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Perspectives

Abnormalities in G Protein-coupled Signal
Transduction Pathways in Human Disease

Allen M. Spiegel, Lee S. Weinstein, and Andrew Shenker
Molecular Pathophysiology Branch, National Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, Maryland 20892

Introduction
Extracellular signals as diverse as hormones, growth factors,
neurotransmitters, and primary sensory stimuli (photons of
light, chemical odorants) all utilize a signal transduction mech-
anism with certain basic features in common. Signal transduc-
tion for each of these "first messengers" occurs via a Gprotein-
coupled pathway consisting of three distinct components: re-
ceptor, Gprotein, and effector. Our understanding of each of
these components at the molecular level has advanced dramati-
cally in the past few years. Gprotein-coupled receptors com-
prise a very large superfamily with hundreds of members. More
than a dozen distinct mammalian Gproteins have been identi-
fied. G protein-coupled effectors are themselves diverse and
include enzymes of "second messenger" metabolism, as well as
ion channels. With increased understanding of the structure
and function of components of G protein-coupled pathways
has come recognition that defects in these components can
cause human disease. Given the variety of functions subserved
by Gprotein-coupled signal transduction, it is not surprising
that abnormalities in Gprotein-coupled pathways can lead to
diseases with manifestations as dissimilar as blindness, hor-
mone resistance, precocious puberty, and neoplasia.

This review focuses on the mechanisms by which abnormal-
ities in Gprotein-mediated signal transduction cause disease.
First, we present a brief overview of basic aspects of Gprotein-
mediated signal transduction. (See references 1-3 for more de-
tailed reviews of this area. Due to space restrictions, citations of
original papers are limited. The reader is directed to the reviews
cited for more extensive references of original papers.) Wethen
offer some general principles useful in predicting the conse-
quences of various defects in signal transduction, followed by a
summary of those diseases (generally of humans, but in se-
lected cases of other animals) for which there is convincing
evidence for a primary signal transduction defect as the under-
lying cause. Finally, we will briefly discuss some disorders for
which the evidence for an underlying defect in Gprotein-cou-
pled signal transduction is less certain, and indicate additional
areas worthy of further investigation.
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Overview of signal transduction via Gproteins
All Gprotein-coupled receptors identified to date share a com-
mon structural motif in which a single polypeptide with an
extracellular amino terminus and intracellular carboxy ter-
minus is predicted to span the plasma membrane seven times
(4). In general terms, the ligand-binding domain is comprised
of the amino terminal segment and/or portions of the mem-
brane-spanning domains, while the Gprotein interaction do-
mains involve intracellular loops (especially the third) and car-
boxy terminus. The G proteins themselves are heterotrimers
localized to the inner surface of the plasma membrane, and
consist of an a subunit that binds guanine nucleotides with
high affinity and specificity, and ,3 and y subunits that form a
tightly but noncovalently linked dimer. The heterotrimeric
form .of the Gprotein is required for high affinity interaction
with receptor. Portions of the a subunit, particularly the car-
boxy terminus, are clearly important for receptor interaction. a
subunits have long been known to regulate effectors, but recent
evidence (2, 5) suggests that fly dimers can also regulate effec-
tor activity in many cases. G protein-regulated effectors in-
clude transmembrane proteins such as adenylyl cyclase and
certain ion channels, as well as peripheral membrane proteins
such as cGMPphosphodiesterase and phospholipase C-a3. Un-
like Gprotein-coupled receptors, there is no overall structural
motif commonto all Gprotein-regulated effectors.

