G proteins and, thus, an exchange for GTP 
present in the cytoplasm. Correlates of the exchange are an altered confor
mation of the a subunit and its dissociation from f3r Regulation of effector 
activity can be achieved by the a subunit alone, the f3rheterodimer alone, or 
the a and f3r subunits together. The GTP on the a subunit is eventually 
hydrolyzed to allow reversion of the subunit to an inactive, GDP-bound form 
that can re-associate with f3r Factors that can accelerate the hydrolysis of GTP 
by the a subunit include certain effectors and a growing number of regulator 
of G protein-signaling (RGS) proteins. 

I. Selectivity of Receptor-G Protein Interactions 

The selectivity of receptor-G protein coupling plays a key role in determining 
the nature of a cell's response to a particular ligand. At least three regions 
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Fig.1. The classification of ex subunits among the four families of G proteins. The ex 
subunits of heterotrimeric G proteins are grouped into four families according to 
primary structure. Subunits exhibiting greater than 50% homology are grouped into 
the same family (STRATHMANN and SIMON 1990; HEPLER and GILMAN 1992) 

within a subunits support interactions with GPCRs - the N-terminus (proba
bly by virtue of binding f3r, which helps to stabilize receptor-G protein com
plexation), a stretch of residues just prior to the C-terminus, and the 
C-terminal 4-10 residues (CONKLIN and BOURNE 1993). Recent work with 
chimeras developed from lXi, ao, CXz, and aq demonstrates that the C-terminus 
represents a point of discrimination for receptors among G proteins (CONKLIN 
et al. 1993). ADP-ribosylation catalyzed by pertussis toxin (PTX), which dis
rupts receptor-Gila interaction, occurs at a cysteine four residues from the C
terminus. It is nevertheless clear that, just as a GPCR can recognize several 
structurally related ligands, so too can it interact with mUltiple G proteins. 
Communication of GPCRs with several G proteins in the same family is espe
cially common, as a subunit family members often have identical or highly 
similar C-termini. Thus, in a variety of tissues, receptors that interact with Gi 
proper also couple with Go and Gz• Interactions with G proteins from differ
ent families also occur quite commonly. A receptor for thrombin (protease
activated receptor 1), for example, couples with members of the Gi, Gq, and 
G12 families (HUNG et al. 1992; OFFERMANS et al. 1994). Going a step further, 
the receptor for human thyroid-stimulating hormone has been reported 
to interact with members of all four families of G proteins in the thyroid 
(LAUGWITZ et al. 1996). 

II. Effector Modulation as a Measure of G Protein Activity 

The G protein(s) with which a receptor interacts is often deduced from the 
effectors and/or second messengers regulated in response to the binding of an 
agonist. The accuracy of this kind of deduction depends on the specificity of 
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the G protein for the effector of interest. In some cases, specificity is reason
ably assumed. For example, the inhibition and stimulation of adenylyl cyclase 
most commonly result from activation of members of the G i and Gs families, 
respectively (TANG and GILMAN 1992). The regulation of other effectors, 
however, can be achieved through several different G proteins. Both G i 

and Gq stimulate the activity of phosphoinositide-specific phospholipase C-f3 
(PLC-f3; MORRIS and SCARLATA 1997), making it difficult to confidently assign 
the effect to one G protein or the other without resorting to PTX. Indeed, f3y 
released from any G protein can theoretically activate PLC-f3, modulate 
adenylyl cyclase activity (depending on the isotype), and stimulate phospho
tidyl inositol (PI) 3-kinase (CLAPHAM and NEER 1997). The converse holds true; 
just as some effectors are regulated by several different G proteins, many G 
proteins interact with multiple effectors. Therefore, members of the G i family 
inhibit adenylyl cyclase, stimulate phospholipase A2 and PLC-f3 activities 
(STERNWEIS and SMRCKA 1992; AXELROD 1995; MORRIS and SCARLATA 1997), 
stimulate Na+/H+ exchange (GARNOVSKAYA et a1. 1997), and regulate the 
activity of K+ and Ca2+ channels (VAN DONGEN et a1. 1988; YATANI et a1. 1988; 
BIRNBAUMER et a1. 1990). Adding to the confusion with respect to what kinds 
of deductions about coupling can be made is the fact that some G proteins 
exist (for example GJ2 and Gu) for which no effector has yet been conclusively 
defined. It is also important to point out that, while PTX ablates communica
tion between receptor and most members of the G i family, it does not permit 
discrimination among members within the family. 

III. Direct Measures of G Protein Activity 

More direct measurements of G protein activation markedly improve the res
olution of receptor-G protein coupling. Assays developed for this purpose 
utilize one of two highly conserved aspects of G protein a-subunit function: 
GDP-GTP exchange and GTP hydrolysis. Assays of nucleotide exchange gen
erally entail measurements of [a-32P]GTP azidoanalide or [35S] guanosine 5'-
3-0-( thio )triphosphate (GTPyS) binding promoted by agonists. The basis of 
these assays is the fact that the rate-limiting step in exchange of GDP for GTP 
(or related analogues) on the a subunit is the release of GDP, which an 
agonist-activated receptor promotes. This kind of assay measures the initial 
activation event. Assays of [y-32P]GTP hydrolysis are based on the same prin
ciple, i.e. agonists promote an exchange of GDP for GTP but represent esti
mates of steady-state changes in G protein activity. By assaying the function 
of G protein a subunits themselves rather than their downstream effects, issues 
of differential amplification of signal and feedback or cross-regulation of 
effector function are avoided. 

Whereas assays of G protein a subunit activity provide a more direct 
measure of receptor-G protein coupling, they do not necessarily enable the 
determination of which G proteins are activated. As normally performed in 
tissue or mammalian cell lines, the presence of many different GPCRs and G 
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proteins precludes identification of receptor-G protein pairs, i.e., there is no 
easy way to determine which G protein a subunits account for the increases 
in [35S]GTPys binding or released 32Pj. To some extent, protein-reconstitution 
systems increase the power of these assays by providing an environment in 
which the identity of all the components are known. However, purifying func
tional GPCRs and G proteins is time consuming and sometimes difficult. 
Furthermore, reconstitution requires disruption of the membrane environ
ment, which can alter the fidelity of coupling. 

B. Insect Cell Expression Systems 

Insect cells provide an appealing alternative to mammalian cells or reconsti
tution of purified proteins for probing specific receptor-G protein interactions. 
Baculoviruses, such as the commonly used Autographa californica nuclear 
polyhedrosis virus (AcNPV), are a group of viruses that selectively infect 
insect cells. In the laboratory, cell lines, such as Sf9 and Sf21 derived from 
Spodoptera frugiperda (fall army worm), and High Five or TN-5 cells derived 
from Trichoplusia ni, are used as hosts for baculoviruses. The utility of these 
nuclear polyhedrosis viruses derives largely from the nature of their infection 
cycle (MILLER 1988; O'REILLY et a1. 1994). In the first day following infection 
of cells with virus, newly formed virus particles are released from cells into the 
medium by an exocytotic (or budding) process. In later stages of infection, 
virions are packaged in polyhedra, crystalline matrices made primarily of the 
protein polyhedrin, which protect the virions from environmental conditions 
following cell lysis. Polyhedra are not essential for infection or viral replica
tion, so replacing the polyhedrin gene (which can account for 30%-50% of 
the total insect protein at cell lysis) with foreign genes results in the expres
sion of foreign protein 24-72 h following infection. 

I. Expression of Receptors in Insect Cell Lines 

Whereas the high levels of expression often attained using the baculovirus/ 
insect cell system can be attributed to the characteristics of the virus, other 
advantages are derived from the insect host cells themselves. Using baculovirus 
infection, a wide variety of proteins involved in signal transduction, including 
hormones, receptors, G proteins, and effectors, have been expressed in insect 
cells, and these proteins are generally functionally equivalent to those 
expressed in mammalian cells or in tissue (KLAIBER et a1.1990; MILLS et a1.1993; 
SUTKOWSKI et a1. 1994; TAUSSIG et a1. 1994; DONG et a1. 1995). In contrast to 
prokaryotic cells, insect cells support proper folding and disulfide bond forma
tion, oligomerization, and extensive co- and post-translational modifica
tion of proteins. Fatty-acid acylation of most proteins (including G proteins 
and receptors) in Sf9 cells is essentially identical to that observed in mam
malian cells (MILLER 1988; LABRECQUE et a1.1992; MOUILLAC et a1.1992; LINDER 
et a1. 1993; NG et a1. 1993; BUTKERAIT et a1. 1995; GRUNEWALD et a1. 1996a; 



Insect Cell Systems to Study the Communication 339 

LINDORFER et a1. 1996). However, although N- and C-linked glycosylations 
occur in Sf9 cells, they are less well conserved between insect and mammalian 
cells. The extent of glycosylation is sometimes less than that in mammalian cells 
(GEORGE et a1.1989; REILANDER et a1.1991), and the oligosaccharides attached 
in insect cells tend to be simpler than those in mammalian cells (REILANDER et 
a1. 1991; KUSUI et a1. 1995; GRUNEWALD et a1. 1996a). Thus, it is not uncommon 
for proteins expressed in Sf9 cells to have lower apparent molecular weights 
than those expressed in mammalian cells. While differences in glycosylation can 
alter protein function (for example, the alternately glycoslyated follicle stimu
lating hormone purified from Sf9 cells activates different signaling pathways 
than that derived from mammalian cells; AREY et a1. 1997), consequences for 
receptor function have not generally been reported. 

The high yield and extensive post-translational modification of mam
malian proteins expressed in insect cells using recombinant baculoviruses 
has made the system a popular choice for protein purification. A wide variety 
of mammalian GPCRs have been successfully expressed in insect cells (Table 
1). Membrane densities of recombinant receptors are generally high; 1-
30pmollmg protein is common (Table 2), though both the baculovirus con
struct and conditions of infection can influence the degree of expression. 

Table 1. G protein-coupled receptors that have been expressed in insect cells. Below 
is a comprehensive tabulation of mammalian receptors that have been expressed in 
insect cells. The reader is referred to the original reports for further details 

Receptor 

Acetylcholine M1 

M2 

M3 

M4 
M5 

Adenosine 
Al 
A2A 

Adrenergic 
~A 

~B 

/31 
~ 

Chemokine 
IL-8 
LESTR (CXCR4) 

References 

WONG et a1. 1990; PARKER et a1. 1991; RICHARDSON and 
HOSEY 1992; RINKEN et al. 1994; NAKAMURA et al. 
1995; KUKKONEN et a1. 1996 

PARKER et a1. 1991; RICHARDSON and HOSEY 1992; 
KAMEYAMA et al. 1994; RINKEN et al. 1994; NAKAMURA 
et al. 1995; HAYASHI and HAGA 1996; HEITZ et a1. 1997 

PARKER et al. 1991; DEBBURMAN et al. 1995; 
KUKKONEN et al. 1996; VASUDEVAN et al. 1991; 
RINKEN et al. 1994 

PARKER et al. 1991; RINKEN et al. 1994 
Hu et al. 1994; RINKEN et al. 1994; KUKKONEN et al. 

1996 

FIGLER et a1. 1996; YASUDA et al. 1996 
ROBEVA et a1. 1996 

JANSSON et al. 1995; NASMAN et a1. 1997 
PEl et al. 1994; JANSSON et a1. 1995; NASMAN et al. 1997 
KLEYMANN et al. 1993; BARR et al. 1997 
GEORGE et al. 1989; PARKER et al. 1991; REILANDER et al. 

1991; CHID lAC et al. 1996 

MOEPPS et al. 1997 
MOEPPS et al. 1997 
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Table1. (Continued) 

Receptor 

Dopamine 
DJ 
D2 

D4 
Histamine 
HI 

Neurokinin 
NKI 
NK2 
Substance P 

Odorant 
OR5 
OR12 

Opiate 
8 
T( 

J1 
Serotonin 
5-HTIA 

5-HTlB 

5-HTlD 

5-HTIE 
5-HT2C 
5-HT7 

5-HTdroJ 

5-HTdro2B 
Other 
FSH-R 
mGluR1a 

GRPr 
LH/CG-R 
N-formyl-peptide-receptor 
Neuropeptide Y Y1 
Thrombin 
Thromboxane A2 
Tyramine 

R.T. WINDH et al. 

References 

NG et al. 1994a, 1995; SUGAMORI et al. 1995 
JAVITCH et al. 1994; NG et al. 1994b; BOUNDY et al. 1996; 

GRUNEWALD et al. 1996a, 1996b 
BOUNDY et al. 1993; MACH et al. 1993; PREGENZER et al. 

1997 
MILLS et al. 1993; BERNARD et al. 1994 

HARTENECK et al. 1995; KUHN et al. 1996; LEOPOLDT 
et al. 1997 

HARTENECK et al. 1995; KUHN et al. 1996; LEOPOLDT 
et al. 1997 

MAZINA et al. 1996; BARR et al. 1997 
AHARONY et al. 1993; ALBLAS et al. 1995 
KWATRA et al. 1993 

RAMING et al. 1993 
RAMING et al. 1993 

OBERMEIER et al. 1996; WEHMEYER and SCHULZ 1997 
OBERMEIER et al. 1996 
OBERMEIER et al. 1996 

MULHERON et al. 1994; PARKER et al. 1994; BUTKERAIT 
et al. 1995; NEBIGIL et al. 1995; BARR et al. 1997; 
CLAWGES et al. 1997 

NG et al. 1993; PARKER et al. 1994; CLAWGES et al. 1997 
PARKER et al. 1994; CLAWGES et al. 1997 
PARKER et al. 1994; CLAWGES et al. 1997 
LABRECQUE et al. 1995; HARTMAN and NORTHUP 1996 
OBOSI et al. 1997 
OBOSI et al. 1996 
OBOSI et al. 1996 

Lru et al. 1994 
Ross et al. 1994; PICKERING et al. 1995 
KUSUI et al. 1995 
NARAYAN et al. 1996 
QUEHENBERGER et al. 1992 
MUNOZ et al. 1995 
HARTENECK et al. 1995; Barr et al. 1997 
HARTENECK et al. 1995 
VANDEN BROECK et al. 1995 

5-HT, 5-hydroxytryptamine; FSH-R, follicle-stimulating-hormone receptor; GRPr, 
gastrin-releasing-peptide receptor; fL, interleukin; LESTR, leukocyte-derived seven
transmembrane-domain receptor; LHICG-R, leutenizing-hormone/chorionic gonado
tropin receptor; mGluR, metabotropic glutamate receptor. 
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Table 2. Parameters of agonist binding for mammalian receptors expressed alone in 
insect cells. Both the Bmax and the proportion of receptors exhibiting high-affinity 
binding of agonist were determined by the original authors. High-affinity binding of 
agonist was typically determined by saturation binding, competition against radio la
beled antagonist, and guanine-nucleotide sensitivity 

Receptor Bmax Reference 
(pmol/mg protein) 

No detectable high-affinity binding of agonist 
MIACh 0.03-0.2 KUKKONEN et al. 1996 
M2ACh 20-30 PARKER et al. 1991 

RICHARDSON and HOSEY 1992 
PARKER et al. 1991 j3-adrenergic 

D2L dopamine 
(40 h post -infection) 

D2S dopamine 
(40h post-infection) 

D2S dopamine 
D2S dopamine 
D3 dopamine 
GRPr 

(96h post-infection) 
LH/CG-R 
NFPr 
5-HT1A 

5-HTdrol 

Not given 
5 
4-12 

4-8 

1 X 106 sites/cell 
6 
5-15 
4 

4500 sites/cell 
0.1-0.8 
5-34 
1-2 
60 

BOUNDY et al. 1996 

BOUNDY et al. 1996 

GRUNEWALD et al. 1996b 
GRUNEWALD et al. 1996a 
BOUNDY et al. 1993 
KUSUI et al. 1995 

NARAYAN et al. 1996 
QUEHENBERGER et al. 1992 
BUTKERAIT et al. 1995 
BARR and MANNING 1997 
OBOSI et al. 1996 

Detectable high-affinity binding of agonist, but less than 20% binding of receptor 
MIACh 5 PARKER et al. 1991 
M3ACh 0.1 KUKKONEN et al. 1996 
M5ACh 0.01-0.2 KUKKONEN et al. 1996 
Al adenosine 2-5 FIGLER et al. 1996 
A2A adenosine 18.7 ROBEVA et al. 1996 
D2 dopamine 3-5 JAVITCH et al. 1994 
8 Opiate 1.4 WEHMEYER and SCHULZ 1997 
5-HT1A 3 PARKER et al. 1994 

5-HTlB 
5-HTlDjJ 

5-HTdro2B 

16 CLAWGES et al. 1997 
8 CLAWGES et al. 1997 
1.3 PARKER et al. 1994 
2.1 OBOSI et al. 1996 

Detectable high-affinity binding of agonist involving more than 20% of receptor 
Dl dopamine <33 NG et al. 1994a 

(24h post-infection) 7.3 NG et al. 1995 
D2L dopamine 2.6 NG et al. 1994b 
GRPr 6 KUSUI et al. 1995 

(24h post-infection) 
NK2 
5-HTIA 
5-HTlB 
Substance P 

0.8 
0.15 
1-5 
Not given 

AHARONY et al. 1993 
MULHERON et al. 1994 
NG et al. 1993 
KWATRA et al. 1993 
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Table 2. (Continued) 

Receptor Bmax Reference 
(pmollmg protein) 

Guanine nucleotide-sensitive binding observed, but not quantified 
Al adenosine 4 YASUDA et al. 1996 
D2L dopamine <1 BOUNDY et al. 1996 

(18h post-infection) 
D 2S dopamine 0.06-0.6 BOUNDY et al. 1996 

(18 h post-infection) 
D4 dopamine 5 MILLS et al. 1993 

5-HT, 5-hydroxytryptamine; GRPr, gastrin-releasing-peptide receptor; LHICG-R, 
leutenizing-hormone/chorionic gonadotropin receptor; mACh, muscarinic acetyl
choline; NFPr, N-formyl peptide receptor; NK, neurokinin. 

Though insect cell lines differ slightly in the level and time course of receptor 
expression following infection, comparable results are obtained in Sf9, Sf21 
and TN-5 cells (JAVITCH et al. 1994; GRUNEWALD et al. 1996a; HEITZ et al.1997). 
An important advantage of insect cells for purification or characterization of 
mammalian GPCRs is that no mammalian GPCR has yet been detected in 
uninfected insect cells. Therefore, it is possible to purify and study an expressed 
receptor without interference from endogenous receptors. 

II. Interaction of Receptors with Endogenous G Proteins 
and Effectors 

Following infection of insect cells with baculoviruses encoding GPCRs, ligands 
for these receptors can modulate endogenous effectors in a manner similar to 
that observed in mammalian cells or tissue. Agonists activate potassium 
channels (VASUDEVAN et al. 1992), stimulate PI turnover (LABRECQUE et al. 
1995; OBOSI et al. 1996), regulate [Ca2+1 (Hu et al. 1994; KusUI et al. 1995; 
KUKKONEN et al.1996), and both inhibit (PARKER et al.1994; JANSSON et al.1995; 
BOUNDY et al. 1996; NASMAN et al. 1997) and stimulate (PARKER et al. 1991; 
MOUILLAC et al. 1992; JANSSON et al. 1995; NG et al. 1995; NARAYAN et al. 1996) 
adenylyl cyclase in cells expressing recombinant receptors, but not in unin
fected Sf9 cells. Downstream consequences of effector regulation, including 
receptor desensitization and phosphorylation following prolonged adminis
tration of agonists, further support compatibility of mammalian GPCRs and 
insect signal-transduction pathways (RICHARDSON and HOSEY 1992; NG et al. 
1994a; NEBIGIL et al. 1995). That functional communication between mam
malian GPCRs and insect effectors can be observed is not overly surprising, 
given the existence of insect G proteins and the conservation of genes for G 
protein subunits in evolution (WILKIE and YOKOYAMA 1994). 

The range of effectors modulated by mammalian GPCRs through G pro
teins endogenous to insect cells suggests that these cells express G proteins 
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from several families. This has been confirmed by several laboratories. Western 
blots, [35S]GTP}S binding, immunoprecipitation, and PTX- and cholera toxin
mediatedADP-ribosylation have indicated that uninfected insect cells express 
homologues for a variety of a subunits. Whereas a subunits that interact with 
antibodies toward aq and as are nearly uniformly observed (KLEYMANN et al. 
1993; BUTKERAIT et al. 1995; OBOSI et al. 1996; LEOPOLDT et al. 1997), detection 
of CXj/o subunits has been more controversial (QUEHENBERGER et al. 1992; OBOSI 
et al. 1996). The balance of both functional (VASUDEVAN et al. 1992; PARKER 
et al. 1994; JANSSON et al. 1995) and immunological data (NG et al. 1993; 
MULHERON et al. 1994; BUTKERAIT et al. 1995; LEOPOLDT et al. 1997) suggest 
that Sf9 cells probably express a protein resembling ao more than CXj. The pres
ence of a12 in membranes of Sf9 cells has recently been reported (LEOPOLDT 
et al. 1997). Antibodies for mammalian f3 subunits also react with endogenous 
Sf9 cell proteins of the corresponding molecular weight (KLEYMANN et al.1993; 
OBOSI et al. 1996). 

That recombinant GPCRs can interact with several families of endoge
nous insect G proteins is supported by direct measurement of G protein acti
vation in insect cells. MULHERON et al. (1994) demonstrated that agonists for 
the 5-hydroxytryptamine (5-HT)lA receptor introduced by infection into Sf9 
cells stimulated the incorporation of [a_ 32P]GTP azidoanilide into a Go-like 
protein. In Sf9 cells expressing D3 (PREGENZER et al. 1997) or D4 (CHABERT et 
al. 1994) dopamine receptors, or the muscarinic acetylcholine m2 receptor 
(RICHARDSON and HOSEY 1992), agonists stimulate [35S]GTPyS binding to 
endogenous G proteins. Activation of endogenous G proteins by agonists for 
recombinant receptors is not uniformly observed, however (HEITZ et al. 1995; 
GRUNEWALD et al. 1996b; LEOPOLDT et al. 1997). One possible explanation for 
the difference is that the expression of endogenous G proteins decreases in a 
time-dependent manner during infection with baculoviruses, probably due to 
a subversion of the machinery for protein synthesis for viral processes 
(LEOPOLDT et al. 1997). Agonist-induced incorporation of [a_32P]GTP azi
do anilide into aq in HI histamine receptor-containing membranes and into aq 

and as in H2 histamine receptor-containing membranes could be detected 
28h and 48h (but not 72 h) post-infection. However, although the same selec
tivity of activation of endogenous aq and a, by HI and H2 histamine receptors 
was observed in High Five insect cells (KUHN et al. 1996), expression of aq and 
a, did not decrease following infection. Therefore, expression of endogenous 
G proteins might be differentially regulated in different cell lines or by 
different baculovirus constructs. 

III. Quantitation of Coupling Using Radioligand Binding 

Although mammalian receptors expressed under the control of baculovirus 
promoters can regulate G proteins and effectors endogenous to insect cells, 
the precise degree of coupling between the receptors and G proteins can be 
ascertained only by other means. One method is to determine the fraction of 
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receptor that exhibits a high affinity for agonists. The ternary-complex model 
and variants thereof (Chap. 2.2) posit the existence of receptors in at least two, 
interconvertible conformations: Rand R *. R * represents a conformation of 
the receptor that is better able to interact with a G protein. A G protein there
fore deforms the equilibrium between Rand R * toward the latter. R * also 
represents a conformation that is better able to interact with an agonist. The 
greater the degree of coupling between a population of receptors and G pro
teins, therefore, the greater the percentage of receptor that binds agonist with 
a relatively high affinity. Antagonists exhibit an equal affinity for both Rand 
R *, and the binding of an antagonist to a receptor is, therefore, unaffected by 
a G protein. Experimental support for the two states is extensive. In tissue and 
isolated cell systems, disruption of the interaction between receptor and G 
protein eliminates or greatly reduces high-affinity binding of agonist. Disrup
tion can be achieved by GTP or non-hydrolyzable analogs of this nucleotide, 
which promote the dissociation of the G protein a subunit from f3rand recep
tor, or, if the receptor couples through PTX-sensitive G proteins, disruption 
can be achieved by PTX. 

Binding studies in insect cells made to express the typically large amounts 
of mammalian receptors suggest that, at most, only a small proportion of a 
given receptor is coupled to endogenous G proteins (Table 2). Both the 
binding of an agonist to receptors exhibiting an apparently uniform low affin
ity, as determined in saturation and competition binding assays, and the insen
sitivity of the binding to guanine nucleotides are commonly observed. Thus, 
the modulation of effector activity discussed above would appear to occur 
through an often undetectable population of coupled receptor, no doubt 
through signal amplification so that the effects on second messengers can be 
measured even in cases where no high-affinity binding is apparent (PARKER et 
al. 1991; JANSSON et al. 1995; OBOSI et al. 1996). Reconstitution of purified 
receptors and G proteins has indicated that a higher G protein:receptor ratio 
is necessary to observe high-affinity agonist binding than to detect agonist
induced activation of G proteins (HAGA et al. 1989). Therefore, the extent 
of coupling, as defined by high-affinity binding of agonist, is probably limited 
(in the case of highly expressed receptors) by the relatively low levels of 
endogenous G proteins. 

