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The family of G protein—coupled receptors (GPCRs) responds selectively to ligands ranging from hormones to odorants
and from neurotransmitters to photons. Following engagement of the ligand, these serpentine receptors selectively
activate heterotrimeric G proteins that in turn transmit signals to distal effector pathways. The role of GPCRs in
hypertension and cardiovascular diseases is well established (1). For example, pharmacological antagonists of GPCRs,
such as the B-adrenergic and angiotensin receptors, are cornerstones of therapy in the treatment of hypertension and its
complications. GPCR signaling is triggered by ligand-induced conformational changes in intracellular portions of the
receptor that promote exchange of guanosine 5'-diphosphate (GDP) for guanosine 5'-triphosphate (GTP) on the Ga
subunit of the heterotrimeric G protein. This is followed by dissociation of the GTP-bound Ga from the GBy dimer (Figure
1). The dissociated subunits can then interact with effector molecules to propagate the intracellular signal. The duration
and intensity of signaling are further regulated by GTPase-activating proteins (GAPs). GAPs accelerate the hydrolysis of
Go-bound GTP, returning the Ga subunit to its inactive form. The regulators of G protein signaling (RGSs) are a family of
proteins with GAP activity. To date, more than 20 RGS proteins have been identified. These proteins are characterized by
the presence of canonical RGS domains that exhibit G protein—GAP activity (2). Although physiological functions for most
of [...]
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The family of G protein-coupled
receptors (GPCRs) responds selective-
ly to ligands ranging from hormones
to odorants and from neurotransmit-
ters to photons. Following engage-
ment of the ligand, these serpentine
receptors selectively activate het-
erotrimeric G proteins that in turn
transmit signals to distal effector
pathways. The role of GPCRs in
hypertension and cardiovascular dis-
eases is well established (1). For exam-
ple, pharmacological antagonists of
GPCRs, such as the f-adrenergic and
angiotensin receptors, are corner-
stones of therapy in the treatment of
hypertension and its complications.

GPCR signaling is triggered by lig-
and-induced conformational chan-
ges in intracellular portions of the
receptor that promote exchange of
guanosine 5'-diphosphate (GDP) for
guanosine 5'-triphosphate (GTP) on
the Ga. subunit of the heterotrimeric
G protein. This is followed by disso-
ciation of the GTP-bound Ga from
the GPy dimer (Figure 1). The disso-
ciated subunits can then interact
with effector molecules to propagate
the intracellular signal. The duration
and intensity of signaling are further
regulated by GTPase-activating pro-
teins (GAPs). GAPs accelerate the
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hydrolysis of Ga-bound GTP, return-
ing the Ga subunit to its inactive
form. The regulators of G protein
signaling (RGSs) are a family of pro-
teins with GAP activity. To date,
more than 20 RGS proteins have
been identified. These proteins are
characterized by the presence of
canonical RGS domains that exhibit
G protein-GAP activity (2). Although
physiological functions for most of
the RGS family members have not
been identified, recent studies have
assigned roles to some RGS proteins.
For example, RGS9-1 controls pho-
tosensitization in the eye (3). The
RGS protein Sst2 mediates feedback
inhibition of mating pheromone
responses in yeast (4, 5). In this issue
of the JCI, Heximer and associates
describe a novel function of another
RGS family member, RGS2, in regu-
lation of blood pressure and vascular
structure (6).

RGS2 regulates blood pressure

RGS2 was originally identified as an
early response gene that was upregu-
lated in activated T cells (7). It was
also found in CNS neurons, and its
expression in the CNS was enhanced
by stimuli associated with neuronal
plasticity (8, 9). Functions of RGS2 in
the immune and neurological sys-
tems were confirmed in RGS2-defi-
cient mice, which were found to have
impaired T cell responses, increased
anxiety responses, and decreased
male aggressiveness (10). Although
abnormalities of the cardiovascular
system were not reported in the orig-
inal study of this mouse line, there
was circumstantial evidence suggest-
ing that RGS2 might play a role
in cardiovascular regulation. First,
RGS2 displays regulatory selectivity
for the Gaq subclass of G proteins

(11). Many important cardiovascular
hormones such as angiotensin II,
endothelin-1, thromboxane A,, and
norepinephrine activate receptors
that couple to Gogq. These hormones
are potent vasoconstrictors and have
been implicated in the pathogenesis
of hypertension. Second, regulated
expression of RGS2 has been de-
scribed in tissues that are important
for blood pressure regulation includ-
ing the CNS (8, 9), vascular smooth
muscle cells (12), and the kidney (13).

Using the RGS2-deficient mouse
line (10), Heximer and associates
showed that the absence of RGS2
causes hypertension. The level of
blood pressure elevation in the RGS2-
deficient animals is quite striking
with increases in mean arterial pres-
sure of 25 mm Hg in conscious in-
strumented animals and up to 50 mm
Hg in animals under anesthesia. The
character of hypertension has several
interesting features. At least in anes-
thetized mice, equivalent and sub-
stantial levels of blood pressure ele-
vation are seen in both rgs2¥~ and
rgs2~/~ animals, indicating that there
may be a threshold level of RGS2 that
is required for normal vascular
homeostasis in vivo. Moreover, the
presence of hypertension in the het-
erozygotes suggests that naturally
occurring mutations that incremen-
tally affect the level of RGS2 protein
may have a significant impact on
blood pressure regulation. Elevated
blood pressure in RGS2-deficient
mice, unlike in many other hyperten-
sive mouse models, is not accompa-
nied by a compensatory fall in heart
rate, suggesting that the absence of
normal RGS2 function may cause
generalized disruption of cardiovas-
cular reflexes.

