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Problem statement

During especially the past two decades many discoveries in biological sciences, and
in particular at the molecular and genetic level, have greatly impacted on our
knowledge and understanding of drug action and have helped to develop new drugs
and therapeutic strategies. Furthermore, many exciting new drugs acting via novel
pharmacological mechanisms are expected to be in clinical use in the not too distant
future.

Scope and contents of review

In this educational review, these concepts are explained and their relevance illustrated
by examples of drugs used commonly in the clinical setting, with special reference
to the pharmacology of G-protein-coupled receptors. The review also addresses the
basic theoretical concepts of full and partial agonism, neutral antagonism, inverse
agonism and protean and ligand-selective agonism, and the relevance of these
concepts in current rational drug therapy. Moreover, the mechanisms whereby recep-
tor signalling (and eventually response to drugs) is fine-tuned, such as receptor
promiscuity, agonist-directed trafficking of receptor signalling, receptor trafficking,
receptor ‘cross-talk’ and regulators of G-protein signalling (RGSs) are discussed, from
theory to proposed therapeutic implications.

Conclusions

It is concluded that the understanding of molecular receptor and signal transduction
pharmacology enables clinicians to improve their effective implementation of current
and future pharmacotherapy, ultimately enhancing the quality of life of their patients.

Introduction

We are all aware of the positive and negative side of
drugs, of the ways in which they can enhance or
decrease our quality of life, or even save or take lives.
Whenever the potential therapeutic benefit of a drug is
considered to outweigh its potential hazards, optimal
drug selection needs to be made and sound pharmaco-
therapy becomes the ideal of every good clinical thera-
pist. Rational and optimal pharmacotherapy has to be
based on strong pillars of appropriate knowledge, skills
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and values. We need appropriate knowledge of basic
pharmacology and evidence-based medicine, adequate
skills to diagnose, interpret and synthesize creative solu-
tions and applicable values to realize and respect the fact
that it is all about a human being with his/her own
preferences and individual criteria for evaluating quality
of life. In this review we will emphasize the importance
of basic pharmacology, in particular of receptor pharma-
cology and subcellular signal transduction. This knowl-
edge is not only important in the understanding of
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current therapeutics, but also to create innovative strat-
egies when there is no clear standard solution and also
to be geared to understand the medicine of tomorrow.

In this regard the General Medical Council in Great
Britain recently called for an investigation into the
knowledge and skills required to ensure current and
future standards for medical practitioners. By using
appropriate questionnaires Mucklow [1] obtained the
opinion of representative specialists in clinical pharma-
cology and therapeutics on this issue. Interestingly, but
maybe not totally surprisingly, Mucklow found that
knowledge of basic molecular receptor pharmacology
and signal transduction mechanisms were rated as
essential by invariably 100% of the respective represen-
tative panels.

There are many examples of how knowledge of basic
molecular and signal transduction pharmacology can be
of value in the clinical setting. In the 1980s the intro-
duction of the selective serotonin reuptake inhibitors
(SSRIs), such as fluoxetine, into clinical medicine was
heralded as the first class of antidepressants with a selec-
tive action on a key neurobiological target in depression,
namely serotonin. These drugs were the antithesis of
their ‘dirtier’ predecessors, the tricyclic antidepressants
(TCAs), which acted on a wide range of neurotransmit-
ter receptor systems not necessarily linked to the neuro-
pathology of depression. Consequently, the SSRIs were
marketed as pharmacologically ‘pure’ antidepressants
with a minimal risk of adverse effects related to actions
at ‘unwanted’ (untargeted) receptors in the brain and
elsewhere. These predictions and marketing strategy
was only in part true. As the SSRIs realized greater
popularity, evidence for rare yet troublesome adverse
events began to appear. Most notable were symptoms
resembling that evoked by typical neuroleptic agents,
such as dystonia, extrapyramidal effects and the poten-
tially fatal serotonin syndrome [2—5]. This suggested an
action in the basal ganglia, probably involving attenua-
tion of neuro-motor dopamine pathways, which was not
initially expected for SSRIs. The SSRIs act by inhibiting
synaptic reuptake of extracellular serotonin (SHT),
thereby stimulating SHT pathways in the brain. How-
ever, SHT receptors on dopamine projections in the stri-
atum are also activated, resulting in a suppression of
dopamine synthesis and dopamine release [6]. This
action produces a hypodopaminergic state, which has
been linked to the aforementioned side-effects [7]. This
insight into the mechanism of action of the SSRIs pro-
vides just one example of how extracellular receptor
selectivity may translate into intercellular receptor pro-
miscuity. This example describes how one receptor type
may communicate with another within the same cell, or
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across different cells. These communication mecha-
nisms between receptors and other signal modulating
mechanisms are the focus of the current review.

Molecular receptor and signal transduction pharma-
cology has advanced significantly in the second half of
the previous century and particularly during the last two
decades, with many emerging new and exiting concepts
and models of drug action. There are many exciting new
drugs acting via novel pharmacological mechanisms
that are expected to be in clinical use in the not so distant
future. More than 40% of all marketed drugs display
activity via G-protein-coupled receptors and with cur-
rent bio-informatics it is expected that several new drug
targets related to the G-protein-coupled receptors will
be discovered and their physiological and clinical sig-
nificance explored in future [8]. The clinician needs to
be equipped and prepared to understand the actions of
these drugs and the rationale for their therapeutic uses.
This review aims to assist clinicians to gain a deeper
understanding of drug action and the latest develop-
ments in the basic pharmacological sciences and its rela-
tionship to clinical therapeutics. It will also point out the
likely future trends in drug treatments, with special
emphasis on the so-called G-protein-coupled receptors
(a special family of drug receptors that will be
explained in this review) and their signal transduction
mechanisms.

Important classical and novel concepts

In order to understand the therapeutic implications of
the pharmacology of G-protein-coupled receptors and
their signal transduction systems one has to gain some
knowledge of key concepts and terminology.

This review addresses the current understanding of G-
proteins, G-protein-coupled receptors, full agonists, par-
tial agonists, neutral antagonists, inverse agonists and
even protean and ligand-selective agonists. Moreover,
concepts such as receptor promiscuity (receptor hetero-
geneity), agonist-directed trafficking of receptor signal-
ling, receptor trafficking, receptor desensitization,
receptor down regulation and recycling of receptors,
receptor ‘cross-talk’ and regulators of G-protein signal-
ling (RGSs) will also be discussed, from theory to pro-
posed therapeutic implications.

