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The G protein-coupled receptor kinases (GRKs) and �-arrestins,
families of molecules essential to the desensitization of G protein-
dependent signaling via seven-transmembrane receptors (7TMRs),
have been recently shown to also transduce G protein-indepen-
dent signals from receptors. However, the physiologic conse-
quences of this G protein-independent, GRK��-arrestin-dependent
signaling are largely unknown. Here, we establish that GRK��-
arrestin-mediated signal transduction via the angiotensin II (ANG)
type 1A receptor (AT1AR) results in positive inotropic and lusitropic
effects in isolated adult mouse cardiomyocytes. We used the
‘‘biased’’ AT1AR agonist [Sar1, Ile4, Ile8]-angiotensin II (SII), which is
unable to stimulate G�q-mediated signaling, but which has previ-
ously been shown to promote �-arrestin interaction with the
AT1AR. Cardiomyocytes from WT, but not AT1AR-deficient knockout
(KO) mice, exhibited positive inotropic and lusitropic responses to
both ANG and SII. Responses of WT cardiomyocytes to ANG were
dramatically reduced by protein kinase C (PKC) inhibition, whereas
those to SII were unaffected. In contrast, cardiomyocytes from
�-arrestin2 KO and GRK6 KO mice failed to respond to SII, but
displayed preserved responses to ANG. Cardiomyocytes from GRK2
heterozygous knockout mice (GRK2�/�) exhibited augmented re-
sponses to SII in comparison to ANG, whereas those from GRK5 KO
mice did not differ from those from WT mice. These findings
indicate the existence of independent G�q�PKC- and GRK6��-
arrestin2-dependent mechanisms by which stimulation of the
AT1AR can modulate cardiomyocyte function, and which can be
differentially activated by selective receptor ligands. Such ligands
may have potential as a novel class of therapeutic agents.

seven-transmembrane receptors � G protein-coupled receptor kinase � mice

V irtually all physiologic processes in higher organisms are
critically regulated by signal transduction through seven-

transmembrane receptors (7TMRs), the largest and most diverse
family of cell surface receptors (1). The biological effects of
7TMR signal transduction have conventionally been attributed
to activation of 7TMR-associated heterotrimeric G proteins, and
consequent activation of second messenger-generating enzymes,
production of second messengers, and activation of second
messenger-dependent effector molecules (2). This classical un-
derstanding has been supported by numerous physiologic stud-
ies, and forms the basis for the utilization of drugs (agonists and
antagonists) targeting 7TMRs, as therapeutic strategies for a
vast array of diseases (1).

However, this simple paradigm has been altered by an in-
creasing appreciation of the biochemical importance of both
negative regulation of G protein-dependent signaling, and G
protein-independent signal transduction by 7TMRs (3, 4). G
protein activation and dependent downstream processes are
predominantly antagonized by the sequential actions of two
families of molecules, the G protein-coupled receptor kinases
(GRKs) and the �-arrestins. Agonist binding to the 7TMR
induces conformational changes, which result in GRK-catalyzed

phosphorylation of 7TMR intracellular serine and threonine
residues, which then promotes recruitment of �-arrestins to the
receptor (4). �-Arrestin interaction with the receptor interdicts
coupling of the receptor to G proteins (desensitization) (4), and
facilitates receptor removal from the cell surface (internaliza-
tion) (4). As with the biochemical functions of G proteins and
downstream effectors, these roles of GRKs and �-arrestins in
desensitization have been corroborated with respect to the
regulation of numerous physiologic processes (4, 5).

Comparatively less is known regarding the physiologic and�or
pathophysiologic roles of 7TMR-mediated G protein-
independent signal transduction. However, recent evidence sug-
gests that G protein-independent signal transduction via 7TMRs
may carry out important physiologic functions in the cardiovas-
cular system. For example, transgenic myocardium-specific over-
expression of an angiotensin II (ANG) type 1A receptor
(AT1AR) uncoupled from G�q activation has distinct effects on
myocardial signaling and ventricular function, in comparison to
overexpression of the wild-type AT1AR (6). Yet, the proximal
biochemical mediators of the observed phenotype are unknown.