Not surprisingly, levels of receptor expression can profoundly influence 
the relative degree of coupling. In some instances, a high level of expression 
of receptor cannot be attained under any circumstances and, in these instances, 
the percentage of receptors exhibiting a high affinity for agonist is easily dis
tinguished (MULHERON et al. 1994). Harvesting cells at relatively early time 
points following infection also permits visualization of coupled receptor. 
BOUNDY et al. (1996), working with dopamine DZL and Dzs receptors, for 
example, found that shortening the interval between infection and harvest 
from 40 h to 18 h, and therefore lowering amounts of receptor from approxi
mately 8 pmol/mg membrane protein to less than 1 pmollmg membrane 
protein, dramatically increased the degree of coupling as defined by high-
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affinity, guanine-nucleotide-sensitive binding. Yet, although the great majority 
of data suggest limited coupling of expressed receptors with endogenous G 
proteins, a high degree of coupling has been noted even at high receptor den
sities in a few cases. The reasons for these exceptions are unclear. 

On balance, the baculovirus/insect cell expression system appears to 
provide a reasonably defined environment for studying the properties of 
(mostly) uncoupled mammalian receptors. Receptors can usually be expressed 
at high levels, and little if any interference is posed by endogenous receptors 
or G proteins at the level of radioligand binding. Of practical interest, mam
malian receptors introduced into insect cells undergo the kinds of co- and post
translational modifications necessary for proper targeting and insertion into 
the membrane. That receptors expressed at routinely high levels exhibit an 
almost uniformly uncoupled phenotype provides the basis for yet another 
experimental manipulation, the reconstitution of receptors with G protein 
subunits. 

c. Reconstitution of Mammalian Receptors and 
G Proteins: Reconstituted Properties of Ligand Binding 

The potential of a receptor to couple to a G protein is most often inferred 
from the deduced structure of the receptor, i.e., from the fact that it conforms 
to a seven-transmembrane-domain motif and from the nature of the effectors 
and/or second messengers regulated. Further studies may reveal that the 
receptor (or a subpopulation of receptor) binds agonists with high affinity, that 
this binding is sensitive to GTP or PTX, that agonists stimulate a membrane
associated GTPase, or that PTX inhibits the regulation by agonists of a par
ticular effector. While these features of ligand binding or action are generally 
good indicators of coupling, they do not permit one to distinguish among 
families of G proteins regulated (high-affinity binding, GTP-sensitivity) or 
subtypes of the G i family (PTX) when applied to mammalian cells. Insect cells 
afford the opportunity to perform more revealing kinds of experiments in that 
specific pairings of receptors and G proteins can be created based simply on 
the choice of recombinant baculoviruses. Thus, it is possible to express a par
ticular receptor and permutation of G protein subunits and determine whether 
they communicate based on established indices of coupling. One convenient 
index, as described above, is high-affinity agonist binding. 

High concentrations of appropriately modified mammalian G protein sub
units can be expressed by insect cells with recombinant baculoviruses (GRABER 
et al. 1992a, 1992b; INIGUEZ-LWHI et al. 1992; LABRECQUE et al. 1992; HEPLER 
et al. 1993; LINDER et al. 1993), and functional heterotrimeric G proteins can 
be produced by co-infecting with baculoviruses encoding a, [3, and ysubunits 
(HEPLER et al. 1993; BUTKERAIT et al. 1995; KOZASA and GILMAN 1995). Co
infection of insect cells with receptor and combinations of G protein subunits 
culminates in a functional pairing, as described below. The advantages of insect 
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cells are obvious. First, the pairing of receptors and G proteins is simple - the 
method for obtaining cells co-expressing the two kinds of proteins is the same 
as that for generating cells with receptor alone, and no purification of the two 
is necessary. Second, any combination of receptor and G protein subunits can 
be introduced. Third, the background of receptors and G proteins endogenous 
to insect cells is usually inconsequential. An additional benefit relative to in 
vitro forms of reconstitution is the fact that receptors and G protein subunits 
are properly inserted into the membrane so that their interaction can be 
studied in a native environment. 

. I. Influence of Heterotrimeric G Proteins on Binding of Agonists 

BUTKERAIT et al. (1995) used the co-infection strategy to investigate the selec
tivity of coupling between the human 5-HT1A receptor and several families of 
G proteins. When Sf9 cells were infected with the 5-HT1A receptor alone (5-
30pmol receptor/mg membrane protein), membranes exhibited a single, low
affinity site for the agonist [3H]8-hydroxy-N,N-dipropyl-2-aminotetralin (8-
OH-DPAT; Kd = 7-20nM). Binding was insensitive to GTP. The low affinity 
for agonist and insensitivity to GTP indicated an essentially uncoupled recep
tor. When both the 5-HT lA receptor and Gil (~j, f3j, and Y2) were expressed, 
however, the characteristics of agonist binding changed dramatically. The 
affinity for [3H]8-0H-DPAT increased (Kd = 1 nM) for a substantial propor
tion of the receptor, and the binding was sensitive to GTP. The Kd was in 
agreement with that observed in membranes from hippocampus and from 
mammalian cells in which the receptor was introduced by transfection. 
Similar results were achieved with PZ5I]R-(+)-trans-8-hydroxy-2-[N-n
propyl-N-3'-iodo-2'-propenyl)amino ]tetralin (8-0H-PIPAT) as the agonist. 
Binding of the antagonist P25I]4-(2'-methoxyphenyl)-1-[2'(n-2"-pyridinyl)-p
iodobenzamido ] ethyl-piperazine (MPPI), however, was unaffected by the 
presence or absence of G protein, consistent with the agonist-selective effects 
of G protein coupling. 

Similar results were reported for rat D2 dopamine receptors expressed in 
Sf9 cells. In membranes expressing D2S or DZL receptors alone (>1 pmollmg 
membrane protein), agonist binding was not sensitive to GTP. When Gil was 
co-expressed with the receptors, however, affinity for agonist increased 20- and 
90-fold, respectively, as determined by increases in binding of agonist at 
sub-Kd concentrations. The binding of antagonist was unaltered by co
infection with G protein (BOUNDY et al. 1996). Co-expressing Gil or Gi2 with 
the D2S receptor similarly promoted high-affinity, guanine-nucleotide-sensitive 
binding of agonist when assayed in intact Sf9 cells (GRUNEWALD et al. 1996b). 

Thus, the expression of a receptor with a G protein in Sf9 cells can result 
in a functional interaction manifested as a coupled phenotype indistinguish
able from that observed in mammalian cells. By using different G proteins, the 
selectivity of interaction can be determined. BUTKERAIT et al. (1995) explored 
issues of selectivity for the 5-HT1A receptor by varying a subunits in combi-
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nation with /31')'2. Co-expression of the receptor with any member of the Gi 
family, Gil, G i2, Gi3, Go, or G" was associated with an increase in affinity for 
[3H]8-0H-DPAT, as determined by increases in binding of the agonist at sub
Kd concentrations (Fig. 2). Gs and Gq did not increase affinity for the agonist, 
though [3H]8-0H-DPAT binding was somewhat sensitive to aq alone. These 
results both confirmed the predicted preference of the 5-HT1A receptor for 
members of the Gi family and indicated that selectivity of receptor-G protein 
interactions can be maintained in an Sf9 cell expression system. 
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Fig. 2. [3H]-8-hydroxy-N,N-dipropyl-2-aminotetralin (8-0H-DPAT) binding to the 5-
hydroxytryptamine-l A (5-HT lA) receptor co-expressed with G protein subunits in 
Spodoptera Jrugiperda (Sf9) cells. Specific binding of [3H]-8-0H-DPAT at 0.5nM was 
determined for membranes prepared from Sf9 cells expressing the 5-HTIA receptor, a 
subunits, and f31Yz as indicated. Data represent the mean ± the standard error of the 
mean of 5-24 individual exgeriments assayed in triplicate. As a point of reference, 
the dashed line indicates [H]-8-0H-DPAT binding where the 5-HT1A receptor is 
expressed alone. Statistical significance (* P < 0.01) was determined using Student's t 
test (BUTKERAIT et al. 1995) 
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A permutation of the technique is to study the high-affinity binding of 
agonist upon reconstitution of receptor-containing Sf9 membranes with puri
fied G proteins. This strategy has been used by several laboratories and lends 
itself to a quantitative analysis of coupling in relation to receptor:G protein 
stoichiometry. This kind of relationship cannot be studied simply in the co
infection technique, as receptor and G protein expression cannot be manipu
lated precisely. However, the technique of membrane reconstitution with 
purified G proteins is not simple either, as the G proteins must first be puri
fied. This latter technique has been used to study the coupling of the 5-HT1A' 
5-HTlB' and adenosine A1 receptors to members of the Gi family, Gil> Gil, Gi3 
and Ga (FIGLER et al. 1996; YASUDA et al. 1996; CLAWGES et al. 1997). Recon
stituting Sf9 membranes expressing either the 5-HT1A or 5-HTlB receptors 
with heterotrimeric Gila (but not G t ) increased the affinity of these receptors 
for [3H]5-HT, as deduced by increases in binding of the agonist at sub-Kd 

concentrations. Only modest differences in efficacy among the different G 
proteins were noted in these studies, with a rank order of Gi3 > Gil> Go > Gil. 
The A1 adenosine receptor coupled with all of these G proteins essentially 
equivalently (FIGLER et al. 1996). 

II. Influence of Individual G Protein Subunits on 
Binding of Agonists 

The fact that each component of the receptor-G protein complex can be 
manipulated independently makes it possible to determine the influence of 
individual G protein subunits on coupling in insect cells. In the co-infection 
studies discussed above, membranes expressing the 5-HT1A receptor and lXj 

alone displayed an affinity for agonist that was intermediate between the affin
ity for receptor alone and that for receptor plus heterotrimeric G protein 
(BUTKERAIT et al. 1995). Similar results were observed when DZL or D2S recepc 
tors were co-expressed with lXj1' The affinity of the D2L or D2S dopamine re
ceptors for agonist, as determined by binding of the agonist at sub-Kd 

concentrations, was increased 2-7-fold upon introduction of lXj1, which was 
approximately one tenth the value observed for lXj1f3Y. The small changes in 
affinity for agonists observed upon co-infection of receptor with a subunits 
alone were consistent with data indicating that a subunits can by themselves 
interact weakly with receptors (FUNG 1983; KELLEHER and JOHNSON 1988). It 
is also conceivable that the mammalian a subunits interact with f3r endoge
nous to the insect cells. 

Co-expression of receptors with 131 Yz alone also led to a modest increase 
in the affinity of receptors for agonists. Curiously, [3H]8-0H-DPAT binding to 
the 5-HT1A receptor in membranes co-expressing f31Yz was sensitive to guany
lylimidodiphosphate. Quite possibly, the mammalian f3r interacts to some 
extent with endogenous insect a subunits resembling those of the Gi family to 
in turn support a modicum of high-affinity binding of agonist. One such a 
subunit might be the ao-like protein that MULHERON et al. (1994) demonstrated 
could be activated by the 5-HT1A receptor. The superimposed expression of 
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high levels of a mammalian a subunit, however, would negate the contribu
tions of endogenous a subunits. The addition of purified a or /3y subunits to 
Sf9 membranes expressing Al adenosine, 5-HTIA' and 5-HTlB receptors alone 
did not promote an increase in high-affinity binding of agonists (FIGLER et al. 
1996; CLAWGES et al. 1997). 

In experiments where different y subunits were co-infected with ~1, /31, 
and the 5-HT1A receptor, J1 was found to be significantly less effective in 
promoting high-affinity binding of an agonist than }2, 13, Ys, and 17 were 
(BUTKERAIT et al. 1995). Similarly, a decreased efficacy of /31 J1 (compared with 
/31}2, /3113, /h}2, and /h13) was observed upon addition of the purified het
erodimers and ~2 to Sf9 membranes containing the adenosine Al receptor 
(FIGLER et al. 1996). Additional studies indicated that the deficiency of J1 is 
related to the nature of prenylation (YASUDA et aL 1996). J1 is normally far
nesylated, whereas the other subunits are geranylgeranylated. A mutation in 
J1 that allows the subunit to be geranylgeranylated greatly enhanced the ability 
of J1 to stabilize high-affinity binding of agonist. In contrast, a mutation of }2 
causing it to become farnesylated instead of geranylgeranylated reduced its 
ability to promote high-affinity binding. 

III. Characterization of Inverse Agonism 

There is a great deal of interest in constitutive activity expressed by GPCRs 
(Chap. 2). Many receptors, particularly when overexpressed, exhibit a certain 
level of agonist-independent activation of G proteins and consequent regula
tion of effectors. This activity is due to the existence of a small amount of R *, 
which is present through the equilibrium established with R. Inverse agonists 
decrease constitutive activity, presumably by binding R in preference to R * 
and thereby drawing the equilibrium toward a form of receptor less able to 
interact with G proteins. The characterization of inverse agonists by binding 
has been slow, however, as it has been very difficult to label populations of R 
selectively in tissues or mammalian expression systems. In particular, the pres
ence of G proteins in these environments precludes obtaining a uniform pop
ulation of receptor, so the binding of an inverse agonist is complicated by a 
poorly defined mixture of R, R *, and R *G. However, since receptors expressed 
in insect cells, in sufficient density, exhibit an essentially uncoupled phenotype, 
they are ideally suited for the analysis of binding in which the equilibrium 
between Rand R * is not distorted by the presence of a G protein. In studies 
of the 5-HT lA receptor, the binding of agonists, neutral antagonists, and inverse 
agonists was explored using uniform populations of coupled and uncoupled 
receptors (BARR and MANNING 1997). Using low concentrations of a radiola
beled agonist highly selective for R* ([l25I]8-0H-PIPAT), the coupled form of 
receptor was selectively labeled in membranes co-expressing receptor and G 
protein. The uncoupled form of receptor was labeled in membranes express
ing the receptor alone using what was proven in other experiments to be a 
nearly neutral antagonist ([125I]MPPI). The binding of 5-HT (an agonist), 
MPPI (an almost neutral antagonist), and spiperone (which was demonstrated 
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to be an inverse agonist) to the coupled and uncoupled forms of receptor was 
examined in competition binding assays. Whereas the ratio of affinities of sero
tonin for coupled and uncoupled receptor was approximately 100, that of 
MPPI was essentially one. These ratios are appropriate for agonists and antag
onists, respectively. Of interest, spiperone displaced P25I]MPPI from uncou
pled receptors in a competitive manner but displaced [125I]8-0H-PIPAT from 
coupled receptors in a non-competitive manner. The observation of a condi
tional non-competitive displacement is consistent with the predictions of 
WREGGETT and DE LEAN (1984). 

D. Reconstitution of Mammalian Receptors and 
G Proteins: G Protein Activation 

The binding of an agonist to a receptor with high affinity is one index of cou
pling to a G protein. A perhaps more pragmatic index is activation of the G 
protein, i.e. the ability of an agonist to promote binding of GTP to the a 
subunit, with consequent release of the subunit from f3y. The advantages that 
make the Sf9 cells suited to the analysis of coupling through changes in agonist 
binding apply to the analysis of coupling by G protein activation. These include 
an essentially null background on which mammalian receptors and G proteins 
can be expressed, the formation of contacts within a membrane milieu, and 
the ability to define precisely the proteins to be reconstituted. 

Of the assays used to monitor activation of G proteins, that involving the 
binding of GTPyS has become the most popular. GTPyS is an analogue of 
GTP that binds G protein a subunits with high affinity, is not hydrolyzed by 
the a subunit, and can be obtained easily in radiolabeled form. An increas
ingly common type of assay used particularly with transfected mammalian 
cells entails the incubation of membranes from the cell of choice with 
[35S]GTPyS in the presence or absence of ligand. If the conditions are appro
priately chosen, the agonist promotes the release of GDP from the a subunit, 
whereupon [35S]GTPyS binds in its place. The amount of bound [35S]GTPyS 
can then be quantified by subjection of the membranes to rapid filtration to 
remove free radiolabels from bound radiolabels. The advantages of the assay 
are its relative simplicity and the direct, effector-independent measurement of 
an early event in G protein activation. Weaknesses, however, include an occa
sionally problematic signal and the inability to distinguish the G proteins acti
vated. Co-expression of receptors and G proteins in insect cells has come to 
the fore in providing an especially strong and informative assay for G protein 
activation. 

I. Activation Following Co-Expression of Receptor and G Protein 

BARR et a1. (1997) established an assay for the activation of G proteins co
expressed with various receptors in Sf9 cells. The receptor of interest was 
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paired with a G protein from one of the four families, i.e. as, a,., aq, or al3, 
together with {3l~' all of which were introduced by infection with recombinant 
baculoviruses. Membranes were prepared and incubated with [3SS]GTPYS in 
the presence or absence of agonist 48 h following infection. The membranes 
were then gently solubilized in non-ionic detergent, and the selected a subunit 
was immunoprecipitated. The amount of eSS]GTP}S bound to the subunit was 
counted. 

Of the four receptors tested (the {31-adrenergic, 5-HTlA' protease-activated 
1 (thrombin), and neurokininl (NK1) receptors), the f31-adrenergic receptor 
demonstrated the most selective coupling. Isoproterenol, working through 
the {31-adrenergic receptor, activated Gs alone (Fig. 3). Conversely, Gs was 
activated only by the {3l-adrenergic receptor. Thus, the pairing between the 
{3l-adrenergic receptor and Gs was exclusive. The 5-HTlA receptor, as predicted 
from studies in Sf9 membranes (MuLHERoN et al. 1994; BUTKERAIT et al. 1995; 
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Fig.3. Receptor-promoted binding of [35S]guanosine 5' -3-0-(thio )triphosphate 
(GTP}'S) to the a subunits of the Gs, G i , Gq, and G12 families. Membranes were pre
pared from Spodoptera frugiperda cells expressing recombinant receptors and G pro
teins (the a subunit along with !31Y2), as indicated. The membranes were incubated with 
[35S]GTP}'S ± agonist in the presence of 3 mM free Mg2+, and a subunits were immuno
precipitated with antisera directed against the indicated a subunits or with non
immune serum. Agonists were serotonin (l.uM) for the 5-HTlA receptor, isoproterenol 
(1,uM) for the !31-adrenergic receptor, the peptide SFLLRN (30 JiM) for the thrombin 
receptor, and [Sar9, Met(02)11]substance P for the NKI receptor. Vehicles were ascor
bic acid (0.003 %) for serotonin and isoproterenol and water for the other agonists. Sta
tistically significant increases from values obtained with a!31'Y2 without receptor (far left 
set of bars in each panel) are noted (*P < 0.05; **p < 0.01). n = 3 (BARR et al. 1997) 



352 R.T. WINDH et al. 

CLAWGES et al. 1997) and its characterization in neuronal tissue and mam
malian expression systems (INNIS and AGHAJANIAN 1987; ZGOMBICK et al. 
1989), communicated preferentially with the Gj-family representative G" 
mediating 5-HT-promoted binding of [35S]GTPyS to a,. However, the coupling 
was not exclusive, as the receptors for thrombin and NK1 also communicated 
with Gz to some extent. The latter two receptors nevertheless mediated a more 
robust activation of Gq. Furthermore, these two receptors alone activated G13. 

The one curious feature of these studies was the stimulation by the NK1 
receptor agonist [Sar9, Met(02)1l] of [35S]GTPyS binding to a small amount of 
an aq-like protein endogenous to insect cells, i.e., a protein observed when the 
mammalian aq is omitted from the infection protocol but the aq-directed anti
body is used. Quite possibly, the NK1 receptor interacts with and activates the 
insect homologue of Gq, as has been described for other receptors when 
assayed by effector regulation. Interestingly, none of the other receptors exam
ined activated endogenous insect G proteins discernible under the conditions 
of the assay despite the fact that immunoreactive insect homologues for as and 
a12 have been described. Perhaps these data suggest that aq is especially highly 
expressed by Sf9 cells or that the NK1 baculovirus does not efficiently sup
press expression of insect cell proteins during infection. 

The fact that endogenous a subunits can be activated by exogenous 
GPCRs under these conditions emphasizes the advantage of using immuno
precipitation rather than membrane filtration to isolate [35S]GTPyS-bound a 
subunits. Moreover, the selectivity achieved with immunoprecipitation has a 
direct bearing on the signal relative to background. This is perhaps more rel
evant to assays applied to mammalian cells. When filtration is used to sepa
rate bound radiolabels from free radiolabels, the membranes trap all proteins 
that have bound [35S]GTPyS, whether they are the G proteins of interest, other 
G proteins, low-molecular-weight G proteins, or other proteins altogether. The 
consequent "background" has a significant impact on the ability to detect an 
agonist-promoted event. This need not be a severe problem for Sf9 cells, where 
the G protein of interest is uniquely expressed at high levels. However, the 
immunoprecipitation step is an essential guarantor of specificity. 

For example, G proteins such as G" G12, and G13 have an intrinsically low 
rate of GDP/GTP exchange (KOZASA and GILMAN 1995) and, for this reason 
and perhaps others, they bind less [35S]GTPyS over a period of time in 
response to an activated GPCR than other G proteins do. Other G proteins, 
moreover, bind a certain amount of [35S]GTPyS in the absence of 
agonist/receptor. Given that an aq-like protein endogenous to Sf9 cells can 
bind detectable amounts of [35S]GTPyS at the prompting of an activated NK1 
receptor, measurements of a13 activation by that same receptor would be 
imperiled by the "background" contributions of the endogenous G protein in 
filtration assays. Subunit-specific immunoprecipitations obviate this concern. 

Of interest, the co-expression of the 5-HT1A receptor with Gz caused a sig
nificant incorporation of [35S]GTPyS into a, even in the absence of agonist. 
This was observed for no other pairing of receptor and G protein. As a, did 
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Fig. 4. Suppression of constitutive [35S] guanosine 5'-3-0-(thio)triphosphate (GTP)8) 
binding by 5-hydroxytryptamine-1A (5-HT1A)-receptor antagonists. Membranes were 
prepared from Spodoptera frugiperda (Sf9) cells expressing the 5-HTIA receptor and 
Gz (~f3{Y2) and then incubated with the indicated concentrations of antagonists (with 
no agonist present) and [35S]GTP)8 as described for Fig. 3. Immunoprecipitation was 
performed with the ~-directed antiserum 6354 or non-immune serum. Data are 
expressed as a percentage of [35S]GTP)8 binding (obtained without added antagonist) 
minus background, as defined by immunoprecipitation with non-immune serum. 
n = 5-6 (BARR and MANNING 1997) 

not bind [3SS]GTPyS in the absence of receptor, the agonist-independent activ
ity appeared to be a function of the receptor. That is, the 5-HT1A receptor was 
constitutively active. The significant agonist-independent activity of the 5-
HTIA receptor provided an opportunity to test several5-HT1Aantagonists for 
inverse-agonist activity (BARR and MANNING 1997). In part, efforts to do so 
were achieved in the ligand-binding studies described above, but the more 
compelling demonstration was at the level of G protein activation itself. Of 
the three antagonists tested - spiperone, 4-(2'-methoxyphenyl)-1-1[2'(n-2"
pyridinyl)-p-fluorobenzamido] ethyl-piperazine (MPPF), and MPPI 
spiperone inhibited agonist-independent binding of [3SS]GTPyS to az almost 
completely (Fig. 4). MPPI inhibited binding by 10%-20%, and MPPF had no 
effect. The inhibition of agonist-independent binding of [3SS]GTPyS by spiper
one was completely antagonized by MPPI. Thus, under the conditions of the 
assay, spiperone appeared to be a full inverse agonist, MPPI at best a partial 
inverse agonist, and MPPF a neutral antagonist. 

Once again, the signal-to-noise ratio gained by using immunoprecipitation 
to isolate the PSS]GTPyS-bound a subunit was helpful. Since there was so 
little background, the wide range of efficacies could be clearly delineated. 
Agonist-independent activity of the 5-HT1A receptor and the inverse-agonist 
properties of spiperone have also been observed in transfected Chinese-
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hamster ovary cells, using [35S]GTPyS binding to membrane as the endpoint 
(NEWMAN-TANCREDI et a1. 1997). The fact that the constitutive activity of this 
receptor had not been noted using other measures of receptor function 
emphasizes the advantage of looking at early events in the receptor-signaling 
cascade. Finally, in the Sf9 cell [35S]GTPyS binding assays, it is interesting to 
note that the constitutive activity of the 5-HT1A receptor is evident only for 
Gz and not for Gq, although both G proteins are activated by the receptor in 
the presence of 5-HT. Whether this discrepancy reflects a difference in the 
strength of signal (5-HT1A activation of fXz exceeded that of aq) or is instead a 
qualitative difference in the coupling of the receptor with these two G pro
teins remains to be determined. The ability to examine each receptor-G 
protein pair independently makes this system ideally suited for the investiga
tion of these kinds of issues. 

One promising use of the eSS]GTpyS-binding assay is the determination 
of the coupling profile for newly identified GPCRs. In a recent study, two homo
logues of the human CXCR4 chemokine receptor were identified in mouse 
thymus, cloned, and inserted into baculoviruses, and their coupling to Gi2 in Sf9 
cells was examined using a co-infection strategy (MOEPPS et a1.1997).A twofold 
increase in binding of [35S]GTPyS was induced by the chemokine stromal-cell
derived factor 1a in Sf9 membranes co-expressing the homologue murine 
leukocyte-derived seven-transmembrane-domain receptor (mLESTR)-A or 
mLESTR-B and Gi2 (lXj2, f3j, and /'3). Presumably, any receptor for which a ligand 
has been identified or any receptor that exhibits constitutive activity (or can 
be made to exhibit it by mutation) can be characterized according to the G 
proteins it activates. 