Pharmacological receptors

Many agents such as neurotransmitters, hormones and
drugs (and even light photons and odourants) transfer
their signals to cells by interaction with a membrane
receptor at the cell surface [9], upon which the cell
responds with a series of intracellular events (interme-
diate responses collectively referred to as the signal



transduction system) that eventually lead to altered cel-
lular function(s). The resulting altered cellular function
may in turn affect the function of a tissue or organ or a
system of the body. To understand new drug develop-
ments, a deeper understanding of this signalling process
is required, starting from the drug-receptor interaction
to the final cellular response. Several receptor families
can be distinguished, of which the ligand-gated ion
channels, receptor protein kinases, G-protein-coupled
receptors and transcription factor receptors are typical
examples [10].

Ligand-gated ion channel receptors

A subgroup of membrane receptors are proteins or pro-
tein complexes that form ion channels, known as ligand-
gated ion channels (where the word ‘ligand’ here refers
to the binding transmitter or drug) [10]. Examples of
ligand-gated ion channels include the nicotinic acetyl-
choline receptors, GABA, receptors and serotonin-3
(5HT3;) receptors. Binding of the ligand to the receptor
opens (‘gates’) the ion channel to allow for the flow of
particular ions across the membrane.

Receptor protein kinases
The receptor protein kinases are receptor enzyme mol-
ecules involved in the transfer of extracellular signals to

Recent advances in drug action and therapeutics I

the intracellular domain, where the kinases phosphory-
late effector proteins to alter their function [10]. A typ-
ical example is the insulin receptor.

G-protein-coupled receptors

The G-protein-coupled receptors (commonly abbrevi-
ated GPCRs) are a large family of seven-transmembrane
spanning receptors [11, 12], amongst others the adren-
ergic, dopaminergic, serotonergic, muscarinic acetycho-
line and histaminergic receptor types. The GPCRs are
so named by their common ability to activate so called
G-proteins (guanine-nucleotide- or GTP-binding pro-
teins), whereby they alter cell function. Being large pro-
tein molecules situated in the cell membrane (spanning
the membrane seven times with their coils or helixes),
GPCRs are able to transfer the signal from a drug bound
to the extracellular surface to the intracellular surface
(see Figure 1). This is achieved by a change in confor-
mation (spatial orientation) to activate the G-proteins at
the intracellular surface of the membrane. The G-protein
then transfers the signal further down in a cascade of
intracellular processes. One could refer to three compo-
nents in this signalling process, namely the receptor
(GPCR), the transducer (G-protein) and the effector
(e.g. adenylyl cyclase, phospholipase C, Ca** channels
and K* channels) [10].

Figure 1

A schematic representation of the G-protein ‘activation/deactivation cycle’, associated with the signalling mechanism of G-protein-coupled receptors

(GPCRs). Heterotrimeric G-proteins consist of o- and By-subunits. Assume a case of no significant constitutive receptor activity. (A) In the resting (inactive)
state the GPCR is not coupled to the G-protein. (B) As the agonist binds to the receptor, the equilibrium between the R and R* states is disturbed, so
that a larger fraction of the GPCRs is in the R* conformation. The R* conformation couples efficiently with the G-protein, leading to the exchange of GDP
for GTP on the Ga-subunit. (C) The GBy-subunit is released and both Go. and Gy interact with their respective effectors to continue the transduction
of the signal. (D) After hydrolysis of GTP to GDP on the Ga-subunit (under influence of GTPase plus RGS) the Ga. and GBy-subunits reunite. The system
returns to its original state as presented in (A) and is ready for the next GPCR-mediated activation. PLC = phospholipase C; AC = adenylyl cyclase;
GPCR = G-protein-coupled receptor; GDP = guanosine diphosphate; GTP = guanosine triphosphate
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Transcription factor receptors

Several hormones (e.g. corticosteroidal hormones, thy-
roid hormone, vitamin D, etc.) bind to intracellular
DNA-binding proteins that act as receptors to regulate
the trancription of particular genes, with subsequent reg-
ulation of protein synthesis [10].

G-protein-coupled receptors

For the purpose of this review, the GPCRs and their
function will be emphasized. A considerable degree of
research has been focused on the pharmacology and
signal transduction mechanisms of GPCRs, to such an
extent that we may expect future new drugs to modulate
GPCR function in novel ways. GPCRs are involved in
the regulation of an array of diverse physiological func-
tions after activation by neurotransmitters, hormones,
lipids, photons, odourants, taste ligands, nucleotides and
calcium ions [12, 13].

Classification of GPCRs
Mammalian GPCRs can be classified into three super
families, namely Families A, B and C (or Classes I, 11
and III, respectively), based on sequence similarities,
where these sequences are typified by the adrenergic,
secretin and metabotropic glutamate receptors, respec-
tively [14-16]. Little or no sequence similarities exist
between these super families, although they all have
seven membrane-spanning domains [14]. An estimated
1% of the mammalian genome codes for GPCRs and,
as estimated from the human genome, about 450 of the
approximately 950 predicted GPCRs are expected to be
receptors for endogenous ligands [12, 16, 17].
Classically, pharmacological receptors, including the
GPCRs, have been classified according to the endoge-
nous agonist for the receptor and further subclassified
according to the relative binding selectivity of ligands
(receptor-binding substances) to these receptors. Already
in 1948 Ahlquist [18] pioneered this field when he sub-
classified adrenergic receptors (with (—)-noradrenaline
and (—)-adrenaline as endogenous agonists) into o- and
B-adrenergic receptors, by showing that the order of
potency (relative binding affinities) of a series of ligands
differed for these two subtypes of adrenergic receptors.
Experimental techniques employed for the classification
of receptors have since become more sophisticated with
radioligand binding techniques (e.g. saturation and com-
petition binding studies) and eventually biochemical
receptor purification techniques. However, with the
emergence of molecular biology, and in particular the
development of genomics, the identification of genomic
DNA segments or mRNA (or cDNA) segments encoding
for the expression of receptors have been a very success-
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ful approach to identify new receptors. From the mRNA
sequence, the receptor protein encoded can be deduced.
Not only can the structures of known receptors be con-
firmed, but new receptor subtypes (or isoforms where
ligand selectivity has not been demonstrated), and even
receptors without known endogenous ligands (i.e. so-
called ‘orphan receptors’), have now been discovered.
Due to the enormous number of receptor types and sub-
types discovered and also the complexity of the classi-
fication of receptors, the International Union of
Pharmacology (IUPHAR) has appointed the [IUPHAR
Committee on Receptor Nomenclature and Drug Clas-
sification (NC-IUPHAR) to provide guidelines for an
optimal approach to receptor classification, as described
in the online IUPHAR Receptor Database (see http://
iuphar-db.org/iuphar-rd/index.html).