All Gprotein-coupled pathways are regulated by a GTPase
cycle (Fig. 1 ). In the basal (inactive) state, the Gprotein hetero-
trimer has GDPtightly bound to its a subunit. Agonist binding
to receptor is thought to alter the receptor's conformation, and
thereby promote Gprotein interaction. This interaction cata-
lyzes release of bound GDPfrom the a subunit and replace-
ment with GTP. GTP binding activates the a subunit and
causes it to dissociate from fly. Both a and fl3 are now free to
interact with effectors and modulate their activity. An intrinsic
GTPase activity hydrolyzes the y phosphate of a subunit-
bound GTP, converting it to GDP. In some cases, effectors
may act like the GAPs (GTPase-activating proteins)' asso-
ciated with ras and other low molecular weight GTP-binding
proteins to stimulate the GTPase activity of the a subunit (6).
The GTPase reaction deactivates the a subunit and causes it to
reassociate with fry to reestablish the basal state of the hetero-
trimer.

1. Abbreviations used in this paper: AHO, Albright hereditary dys-
trophy; GAPs, GTPase activating proteins; MAS, McCune-Albright
syndrome; PHP, pseudohypoparathyroidism.
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Figure 1. The Gprotein GTPase cycle and agonist-dependent desensitization: potential sites for disease-causing abnormalities (see text for
complete description). In each panel, the stippled region denotes the plasma membrane with extracellular above and intracellular below. Arrows
between a subunit and effector indicate regulation of effector activity by a subunit and regulation of a subunit GTPase activity by certain effec-
tors. Receptor kinase and arrestin are shown as cytosolic proteins that translocate to the membrane upon binding to agonist-activated receptor.
Arrows drawn from fry dimer denote its potential regulation of effector activity, as well as its action to facilitate membrane binding of certain
receptor kinases. A presumptive receptor phosphatase (not shown) removes phosphate residues (shown here on the carboxy terminus, but may

also occur on the third intracellular loop) from receptor upon resensitization.

In many G protein-coupled systems, prolonged exposure
to agonist leads to a state of reduced responsiveness to agonist
stimulation (see Fig. 1, lower left), a process termed "desensiti-
zation" (7). One mechanism of desensitization appears to in-
volve phosphorylation of agonist-bound receptor by a receptor
kinase. Phosphorylation alone may reduce coupling of recep-
tor to G protein, but in addition, phosphorylation may pro-
mote binding of another protein to the receptor. Such proteins
have been termed "arrestins" because of their action to arrest
signal transduction, perhaps by blocking G protein-receptor
coupling.

Gproteins have generally been classified by their a subunit.
Substantial diversity in /3 and y subunits, and the possibility of
specificity in their interactions with each other and with a sub-
units offers the potential for a very large number of unique
heterotrimers (2, 5). G proteins range in expression from
highly localized (e.g., the transducins in rod and cone photore-
ceptors that couple rhodopsin and cone opsins, respectively, to

cGMPphosphodiesterase) to ubiquitous; e.g., Gs that couples
many different receptors to stimulation of adenylyl cyclase. G
proteins can be grouped into subfamilies, Gs, Gi, Gq, and G12,
based on degree of amino acid conservation of their a subunits
( 1-3, 5, 8). To some extent, these subfamilies have functional
correlates in terms of receptor interaction (e.g., distinct groups
of Gprotein-coupled receptors bind to members of distinct G
protein subfamilies), and effector interaction (e.g., Gs stimu-
lates adenylyl cyclase, Gi inhibits adenylyl cyclase, Gq stimu-
lates phospholipase C-,8). Receptor kinases and arrestins also
show diversity (9), including photoreceptor-specific forms
(rhodopsin kinase and the 48-kD protein first termed arrestin)
and more widely distributed forms (fl-ARKs and fl-arrestins).

Abnormalities in Gprotein-coupled signal transduction
pathways in human disease: theoretical considerations
In his classic description of the hormone-resistance syndrome,
pseudohypoparathyroidism (PHP), Fuller Albright wrote,
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"Theoretically one should obtain essentially the same clinical
picture from failure of an end-organ to respond to a hormone
as from a decreased production or absence of said hormone"
(10). Wecan now extend this concept from hormones to any
extracellular first messenger. Wecan also state that certain de-
fects at the end-organ level may mimic the clinical picture of
first messenger excess without any primary change in first mes-
senger production. What is the molecular basis for such
changes in end-organ response? Stated most simply, receptors,
G proteins, and effectors function like a series of "on-off"
switches triggered by an extracellular signal. The GTPase activ-
ity of the Gprotein a subunit and the desensitization process
function as timers for these on-off switches. Changes that pre-
vent switching on any component of the pathway will cause
end-organ resistance. Changes that inappropriately switch on
one of the components or increase the time it spends in its "on"
conformation will cause first messenger-independent hyper-
function. Table I lists some theoretical causes of decreased and
increased signal transduction with examples that have been
identified in human disease.