II. Activation Following Addition of Purified G Protein 
to Membranes 

Reconstitution of Sf9 cell membranes containing a mammalian receptor with 
a purified G protein provides another setting for evaluating the activation 
event. The coupling of the 5-HT2C receptor to Gq, an interaction long assumed 
but never directly demonstrated, was examined by HARTMAN and NORTHUP 
(1996). Membranes from Sf9 cells expressing the 5-HT2C receptor were 
extracted with urea to remove extrinsic membrane proteins and were recon
stituted with purified squid-retinal a subunits and bovine-brain f3y. The use of 
a chaotropic agent and retinal a subunits avoided the use of detergents for 
reconstitution, thereby retaining a more natural membrane environment. 
Serotonin stimulated [35S]GTPyS binding only in membranes reconstituted 
with aq, indicating that the receptor was selective in its activation of an added 
G protein. Three 5-HT2C antagonists - mianserin, ketanserin and mesulergine 
- competitively inhibited the stimulation of [35S]GTPyS binding induced by 5-
HT. In the absence of agonist, mianserin and ketanserin are inverse agonists 
for the 5-HT2C receptor. Further studies demonstrated that mesulergine also 
inhibits agonist-independent activity for the 5-HT2C receptor, but only at 
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receptor densities far above those required for detection of inverse-agonist 
activity for the other antagonists. These results are consistent with the demon
stration of 5-HT2c constitutive activity in 293 cells (BARKER et al. 1994) and in 
whole Sf9 cells (LABRECQUE et al. 1995), where PI hydrolysis is the endpoint. 
The efficacies of these ligands as inverse agonists as determined by the 
[35S]GTPyS assay exceeded those as determined by effector activity, perhaps 
reflecting differences in the endpoint measured, receptor density, coupling effi
ciency with insect vs squid aq, or membrane treatment. Regardless, these data, 
along with those of other reconstitution studies (HEITZ et al. 1995, 1997; 
YASUDA et al. 1996), indicate that reconstitution of Sf9 membranes expressing 
receptors coupled to purified G proteins provides a useful system for study
ing the interactions of receptors with individual G proteins. Furthermore, with 
the results discussed above (BARR and MANNING 1997), these data suggest that 
G protein activity in Sf9 cells is an appealing model for detailed investigation 
of inverse agonism. 

III. Limitations and Technical Considerations 

The baculovirus/insect cell expression system is a promising model for study
ing the activation of G proteins by GPCRs. We view the two activation para
digms - co-expression of receptor and G protein versus addition of purified 
G protein to membranes expressing receptor alone - to be highly comple
mentary. With co-expression, interactions of receptor and G protein occur in 
a native membrane environment, with the targeting of the G protein achieved 
at least partly through normal co- and post-translational modifications. Fur
thermore, no purification of G protein is required, since any combination of 
G protein a, /3, and y subunits can be introduced with recombinant bac
uloviruses. Reconstitution with purified G proteins generally requires disrup
tion of the membrane environment; the purification of G proteins, while easier 
than it used to be, is still time-consuming and often difficult. 

The primary advantage of techniques utilizing purified G proteins is the 
ability to control stoichiometry very precisely; the concentration of each com
ponent can be manipulated independently. Therefore, the potency and efficacy 
of each subunit in supporting high-affinity binding of agonist or agonist
induced activation of G protein can be accurately determined. This informa
tion can be especially helpful in exploring fine differences in the interac
tions of receptors with different G proteins. Control of stoichiometry in co
expression strategies is far more limited. Whereas the relative expression of 
multiple viruses can be grossly controlled by altering the multiplicity of infec
tion (the number of infectious virus particles per cell), precise manipUlations 
of expression are not possible. Fine quantitative comparisons across different 
receptor-G protein combinations on the basis of [35S]GTPyS binding is almost 
impossible. Comparisons must be made using a relative scale, examining the 
increase over basal activity or using a standard condition as a normalization 
reference. 
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E. Conclusions 
The insect cell expression system shows great promise for examining funda
mental aspects of receptor-G protein communication. By expressing receptor 
alone or together with various G protein subunits, it is possible to define the 
interactions in an almost unambiguous fashion. Expression in insect cells can 
be used for characterizing new receptor ligands in terms of their selectivity for 
an array of receptors and in terms of their properties as agonists, antagonists, 
or inverse agonists. Efficacy with respect to one of the earliest events in 
signaling can be established. Particularly promising is the examination of 
coupling with G proteins whose lack of well-defined effector systems and 
slow GDP-GTP exchange rates complicate detection by other means. The 
expression system is also well suited to the study of novel GPCRs. 
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CHAPTER 13 

Altering the Relative Stoichiometry of 
Receptors, G Proteins and Effectors: 
Effects on Agonist Function 

G. MILLIGAN 

A. Introduction 

I. Background 

Signal transduction mediated by guanine nucleotide-binding protein (G 
protein)-coupled mechanisms requires, at a minimum, the contributions of a 
seven-transmembrane element G protein-coupled receptor (GPCR), the sub
units of a heterotrimeric G protein and a G protein-regulated effector, which 
may be either (1) an enzyme involved in controlling the rate of production or 
degradation of an intracellular second messenger or (2) an ion channel. Activ
ity of this minimal functional element is regulated directly by the efficacy of 
ligands that bind to the GPCR at sites overlapping that identified by the 
natural ligand. Moreover, interaction with agents at other sites on the GPCR 
can allow allosteric modification of the functions of agonists and antagonists. 
Activated receptors increase the fraction of the time the G protein spends 
in the guanosine triphosphate- (GTP; active) compared with the guanosine 
diphosphate-bound (inactive) state; thus, they control the temporal framework 
of effector regulation. In native states, regulation of the functional output of 
the transmembrane signaling cascade will also be controlled by the levels of 
expression and functional status of a wide range of other proteins that regu
late the temporal frame of the activation process. These include regulators of 
G protein signaling proteins, which decrease the time frame of activation of 
the G protein and certain kinases and arrestins that function to interfere with 
productive interactions between GPCRs and G proteins. Although consider
ation of the contribution of these proteins is absolutely vital to an integrative 
understanding of intact cell function, relatively little information is cur
rently available on quantitative aspects of modulation of their levels and 
the control of cellular signaling. As such, the current discussion will focus 
on how alterations in the relative levels and stoichiometry of each of 
the minimum elements of the G protein-mediated cascades may regulate the 

efficiency of signal-transduction events. Simple models based on the concept 
of "spare receptors" and the location and maximal effect of agonist 
concentration-response curves provide test systems to assess the usefulness of 
such ideas in pharmacology. 
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II. Systems to Modulate GPCR-G Protein-Effector Stoichiometries 

Despite intense investigation of the individual components of such G protein
coupled transduction cascades and the basic features of cellular response to 
the presence of receptor ligands, surprisingly little is actually known about the 
levels of expression of these proteins in particular cells. Certain pathophysio
logical conditions are known to regulate levels of expression of GPCRs and 
G proteins. However, uncertainty about the overall cellular patterns of protein 
expression associated with disease has resulted in the fact that most studies 
designed to understand how alterations in the stoichiometry of GPCRs, G pro
teins and effector enzymes may modify cellular function have been conducted 
in transfected cell lines or in transgenic animals (AKHTER et al. 1997a). 

A range of strategies, some of them introduced relatively recently, are 
available for cell transfection studies. Transient expression studies are the most 
popular because of the relatively short time scale required to perform the 
experiments and the ease of expressing a range of amounts of the protein of 
interest by varying the amounts of complementary DNA (cDNA) or DNA in 
the transfections (WISE et al. 1997a). Although useful, such studies are often 
used primarily to explore potential GPCR-G protein-effector interactions in 
cells expressing high levels of the signaling proteins. Generation and isolation 
of a range of individual cell lines derived from the same primary transfection 
and expressing the protein(s) of interest at a range of levels (LEVY et a1.1993) 
is more attractive. However, these techniques may be unusable without the 
ability to identify clones with the hoped-for range of expression levels. This 
problem may be alleviated by combinations of high-level stable expression 
and the subsequent use of irreversible (or slowly dissociating) receptor antag
onists (MACEWAN and MILLIGAN 1995; VOGEL et al. 1995) to artificially control 
access of agonist to the expressed GPCR population. The same issues are also 
relevant to the generation and use of transgenic animals for such studies 
(MILANO et al. 1994a; BOND et al. 1995). As such, at least for analysis of expres
sion levels and signaling functions of GPCRs, the recent availability of cell 
lines that induce expression of stably transfected cDNA offers an important 
new advance (THEROUX et al. 1996; KRUMINS et al. 1997). Theoretically, 
inducible expression systems based on metallothionein and mammalian 
steroid promoters have been available for some time. However, in many cases, 
these allowed a significant degree of expression in the absence of the inducer. 
More recent systems based on either insect steroid promoters (Biorad) or 
tetracycline repressors (Clontech) may overcome this problem. 

Conceptually, antisense strategies also offer a specifically targeted means 
to control levels of expression of signaling molecules. This has indeed been 
of considerable use, particularly (as with transgenic knockout experiments; 
ROHRER et al. 1996; RUDOLPH et al. 1996; SUSULIC et al. 1996; CAVALLI et al. 
1997; OFFERMANS et al. 1997) in studies designed to attribute specific functions 
to closely related G protein-coupled signaling polypeptides (KLEUSS et al. 
1991,1992,1993; MOXHAM et al. 1993; MOXHAM and MALBON 1996; CHEN et al. 
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1997). However, although inducible antisense expression may provide a 
mechanism, it has yet to find widespread use in the types of quantitative 
pharmacological evaluation that are the topic of the current chapter. 

III. Cellular Distribution of Elements of G Protein-Coupled 
Signaling Cascades 

Although relatively little is known about the absolute levels of expression of 
the components of G protein-coupled signaling cascades in most cells and 
tissues, even less is known about their subcellular distribution. Differences 
in the cellular distribution of the individual polypeptides, potential roles of 
cytoskeletal elements in limiting free access of the expressed polypeptides to 
one another and the possibility that specific heterotrimeric aj3yconfigurations 
of G proteins are able to interact selectively with different receptors and effec
tors add to the complexity of the pattern. Although little is known about the 
cellular disposition of signaling polypeptides in relation to one another, it is 
now clear that simple views of their homogeneous distribution at the plasma 
membrane are incorrect. This situation is likely to be altered rapidly in the 
coming years as intense effort involving combinations of molecular and cell 
biology is expended. This has already started to define the spatial localization 
of systems designed to generate, respond to and destroy cyclic adenosine 
monophosphate (cAMP; HOUSLAY and MILLIGAN 1997). 

The view that the components of G protein-coupled cascades are entirely 
mobile in the membrane and that signaling efficiency is simply a reflection of 
the relative concentrations and affinities of interactions between these 
polypeptides is clearly inadequate to explain a number of observations, includ
ing experiments which show that there is a lack of cross-interaction between 
receptors that apparently couple to the same G protein in NG 108-15 cells 
(GRAESNER and NEUBIG 1993). This could reflect limitations in the lateral 
mobility of part of the cellular G protein population due either to interactions 
of these proteins with components of the cytoskeleton or because they are tar
geted to specific sections of the plasma membrane. It is an inherent necessity 
that GPCRs and G proteins reside at the plasma membrane for at least a sig
nificant part of the time. Recent studies have begun to unravel aspects of how 
they are targeted there and how they may move within subdomains of the 
plasma membrane in response to agonist ligands. A series of fascinating studies 
on the delivery of GPCRs to the plasma membrane have been performed on 
polarized canine kidney cells. Within the three highly homologous aradreno
ceptors, both the a2A -adrenoceptor and the a2B-adrenoceptor are targeted to 
the basolateral membrane (WOZNIAK and LIM BIRD 1996). However, although 
the a2A-adrenoceptor is delivered directly to this surface, the lXzB
adrenoceptor appears to be initially inserted at random into the apical and 
basolateral surfaces but is then selectively retained by the basolateral surface 
(WOZNIAK and LIMBIRD 1996). In contrast, although part of the steady-state 
a2cadrenoceptor population has a basolateral plasma-membrane location to 
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which it is delivered directly (at least in these cells), a proportion of the cel
lular levels of this receptor has an intracellular location (WOZNIAK and LIMBIRD 
1996). In contrast to the aradrenoceptors in the same cells, the Al adenosine 
receptor is selectively enriched in the apical membrane (SAUNDERS et al.1996). 
Furthermore, disruption of microtubules interfered with the targeting of the 
Al adenosine receptor to the apical surface but did not interfere with the initial 
apical component of aZB-adrenoceptor distribution (SAUNDERS and LIMBIRD 
1997). 

The possibility that specialized regions of the plasma membrane may con
centrate signaling components has been raised both by observations of a non
uniform distribution of fluorescent agonists and antagonists at GPCRs in both 
fixed tissue and confocal microscopy studies (MCGRATH et al. 1996) and by 
the use of antibodies raised against either peptide sequences derived from 
GPCRs or following expression of "epitope-tagged" GPCRs (VON ZASTROW 
and KOBILKA 1992; MOLINO et al. 1997). There is selective enrichment of sig
naling polypeptides, including heterotrimeric G proteins, in glycosphingolipid
rich regions named caveolae (LI et al. 1996; SONG et al. 1996). Intriguingly, two 
recent reports have indicated that the targeting of GPCRs to caveolae may 
require agonist activation. In cardiac myocytes, addition of a muscarinic acetyl
choline receptor agonist resulted in movement of a proportion of the m2 mus
carinic acetylcholine receptor population to a caveolar location and the 
subsequent interaction of the receptor with caveolin-3, a muscle-specific form 
of cave olin (FERON et al. 1997). A similar occurrence has been reported for the 
bradykinin B2 receptor (DE WEERD and LEEB-LUNDBERG 1997). Caveolin 
appears to bind tightly to inactive forms of G proteins and not to mutation
ally activated forms of G protein a subunits. It could be suggested either that 
(1) agonist-mediated transfer of a GPCR to the caveolae would act to compete 
with cave olin for the G protein and, thus, allow it to be activated by the GPCR 
to initiate signaling or, alternatively, that (2) movement of the GPCR to the 
caveolae is part of the desensitization response for the GPCR. 

The ability to fluorescently label a GPCR offers the potential to examine 
its distribution and agonist-induced redistribution in intact cells and in real 
time. One such approach has involved tagging of GPCRs at their C-terminal 
tails with green fluorescent protein (GFP; BARAK et al. 1997; TARASOVA et al. 
1997). Such studies have demonstrated that both a A-adrenoceptor-GFP 
fusion protein and an equivalent construct of the cholecystokinin-A receptor 
have the capacity to activate adenylyl cyclase and to be redistributed from the 
plasma membrane to internal structures in response to agonist. Such GFP
tagged GPCRs and analysis of the interactions between fluorescently labeled 
GPCRs and other signaling polypeptides are likely to be widely used in the 
near future to explore the details of cellular localization and protein-protein 
interactions. 

For the G proteins, there is certainly evidence that Gs and certain other 
G proteins can interact directly with tubulin (ROYCHOWDHURY and RASENICK 
1994; YAN et al. 1996). Furthermore, signal transduction via the stimulatory 
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arm of adenylyl cyclase is regulated by such structural organization, because 
microtubule-disrupting agents (such as colchicine and vinblastine) increase 
agonist-mediated regulation of cAMP production and formation of the 
Gsa-adenylyl cyclase complex (LEIBER et al. 1995). 

A further area of potential complication in understanding the importance 
of stoichiometry of G protein-coupled signaling cascades is the growing evi
dence that it is the identity of the overall G protein heterotrimer that defines 
interactions with particular receptors. Due to the availability of a wide range 
of antisera for individual G protein a subunits, quantification of these polypep
tides has become relatively easy. However, until recently, much less emphasis 
was placed on the identity of the f3 and ysubunits associated with a subunits, 
even though considerable genetic variability exists at these loci. The strongest 
evidence that different f3ycombinations contribute to the specificity of inter
actions of G proteins with receptors has been derived from electrophysiolog
ical studies following injection of antisense deoxyoligonucleotides anticipated 
to eliminate specific isoforms of f3 and y subunits. In the original studies in 
pituitary GH3 cells (KLEUSS et al. 1991, 1992, 1993), the muscarinic acetyl
choline regulation of voltage-operated Ca2+ channels was shown to require the 
f33 and y4 isoforms in association with the Go splice variant Gola, whereas 
somatostatin regulation of the same (or a very similar) conductance required 
Go2a, f31 and y3. If such exquisite selectivity is the norm, then means will have 
to be sought to establish the absolute quantitative levels of individual het
erotrimers present rather than just global levels of a subunits. To date, use of 
expressed and purified f3ycomplexes of defined molecular identity have shown 
little selectivity in the regulation of effectors (even in relatively physiological 
settings; WICKMAN et al. 1994). The major exception is that a f31 y1 complex 
(which physiologically appears to be restricted in distribution to photorecep
tor-containing cells) tends to show tenfold lower potency compared with other 
defined f3yvariants. This is despite the activity of many effector systems regu
lated in this manner, including certain isoforms of adenylyl cyclase, phospho
lipase C and a number of ion channels (CLAPHAM and NEER 1997). As such, 
heterotrimer identity may primarily define the selectivity of interactions with 
GPCRs rather than with effector systems. 

B. GPCR-G Protein Fusion Proteins. A Novel Means to 
Restrict and Define the Stoichiometry of Expression 
of a GPCR and a G Protein a Subunit 

Most schematics which depict G protein-coupled signaling cascades show 
GPCR and G protein to be present in a ratio of 1:1. This is very different from 
direct measures of the bulk membrane levels of the proteins (ALOUSI et al. 
1991; KIM et al. 1994; POST et al. 1995). However, a highly novel means to 
ensure that this ratio is produced and that the two proteins must be in prox
imity following their expression has been the generation of a single polypep-
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tide containing both functionalities. In the first report of such a construct, 
BERTIN et al. (1994) ligated together cDNA species encoding the human /32-
adrenoceptor and the a subunit of the G protein Gs such that the N-terminus 
of the G protein was linked directly to the C-terminus of the receptor. This 
construct was then expressed in S49 cyc- cells (which do not express Gsa). 
Upon addition of the agonist isoproterenol, adenylyl cyclase activity was stim
ulated. Although potentially compromised by the endogenous expression of 
a /32-adrenoceptor in these cells, a marked increase in affinity for the agonist 
following expression of the fusion protein was taken as evidence that the acti
vation probably occurred via the receptor in the fusion protein (BERTIN et al. 
1994). As this construct displayed a poor ability to be desensitized (BERTIN et 
al. 1994), it has recently been used to attempt to interfere with the prolifera
tion of ras-transformed tumor cells (BERTIN et al. 1997), based on the concept 
that ras-raf interactions and subsequent stimulation of extracellular signal
regulated protein kinases/mitogen-activated protein kinases can be limited by 
elevated cAMP levels. 

Subsequently, WISE et al. (1997b) adopted a similar strategy to link 
together the porcine a2A -adrenoceptor and the G protein Gil a. This single 
polypeptide could be detected following expression by an antiserum directed 
towards an internal epitope within Gil a (WISE et al. 1997b). Cells that do not 
express Gi-like G proteins are not widely available to function as a null back
ground. Thus, because Gil a is a pertussis toxin-sensitive G protein, the fusion
protein construct was built using a modified form of the G protein, in which 
the cysteine which acts as substrate for adenosine diphosphate (ADP) ribo
sylation by pertussis toxin was modified to glycine (Cys351Gly). Following 
expression, the cells could be treated with pertussis toxin, which acted to 
modify the endogenously expressed Gi-like G proteins. This modification 
attenuates productive interactions between GPCRs and these G proteins and 
ensures that any signal obtained must have derived from activation of the 
receptor-attached G protein. By treating this fusion construct as an agonist
activated enzyme in which the enzyme activity is hydrolysis of GTP, simple 
enzyme kinetics were used to measure both the Km for GTP and the V max of 
the fusion protein GTPase activity stimulated by addition of agonist. Follow
ing transient expression of the fusion construct in COS-7 cells, maximally 
effective levels of the agonist UK14304 produced an increase in V max without 
alteration of Km for GTP. Concurrent measurement of levels of expression of 
the fusion protein by saturation [3H]antagonist-binding studies allowed calcu
lation of a turnover number of about three per minute. Co-expression of G 
protein f3y complex (as the 131 and )'2 subunits) resulted in doubling of the 
turnover number (WISE et al. 1997b). This demonstrated both the interaction 
of the fusion protein with f3y complex and a role for these subunits in effec
tive function and interaction of GPCR and G protein a subunit. This a2A
adrenoceptor _Cys351Gly Gil a fusion protein has also allowed measurement of 
agonist efficacy at the a2A -adrenoceptor -Gil a tandem. UK14304 functioned as 
a partial agonist compared with epinephrine and norepinephrine, as assessed 
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by the capacity of each ligand to stimulate either the V max of the GTPase reac
tion or the binding of [35S]GTPyS (WISE et a1. 1997c). 

The rank order of efficacy of agonists at this construct was the same as 
that measured following individual co-expression of the a2A -adrenoceptor 
and Cys35lGly Gila. The absolute efficacy of partial agonists was greater when 
examining the co-expressed proteins but, in these experiments, no effort was 
made to limit the levels of expression of the G protein to 1:1 with the recep
tor, a situation which, as noted above, is imposed upon the fusion protein. 
Although it is implied above that the GPCR of the fusion protein is restricted 
to interacting only with its attached G protein, it has recently been shown that 
this is not true following stable expression of the a2A-adrenoceptor-Cys35IGly
Gila fusion protein in Rat-1 fibroblasts (BURT et a1. 1998). Membranes pre
pared from such stable cell lines in the absence of prior pertussis toxin 
treatment resulted in estimates of agonist-induced turnover number that were 
markedly greater than those produced following transient-expression studies 
in COS-7 cells. Following pertussis toxin treatment, the rate of agonist
stimulated GTPase activity was markedly reduced but still clearly measurable, 
with a turnover number now close to that measured following transient trans
fection. The most obvious interpretation of these experiments was that the 
fusion protein-constrained GPCR was able to activate both its fusion-protein 
partner and endogenous Gi-like G proteins. Indeed, if it is assumed that the 
stimulated GTPase rate of the fusion-protein-linked G protein and the 
endogenous G proteins are similar, then the agonist-induced V max GTPase 
rates derived from the receptor-linked G protein (i.e., signal following per
tussis toxin treatment) and endogenous G proteins (i.e., signal in the absence 
of pertussis toxin treatment minus the signal following pertussis toxin treat
ment) provide a ratio of the number of endogenously expressed G proteins 
activated per copy of the GPCR-G protein fusion protein (BURT et a1. 1998). 

The selection of the Cys35lGly mutation of Gila for construction of the 
fusion protein was based on the fact that this mutation in Gil a did not prevent 
interaction with the a2A-adrenoceptor (WISE et a1. 1997a). However, BAHIA 

et a1. (1998) have recently explored the quantitative effects of the identity of 
amino acid 351 of Gila on the capacity of the G protein to act as an agonist
stimulated GTPase following co-expression with the a2A-adrenoceptor. Forms 
of Gil a in which residue 351 was occupied by any of the 20 natural amino acids 
were tested. A number of these, particularly if the amino acid had a fixed pos
itive or negative charge in its side group, functioned very poorly as agonist
activated GTPases. In contrast, amino acids with branched-chain aliphatic or 
aromatic side chains functioned well, in many cases noticeably better than wild 
type (Cys351) Gil a. A strong correlation was observed between agonist-induced 
function and the n-octanollwater partition coefficient of the amino acid, a 
measurement of hydrophobicity (BAHIA et a1. 1998). Interestingly Gly351 
acted as an outlier from such analyses, functioning more poorly as an a2A

adrenoceptor-stimulated GTPase than would have been anticipated. As such, 
a direct assessment of the relative function of Cys35lGila and Gli5lG ila was 
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conducted following their incorporation into fusion proteins containing the 
a2A -adrenoceptor (BAHIA et aI., unpublished). As anticipated from the discus
sion above, the fusion protein containing Gly351Gil a displayed only about 50% 
of the GTPase turnover number in response to epinephrine compared with 
parallel studies using the Cys351Gil a-containing fusion protein. Such fusion 
proteins offer unique opportunities to examine many quantitative aspects of 
the pharmacology of GPCR-G protein interactions, but a number of features 
of such constructs must be considered carefully before they can be expected 
to produce insights of direct relevance to native systems. 

C. G Protein-Coupled Receptors 

Knowledge of the levels of expression of GPCRs in cells is considerably 
further advanced than for the other components of G protein-linked signal
ing cascades. This is largely a reflection of the fact that, at least for those recep
tors that have attracted the attention of the pharmaceutical industry as 
potential therapeutic targets, there is often a large and detailed chemical base 
of compounds that can be used (in radiolabeled form) to quantify their levels. 
As antagonist ligands show little or no ability to discriminate between recep
tors whether or not they are in contact with their cognate G proteins, the 
binding of such ligands can usually be modeled by considering the interaction 
to take place at a single population of non-interacting sites. This is the sim
plest possible model and, thus, the binding of antagonist ligands produces the 
best data for measurement of absolute levels of expression of a GPCR. 
Because agonist ligands are expected to show higher-affinity binding to the G 
protein-coupled state of a GPCR compared with the uncoupled state and 
because the differences in affinity can be substantial, useful information about 
the relative contributions from these two states of the GPCR can be gained 
from direct binding studies with a radiolabeled agonist and comparison with 
results obtained using a radiolabeled antagonist. However, for GPCRs for 
which only [3H]agonist ligands are available, total cellular levels of the recep
tor can often to difficult to assess accurately. Levels of individual GPCRs vary 
widely among different cells and tissues, ranging from a few hundred to a few 
hundred thousand copies per cell. Thus, in transfection studies, it is often 
unclear if altered signaling of a GPCR attributed to its "overexpression" may 
have physiological correlates in certain cell types. Furthermore, as many 
GPCRs are not silent in the absence of ligand (MILLIGAN et al. 1995; 
MILLIGAN and BOND 1997; Chap. 2), different levels of cellular function may 
result in the absence of agonist simply because of expression of similar levels 
of two GPCRs that couple to the same G protein-mediated pathway. 

