
Introduction
Signaling by G protein–coupled neurotransmitter
receptors in the autonomic nervous system and vasoreg-
ulatory factor receptors in the periphery govern blood
pressure by controlling constriction and dilatation of
resistance arterioles, and electrolyte and fluid balance
by the kidney (1, 2). Hypertension can be caused in
rodents by deletion of genes encoding G protein–cou-
pled receptors (GPCRs) that normally decrease blood
pressure (3, 4), or by overproduction of GPCR agonists
that elevate blood pressure (5, 6). Increased risk of
hypertension in certain human populations has been

associated with genetic polymorphisms in genes encod-
ing components of GPCR signaling pathways (7–13).

Several considerations have led us to hypothesize
that normal blood pressure homeostasis requires the
function of newly identified kinetic regulatory com-
ponents of GPCR signaling systems, the RGS proteins
(regulators of G protein signaling). When cardiac out-
put changes rapidly in response to metabolic demand
or arousal state, systemic blood pressure remains
within the normal range. This implies that the GPCR
signaling pathways controlling blood pressure must
be activated and deactivated rapidly to compensate
for large changes in cardiac output that can occur
within seconds. Consistent with this concept, G pro-
tein activation by receptor-catalyzed guanine nucleo-
tide exchange is fast (less than 1 second) (14). In con-
trast, G protein deactivation rates determined by the
intrinsic ability of Gα subunits to hydrolyze GTP are
often much slower (half-time ∼30 seconds) than deac-
tivation rates in vivo inferred from physiological
measurements (15). However, G protein deactivation
in vitro can be stimulated greatly by members of the
RGS family of proteins, which are potent GTPase-acti-
vating proteins for Gα subunits (15). We therefore
hypothesized that mouse mutants lacking relevant
RGS proteins would have abnormal blood pressure
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due to prolonged signaling by GPCR signaling path-
ways involved in blood pressure control.

Of the approximately 30 RGS proteins encoded in the
mouse or human genome, RGS2 may be critical for
blood pressure regulation. Among RGS proteins exam-
ined thus far in detail, RGS2 appears to be the most
potent negative regulator of Gqα, which mediates the
action of most physiological vasoconstrictors, includ-
ing norepinephrine, angiotensin II, endothelin-1, and
thrombin. RGS2 also can attenuate Gi- and Gs-mediat-
ed pathways (16, 17), which could affect blood pressure
regulation by other physiologically important agonists
such as serotonin, dopamine, or bradykinin. The rgs2
gene is expressed in tissues and cell types involved in
blood pressure regulation, including the nervous sys-
tem (16, 18, 19), kidney (18), and vascular smooth mus-
cle cells, where its expression is induced by angiotensin
II as a potential inhibitory feedback mechanism (20).
Lastly, the human rgs2 gene maps to 1q31 (21), within
an interval (1q31–42) linked to one of three allelic forms
of an inherited human hypertension disorder (22).

To determine whether RGS2 is required for normal
blood pressure homeostasis, we have analyzed mice lack-
ing a functional rgs2 gene. Previous studies have shown
that RGS2 deficiency in mice has no apparent effect on
motor responses, circadian activity, exploratory behav-
ior, motor coordination, or spatial learning and memo-
ry; however, loss of RGS2 does cause partial defects in T
cell activation, a male-specific aggression deficit, and
decreased density of apical and basilar spines in the CA1
region of the hippocampus (19). Here we report that
both rgs2+/– and rgs2–/– mice are strongly hypertensive.
Our pharmacological and physiological analysis of these
mutants and studies of signal transduction in vascular
smooth muscle cells derived from them indicate that
precise kinetic regulation of vasoconstrictor signaling is
required for normal blood pressure homeostasis.

Methods
Mice. The generation and genotyping of rgs2–/– mice
have been described (19). All animals were bred (n > 10)
into a C57BL/6 background. Mice used in this study
were provided ad libitum with normal food and water
and subjected to a standard light/dark cycle. All exper-
iments were performed in accordance with Animal
Studies Committee regulations at Washington Univer-
sity School of Medicine.