The classification of GPCRs (and other receptors) has
proved to be a complex task. This is not only because
of the enormous number of identified receptors and
uncertainties about the endogenous ligand and the bio-
physiological significance of some of these receptors,
but also due to the complexity of receptor regulation.
Examples of such complexities include the obligatory
dimeric GABAj receptors (i.e. two receptor proteins,
associated as a dimer, necessary for biophysiological
function) or where so-called RAMP proteins may asso-
ciate with the calcitonin receptor, where after it is not
only a receptor for calcitonin, but also for amylin
(thereby altering the pharmacological profile of the
receptor). The NC-IUPHAR concluded that, in such
cases, one should classify not only the monomeric
receptor protein, but also the functional protein complex
[19].

GPCRs and orphan receptors

For about 160 of the GPCRs discovered by 2002, the
endogenous ligands are still unknown [14]. These
GPCRs have been termed ‘orphan receptors’, awaiting
‘de-orphanization’ by the discovery of their endogenous
ligands. Orphan receptors are indeed viewed as potential
new drug targets and are currently being exploited for
their potential in treating debilitating diseases, including
obesity, cardiovascular disease, inflammation and cancer
[20-24]. Many ‘orphan receptors’ have now been paired
with endogenous peptides, proposed as ligands (some-
times multiple ligands) and the challenge is to identify
those of physiological and pathophysiological impor-
tance to motivate drug development [22, 24]. This in
itself holds many challenges, as it is important to find
selective ligands that modulate receptor function and
also since investigation into relevant in vivo pharmacol-
ogy is needed [23]. In addition, there are species differ-
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ences, so that the pharmacology of ‘orphan receptors’,
as studied in mice, for example, may be different to that
in humans [22]. It is expected that the functional analysis
of most ‘orphan receptors’ may be completed within the
next decade [24], which may reveal many new drug
targets and open exiting new therapeutic strategies.

GPCRs and theories of drug action

Current theories of GPCR function have greatly
impacted our understanding of drug action and opened
up new ways of searching for new drugs. The GPCR is
a large protein that is in equilibrium between (presum-
ably) several possible conformational states (spatial ori-
entations) [13, 25-27]. Some of these conformational
states are energetically more favourable than others. It
is important to note that some of these conformations
are assumed to be inactive (i.e. they do not activate G-
proteins) while others are active (i.e. they activate G-
proteins). We refer to models building on this concept
as models of ‘multiple activation states of receptor activ-
ity’. As illustrated in Figure 2, the simplest theoretical
model of these would assume only two conformations
(two-state model), namely one inactive and one active
conformation (usually designated the R and R* receptor
states, respectively) [28]. There is also a three-state
model of receptor activation, with one inactive state (R)

+ O

*

Kol 1 Kp*

DR < DR*
L)

J + O

L
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=

)

Figure 2

A schematic representation of the two-state receptor model. R, R¥, DR and
DR* are in constant equilibrium, where D is the drug, R is the receptor in
the inactive state, R* is the receptor in the active state, and DR and DR*
are the respective drug-receptor complexes (drug-bound receptor). Kp,
Kp*, L and Ly, are kinetic constants describing the equilibrium between
the respective states. In particular, Kp and Kp* describe the affinity (binding
power) of the drug for the receptor in its inactive and active states,
respectively

Recent advances in drug action and therapeutics I

and two active states (R* and R**), where the one active
state will couple to one type of G-protein and the second
to another type of G-protein [27, 29]. The significance
of these models for drug therapy will be discussed fur-
ther below.

Usually, in the two-state model, most of the GPCRs,
when not bound to a drug, will exist in the inactive R
conformation, with only a small fraction in the active
R* conformation. However, some GPCRs have a signif-
icant fraction of the receptors in the R* conformation.
The receptors in the R* conformation will give rise to a
basal response (also known as constitutive activity) of
which the magnitude depends on the fraction of recep-
tors in the R* conformation (i.e. the R : R* ratio). For
any drug to influence the function of a receptor it has to
be able to bind to the receptor, that is, it must foremost
have affinity (binding power) for the receptor. When a
drug has significant affinity for the receptor, it is pre-
dicted that drugs may bind selectively to either R or R*
or with equal affinity for both R and R*. Receptor-
binding drugs can therefore influence receptor function
in one of three ways:

Full and partial agonists Some endogenous sub-
stances and drugs preferentially bind to R* and will
then drive the equilibrium between R and R* towards
more R*. This will increase receptor signalling and
eventually pharmacological response. These endoge-
nous substances and drugs are known as agonists, such
as (—)-noradrenaline, serotonin, dopamine and drugs
such as dobutamine on P;-adrenergic receptors, isopro-
terenol on [B;,-adrenergic receptors, fenoldopam on D,
receptors and clonidine on o,-adrenergic receptors, to
name but a few. The selectivity of agonists for R or R*
may vary so that an agonist with great selectivity for R*
over R will behave as a full (strong) agonist and one
with only a small selectivity for R* over R, will behave
as a partial (weak) agonist (see Figure 3). Buspirone and
oxymetazoline are typical examples of partial agonists
on 5HT;, and o,-adrenergic receptors, respectively.
Several B-adrenoceptor blockers, e.g. pindolol and ace-
butolol, act as partial agonists at [-adrenoceptors and
exhibit therefore intrinsic sympathomimetic activity
(ISA). This is in contrast to a drug like propranolol that
processes no ISA. Theoretically the presence of ISA in
B-adrenoceptor blockers suggests that these drugs may
be less hazardous in asthma patients. Nevertheless, these
drugs should be used with caution in these patients.
Other advantages claimed by some investigators include
protection against myocardial depression, adverse lipid
changes and peripheral vascular complications [30]. The
ability of an agonist to decrease the R : R* ratio (i.e.
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Figure 3