The notion that complete lack of a key signal transduction
component (assuming lack of redundancy of components)

would block signaling through that pathway is intuitively obvi-
ous. Less easily predicted are the consequences of reduced
rather than total lack of expression or of overexpression. The
consequences will depend on what factors are rate limiting in G
protein-coupled pathways. This issue has been addressed ( 11 ),
but not definitively resolved. In terms of qualitative changes,
extensive mutagenesis studies of receptors, Gproteins, and ef-
fectors have revealed a host of potential changes that could
profoundly alter signal transduction. Restrictions of space do
not permit detailed discussion of such mutations, but their
identification provides insight into potential sites to be
screened for mutations of signal transduction components in
human disease. Loss of function mutations include those that
disrupt synthesis or targeting of signal transduction compo-
nents, as well as those that impair agonist binding to receptor,
receptor-G protein coupling, Gprotein activation by GTP, or
G protein-effector interaction (see Fig. 1). Activating muta-
tions include those which promote agonist-independent Gpro-
tein activation by receptor and persistent activation of Gpro-
tein caused by reduced GTPase activity (Fig. 1). Defective de-
sensitization could also impair signal transduction in several
ways. Inappropriate (agonist-independent) triggering of desen-

TABLEI. Theoretical Causes of Abnormal Signal Transduction with Examples in
HumanDisease

Decreased Signal Transduction

1. Reduced expression of receptor, Gprotein or effector due to defective synthesis
and/or membrane targeting

Examples: *Rhodopsin mutations in retinitis pigmentosa
*V2 vasopressin receptor mutations in X-linked NDI
*Gsa mutations in AHO

2. Impaired activation of receptor, Gprotein or effector
Examples: *Modification of Gi/Go by Bordetella pertussis toxin

*Gsa mutation (Arg385 to His) in AHO

3. Decrease in time that receptor, G protein or effector remains in active state due to
increased desensitization or GTPase activity

Example: *Decreased f-adrenergic responsiveness in cardiac failure
due to increased M-ARKactivity leading to increased
desensitization

Increased Signal Transduction

1. Overexpression of receptor, Gprotein or effector

2. Inappropriate activation of receptor, Gprotein or effector
Example: *Rhodopsin mutation (Lys296 to Glu) in retinitis

pigmentosa

3. Increase in time that receptor, Gprotein or effector remains in active state due to
decreased desensitization or GTPase activity

Examples: *Modification of Gs by Vibrio cholera toxin
*Gsa mutations in sporadic pituitary and thyroid tumors

and MAS
*Gi2a mutations in adrenal and ovarian tumors

AHO, Albright hereditary osteodystrophy.
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sitization or inappropriately persistent desensitization could
blunt end-organ response. Failure to desensitize would not nec-
essarily cause agonist-independent signaling, but should lead to
a state of supersensitivity in which agonist responsiveness is
inappropriately amplified and/or persistent. Receptor muta-
tions have been created that lead to either reduced or increased
desensitization (4, 12). Overexpression of 3-ARK or fl-arrestin
was shown to increase the magnitude of desensitization ( 13).