Blood pressure analysis and echocardiography. Mean arterial
pressures (MAPs) of mice anesthetized with ketamine (87
mg/kg) and xylazine (13 mg/kg) (23) were recorded by
catheterization of the common carotid artery with a Mil-
lar 1.4 French blood pressure probe (Millar Instruments
Inc., Houston, Texas, USA) that was passed into the
ascending aorta. All drugs were diluted in 0.9% sodium
chloride. Drugs were administered (5 µl doses added 1–2
µl/s) at the indicated concentrations by catheterization
of the left jugular vein with polyethylene tubing (PE-10)
attached to a 1-ml syringe. In experiments where α-adren-
ergic or angio-tensin II type 1 receptor antagonists were

used, we routinely established that the blockade was
effective by showing that a bolus injection of the relevant
specific agonist had no effect. Ganglionic blockade by
hexamethonium was verified as follows. Under keta-
mine/xylazine anesthesia there are occasional episodes of
increased parasympathetic tone marked by bradycardia
accompanied by abnormally low blood pressures. Such
episodes were extinguished within seconds of adminis-
tration of hexamethonium, which normalized heart rate
and blood pressure, indicating complete autonomic
blockade. For analysis of blood pressure in waking ani-
mals (24), mice subjected to isoflurane anesthesia were
catheterized through the femoral artery with 0.05 mm
tapered PE tubing. Catheters were tunneled through the
skin at the nape of the neck and fixed in place with den-
tal acrylic. Direct arterial pressures were digitally moni-
tored the next morning in awake, freely moving mice.
Normal baroreflex responses, indicated by an appropri-
ate heart rate decrease, were recorded following a phenyle-
phrine challenge (6 µg/kg intra-arterially). PE-tubing
catheters were similarly implanted in the right carotid
artery of selected mice to confirm similarly high blood
pressures in the ascending aorta. M-mode echocardiog-
raphy was performed as de-scribed previously (25). The
reported data for each experimental condition were mean
values obtained from three to ten mice, which were ana-
lyzed for statistical significance by Student’s t test.

Histology and morphometric analysis of renal vasculature.
Mice were perfused at constant pressure (140 mmHg)
with 10% phosphate-buffered formalin. Sections of
paraffin-embedded tissues were prepared, and stained
with Verhoeff–Van Gieson reagent (elastin stain) or
hematoxylin and eosin. We performed morphometric
analysis of medial thickness in renal resistance vessels
with diameters of 50–100 µm by analyzing 30 vessels
obtained from at least two mice of each genotype.

Immunoblotting analysis of angiotensin II type 1 receptor
levels in aortic lysates. Angiotensin II type 1 (AT1) recep-
tor levels in aortic protein extracts from wild-type rats
and rgs2+/+, rgs2+/–, and rgs2–/– mice were analyzed by
immunoblotting experiments. Thoracic aortae were
homogenized in RIPA buffer (150 mM NaCl, 1.0%
IGEPAL, 0.5% deoxycholate [Sigma-Aldrich, St. Louis,
Missouri, USA], 0.1% SDS, 50 mM Tris-HCl, pH 8.0)
containing protease inhibitors. Thirty micrograms of
total protein per lane was resolved by PAGE and trans-
ferred to PVDF membranes. Membranes were blocked
overnight at 4°C in PBS–0.04% Tween-20 (PBS-T) con-
taining 5% nonfat dry milk. For detection of AT1
receptor, membranes were incubated with affinity-
purified anti–AT1 receptor antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, California, USA) dilut-
ed 1:1,000 in PBS-T with 0.5% nonfat dry milk and
goat anti-rabbit horseradish peroxidase–conjugated
secondary antibody (ICN Biomedicals Inc., Costa
Mesa, California, USA) diluted 1:2,000 in PBS-T. AT1
receptor protein was detected by enhanced chemilu-
minescence. For peptide blocking studies, the diluted
anti–AT1 receptor antibody was incubated overnight
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with a 700-fold molar excess of blocking peptide
(Santa Cruz Biotechnology Inc.) in PBS, and samples
were processed as described above.

