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I. Introduction

TRADITIONALLY, different receptors have been distin-
guished by drugs (chemicals) for which the receptors
vary in their responsiveness. This has led to the gradual
recognition of additional receptors for the same ligands.
As the structures of the ligands have been refined, this
has allowed the distinguishing of multiple subtypes of
receptors. The central problem in identifying new recep-
tors, thus far, has been in defining the significance of
variations in pharmacological properties, i.e., what is the
minimum difference that is necessary to establish a new
subtype. The recent cloning of numerous receptor mole-
cules for many of the major neurotransmitters has made
it clear that there are often more clearly distinct receptor
molecules expressed in a single mammalian species than
can be easily distinguished with available drugs. Al-
though these molecules can be expected to eventually
provide the basis for identifying the corresponding recep-
tors and may allow the development of more selective
drugs, the current lack of sufficiently selective drugs
means that it is difficult to establish the physiological
functions that more selective drugs might target.

Nevertheless, it is clear that many more such receptors
will be identified in the near future and that to minimize
confusion in the literature, it will be necessary to arrive
at a generally accepted definition of what constitutes
new receptors, as well as a means of naming them. These
issues have been central to the deliberations of the In-
ternational Union of Pharmacology Committee on Re-
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ceptor Nomenclature and Drug Classification. In this
paper, we summarize the current pharmacological and
molecular approaches to the definition of the criteria by
which alterations in cellular function resulting from the
presence of a ligand can be ascribed to specific receptors
for that ligand and present suggestions for the naming
of these receptors.

I1. Receptors: An Operational Definition

We will discuss some criteria by which alterations in
cellular function resulting from the presence of a ligand
can be ascribed to specific receptors for that ligand in
the biological system. It will be axiomatic that the main
criteria for qualification for the operational term receptor
are the functions of recognition and transduction. By this
definition, a receptor must recognize a distinct chemical
entity and translate information from that entity into a
form that the cell can read to alter its state accordingly,
e.g., by a change in membrane permeability, activation
of a guanine nucleotide regulatory protein, an alteration
in the transcription of DNA.

Langley, a pioneer in the field of receptor research,
defined a receptor (in his words, “receptive substance”)
as being the site of competition for agonists and antag-
onists (recognition) and the vehicle for the transmission
of the stimulus of agonist interaction to the cell (trans-
duction) for the production of a physiological response.
The criterion of transduction may require further dis-
cussion for processes known to produce a biochemical
change in a cell with an as yet unknown physiological
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resultant. These criteria would exclude sites that are
concerned with the biological disposition of molecules
but not cellular metabolism (i.e., “silent” receptors). In-
cluded in this category would be the neuronal uptake site
for catecholamines (targets for tricyclic antidepressants)
and sites such as the clearance receptors for atrial natri-
uretic factor (Maack et al., 1987). For these to be in-
cluded, modifications to the criteria of transduction
would need to be made. This definition also distinguishes
binding sites with no known physiological significance
(i.e., “acceptors”; Furchgott, 1972; Ariens, 1984; Green
and Maayani, 1987; Laduron, 1987) from receptors. This
definition does not differentiate entities currently
thought to be pharmacological receptors from enzymes.
To differentiate these, we would stipulate that the rec-
ognition unit should not chemically alter the endogenous
ligand. This would separate enzyme substrates from hor-
mones, neurotransmitters, and other agonists for drug
receptors.

III. Functional Tissue Systems

The relative merits, strengths, and weaknesses of dif-
ferent approaches to receptor pharmacology have been
debated. In general, multicellular systems such as iso-
lated tissues have the advantages resulting from stimulus
amplification mechanisms, because these allow the quan-
tification of agonist efficacy. Also, they are better predic-
tors of drug response in humans. However, by their
nature, these systems necessitate indirect approaches to
receptors that binding does not require. A schematic of
the relative merits of various systems used to study drugs
is given in figure 1.

A relatively new development in this debate is the
discovery that receptors may interact with each other on
the level of the cell membrane by sharing effector cou-
plers. For example, a common coupling G protein may
be shared by opioid and a,-adrenoceptors in NG108-15
cells (Lee et al., 1988), rabbit locus coeruleus neurons
(Aghajanian and Wang, 1987; Christie et al., 1987), and
rabbit cortex (Limberger et al., 1988). Under these cir-
cumstances, isolated tissues would be better predictors
of organ responses to drugs than subcellular or reconsti-
tuted systems. However, from the point of view of recep-
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FiG. 1. Representation of different systems for the pharmacological
study of drug receptors. Some theoretical advantages of various test
systems (from Kenakin, 1987a).
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tor classification, these interactions may prove to be a
serious complication.

Perhaps more relevant is the potential for isomeriza-
tion of receptors in different systems (both physiological
and artificial such as expression systems) by complex
formation with membrane-bound proteins (i.e., G pro-
teins). This is a well-known phenomenon for many ago-
nists, making them unreliable tools for receptor classifi-
cation. Ternary complex formation and receptor isom-
erization are assumed not to occur with antagonists.
However, antagonism is a pharmacological definition
bestowed upon a drug because it blocks the effects of an
agonist and does not produce a measurable response. To
completely rule out receptor isomerization, it must be
shown that the experimental system possesses the re-
ported properties and amplification characteristics to
demonstrate low levels of agonism. In general, there is
no reason a priori to assume that ternary complex for-
mation among a ligand, receptor, and G protein will
summarily promote dissociation of the «, 8, and v sub-
units of the G protein and, thus, reveal agonism. Recent
data concerning antagonists that actively destabilize ter-
nary complex formation (Costa and Herz, 1989; Costa et
al., 1992) show that the observed affinity can be greatly
dependent on G proteins in membrane systems. Under
these circumstances, the environment of the receptor can
determine measured affinity, thereby introducing theo-
retical and practical problems with the use of such an-
tagonist affinity data for receptor classification. These
ideas are discussed further in relation to the concepts of
negative efficacy and receptor precoupling (vide infra).