Many cellular responses are positively and negatively regu-
lated by separate G protein-coupled pathways. For example,
both hormone secretion and cell proliferation in many endo-
crine glands are stimulated through Gq- or Gs-coupled path-
ways and inhibited through Gi/Go-coupled pathways (1, 5).
This mode of regulation of cellular response means that consti-
tutive activation of the stimulatory pathway or loss of function
of the inhibitory pathway could lead to the same abnormality
in end-organ response. Hyperprolactinemia, for example,
could be caused by constitutive activation of Gq(which medi-
ates the stimulatory effect of TRHreceptors) or by loss of func-
tion of Gi/Go (which mediates the inhibitory effect of D2 do-
pamine receptors). This concept is analogous to that of"domi-
nantly" acting oncogenes vs tumor suppressor genes in the
control of cell proliferation. Indeed, in the pituitary lactotroph,
activated Gq-a and inactivated Gi/Go-a could theoretically
function as dominant oncogenes and tumor suppressor genes,
respectively, since the receptors to which they couple regulate
cell proliferation in addition to hormone secretion.

For a given defect in a G protein-coupled pathway, the
extent of the manifestations will be determined in part by the
cellular distribution ofthe affected component. Defects in com-
ponents expressed exclusively in a single cell type (e.g., rhodop-
sin) will cause more of a focal disorder than defects in a widely
expressed component (e.g., f3-adrenergic receptor). This rule
particularly applies to inherited (germline) mutations. Somatic
mutations of genes encoding even a ubiquitously expressed
component can cause focal disease when the somatic mutation
itself is focal; i.e. expressed only in a single clonal cell popula-
tion. The consequences of mutations in f3-ARKs and f3-arres-
tins will depend not only on the range of expression of these
components of the desensitization process, but also on their
degree of specificity. fl-ARKs and (3-arrestins were so named
because of their demonstrated interactions with j3-adrenergic
receptors, but there is evidence that #-ARK can phosphorylate
other Gprotein-coupled receptors (e.g., a2-adrenergic) so that
multiple receptor subtypes maybe regulated by the same recep-
tor kinases and arrestins (9).

Specific examples of signal transduction defects
Receptors. Color blindness was the first disorder shown to be
caused by a defective G protein-coupled receptor (14). The
red and green cone opsins are encoded by tandem genes on the
X chromosome. These receptors are activated by light of a
particular wave length and couple to a specialized Gprotein,
cone transducin, which modulates cGMPphosphodiesterase
activity. A variety of mutations in cone opsin genes ranging
from single base changes to gross deletions have been corre-
lated with loss of color vision. Mutations in the gene encoding
the corresponding photoreceptor of retinal rod cells, rhodop-
sin, are responsible for autosomal dominant and recessive
forms of retinitis pigmentosa ( 15 ). In this disease, progressive
blindness is caused by rod cell degeneration. In a family with
the recessive form of the disease, a mutation causing a prema-
ture stop codoA within the sequence encoding the third intra-

cellular loop of rhodopsin presumptively totally prevents syn-
thesis of receptor. Both alleles must be affected to cause clini-
cally apparent disease. Heterozygotes for the mutation show a
reduction in light responsiveness upon formal testing ( 16).

The autosomal dominant form of the disease has been asso-
ciated with a panoply of mutations in various portions of the
receptor (17). In vitro studies of mutant forms of rhodopsin
indicate that many of these mutations (particularly those af-
fecting a critical disulfide bridge linking cysteine 110 to cys-
teine 187) impair proper folding of the receptor, and in some
cases, transport from the endoplasmic reticulum to the cell
membrane. The rod cell, specialized to synthesize very large
amounts of rhodopsin, is presumptively destroyed by the accu-
mulation of abnormally folded rhodopsin. In this context,
what would ordinarily be simple loss of function mutations
that block response to extracellular signal, instead exert a lethal
dominant effect on cell survival. A unique rhodopsin mutation
in a case of dominant retinitis pigmentosa involves substitu-
tion of lysine 296 (the retinal-binding site in the seventh trans-
membrane domain) by glutamic acid ( 18 ). This mutation was
shown to cause constitutive activation of the receptor; photore-
ceptor degeneration in this case may be caused by persistent
stimulation of the phototransduction pathway. Interestingly,
desensitization does not appear to compensate adequately for
increased signal transduction by this or other (see below) con-
stitutively activated receptors.