The elevation in blood pressure in
rgs2*/~ and rgs2~/~ animals is accom-
panied by modest medial expansion
of renal arterioles. Yet the authors
found no evidence of cardiac hyper-
trophy in these same animals despite
the relatively substantial pressure
overload on the heart. This apparent
enhanced susceptibility for vascular
versus cardiac hypertrophy may indi-
cate a primary role for RGS2 in vas-
cular homeostasis. However, these
findings are seemingly at odds with
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Regulation of G protein signaling by RGS2. (a) During basal state the AT1 receptor spans the cell
membrane and is associated with a heterotrimeric G protein. (b) Binding of hormone (angiotensin
1) activates the G protein-coupled AT1 receptor, causing a conformational change and exchange
of GDP for GTP on Gaq. The Gaq-GTP and Gy subunits dissociate and are free to activate down-
stream effector proteins, which eventually results in physiological actions such as vasoconstriction
and vascular smooth muscle cell (VSMC) hypertrophy. Ang Il, angiotensin Il. (c) In the presence of
RGS proteins, such as RGS2, the Gaqg-catalyzed hydrolysis of GTP to GDP is accelerated, terminat-
ing the Ga-effector interactions. The Ga-GDP complex has high affinity for the Gfy subunit, and
reassociation of the Gafy-GDP unit with the receptor returns the system to the basal state (a).

previous studies suggesting that Gg-
coupled receptor agonists cause car-
diac hypertrophy primarily through
their vascular actions (14). Further
resolution of this issue will be one of
many interesting areas for future
exploration.

Does chronic vasoconstriction

cause hypertension?

The authors conclude that the hyper-
tensive phenotype in the RGS2
mutants is due to chronic constriction
of the peripheral vasculature. In sup-
port of this notion are their observa-
tions that the rate of decline in blood
pressure following vasopressor chal-
lenge was attenuated in RGS2-defi-
cient mice. Furthermore, in vascular
smooth muscle cells stimulated with
agonist, peak intracellular calcium

responses were higher, and the rate of
decline of intracellular calcium was
slower in RGS2 mutants than in wild-
type controls. However, in apparent
contrast to these in vitro data, pressor
responses to vasoconstrictor agonists
such as angiotensin II and phenyle-
phrine were dramatically blunted in
RGS2-deficient mice, indicating addi-
tional complexity of the system in vivo.

Against the notion that chronic
vasoconstriction alone is sufficient to
cause hypertension is extensive previ-
ous work by Guyton and others indi-
cating that abnormal sodium han-
dling by the kidney is required to
maintain chronic elevation of arterial
pressure irrespective of the nature of
the initial stimulus for high blood
pressure (15). This view is based on
the idea that the sodium excretory

capacity of the kidney provides a com-
pensatory system with virtually infi-
nite gain for countermanding eleva-
tions in blood pressure (16). This
paradigm has been most convincingly
established in models of hypertension
that depend on enhanced activity of
angiotensin II (17), and high blood
pressure associated with RGS2-defi-
ciency seems to fall into this category.
Furthermore, virtually all of the genet-
ic variants that have been linked to
hypertension in humans are associat-
ed with alterations in renal sodium
handling (18). As RGS2 is highly
expressed in the kidney and is there-
fore positioned to affect Gq-depend-
ent functions along the nephron,
another area for future investigation
will be defining precisely the role of
RGS2 in the regulation of water and
sodium homeostasis. We would sug-
gest that the absence of these homeo-
static actions of RGS2 is likely to con-
tribute significantly to hypertension
in RGS2-deficiency.

RGS2 and angiotensin Il signaling
There is a particularly intriguing rela-
tionship between RGS2 and the
angiotensin II type 1 (AT1) receptor, a
GPCR thatis part of a key pathway lead-
ing to progressive organ damage in
patients with heart and kidney diseases.
Hypertension in the RGS2-deficient
animals, at least when they are under
anesthesia, depends to a significant
extent on angiotensin II signaling via
the AT1 receptor. Moreover, previous
studies in vascular smooth muscle cells
have shown that angiotensin II stimu-
lates expression of mRNA for RGS2 but
not for other RGS proteins (12). These
specific interactions between angio-
tensin IT and RGS2 may have important
implications for promoting or amplify-
ing the contribution of angiotensin I to
elevation of blood pressure and its asso-
ciated tissue injury.

In summary, the studies of Heximer
and associates clearly show that RGS2 is
an important regulatory element acting
to dampen signaling by Gog-coupled
receptors in vivo. Because these recep-
tors are critical to the pathogenesis of
hypertension and target organ damage,
understanding the physiological actions
of how RGS2 and other GAPs can “turn
off” maladaptive signals should lead to
new insights into genetic causes of
hypertension and may suggest novel
downstream targets for therapy.
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