IV. Pharmacological Criteria for Classification

A prerequisite for a meaningful discussion of possible
criteria for receptor definition should be the presentation
of the limitations of the methods used to estimate the
parameters on which the criteria are based.

A. Recognition

Discussion of the definition of receptors inevitably
centers on the criteria for classification of receptors.
Much has been written about the pharmacological cri-
teria for receptors, both from the point of view of binding
and isolated tissue studies (Furchgott, 1972; Black, 1981;
Molinoff et al., 1981; Laduron, 1984; Laduron, 1987;
Green and Maayani, 1987; Kenakin, 1987a; Nahorski,
1987; Braestrup and Andersen, 1989; Green, 1990). In
terms of receptor binding studies, it is generally agreed
that ligands must have selectivity, bind in a saturable
manner, and, where appropriate, demonstrate stereose-
lectivity for the proposed receptor. It is expected that
there be a class of chemicals that bind selectively to
receptors, in a saturable manner, that can be displaced
competitively by other chemicals or removed by washing
with drug-free media. Often added to this list is the need
for an endogenous agonist in addition to selective binding
with foreign ligands. This would exclude classifications
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such as cannabinoid receptors for which, currently, there
is no known endogenous agonist. In such cases, this
condition has less to do with definition of the receptor
than with its proper identification. Although the princi-
ple of naming a receptor after its endogenous agonist
should be maintained wherever possible, the withholding
of receptor status from an entity, which otherwise satis-
fies all criteria for defining a receptor, could be counter-
productive. Such “receptors” should be accepted as re-
ceptors with the understanding that the name should be
changed when the identity of the endogenous ligand
becomes clear. One potential error in doing so is that we
might be giving two names to the same receptor, if its
endogenous ligand turns out to be one for receptors that
already have been identified. A related error, e.g., the
identification of subtypes of substance P receptors before
the identification of the related peptides, neurokinin A
and neurokinin B, is that we incorrectly give one agonist
name to a group of receptors that actually has a group
of closely related endogenous agonists. Occasional errors
of both types are unavoidable in a useful nomenclature
system.

The traditional method of receptor classification has
been by the relative potencies and selectivities of antag-
onists and agonists. Specifically, the following criteria
have been used: (a) affinity of antagonists, (b) potency
ratio of agonists, (c) affinity of agonists, and (d) relative
intrinsic efficacy of agonists. It is worth considering these
methods and how they are used in the receptor classifi-
cation process.

1. Antagonists. The measurement of antagonist po-
tency in functional assays by the Schild technique (Arun-
lakshana and Schild, 1959) has yielded an abundance of
data for receptor classification. Under these conditions,
the abscissal intercept of a Schild regression (under

equilibrium conditions with compounds interacting at a -

single site) with the antagonist tested over a concentra-
tion range yields an important parameter for receptor
classification. If the regression is linear with unit slope,
this parameter is defined as an estimate of the equilib-
rium dissociation constant of the antagonist-receptor
complex. If one assumes that antagonists bind competi-
tively to the agonist-binding site, differences in the equi-
librium dissociation constants of antagonist-receptor
complexes measured with this method can be used to
define receptor subtypes. A suggested standard for the
proposal of a novel receptor subtype is for the dissocia-
tion constant (Kg) of a compound (or ideally two com-
pounds with chemically diverse structures) to exhibit a
1 log unit or greater difference from its value(s) at known
receptors. In general, the minimal requirements for ac-
curate estimation of Kg values by this method are as
follows.

1. Measurements must be made under equilibrium
conditions (Furchgott, 1972, 1978). There is much data
to show how nonequilibrium conditions can give the

appearance of equilibria and simple competitive antago-
nism (Kenakin, 1987b) yet yield erroneous estimates for
Kp (fig. 2). Three major objectives in establishing equi-
librium conditions are: (a) elimination of sites of loss
including biological processes such as uptake systems
and degradative enzymes, as well as protection from
physicochemical breakdown (i.e., autooxidation of cate-
chols) of the ligands interacting with the receptor; (b)
the elimination of the possible interference from endog-
enously released ligands that interact with the receptor;
and (c) the achievement of temporal equilibrium. In
general, these conditions are of much greater concern for
agonists than antagonists, particularly when using iso-
lated tissue preparations.

2. The Schild regression is based on the assumption
that the observed antagonism is of the simple competitive
type. Under these conditions, a slope that is different
from unity has no meaning in terms of the chemical
constant of interaction between an antagonist and a
receptor. Therefore, if the slope is not statistically dif-
ferent from unity, it should be constrained to unity
(MacKay, 1978) and the intercept utilized as an estimate
of the Kg. This is based on the assumption that an
infinite number of assays would yield a slope exactly
equal to unity.

3. The regression should be linear with unit slope over
a considerable concentration range (minimally 30- to
100-fold where possible). There are instances in which
physiological antagonism (e.g., 8-adrenoceptor-mediated
inhibition of cholinergic contraction in guinea pig tra-
chea; Kenakin, 1982) can produce linear Schild regres-
sions of unit slope. This usually cannot be demonstrated
over large ranges of concentration.

4. One possible criterion for defining receptor differ-
ences via Schild analysis is a difference in the elevation
of regression lines, i.e., a difference in location along the
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F1G. 2. Potential Schild regressions and possible experimental con-
ditions that would cause deviation from simple competitive behaviour
(from Kenakin, 1987b). .
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log antagonist axis that would indicate a difference in
Kg (Snedecor and Cochran, 1967). Because regression
lines are used to characterize antagonist potency, a sta-
tistical comparison would remove subjectivity (Kenakin
and Black, 1978). This also would eliminate character-
izations such as “receptor subtype X-like” when two
regressions are similar but not coincident.