In X-linked nephrogenic diabetes insipidus, loss of function
mutations in the V2 vasopressin receptor (localized to chromo-
some Xq28 and coupled to adenylyl cyclase by Gs) cause renal
resistance to the antidiuretic action of the hormone ( 19-23).
Several of the mutations may impair formation of a putative
disulfide bridge analogous to that demonstrated for rhodopsin;
others cause truncation in the third intracellular loop. A mis-
sense mutation (Arg 137 -. His) in a residue in the second
intracellular loop creates a receptor that binds vasopressin nor-
mally, but is incapable of stimulating Gs (24). Because of the
hemizygous nature of the gene in males, any loss of function
mutation will cause clinically evident disease.

In familial glucocorticoid deficiency caused by ACTHresis-
tance, point mutations causing loss of function of the ACTH
receptor have been found (25) (Chrousos, G., personal com-
munication). Studies in mice provide additional examples of
disorders caused by defective G protein-coupled receptors.
Mutations in the mouse "extension" locus cause abnormal pig-
mentation (26). The relevant gene encodes an MSHreceptor;
recessive, loss of function alleles cause hypopigmentation and
correspond to a mutation causing premature truncation of the
receptor between the fourth and fifth transmembrane do-
mains. Hyperpigmentation phenotypes are caused by point
mutations in the region encoding the second transmembrane
domain, which lead to a constitutively activated receptor, or in
the first intracellular loop, which amplify MSHresponsiveness.
The little mouse mutant displays dwarfism resistant to GRF
but responsive to growth hormone. This phenotype is consis-
tent with the possibility of a GRFreceptor mutation (27). A
common feature of all of these G protein-coupled receptor
diseases is the relatively localized phenotypic expression, con-
sistent with the localized distribution of the affected receptors.

Gproteins. The first disease shown to be caused by defective
G protein function is the secretory diarrhea caused by intes-
tinal infection with Vibrio cholerae. An exotoxin released by
the bacteria catalyzes the ADPribosylation of an arginine resi-
due (Arg 201 in the 394 residue splice variant) of Gs-a. This
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covalent modification inhibits GTPase activity and causes per-
sistent Gs activation and excessive cAMPformation. The local-
ized manifestations of the disease reflect the limited distribu-
tion of the bacteria. In vitro, cholera toxin can activate Gs in
every cell exposed. An analogous covalent modification is cata-
lyzed by pertussis toxin, but the substrate is a cysteine residue
near the carboxy terminus of Gi- and Go-a subunits. This mod-
ification uncouples the G protein from receptor and blocks
signal transduction. The toxin's action may be relevant to
some of the manifestations of pertussis infection, such as hypo-
glycemia.

In AHO, affected individuals show a variety of dysmorphic
features with PHPor without (pseudoPHP) associated general-
ized hormone resistance. In the majority of subjects with Al-
bright hereditary osteodystrophy, membrane Gs activity is re-
duced by - 50%. Multiple distinct heterozygous mutations of
the Gs-a gene have been identified in affected family members
(28-31 ). Most mutations disrupt synthesis of mRNAand/or
protein, but some missense mutations have been identified in-
cluding one (Arg385 -- His) shown to uncouple Gs from recep-
tor (31, 32). Agermline loss of function mutation in the ubiqui-
tously expressed Gs-a gene is consistent with generalized resis-
tance to hormones (PTH, thyroid-stimulating hormone,
gonadotropins, etc.) acting via Gs-coupled receptors. How a
50% reduction in gene product causes resistance is unclear. In
fact, since both subjects with pseudoPHP and PHPhave muta-
tions leading to reduced Gs activity, it appears that additional
factors must determine clinical expression of hormone resis-
tance.