Measurement of agonist-induced changes in intracellular
calcium in primary aortic vascular smooth muscle cell cul-
tures. Vascular smooth muscle cells from explanted
thoracic aortic tissue were prepared as described (26),
with the following modifications. Cells were dissoci-
ated by gentle agitation for 30 minutes at 37°C in
DMEM digestion buffer containing elastase (0.03%
wt/vol) and collagenase (0.07% wt/vol), sieved
through 50-µm nylon mesh, washed, and seeded at
low density onto polylysine-coated 13-mm no. 1 glass
coverslips. Cells in culture were maintained in
DMEM/F12 media containing 20% FCS and 2 mM
glutamine with penicillin and streptomycin. Im-
munostaining with anti–smooth muscle α-actin anti-
body (1A4; Sigma-Aldrich) indicated that cell prepa-
rations were more than 80% vascular smooth muscle
cells. Cells were washed and incubated in 4 µM 
fura-2/AM (Molecular Probes Inc., Eugene, Oregon,
USA) in Ca1 solution (11 mM glucose, 130 mM NaCl,
4.8 mM KCl, 1.2 mM MgCl2, 17 mM HEPES, 1 mM
CaCl2, pH 7.3) for 30 minutes at 37°C, washed once,
and incubated in Ca1 without fura-2 for 10 minutes
at 37°C to allow hydrolysis of the acetoxymethyl ester.
Coverslips were placed in an RC-26G large open bath
recording chamber (Warner Instrument Corp., Ham-
den, Connecticut, USA) that was mounted on a Nikon
Eclipse E600 FN microscope equipped with a Nikon
Fluor 40×/0.80 water immersion lens (Nikon Inc.,
Melville, New York, USA). Excitation light (340
nm/380 nm) was provided by a TiLL Polychrome IV
monochromater (TiLL Photonics GmbH, Martins-
ried, Germany) in conjunction with a 495-nm
dichroic mirror and a 525 ± 20–nm emission filter
(Chroma Technology Corp., Brattleboro, Vermont,
USA). Fluorescence ratio imaging was performed with
TiLLvisION 4.0 imaging software (TiLL Photonics
GmbH), and images were acquired with a SensiCam
cooled CCD camera (PCO Computer Optics GmbH,
Kelheim, Germany). Image pairs were taken every 2
seconds, and background-corrected ratio images (340
nm/380 nm) were analyzed with individual cells
defined as regions of interest (ROIs). Data are pre-
sented as relative ratio values over time for each ROI.

Results
We determined whether RGS2 is required for normal
blood pressure homeostasis by measuring aortic blood
pressure (23) of anesthetized wild-type, rgs2+/–, and rgs2–/–

mice. The MAP of the rgs2–/– mutant was 135 ± 3 mmHg,
compared with 84 ± 6 mmHg for isogenic wild-type con-
trols, indicating a large elevation in blood pressure (∼50
mmHg; Figure 1). Strikingly, mice heterozygous for an
rgs2 deletion exhibited a similar level of hypertension
(MAP = 134 ± 3 mmHg; Figure 1), indicating that RGS2
is especially critical for blood pressure homeostasis. Such
a result has a precedent, since blood pressures of mice

heterozygous or homozygous for a deletion of the
dopamine D3 receptor gene are elevated to the same
extent even though renin levels are higher in the
homozygote (3). The hypertensive phenotype of rgs2–/–

mutants was confirmed in unanesthetized freely moving
mice (24) (Table 1), which indicated a hypertensive phe-
notype significantly greater than that observed in estab-
lished mouse models of hypertension, including the
uninephrectomized deoxycorticosterone acetate–salt
model (27) and GPCR knockout models (3, 4).

RGS2-deficient mice exhibited other cardiovascular
phenotypes similar to some of those in humans with
chronic essential hypertension (28). Significant renovas-
cular abnormalities (medial thickening indicative of vas-
cular smooth muscle cell hypertrophy and/or hyperpro-
liferation) were also observed in RGS2-deficient mice
(Figure 2). Transthoracic echocardiography, however,
indicated that, relative to wild-type mice of the same age,
6-month-old RGS2-deficient mice exhibited no signifi-
cant decrease in systolic contractile function as measured
by percent fractional shortening (Table 2) or evidence of
hypertrophy as indicated by various cardiac dimensions
(Table 2) or heart/body weight ratios (data not shown).