A potential complicating factor in Schild analysis is
the case in which receptors are substantially precoupled
to G proteins in the absence of agonists (Costa et al.,
1990, 1992). Under these circumstances, there would be
a heterogeneity of binding sites available to the antago-
nist, if the precoupled receptor has a different confor-
mation than the uncoupled one. This also raises the
specter of negative efficacy for antagonists that may
stabilize the guanosine diphosphate-G protein complex.
The potency of such antagonists then would be subject
to the relative proportions of receptor and G protein and,
thus, would be tissue dependent (Wregget and DeLean,
1984; Costa and Herz, 1989; Costa et al., 1992). The
degree of precoupling of receptors can produce a sinistral
shift of the Schild regression but no detectable nonline-
arity (Costa et al., 1992). Therefore, no obvious indica-
tion of coupling protein effects would be seen by Schild
analysis. Such drugs would vary in effectiveness in dif-
ferent systems of varying degrees of receptor precoupling,
which, in turn, has been shown to vary with experimental
conditions such as cellular integrity (Costa et al., 1992).
Presently, it is unclear to what extent this is a significant
hazard in classification of receptors with antagonists, but
differences in observed antagonist affinity with cellular
integrity and/or cyclic nucleotide levels would be indi-
cators of a potential problem.

Although a case could be made for a purely pharma-
cological definition of receptors based on the quantitative
scale of potency of antagonists, a point to be considered
is the possibility that different binding domains of recep-
tors then might be classified as unique receptors. It is
known from deletion mutation studies that different
binding domains for agonists and antagonists can be
differentiated for agonists and antagonists. These data
and that of others open the possibility that many drugs
thought to be competitive with agonists for common
binding sites may, in fact, be allosteric effectors binding
to sites physically removed from the agonist-binding site.

A possibly useful technique to differentiate true com-
petitiveness at a common site on the receptor and allo-
steric interaction is resultant analysis with which the
antagonism of a “test” antagonist is measured in con-
junction with that of a “reference” antagonist (Black et
al., 1986; Kenakin and Beek, 1987; Leff and Morse, 1987).
This method is similar to the additive dose ratio method
to determine competitiveness (Paton and Rang, 1965)
but has the added advantage of compensating for sec-
ondary effects of the test antagonist. This is because the
“control” dose-response curve is determined in the pres-
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ence of the test antagonist, thereby canceling secondary
effects on the blockade produced by the reference antag-
onist thereafter. Resultant analysis can be used to dif-
ferentiate apparent simple competitive antagonism from
allosteric interaction (Kenakin and Boselli, 1989).

There are data to suggest that the agonist binding for
at least some G protein-linked receptors is contained
within the seven membrane-spanning portions of the
receptors and that these regions are the most highly
conserved in terms of amino acid homology across species
and tissues. If allosteric effectors are used for receptor
classification and these drugs bind to the heterogeneous
outer portions of receptors removed from the endogenous
agonist-binding site, then it would be possible that het-
erogeneous binding across species and tissues could re-
sult not from differences in the endogenous agonist-
binding domain but, rather, from differences in allosteric
modulation sites. Under these circumstances, it would be
possible that receptor heterogeneity would not be de-
tected by the interaction of the receptor with endogenous
agonists but only with foreign ligands. Thus, it could be
conceived that the classification of receptors on the basis
of allosteric sites might open a “Pandora’s box” of het-
erogeneity because, conceivably, receptors constructed in
various cells from different species would be different,
due to the availability of different materials for receptor
construction. In practical terms, such a Pandora’s box
might translate into a cornucopia of potential pharma-
cological selectivity. However, the danger for therapeutic
pharmacology would be that structure-activity relation-
ships, based on such regions in one test system used for
screening molecules for biological activity, might not
have a counterpart in the human receptor.

There now is mounting evidence that, even when all
known nonequilibrium conditions are effectively neu-
tralized or allowed for, there still is considerable hetero-
geneity in estimated Kg values as measured in a func-
tional system. One daunting prospect is the possibility
of variable affinity of ligands for receptors resulting from
differences in membrane components (Bevan et al.,
1989). It is well known that differential purification of
receptors can produce differences in binding profiles for
agonists and antagonists. Of potentially greater concern
are data to suggest that flexibility is a characteristic of
receptors required for their function with respect to
transduction. Under these circumstances, the re-
arrangement of subunit structure would be a major de-
terminant of ligand affinity and this, in turn, would be
sensitive to the environment for that receptor (Wein-
stein, 1987). This protean nature of receptors suggests
that uniform classification, based solely upon ligand
recognition, would be more variable than assumed, if the
receptor were simply a recognition unit with no trans-
ducing properties. The potential for negative efficacy and
receptor precoupling should introduce caution in assum-
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ing that ligand affinity for receptors will provide the gold
standard for classification.

2. Agonists. Receptors also have been classified phar-
macologically with agonists, but the possible problems
with this approach are compounded by the added drug
property of intrinsic efficacy. Specifically, agonists pos-
sess the properties of affinity (like antagonists) and also
efficacy, the ability to impart a change of state in the
receptor. Historically, agonist potency ratios have been
the established method of receptor classification by ag-
onists, the most well-known example being the classifi-
cation of adrenoceptors into « and 8 subtypes by Ahlquist
(1948). The premise is that the potency of an agonist
depends upon the drug factors of intrinsic efficacy and
affinity and, also, the tissue factors of receptor density
and the efficiency with which the receptors are coupled
to effector mechanisms. In a given tissue in which two
agonists are compared directly, the tissue factors cancel
and their relative potency depends only upon the drug
parameters efficacy and affinity. Under these circum-
stances, the relative potency of agonists becomes a recep-
tor “fingerprint” which can be utilized in receptor clas-
sification. Sometimes, this method is degraded to the use
of the relative order of potency for classification, but this
can lead to serious errors. Given the prerequisite that
the relative potencies of agonists depend only upon drug-
related parameters, agonist potency ratios should be
useful measures of receptor subtypes. However, recent
evidence indicates that the magnitude of both the affinity
and efficacy of agonists may not be independent of tissue
factors.