As with many aspects of GPCR biology, the greatest amount of informa
tion on the effect of regulation of receptor levels on the effectiveness of trans
membrane signaling has been obtained for the fJ2-adrenoceptor. Following 
stable expression of the fJ2-adrenoceptor in Chinese hamster fibroblast cells, 
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BOUVIER et a1. (1988) demonstrated that in clones expressing a wide range of 
receptor levels (between 80 fmol and 8 pmol/mg membrane protein) increases 
in the absolute isoprenaline stimulation of adenylyl cyclase activity were 
observed in membranes of these clones up to levels of expression of some 
2 pmol/mg membrane protein. A plateau effect of up to some 5 pmol/mg mem
brane protein was then observed. However, at higher levels of expression, a 
decline in the maximal agonist-stimulated adenylyl cyclase activity was 
recorded. These data appear to indicate that, at levels of the receptor below 
2 pmol/mg membrane protein, the A-adrenoceptor appears to be the limiting 
element in achieving maximal agonist stimulation of adenylyl cyclase. As anti
cipated from simple pharmacological theory, the ECso for isoproterenol stim
ulation of adenylyl cyclase was reduced in clones expressing higher levels of 
the receptor, consistent with the notion of "spare receptors" at high levels of 
expression. One possible explanation of the reduced maximal effectiveness of 
isoproterenol in membranes of cells expressing above 5 pmol/mg membrane 
protein of the receptor was that, at such levels, activation of the inhibitory G i-

like G proteins was occurring, as was activation of Gs• Activation of G i by the 
f3-adrenoceptor has certainly been observed in some studies (XIAO et aI1995). 

Interestingly, DAAKA et a1. (1997) have recently provided evidence to 
suggest that the j32-adrenoceptor only interacts effectively with G i following 
protein kinase A (PKA)-mediated phosphorylation of the receptor. Such 
phosphorylation contributes to heterologous desensitization of this GPCR 
(FREEDMAN and LEFKOWITZ 1996). This is an attractive idea, as effective inter
action with G i would provide a means to lower cellular cAMP levels and the 
temporal frame of elevated PKA activity, thus contributing to desensitization 
of the receptor. Furthermore, levels of constitutive activation of adenylyl 
cyclase, and thus of cAMP levels, would be anticipated to increase with 
increasing receptor-expression levels. This did not seem to account for the 
results of BOUVIER et a1. (1988), however, as treatment of the cells with per
tussis toxin to eliminate potential interactions of the receptor with G i failed 
to result in levels of isoproterenol stimulation of adenylyl cyclase as high as 
the levels achieved in clones expressing lower levels of receptor. The expla
nation for these observations still remains unclear. To extend such analyses, 
WHALEY et a1. (1994) performed a careful quantitative study examining the 
effects of a wide range of levels of expression of the A-adrenoceptor (follow
ing stable expression in L cells) on both the ECso of epinephrine and the 
maximal adenylyl cyclase activity that could be achieved by this ligand. These 
studies demonstrated that agonist ECso declined as receptor number increased 
and that mathematical predictions that plots of 10g(ECso) versus log(receptor 
number) should follow a close to linear relationship were valid (WHALEY et al. 
1994). In these cells, plots of epinephrine-stimulated adenylyl cyclase activity 
against A-adrenoceptor number resulted in a rectangular hyperbola in which 
half-maximal activation of adenylyl cyclase could be obtained with levels of 
the receptor of only 10-20 fmol/mg membrane protein. As such, close to 
maximal activation of adenylyl cyclase would be expected with expression of 
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the .Bz-adrenoceptor of as little as 50 fmol/mg membrane protein. Because little 
is known about the levels of expression of adenylyl cyclase in these cells, it is 
difficult to usefully examine the very different conclusions that might be drawn 
from the studies of BOUVIER et al. (1988) and of WHALEY et al. (1994) about 
the limiting element of the stimulatory adenylyl cyclase cascade. To extend this 
type of study, MACEwAN et al. (1995) used a combination of clones of NGI08-
15 cells transfected to express differing levels of the .Bz-adrenoceptor and an 
irreversible antagonist to limit access of both full and partial agonists to the 
expressed receptors. Both the change in ECso for agonist ligands with recep
tor level and the way partial agonist efficacy varied with receptor level were 
explored. 

Notably, highly similar conclusions were reached whether agonist regula
tion of adenylyl cyclase activity in cellular membranes or the ability of ago
nists to promote the high-affinity binding of [3H]forskolin to a complex of Gsa 
and adenylyl cyclase (Sect. E for a discussion of this assay) in intact cells was 
measured. Agonist ECso decreased with increasing receptor level, and the effi
cacy of partial agonists was shown to be higher in cells expressing higher levels 
of the receptor (MACEwAN et al. 1995). Again, in this cell system, only 30fmol 
receptor/mg membrane protein was required to produce half-maximal activa
tion of the adenylyl cyclase cascade in response to a maximally effective con
centration of isoproterenol. Equivalent analyses indicated that salbutamol was 
required to occupy 500 fmol .Bz-adrenoceptor/mg membrane protein to cause 
the same amount of stimulation, while ephedrine was such a poor agonist that 
it failed to fully activate cellular adenylyl cyclase even in clones expressing the 
receptor at levels greater than 2 pmol/mg membrane protein. The number of 
.Bz-adrenoceptors required to be occupied by different agonists to produce 
activation of 50% of the adenylyl cyclase population thus provided a novel 
relative efficacy measurement in this cell system. As total cellular levels of both 
Gsa and adenylyl cyclase had previously been measured in these cells (KIM 
et al. 1994; Sect. E), this was the first system for which a true quantitative 
description could be provided to examine how signaling efficiency is modu
lated by alterations in levels of each component of a signaling cascade 
(MACEwAN et al. 1996). 

The results of WHALEY et al. (1994) and MACEwAN et al. (1995) seem to 
explain why compounds like isoproterenol act as full agonists in virtually all 
systems. On this basis, the development and use of partial agonists at the .Bz
adrenoceptor and other adenylyl cyclase-stimulatory GPCRs might allow 
selective targeting of therapeutic responses to cells and tissues expressing 
relatively high levels of the GPCR of interest. 

.Bz-Adrenoceptors are frequently co-expressed with the other [3-
adrenoceptor subtypes ([31 and /33) in the heart and in adipose tissue, for 
example. Although most studies have centered on the .Bz-adrenoceptor, 
binding studies with selective ligands have indicated the [31-adrenoceptor to 
be the most prevalent subtype in the heart. Despite this, it appears that, at 
equivalent levels of expression, the [31-adrenoceptor has a lower ability to acti-
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vate adenylyl cyclase. To examine the relative functions of co-expressed /3e 
and ~-adrenoceptors in detail, LEVY et al. (1993) isolated clones of L cells co
expressing these two receptors in different ratios. Using selective blockers 
of the two GPCR subtypes, they were able to demonstrate that the ~
adrenoceptor was always able to cause greater activation of adenylyl cyclase 
activity than the /31-adrenoceptor at full occupancy with isoproterenol. LEVY 
et al. (1993) described this effect as "receptor efficacy". As with the study of 
WHALEY et al. (1994), L cells were used as the host. However, different data 
was obtained regarding the number of receptors required to be expressed and 
activated to cause full stimulation of the adenylyl cyclase population. In the 
case of the ~-adrenoceptor, this was estimated to be 1000 fmollmg membrane 
protein while, for the /31-adrenoceptor, because of its lower measured recep
tor efficacy, expression at levels close to 3000 fmollmg membrane protein were 
insufficient to cause maximal activation (LEVY et al. 1993). The reasons for this 
discrepancy are not clear. It will be of great interest to ascertain whether 
"receptor-efficacy" differences for GPCRs that couple to the same basic 
signal-transduction cascade truly reflect quantitative differences in the ability 
of the agonist-occupied receptors to cause activation of the same G protein 
pool or relate to cellular differences in receptor distribution (SAUNDERS et al. 
1996; LIMBIRD 1997; MILLIGAN 1998). Such differences would then result in 
different abilities of intracellular second messenger-regulated kinases to 
"sample" (HOUSLAY and MILLIGAN 1997) the message generated at different 
sites of the plasma membrane. 

A potentially even more intriguing aspect of "receptor efficacy", which 
has yet to be explored at a detailed quantitative level, is the idea that differ
ent GPCR polymorphisms may produce variations in quality and quantity of 
signal. In the case of the ~-adrenoceptor, three distinct polymorphisms have 
been reported within the human population. These polymorphisms display dif
ferences in agonist-mediated regulation and show associations with conditions 
(such as asthma) where contribution from ~-adrenoceptor function would be 
anticipated (GREEN et al. 1993, 1994, 1995; TURKI et al. 1995, 1996). In the 
case of the /h-adrenoceptor, a Trp-7Arg mutation at amino acid position 64 in 
the human /3radrenoceptor is reportedly associated with morbid obesity 
(CLEMENT et al. 1995). Although it has not been easy for a number of groups 
to observe, following expression in Chinese hamster ovary (CHO)-K1 and 
human embryonic kidney (HEK)-293 cells, this mutant has recently been 
reported to produce reduced maximal stimulation of adenylyl cyclase com
pared with the wild type receptor (PIETRI-RoUXEL et al. 1997). 

In mammalian heart, the expression level of /31-adrenoceptor predomi
nates over that of ~-adrenoceptor. Levels of these receptors have been 
increased in a cardiac-specific manner by transgenic overexpression. With very 
high-level overexpression of the ~-adrenoceptor, the contractility of the heart 
and adenylyl cyclase activity were maximal in the absence of agonist stimula
tion (ROCKMAN et al. 1996; KOCH et al. 1998). In contrast, effects of transgenic 
overexpression of the !31-adrenoceptor have been less clear-cut (MANSIER et 
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al.1996).1t is unclear if this reflects the poor "receptor efficacy" of this GPCR, 
the more limited fold overexpression achieved or a combination thereof. By 
contrast, overexpression of the j31-adrenoceptor in adipose tissue has been 
reported to limit diet-induced obesity (SOLOVEVA et al. 1997), presumably by 
increasing lipolytic activity in response to circulating catecholamine. Chronic 
congestive heart failure is associated with a reduction in j3-adrenoceptor 
density and a poor signaling capacity of the remaining receptor population. 
Features of this condition have been reported to be alleviated by introduction 
of extra ~-adrenoceptor levels into isolated cardiac myocytes (AKHTER et al. 
1997a). As transgenic overexpression of the Al adenosine receptor in the 
mouse heart has been reported to increase myocardial resistance to ischemia 
(MATHERNE et al. 1997), regulation of the stoichiometry of expression of 
polypeptides associated with G protein-mediated signaling cascades offers a 
potentially exciting avenue through which to modify pathophysiological con
ditions. Because the j3-adrenoceptor isoforms display differential desensitiza
tion characteristics (MILLIGAN et al. 1994), mutationally modified forms of 
these receptors that display a reduced ability to be desensitized but maintain 
high "receptor-efficacy" parameters may offer benefits beyond those achieved 
by the wild type GPCRs. 

Detailed analysis of the effects of regulating levels of the three al
adrenoceptor subtypes has recently provided insights into strategies for mod
ulation of the effectiveness of agonists at phosphoinositidase C-linked GPCRs 
(THEROUX et al. 1996). A number of studies have suggested that the al
adrenoceptor subtypes might also display the features of differing "receptor 
efficacy" (described above for the j3r and ~-adrenoceptors). Using a tetracy
cline-repressible expression system, THEROUX et al. (1996) were able to 
examine the correlations between levels of GPCR expression and signal 
output measured as inositol phosphate (rp) generation for each of the human 
al-adrenoceptor subtypes in specific cell clones of HEK-293 cells. With rela
tively modest (up to 1 pmollmg protein) levels of expression, nonecof the indi
vidual al-adrenoceptor SUbtypes displayed substantive agonist-independent 
generation of IPs, and each displayed increasing degrees of signal with increas
ing expression. However, maximal effects of norepinephrine followed a 
pattern (ala> alb> aId), at equivalent receptor expression levels, for the stim
ulated generation of IPs and for increases in intracellular Ca2+ levels. As the 
measured responses were markedly variable, only the majority of data derived 
from such an exhaustive approach was likely to provide suitable correlates. 
Sustained treatment of cells expressing a constitutively active mutant of the 
hamster alb-adrenoceptor (PEREZ et al. 1996; SCHEER et al. 1996) with ligands 
that function as inverse agonists can result in substantial upregulation of the 
GPCR. LEE et al. (1997) examined the effects of such upregulation on agonist 
stimulation of phosphoinositidase C and phospholipase D activities. The 
potency of phenylephrine to stimulate these activities was unaltered by upreg
ulation of the GPCR, but the maximal effects of the agonist were increased 
substantially. These results again imply that the capacity of the effector 
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enzymes is not limiting for output via the phosphoinositidase C-linked 
cascade. 

Although the m2 muscarinic acetylcholine receptor is not one generally 
associated with phosphoinositidase C activation, expression in specific systems 
can allow such an output. Regulation of GPCR availability to agonist in a 
stably transfected CHO cell line expressing this receptor can be achieved by 
pretreatment with the slowly dissociating antagonist quinuclidinyl benzilate 
(VOGEL et al. 1995). Although agonist stimulation of phosphoinositidase C 
activity was poor (less than threefold even at relatively high receptor
availability levels), there was a good correlation between receptor levels and 
signal generation. The ECso values for a range of ligands were essentially 
unchanged, with receptor level as might be anticipated if receptor activation 
of the relevant G protein(s) remained limiting in comparison to the levels and 
activity of phosphoinositidase C. Both of these features were markedly dif
ferent when agonist-mediated inhibition of forskolin-amplified adenylyl 
cyclase was measured in the same cells. Here, even at low levels of receptor 
availability, efficacious agonists produced a maximal degree of inhibition, and 
it was only with the use of the weak partial agonist pilocarpine that a less
than-maximal degree of inhibition could be observed. This also reached 
maximal levels as receptor availability increased. As might be anticipated, 
agonist ECso for cAMP inhibition decreased with increasing receptor level. 
VOGEL et al. (1995) also observed an ability of high concentrations of agonists 
to stimulate cAMP production via the porcine m2 muscarinic acetylcholine 
receptor in these CHO cells. This appeared to be via a direct activation of Gsa 
rather than via release of f3rcomplex from G i , as pertussis toxin treatment did 
not prevent the stimulation. 

The observation that control of adenylyl cyclase activity by GPCRs (which 
either produce predominantly stimulatory or inhibitory regulation) is often 
maximal at low levels of receptor expression tends to suggest either that levels 
of adenylyl cyclase are generally low in cells or that the coupling efficiency of 
GPCR and G protein to adenylyl cyclase is very high. Certainly, direct esti
mates of adenylyl cyclase levels do indicate it to be a poorly expressed protein 
in many cell systems (Sect. E). As such, transgenic elevation of levels of 
GPCRs linked to adenylyl cyclase is likely to result primarily in increases in 
agonist potency and efficacy rather than maximal regulation of cAMP. In at 
least one case, levels of expression have been high enough to render the system 
virtually fully active in the absence of agonist (BOND et al. 1995). The effects 
of directly increasing adenylyl cyclase levels will be discussed later (Sect. E). 
In contrast, increases in levels of phosphoinositidase C-linked GPCRs fre
quently translate directly to greater maximal generation of IPs without alter
ation in agonist potency. However, measurement of this cascade at the level 
of increases in intracellular [Ca2+] might be anticipated to saturate much more 
rapidly with increasing GPCR level, as the release of Ca2+ from intracellular 
stores by generated inositol 1,4,5-trisphosphate represents a further amplifi
cation step. 
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One major difficulty with examining the effects of modulation of G protein a
subunit levels on transmembrane signaling efficiency has been the lack of cells 
with null backgrounds, which prevented truly quantitative studies from being 
undertaken. Furthermore, the capacity of closely related G proteins to display 
overlapping functionalities (at least in transfected cell systems) suggests that 
even cell lines generated from G protein gene knockout studies may not be 
ideal. It is also true that, at a gross total cell or tissue level, measured levels of 
G protein are often very high compared with the levels of other signal
transducing polypeptides (ALOUSI et a1. 1991; KIM et a1. 1994). Indeed, in the 
central nervous system, the pertussis toxin-sensitive G protein Go comprises 
some 1 % of the total protein in many brain regions (GIERSCHIK et a1. 1986; 
MILLIGAN et a1. 1987). As such, further overexpression might be anticipated to 
have limited benefits in understanding the effects of quantitative variation of 
G protein levels in regulating the efficiency of signal transduction. 

The high levels of G proteins in cells and tissues have allowed both 
semi-quantitative immunoblotting and enzyme-linked immunosorbent assays 
(ELISA) to provide good estimates of expression levels (MILLIGAN 1993). 
Despite the high levels of expression, there is good evidence indicating that 
not all of the cellular population of specific G proteins is equally accessible to 
individual GPCRs, which may mediate the same primary function (NEUBIG 
1994). For example, it has been suggested that, in NG 108-15 cells, the endoge
nously expressed 8 opioid, M4 muscarinic acetylcholine and a2B-adrenocep
tors utilize non-overlapping pools of G i (GRAESNER and NEUBIG 1993). 
Furthermore, there are clearly non-plasma membrane pools of G proteins; 
these may have functions other than trans-plasma membrane signal transduc
tion (DENKER et a1. 1996; GIESBERTS et a1. 1997; HAMILTON and NATHANSON 
1997). Strong evidence has accrued for the interaction of at least some G pro
teins with elements of the cellular cytoskeleton (IBARRONDO et a1. 1995; ADOLF
SSON et a1. 1996; COTE et a1. 1997). Definition and understanding of the cellular 
architecture of G protein expression remains a major challenge for the future. 
Estimates of R:G interaction ratios vary depending on whether they are based 
on ligand-binding studies that estimate the fraction of a GPCR in a high-affin
ity agonist-binding state or on measurement of agonist stimulation of the 
GTPase activity of provided G proteins. Perhaps for the reasons noted above, 
transgenic overexpression of G protein a subunits has been limited in use. 

An exception to this has been Gsa. Gsa can be expressed as a number of 
splice variants (BRAY et a1. 1986). The primary difference between the indi
vidual forms is the presence or absence of the information encoded by exon 
3 of the Gsa gene. The major isoform of Gsa in mouse heart appears to be a 
short variant. Transgenic overexpression of a short splice variant of Gsa in 
a cardiac-specific manner in mice has been achieved (GAUDIN et a1. 1995). 
The degree of total overexpression of GslXshort appeared modest (2.8-fold). 
However, estimates of levels of expression of Gsain (rat) ventricular myocytes 
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are higher than in many other systems and indicate the presence of some 
3.5 x 106 copies per cell (40 pmollmg membrane protein) of the short isoform 
and some 1.2 x 106 copies of the long isoform (POST et al. 1995). Thus, if similar 
levels of expression are found in the mouse, then at an absolute level, a 2.8-
fold overexpression of Gs(X,;hort would correspoI1d to a high level of protein 
(72 pmollmg of membrane protein). Despite this level of G protein overex
pression, the functional effects on short-term signaling were limited. No alter
ations were reported in membranes in either the basal adenylyl cyclase activity 
or when this activity was stimulated by GTP + isoproterenol, GTPyS, NaF or 
forskolin (GAUDIN et al. 1995). Two features of the system were, however, mod
ulated. A higher proportion of the population of J3-adrenoceptors were present 
in the state of high-affinity for agonist, and there was a reduced lag time before 
stimulation of adenylyl cyclase activity was enhanced by the poorly hydrolyzed 
analogue of GTP, Gpp[NH]p (GAUDIN et al. 1995). Both of these features 
might be anticipated, based on the law of mass-action. However, if the 
expressed excess Gsashort was correctly targeted following expression, then a 
greater fraction of the receptor population in the Gs-coupled state might have 
implied that more Gsa activation would occur in the absence of receptor 
agonist. This might have been expected to result in a greater degree of basal 
adenylyl cyclase activity. Subsequently, it was reported that there are both 
increased mortality and features diagnostic of dilated cardiomyopathy in the 
Gsa-overexpressing animals compared with controls (IWASE et al. 1997), and 
there is an increase in the efficacy of the J3-adrenoceptor-Gsa-adenylyl cyclase 
cascade (IWASE et al. 1996). 

Overexpression of Gsa in stable cell lines has also been reported. S49 cyc
lymphoma cells are a variant of S49 cells, which do not express Gsa and, thus, 
provide the type of null background alluded to earlier (Chap. 3.2). LEVIS and 
BOURNE (1992) transfected these cells with a modified version of the long 
isoform of Gsa in which the sequence derived from exon 3 was modified to 
encode a sequence identified by monoclonal antibody 12CA5. This modified 
form of the polypeptide was shown to be functional, but no absolute quanti
tation of the levels of expression were provided. Use of such a system would 
seem highly suitable for assessing how much Gsa would be required to achieve 
maximal and half-maximal regulation of adenylyl cyclase. This issue has 
recently been addressed by BARBER and colleagues (KRUMINS and BARBER 
1997; KRUMINS et al. 1997). By generating cell lines following electroporation 
of S49 cyc- lymphoma cells with a long-isoform Gsa construct from which 
expression could be induced by addition of dexamethasone, KRUMINS et al. 
(1997) noted that induction of Gsa allowed increasing levels of epinephrine
stimulated adenylyl cyclase activity, which reached a maximal level. They also 
noted that agonist ECso decreased as levels of Gsa increased, although this 
effect was relatively small (less than twofold). In concert with the develop
ment of agonist stimulation of adenylyl cyclase activity, dexamethasone treat
ment of the transfected S49 cyc- lymphoma cells also resulted in an increased 
magnitude of GTP)'S shifts in the competition curves of epinephrine binding 



378 G. MILLIGAN 

versus [125I]iodocyanopindolol binding to the f3z-adrenoceptor. This indicated 
an increasing presence of a high-affinity agonist-binding site, which is likely to 
reflect GPCR-G protein interactions (KRUMINS et al. 1997). The combination 
of these results have been interpreted as providing evidence of a shuttle model 
rather than a Gsa-adenylyl cyclase pre-coupled model for Gsa activation of 
adenylyl cyclase (KRUMINS et al. 1997). 

In a similar vein, in membranes from hearts of mice transgenically overex
pressing the receptor, GURDAL et al. (1997) have reported more effective 
interactions between the f3z-adrenoceptor and Gsa in the absence of agonist. In 
contrast, MULLANEY and MILLIGAN (1994) utilized the hemagglutinin-tagged 
variant construct of the long isoform of Gsa and expressed it stably in the 
genetic background of NG 108-15 cells. The long isoform provides greater than 
85% of the overall steady-state levels of endogenous Gsa in these cells and has 
been shown to be present at levels of 1.2 x 106 copies/cell (KIM et al. 1994). 
Although not altering the number of amino acids in the polypeptide chain, the 
modifications introduced by LEVIS and BOURNE (1992) alter the mobility of the 
epitope-tagged polypeptide such that it migrates more slowly through sodium 
dodecyl sulfate polyacrylamide-gel electrophoresis (MULLANEY and MILLIGAN 
1994). This allowed concurrent detection of the introduced, modified G protein 
and the endogenously expressed wild type long isoform of Gsa by immunoblot
ting with an antiserum directed against the C-terminal section of Gsa. In clone 
BST15, the total level of GsaJong was increased to 2 x 106 copies/cell. Both of 
these forms of Gsalong were shown to be regulated by agonists at the IP 
prostanoid receptor (MULLANEY and MILLIGAN 1994), but regulation of adeny
late-cyclase activity in these cells was not different compared with that in mem
branes from the parental control (MULLANEY et al. 1996), either in maximal 
amplitude or in ECso for a prostanoid agonist. Forskolin, NaF and the poorly 
hydrolyzed analogue of GTP Gpp[NH]p each produced equivalent stimula
tions of adenylyl cyclase activity in membranes from clone BST15 and NG108-
15 cells. Although these results may seem distinct from those of KRUMINS et al. 
(1997), the difference in level of expression between parental NG108-15 cells 
and clone BST15 is sufficiently small that any predicted effects might also be 
expected to be very limited. Furthermore, as the levels of expression of Gsa in 
the parental NG 108-15 cells are so large in comparison to levels of adenylyl 
cyclase (Sect. E), it was not surprising that addition of further Gsa produced 
little enhancement of function. 