About 40% of pituitary somatotroph tumors from subjects
with acromegaly were shown in vitro to have constitutively
activated adenylyl cyclase activity (33). All such tumors were
shown to harbor somatic missense mutations in the Gs-a gene
at either Arg 201 or Gln 227 (34, 35). As discussed earlier, Arg
201 is the site of cholera toxin modification leading to constitu-
tive activation via reduced GTPase activity. Gln 227 is the
equivalent of Gln 61, a known site of oncogenic mutation in
ras. Mutations in both positions reduce GTPase activity and
inappropriately prolong the time the G protein spends in its
active conformation. The focal nature of the somatic mutation
confines the consequences, increased cAMPproduction with
resultant growth hormone hypersecretion and increased cell
proliferation, to the somatotrophs. Similar mutations have
been identified in sporadic thyroid neoplasms (35).

The McCune-Albright syndrome (MAS) is a sporadic dis-
order in which subjects mayshow polyostotic fibrous dysplasia,
cafe-au-lait skin pigmentation, and autonomous hyperfunc-
tion of one or more endocrine glands (gonad, adrenal cortex,
thyroid, or pituitary somatotrophs). Such subjects were found
to have Arg 201 missense mutations of the Gs-a gene in a
mosaic distribution correlating with histologic evidence for ab-
normal cell proliferation (36). This pattern is consistent with a
somatic mutation occurring early in embryologic develop-
ment. Tissues harboring cells bearing the constitutively acti-
vated Gs-a mutant would manifest the effects of autonomously
elevated cAMPproduction. This could readily explain the ob-
served endocrine hyperplasia and hyperfunction, since cAMP
stimulates both responses in many endocrine glands. Howthe
Gs-a mutation causes pathologic changes in bone (37), skin
(38), and other organs such as liver and heart (39) is not yet
clear. The later in embryonic or adult development that Gs-a
mutation occurs, the more focal the predicted manifestations.
It seems likely that as in the case of acromegaly, focal somatic

mutation of Gs-a could be the basis for diseases featuring only
one manifestation of MAS; e.g. monostotic fibrous dysplasia or
isolated peripheral precocious puberty. A few patients have
been described with features of both PHP(renal resistance to
PTH) and MAS(gonadotropin-independent precocious pu-
berty). A missense mutation in Gs-a substituting a serine for a
highly conserved Ala 366 was identified in two unrelated males
(40). How such a mutation could lead to hormone-specific
differences in responsiveness is unclear.

Other disorders that may be caused by defects in G
protein-coupled signal transduction andfuture prospects
Constitutively activating mutations of Gs-a, as discussed ear-
lier, may lead to benign neoplasia in cells for which increased
cAMP is mitogenic. Gs-a mutations have not been identified
in commonmalignancies including breast and colon (35). It is
possible that constitutively activating mutations of other G-a
subunits may be involved in benign and malignant neoplasia.
Transfection of activated mutant forms of Gi2-a (41, 42) or of
Gq-a (43) transforms various fibroblast cell lines. The relevant
second messenger pathways have not been clearly elucidated.
A G12-a cDNAwas cloned using an expression cloning strat-
egy designed to identify novel oncogenes (44). Subsequently,
constitutively activated G12-a has been shown to be highly
oncogenic and to potentiate arachidonate release when trans-
fected into NIH 3T3 cells (45). TSH-independent expression
of Gil-a was found in some autonomous thyroid adenomas
(46). Overexpression of G protein-coupled receptors (47)
(particularly those coupled to the Gq family) or transfection
with constitutively activated forms of such receptors (48) also
leads to cellular transformation. Activation of the gastrin-re-
leasing peptide receptor via an autocrine loop has also been
associated with small cell lung cancer (49). As yet, however,
there is little evidence for naturally occurring mutations of re-
ceptor or G protein in human malignant tumors. Activating
mutations of Gi2-a were identified in a minority of adrenal and
ovarian tumors (35), and mas, a putative oncogene encoding a
typical G protein-coupled receptor, was isolated from a hu-
man epidermoid carcinoma (50). There is evidence that re-
duced G protein expression may impair normal growth and
development. Inhibition of Gi2-a expression in liver and fat of
transgenic mice (using a tissue-specific antisense construct)
impaired normal growth of these organs ( 51 ).