In terms of the affinity of agonists for receptors, even
when care is taken to attain equilibrium conditions in
isolated tissue preparations, theoretical modeling and
experimental data have shown that the scales of potency
and selectivity of agonists all can be obfuscated in intact
systems (MacKay, 1987; Kenakin, 1989). If the agonist
induces a change in the receptor to which it is binding
(e.g., as in an ion channel from a closed to an open state,
the formation of a ternary complex with a membrane-
coupling protein), then the existing methods for the
estimation of the affinity of agonists for receptors yield
an apparent affinity that may characterize the complete
mechanism of receptor activation (Colquhoun, 1987).
This would include membrane components in addition
to the receptor, and, therefore, these data would not be
useful for receptor classification (MacKay, 1978; Leff
and Harper, 1989; Leff et al., 1990; MacKay, 1990; Ken-
akin et al., 1990). Errors in the estimation of agonist
affinity would lead to concomitant errors in agonist
potency ratios.

B. Transduction

By definition, the transduction aspect of receptor
mechanisms suggests selective interaction of the receptor
with unique membrane or cytosolic components of the

cell that then carry the message imparted by the drug.
Theoretically, part of the receptor classification process
could include information about the transducing recog-
nition sites on the receptor and even to the overall
observed physiological response. In terms of agonist ac-
tivity, there are two possibilities for receptor classifica-
tion: the type or the magnitude of the response.

The type of response clearly is inadequate as a tool for
classification. Data from a number of sources demon-
strate considerable “cross-talk” between receptors and
effector systems. It has been shown in reconstitution
studies that many receptors are capable of interacting
with more than one type of G protein, and there is
suggestive evidence that this may occur physiologically
in cells (Kenakin, 1988, 1990). Classification by physio-
logical function is not practical from the point of view
that a given biochemical process may have different
effects in different cells depending on the processing of
the biochemical signal. Also, some agonists are known to
be pleiotropic, producing many biochemical effects in
cells that may also be differentially coupled to cytosolic
processes. Therefore, it is conceivable that agonists of
low intrinsic efficacy would activate only the most effi-
ciently coupled of these processes and produce a profile
of activity different from that of a powerful high-efficacy
agonist. Under these conditions, agonists of differing
intrinsic efficacy could produce different pharmacologi-
cal effects by activating the same receptor. For example,
opioid receptors mediate the inhibition of adenylate cy-
clase and the stimulation of GTPase in NG108-15 cells,
but the latter effect is more sensitive to diminution of
receptor density (smaller effective receptor reserve)
(Costa et al.,, 1988). Presumably, the stimulation of
GTPase also would be less sensitive to activation by low-
efficacy agonists. Given these constraints, classification
by effector would seem to be unsuitable.

The other possibility is to use the magnitude of re-
sponse to a given agonist for classification. It is clear
that the intrinsic activity of agonists is not a useful
parameter for receptor typing, because its magnitude
varies with the efficiency of stimulus-response coupling.
There are numerous examples of low-efficacy agonists
that produce direct responses only in highly efficiently
coupled tissues and act only as antagonists in other
systems. Therefore, null methods must be used to factor
out the tissue effects and, hopefully, yield parameters
relating only to the agonist-receptor pairs. Theoretically,
the measurement of relative efficacy of agonists fulfills
this function, but again, the complexity of membrane
dynamics needs to be considered. Measurements of effi-
cacy and relative potency would be invalid measures of
receptor selectivity in cases in which receptors are pro-
miscuous with respect to the effector coupling proteins
with which they interact (Kenakin, 1988; Kenakin and
Morgan, 1989). For example, in IMR-32 tumor cells, the
M; muscarinic acetylcholine receptor subtype selectively
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couples to phosphoinositide hydrolysis and the M, sub-
type to inhibition of adenylate cyclase, but in cells con-
taining M, subtype mRNA, the expressed M. receptor
couples to both responses (Pinkas-Kramaski et al., 1990).
An example of where receptor promiscuity, with respect
to receptor-effector coupling mechanisms, may occur in
native membranes is in rat pancreatic acinar cells. In
this system, cholecystokinin functionally interacts with
six G, proteins and with G;l1, G;2, and G;3 proteins as
well (Schnefel et al., 1990). Another may be adenosine
A, receptors from bovine brain which copurify with G;1,
G;2, and G, when activated by an agonist (Munshi et al.,
1991). The ability of this receptor to interact with all
three G proteins with agonist activation was confirmed
in reconstitution studies. Under these circumstances,
different agonists could predispose the formation of dif-
ferent ternary complexes, making the relative availability
of G proteins in various membranes a determinant of
efficacy. In these systems, the relative agonist potency
and/or intrinsic efficacy would not be useful scales for
receptor classification.

Given these potential pitfalls to the use of agonists for
receptor classification, the following would be a minimal
list of requirements for their use. (a) As for antagonists,
equilibrium conditions should be attained. For agonists,
this may be more difficult in view of biochemical mech-
anisms in tissues that are designed to remove endogenous
agonists from the receptor compartment (i.e., degrada-
tive enzymes, uptake processes). It is a prerequisite for
receptor classification studies that the concentration of
drug at the receptor be known accurately. (b) Potency
ratios should be used and not rank order of potency. The
correct use of agonist potency ratios always ensures
correct rank orders, but the converse is not always true.
(c) If a receptor subtype is being classified, the endoge-
nous agonist for that receptor subtype must be included
in the analysis. (d) Agonists should demonstrate stereo-
selectivity at the receptor where appropriate.