Apart from the S49 cyc- lymphoma cell line, strategies that result in a 
reduction in cellular levels of Gsa offer the potential ability to examine 
whether this can restrict the maximal effectiveness of the adenylyl cyclase 
cascade. Sustained treatment of cells with cholera toxin is known to result in 
a major reduction in cellular Gsa levels, as persistent activation of this 
polypeptide (either due to cholera-toxin-catalyzed ADP-ribosylation or via 
mutagenesis) results in enhanced degradation of the polypeptide (CHANG and 
BOURNE 1989; MILLIGAN et al.1989; MACLEOD and MILLIGAN 1990). Reduction 
of Gsa levels by 90% in GH3 cells via sustained treatment with cholera toxin 
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has, however, been reported to have little effect on GTP-stimulated adenylyl 
cyclase activity (CHANG and BOURNE 1989), again implying a considerable 
cellular steady-state molar excess over the amount required to maximally 
activate the cascade. In contrast, MACLEOD and MILLIGAN (1990) have shown 
that large reductions in Gsa levels in neuroblastoma x glioma hybrid cells can 
result in a reduced ability of forskolin to stimulate adenylyl cyclase activity 
without altering Mn2+-stimulated activity (which provides an estimate of levels 
of the adenylyl cyclase catalytic moiety in the absence of G protein regula
tion). Thus, in some systems, it is possible to reduce levels of Gs sufficiently to 
alter the effectiveness of this cascade. However, the presence of cholera toxin 
will ensure that the remaining Gsa is in an active, ADP-ribosylated state and 
will thus limit any prospect of examining agonist regulation of the cascade 
under such conditions. Antisense strategies, probably driven using an inducible 
promoter system (Sect. A), again offer a direct means to explore this question. 
Antisense elimination of Gsa with the aim of assessing whether reduction in 
levels of this polypeptide will result in reduced receptor-mediated activation 
of adenylyl cyclase activity has, in fact, been employed. In GH3 and related 
pituitary cell lines, thyrotropin-releasing hormone (TRH) has, in some studies, 
been reported to cause both stimulation of adenylyl cyclase activity and its 
more established stimulation of activity of phosphoinositidase C. PAULSSEN et 
al. (1992) demonstrated that antisense reduction of Gsa levels in these cells 
resulted in a reduced ability of TRH to stimulate cAMP production but that 
this did not alter the ability of TRH to stimulate phosphoinositidase C activ
ity. Such studies again suggest that it is possible to reduce cellular Gsa levels 
to an extent sufficient to interfere with maximal activation of the adenylyl 
cyclase cascade. Other studies have also targeted antisense elimination of Gsa 
(WANG et al. 1992). Although such studies have reported substantial reduc
tions of cellular Gsa, the primary function has not been to determine the effect 
of this on the regulation of adenylyl cyclase function. This is an area that would 
benefit greatly from further detailed quantitative analysis. 

Transgenic overexpression of the phosphoinositidase C-linked G protein 
Gqa in the hearts of mice has also been reported (D' ANGELO et aI.1997). Inter
estingly, as with transgenic overexpression of a constitutively active mutant of 
the alB-adrenoceptor (MILANO et al. 1994b), overexpression of this G protein 
a subunit at levels four times above normal resulted in increased heart weight 
and myocyte size and decreased J3-adrenoceptor function. All of these are fea
tures associated with chronic cardiac failure. By contrast, cardiac overexpres
sion of the wild type alB-adrenoceptor resulted in only depressed signaling via 
the J3-adrenoceptor (AKHTER et al. 1997b) rather than myocardial hypertro
phy. Studies again suggest the possibility that increases in levels of signaling 
elements proximal to phosphoinositidase C can result in enhanced effective
ness of this cascade. The apparent redundancy of function of the closely related 
phosphoinositidase C-linked G proteins Gqa and Glla (OFFERMANNS et al. 
1994) has limited the conclusions that can be drawn unambiguously from Gqa 
knockout mice (OFFERMANNS et al. 1997). However, as platelets and other 
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hemopoietically derived cells lack expression of Glla (MILLIGAN et a1. 1993; 
JOHNSON et a1. 1996), the lack of response of platelets from Gqa knockout 
mice to a series of platelet activators provided evidence for a direct role 
(OFFERMANNS et a1. 1997). Perhaps surprisingly, therefore, murine embryonic 
stem cells lacking Gqa actually display markedly enhanced phosphoinositidase 
C response to bradykinin (RICUPERO et a1. 1997), which is returned to normal 
levels by expression of Gqa in these cells. The basis of these observations 
remains unexplained, though they are clearly of great interest. 

E. Effector Enzymes: AdenylyI Cyclase 
Following cDNA cloning of the first molecularly defined adenylyl cyclase (type 
1) by the laboratories of REED and GILMAN (KRUPINSKI et a1. 1989), a steady 
increase in numbers of family members has been recorded. Nine types have 
now been defined (TAUSSIG and GILMAN 1995; HOUSLAY and MILLIGAN 1997). 
These share common structural features, based on two groups of six putative 
transmembrane spanning elements connected by a long intracellular loop; in 
addition, the N- and C-termini of all the family members are predicted to be 
intracellular. All of the subtypes of this family are believed to be positively 
regulated by Gsa, although the quantitative details of this may vary (HARRY 
et a1. 1997). Individual family members differ in their modes of regulation 
by other means, including G protein f3r complexes, Ca2+/calmodulin, protein 
kinase C-mediated phosphorylation and [Ca2+]j levels. Recently, the crystal 
structure of the C2 domain of adenylyl cyclase type II has been solved (ZHANG 
et a!. 1997), allowing new insights into the catalytic mechanism and regulation 
of this enzyme, and rapid progress is now being made in this area (DESSAUER 
et a!. 1997; YAN et al. 1997a, 1997b). Until recently, antisera able to selectively 
identify individual adenylyl cyclase isoforms have not been available and, 
indeed, commercially available antisera of reasonable titer and specificity 
remain difficult to obtain. This has resulted in the restriction of analysis of the 
tissue and cellular distribution of the adenylyl cyclase isoforms to detection of 
relevant messenger RNA (mRNA) by Northern blotting or reverse
transcriptase polymerase chain reaction (RT-PCR). These approaches cannot, 
however, provide estimates of levels of expression of the individual polypep
tides. As a first approach to this, a number of workers have attempted to utilize 
the ability of [3H]forskolin to bind to the activated complex of Gs and adeny
Iyl cyclase (GSAC) with high affinity (SEAMON and DALY 1985; YAMASHITA et 
a1. 1986; ALOUSI et a1. 1991; KIM et a1. 1994, 1995; POST et al. 1995; MACEwAN 
et a1. 1996; STEVENS and MILLIGAN 1998). If sufficient Gsa is available to inter
act with the total cellular population of adenylyl cyclase, then such an 
approach provides a potential means to quantify levels of adenylyl cyclase 
expression. In normal circumstances, the GSAC might be anticipated to be a 
transitory complex, as the intrinsic GTPase activity of GTP-liganded Gsa 
would act to destabilize and inactivate the complex. However, when using cell 
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membranes where quasi-persistent activation of Gsa can be achieved by the 
addition of either poorly hydrolyzed analogues of GTP or AIF4-, a binding 
isotherm can be generated to allow analysis of the population of GSAC 
(KIM et al. 1994). 

In all reported studies, levels have been substantially lower than for Gsa. 
In membranes of NG 108-15 cells, levels of Gsa (1.2 x 106 copies/cell) have been 
reported to be some 70-fold higher than the levels of GSAC that can be 
formed by addition of maximally effective concentrations of Gpp[NH]p (KIM 
et al.1994). It has been possible to adapt these approaches to intact cells where 
specific [3H]forskolin binding is driven in an agonist-dependent manner. In 
intact S49 lymphoma cells maintained at low temperature to prevent the dis
sociation and inactivation of GSAC once it formed, maximal agonist occu
pancy of the jh-adrenoceptor resulted in an estimated Bmax for binding of [3H] 
forskolin of 3000 sites/cell (ALOUSI et al. 1991). If it is assumed that the spe
cific binding of [3H]forskolin to GSAC occurs at a single site (although there 
have been suggestions that there may be two binding sites for forskolin on 
each adenylyl cyclase molecule; ZHANG et al. 1997), then the total number of 
GSAC complexes that can be formed in these cells is also substantially lower 
than the number of copies of Gsa (100000; RANSNAS and INSEL 1988). 

Agonist regulation of [3H]forskolin binding was not observed in variants 
of S49 lymphoma cells that either lacked Gsa expression (cyc-), expressed a 
form of this polypeptide that failed to interact with the receptor (unc) or where 
Gsa failed to become activated properly in response to agonist (H21a; ALOUSI 
et al. 1991). Use of similar whole-cell [3H]forskolin-binding experiments in 
NG108-15 cells transfected to express varying levels of the jh-adrenoceptor 
resulted in isoproterenol-stimulation of specific [3H]forskolin binding, in which 
the maximal levels achieved were similar in cells expressing 25,000 copies/cell 
and 400,000 copies/cell of this GPCR (KIM et al.1995). However, as with direct 
measurements of adenylyl cyclase activity, the ability of isoproterenol to 
produce this effect was markedly greater in the cells with higher GPCR 
levels (KIM et al. 1995). In contrast, concentration-effect curves for stimulation 
of [3H]forskolin binding by an agonist at the endogenously expressed IP 
prostanoid receptor was not different in these cell lines (KIM et al. 1995). It is 
also of interest to note that agonist-independent constitutive activity could be 
recorded using the intact-cell pH]forskolin-binding assay. The level of specific 
binding of [3H]forskolin measured in the absence of ligand was greater in the 
cells expressing high levels of the jh-adrenoceptor compared with either those 
with low levels or the parental, untransfected cells (KIM et al. 1995). This 
agonist-independent [3H]forskolin binding was partially reversed by addition 
of propranolol, which had no effect on basal [3H]forskolin binding in cells with 
low levels of the jh-adrenoceptor (KIM et al. 1995). These results paralleled 
those obtained earlier with membranes from these cell lines when examining 
the regulation of adenylyl cyclase activity (ADIE et al.1994a, 1994b). This basic 
assay has also been used to examine the efficacy of J3-adrenoceptor partial ago
nists in both S49lymphoma cells (ALOUSI et al.1991) and in NG108-15 cell lines 
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transfected to express varying levels of the f3z-adrenoceptor (MACEwAN et al. 
1995). As anticipated from receptor theory (and in line with direct adenylyl 
cyclase-activity measurements), higher levels of expression of this receptor 
resulted in increased efficacy of partial agonists (MACEWAN et al. 1995). 

Although much of the evidence detailed indicates that adenylyl cyclase 
levels represent the limiting element for maximal potential cAMP generation 
in many cell types, little has been done at a quantitative level to test this 
directly. If specific binding of [3H]forskolin represents a useful means to 
examine quantitative aspects of the expression of adenylyl cyclase and its reg
ulation by agonists at GPCRs, it is necessary to demonstrate that it could be 
used to measure the degree of overexpression of adenylyl cyclase following 
stable transfection of an adenylyl cyclase isoform into a heterologous cell 
system. NG 108-15 cells and clones derived from them do not express adeny
lyl cyclase type II, as assessed by an inability to detect relevant mRNA using 
RT-PCR (MACEWAN et al. 1996). Following transfection of f3z-adrenoceptor
expressing NG 108-15 cells with a cDNA encoding adenylyl cyclase type II, 
individual clones positive for this mRNA were examined for both guanine, 
nucleotide-stimulated [3H]forskolin binding in membrane preparations and 
isoproterenol-stimulated [3H]forskolin binding in whole cells. In each case, 
higher levels of stimulated [3H]forskolin binding were observed than were 
observed in the parental cells, and the degree of extra binding correlated with 
the levels of detected adenylyl cyclase type II mRNA (MACEWAN et a1. 1996). 
In the intact cell studies, both basal [3H]forskolin binding and the maximal 
response to isoproterenol addition increased substantially. However, even in 
these clones, adenylyl cyclase appeared to remain the limiting element, as the 
ECso for the agonist was unaffected by increases in levels of adenylyl cyclase 
of up to eightfold (MACEWAN et a1. 1996). 

Partial agonists at the f3z-adrenoceptor did not show altered efficacy with 
enhanced adenylyl cyclase levels. Perhaps surprisingly, agonists at the A2 
adenosine and secretin receptors, which are expressed endogenously at low 
levels in NG 108-15 cells, displayed similar maximal effects when compared 
with isoproterenol in the adenylyl cyclase type II-overexpressing cells and in 
the clones with lower adenylyl cyclase levels. This was despite their inability 
to cause full activation of adenylyl cyclase in the parental cells without over
expression of adenylyl cyclase (MACEWAN et al. 1996). This may relate to the 
type of compartmentalization described for Gj-linked GPCRs in the cells 
(GRAESNER and NEUBIG 1993) and clearly requires further analysis. 

It would also be of considerable interest to expand this type of analysis to 
other isoforms of adenylyl cyclase and to other cell backgrounds. No reports 
on transgenic overexpression of this element have yet been reported. If less 
than a maximal activation of adenylyl cyclase is required to produce maximal 
contractile responses in the heart, as seems evident in the studies from MILANO 
et a1. (1994a), then overexpression of adenylyl cyclase in heart might not be 
anticipated to result in quantitative physiological benefit. 
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F. Conclusions 
Emerging information on the cellular disposition of the polypeptides of signal
transduction cascades should soon allow a concerted effort to understand how 
targeted alterations in individual components will effect the overall effective
ness of information transfer from receptor to effector. 
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CHAPTER 14 

The Study of Drug-Receptor Interaction Using 
Reporter Gene Systems in Mammalian Cells 

D.M. IGNAR and S. REES 

A. Reporter Systems 
I. What Is a Reporter Gene System? 

"Reporter gene" is the term used to describe a plasmid containing either an 
inducible or constitutive promoter element that controls the expression of a 
readily measurable enzyme or other protein. The reporter protein typically has 
a unique activity or structure to enable it to be distinguished from other pro
teins present. The choice of reporter gene, which is often an enzyme, is 
primarily influenced by the availability of a simple, usually colorimetric, 
fluorescent or luminescent assay of the activity of the protein product. The 
activity of the reporter protein provides an indirect measurement of the tran
scriptional activity of the promoter sequence. Reporter gene assays have been 
used for the characterization of the sequences and transcription factors that 
control gene expression at the transcriptional level and for the characteriza
tion of receptor-mediated signal transduction through the measurement of 
alterations in gene expression caused by receptor signaling. As such, reporter 
gene assays have been developed for drug screening and analytical pharma
cology in mammalian cell-based assays. 

Inducible reporter genes used in studies of signal transduction are inac
tive or weakly active with respect to transcription until the transcription factor 
protein(s) that bind to and activate the promoter are themselves activated as 
a consequence of receptor-mediated signal transduction. The activated pro
moter drives the transcription of a reporter gene, which is then quantified by 
assaying the messenger RNA, the protein product itself or the enzymatic activ
ity of the protein product. A constitutive reporter gene contains a promoter 
that is constantly active, resulting in continuous expression of the reporter 
gene protein product. Constitutive reporter genes have been used in the analy
sis of cell tracking, intracellular trafficking of proteins and signal transduction. 
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II. Detection Methods 

1. Enzymatic 

Factors influencing the choice of reporter protein include cost, sensitivity, 
safety (radioactivity detection), stability of the reporter gene response and 
simplicity of the assay. For these reasons, many widely used reporter genes 
encode enzymes for which simple, non-radioactive assay procedures have been 
developed. Presently, the most commonly used enzymes include firefly (Phot
inus pyralis) luciferase (DE WET et a1. 1987), Renilla reniformis (sea pansy) 
luciferase (LORENZ et a1. 1991), secreted placental alkaline phosphatase 
(SEAP; HENTHORN et a1. 1988) and f)-galactosidase (CHEN et a1. 1995). The 
development of increasingly facile, sensitive, cost-effective assays for many of 
these enzymes has expedited the use of reporter gene systems in analytical 
pharmacology and drug discovery. Assay systems for many of these enzymes, 
and vectors containing the reporter genes, are available commercially. 
Detailed discussion of each of these reporter genes and their assay systems is 
beyond the scope of this chapter and, thus, the reader is referred to reviews 
(ALAM and COOK 1990; BRONSTEIN et a1. 1994; SUTO and IGNAR 1997). 

Within this chapter, we will provide a number of examples of the use of 
the bioluminescent enzyme firefly luciferase as a reporter enzyme. The main 
advantages of firefly luciferase are attomolar detection sensitivity, broad 
dynamic range and facile assay methods that stabilize the luminescent signal 
for several hours (WILLIAMS et a1. 1989; ROELANT et a1. 1996). The relatively 
short half-life of luciferase (-4 h) makes it an ideal reporter for mammalian 
cell lines. A reporter gene product that possesses a long half-life can accumu
late within the cell as a consequence of basal promoter activity, which can 
result in a decrease in signal-to-noise ratio in the assay. 

In contrast to firefly luciferase, SEAP is secreted from the cell such that 
reporter gene proteins present in the medium can simply be removed before 
an experiment. This property greatly facilitates the measurement of a decrease 
in transcriptional activity. A further advantage of SEAP is that the reporter 
activity can be measured without cell lysis. The same is true of Renilla 
luciferase, which utilizes the cell-permeable substrate coelenterazine. The col
orimetric assays for SEAP and f)-galactosidase are inexpensive and facile but 
not particularly sensitive, and they have a limited dynamic range. Recently, 
chemiluminescent assay systems for SEAP and f)-galactosidase have been 
developed; these systems are as sensitive as luciferase assays. In addition, there 
are commercially available dual systems for assaying more than one reporter 
gene activity when assessment of more than one signaling event is desirable. 
For example, assay kits are available from a number of suppliers for the 
sequential assay of firefly and Renilla luciferases within the same reaction 
well. 

A new f)-lactamase reporter gene detection system having the advantage 
of highly sensitive real-time measurement of transcription in individual living 
cells has recently been introduced (ZLOKARNIK et a1. 1998). A membrane
permeant fluorogenic substrate ester composed of 7 -hydroxy coumarin and flu-
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orescein attached to a cephalosporin backbone is used to assess transcription. 
As a consequence of a fluorescence resonance-energy transfer (FRET) event 
between the 7 -hydroxy coumarin and the fluorescein groups in the substrate, 
the substrate fluoresces green (520 nm) upon excitation at 409 nm. After attack 
by fJ-Iactamase, expressed as an inducible reporter protein, the fluorescein mol
ecule is released; this disrupts the resonance energy transfer from coumarin to 
fluorescein, resulting in a large shift in emission wavelength to blue (447nm). 
The half-life of this protein is similar to that of firefly luciferase in mammalian 
cells, which is advantageous for stable cell line generation, as discussed above. 

2. Non-Enzymatic 

In addition to the enzymatic reporter genes, the Aequorea victoria biolumi
nescent proteins aequorin and green fluorescent protein (GFP) have been 
used as reporter systems (CHALFIE et al. 1994). The calcium-sensitive photo
protein aequorin has been constitutively expressed as a reporter of calcium 
signaling in mammalian cells. In the presence of intracellular calcium and the 
cofactor coelenterazine, an oxidation reaction results in the generation of light 
that can be detected by conventional luminometry. In contrast to all other 
reporter proteins, GFP fluorescence is non-enzymatic and requires no addi
tional cofactors (CHALFIE et al. 1994). Upon excitation with blue light at a Amax 
of 396nm, the protein emits green light with a Amax of 509nm. GFP has been 
widely used as a marker of protein expression (CHALFIE et al.1994), to follow 
intracellular movement of proteins (BARAK et al. 1997) and in the construc
tion of FRET assays (HElM and TSIEN 1995). 

Other reporter proteins include human growth hormone and chloram
phenicol acetyltransferase, for which enzyme-linked immunosorbent assays 
have been developed in order to measure the amount of protein present. The 
use of these proteins will not be described here. 

III. Measurement of Intracellular Signaling 

1. Inducible Reporter Genes 

The use of reporter genes to study drug-receptor interactions in mammalian 
cells has relied upon the characterization and subsequent assay of the signal 
transduction events activated as a consequence of receptor stimulation. 
Inducible reporter genes have been developed to monitor these signal trans
duction events. Generally, two types of inducible reporter genes have been 
used for the measurement of intracellular signaling. 

a) Responsive Promoters 

Reporter gene assays were first used in experiments designed to characterize 
promoter elements. In such experiments, a reporter gene, such as luciferase, 
was expressed off a natural promoter sequence, and the ability of extracellu
lar stimuli to activate the promoter was studied using luciferase luminescence 
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as the readout. Such studies were used to identify DNA sequence motifs 
(termed transcription factor binding sites or hormone response elements) 
required for promoter activity. Simultaneous studies led to the identification 
of the transcription factor proteins, which are able to bind to these DNA 
sequence motifs to promote gene expression. For example, reporter genes con
taining the consensus cyclic adenosine monophosphate (cAMP) response 
element (CRE) have been developed for the assessment of agonist activation 
of G protein-coupled receptors (GPCRs), which couple to heterotrimeric G 
proteins of the Ga. or GlXi families (STRATOWA et. al. 1995a; GEORGE et al.1997). 
Agonist activity at a Ga.-coupled GPCR results in the activation of the effec
tor enzyme adenylyl cyclase to cause a subsequent elevation of intracellular 
cAMP levels. The consequence of an increase in intracellular cAMP is activa
tion of protein kinase A (PKA), which subsequently phosphorylates and acti
vates members of the CREB (CRE-binding protein) family of transcription 
factors. As shown in Fig. 1, activated CREB causes alterations in gene expres
sion following binding to the CRE (TGACGTCA) found within the promoter 
element of many genes (STRATOWA et al. 1995a). As such, the use of reporter 
genes containing CRE elements within the promoter sequence has allowed 
the development of reporter assays for GPCRs that regulate cAMP. 

A number of natural promoter elements have been used in reporter gene 
constructs to detect receptor signaling, such as the c-fos promoter, which con
tains several transcription factor binding sites including a CRE element (HILL 
and TREISMAN 1995) and the intracellular adhesion molecule (ICAM) pro
moter, which contains two activating protein-1 (AP-1) sites (WEYER et al. 
1995). In this latter study, an ICAM promoter-driven luciferase reporter con
struct was used to characterize the 5-HT2c serotonin receptor. 

Natural promoter elements often contain many different transcription 
factor binding sites. In addition to a CRE, the c-fos promoter contains an AP-
1 site and a serum response element (SRE) and, thus, will respond to PKA, 
protein kinase C (PKC), and mitogen activated protein kinase (MAPK) sig
naling events (HILL and TREISMAN 1995). In order to increase the specificity of 
reporter constructs and also to increase the signal-to-noise ratio obtained in a 
reporter gene assay, a number of synthetic, responsive promoters have been 
generated. Such promoters usually consist of multiple copies of a specific tran
scription factor binding site placed upstream of a minimal mammalian pro
moter element. The minimal promoter element is transcriptionally silent and 
contains only the RNA polymerase binding site. This synthetic promoter is then 
used to promote the expression of a reporter gene, such as luciferase (STRATOWA 
et al. 1995; Table 1). The structure of a synthetic CRE-Iuciferase reporter con
struct is shown in Fig. 2. This construct contains six copies of the consensus CRE 
placed upstream of the minimal herpes simplex virus thymidine kinase pro
moter element. To optimize the signal to noise obtained with the reporter, the 
precise position and number of copies of the response element used in such a 
promoter is derived from empirical study and, usually, many copies of the 
response element are required (STRATOWA et al. 1995 and references therein). 
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Fig.1. Schematic representation of a cyclic adenosine monophosphate (cAMP) 
reporter gene cell line used as a screening system for agonist activity at Ga,-coupled 
receptors. Agonist binding to a receptor capable of functional interaction with Ga, 
results in the generation of an increase in intracellular cAMP, resulting in the subse
quent activation of protein kinase A (PKA). Activated PKA is able to phosphorylate 
members of the cAMP response element (CRE) binding (CREB) family of transcrip
tion factors. Activated CREB is able to bind to CRE to promote the expression of the 
firefly luciferase reporter gene. Luciferase luminescence provides a readout of agonist 
activity at the receptor 

Many other mammalian response elements have been identified and used in 
reporter constructs (Table 1). Commonly used examples include the SRE, used 
to monitor MAPK activation (TREISMAN 1995), the AP-1 binding site (12-0-
tetradecanoyl phorbol-13-acetate response element), used to detect PKC acti
vation (STRATOWA et aI.1995b), the sis-inducible element, used to detect growth 
factor and cytokine signaling (SADOWSKI et al. 1993), and nuclear hormone 
response elements (KLEIN-HITPAB 1986; DIAMOND et aI.1990). 

b) Chimeric Transcription Factors 

Chimeric transcription factor reporter genes have been used to characterize 
receptor activation of the MAPK cascade. Many cell surface receptors, includ
ing GlXj- and Gaq/ll-coupled GPCRs, are capable of the regulation of this signal 
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Table 1. Transcription-factor response elements used in reporter constructs 

Response element 

CRE 

TRE (AP-1 site) 

SRE 

SIE 

NF-AT 

NRE 

Transcription factor 

CREB,ATF 

c-Jun 

Elk-1, Sap-1 

ISGF3a 

NF-AT 

Steroid receptors 

Receptors 

Gas coupled 
Gal coupled 

Gag coupled 
Growth factors 

Gag coupled 
Gm coupled 
G12113 coupled 
Growth factors 

Growth factors 
Cytokines 

Gaq coupled 
Growth factors 
Cytokines 

Estrogen 
Progesterone 
Glucocorticoid 

AP-1, activating protein 1; ATF, activating transcription factor; CRE, cyclic adenosine 
monophosphate response element; CREB, CRE-binding protein; 1SGF, interferon
stimulated gene factor; NF-AT, nuclear factor of activated T cells; NRE, nuclear 
hormone response element; S1E, sis-inducible element; SRE, serum response element; 
TRE, 12-0-tetradecanoyl phorbol-13-acetate response element. 