A schematic representation of how the two-state receptor model relates
to the action of drugs as strong agonists, partial agonists, neutral
competitive antagonists, inverse agonists, and inverse partial agonists. The
inactive and active receptor conformations (R and R*, respectively) are in
constant equilibrium. A strong agonist binds selectively to R¥, driving the
equilibrium between R and R* in favour of R¥, resulting in enhanced
response. A partial agonist has higher affinity for R* than for R, but with
less selectivity than the strong agonist. The neutral competitive antagonist
binds with equal affinity to both R and R¥, so that it does not disturb the
resting equilibrium and therefore does not alter basal response. An inverse
strong agonist binds selectively to R, driving the equilibrium between R
and R* in favour of R, resulting in decreased response, that is, when there
is significant constitutive activity (basal response). An inverse partial agonist
has higher affinity for R than for R¥, but with less selectivity than the strong
inverse agonist

increase R*, thereby ‘activating’ or ‘stimulating’ the
receptor), is referred to as its ‘efficacy’. The greater
the ability to increase R*, the higher the efficacy of the
agonist. In molecular pharmacology therefore the term
‘efficacy’ has a different meaning from how it is used
in clinical pharmacology, where ‘efficacy’ would refer
to how effectively the drug treats the disease or symp-
toms [26]. An agonist is also described as having ‘intrin-
sic activity’, meaning that it is able to give rise to a
pharmacological response. A drug with higher efficacy
(receptor activating property) also has a higher intrinsic
activity (ability to elicit response), except when there is
a ceiling to the maximal response in which case higher
efficacy does not necessarily increase the intrinsic activ-
ity of the agonist in that particular biological system.

Inverse agonists Some drugs preferentially bind to R
over R* and will drive the equilibrium between R and
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R* towards R (decreasing the number of receptors in the
R* state). If there is a significant level of constitutive
receptor activity (basal response), these drugs will
decrease receptor signalling and thereby decrease
response. This kind of drug is known as an inverse
agonist (see Figure 3), giving a response opposite to that
of an agonist [26], i.e. a drug with negative efficacy. If,
however, there is not significant constitutive receptor
activity, the inverse response will not be noticeable and
the inverse agonists will act as neutral competitive
antagonists (see below). Examples of inverse agonists
include cimetidine and ranitidine on H, receptors,
haloperidol on D, receptors, prazosin on o-adrenergic
receptors, timolol on B,-adrenergic receptors, clozapine
on D, and SHT,¢ receptors [31] and many experimental
drugs such as the benzodiazepine inverse agonist [3-
CCB and yohimbine on o,,-adrenergic receptors [32].
Indeed, many drugs previously believed to be competi-
tive antagonists have recently been shown to act as
inverse agonists and it can be expected that several more
inverse agonists will be discovered.

Neutral competitive antagonists Drugs that do not dif-
ferentiate between R and R* (i.e. they bind with equal
affinity to both conformations) are known as neutral
competitive antagonists (see Figure 3), i.e. a drug with
no efficacy at its receptor. Neutral competitive antago-
nists do not alter basal receptor activity on their own,
but they compete with agonists and inverse agonists for
receptor binding, thereby competitively antagonizing
the responses elicited by agonists and inverse agonists.
A typical example of these drugs is propranolol on [3-
adrenergic receptors.

The clinical significance of the differentiation
between neutral competitive antagonists and inverse
agonists is not always clear. Much research is currently
being done to look into this question. It has been argued
that the chronic use of inverse agonists may lead to so
called receptor up-regulation, as opposed to agonists
that usually down-regulate receptors, but data on this are
not conclusive. To illustrate this principle, the histamine
H,-receptor inverse agonists cimetidine and ranitidine,
but not the neutral antagonist burimamide, up-regulate
H,-receptors after chronic exposure. The mechanism of
receptor up- and down-regulation will be discussed fur-
ther below under the concept of membrane trafficking
of receptors. In addition to the example of H,-receptors,
Kenakin [26] also refers to several examples of disease
where constitutive activity of GPCRs have been
observed and where inverse agonists may in future
research be proven to have advantages over neutral
antagonists, e.g. VIP receptor inverse agonists in the



treatment of cancer and also appropriate inverse ago-
nists in the treatment of retinitis pigmentosa, hyperthy-
roidism, autoimmune disease and certain types of viral
infection.

Presynaptic receptors

In the nervous systems we distinguish pre- and postsyn-
aptic receptors according to their location. Although
postsynaptic receptors have been studied more exten-
sively, a variety of presynaptic receptors have been iden-
tified that are of clinical significance. These receptors
are important because of their ability to control the
release of neurotransmitters [33—35]. Presynaptic recep-
tors facilitate a feedback mechanism whereby they influ-
ence (inhibit or promote) the subsequent release of
neurotransmitters from the same neurone (autorecep-
tors) or they may influence the release from neighbour-
ing neurones (heteroreceptors).

Presynaptic inhibitory autoreceptors have been iden-
tified on both adrenergic and cholinergic nerve termi-
nals. Activation of these receptors by released
noradrenaline or by exogenously administered ol,-
adrenoceptor agonists such as clonidine decreases the
further release of the neurotransmitter. The same sub-
type of o,-adrenoceptors inhibits the release of acetyl-
choline from cholinergic neurones [36]. Other inhibitory
autoreceptors are also described, for example for
dopamine (D,/D; receptors), acetylcholine (M, recep-
tors), GABA (GABAg receptors), histamine (H;-recep-
tors) and serotonin (SHT,p receptors) [33]. In addition
to the presynaptic inhibitory autoreceptors, there are
also presynaptic autoreceptors that enhance the release
of the neurotransmitter, including acetylcholine (nico-
tinic) and noradrenaline ([3,) presynaptic receptors.

Presynaptic heteroreceptors are receptors that modu-
late neurotransmitter release when they are stimulated
by neurotransmitters other than the neurone’s own trans-
mitter that are present in the synaptic cleft. For example,
noradrenaline nerve terminals possess presynaptic facil-
itatory angiotensin II receptors and presynaptic inhibi-
tory opiate receptors [37-39].