V. Molecular Biology Relevant to Receptor
Characterization

Two problems have plagued a purely pharmacological
definition of receptor subtypes. The first is the question
of whether observed pharmacological differences repre-
sent different receptor molecules or simply cell-specific
differences in the environment of a common receptor
molecule. This question has arisen in several forms in
the preceding discussion. The second is the problem of
knowing whether there is a pure receptor population in
a given tissue, a problem that may generally have been
underestimated. The cloning of receptors has revealed
that there are often more different receptor molecules
for a given ligand than generally recognized pharmaco-
logical subtypes. Although one might be inclined to ex-
pect that, therefore, there will be a distinct receptor
molecule everywhere there is a reasonable suggestion of

a pharmacological subtype, one should expect that in
some cases there will be fewer distinct molecules than
there are apparent pharmacological subtypes, because of
cell or species-specific variations in the properties of
what should be considered a single receptor molecule (see
section IV for a discussion of species variation). A cor-
ollary of the existence of previously unrecognized sub-
types is the observation that the occurrence of multiple
subtypes in a tissue, or even a cell line, is more common
than had been generally recognized. The introduction of
molecular biology in the form of cloned receptors pro-
vides a basis for alleviating these problems.

The characterization of cloned receptors should even-
tually provide the information on which to base a no-
menclature that truly reflects the molecular identity of
the receptors so that a particular subtype of receptor will
refer to a specific protein (or set of proteins for multiple
subunit receptors). In particular, the expression of cloned
receptors in cell lines will provide pure populations of
receptors in identical cellular environments so that the
factors that allow the different receptors to be operation-
ally distinguished can be identified. To provide a pure
population of receptors, the untransfected host cell line
into which the cloned receptors are introduced must not
produce measurable amounts of any of the receptor sub-
types in question. Although it is relatively easy to find
such cell lines, it is not yet clear how many or what
specific cell lines should be used to have an adequate
representation of the cellular environments that the re-
ceptor experiences in vivo. For example, the fibroblast
cell lines which molecular biologists have used for initial
characterization of G protein-coupled receptors may not
contain significant amounts of specific G proteins that
interact with the receptors in their natural cellular en-
vironment. Because we do not know with which specific
G proteins individual receptors interact or even what the
full repertoire of G proteins is, the choice of the most
appropriate host cell lines is not immediately obvious.
However, some pharmacological properties of these re-
ceptors, such as antagonist affinities, may not depend on
which G proteins are present so that the choice of host
cell line will not be critical.

The cloned receptors also provide new methods for
determining which receptor molecules are present in a
given cell or tissue. The DNA sequences of the clones
can provide probes of high subtype specificity for the
detection of receptor mRNAs by a variety of methods,
such as northern blots and in situ hybridization. These
methods vary in the sensitivity for detecting low levels
of mRNA, as well as in their spatial resolution. For
example, in situ hybridization is capable of identifying
individual cells in tissue sections, whereas northern blots
typically use RNA extracted from a whole tissue. Thus,
if there is a low level of mRNA expressed in many cells
of a given tissue, a northern blot that sums the signal
from all of the cells will be more sensitive than in situ
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hybridization, whereas in situ hybridization will be more
sensitive if there are only a few cells expressing more
substantial levels of mRNA. Other methods such as
solution hybridization coupled with probe protection as-
says or reverse transcription coupled with polymerase
chain reaction amplification offer potentially greater
sensitivity, although generally not with the single-cell
resolution of in situ hybridization. Unfortunately, the
relative amounts of two mRNAs may not reflect the
relative amounts of receptor protein in a given tissue for
two reasons. First, there can be large differences in the
efficiency with which different messages are converted
into protein. Second, at least for tissues containing neu-
ronal cells, in which the mRNA is located in the cell
body but the receptors are located predominantly on
axonal and dendritic projections, there may be a sub-
stantial difference between the location of the mRNA
and the receptor protein. Although not yet widely avail-
able, subtype-specific antibodies against portions of the
cloned receptor sequences should allow more accurate
determination of receptor distributions and heterogene-
ity. For example, antibodies specific for the different
muscarinic acetylcholine receptors have been made using
as antigens proteins derived from expression in Esche-
richia coli of most of the domain connecting the fifth and
sixth transmembrane domains (Levey et al., 1991).

All of the receptors that have been cloned and se-
quenced belong to one of a small number of families of
structurally similar proteins, such as the ligand-gated
ion channels, which have several different but related
subunits, and the G protein-coupled receptors, which are
single-subunit receptors characteristically having seven
membrane-spanning domains. For some ligands, such as
acetylcholine, there are receptors, nicotinic and musca-
rinic, that belong to more than one structural family.
Other examples are GABA,* versus GABAg and 5-HT;
versus 5-HT,; and 5-HT,. The different structures gen-
erally correspond to distinctly different modes of signal
transduction and can be used as a primary means of
subdividing receptors for a given ligand. There is, how-
ever, a second structural class of receptors that can
interact with G proteins. These are the receptors for
peptides such as insulin and insulin-like growth factors
(Okamoto et al., 1990). They consist of two identical
subunits, each of which has only a single membrane-
spanning domain.

V1. Basis for a Molecular Nomenclature

The most important contribution of molecular biology
to receptor characterization is that it allows the identi-
fication of the actual molecules that underlie the phar-
macology and provides an evolutional perspective with
which to identify species-specific variation in receptor
pharmacology, which is essential for extrapolating re-
sults in animal models to human therapeutics.

* Abbreviations: GABA, y-aminobutyric acid; 5-HT, 5-hydroxy-
tryptamine.