,-------11 HSV-TKI LUCIFERASE 

6 CRE elements 

SalI CREl CRE2 
TCGACCTCCT TGGCTGACGT CAGTAGAGAG ATCCCATTGA CGTCATACTG AGACTAGATC 

CRE3 CRE4 CRE5 
TCCATTGACG TCAAGGAGAC TCGACCTCCT TGGCTGACGT CAGTAGAGAG ATCCCATTGA 

CRE6 Xhol 
CGTCATACTG AGACTAGATC TCCATTGACG TCAAGGAGAC TCGAG - HSV-TK 

Fig. 2. Structure of an inducible reporter gene. The synthetic promoter consists of 
multiple copies of a transcription factor binding site, in this case six copies of the con
sensus cyclic adenosine monophosphate response element (CRE; bold) linked to 
a minimal promoter element, such as the herpes simplex virus thymidine kinase 
promoter (linkage occurs at amino acids +110 to +101 of the promoter). The inducible 
promoter is used to drive expression of a luciferase reporter gene 
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transduction cascade (POST and BROWN 1996). Eukaryotic transcription factors 
generally contain two domains: a regulatory domain and a DNA binding and 
transactivation domain. The regulatory domain contains a number of serine, 
threonine or tyrosine residues, which act as substrates for phosphorylation by 
upstream kinases that are activated as a consequence of the stimulation of cell 
surface receptors. The DNA binding and transactivation domain is able to rec
ognize and bind to a specific transcription factor binding site, resulting in the 
activation of any promoter containing that sequence. As such, it is possible to 
construct chimeric proteins consisting of the regulatory domain of one tran
scription factor fused to the DNA binding and transactivation domain of a 
second. As a consequence of binding to a specific transcription factor binding 
site termed the Gal4 upstream activating sequence (UAS), the Gal4 tran
scription factor, which is derived from the budding yeast Saccharomyces cere
visiae, activates two genes involved in galactose metabolism. Several groups 
have constructed chimeric transcription factors consisting of the regulatory 
domain of a mammalian transcription factor linked to the DNA binding and 
transactivation domain of yeast Gal4 (KORTENJMAN et al. 1994; STRAHL et al. 
1996). The mammalian transcription factor regulatory domain is phosphory
lated as a consequence of a signal transduction event. This enables the 
chimeric protein to recognize and bind to the Gal4 UAS, resulting in the acti
vation of a firefly luciferase reporter construct containing multiple copies of 
the Gal4 UAS in the promoter element (summarized in Fig. 3). Gal4-based 
reporter gene assays have been developed to report on the activity of many 
transcription factors, including elk-I, sapIa, activating transcription factor 2 
and c-Jun (KORTENJMAN et al. 1994; STRAHL et al. 1996). For example, the 
Gal4/Elk-l chimeric transcription factor consists of amino acids 1-147 of Gal4 
(which encompasses the DNA binding domain) fused to the regulatory 
domain of Elk-l (amino acids 83 to 428; GILLE et al. 1995). 

Activation of the MAPK pathway following GPCR, tyrosine kinase or 
other cell surface receptor stimulation results in the activation of the MAPK 
enzymes, ERKI and ERK2 (extracellular signal regulated kinases 1 and 2, also 
known as p42 and p44 MAPK,respectively).As shown in Fig. 3,activated ERK 
is able to phosphorylate and activate a Gal4/Elk-l chimeric transcription 
factor, with subsequent induction of luciferase expression (KORTENJMANN et. 
al. 1994). In contrast to conventional MAPK assays (such as peptide phos
phorylation assays), or immunoprecipitation and Western blotting to identify 
phosphorylated MAPK (FUKUDA et a1.1997), the reporter gene assay allows a 
rapid detection of the activation of MAPK enzymes in whole cells and allows 
the identification of the transcription factors that are regulated as a result of 
MAPK activity. 

2. Reporter Proteins 

The Aequorea victoria photoprotein aequorin has been used for many years 
as a reporter of changes in intracellular calcium concentration in mammalian 
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Fig. 3. Principles of a mammalian transcription factor/Gal4 chimeric reporter system. 
A fusion protein consisting of the regulatory domain from a mammalian transcription 
factor and the DNA-binding domain of the yeast Gal4 protein is constitutively 
expressed in mammalian cells. This chimeric protein is phosphorylated by an upstream 
kinase as a consequence of a signal transduction event, resulting in its activation. Once 
activated, it is able to bind to the Gal4 response element, resulting in activation of a 
reporter gene in which luciferase expression is under the transcriptional control of a 
Gal4-responsive synthetic promoter 

cells or Xenopus oocytes (ASHLEY and CAMPBELL 1979). Aequorin is a 21-kDa 
photoprotein that forms a bioluminescent complex when linked to the chro
mophore cofactor coelenterazine (BRINI et al. 1995). Following the binding of 
Ca2+ to this complex, an oxidation reaction of coelenterazine results in the pro
duction of apoaequorin, coelenteramide, CO2 and light with an emission Arnax 
of 395 nm. Aequorin luminescence has very rapid "flash" -type kinetics; for this 
reason, a luminometer equipped with injectors is required for detection. 
Loading of cells has traditionally involved microinjection of purified aequorin 
protein, which has limited the usefulness of this reporter system. In recent 
years, cloning of aequorin complementary DNA (cDNA) has allowed expres
sion of this protein, both transiently and stably, in a range of cell types and has 
greatly expanded the utility of aequorin as a reporter. 

Agonist binding at a GPCR that couples to a Gaqlll family G protein 
results in the activation of the phosphoinositidases of the phospholipase C[3 
class, which catalyze the formation of the second messenger metabolites sn-1-
2-diacylglycerol and inositol (1,4,5)-trisphosphate. This is followed by the 
release of calcium from intracellular stores and the activation of PKC (NEER 
and CLAPHAM 1989; Fig. 3). The increase in cytoplasmic calcium following 
agonist binding can be detected by the generation of aequorin luminescence 
in mammalian cells that constitutively express this reporter (STABLES et al. 
1997). Aequorin has been used to report agonist activation of a number of 
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GPCRs, including a histamine receptor (BRINI et al. 1995), the 5-HTzA sero
tonin receptor (WEYER et al. 1993), the VIA vasopressin receptor (BUTTON and 
BRONSTEIN 1993) and the a]-adrenoceptor (BUTTON and BRONSTEIN 1993;BRINI 
et al. 1995). Furthermore, aequorin has been co-expressed with the G protein 
a subunit Gal6 to generate a generic screening system for agonist activation 
of several GPCRs (STABLES et al. 1997). 

To expand the range of uses of aequorin, a number of modified aequorins 
have been constructed in which expression of the protein is targeted to par
ticular cellular compartments in order to measure calcium changes within 
those compartments (DEGIORGI et al. 1996). This includes aequorin targeted to 
the mitochondria (RIZZUTO et al. 1992), nucleus (BRINI et al. 1993) and endo
plasmic recticulum (BRINI et al.1997). Furthermore, the construction of fusion 
proteins with aequorin has facilitated the analysis of local calcium changes. A 
calcium-sensitive adenylyl cyclase/aequorin fusion protein has been used to 
report the changes in intracellular calcium concentration that regulate this 
calcium-sensitive enzyme (NAKAHASHI et al. 1997). 

The A. victoria GFP is a 238 amino acid photoprotein that emits green 
light upon fluorescent excitation. Unlike other bioluminescent reporter mol
ecules, no additional substrates or cofactors are required for light emission 
(CHALFIE et al. 1994). GFP fluorescence' is stable and has been measured 
non-invasively in living cells· of many species, including mammalian cells, 
Drosophila, Caenorhabditis eiegans, yeast and Escherichia coli. The use of GFP 
as an inducible reporter gene has been limited due to the brightness of the 
protein, which, while readily detectable by fluorescence microscopy or fluo
rescence-activated cell-sorting analysis, is not easily detectable in a plate flu
orimeter. Availability of the cDNA sequence for GFP has resulted in the 
generation and characterization of several GFP mutants with enhanced fluo
rescence emission. The active chromo ph ore within GFP is a cyclic hexapep
tide spanning amino acids 64-69. Mutation of the serine at amino acid 65 to 
threonine has resulted in the generation of a protein with a sixfold increase in 
the intensity of fluorescence emission. Furthermore, the presence of the 
Ser65Thr mutation and the mutation of the phenylalanine residue at position 
64 to leucine results in a 35-fold increase in fluorescence intensity in mam
malian cells. In order to facilitate protein folding in mammalian cells, variants 
of the protein for which codon usage within the cDNA has been optimized 
for human cell expression are now available (ZOLOTUKHIN et al. 1996). 

A number of mutants of GFP with altered excitation or emission charac
teristics have also been identified. For example mutation of the tyrosine 
residue at position 66 to histidine generates a protein with blue fluorescence 
emission [the so-called blue fluorescent protein (BFP)], with a Amax for excita
tion of 458nm and for emission of 480nm (HElM et a11994; HElM and TSIEN 
1995). The majority of these variants of GFP protein are now commercially 
available. 

GFP has been widely used in fusion proteins to assess intracellular protein 
trafficking (FERRER et al. 1997) and subcellular localization of recombinantly 
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expressed proteins (WANG and HAZELRIGG 1994). For example, in an elegant 
study, a fusion protein between the Jh-adrenoceptor and GFP has been used 
to monitor receptor expression, localization at the plasma membrane and 
internalization following agonist stimulation (BARAK et al. 1997). Several 
groups have investigated the use of GFP and BFP as partners for FRET. In 
such studies, excitation of BFP at 368 nm causes emission of light at 445 nm, 
which excites a Ser65Cys mutant of GFP to generate light emission at 509 nm 
(HElM and TSIEN 1996). A fusion protein consisting of GFP and BFP with a 
linker sequence containing a trypsin-cleavage site between the two fluorescent 
proteins was constructed. When excited at 368 nm, the fusion protein emits 
light at 509 nm. Upon treatment with trypsin, the fusion protein was cleaved, 
with the result that fluorescence excitation at 368 nm then generated fluores
cence emission at 445nm (HElM and TSIEN 1996). Such FRET partners may 
be used as reporters of protease activity. In a similar report, Miyawaki and col
leagues described the construction of a BFP-calmodulin-GFP fusion con
struct and its use as a non-enzymatic reporter of calcium concentration in 
mammalian cells (MIYAWAKI et al. 1997). 

IV. Transient Versus Stable Expression of Reporter Genes 

1. Transient Expression 

The pharmacological analysis of GPCRs has been greatly facilitated by the 
ability to create mammalian cell lines either transiently or stably expressing 
the receptor of interest (HOYER et al. 1994). Reporter vectors can be either 
transiently transfected into mammalian cells that endogenously express the 
receptor of interest or co-transfected into a heterologous cell line along with 
an expression vector for the receptor. Pharmacological experiments are gen
erally performed within 48 h of transfection. Examples of experiments for 
which transient transfection is advantageous are: 

1. For studies comparing the regulation of different promoter elements. 
2. For optimization of the number of response elements in a reporter con

struct. 
3. For testing the ability of exogenously expressed receptors to activate a par

ticular response element. Transient transfections are labor intensive, use 
large quantities of plasmid stocks and can be expensive depending on the 
transfection reagent. 

2. Stable Expression 

Cell lines stably expressing the receptor and reporter genes are often created 
if experiments will require repeated use of a single reporterireceptor combi
nation. There are several ways to accomplish the generation of stable lines. In 
the two-step model, stable cell lines that express only the reporter gene are 
created. The optimal stable host reporter cell line continues to express the 
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reporter gene for at least several months and exhibits a high signal-to-noise 
ratio on activation of the reporter gene as a result of stimulation of endoge
nous receptors or enzymes. Receptors of interest can then be stably trans
fected into the host reporter gene cell line. Alternatively, the receptor and 
reporter construct can be co-transfected. This is a good approach when using 
a cell line for which known endogenous response with which to search for 
stable lines expressing the reporter gene exists. In this model, activation of the 
co-transfected receptor can be used to identify useful stable cell lines. Finally, 
if a receptor is difficult to express, it may be expeditious to simply transfect 
the reporter gene into a cell line with endogenous expression of the receptor 
of interest. Compared to transient transfection assays, pharmacological assays 
using stable cell lines are less expensive, more facile, higher capacity and have 
a lower degree of variability. 

B. Use of Reporter Gene Systems in Pharmacology 
I. Drug Discovery 

Reporter gene assays have been used for primary screening efforts in both 
transient transfection and stable cell line formats. In our laboratories, stable 
cell lines expressing the receptor of interest are selected based on receptor
mediated activation of the reporter gene rather than protein expression. Both 
receptor binding assay and reporter assay screens can be executed using the 
same stable cell line. Reporter assays are most useful when screening for 
agonist ligands; however, these assays can be used to screen for an antagonist 
by including a submaximal concentration of agonist in each assay well. The 
stable reporter lines are useful for secondary pharmacological characteriza
tion of ligands discovered through the screening process (see below). In addi
tion, stable reporter cell lines can be created for receptor subtypes related to 
the target of interest for use in selectivity characterization. 

Firefly luciferase reporter gene assays have proven to be facile, sensitive, 
inexpensive, high-capacity screens. The stable cell line screens have been run 
in 96-well and 384-well format in our experiments, although much higher 
density formats are possible. Currently, one scientist can assay approximately 
8000 or 30,000 compounds per day in the 96-well or 384-well format, respec
tively. These assays can be automated on a rail system if the appropriate incu
bation equipment is available. 

II. Receptor Pharmacology 

Reporter gene assays can be used for pharmacological studies of any type of 
receptor that modulates gene transcription either directly or through intra
cellular signaling pathways. This statement assumes that an appropriate tran
scriptional response element or natural promoter that is responsive to 
activation of the target receptor has already been discovered. The remainder 
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of this chapter will focus on studies performed in our laboratories with G 
protein-coupled receptors and integrin receptors. 

1. Use of Reporter Gene Assays to Assess Receptor Agonism 

a) Example 1. 6CRE-Luciferase as a Reporter for Gas-Coupled 
Receptor Signaling 

CRE-Iuciferase reporter genes are responsive to any signaling event that 
results in the phosphorylation and activation of the CREB family of tran
scription factors. Thus, CRE reporter genes can be used to report on GPCR
mediated alterations in the concentration of intracellular cAMP (HIMMLER et 
al. 1993; Fig. 1). However, CRE-Iuciferase reporter genes can be regulated by 
other signal transduction events in certain cell types. Both calcium/calmod
ulin-dependent protein kinase II and rsk2 can activate CREB transcription 
factors in response to receptor-mediated elevation of intracellular calcium 
levels and activation of the MAPK enzymes (MATTHEWS et al. 1994; XING et 
al. 1996). In our laboratories, the 6CRE-Iuciferase reporter gene (Fig. 2) is 
routinely used to assess agonist activity on a range of Gas- and GlXj-coupled 
GPCRs including members of the Gas-coupled secretin receptor family (Fig. 
4). The 6CRE-Iuciferase reporter gene construct described in Fig. 2 was trans
fected into Chinese hamster ovary (CHO) cells, and a stable cell line was 
selected based on the response of the reporter gene to forskolin (which 
directly activates adenylyl cyclase) and calcitonin. A calcitonin receptor is 
expressed endogenously in CHO cells. This cell line then served as a host for 
the subsequent transfection and expression of several secretin family GPCRs. 
Concentration-response curves (constructed using the human peptide as 
ligand) and the generation of luciferase luminescence as the readout revealed 
that the ECso for calcitonin at the CHO calcitonin receptor was 686pM, the 
ECso for PTH (parathyroid hormone) at the human PTH receptor was 73 pM, 
the ECso for CRF (corticotropin-releasing factor) at the human CRF1 recep
tor was 13nM, and the ECso for PACAP (pituitary adenyl ate cyclase-activat
ing peptide) 1-38 at the human PACAP receptor was 260pM (Fig. 4). These 
values are comparable to those reported for induction of intracellular cAMP 
at these receptors (CHEN et al. 1993; HUANG et al. 1996; PISEGNA and WANK 
1996; GEORGE et al. 1997). The data in Fig. 4 are expressed as percent maximal 
response; however, the fold stimulation by the peptides in each cell line can 
vary widely. Interestingly, the endogenous forskolin and calcitonin fold 
responses also vary in cell lines derived from host reporter lines that have been 
transfected with various GPCRs. 

b) Example 2. Aequorin as a Reporter for Gaaq/lrCoupled 
Receptor Signaling 

To demonstrate the ability of aequorin to report agonist activation of GPCRs 
that couple to G proteins of the Gaqlll family, an aequorin reporter gene con-
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Fig.4. Agonist stimulation of cyclic-adenosine-monophosphate response element 6 
(6CRE)-luciferase reporter gene for several Gas-coupled G-protein-coupled receptors. 
A stable reporter gene host cell line was created by transfecting wild type Chinese 
hamster ovary cells with the 6CRE-Iuciferase vector (Fig. 2) and selecting the optimal 
clone based on endogenous responses to forskolin and calcitonin. The host line was 
then transfected with expression vectors for human corticotropin-releasing-factor 
receptor 1 (CRFR1), parathyroid hormone (PTH) and pituitary adenylate-cyclase-acti
vating peptide (PACAP) receptors_ The host line and the three lines expressing CRFR1, 
PTH receptor and PACAP receptor were placed in 96-well viewplates (Packard). On 
the day before the experiment, the medium was removed and replaced with 50.u1 of 
serum-free Dulbecco's modified Eagle's medium/F-12. The cells were treated with the 
indicated concentrations of human calcitonin (host line), CRF, PTH 1-34 or PACAP 
1-38 peptides in a 50-.u1 volume, and the plates were incubated for 4h at 37°C. One 
hundred microliters of LucLite (Packard) solution was added to the wells and, after 
20 min, the luciferase activity was quantified in a Topcount microplate scintillation and 
luminescence counter (Packard) 

taining a mitochondrial targeted aequorin cDNA expressed from a constitu
tive cytomegalovirus promoter was transiently transfected into a number of 
cell lines expressing such receptors. In CHO cells stably expressing the Gaq/n
coupled human endothelin ETA, angiotensin AT), thyrotrophin-releasing 
hormone (TRH), neurokinin NK), and purinergic P2y receptors, transient 
expression of aequorin followed by the application of a near-maximal con
centration of the appropriate agonist caused a large stimulation of aequorin 
luminescence (Fig. Sa). The increase in luminescence varied from 50-fold for 
the NK! receptor activated by agonist to 250-fold for the ETA receptor acti
vated by endothelin 1. A concentration-response curve constructed for 
angiotensin II activity at the AT! receptor revealed the ECso for this agonist 
to be 100 ± 69nM (Fig. 5b). Similar concentration-response curves were 
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Fig.5. Agonist stimulation of aequorin luminescence for a range of Gaq/wcoupled G
protein-coupled receptors. a A plasmid in which expression of aequorin is under the 
transcriptional control of the constitutive cytomegalovirus promoter was transiently 
transfected into Chinese hamster ovary (CHO) cells stably expressing the human 
endothelia ETA, the human angiotensin AT!, the human neurokinin NK1, rat thy
rotrophin-releasing hormone and hamster P2y receptors. Each receptor was stimulated 
with a maximal concentration of the appropriate agonist as indicated, and aequorin 
luminescence was detected in a Dynatech ML3000 luminometer. The data was pooled 
from 3-5 experiments, with each performed in triplicate, and was expressed as fold 
stimulation over basal luminescence in response to near-maximal concentrations of 
agonist. b CHO cells stably expressing the AT1 angiotensin receptor were transiently 
transfected with an aequorin reporter plasmid. A concentration-response curve for the 
agonist AT-II was constructed. Data are from a representative of three experiments 
performed in triplicate and are expressed in relative light units 
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constructed for endothelin 1 at the ETA receptor (ECso = 59 ± 13 nM), TRR 
at the TRR receptor (ECso = 264 ± 27 nM), NKI agonist at the NKI receptor 
(ECso = 8.21 ± 2.8 nM) and adenosine triphosphate at the P2y receptor 
(ECso = 5.3 ± 2.5.uM; data not shown). 

c) Example 3. The Use of a Gal4lElk-1 Chimera to 
Report Opioid-Receptor-Like Receptor-1 Activation of MAPK 

Stimulation of many GPCRs causes a rapid elevation in the activity of a family 
of closely related serine-threonine kinases known as the MAPKs (POST and 
BROWN 1996). A recent report by FUKUDA et a1. (1997) showed that nociceptin 
stimulation of the opioid-receptor-like receptor 1 (ORLl receptor) expressed 
in CRO cells caused a rapid increase in the activity of the MAPK enzymes 
ERK1and ERK2. In our laboratory, we have demonstrated ORLl activation 
of these enzymes using reporter gene assays. CRO cells stably expressing the 
ORLl receptor were transiently transfected with a GaI4/Elk-1 chimeric tran
scription factor together with a second plasmid containing the firefly luciferase 
reporter gene under the transcriptional control of a Gal4-responsive promoter 
(KORTENJMANN et. a1. 1994; Fig. 3). Nociceptin caused an increase in Ga14/ 
Elk-1 activity in a concentration-dependent manner, with an ECso of 0.49nM 
(range 0.15-1.63 nM; Fig. 7). The ECso for regulation of Gal4/Elk -1 is not sig
nificantly different from that for regulation of ERKlIERK2 determined in a 
peptide phosphorylation assay in our laboratory (0.28 nM, range 0.17-0.45 nM) 
or the ECso reported by FUKUDA et a1. for nociceptin activation of ERK1/ 
ERK2 (FUKUDA et a1. 1997). 

2. Use of Reporter Gene Assays to Evaluate Receptor Antagonism 

Reporter gene assays can be used to evaluate functional antagonism. A CRO 
cell line stably transfected with the 6CRE-Iuciferase cAMP reporter construct 
(Fig. 1) was described in Sect. B.I1.1.a. As shown in Fig. 8, concentration
response curves for calcitonin are progressively shifted to the calcitonin recep
tor by increasing concentrations of a peptide antagonist. The pKB calculated 
from the reporter data is 8.57. The pKJ determined from receptor binding 
studies using CRO cell membranes is 8.55 (data not shown). Thus, the assess
ment of the potency of the antagonist in the reporter assay is comparable to 
that of the classical receptor binding assay. 

3. Simultaneous Detection of Multiple Signals 

a) Example 1. Dual Reporter Assays 

A number of reagents are now commercially available for the sequential mea
surement of two reporter genes; for example, it is possible to assay firefly and 
Renilla luciferase sequentially in the same assay sample. In this assay, firefly 
luciferase is assayed first. Following this measurement, the Renilla luciferase 
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Fig. 6. Construction of an aequorin reporter gene cell line. The aequorin protein is con
stitutively expressed in mammalian cells. Agonist binding to a receptor which is capable 
of coupling to a G-protein of the GUq/ll family results in the generation of an increase 
in intracellular calcium concentration, as described in the text. In the presence of 
calcium and the cofactor coelenterazine, aequorin luminescence is generated from 
aequorin expressed in the same cell. DAG, diacylglycerol; GDP, guanosine diphosphate; 
GTP, guanosine triphosphate; IP3, inositol (1,4,5)-triphosphate; PIP2, phosphatidyli
nositol (4,5)-bisphosphate; PKC, protein kinase C; PLC[3, phospholipase C[3b 

assay reagent is added to the same assay samples. The Renilla luciferase assay 
reagent quenches the firefly luciferase reaction and initiates the Renilla 
luciferase signal to produce a second luminescence signal to allow detection 
of this reporter. Dual reporter assays allow the analysis of two signal trans
duction events in the same cell using two different reporter genes specific to 
two signal transduction events. Furthermore, in our laboratory, we have used 
the dualluciferase assay to simultaneously characterize two GPCRs that signal 
through activation of the G protein a subunit (Gas) in the same assay well. In 
these experiments, CRO cells stably transfected with a cAMP-responsive 
firefly luciferase reporter were further transfected with the human vasopressin 
V2 receptor. Similarly, CRO cells stably transfected with a cAMP-responsive 
Renilla luciferase reporter were further transfected with the human .Bz-adreno
ceptor. The two cell lines were mixed in individual wells of a 96-well plate, and 
dose-response curves for the V2 agonist vasopressin and the .Bz agonist iso
prenaline were constructed using firefly luminescence as the readout for vaso
pressin activity and Renilla luminescence as the readout for isoprenaline 
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Fig.7. Nociceptin activation of extracellular signal-regulated kinase using a GaI4/elk-
1 reporter gene. Chinese hamster ovary cells stably expressing opioid-receptor-like 
receptor 1 were transiently transfected with a GaI4/Elk-l chimeric transcription factor 
together with a second plasmid containing the firefly luciferase reporter gene under 
the transcriptional control of a Gal4-responsive promoter. A concentration-response 
curve to nociceptin was constructed in the absence (e) and the presence (~) of pre
treatment for ISh with SOng/ml pertussis toxin. All values are the mean counts per 
second of at least three experiments performed in duplicate ± the standard error of the 
mean 

activity. Following the addition of firefly luciferase assay reagent, vasopressin 
was seen to activate the V2 receptor with an ECso of 11 nM (Fig. 9). As 
expected, vasopressin did not stimulate Renilla luminescence. Following the 
subsequent addition of Renilla luciferase assay reagent to the same cells, the 
dose-response curve for vasopressin was flattened, and a dose-response curve 
for isoprenaline was revealed, with an ECso of 0.11 nM (Fig. 9). The use of dual 
reporter assays for compound screening allows the simultaneous screening of 
two receptors, with significant savings in compound use, time and cost. 

b) Example 2. Combination of Reporter Assays with Other Assay Types 

We have developed a novel method for detection of two or more signaling 
events in a single assay (IGNAR and YINGLING 1997). The LuFLIPRase assay 
combines reporter gene assays with the measurement of intracellular ion 
fluxes via fluorescent dyes using the fluorometric imaging plate reader 
(FLIPR, Molecular Devices). Either inducible reporter genes or reporter pro
teins can be used in this system. The method is useful for the study of a single 
receptor that couples to more than one signal transduction event. An example 
of this is shown in Fig. 10, in which a splice variant of the human PACAP recep-
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Fig.S. Antagonism of Gas coupled response using the cyclic-adenosine-monophosphate 
response element 6 (6CRE)-luciferase reporter gene. Host 6CRE-luciferase reporter 
gene-expressing Chinese hamster ovary cells were placed in 96-well viewplates 
(Packard) in Dulbecco's modified Eagle's medium (DMEM)/F-12 medium containing 
10% fetal bovine serum. The medium was replaced with serum-free DMEM/F-12 on 
the day before the experiment. The cells were pre-treated with the indicated con
centrations of a peptide antagonist of the calcitonin receptor. Thirty minutes later, 
human synthetic calcitonin was added to the wells, and the plates were incubated for 
4 h at 37°C. One hundred microliters of LucLite solution was added to the wells and, 
after 20 min, luciferase activity was quantified in a Topcount microplate scintillation and 
luminescence counter (Packard) 

tor expressed in 6CRE-Iuciferase CRO cells was treated with PACAP 1-38, 
resulting in activation of the CRE reporter gene and mobilization of intracel
lular calcium. It has been reported that the PACAP receptor couples to both 
adenylyl cyclase and phosphatidylinositol (PI) lipid metabolism and that the 
potency of cyclase activation is at least ten times greater than that of PI metab
olism (PrSEGNA and WANK 1996), similar to the data presented in Fig. 10. Thus, 
this assay may be useful in the study of agonist trafficking with GPCRs that 
couple to more than one G protein. 