Presynaptic receptors are suitable targets for exoge-
nous drugs such as agonists or antagonists. Conse-
quently these receptors are targets of action for a new
generation of drugs that may intervene selectively at the
level of presynaptic release-modulating receptors [33].
Examples of the latter are the antidepressant mitazepine
that antagonizes o,-adrenoceptors and modulates the
release of noradrenaline and serotonin [40, 41], and the
neuroleptic amisulpride that is a selective antagonist at
D,/D; dopamine autoreceptors that modulate the release
of dopamine [33]. The improved efficacy of the atypical
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antipsychotics, such as clozapine and olanzepine, in the
treatment of schizophrenia, and their lower incidence of
motor side-effects, has been linked to their ability to
promote dopamine release via actions at auto- and het-
eroreceptors in the limbic and striatal regions of the
brain [2].

G-proteins and signalling
As discussed above, transmembrane GPCRs may acti-
vate G-proteins on the inner surface of the cell mem-
brane to continue the signal transduction initiated by the
drug binding to the GPCR [11]. The G-proteins are
composed of three subunits, namely the a-, B and 7y
subunits (hence the heterotrimeric character of G pro-
teins), where the - and <y-subunits function as a unit
(see Figure 1). The G-proteins can be subdivided into
four families (namely G, Gy, Gyi11 and Gyyy5 proteins)
[42] where GPCRs show selectivity for coupling to
these respective G-protein families. It has been found
that G, proteins primarily activate adenylyl cyclase, G;
proteins primarily inhibit adenylyl cyclase, G, proteins
primarily activate phospholipase C and G5 proteins
primarily regulate small GTP binding proteins (not men-
tioning, of course, other G-protein effectors). Within
these G-protein families, researchers have identified
several different subtypes of o-, B and y-subunits and
combinations thereof to even further complicate this
classification, although there are still many investiga-
tions and discussions about their relevance and function
[12, 43-45]. The same subtypes of subunits may also be
further subdivided into splice variants that may be
expressed differently in different tissue or with age [46].
To understand how potential future drugs, such as the
RGS-modulating drugs discussed below, may modulate
G protein function (and consequently signal transduc-
tion), it is important to understand more about the mech-
anism by which G-proteins function. In the inactive
state, the o-subunit of the G-protein is bound to GDP.
The complex formation between the active receptor
state and the G protein is followed by the release of GDP
from the o-subunit of the G protein, subsequently allow-
ing for a GTP molecule to bind. The G protein is now
activated and the a- and By-subunits become separated
(see Figure 1). The active GTP-bound o-subunit is
sometimes referred to as Goygrp) and the By-subunit as
GPBYy. These presumably mobile subunits are known to
influence cell function by, for example, altering enzyme
function (e.g. adenylyl cyclase or phospholipase C) and
the consequent production of second messengers (e.g.
cAMP or inositol-1,4,5-triphosphate (IP;) and diacylg-
lycerol) or to alter ion channel function [45].
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Within a fraction of a second the GTP on the Goygrp,
is hydrolysed to GDP by GTPase on the Ga and this
allows for the o.- and By-subunits to re-unite and to form
inactive G-protein complexes again.

RGS modulating drugs

Regulators of G-protein signalling (RGSs) are a family
of proteins that can modify (regulate) the signal trans-
duction by G-proteins. Because of their important phys-
iological function combined with several other special
properties, they are important potential drug targets.
Their proposed clinical significance will be discussed
further below. RGSs regulate G-protein signalling in any
of the following ways [45, 47, 48].

GAP function As mentioned earlier, the o-subunits of
G-proteins have inherent GTPase activity that hydroly-
ses GTP to GDP, thereby self-inactivating Gogrp, back
to Goygpp). The GTPase activity is inherently too low for
normal physiological functioning, but can be regulated
(greatly enhanced) by the RGSs, so that they accelerate
the inactivation of GOgrp) to GO gppy and thereby accel-
erate the G-protein cycle. As a result RGSs will also
shorten any R* and agonist-R* mediated signalling
duration and thereby weaken agonist action, as is illus-
trated in Figure 1. Since this function of the RGSs
relates to enhanced GTPase activity, RGSs with this
function are also referred to as GTPase activating pro-
teins (GAPs). The GTPase activating function of RGSs
is therefore sometimes referred to as their GAP func-
tion. It has been found that the majority of RGSs func-
tion as GAPs.

Non-GAP functions However, not all RGSs function as
GAPs. RGSs may also directly antagonize Go. effectors,
thereby preventing Go. from signalling to its effector.
Other functions and mechanisms (of lesser importance
for the purpose of this review) have also been proposed.
For example, RGSs may antagonize GPYy-subunits by
binding to, e.g. the B-subunit, thereby preventing the
unit from performing its physiological role. RGSs may
also directly bind to receptors or act as Go. effectors to
modulate signal transduction pathways.

RGSs are now regarded as important drug targets.
Currently there are no drugs registered as RGS modu-
lators, but active research is being conducted and the
following arguments support RGS modulating agents as
potential drugs of the future.

Several families of RGSs (each with subfamily mem-
bers) have been identified so far. RGS subtypes may
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show selectivity for various G protein subtypes, so that
it may be possible to target specific G proteins by tar-
geting specific RGSs with modulating drugs [47].

Importantly these various types of RGSs have been
suggested to be expressed selectively and differentially
in various tissues. RGS7 is expressed at higher levels in
the neocortex, hippocampus and certain nuclei than in
other brain regions [47]. RGS4 is abundant in many
brain tissues, but its expression can be regulated differ-
ently in different brain regions following stress or cor-
ticosterone administration (specifically a decrease in
paraventricular nucleus and pituitary and increase in
locus coeruleus) [47].

Altered RGS expression in disease has been reported.
In schizophrenia, for example, RGS4 expression is
decreased in the prefrontal cortex (as determined by
microarray analysis of mRNA in postmortem brain). It
is believed that this may account for typical symptoms
of schizophrenics in situations of stress [49]. Moreover,
in Parkinson’s disease it has been shown that the levels
of RGSY are increased in both the caudate and putamen,
relating Parkinson’s disease with decreased D,-receptor
signalling [50]. It has also been proposed that RGS
proteins associated with G, and G; proteins may be
linked to embryonic cardiomyocyte proliferation, as
well as cardiac hypertrophy and cardiovascular adapta-
tion to pressure overload and physiological stress in
adults [42].