In a variety of disorders (see reference 1 for additional refer-
ences), including tumor metastasis, diabetes mellitus, cardiac
failure, and asthma (52, 53), there is some evidence for alter-
ations in receptor or Gprotein signaling that may be important
in pathogenesis. Much further work is needed to confirm these
suggestions and to provide a molecular basis for quantitative or
qualitative changes. Likewise in neuropsychiatric disorders
such as alcoholism and schizophrenia ( 1 ), there have been sug-
gestions of receptor or Gprotein dysfunction that require addi-
tional study. The suggestion that the Alzheimer amyloid pro-
tein is a receptor coupled to Go will doubtlessly provoke fur-
ther studies of Go structure and function in Alzheimer's
disease (54). A recent study demonstrated reduced cAMPfor-
mation in platelets from patients with fragile X syndrome
(55). The relation between the gene defect and reduced cAMP
formation deserves further study.

Newly appreciated functions of the G protein fly dimer,
such as effector regulation and f-ARK interaction, in addition
to its requirement for high affinity receptor-G protein coupling
make it hard to predict the consequences of alterations in fly
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structure and function. A report of a defect in the ply dimer as
the cause of defective signal transduction in a mutant adrenal
cell line (56) is interesting, but again, precise delineation of the
molecular defect is needed. Gprotein-regulated effector defects
have not been identified in humans as yet, but a loss of function
mutation of adenylyl cyclase is associated with defective "learn-
ing" in drosophila (57). In vitro biochemical studies in a pa-
tient with a phenotype identical to Gs-deficient PHPshowed
normal Gs function and suggested a defective adenylyl cyclase
(58). Neurofibromatosis type I has been shown to be caused by
mutations in a gene with homology to ras GAP(59). Given the
GAP-like activity of some G protein-coupled effectors (6),
effector mutations affecting the GAPactivity could be envi-
sioned as another cause of disease.

Tolerance to certain agents, notably opiates, may reflect
not only desensitization, but also compensatory upregulation
of other pathways. Opiates, for example, signal via Gi/Go-cou-
pled pathways; upregulation of the Gs pathway could compen-
sate. cAMPproduction is increased in cells chronically exposed
to opiates (60). This has led to the suggestion that the with-
drawal syndrome could be caused by such upregulation of the
Gs pathway (61 ). Enhanced cAMP formation has also been
observed after chronic treatment with other agonists that signal
via pertussis toxin-sensitive Gproteins (62). It will be impor-
tant to define the mechanism of such upregulation, and to de-
termine how it contributes to the pathophysiology of addiction
and withdrawal. It will also be of interest to determine more
generally if defective desensitization contributes to abnormal
signal transduction in certain disorders. A recent report of in-
creased d-ARK mRNAand enzymatic activity in left ventricu-
lar samples from patients with dilated or ischemic cardiomyop-
athy suggests that diminished f3-adrenergic responsiveness in
cardiac failure may reflect not only reduced receptor number,
but also increased desensitization mediated by 3-ARK overex-
pression (63).

Finally, one should recognize that normal variation (e.g.,
sequence polymorphism) in signal transduction components
may be associated with significant differences in signal re-
sponse. The differences in color perception in individuals with
a single amino acid difference in one of the cone pigment re-
ceptors is one concrete example (64). At least three polymor-
phic forms of the human D4 dopamine receptor, differing in
the number of repeats of a 48-bp sequence within the third
intracellular loop, have been identified (65). Differences in
ligand binding observed for the expressed receptor variants
might relate to individual differences in responsiveness to
various antipsychotic drugs that bind to this dopamine recep-
tor subtype. Polymorphism of the human 132-adrenergic recep-
tor has also been described (53). It will be fascinating to deter-
mine if variability in response to extracellular signals is gener-
ally related to such differences in signaling components.
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