The existence of G protein-independent, GRK��-arrestin-
mediated signal transduction has been established for several
7TMRs (7–13) as well as non-7TMRs (14, 15), and represents a
potentially important mechanism by which 7TMRs modulate
physiologic processes. For example, �-arrestins have been shown
to couple 7TMRs, including the AT1AR (7, 8, 10), �2 adrenergic
receptor (�2AR) (12, 16), V2 vasopressin receptor (V2R) (11),
protease-activated receptor 2 (PAR2) (17), and parathyroid
hormone receptor (9), to activation of the mitogen activated
protein kinase ERK; furthermore, for the AT1AR and V2R, this
process requires the activities of GRKs 5 and 6. To date, the
physiologic consequences of �-arrestin-mediated signal trans-
duction have not been extensively characterized. However, a
recent report implicates �-arrestin2 in D2 dopamine receptor-
dependent neurotransmission and behaviors (18).

We have previously shown that stimulation of the AT1AR in
adult mouse cardiomyocytes results in positive inotropic effects
(19), which have also been demonstrated in cells from other
species (20) and in vivo (21). To assess the physiologic roles of
�-arrestin-mediated signaling in the cardiovascular system, we
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measured systolic and diastolic functional responses of adult
mouse cardiomyocytes to ANG and to a ‘‘biased agonist’’ of the
AT1AR ([Sar1, Ile4, Ile8])-ANG (SII). In studies with HEK293
cells, we have shown that this ligand is unable to promote G�q
activation, but mediates �-arrestin2-dependent ERK activation,
i.e., it is ‘‘biased’’ in favor of �-arrestin-mediated versus G
protein-mediated signaling. We also tested the dependence of
these responses on �-arrestin2 and specific GRK isoforms by
using cardiomyocytes from gene-targeted mice deficient in each
of these proteins (22–26). The results provide strong evidence for
signal transduction via the GRK��-arrestin system resulting in
cardiovascular physiologic responses.

Results
Intracellular Calcium Mobilization in Cardiomyocytes Stimulated with
ANG or SII. To determine whether SII activates G�q-dependent
pathways in cells expressing endogenous AT1ARs, calcium mo-
bilization in neonatal rat atrial cardiomyocytes (these cells can
be obtained at high yield and maintained in culture; ref. 27) in
response to exposure to ANG or SII was assessed. As shown in
Fig. 1, cells treated with ANG displayed robust calcium mobi-
lization, whereas cells treated with SII showed no calcium
mobilization, which was identical to cells treated with ANG in
the presence of an angiotensin receptor blocker (ARB).

Control of �-Arrestin Recruitment to the AT1AR by Specific GRKs. We
have shown that SII stimulates �-arrestin2-dependent ERK
activation through the AT1AR (7, 10, 13), and that the activities
of GRK5 and GRK6 are required for this PKC-independent
ERK activation (10). Before carrying out studies of the func-
tional effects of �-arrestin-mediated signaling in cardiomyo-
cytes, further characterization of �-arrestin2 recruitment to the
AT1AR by ANG and SII, and its control by specific GRK
isoforms was carried out. HEK293 cells were used for these
studies (Materials and Methods). Using fluorescence resonance
energy transfer (FRET), we found that both ANG and SII led
to �-arrestin2 recruitment to the AT1AR with comparable
kinetics and magnitude (Fig. 2). Recruitment in response to
ANG was slightly diminished in the presence of siRNA targeted
against GRK6, and to a lesser extent, GRK2 (Fig. 2 A). However,
in the case of SII-induced �-arrestin2 recruitment, siRNA
against GRK6 led to substantial impairment (Fig. 2B). No
effects of GRK5 siRNA on �-arrestin2 recruitment were ob-
served for either ANG or SII (data not shown). These findings

suggest that SII-induced signaling via �-arrestin2 depends on the
upstream activity of GRK6.