As described above for the dual reporter gene assay (Sect. B.II.3.a), the 
LuFLIPRase assay can also be used for the simultaneous screening of two 
GPCRs. In the LuFLIPRase assay, activation of each receptor would be linked 
to a different detection system. For instance, one cell line would contain a 
luciferase reporter gene responsive to one receptor and the second cell line 
would contain a receptor coupled to an intracellular ion flux measurable with 
fluorescent dye in the FLIPR. Two or more recombinant cell lines can be 
mixed together in a single well such that screening for ligands at multiple 
receptors can be prosecuted concurrently, which decreases expense and per
sonnel expenditure. This is a versatile technique that can be adapted to the 
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Fig.9. Characterization of the human vasopressin V 2 receptor and .Bz-adrenoceptor 
using a dualluciferase assay. Chinese hamster ovary (CRO) cells stably expressing the 
vasopressin V2 receptor and a firefly luciferase reporter gene and CRO cells stably 
expressing the .Bz-adrenoceptor and a Renilla luciferase reporter gene were mixed and 
placed into individual wells of a 96-well plate. Concentration-response curves to vaso
pressin and isoprenaline were constructed using firefly luminescence as the readout for 
vasopressin activity, and Renilla luminescence as the readout for isoprenaline activity 
(see text for details). All values are expressed as mean counts per second of at least 
three experiments performed in duplicate ± the standard error of the mean 

study of almost any receptor-regulated signaling system through the use of 
reporter genes and fluorescent dyes. 

4. Measurement of Constitutive Activity 

The phenomenon of constitutive signaling activity of GPCRs (LEFKOWITZ 
et al. 1993) can be assessed using transient transfection reporter gene assays. 
The use of a PKC-responsive promoter construct to detect constitutive sig
naling from the thyrotropin-releasing hormone (TRH) receptor was recently 
reported (JINSI-PARIMOO and GERSHENGORN 1997). COS-1 cells were trans
fected with increasing amounts of an expression vector for the TRH receptor. 
The constitutive activity detected by the reporter gene correlated with the 
amount of receptor expression. In contrast to the reporter gene data, the mea
surement of inositol phosphate formation was not sensitive enough to pick up 
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Fig.l0. Concurrent assay of mUltiple signal transduction events regulated by a 
single receptor. Host cyclic-adenosine-monophosphate response element-6-luciferase 
reporter gene-expressing Chinese hamster ovary cells were stably transfected with a 
splice variant of the human pituitary adenylate-cyclase-activating-peptide (PACAP) 
receptor. The cells were placed in viewplates in Dulbecco's modified Eagle's medium 
(DMEM)/F-12 medium containing 10% fetal bovine serum. On the day before the 
experiment, the medium was removed and replaced with serum-free DMEM/F-12. On 
the day of the experiment, the cells were loaded with Calcium Green-1 (Molecular 
Probes) before treatment with the indicated concentrations of PACAP 1-38 peptide. 
Calcium Green-1 exhibits an increase in fluorescence intensity after binding intracel
lular calcium ions. The addition of PACAP 1-38 peptide was performed in the f1uoro
metric-imaging plate reader (FUPR), and readings were taken every second for 60s 
(Jl,excitation == 488nm). The maximal change in fluorescence during this period was used to 
create the calcium-concentration-response curve for the calcium signal. After quan
tification of the calcium signal on the FUPR, the cells were incubated for 4 h at 37°C. 
One hundred microliters of LucLite was added to the wells and, after 20 min, luciferase 
reporter gene activity was quantified in a Topcount microplate scintillation and lumi
nescence counter 

any change in receptor signaling. We have performed similar studies with 
secretin family GPCRs in CHO cells expressing the 6CRE-Iuciferase reporter 
gene. Each GPCR seemed to have a different inherent propensity for consti
tutive signaling. The human parathyroid hormone receptor (PTHR) demon
strated considerable constitutive activity when only 0.5 ng of PTHR expression 
vector was transfected. Transfection of SOng of human glucagon receptor 
expression vector was required to obtain a similar result. The human glucagon
like peptide (GLP)-l receptor did not exhibit constitutive activity after trans
fection of up to SOng of GLP-l receptor expression vector. The ability to detect 
constitutive activity is useful in the study and discovery of ligands that induce 
inverse agonism. 
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5. Measurement of Efficacy 

Although the assessment of efficacy in recombinant systems is difficult to 
validate regardless of assay type, we have compared the 6CRE-luciferase 
reporter assay to other, more classical measurements of functional response 
with regard to estimation of efficacy. We have compared the potency of ago
nists in the 6CRE-luciferase reporter assay, a cAMP assay and the micro
physiometer in the 6CRE-luciferase CRO cells expressing human GLP-1 or 
glucagon receptors. In both cases, the potency of the peptide agonist was 
highest in the microphysiometer assay and lowest in the cAMP assay, with the 
reporter assay in the intermediate range. A similar observation was made by 
GEORGE et al. (1997) using the endogenous calcitonin response in CRO cells 
in a comparison of a 6CRE-luciferase reporter assay and measurement of 
cAMP levels. Reporter assays can also be used to differentiate selective 
agonist potency. The rank order of potency of several calcitonin peptides from 
different species on the CRO cell calcitonin receptor was very similar in the 
6CRE-luciferase reporter assay and in the microphysiometer. 

The ability to discern partial agonists from full agonists is critical to the 
evaluation of efficacy. We have discovered small molecule partial agonists 
for several receptors in high-throughput reporter screens. Interestingly, we 
have observed that the activity of a partial agonist in the reporter assay is 
usually a much higher percentage of the full agonist activity than in the cAMP 
assay. 

A potential explanation for this phenomenon is that the amount of cAMP 
produced by a full agonist far exceeds the amount necessary for maximal acti
vation of available PKA or transcriptional activation of. the reporter gene. 
Thus, the assay chosen for analysis of efficacy should assess the signaling event 
that regulates the physiological function of interest if that information is 
known. 

6. Assessment of New Signaling Pathways 

Reporter gene assays can be utilized in the discovery of previously unknown 
signaling or transcriptional mechanisms regulated by a receptor. These studies 
require only an agonist to activate the receptor and various reporter gene 
constructs to perform studies of a wide range of signaling interactions that 
may yield unexpected results. An example of this is the discovery of steroid 
hormone-independent activation of nuclear steroid receptors by ligands for 
receptors localized at the cell surface, such as dopamine and peptide growth 
factors (POWER et al. 1991; IGNAR-TROWBRIDGE et al. 1993, 1996). In the case of 
the peptide growth factor studies, the reporter gene assays were instrumental 
in supporting the hypothesis of cross-talk between peptide growth factor 
receptors and the estrogen receptor, a proposal which was originally conceived 
from in vivo observations (IGNAR-TROWBRIDGE et al. 1992). Thus, reporter 
gene assays can be powerful tools for the elucidation of pharmacological 
mechanisms. 
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CHAPTER 15 

Melanophore Recombinant Receptor Systems 

c.K. JAYAWICKREME and M.R. LERNER 

A. Introduction 

This chapter describes the development and application of a Xenopus laevis 
melanophore recombinant system to study receptor-ligand interactions. Many 
poikilothermic vertebrates possess the ability to change their skin color 
rapidly. The cells responsible for these variations in appearance are called 
chromatophores and depending on the animal, a variety of chromatophores, 
including melanophores, xanthophores, erythrophores, and iridophores, con
tribute to the process. Color changes can be mediated by several stimuli includ
ing environmental agents, hormonal regulation and neuronal activity (ABE et 
al. 1969a,b; LERNER et al. 1988; LERNER 1994). 

Xenopus laevis melanophores are derived from the neural crest during the 
course of development. Their dark brown pigment, melanin, is contained in 
intracellular membrane bound organelles called melanosomes which can be 
translocated along a microtubule network such that they are either collected 
at a central location near the nucleus or dispersed evenly throughout an indi
vidual cell (THALER and HAIMO 1992; LERNER 1994). The melanophores can 
rapidly switch their melanosomes between the two states, and an example of 
skin color control by stimulation of melanophore G protein-coupled receptors 
(GPCRs) can be seen with almost any type of frog. For example, a frog given 
melatonin lightens, while one which receives melanocyte stimulating hormone 
(MSH) darkens (POTENZA and LERNER 1992). These two hormones, respec
tively, stimulate receptors that lower or raise intracellular second-messenger 
levels of cAMP (Fig. 1 ). In these cases, cell color reflects cAMP levels because 
it controls the molecular motor( s) responsible for positioning pigment within 
the cell (NILSSON and WALLIN 1997; RODIONOV et al. 1991; ROGERS et al. 1997; 
ROGERS and GELFAND VI 1998; ROLLAG and ADELMAN 1993; RUBINA et al. 
1999). The successful generation of in vitro cultures of these cells (DANIOLOS 
et al. 1990) has facilitated further characterization of melanophore cell sig
naling pathways and has made possible their use as a cell based reporter 
system (JAYAWICKREME and KOST 1997). Figure 1 demonstrates the extent to 
which a change in the state of pigment disposition within melanophores can 
be appreciated at a macroscopic level; the in vitro color change of the cultured 
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melanophores (Fig. 1A) is compared with the in vivo color change of 
melanophores in Xenopus laevis frogs (Fig. 1B). 

While some signaling cascades that can lead to melanosome translocation 
may remain to be discovered, among the studies conducted to date it has been 
shown that in Xenopus laevis melanophores, melanosome dispersion can be 
affected via activation of adenylyl cyclase (DANIOLOS et al. 1990; POTENZA et 
al. 1992) or phospholipase C (GRAMINSKI et al. 1993; SUGDEN and ROWE 1992), 
while melanosome aggregation results from the inhibition of adenylyl cyclase 
(POTENZA et al. 1994; MCCLINTOCK et al. 1993). It would be interesting to inves
tigate what additional signaling events may affect melanosome translocation. 

The response to various GPCR ligands suggested the potential usefulness 
of melanophores as a system to study ligand-GPCR interactions. GPCRs are 

A 

Fig.1A,B. Macroscopic view of pigment translocation in melanophores (POTENZA and 
LERNER 1992). A The 'in vitro' color change of the cultured melanophores. Two dishes 
(100mm) plated with equal number of melanophore cells treated with either 1 nmolll 
melatonin (left) or 100nmoi/i a-MSH (right) for 30 min; B 'in vivo' change of 
melanophores in Xenopus laevis frogs. Frogs ( -20 g) were subcutaneously injected with 
0.5 ml of either 4,umolll a-MSH in 70% phosphare buffered saline (PBS) or 40,umo1/J 
melatonin in 70% PBS and photographed after 60-90min following injection of 
drugs 
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one of the largest classes of cell surface receptors and they are positioned to 
regulate many critically important biological functions. From the viewpoints 
of both basic biomedical research and clinical practice, there is tremendous 
interest in exploring and understanding ligand interactions with GPCRs. The 
recent availability of clones for numerous GPCRs has engendered demand for 
rapid, functional GPCR assays. Thus studies were initiated to develop a recom
binant system to investigate ligand-GPCR interactions using melanophores 
(LERNER et a1. 1993; LERNER 1994). To date, a large number of exogenous G 
protein-coupled receptors (GPCRs) and a limited number of receptor tyro
sine kinases have been successfully expressed and studied in melanophore 
cells. 

Pigment translocation in melanophores can easily be detected within a 
few minutes following the activation of effector molecules (Fig. 2) thereby pro
viding a fast, sensitive and versatile reporter technology. The assay has several 
attractive features: (1) it works with a broad range of receptors whose activa
tion either raise or lower intracellular cAMP levels or that raise intracellular 
DAG levels; (2) it is rapid - experiments are completed within 30-60min of 
adding ligand; (3) it is read directly from living cells without the need to make 
cell extracts or to add expensive chemical developers; (4) because the readout 
uses a natural system, it does not require transcription of a reporter gene; 
and (5) the assay has the flexibility of being used in either well or open lawn 
formats. 

B. Cellular Signaling in Melanophores 

Recombinant melanophore receptor assay is based on its ability to translocate 
melanosomes in response to external stimuli. This chapter describes the sig
naling events identified to be involved in the translocation of melanosomes 
within the cell. 

I. Signaling Pathways 

In melanophores, coupling of GPCRs to translocate melanosomes is the 
most well characterized signaling pathway (LERNER 1994; SAMMAK et a1. 1992; 
SCHEENEN et a1. 1994a,b; ROGERS et a1. 1998; COZZI and ROLLAG 1992). Signal 
transduction mediated by recombinant GPCRs expressed in melanophores is 
initiated by coupling to endogenous G proteins. Figure 3 illustrates the sig
naling pathways for GPCRs that leads to activation of PKA and PKC or inhi
bition of PKA (REILEIN et a1. 1998). This pathway is the same as shown for 
many mammalian cell lines. When a ligand binds to a Gs-coupled receptor, it 
causes the a-subunits of Gs proteins to dissociate and activate the adenylyl 
cyclase which in turn activates PKA. This results in the initiation of phospho
rylation events which cause the melanosomes to disperse. It has been shown 
that increasing cAMP is associated with phosphorylation of a 53-kDa/57-kDa 
protein and centrifugal pigment translocation (DE GRANN et a1. 1985a,b; 



418 c.K. JAYAWICKREME and M.R. LERNER 

Fig. 2. Melanophore pigment translocation with time. Melanophore cells were treated 
with 1nmol/l melatonin for 60 min and then with lOnmo1ll a-MSH. Cell images were 
captured at: Omin; 5min; 10min; 30min after the addition of a-MSH. Melatonin at a 
concentration of 1 nmo1ll causes a fall in intracelluhlr cAMP levels leading to cen
tripetal melanosome movement until the organelles are collected at a central location 
around nucleus as seen in the Omin image. Treatment with a-MSH at a concentration 
of 10nmo1ll overrides the effect of melatonin by raising cAMP which induces cen
trifugal pigment movement, resulting in an even distribution of pigment granules 
throughout the cytoplasm as seen in 5min, lOmin, and 30min images 

ROZDZAI and HAIMO 1986). When a Gj-coupled receptor is activated, the dis
sociated a-subunits inhibit adenylyl cyclase which in turn reverses the pigment 
dispersion process to result in aggregation. When a Gq-coupled receptor is 
activated, the a-subunits of the Gq proteins activates phospholipase C, which 
in turn activate PKC that then initiates phosphorylation events to cause 
melanosome dispersion. 
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Fig. 3. GPCR signal transduction in melanophores. When a ligand binds to a GPCR 
the affinity for receptor-G protein interaction increases and this causes the a-subunit 
of the G protein to dissociate and activate the effector molecules. The a-subunit of 
the Gs and Gq proteins activate adenylyl cyclase and phospholipase-C respectively, 
which in turn activate PKA and PKC respectively. The activation of both PKA 
and PKC results in the initiation of phosphorylation events which cause the 
melanosomes to disperse. When a Gi-coupled receptor is activated, the dissociated 
a-subunit inhibits the adenylyl cyclase which in turn reverses the pigment dispersion 
process to result in aggregation. Thus the activation of recombinant GPCRs in 
melanophores will lead to pigment dispersion or aggregation depending upon its 
coupling 

Thus the activation of recombinant GPCRs in melanophores leads to 
pigment dispersion or aggregation depending upon their G protein coupling. 
Pigment translocation in melanophores can be detected within a few minutes 
following the activation of effector molecules (Fig. 2). Figure 4 illustrates 
the general response of melanophore cells to ligands for GPCRs which 
couple through either G" Gq, or G j proteins with specific emphasis on human 
.Bz-adrenergic receptor function. The left half of the figure shows aggregated 
cells whereas the right counterpart shows the same cells in a dispersed 
state. 

II. Endogenous Receptor Signaling 

The ability of melanophore to translocate pigment granules in response to 
endogenous ligand has been known for a long time (LERNER 1961). Early 
studies led to the discovery of such therapeutically important molecules such 
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Fig. 4. Schematic illustration of melanosome distribution in recombinant melano
phores upon activation of GPCRs. The top left half of the figure shows an aggregated 
cell, whereas the right half shows the same cell in a dispersed state. Before a screen, 
the cells are preset to an aggregated state for G,IGq-coupled receptors or to a dispersed 
state for Gi-coupled receptors. The aggregated state is normally achieved by activating 
the endogenous Gi-coupled melatonin receptor, whereas the dispersed state could be 
obtained by exposing the cells to light to activate the endogenous melanophore pho
toreceptor. The figure illustrates how the coupling of the human A-adrenoreceptor is 
studied in melanophores. First, the cDNA encoding the receptor is subc10ned into a 
plasmid vector (e.g., pJG3.6) downstream of the CMV promoter and then transfected 
into melanophores. Before a screen, the cells are treated with melatonin to preset 
them to an aggregated state. Treatment with the A-adrenoreceptor agonist albuterol 
activates PKA, causing melanosome dispersion. Addition of the A-adrenoreceptor 
antagonist ICI 118551 blocks activation, causing melanosomes aggregation 
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as melatonin and a-melanocyte stimulating hormone and the identification of 
the receptors these molecules act on. Since then several additional GPCRs 
endogenous to melanophores have been characterized. 

In addition, melanophores contain many distinct G proteins whose pres
ence facilitate the functional expression of numerous exogenous transmem
brane receptors. At least 13 different Ga proteins, consisting of the a subunits 
of GS) Gq, G i , Go, and Gz proteins, have been reported (KARNE 1991) to occur 
in melanophores. In addition, the presence of at least 8 endogenous GPCRs 
in melanophores has also been documented. These include receptors for mela
tonin, a-MSH, endothelin-3, serotonin, VIP, oxitocin, isoproterenol, and [3-
CGRP. Among these receptors, molecular cloning of the endotheline-3 
(KARNE et al. 1993) and melatonin receptors (EBISAWA et al. 1994) has been 
accomplished. In addition, pharmacological characterization of Xenopus laevis 
[3-adrenergic type (POTENZA and LERNER 1992), serotonin (POTENZA and 
LERNER 1994), melatonin (TEH and SUGDEN 1999), and VIP receptors (MAROTTI 
et. al. 1999) have been reported. 

1. Melatonin lc Receptor 

One of the earliest described actions of melatonin was its ability to cause 
melanosome aggregation in dermal melanophores of amphibians (LERNER 
1961). The action is mediated through a high-affinity melatonin receptor 
(EC50~50-200 pM) (POTENZA et al. 1994a; TEH and SUGDEN 1999) that is 
coupled to an inhibitory G protein (Gi ) whose ability to induce phospho
inositide hydrolysis has been described (MULLINS et al. 1993). The presence 
cif the melatonin receptor is a key component for the melanophore bio-assay 
to function in Gs or Gq-coupled receptor screen format, as it allows for 
the presetting of cells to a melanosome aggregated state by treating the cells 
with melatonin. Extensive pharmacological characterization of this receptor 
with various synthetic analogs has been described (lOCKERS et al. 1997; 
PICKERING et al1996; SUGDEN 1991,1992; TEH and SUGDEN 1999) and Steven 
Reppert's laboratory reported its molecular cloning (EBISAWA et al. 1994). 
The cDNA encodes a protein of 420 amino acids, which contains seven 
hydrophobic segments. The studies on the cloned receptor in CHO cells con
firmed its high affinity to melatonin and its belonging to GPCR superfamily. 
Moreover, the knowledge on this xenopus receptor sequence allowed the sub
sequent cloning of melatonin receptor cDNA from other species, including 
humans. 

2. a-Melanocyte Stimulating Hormone (MSH) Receptor 

a-MSH was one of the first peptide hormones that was studied as a crude 
extract of hog pituitary gland and shown to have activity on frog skin (LEE 
and LERNER 1956). The frog skin assay was then used to isolate the pure a
MSH peptide (LEE and LERNER 1956; HARRIS and LERNER 1957). Since then 
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a fair amount of work has been devoted to understand its biological, phy
siological, pharmacological, and therapeutic aspects. The a-MSH receptor is 
coupled through a Gs protein. As the name implies, this receptor is well known 
to cause pigment dispersion in melanophores upon stimulation with a-MSH 
(ECso of 0.5-1 nmolll). The identification of both synthetic peptide agonists and 
antagonists to this receptor has also been described (JAYAWICKREME et al. 
1994b; QUILLAN et al. 1995). 

3. Endothelin-C Receptor 

Endothelin peptides have been demonstrated to induce pigment dispersion in 
melanophores (KARNE et al. 1993). Moreover, the ability of ET-3 specifically 
to cause pigment dispersion (compare ECso for ET-3 of 24 nmolll with 2:10 
,umolll for ET-1 or ET-2) shows that these cells express the ETc receptor 
subtype (KARNE et al. 1993). A cDNA encoding for ETc receptor has been iso
lated from a melanophore cDNA library (KARNE et al. 1993). The cDNA 
encodes a protein of 424 amino acids with the predicted heptahelical structure 
common to the GPCR super family. This receptor showed a concentration 
dependent signal desensitization wherein the higher the ligand concentration, 
the faster the rate of desensitization. 

4. Serotonin Receptor 

A serotonin receptor endogenous to melanophores has been reported 
(POTENZA and LERNER 1994b). Serotonin increased intracellular levels of 
cAMP and induced pigment dispersion in the cells with an ECso of 56nmolll 
(POTENZA and LERNER 1994b). In terms of its ability to increase cAMP, the 
receptor seems to be most closely related to 5HT4R, 5HT6R, and 5HT7R. 
However, a series of serotonin receptor ligands have been evaluated as ago
nists or antagonists at this receptor and the pharmacological profile suggests 
the presence of a receptor which shares some properties with but appears dif
ferent from other previously described serotonin receptors (POTENZA and 
LERNER 1994b). 

5. J3-Adrenoreceptor 

The characterization of a J3-adrenoreceptor endogenous to melanophores has 
been described (POTENZA and LERNER 1992). The treatment of cells with iso
proterenol or norepinephrine increased the intracellular levels of cAMP and 
induced pigment dispersion with an ECso of 380 nmol!l and 347 nmolll respec
tively (POTENZA and LERNER 1992). Timolol, a non-selective j3-adrenoreceptor 
antagonist has shown the highest activity (an ICso of 53.7 nmolll) in blocking 
the norepinehrine induced pigment dispersion. The study demonstrated that 
endogenous j3-adrenoreceptor prefers agonists which are most selective to 131-
adrenoreceptors. However, in terms of blocking the activity, non-selective 
antagonist seems to be most effective (POTENZA and LERNER 1992). 
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6. VIP Receptor 

A receptor for VIP-related pep tides has been functionally characterized in 
melanophores (MAROTTI et al. 1999). Its activation stimulated intracellular 
cAMP accumulation and pigment dispersion, suggesting a Gs protein medi
ated response. Helodermin, with an ECso of 46.5pmolll (MAROTTI et al. 1999), 
was the most potent activator of followed by PACAP38>VIP>PACAP 27. A 
similar order of potencies has been observed for the peptides to induce cAMP 
accumulation. The responses to VIP agonists were selectively inhibited by the 
VIP antagonists PACAP-(6-27) and (N-Ac-Tyr1-D-Phe2)-GRF(1-29)-NH2. 

In addition, evidence for the presence of a photoreceptor has been 
reported (DANIOLOS et al. 1990; MIYASHITA et at. 1996; MORIYA et al. 1996). The 
action spectrum showed a peak response to visible light at 460nm with a four
fold increase in intracellular cAMP levels. The molecular cloning of an opsin, 
melanopsin, in Xenopus laevis melanophores has been reported (PROVENCIO 
et al. 1998). Its deduced amino acid sequence shares greatest homology with 
cephalopod opsins. The predicted secondary structure of melanopsin indicates 
the presence of a long cytoplasmic tail with multiple putative phosphorylation 
sites, suggesting that this opsin's function may be finely regulated. 