To investigate the mechanisms responsible for the
hypertensive phenotype of rgs2 mutants, we initially
determined whether these mutants exhibited increased
pressor responses following vasoconstrictor challenge
(29), as can occur in hypertensive humans due to hyper-
trophy of resistance arterioles (28). Compared with
wild-type controls, RGS2-deficient mice displayed
small increases in blood pressure in response to a max-
imal dose of angiotensin II (Figure 3a) or phenyle-
phrine (data not shown), indicating that hypertrophy
of the resistance vasculature was not the main cause of
the hypertensive phenotype. Therefore, the hyperten-
sive phenotype of rgs2 mutants was likely to be caused
by increased vascular tone (chronic constriction of the
peripheral vasculature) in response to signaling via
neurotransmitters or circulating factors, or by abnor-
mal fluid and electrolyte balance.

Increased neurotransmitter signaling resulting in ele-
vated vascular tone was unlikely to be the cause of the
observed hypertensive phenotype, because the anesthesia
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Figure 1
Blood pressures of wild-type and RGS2-deficient mice. MAPs (mmHg;
open circles) of anesthetized male wild-type (WT; n = 8), rgs2+/– (n = 13),
and rgs2–/– (n = 15) mice with heart rates greater than 330 beats per
minute are shown. The mean blood pressure for each genotype is indi-
cated (filled squares). *P < 0.0005 relative to wild-type mice.



employed in the preceding experiments inhibits sym-
pathetic outflow caused by activation of inhibitory α2A-
adrenergic receptors. Furthermore, similar to rats sub-
jected to the same anesthesia protocol (30), blocking
ganglionic transmission with hexamethonium, an
inhibitor of nicotinic channels, had little effect on MAP
of wild-type or RGS2-deficient mice (Table 1). Howev-
er, because not all sympathoexcitatory signals are
blocked by hexamethonium (31), we determined
whether the hypertensive phenotype depends on acti-
vation of peripheral α1-adrenergic receptors, the pri-
mary mediators of adrenergic vasopressor responses
(32). After administration of hexamethonium, block-
ade of α1-adrenergic receptors with prazosin reduced
MAP modestly and to a similar extent (∼13–15 mmHg)
in wild-type and RGS2-deficient mice (Table 1). There-
fore, signaling via prazosin-sensitive α-adrenergic
receptors did not seem to be required to detect a hyper-
tensive phenotype in RGS2-deficient mice.

In contrast, the hypertensive phenotype of RGS2-
deficient mice was profoundly dependent on
angiotensin II signaling. Angiotensin II, the effector of
the renin-angiotensin system, controls blood pressure

by activating G protein–coupled AT1 receptors that
stimulate constriction of the resistance vasculature to
regulate vascular tone, and that stimulate aldosterone
production by the adrenal medulla to regulate elec-
trolyte and water balance (1, 2). Infusion of an AT1
receptor antagonist (candesartan) dramatically
decreased blood pressure in RGS2-deficient mice
(Table 1 and Figure 3b). AT1 receptor blockade in
rgs2–/– mice decreased blood pressure to base-line val-
ues within a few minutes (data not shown), suggesting
that hypertension was probably not caused by signifi-
cant effects on fluid or electrolyte balance. Therefore,
hypertension in rgs2–/– mice was likely caused by
angiotensin II–dependent increases in vascular tone.

We obtained further evidence of increased vascular tone
in RGS2-deficient mice by measuring rates of blood pres-
sure decline after infusion of an AT1 receptor antagonist.
AT1 receptor blockade resulted in a slower decrease in
blood pressure in rgs2–/– mice than in wild-type controls
(Figure 3b). A similar result was obtained under condi-
tions where initial blood pressures were established at
similar high levels in RGS2-deficient and wild-type mice
by pretreatment with a pressor dose of angiotensin II.
Under these conditions, subsequent infusion of an AT1
receptor antagonist caused blood pressure to decrease
significantly less rapidly in rgs2–/– mutants than in wild-
type controls (Figure 3c). One potential explanation for
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Table 1
Blood pressures and heart rates of unanesthetized mice, and of
anesthetized mice following nicotinic, α-adrenergic, or AT1
receptor blockade