Effects of SII on Cardiomyocyte Function Via Signaling Through the
AT1AR. Having demonstrated that SII fails to activate G�q-
dependent signals in cardiomyocytes, we sought to determine
whether, like ANG (19), SII has effects on cardiomyocyte
function. As shown in Fig. 3A, WT cardiomyocytes displayed
augmented percent fractional shortening in response to treat-
ment with either ANG or SII in comparison to conditions of
electrical stimulation alone. Furthermore, both ANG- and SII-
induced positive inotropic responses were absent in cardiomy-
ocytes from AT1AR KO mice (Fig. 3A), which nevertheless
responded robustly to the �AR agonist isoproterenol. Similar
data were observed for �dL�dtmax and �dL�dtmax (Fig. 6, which
is published as supporting information on the PNAS web site).
These data demonstrate that the effects of both AT1AR ligands
are mediated by signaling through the AT1AR.

Dependence of ANG Versus SII Effects on Activation of PKC. To
determine whether the SII-induced effects on cardiomyocyte
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Fig. 1. Mobilization of calcium in response to ANG and SII. Neonatal rat atrial
cardiomyocytes were loaded with the calcium-binding dye Fura-2, and stim-
ulated either with ANG (100 nM), SII (10 �M), or ANG in the presence of
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Fig. 2. Contribution of specific GRK isoforms to agonist-induced recruitment
of �-arrestin2 to the AT1AR. HEK293 cells stably expressing AT1AR-mCFP and
�-arrestin2-mYFP were stimulated with ANG (100 nM) or SII (10 �M), in the
setting of exposure to the indicated siRNA. See Materials and Methods for
details. (A) Modest effects of GRK2 or GRK6 deficiency on ANG-stimulated
(ANG) recruitment of �-arrestin2 to the AT1AR. (B) Substantial effects of GRK6
deficiency, but not GRK2 deficiency, on SII-stimulated (SII) recruitment of
�-arrestin2 to the AT1AR. (C) Representative immunoblot demonstrating ef-
ficacy of inhibition of GRK2 or GRK6 expression (n � 3 for all experiments, data
displayed in A and B are mean � SEM).
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contractile function are mediated by PKC signaling, we stimu-
lated cardiomyocytes in the presence or absence of the PKC
inhibitor Ro-31–8425. As shown in Fig. 3 B and C, whereas
ANG-induced positive inotropic responses were inhibited sub-
stantially (by 71%) by the PKC inhibitor Ro-31–8425, responses
to SII were unaffected. Similar findings for �dL�dtmax and
�dL�dtmax were observed (Fig. 7, which is published as sup-
porting information on the PNAS web site). Thus, the functional
effects of SII are independent of PKC activation, consistent with
selective transmission of G�q-independent signals. In contrast, in
this experimental system, the functional effects of ANG pre-
dominantly depend on PKC activation, and presumably depend
on upstream activation of G�q.

Dependence of ANG Versus SII Effects on �-Arrestin2. Accumulating
biochemical evidence suggests that, in many cases, a component
of G protein-independent signaling via 7TMRs is mediated by

�-arrestins. To test whether the positive inotropic responses of
cardiomyocytes to SII are, in fact, �-arrestin-dependent, cardi-
omyocytes from �-arrestin2 KO mice were assayed for responses
to ANG and SII, along with cardiomyocytes from a contempo-
raneous set of WT mice. Although WT cardiomyocytes dis-
played similar increases in percent fractional shortening in
response to ANG and SII (Fig. 4 A and B), �-arrestin2 KO
cardiomyocytes displayed minimal increases in percent frac-
tional shortening in response to SII despite preserved responses
to ANG [Fig. 4C, SII versus basal (P � 0.05), ANG versus SII
(P � 0.05); Fig. 4D, ANG versus SII (P � 0.05)]. Similar data
were observed for �dL�dtmax and �dL�dtmax (Fig. 8, which is
published as supporting information on the PNAS web site).
These data demonstrate that AT1AR signaling via �-arrestin2 is
required for SII to exert positive inotropic and lusitropic effects.
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Fig. 3. AT1AR-dependent changes in cardiomyocyte systolic function medi-
ated by the natural agonist ANG and the biased agonist SII; effects of antag-
onism of PKC on responses to ANG and SII. (A) Absence of effects of ANG and
SII on fractional shortening of cardiomyocytes from AT1AR KO mice. Fractional
shortening of cardiomyocytes from contemporaneous WT (n � 4 animals;
black bars) and AT1AR-deficient (KO) (n � 7 animals; white bars) mice, under
conditions of pacing alone (Basal), or additional exposure to 10 �M ANG or SII
as indicated. In four experiments (i.e., four individual animals), KO cardiomy-
ocytes were additionally stimulated with 1 �M isoproterenol (Iso). *, P � 0.05
by one-way ANOVA with post hoc Bonferroni test relative to pertinent basal;