Any selective inhibitor of a particular RGS type will
enhance agonist activity, making this an attractive
approach for drug discovery. The above mentioned data
on Parkinson’s disease and RGS9 suggests that a RGS9
antagonist may be of therapeutic benefit in patients with
Parkinson’s disease. Likewise a RGS4 agonist (or poten-
tiating agent) may be of therapeutic benefit in schizo-
phrenic patients. This therapeutic potential underscores
why current research is focusing on the development of
selective RGS modulating agents as novel drugs of the
future [48]. Whether this strategy will enable us to
modify GPCR-mediated signalling without affecting
associated problems such as receptor sensitization or
desensitization (see membrane trafficking below), how-
ever, still needs to be addressed.

Fine-tuning GPCR signalling

Although the human body expresses probably thousands
of different types and subtypes of GPCRs, the number
of GPCR effector types (e.g. second messenger systems)
are far less [12]. It is therefore obvious that the body
needs extraordinary and delicate mechanisms to differ-
entially regulate the various diverse cellular functions
with only a limited number of signalling pathways [51].



Researchers have put forward explanations such as the
specificity of GPCR coupling with G proteins [9, 11,
43], membrane organization [9, 44, 52-54] and signal-
ling cross-talk mechanisms [12, 55] to explain this
phenomenon.

Cross-talk suggests that signalling pathways may be
interlinked (can merge at some point), so that one type
of GPCR may influence the signalling of another (for
example the SSRI-induced SHT receptor-dopamine
cross-talk described in the introduction of this article).
Cross-talk is believed to be a general phenomenon, since
most cell systems have a large number of different
GPCR types with a much more limited number of effec-
tor (e.g. second messenger) systems [12]. A particular
GPCR type may couple to more than one G protein type
(receptor heterogeneity/promiscuity) or, conversely, dif-
ferent GPCR types may couple to the same metabolic
pathway of even the same G protein type [25, 55]. A
particular receptor (R,) may therefore be able to couple
to both G protein types G, and G, in a cell, or conversely,
if both receptor 1 (R,) and receptor 2 (R,) are able to
couple to a particular G protein (G,), it may be possible
that both R, and R, activate G, in the cell (see Figure
4). To illustrate this phenomenon, 0,,-adrenoceptors
can couple to G;, G, and G, proteins (although with
different strength) [53, 56, 57] and conversely both sero-
tonergic SHT,, receptors and muscarinic acetylcholine
M; receptors are known to couple to G, proteins [36,
58]. Thereby one cellular response may result from a
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diverging converging
signal transduction pathways
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\_/
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Figure 4

A schematic representation of how receptor promiscuity may lead to either
the divergence of one signal transduction pathway into several
downstream pathways or the convergence of signal transduction pathways
into one pathway. (A) R, represents a single GPCR type that couples to
two different G protein types G, and G,, thereby diverging the signal into
two independent signal transduction pathways. (B) R, and R, are two
different GPCR types that both couple to a particular G protein type G,, so
that their signals converge into one signal transduction pathway
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fine balance of several substances, and not merely by
the fluctuation of the concentration of one substance. In
the clinical setting, cross-talk is not a new concept. It
has been used to explain, for example, why antide-
pressants of different neurotransmitter selectivity (e.g.
(-)-noradrenaline or serotonin) ultimately evoke the
same neuronal response regardless of receptor selectivity.
Examples of this form of unpredictable post-receptor
cross-talk include similar antidepressant-induced
changes in biogenic amine metabolites and down regu-
lation of B-adrenoceptors in limbic regions of the brain
that correlate with improvement in depressive symp-
toms [2, 59]. The implications are that these far-reaching
inter-regulatory elements allow a particular underactive/
overactive pathway to be modulated, despite the drug’s
having a ‘select’ action on another extracellular receptor
system. Figure 5 illustrates various cell-surface recep-
tor-linked pathways utilizing G-protein-coupled second
messenger systems and how these pathways may inter-
act at the postreceptor level, e.g. at second messenger
level (e.g. cAMP-phospholipase C), at enzyme level
(e.g. cGMP-phosphodiesterase), at protein kinase level
and at the G-protein level (e.g. GG, interactions).
Activation, or inhibition, of one particular extracellular
receptor may modulate events set in motion by separate
extracellular receptor responses [2].

Another example of where future therapy may benefit
from our understanding of cross-talk, is in the treatment
of Parkinsonism. This severely debilitating disease is
caused by the progressive degeneration of dopaminergic
neurotransmission from the mesencephalon to the stria-
tum. Current therapy involves the replacement of central
dopamine, but is often associated with a progressive
decrease in efficacy and increase in dyskinesias. Recent
research indicates cross-talk between serotonergic
5HT,, dopaminergic D, and cannabinoid CB, recep-
tors. Since these receptors are shown to be colocalized,
it was suggested that their signal transduction systems
may converge [60]. In this regard, it has also been shown
that D;-receptor-mediated activation of adenylyl cyclase
can be completely blocked by CB, stimulation and, con-
versely, that dopamine receptors regulate the release of
endocannabinoids. In addition, it has been suggested
that in Parkinsonism, the brain might normalize striatal
function by elevating striatal endocannabinoids and CB;
receptors (receptor up-regulation). This has led to the
proposal that new cannabinoid-based drugs and inhibi-
tors that reduce the enzymatic breakdown of these deri-
vates might be useful in treating Parkinsonism [61]. One
such plant alkaloid, a main psychoactive component of
Cannabis sativa (dagga), exerts its effects by interacting
with cannabinoid receptors [60].
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Figure 5

A schematic representation of receptor cross-talk, illustrating various examples of GPCR signal transduction pathways, where B,-AR = B,-adrenergic receptor;

0,,-AR = 0,,-adrenergic receptor; 5HT,-R = serotonin type 2 receptor; NMDA-R = N-methyl-D-aspartate receptor; ER = endoplasmic reticulum;

AC = adenylyl cyclase; PLC = phospholipase CB; PDE = phosphodiesterase; PKC = protein kinase C; ATP/GTP = adenosine/guanosine triphosphate;
cAMP/cGMP = cyclic adenosine/guanosine monophosphate; PIP, = phosphatidyl inositol biphosphate; IPs/IP, = inositol tri/tetra-phosphate; NO = nitric
oxide; NOS = nitric oxide synthase; @ = stimulating effect; © = inhibitory effect

Membrane organization, on the other hand, would
suggest that different GPCRs and G proteins are con-
centrated in specialized and distinct microdomains on
the cell membrane, as opposed to random distribution
or freely diffusible systems [12, 44]. For example, if R,
and R, are able to couple to a G, it may be possible that
only R, activates G, in the cell, simply because R, and
G, are colocalized, whereas R, is located in a different
microdomain. In a second cell type, R, and G, may be
colocalized and therefore R, can activate G,. Membrane
organization would therefore provide us with an expla-
nation for differences in the regulation of the same signal
transduction pathway in different cells and also explains
why the signals of two receptors linked to the same G
protein do not necessarily merge. The significance of the
close association of signalling proteins in cellular micro-
domains is not yet fully understood, but it may serve to
recruit important components, thereby enhancing effi-
ciency and rapidity of coupling, or to hold signalling
molecules inactive until needed or even to attract signal-
ling components to terminate the signal [12].