The major questions concerning a molecular definition
of receptor subtypes are how different does the sequence
of a molecule have to be to justify a new name, and how
can one establish the molecular identity of the receptor
that mediates a physiological response. If we identify the
receptors by their protein sequences, which seems to be
the most appropriate molecular identifier, we should
attach the same name to all minor variants in sequence
such as naturally occurring alleles or in vitro created
mutants. If such variants differ in any important receptor
properties, then they would be referred to as specific
variants, e.g., the Alal97 allele or mutant of a given
receptor. Differences in glycosylation could be referred
to as different glycosylation states if glycosylation proves
to be important. However, evidence based on mutating
the glycosylation sites of the 8.-adrenoceptor (Rands et
al., 1990) and the m, muscarinic acetylcholine receptor
(van Koppen and Nathanson, 1990) indicates that lack
of any or all glycosylation sites has little effect on the
pharmacology. Likewise, variants resulting from alter-
native splicing, as in the case of the dopamine D, recep-
tor, should be considered as length variants of a single-
receptor subtype. The two D, sequences differ by the
insertion or deletion of 29 amino acids near the middle
of the cytoplasmic domain connecting the fifth and sixth
transmembrane domains. Because this domain has been
implicated in the specificity of G protein binding for
other G protein-linked receptors, it has been suggested
that the two forms may bind to different G proteins
(Eidne et al., 1989; Giros et al., 1989). If this were to be
the case, variant names should be used to distinguish the
two molecules. However, the sequence difference occurs
in the portion of the cytoplasmic domain that can be
deleted from both adrenoceptors and muscarinic acetyl-
choline receptors without affecting functional response
(Strader et al., 1987; Shapiro and Nathanson, 1989).
Thus, the biological significance of this difference re-
mains to be determined. On the other hand, biologically
significant alternative splicing does occur in the gluta-
mate receptor genes Glu-A, -B, -C, and -D (Sommer et
al., 1990). The alternatively spliced forms of these recep-
tors, which provide different sequences for a 38-amino
acid region preceding the fourth transmembrane domain,
have been referred to as the “flip” and “flop” forms.
Although these may not be the most suitable names for
these alternative forms of the proteins, it is clear that
they should be given different names because they impart
different channel properties.

More substantial sequence variations, in the approxi-
mate range of 1 to 10%, such as those that occur between
mammalian species during the course of evolution of
receptor molecules, also should be included under a single
name. This assumes that it is clear that the molecules
are true homologs, i.e., the sole descendants of the same
molecule in the most recent common ancestor of the two
species being considered. The rationale for doing so is
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that function is generally conserved during evolution so
that subtypes having the same name could be expected
to have the same physiological functions in different
species. The evolution of protein sequences for families
of related proteins, such as the hemoglobins, has been
the subject of study for more than 20 years and provides
the foundation for identifying which sequences are true
homologs. If there are the same number of functional
genes for different subtypes of a given receptor in the
two species, it is generally not difficult to identify which
pairs of receptors, one from each species, are the true
homologs. Thus, assuming that all of the subtype genes
existed in the ancestor of all mammals, one can expect
that the sequences for a single subtype in all mammals
will be more closely related to each other than the various
subtypes in any one species are to each other. However,
if there have been gene duplications since the evolution-
ary divergence of the two species and if the duplicated
gene has acquired a function, then the correspondence
may not be clear because there are now two genes derived
from the ancestral gene in one species but only one in
the other species. One can expect that the two genes in
the first species will be more similar to each other than
they are to the single gene in the second species. The
question of gene duplication will have to be resolved for
each gene family, i.e., each set of receptors for the same
ligand and having the same general receptor structure.
In general, this complication can be expected to be rela-
tively infrequent among mammals but more serious when
comparing mammalian receptors to receptors from other
vertebrates or even invertebrates.

In principle, if one has, for example, a rat receptor
sequence and wants to know whether it is the homolog
of one of the known human subtype sequences, one would
need the sequences of all the human subtypes for that
ligand to determine with certainty which was the most
closely related to the rat sequence. In practice, one prob-
ably would have a potentially incomplete set of human
subtype sequences to compare and, therefore, would want
to know whether the rat sequence is the homolog of one
of the known sequences or represents a new subtype. If
the rat sequence is not significantly more closely related
to one of the human sequences than to the others, it
almost certainly represents a new subtype. If it differs
by 1 to 10% from one of the sequences, it is probably the
homolog of that sequence. For G protein-coupled recep-
tors for which the same receptor has been cloned from
several species such as cow, pig, rat, mouse, hamster, and
human, the homologous genes typically have 85 to 95%
amino acid sequence identity. The membrane-spanning
domains of these receptors are quite conserved between
subtypes, but there are regions (the amino terminal to
the beginning of the first transmembrane domain, be-
tween the fifth and sixth transmembrane domains, and
following the seventh transmembrane to the carboxyl
terminal) that show little conservation not only in se-
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quence but in their length. Examination of such regions
can often be more useful than the overall sequence when
getting an indication of whether two sequences are spe-
cies homologs. When comparing sequences, one should
be alert to the possibility of sequencing errors. The most
troublesome error is a frame-shift error, which causes
incorrect translation of an extensive portion the DNA
sequence into amino acid sequence when a single nucleo-
tide is erroneously deleted or inserted. Such errors are
not uncommon. If there is a second compensating error
that results in restoration of the correct reading frame,
the errors are often not uncovered until sequences are
compared between different laboratories or between spe-
cies (Guyer et al., 1990).