Wild-type rgs2–/–

MAP HR MAP HR

Unanesthetized 100.4 ± 2.5A 530 ± 31 125 ± 2.5A 514 ± 8
Anesthetized
Hexamethonium
– 76.5 ± 2.6 309 ± 19 128.5 ± 4.1 341 ± 23
+ 89.2 ± 7.4 341 ± 9 125.3 ± 4.6 372 ± 24
Hexamethonium + prazosin
– 97.3 ± 1.3 348 ± 22 128.7 ± 3.1B 398 ± 31
+ 82.9 ± 5.8 335 ± 15 115.6 ± 2.3B 395 ± 31
Candesartan
– 86.1 ± 2.8C 290 ± 28 137.8 ± 8.0C 367 ± 4
+ 68.1 ± 3.4C 287 ± 28 81.2 ± 5.2C 293 ± 20
Hexamethonium + candesartan
– 81.1 ± 3.2A 319 ± 16 131.5 ± 4.8D 348 ± 17
+ 68.7 ± 2.9A 345 ± 7 85.4 ± 3.5D 334 ± 24

Mean ± SEM of results from experiments with three to five mice under each
condition. Paired blood pressure values (i.e., unanesthetized wild-type vs.
rgs2–/– mice; anesthetized mice of a given genotype with or without the indi-
cated drugs) that were statistically different are indicated (AP < 0.02, 
BP < 0.05, CP < 0.01, DP < 0.00005). Differences in heart rates were not sta-
tistically significant. HR, heart rate.

Figure 2
Structures of aorta and renal vasculature in wild-type and RGS2-defi-
cient mice. Histological analysis (hematoxylin-and-eosin or Verho-
eff–Van Gieson elastin staining) of wild-type (a, c, and e) and rgs2–/– (b,
d, and f) mice. Aorta (a and b), renal interlobular arteries (c and d), and
nonelastic arterioles of the renal cortex (e and f) are shown. (g) Mor-
phometric analysis of relative medial thickness (medial area/total area)
of renal resistance vessels with diameters of 50–100 µm from wild-type,
rgs2+/–, and rgs2–/– mice. Relative medial thickness of rgs2 mutants dif-
fered significantly (*P < 0.0001) from that of wild-type mice.



the angiotensin II–dependent hypertensive phenotype
was elevated vascular expression of AT1 receptors in
RGS2-deficient mice. However, AT1 receptor levels in aor-
tae from wild-type, rgs2+/–, and rgs2–/– mice were indistin-
guishable (Figure 3d), arguing against this hypothesis.
Therefore, the results suggested that RGS2 regulates vas-
cular tone by contributing to attenuation of AT1 recep-
tor signaling in the resistance vasculature.

Results of additional experiments indicated that loss
of RGS2 results in prolonged responses to other vaso-
constrictor agonists. For these experiments, hexam-
ethonium was used to block ganglionic transmission,
and an AT1 receptor antagonist was administered to
reduce blood pressure of wild-type and RGS2-deficient
mice to similar low levels. Mice then were challenged
with increasing doses of phenylephrine, a potent vaso-
constrictor that activates Gq-coupled α1-adrenergic
receptors in vascular smooth muscle cells. At each dose
of phenylephrine, the increase in blood pressure was
only slightly higher in rgs2–/– than in wild-type mice
(Figure 4a), indicating that vascular sensitivity to this
agonist was only slightly increased. In contrast, after
phenylephrine challenge, the blood pressure of rgs2–/–

mice declined significantly more slowly than that of
wild-type mice (i.e., termination of vasoconstrictor
responses was slower; Figure 4b). These results sug-
gested that a defect in vasoconstrictor-signal termina-
tion in cells of the peripheral vasculature contributed
to the hypertensive phenotype of rgs2–/– mice.