Agonist-directed trafficking of receptor signalling
(ADTRS) is a recent concept in molecular pharmacol-
ogy that also may impact on clinical therapeutics in the
future [26, 62—-64]. GPCRs are known for their hetero-
geneous coupling to G-proteins, meaning that a partic-
ular GPCR type may be able to couple to more than one
type of G-protein. As an example, 0,5-adrenergic recep-
tors are able to couple to G;, G, and G, proteins [53, 56,
57], but with different affinity. The following cases can
be distinguished:
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In cells containing all three of these G-proteins, it is
predicted by classical theory that a maximal concentra-
tion of a strong agonist will be able to cause the activa-
tion of all three G-protein types to the maximum
(100%), while a maximal concentration of a partial ago-
nist will cause equal but partial activation of all three G
proteins (i.e. < 100%). Therefore, if a particular agonist
is able to cause activation of one type of G protein type
(e.g. G; proteins) to a certain percentage of its maxi-
mum, it will also cause the activation of the other types
of G proteins (e.g. G, and G; proteins) to exactly same
percentage of their maximum [62].

According to the concept of ADTRS, however, there
may be agonists that activate the GPCR in such a way
that it selectively activates only one G-protein type. An
example of such action is to be found in the weak o-
adrenoceptor agonist, (-)-isoproterenol, that activates
o-adrenergic receptors in such a way that it selectively
activate G, as opposed to G; proteins [63]. Similar find-
ings were reported for serotonergic SHT, receptors [62].
This can be explained by assuming a model where dif-
ferent active receptor states (R* and R*¥) are responsi-
ble for activating the different G proteins (see Figure 6).
Agonists that selectively promote only one active recep-
tor state (i.e. R* or R**), have been referred to as ligand-
selective agonists or receptor active-state selective
agonists. Since different G-proteins activate different
metabolic pathways (or activate the same pathway dif-
ferently), ADTRS allows selective activation of only one
metabolic pathway by a receptor. If, for example, one
metabolic pathway accounts for unwanted side-effects
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A schematic representation of how the three-state receptor model for
GPCRs explains the phenomenon of agonist-directed trafficking of receptor
signalling (ADTRS). R is the inactive receptor state, R* the active receptor
state coupling to and activating G-protein type 1 (G,) and R** is a second
active receptor state coupling to and activating G-protein type 2 (G,). R,
R* and R** are in constant equilibrium. Agonists that binds equally well to
R* and R** will not display ADTRS, whereas agonists with selective binding
to either R* or R** will favour coupling of the GPCR to either G, or G,,
respectively, thereby selectively activating one signal transduction pathway
and therefore displaying ADTRS

and the other for the beneficial therapeutic pathway of
most agonists of a receptor type, then an agonist that
selectively activates the therapeutic pathway will be
beneficial. In the search for new drugs, it is therefore
important not only to search for drugs that are more
selective for particular receptor subtypes, but also for
drugs that may work on the same receptor, but prefer-
entially activates appropriate metabolic pathways or that
selectively inhibits the inappropriate metabolic pathway.
As a relatively novel concept, ADTRS has not found
place in the clinical therapeutic setting as yet.

Protean agonism is another interesting concept in
molecular pharmacology that is related to ADTRS. This
unique type of agonism describes a situation where a
particular agonist is able to present itself as an agonist
in one system and as an inverse agonist in another sys-
tem, but at the same receptor [26, 65, 66]. Protean ago-
nism is currently being researched and there are several
examples of drugs that have been suggested to act via
this mechanism. The mechanism behind protean ago-
nism is rather complex and falls beyond the scope of the
review. As with ADTRS, protean agonists may, at least
in theory, hold potential therapeutic benefits in that it
may reveal agonism selective to one tissue, while acting
as inverse agonist or antagonist in another.

Receptor function may further be regulated by recep-
tor trafficking, whereby the cell regulates the number of
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available receptors in the membrane. The body uses this
mechanism to prevent continuous over stimulation of a
particular receptor. GPCR trafficking is also believed to
play an important role in drug abuse, for example with
the opioids (morphine and related drugs) and hallucino-
gens (e.g. lysergic acid diethylamide or LSD), where it
causes tolerance associated with typical drug seeking
behaviour [67]. The chronic use of antidepressants
(including several tricyclic antidepressants, selective
serotonin reuptake inhibitors (SSRIs), monoamine
oxidase inhibitors and atypical antidepressants) and
antipsychotics have also been associated with the down-
regulation of serotonergic 5-HT,, receptors. Paradoxi-
cally, both agonists and antagonists at 5-HT,, receptors
have been shown to down regulate these receptors [68].
It has also been suggested that future drugs that regulate
the trafficking of dopaminergic receptors may have ther-
apeutic value in Parkinson’s disease [69].

Receptor trafficking typically includes the processes
described below [20, 68, 70] (for an animation of ago-
nist-induced activation of GPCRs, receptor desensitiza-
tion, internalization and eventual recycling, see http://
archive.bmn.com/supp/tips/tips2210a.html) [20]:

Receptor desensitization Receptor desensitization is
the initial process whereby an agonist-bound receptor is
phosphorylated by G-protein-coupled receptor kinases
(GRKs). The phosphorylated receptor subsequently
binds to so called arrestins to potentiate the desensitiza-
tion, rendering the receptor nonfunctional. This is a
rapid process that may occur within seconds after ago-
nist stimulation and can be viewed as a negative feed-
back mechanism whereby the body prevents the
excessive stimulation of a particular receptor. The pro-
cess whereby an agonist desensitizes its own receptor is
known as homologous receptor desensitization, such as
is found with the overuse of P,-adrenoceptor agonists
(bronchodilators such as salbutamol) in asthma. It is,
however, also possible that stimulation of one receptor
may desensitize another, known as heterologous recep-
tor desensitization, where generally protein kinase A or
C (and not GRK) is be responsible for the receptor
phosphorylation.