In addition the presence of receptors responding to oxytocin and f3-CGRP 
has also been reported (MCCLINTOCK et al. 1996). Further characterization of 
these receptors are yet to be accomplished. 

c. Melanophore Assay Technology 
Like most recombinant assays, the main features of the melanophore tech
nology includes cell culture, receptor expression and signal detection. This 
chapter describes the main features of the assay technology. 

I. Cell Culture and Related Techniques 

Melanophore cell culture and related techniques have now become common 
practices in many academic and pharmaceutical industry laboratories. While 
different labs may have slightly varied optimal procedures, the following para
graphs will describe the generally used practices. 

1. Preparation of Cultures of Melanophore 

The preparation of cultures of Xenopus laevis melanophore has been suc
cessfully achieved from tadpole dermal cells (DANIOLOS et al. 1990; AKIRA 
and IDE 1987; FUKUZAWA and IDE 1983; KONDO and IDE 1983; IDE 1974; 
SELDENRIJK et al.1979). Once a healthy immortalized melanophore culture has 
been established, the cells can be propagated for years while preserving the 
desired properties. 
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Approximately 1-2months after an initial primary culture is established 
from tadpoles, colonies of melanophores are evident. These colonies are iso
lated from contaminating cells, primarily fibroblasts, by trypsinization followed 
by Percoll density-gradient centrifugation. Repetitive culturing and Percoll 
density-gradient centrifugation leads to the generation of pure cultures of 
melanophores. It has been reported (DANIOLOS et al. 1990; HALABAN et al. 
1986; SIEBER-BLUM and CHOKSHI 1985) that addition of mitogenic agents to 
cultures at this stage improves cell proliferation. Also, it has been shown, that 
at least at the initial stages, the proliferation of Xenopus laevis melanophores 
is enhanced by the presence of those mitogenic agents required by normal 
human and murine melanocytes such as db cAMP, a-MSH, insulin, human 
placental extract, and IBMX (DANIOLOS et al. 1990). Insulin is a particularly 
effective mitogenic agent. When the melanophore lines are well established 
these mitogenic agents are not necessary to keep in continuous cultures. 

2. Continuous Culturing of Xenopus laevis Melanophores 

Once a healthy immortalized melanophore culture has been established, con
tinuous propagation of these cells is straightforward. The cells are grown at 
room temperature or optimally at 27 °C in closed containers. They are typi
cally cultured in 0.7 x Leibovitz L-15 media supplemented with serum. The 
culture of melanophores in media conditioned with Xenopus laevis fibroblasts 
has tremendously improved the quality of the cells. During the conditioning 
of media, growth factors are released into the media from fibroblasts. The 
preparation of conditioned media is typically achieved by pre-exposing the 
0.7 x Leibovitz L-15 medium supplemented with 20% fetal bovine serum to 
fibroblast cells. Typically, collection of two crops derived from 25%-40% and 
70%-80% confluence of fibroblasts is the most commonly used procedure. The 
quality of the continuous cultures of melanophores may vary from laboratory 
to laboratory depending upon the quality of the media employed to culture 
the cells. 

3. Receptor Expression 

To date more than 100 different GPCRs have been expressed in melano
phores. The expression of most of these foreign receptors has been accom
plished by subcloning the receptor cDNA into a vectors driven by the CMV 
immediate early gene promoter. While the usefulness of the other promoters 
has not been extensively evaluated, most commercially available CMV pro
moter driven vectors work well. The construction of the pJG3.6 vector 
(GRAMINSKI et al. 1993), containing the CMV promoter, has been facilitated 
higher transfection efficiencies of GPCRs in melanophores and this vector 
remains the favorite one and transfection efficiencies as high as 80%-90% 
have been observed using electoporation methods. 

Among the various transfection techniques, electroporation seems to be 
the most commonly used procedure for the efficient expression of exogenously 
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introduced genes. Though it is not widely used, the successful use of recombi
nant vaccinia virus for the same purpose has also been described (POTENZA 
and LERNER 1991). For electroporation, a suspension of melanophore cell in 
PBS buffer is mixed with the plasmid DNA of receptor of interest. Soon after 
the electroporation it is important to transfer cells to a tube of conditioned 
media for quick recovery before plating. 

4. Preparation of Stable Melanophore Lines Expressing 
Exogenous Receptors 

Similar techniques that have been described for mammalian cells can easily 
be adapted for the generation of stable melanophore cell lines expres
sing foreign receptors. Most commonly used procedures include the co
transfection of plasmid coding for receptors of interest together with a plasmid 
vector coding for a neomycin resistant gene or subcloning of the receptor 
cDNA into a vector which encodes neomycin resistant gene followed by trans
fection. Then, 1-3 days after transfection, cells are treated with G418 (250-
500.ug/ml) to select cell colonies of interest. 

II. Signal Detection 

Melanophore assays are based on the ability to monitor pigment distribution 
within the cells. Pigment translocation in melanophores can be detected by 
either measuring the change in light transmittance through the cells (POTENZA 
and LERNER 1992; GRAMINSKI et al. 1993) or by imaging the cell responses 
(MCCLINTOCK et al. 1993; JAYAWICKREME et al. 1994a). Changes in light trans
mittance can easily be measured using a microtiter plate reader, while cell 
imaging either at single cell resolution or at a macro level where cumulative 
response arising from a collection of cells is achieved using a CCD camera. 
Both states of intracellular pigment distribution (dispersion or aggregation) 
are easily detectable. 

1. Transmittance Reading 

The 96-well micro titer plate format (POTENZA and LERNER 1992; GRAMINSKI et 
al. 1993), which measure the change in light transmittance through the cells, is 
the most widely used format in studying ligand-receptor interactions (Fig. 5). 
In this arrangement, the recombinant melanophores are plated in 96-well 
plates and ligand induced melanosome trans locations are quantified by mea
suring the change in light transmittance using a micro titer plate reader. Many 
commercially available plate readers are suitable for this purpose, although a 
one with the ability to take several readings within a well is preferred. The 
ligand induced responses are quantified by calculating (1-Tfm), where Tj is 
the photo transmission immediately before drug addition and Tf is the photo 
transmittance at the end point. Figure 5 shows an example of measuring human 
/h-adrenoreceptor responses in melanophore using a 96-well micro titer plate. 
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Fig.5. Measurement of melanophore response in a 96-well microtiter plate. Melano
phore cells expressing human /h-adrenoreceptor were plated in a 96-well plate 
(GRAMINSKI et al. 1993). Cells were pretreated with 1 nmol/l melatonin for 60min 
and were then treated with either salbutamol or terbutaline for 30min. The trans
mittance through the wells was measured before (TJ and after (Tf) drug addition 
using a plate reader. To generate the dose response curves, change in transmittance, 
1-Tf/Tj , was plotted against the drug concentration. The inset shows a photograph 
of two 96-well plate rows from which the data were used to generate dose response 
curves 

In addition, the recent advancement in 384-well and 1536-well technology 
should facilitate the melanophore bio-assays in these formats. 

2. Digital Imaging 

Digital imaging is another attractive way of detecting ligand mediated 
melanophore responses (MCCLINTOCK et al. 1993; JAYAWICKREME et al. 1994a). 
The technology has been successfully used to detect the responses at single 
cell resolution or to detect cumulative responses arising from batches of cells. 
The latter methodology is often the main detection procedure during the 
melanophore lawn format screens (JAYAWICKREME et al. 1998a,b) to identify 
responses arising from compounds. In this method the camera, which is con
trolled by a computer is mounted at a suitable distance away from the cell 
plates for appropriate imaging. The resolution of the camera should be 
selected depending on the size of the area needing to be imaged. Image sub
traction of original and end point images are used to enhance the signal. When 
imaging needs to be done at single cell resolution, often the camera is mounted 
through a microscope to look at a field of cells (MCCLINTOCK et al. 1993). 
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However, with new high resolution 4k x 4k cameras one can even capture 
images at single cell resolution even without using a microscope. In this 
method, the translocation of melanosomes within thousands of individual cells 
are simultaneously tracked by capturing gray scale video images before and 
after receptor activation. A successful application of this technology to study 
human f3z-adrenergic receptors which stimulate adenylyl cyclase, murine sub
stance P and bombesin receptors which stimulate PLC, and a human D2 recep
tor which inhibits adenylyl cyclase has been reported (MCCLINTOCK et al. 
1993). The rapid data-handling ability of video technology should provide a 
bioassay useful for cloning novel GPCRs by screening cDNA libraries for 
clones encoding new receptors. 

III. Screening Formats 

Melanophore technology provides attractive ways to conduct high-through
put screens in drug discovery research. Its ability to screen Gs-, Gq-, or Gj-
coupled receptors in the same cell background with pigment translocation as 
the reporter readout is a feature unique to the melanophore system. Due to 
the presence of the natural reporter readout, unlike in other widely used 
recombinant functional high-throughput screen methods, no chemical devel
opers or dyes need to be added to detect the final end point readout. In addi
tion, its fast, stable, and on-time readout make the melanophore system more 
versatile allowing it to be used in lawn format. Melanophore technology there
fore offers two attractive screening platforms, well format and open lawn 
format, for high-throughput screens. 

1. Microtiter Well Format 

The 96-well format seems to be the most widely used microtiter well format 
for screening. Melanophore cells either transiently or stably expressing 
GPCRs are plated into 96-well plates (Fig. 5). Cell plating is done in CFM at 
least 6 h before a screen to allow sufficient time for cell to attach. Just before 
a screen CFM is replaced by an assay buffer (typically 0.7 x Leibovitz L-15 
supplemented with 0.1 % BSA) which is free of serum. Compounds to be 
screened can be added as a concentrated solution or are diluted in assay 
buffer. For Gs or Gq assays compounds are pre-treated with 1 nmolll melatonin 
to preset the cells to a fully aggregated state. For a Gj assay a pretreatment is 
generally not required as cells are usually in a dispersed state. However, if the 
cells need to be preset to a dispersed state, exposure to visible light for 30 min 
is sufficient. 

The screen technology can be automated for high throughput screens 
with commercially available instrumentation. Scientists at Glaxo WellcomeInc. 
have successfully used automated high-throughput (unpublished data) tech
nology for drug discovery research to screen Gs-, Gq-, and Gj-coupled recep
tors. The recent advancement in 384-well and 1536-well format technology 
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should facilitate the melanophore bio-assay to be used in these formats 
as well. 

2. Lawn Format 

The timely response of melanophore allows for the flexibility of screening 
compounds on an open lawn of cells. This technology is attractive, especially 
when large collections of compounds need to be screened. This may be the 
most efficient way to screen millions of synthetic peptide analogs for their 
individual functional responses. The development of recombinant melano
phore technology for screening synthetic combinatorial peptide libraries 
using the multi-use peptide library (MUPL) concept has been documented 
(JAYAWICKREME et at. 1994a,b). Figure 6 shows a schematic illustration of 
preparing MUPLs. Figure 7 shows responses arising from two a-MSH beads 
on a lawn of melanophore cells. In this method recombinant melano
phores are plated as a lawn of cells on a petri dish and a filter containing 
partially cleaved synthetic peptide beads is applied over the cells. In this 
multi-use combinatorial peptide library (MUPL) technique, peptides are 
liberated from their supports in a dry state so that the problem of signal 
interference due to mixing of peptide molecules, particularly agonists and 
antagonists, is avoided. In addition, the peptides are released from their 
supports in a controlled manner so that fractions are available for multiple 
independent tests thus eliminating the need for iterative library analysis and 
resynthesis. 

IV. Receptor Cloning and Mutagenesis Studies 

Besides its use for comparing how chemicals interact with GPCRs, identifying 
ligands for orphan receptors, and its applications in drug discovery research, 
the melanophores should be useful for cloning receptors and for determining 
how ligands affect the large number of receptor variants generated by site
directed mutagenesis. As the human genome project is getting closer to its 
completion, its usefulness for cloning may decline while the utility for muta
genesis may become more demanding. 

Melanophore imaging technology at single cell resolution provides an 
ideal means for both cloning and mutagenesis studies. It has been demon
strated that, by imaging fields containing thousands of cells, the presence of a 
plasmid coding for a receptor could be detected when its frequency was one 
per 10,000 plasmids transfected. An extensive study has been conducted to 
illustrate its capability for cloning either G" Gq, or Gi receptors (MCCLINTOCK 
et al. 1993). In this study it was demonstrated the melanophore systems 
ability to detect responses arising from the one plasmid of Gs-coupled f3r 
adrenoreceptor diluted with 10,000plasmids from a liver cDNA library, one 
plasmid of Gi-coupled D2 receptor diluted with 10,000 plasmids from a rat 
olfactory bulb library, or one plasmid of Gq-coupled NK-1 receptor diluted 



Melanophore Recombinant Receptor Systems 

~r-----------' 

partially cleaved peptide library 

discrete molecules are tree to move, 
but remains in an ordered manner 

Solid Phase Synthesis 

100-200 
pmols 

1-5 pmols 
released 

429 

Fig.6. Preparation of multi-use peptide libraries (MUPLs). Briefly, in this method 
(JAYAWICKREME et al. 1998a,b), peptides are constructed on a solid support and then 
partially cleaved in a dry state using gaseous TFA followed by a neutralization with 
gaseous NH3. Since the pep tides are liberated in a dry state they remain as separate 
independent entities after non-covalently bound to the bead. In addition, since the 
peptides are released from their supports in a controlled manner, fractions are avail
able for multiple independent tests 

with 10,000 plasmids from a rat brain cDNA library. Similarly one could detect 
the effect of a ligand on individual mutants in a library of receptor mutants 
prepared by side-directed mutagenesis. 

D. Receptor Studies and Applications 
Initial studies in Michael Lerner's laboratory led to the successful development 
of the melanophore expression system to study ligand-GPCR interactions 
(LERNER 1994; JAYAWICKREME and KosI 1997). To date, more than 100 dif
ferent GPCRs (published and unpublished data) which couple through either 
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Fig.7A-C. Response from two a-MSH 
peptide beads on a lawn of melano
phore cells. a-MSH peptides were 
constructed on MBHA resin and par
tially cleaved as described for MUPL 
construction (JAYAWICKREME et al. 
1998a,b). Beads were then placed on 
a lawn of melanophore cells overlaid 
with a thin layer of agarose in a petri 
dish. Responses at: A 0 min; B 5 min; 
C 10min are shown 
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G" Gq, or GiGo pathways have been successfully expressed and studied in 
melanophores. 

The expression of Gs-coupled human ~-adrenoreceptor in melanophores 
(POTENZA et al. 1992) was one of the first studies conducted to demonstrate 
its utility as a reporter assay. This study confirmed Gs-coupling and proper 
pharmacological validation of the receptor in melanophore system. Soon, the 
studies were extended to demonstrate the capability of Gq-coupled murine 
bombesin (gastrin releasing peptide) and rat NK -1 receptors to cause pigment 
translocation in melanophores (GRAMINSKI et al. 1993). In both cases, the 
proper pharmacological profile of the recombinant receptor and its ability to 
generate second messengers DAG and IP3 via coupling to Gq protein upon 
stimulation with the agonists was obtained. Subsequent demonstration of 
the ability of Gj-coupled recombinant human D2 receptor to couple in 
melanophore pigment aggregation pathway with proper pharmacological 
profile to known ligands (POTENZA et al. 1994) indicated the melanophore 
system's strength and potential to study any GPCR. 

I. Characterization of Novel GPCRs 

Since its development, a large number of GPCRs have been studied using 
melanophore. Expression studies on human D3 receptor in melanophore 
system (POTENZA et al. 1994) provided the first evidence of demonstrating its 
coupling to Gj signaling pathway and provided pharmacological profiles for a 
range of ligands. 

During the past two years melanophore technology has been a valuable 
tool for identifying the signaling pathways for newly discovered receptors and 
to establish their pharmacological profiles. These studies were among the first 
to identify the coupling of human CXC-chemokine receptor-4 (CXCR-4) to a 
OJ protein for initiating cellular signaling (CHEN et al. 1998). The pharmaco
logical characterization of the interaction of SDF-1a and the receptor specific 
antibody, 12G5, with the CXCR4 receptor was also described. Two other 
recent studies reported the identification of signaling pathways for the human 
GALR2 and GALR3 receptor subtypes (KOLAKOWSKI et al. 1998). Using 
both melanophore and aequorin luminescence assays it was demonstrated 
that human GALR2 was coupled to the phospholipase C/protein kinase C 
pathway. In contrast, GALR3, when expressed in melanophore cells, caused 
pigment aggregation in responding to agonist peptides, suggesting communi
cation of its intracellular signal by inhibition of adenylyl cyclase through 
Gj pathway (KOLAKOWSKI et al. 1998). Similar studies have been described 
in identifying signaling pathway for the recently cloned mouse leukotriene 
B4 receptor (m-BLTR) (MARTIN et. al. 1999). In melanophores transiently 
expressing the m-BLTR, LTB4 induced the aggregation of pigment granules, 
confirming the inhibition of cAMP production. 

Another elegant example is the demonstration of GABAB receptor func
tion in melanophores. GPCRs are commonly thought to bind their cognate 
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ligands and elicit functional responses as monomeric receptors. This study 
(NG et al. 1999) was among the first few to describe the importance of a co
receptor, gb2, for the functional activity of the GABAB receptor (gb1a), sug
gesting a new mechanism for GPCR function. Either receptor, gb1a or gb2, 
when expressed alone in melanophores, did not show functional activity to the 
GABA ligand. These findings indicate that melanophores are a suitable system 
for studying receptor ligand interactions for GPCRs which function through 
heterodimerization. 

With hundreds of novel receptors being identified as a result of the 
human genome project, melanophore technology will continue to serve as a 
valuable tool for identify signaling pathways and ligands to numerous novel 
GPCRs. 

II. Lawn Format Screen System 

Another feature of the recombinant melanophore system is its ability to be 
used in an open lawn format to screen synthetic combinatorial libraries 
(JAYAWICKREME et al. 1998a,b). The ability to detect functional cellular 
responses arising from individual beads in a synthetic peptide combinatorial 
library (SPCL) was first demonstrated using a lawn of melanophore cells 
expressing recombinant murine bombesin receptor (JAYAWICKREME et al. 
1994a). 

To obtain the functional cellular responses from individual beads on a 
lawn of cells, peptides were liberated from their solid supports so the mole
cules are free to interact with cellular targets. Peptide cleavage was done in a 
dry state so the problem of signal interference due to mixing of peptide mol
ecules, particularly agonists and antagonists, was avoided. In addition, peptides 
were released from their supports in a controlled manner so that fractions 
were available for multiple independent tests, thus eliminating the need for 
iterative library analysis and resynthesis. The screening system has been suc
cessfully used to identify nove17-mer peptide agonists for the bombesin recep
tor using a SPCL designed based on the 14 amino acid bombesin peptide 
sequence (JAYAWICKREME et al. 1994a). A similar study has been conducted to 
identify novel 8-mer and 9-mer peptide antagonists to a-MSH receptor using 
a focused SPCL designed based on the 13 amino acid a-MSH sequence 
(JAYAWICKREME et al. 1994b). In addition, due to the large number of analogs 
screened, this study generated information on structure activity relationships 
governing the ligand-receptor interactions. 

In another example, a truly random tri-peptide library designed using 48 
different amino acids (223,488 analogs) was successfully used to identify 
antagonists to human MCR1 receptor (QUILLAN et al. 1995). These studies 
clearly demonstrate that, at least for SPCLs, the lawn format screens provide 
a tremendous advantage over the solution phase screens with respect to the 
throughput, cost effectiveness, and infrastructure necessary to organize mil
lions of individual molecules. The application of the lawn format screen tech-
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nology is likely to extend towards synthetic small molecule libraries (SSMLs) 
as well. Even though the technology is well described for the SPCLs, its appli
cation to SSMLs is still limited due to the necessity of a tag for decoding the 
structure and the lack of availability of a universal bead chemistry to synthe
size various types of small molecules. While it is beyond the scope of this 
chapter, it is worth mentioning a successful application of SSMLs to identify 
novel antimicrobial agents. This study (SILEN et al. 1998) describes the con
struction and screening of a 46,656 member triazine based SSML encoded with 
secondary amine tagging, allowing for rapid structural analysis of the com
pounds of interest, to identify novel antimicrobials on a lawn format assay. 
With the continuous ongoing developments in tag technology and bead-based 
chemistry, it is likely that in the future more lawn format compatible SSM 
libraries may become available for screens. 

Melanophore lawn format technology, using either SPCLs or SSMLs, may 
serve as a valuable technology to identify ligands to thousands of receptors 
that are being identified through human genome project. 

III. Single Transmembrane Receptors 

In addition to the successful studies on GPCRs, the demonstration of the 
ability of platelet-derived growth factor (PDGF) j3-receptor to couple to 
pigment translocation pathway expanded the scope of the melanophore 
technology towards studying tyrosine kinase type receptors (GRAMINSKI and 
LERNER 1994). 

Unlike G protein-coupled receptors, these receptors have a single trans
membrane domain and signal transduction is induced by receptor dimeriza
tion following ligand binding. Although PDGF has been shown to initiate 
more than one signal transduction pathway (VALIUS and KAZLAUSKAS 1993), 
activation of PLC-y1 is crucial since this leads to the activation of protein 
kinase C (PKC) through the production of the second messengers diacyl
glycerol (DAG) and inositol trisphosphate via phosphatidylinositol-4,5-
bisphosphate hydrolysis. Thus it is reasonable to hypothesize that 
melanophore cells express an endogenous PLC-y1, and the activation of the 
transiently expressed PDGF j3-receptor would presumably lead to the PKC 
activation and pigment dispersion. The demonstration of successful expression 
of an epidermal growth factor receptor (EGFR) (CARRITHERS 1999) which 
belongs to the same family strengthens this view. These studies suggest 
that the melanophore pigment translocation assay may provide a generic 
means to functionally study ligand-receptor interactions for receptor tyrosine 
kinases. 

Recently the extension of melanophore system's capability to study single 
transmembrane receptors beyond receptor tyrosin kinases has been described. 
This study (CARRITHERS et al. 1999) describes the development of a rapid, func
tional assay for the erythropoietin receptor (EPOR), a member of the cytokine 
receptor family. EPOR itself does not couple to melanophore pigment translo-



434 c.K. JAYAWICKREME and M.R. LERNER 

cation pathway. However, a receptor chimera composed of the extracellular 
portion of the EPOR and the transmembrane and intracellular region of the 
human epidermal growth factor receptor can mediate pigment dispersion in 
melanophores when treated with erythropoietin. The work demonstrates a 
successful step towards developing a generic melanophore-based assay to 
study transmembrane receptors. 

There are an increasing number of examples that demonstrate the involve
ment of single transmembrane receptors in controlling a great number of 
biological and physiological events and, with the completion of the human 
genome project, more and more members of this family will be identified. Thus 
further research to develop this type of assay as a generic means to study 
ligand-receptor interactions for single transmembrane receptors would be a 
worthwhile investment towards drug discovery research. 

IV. Receptor-Ligand Interaction Studies 

With the examples shown throughout the previous sections of this chapter, the 
melanophore system is a value tool for studying receptor-ligand interactions. 
Among other applications in receptor-ligand interactions, chimeric receptors, 
receptor mutation, effector and cofactor molecule interaction, and receptor 
desensitization studies may greatly benefit from melanophore cells due to 
their versatile nature for use as a transient expression system. For example, a 
study conducted on chimeric olfactory receptors using melanophores provided 
insight to the evaluation of features important for the function of olfactory 
receptors and hence for their signaling. In this study (MCCLINTOCK et a1. 
1997; MCCLINTOCK and LERNER 1997), the G protein-coupling domains of the 
~-adrenoreceptor were replaced with homologous domains of putative olfac
tory receptors to produce chimeric receptors which were able to stimulate 
melanosome dispersion in melanophores, a G protein-mediated pathway. 

Another recent application is its successful use to study the interaction of 
agouti and agouti-related protein with melanocortin receptors. The study 
insight concerned the antagonism of melanocortin receptors by agouti related 
protein (OLLMANN et a1. 1997). More recently, the competitive antagonism of 
agonist binding by the carboxyl-terminal portion of Agouti protein (OLLMANN 
and BARSH 1999), and the down-regulation of melanocortin receptor signaling 
by an unknown mechanism that requires residues in the amino terminus of 
the Agouti protein (OLLMANN and BARSH 1999) was shown. Further, these 
studies resolved questions regarding signaling by Agouti protein. Evidence 
was presented for a novel signaling mechanism whereby a-MSH and Agouti 
protein or Agouti-related protein function as independent ligands that inhibit 
each other's binding and transduce opposite signals through a single receptor 
(OLLMANN et al. 1998). 

In another work the melanophore assay system has been used as a screen
ing tool to study functional interaction of bivalent peptide ligands targeted to 
GPCRs (CARRITHERS and LERNER 1996). It is thought that multivalent ligands 
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targeted to one or more receptors may lead to a powerful way of targeting 
drugs to specific cell types. This work describes the development of bivalent 
peptide ligands to GPCRs receptors that interact more potently with the 
receptor than the respective monovalent peptide ligands. 

E. Summary 

Melanophore technology has the ability to serve as a reporter assay to study 
numerous 7TM receptors regardless of their coupling pathways. The beauty of 
the system is its use of a single cell type and a simple readout for many G 
protein signaling pathways. Its fast, robust, and steady signal extends its appli
cation beyond the traditional microtiter well format and into lawn format 
screens. Further studies to explore the melanophore system's ability to be 
applied to other gene families in addition to GPCRs, and single transmem
brane receptors, may further extend its usefulness. As new gene sequences 
(MARCHESE et al. 1999) are identified through human genome sequencing 
projects, melanophores are positioned to assist in their characterization. 
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