To determine directly whether loss of RGS2 causes a
defect in the termination of vasoconstrictor signaling,
we examined vasoconstrictor signaling in aortic
smooth muscle cells cultured from wild-type and rgs2–/–

mice. Responses of cells to stimulation of Gq-coupled
P2Y receptors with ATP (a potent vasoconstrictor) were
assessed by fura-2 imaging of intracellular calcium lev-
els (Figure 5). As indicated by experiments that meas-
ured peak responses elicited by various concentrations
of ATP (cultured vascular smooth muscle cells do not
express P2X receptors; ref. 33), cells from rgs2–/– mice

were approximately threefold more sensitive than cells
from wild-type mice (Figure 5a). Furthermore, at the
highest doses of ATP, peak calcium responses were
greater in cells from rgs2–/– compared with wild-type
mice, indicating that both the potency and the efficacy
of ATP were greater. However, potency and efficacy of
α-adrenergic agonists on vasoconstriction in vivo were
unaffected by loss of RGS2; this could be due to buffer-
ing by endothelial tone or other factors in vivo.

Fura-2 imaging of intracellular calcium levels was
also used to examine the kinetics of signal termination
following the peak response elicited by challenge with
a maximal dose of ATP. As indicated by the kinetics
with which intracellular Ca2+ levels declined to base-
line levels after reaching a peak response, the signal
termination kinetics of aortic smooth muscle cells
from RGS2-deficient mice was markedly slower (Fig-
ure 5b). The results of these in vitro studies and anal-
ogous studies of the termination of vasoconstrictor
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Table 2
Echocardiographic analysis of wild-type and RGS2-deficient mice

Wild-type rgs2+/– rgs2–/–

Heart rate (bpm) 643 ± 27 647 ± 10 639 ± 11
LVPWd (mm) 0.82 ± 0.05 0.85 ± 0.02 0.87 ± 0.03
IVSd (mm) 0.85 ± 0.05 0.88 ± 0.03 0.90 ± 0.04
LVIDd (mm) 3.43 ± 0.12 3.39 ± 0.14 3.38 ± 0.07
LVPWs (mm) 1.58 ± 0.04 1.55 ± 0.05 1.63 ± 0.07
IVSs (mm) 1.62 ± 0.04 1.57 ± 0.03 1.62 ± 0.07
LVIDs (mm) 1.69 ± 0.11 1.70 ± 0.13 1.62 ± 0.07
FS (%) 51.0 ± 1.8 50.2 ± 1.9 52.2 ± 1.4

Cardiac dimensions: LV, left ventricle; LVPWd, LV posterior wall, diastole;
IVSd, interventricular septum, diastole; LVIDd, LV internal dimension, dias-
tole; LVPWs, LV posterior wall, systole; IVSs, interventricular septum, systole;
LVIDs, LV internal dimension, systole; FS, fractional shortening. Dimensions
were obtained from six to seven mice for each genotype. FS was calculated as
100% × [(LVIDd – LVIDs)/LVIDd]. Data shown are the mean ± SEM. bpm,
beats per minute.

Figure 3
Blood pressure responses following challenge with angiotensin II or
AT1 receptor blockade in wild-type and RGS2-deficient mice. (a)
Time courses of blood pressure increase (change in MAP ± SEM,
mmHg) following intraarterial administration of pressor doses of
angiotensin II to RGS2-deficient mice (n = 6; filled squares) and wild-
type mice (n = 6; open squares). (b) Time courses of blood pressure
decrease (change in MAP ± SEM, mmHg) following AT1 receptor
blockade with candesartan in wild-type (n = 6; open squares) and
rgs2–/– mice (n = 6; filled squares). (c) Time course of blood pressure
decrease [(MAP – MAPfinal)/(MAPinitial – MAPfinal)] ± SEM following
AT1 receptor blockade in wild-type (n = 7; open squares) and rgs2–/–

mice (n = 7; filled squares) that were pretreated with a pressor dose
of angiotensin II to elevate blood pressures to similarly high starting
values (systolic blood pressure = 160–170 mmHg). The results shown
in each panel are representative of more than ten experiments per-
formed with each genotype. The changes in blood pressure for wild-
type and rgs2–/– mice were compared at each time point. Statistical-
ly significant differences are indicated (*P < 0.01, **P < 0.002). (d)
Western blot analysis of AT1 receptors in aortic extracts. AT1 recep-
tor expression in aortae from wild-type rats and rgs2+/+ (WT), rgs2+/–,
and rgs2–/– mice is indicated (upper panel). Antibody specificity was
verified by probing of an identical blot with primary antibody that
first had been incubated with blocking peptide (lower panel).



responses in vivo indicate that abnormally prolonged
vasoconstrictor signaling is likely to be a significant
cause of hypertension in RGS2-deficient mice. The
mechanistic function of RGS2 in the vasculature
therefore is analogous to that of RGS9-1 in the reti-
na (termination of phototransduction) (34). Because
loss of RGS2 prolongs responses triggered by unre-
lated vasoconstrictor receptors (AT1 and α1-adrener-
gic receptors in vivo and P2Y receptors in vitro),
RGS2 is likely to promote the termination of signal-
ing by many physiologically important Gq-coupled
vasoconstrictor receptors.