Receptor sequestration and internalization Once de-
sensitized, GPCRs are scaffolded to specific membrane
regions where the membrane folds inward (invagina-
tion) to form vesicles (so-called clathrin-coated pits),
enclosing the GPCRs. These GPCR containing vesicles
are released into the cellular cytoplasm by a process
called internalization. Some GPCRs (e.g. muscarinic
acetylcholine receptors) are internalized via caveolae (a
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smooth nonclathrin vesicle, containing caveolin), but
this alternative endocytosis pathway for GPCRs needs
more thorough investigation.

Receptor degradation or recycling Once internalized,
the GPCR can be either metabolized by lysosomes
(down-regulation) or dephosphorylated and recycled to
the cell membrane to restore function (resensitization).

Research data suggest that desensitization and down-
regulation can be dissociated, implying that a drug may,
for example, cause desensitization without down-regu-
lation. Also, since it is assumed that receptor internal-
ization may be necessary for dephosphorylation and
recycling (resensitization) of desensitized receptors,
drugs that inhibit receptor internalization but not recep-
tor desensitization may actually lead to an increased
number of receptors remaining in the desensitized state
[68]. Studies suggest that an increase in the number of
desensitized [L-opioid receptors may be associated with
treatment with morphine [71] and fentanyl [72]. This
increase in the number of desensitized receptors is pre-
sumably responsible for the tolerance and associated
drug seeking behaviour. Although both morphine and
etorphine induce tolerance after seven days treatment in
mice, only etorphine produces LL-opioid receptor down-
regulation [73]. Similar results have been obtained in
cell cultures [74]. These results suggest that opioid ago-
nists may regulate trafficking proteins differentially. It
has also been shown that L-type calcium channels may
be involved in p-opioid receptor trafficking, since cal-
cium channel blockers, such as nimodipine, are able to
prevent L-opioid receptor down-regulation by agonists
[75]. In addition, it has been shown that the body con-
trols chronic inflammatory pain by increasing d-opioid
receptor expression (receptor up-regulation) and the
recruitment of intracellular receptors to the plasma
membrane, thereby decreasing pain. This finding has
initiated the challenge to develop endogenous enkepha-
lin-like peptides for controlling inflammatory pain [76].
All of the above allows us to appreciate not only the
complexity of this phenomenon, but also illustrates the
importance thereof for drug interactions in therapeutics.

Dimerization and oligomerization of GPCRs is
another mechanism whereby the fine-tuning of the sig-
nal transduction systems is accomplished. Dimerization
implies structural complex formation between two
GPCRs to operate/function together, whereas oligomer-
ization would imply more than two GPCRs in such a
complex. We also distinguish between homodimeriza-
tion and heterodimerization, where the former would
imply that two identical GPCRs would form a complex,
whereas the latter imply that two different types of
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GPCRs form a complex. Dimerization may be necessary
for efficient agonist binding and signalling or may even
generate new drug binding sites [8, 20]. It has been
shown that adenosine A; and dopaminergic D, receptors
form dimers, suggesting that future drug treatments for
Parkinson’s disease may be targeted at adenosine recep-
tors rather than at dopaminergic receptors [8].
Different isoforms of GPCRs (differences in amino
acid sequence) have been implicated in specific disease
states, resulting from alternative splicing or mRNA edit-
ing. These substitutions of one or more amino acids
within the GPCR protein may lead to altered activity or
ligand-binding properties of the receptor. It is now rec-
ognized that interindividual or interpopulation dif-
ferences in drug responses may result from genetic
polymorphisms. Best studied are polymorphisms that
influence drug metabolism, but there are also numerous
studies suggesting polymorphisms of receptors, notably
B:- and PB,-adrenergic receptors [77, 78]. For example,
B,-adrenergic receptor desensitization following contin-
uous agonist exposure is less profound in individuals
with a homozygous Arg-to-Gly amino acid change at
codon 16 of the B,-adrenergic receptor (ADRB2 gene)
[79], whereas this polymorphism has also been shown
to be associated with a lesser immediate response to a
single dose bronchodilator [80]. Therefore, prior knowl-
edge of B,-adrenergic receptor polymorphism may pre-
dict patient response and direct therapeutic approach in
asthmatic patients. For example, it may be advisable to
start earlier and more aggressively with anti-inflamma-
tory therapy in asthmatic patients with homozygous [3,-
adrenergic receptor codon 16 Arg/Arg [81]. However,
since multiple, distinct single-nucleotide polymor-
phisms are usually possible for a receptor gene, it may
be important to study patterns of the altered functional
properties resulting from various combinations of the
possible amino acid changes (haplotype structures).
Such combinations of amino acid changes may in con-
cert be different from the sum total of the individual
functional changes induced by the single-nucleotide
polymorphisms. Technology may soon make haplotype
analyses generally accessible. Another example of the
potential of exploiting polymorphism in the clinical set-
ting has been found for the serotonergic SHT,c receptor
in the human prefrontal cortex of depressed suicide vic-
tims, where premRNA editing has been shown to exist.
Strikingly, fluoxetine has also been shown to cause
mRNA editing in mice exactly opposite to that seen in
the depressed suicide victims, suggesting that it may
reverse such abnormalities in humans [82]. Further-
more, G protein mutations, with resulting altered signal-
ling function, have been observed in hypertensive



patients, patients with testotoxicosis and patients with
type 1 pseudohypoparathyroidism [83].

Conclusions

Understanding molecular receptor and signal transduc-
tion pharmacology enables practitioners to improve
their understanding and effective implementation of cur-
rent and future pharmacotherapy. It helps practitioners
to understand and predict possible drug interactions,
develop and improve therapeutic strategies and with
subsequent enhancement of the quality of life of their
patients. According to Kenakin [26] the challenge for
the next millennium in drug discovery and receptor
pharmacology will be to exploit the complex pharmaco-
logical properties of the drugs acting on GPCRs for
therapeutic advantage. New findings in the near future
in the field of GPCRs will indeed lead to novel thera-
peutic approaches aiming at the optimization of drug
therapies.
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