In some cases, it may be difficult to decide whether
two sequences are species homologs without supplemen-
tary information. The most useful information is pro-
vided by a DNA hybridization test, whereby one deter-
mines what human gene is most closely related by hy-
bridizing a probe derived from the rat sequence to a
Southern blot of restriction enzyme digests of human
genomic DNA and asking whether the most stable (with
respect to temperature) bands of hybridization corre-
spond to those characteristic of one of the known human
genes. This test requires that the probes used to define
the characteristic patterns of the known human genes
represent as closely as possible the same region of the
amino acid sequence as the rat probe so that the homol-
ogous rat and human probes would detect precisely the
same restriction fragments. Just as one should use sev-
eral drugs to characterize a receptor, one should use
several restriction enzymes for such an analysis to avoid
the possibility that two different genes might give the
same restriction fragments for a single randomly chosen
enzyme. Another form of corroborating evidence would
be whether the receptor (either protein or mRNA) has
the same tissue distribution in the two species, assuming,
of course, that the distributions are sufficiently distinct
to distinguish among subtypes.

Because the receptors have not evolved to distinguish
among various synthetic ligands and changing even a
single amino acid in the receptor can cause substantial
changes in ligand affinities (Suryanarayana et al., 1991),
there is reason to expect that there will be species differ-
ences for some synthetic ligands (even though the affin-
ity for the endogenous ligand may be unchanged) for
what we would identify as a single molecular subtype.
Such differences will need to be noted in the pharmaco-
logical definitions attached to the molecular names and
are clearly of major importance in selecting animal
models for testing drugs intended for human use. The 5-
HT,g and 5-HT,p receptors provide a clear case of such
species variation. Even before the recent cloning of these
receptors, it appeared plausible that they might represent
such species differences of a single molecule based on
their similar distributions and functional properties but

PR
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apparent mutual exclusion in different species. From the
cloning of these receptors, it is now clear that there are
two receptors in humans with 5-HT,p pharmacological
properties, whereas the rat and mouse homologs of one
of these two genes has 5-HT,p pharmacological proper-
ties (Hartig et al., 1992). The advantage of identifying
such species variants as the same receptor is that func-
tion can be expected to be largely conserved between
species, even if there are changes in structure that alter
its interaction with synthetic ligands.

Individual subtypes of multiple-subunit receptors can
be molecularly defined by identifying each of the subunits
that are present, e.g., the R1 receptor could be defined
as containing the al, b3, c2 and d5 subunits. A major
unresolved question is which of the multitude of possible
combinations of subunits actually occurs to form in vivo
receptors.

The question of identifying which molecule mediates
a particular physiological response will largely depend
on having discriminating drugs available, but in some
cases, such as cell lines or tissue samples, molecular tools
such as specific DNA probes for hybridization to mRNA
or subtype-specific antibodies generated from clone-de-
rived antigens may be helpful in identifying which sub-
types are present or absent. However, absence is always
difficult to establish and mRNA distribution in tissue
may not coincide with the receptor distribution. It may
also be possible to identify the physiological function of
specific subtypes by purely genetic means, such as gene
inactivation or replacement in transgenic animals or the
inhibition of translation of specific mRNAs by the use
of antisense RNAs. To the extent that there are known
molecular subtypes for which discriminating drugs have
not yet been identified, caution would dictate that the
receptor be identified as, for example, “moleculel or
possibly molecule3.” Attention should be given to the
possibility that more than one receptor type is involved
which necessitates using more than one or two drugs to
make the identification.

VII. Parallel Pharmacological and Molecular
Nomenclatures

The cloned receptors that are presently available have
not yet been studied thoroughly enough to allow a full
definition for any set of receptors that would allow the
unambiguous assignment of a molecular name to an in
vivo receptor, especially in the case in which multiple
related receptors may be present. Nevertheless, the char-
acterization of cloned adrenoceptors and muscarinic ace-
tylcholine receptors has advanced far enough that we
can predict with a reasonable amount of confidence the
- basic factors that will be important in defining subtypes
of G protein-coupled receptors. Similarly, the cloning of
a substantial number of subunits of nicotinic acetylcho-
line receptors and GABA, receptors has defined the
problems but has not yet provided the solutions for

defining molecular subtypes of ligand-gated ion channel
receptors. The task of the International Union of Phar-
macology Committee on Receptor Nomenclature and
Drug Classification is to find a uniform framework for
defining receptor names that will allow all receptors to
be defined according to the same principles so that the
subcommittees devoted to particular receptor types can
formulate nomenclature proposals with a common for-
mat. To minimize changes in the nomenclature and in
the associated definitions with the advent of new infor-
mation, especially new subtypes, we should try to predict
which factors are essential to the definition of subtypes
and which factors are sufficiently variable (e.g., with
cellular environment) that they should not be considered
as parts of the primary definition. The latter factors
might or might not be included as secondary information
in much the same way as a dictionary frequently includes
information distinguishing the usage of words with sim-
ilar meanings. To the extent that one cannot accurately
predict all the factors, a framework must be designed
that allows the incorporation of new information into
the definitions without drastically altering the nomen-
clature. However, substantial changes in definition while
retaining the same names may generate some confusion.