Discussion
In this study we have shown that signaling by G pro-
tein–coupled vasoconstrictor receptors must be regulat-
ed with exquisitely precise kinetics to achieve normal

blood pressure homeostasis. We have reached this con-
clusion by analyzing mice lacking RGS2, an intracellular
GTPase-activating protein that stimulates the rate of G
protein deactivation. Disruption of the rgs2 gene in mice
dramatically increases blood pressure and markedly pro-
longs vasoconstrictor responses of the peripheral resist-
ance vasculature in vivo and of aortic vascular smooth
muscle cells in vitro. Because RGS2 is a potent inhibitor
of Gq, these physiological and biochemical effects are
likely to result significantly from prolonged activation
of Gqα and its effector phospholipase C-β in vascular
smooth muscle cells. Sustained activation of phospholi-
pase C-β would be expected to result in prolonged or ele-
vated production of diacylglycerol and inositol-1,4,5-
trisphosphate, enhancing the release of intracellular
calcium and consequent activation of myosin light chain
kinase to trigger sustained smooth muscle cell contrac-
tion. Therefore, by prolonging the rate at which vaso-
constrictor signaling terminates, loss of RGS2 is pro-
posed to increase the duration of contraction by the
resistance vasculature, significantly increasing blood
pressure. This mechanism of hypertension is supported
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Figure 4
Vasoconstrictor dose-response relationships and kinetics of blood
pressure decline in wild-type and rgs2–/– mice. (a) Dose-response rela-
tionships for blood pressure increase (change in MAP) upon challenge
with increasing doses of the α-adrenergic vasoconstrictor phenyle-
phrine in wild-type (n = 8; open squares) and rgs2–/– mice (n = 7; filled
squares) that had been pretreated with candesartan to decrease ini-
tial blood pressures to similar low basal levels. (b) Rates of blood
pressure decrease [(MAP – MAPfinal)/(MAPinitial – MAPfinal)] ± SEM fol-
lowing challenge with a pressor dose of phenylephrine in wild-type 
(n = 6; open squares) and rgs2–/– mice (n = 6; filled squares) pretreat-
ed with candesartan to decrease blood pressure to low basal levels.

Figure 5
Changes in intracellular calcium levels in response to vasoconstrictors
in primary aortic vascular smooth muscle cells derived from wild-type
and rgs2–/– mice. (a) Dose-response relationships for P2Y receptor–
mediated increases in intracellular calcium levels. Cells were treated
with the indicated doses of ATP, an agonist for P2Y receptors. Changes
in intracellular calcium levels were measured as changes in fluorescence
ratio [FR ± SEM = (emission at 510 nm upon excitation at 340
nm)/(emission at 510 nm upon excitation at 380 nm)] in fura-2–
loaded cells isolated from wild-type (n = 15–22 individual cells for each
agonist dose; open squares) and rgs2–/– mice (n = 15–22 individual cells
for each agonist dose; filled squares). (b) Rates of intracellular calci-
um level decay (100% × [FR – FRfinal]/[FRinitial – FRfinal] ± SEM) after a
maximal response had been elicited by treating cells from wild-type 
(n = 39 individual cells; open squares) and rgs2–/– mice (n = 46 indi-
vidual cells; filled squares) with 100 µM ATP. Pairwise comparisons of
the FR values of wild-type and rgs2–/– cells were made at similar ago-
nist concentrations in a or similar times after maximal FR response in
b. Statistically significant differences are indicated (*P < 0.001).



by the observations that the hypertensive phenotype of
rgs2–/– mutants is reversed within minutes following
either blockade of angiotensin II production with an
ACE inhibitor or antagonism of AT1 receptors, and that
the rate of blood pressure decline in rgs2–/– mutants
infused with an AT1 antagonist is slower than that in
identically treated wild-type mice.