Given our present state of knowledge, we need a tran-
sitional system such as the format suggested by J. P.
Green (1990), or as used in the Trends in Pharmacological
Science nomenclature supplement (vol. 12, 1991), which
can incorporate most of the observationally relevant
information to provide parallel pharmacological and
structural (or molecular) definitions. Such a format al-
lows the correspondence between these two definitions
to be indicated. However, to avoid misinterpretation,
there should be an explicit assessment of the reliability
of the correspondence between molecular and pharma-
cological subtypes. One should not indicate that a partic-
ular molecular subtype corresponds to a given pharma-
cological subtype simply because its pharmacological
profile most closely matches that of the pharmacological
subtype, when, in fact, several molecular subtypes may
not be distinguished by the pharmacological definition.
One would hope that, as additional data become available
concerning the pharmacological properties of cloned re-
ceptors such that the pharmacological definitions can be
refined, the information that does not allow unambigu-
ous distinction of the molecular identities will be moved
to footnote status, and the pharmacological and molec-
ular definitions will coalesce. There is general agreement
that receptors should be defined as a ligand-binding site
with a ligand-mediated functional response, the response
being biochemical, electrical, or mechanical in its mani-
festation. There is also general agreement that the pri-
mary label in the names should be the endogenous ligand
(or, provisionally, another ligand when the endogenous
ligand is unknown). Whether the compendium of recep-
tors should list the ligands alphabetically or alphabeti-
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cally within chemical types (such as amines, amino acids,
peptides, etc.) is open for discussion. They could easily
be listed one way with an index listing them the other
way. A secondary classification, which is well grounded
in molecular structure and is observationally distinguish-
able, would be on the basis of structural type of receptor,
e.g., G protein-coupled or ligand-gated ion channel. Such
a distinction has already been made in some cases, such
as nicotinic versus muscarinic acetylcholine receptors or
GABA, versus GABAg receptors, but not in other cases,
such as the 5-HT; receptor which is not given a name
distinctly different from the 5-HT,, 5-HT,, and 5-HT,
receptors. This is one subgrouping of receptors for the
same ligand that is not likely to change with additional
information and, therefore, could safely and usefully be
incorporated into the nomenclature.

VIII. Suggested Rules for Naming Receptors

We are faced with the twin problems of receptor no-
menclature and classification. To the extent that they
can be distinguished, nomenclature implies a set of
names with definitions that allows a one-to-one corre-
spondence between names and objects (such as receptors)
with specific properties, whereas classification implies a
hierarchical ordering of a group of objects based on their
degree of similarity to each other. There is clearly a
pressing need for an agreed upon set of names and a set
of criteria for defining what constitutes a new receptor
subtype, but it is not clear that there is a major need for
these names to reflect an extensive classification scheme.
The existing tendency toward classification in receptor
nomenclature is a natural consequence of the process in
which new subtypes generally have been identified
through the use of new drugs, which could distinguish
different receptors within a previously unresolved sub-
type. In contrast, we can expect that in the future many
new subtypes will be identified as distinct molecules
through cloning and, in many cases, the drugs capable of
distinguishing the subtypes will have to be developed
subsequently. Given our relatively incomplete knowledge
of the number of receptors and of the full range of the
properties of those receptors that have already been
identified, it would probably be a mistake in terms of
stability of the nomenclature to incorporate more than
the most rudimentary classification, i.e., the ligand and
the structural type (G protein-coupled, ligand-gated ion
channel, etc.), into the nomenclature.

Classification neutral labels such as 1, 2, 3,... are
preferred to labels such as 1A, 1B, 2A, 2B, ..., which
imply differing degrees of similarity, because the per-
ceived relationships between subtypes can change with
the advent of new subtypes or new drugs. It is inevitable
that such changes will occur if the relationships are based
on a few properties of the receptors. This is clearly the
case in the taxonomy of plants and animals in which, if
one considers only a few specific characteristics, one can

derive different phylogenetic trees depending on which
characteristics are used. The case of the 5-HT,¢ receptor
is evidence that the same thing can easily happen with
receptors. It was originally classified as a 5-HT), subtype
based on a single drug but subsequently appeared to be
more similar to 5-HT,; both pharmacologically and by
comparison of the cloned sequences. If relationships are
not implied by the names, the relatedness of different
subtypes could be included as supplementary informa-
tion so that it can be modified without modifying the
nomenclature. As a rule, the more subtypes there are,
the more difficult it will be to define meaningful rela-
tionships. Clearly, there will be cases, such as adrenocep-
tors, in which a nomenclature that is not classification
neutral is so well established that it would not make
sense to change the whole system unless it were to
become unwieldy because of the identification of even
more subtypes.

Although it was expedient for the a,-adrenoceptors,
the naming of molecular subtypes after their chromo-
somal location is not desirable. Generally, the human
chromosomal location is not established for some time
after a cloned receptor is published, especially if it is not
a human clone. Furthermore, there may be more than
one subtype on the same chromosome as in the case of
the m, and m, muscarinic acetylcholine receptors.

IX. Conclusions

For the present, two ongoing systems of receptor def-
inition, structural and pharmacological, appear to be
necessary. One would be based upon receptor structure
with potentially incomplete pharmacological criteria.
After pharmacological criteria have been fulfilled, these
receptors would be defined in both systems. The other
would define receptors by pharmacological criteria (i.e.,
endogenous agonist, antagonists). Again, it would be
conceivable that there would be incomplete data for some
receptors defined in this category, therefore, precluding
definition in the other. A “completely” defined receptor
would possess a unique pharmacological profile based on
agonist and antagonist data, a known endogenous ligand,
and a distinct amino acid sequence. It may be that
receptor identification by structure will prove to be a
technically more simple task than identification by li-
gand pharmacology if receptor environment (i.e., lipid,
coupling proteins) plays a significant role in defining the
pharmacology of some receptors. In these cases, receptor
pharmacology would vary with the tissue or cellular
system but not be indicative of different receptor types.
The resolution of the question of whether receptor en-
vironment is a significant factor in receptor identifica-
tion and/or classification will require the use of systems
in which the structural identity of the receptor is well
defined.

The nomenclature system will clearly evolve at a rate
proportional to the diligence of all concerned in recon-
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ciling the structural and pharmacological definitions. As
an initial framework for implementing these parallel sets
of definitions in a form that facilitates their reconcilia-
tion, the International Union of Pharmacology Commit-
tee on Receptor Nomenclature and Drug Classification
has adopted a tabular format closely resembling the
Trends in Pharmacological Sciences receptor nomencla-
ture supplement.
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