Is kinetic dysregulation of GPCR signaling in the vas-
culature of rgs2–/– mice likely to be sufficient to cause
hypertension? Although further studies will be neces-
sary to answer this question, it is interesting that vas-
cular overexpression of the GPCR kinase GRK2 in
transgenic mice is sufficient to cause hypertension and
impaired vascular β-adrenergic receptor signaling (35).
Given such a precedent and the results of our study, we
suggest that kinetic dysregulation of vasoconstrictor
signaling in the vasculature of rgs2–/– mice contributes
substantially to hypertension.

An unexpected finding of this study is that hyperten-
sion in rgs2–/– mice is essentially completely dependent
on angiotensin II signaling. This is in contrast to pre-
vious biochemical studies, and evidence presented here,
that show that RGS2 is capable of negatively regulating
signaling by several types of Gq-coupled vasoconstric-
tor receptors (36, 37). The angiotensin II dependence
of the hypertensive phenotype of rgs2–/– mice may be
due significantly to the fact that maintenance of blood
pressure in anesthetized wild-type animals is more
strongly dependent on the renin-angiotensin system
than on the sympathetic nervous system (38). Pharma-
cological studies combined with telemetric analysis of
blood pressure in unanesthetized rgs2–/– mice will be
necessary to establish the relative contributions of the
renin-angiotensin and sympathetic nervous systems as
drivers of the hypertensive phenotype.

Another striking observation is that heterozygous
and homozygous rgs2-null mice exhibit a similar level
of profound hypertension. Although subtle pheno-
typic differences may occur, such as during aging, this
observation indicates that RGS2 is especially crucial
for normal blood pressure homeostasis, and that mice
cannot compensate for the loss of even one copy of the
rgs2 gene. Effective compensation may fail to occur
because the rgs2 gene is expressed widely in the vascu-
lature, brain, and kidney in a pattern that is not repli-
cated by other rgs genes (16, 18–20), or because other
RGS proteins are less selective or potent than RGS2 as
regulators of Gq, as is suggested by biochemical stud-
ies (36, 37). Alternatively, RGS2 deficiency could cause
developmental defects in regulatory circuitry, such as
in the nervous system, that otherwise would compen-
sate for imbalances in blood pressure regulation by
controlling release and/or signaling by vasoconstric-
tors such as norepinephrine or angiotensin II. Howev-
er, decreases in apical and basilar spines in the CA1
region of the hippocampus of rgs2–/– mice (19) are
unlikely to be responsible, because they are not
observed in rgs2 heterozygous null mutants and yet
these mice are hypertensive.

Lack of significant difference in the hypertensive phe-
notypes of rgs2 heterozygous versus homozygous nulls
could result from stimulation of endothelial production
of NO or other vasodilatory factors by angiotensin II
(39–42). According to this model, an initial response to
angiotensin II would be more robust in rgs2 homozygous
nulls than in heterozygous nulls, but blood pressure
would not be higher in rgs2 homozygous nulls because
they would produce more NO or other vasodilatory fac-
tors as a counterbalancing mechanism.

In conclusion, results of the present study and previ-
ous investigations demonstrate that hypertension in
rodents can be caused by abnormalities in several com-
ponents of G protein signaling pathways, including
receptors (3, 4), agonists (5, 6), and RGS2. This under-
scores the importance of GPCRs and the signals they
transduce for normal blood pressure homeostasis and
suggests that dysfunctional GPCR signaling may con-
tribute significantly to the initiation, establishment,
and/or maintenance of essential hypertension in
humans. Indeed, polymorphisms in the genes encod-
ing human β1- and β2-adrenergic receptors have been
implicated as markers associated with increased risk of
hypertension (7–10). Because RGS2 and other RGS
proteins that are relatively widely expressed have the
potential to coordinately regulate signaling by several
GPCRs involved in blood pressure homeostasis, genet-
ic defects affecting their function or expression may
constitute significant risk factors for the development
of hypertension. Identification of such abnormalities
that result in kinetic dysregulation of GPCR signaling
therefore may lead to new means of diagnosing or
treating hypertension.
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