**, P � 0.05 by one-way ANOVA with post hoc Bonferroni test relative to
pertinent AT1AR KO (identical stimulation condition). (B and C) Differential
effects of PKC antagonism on positive inotropic responses to ANG and SII.
Fractional shortening (B, absolute values for each variable under indicated
stimulation conditions; C, percent change in each variable in response to ANG
or SII, relative to pertinent basal) of cardiomyocytes from WT mice (n � 4
animals), without (filled bars) or with (open bars) pretreatment with the PKC
inhibitor Ro-31–8425 (1 �M), under conditions of pacing alone (Basal), or
additional exposure to 10 �M ANG or SII as indicated. *, P � 0.05 by one-way
ANOVA with post hoc Bonferroni test relative to pertinent basal (B) or ANG
(C ); **, P � 0.05 by one-way ANOVA with post hoc Bonferroni test relative to
identical stimulation condition (B only). Data displayed are mean � SEM. See
Materials and Methods for experimental details.
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Fig. 4. Effects of deficiency in �-arrestin2 or �-arrestin1 on changes in systolic
cardiomyocyte function in response to ANG and SII. (A and B) WT cardiomy-
ocytes display positive inotropic responses to both ANG and SII. Fractional
shortening of cardiomyocytes from a series of WT mice (n � 12 animals)
analyzed contemporaneously with the experiments in C–F and Fig. 5, under
conditions of pacing alone (Basal), or additional exposure to 10 �M ANG or SII
as indicated. (A) Absolute values for each variable under indicated stimulation
conditions. (B) Percentage change in each variable in response to ANG or SII,
relative to basal. (C and D) �-arrestin2 KO cardiomyocytes display severely
defective positive inotropic responses to SII, but unaffected responses to ANG.
Fractional shortening of cardiomyocytes from �-arrestin2 KO mice (n � 5
animals) under conditions of pacing alone (Basal), or additional exposure to
10 �M ANG or SII as indicated. (C ) Absolute values for each variable under
indicated stimulation conditions. (D) Percent change in each variable in re-
sponse to ANG or SII, relative to basal. (E and F ) In contrast, �-arrestin1 KO
cardiomyocytes exhibit equivalent positive inotropic responses to ANG and SII.
Fractional shortening of cardiomyocytes from �-arrestin1 KO mice (n � 5
animals) under conditions of pacing alone (Basal), or additional exposure to 10
�M ANG or SII as indicated. (E ) Absolute values for each variable under
indicated stimulation conditions. (F ) Percent change in each variable in re-
sponse to ANG or SII, relative to basal. *, P � 0.05 by one-way ANOVA with post
hoc Bonferroni test relative to basal, and between ANG and SII when relevant
(A, C, and E; in C, the asterisk for ANG thus represents significance relative to
both basal and SII, whereas in A, the asterisk for either ANG or SII represents
significance relative to basal), and by Student’s paired t test between ANG and
SII (B, D, and F ). Data displayed are mean � SEM. See Materials and Methods
for experimental details.
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We have previously reported that �-arrestin1 negatively reg-
ulates SII-mediated ERK activation by the AT1AR in HEK293
cells (28). Additionally, �-arrestin1 KO mice have been shown to
exhibit augmented cardiovascular system responses to �-AR
stimulation with isoproterenol in vivo (24). Thus, we examined
responses to ANG and SII in cardiomyocytes isolated from
�-arrestin1 KO mice. ANG and SII were found to elicit equiv-
alent increases in percentage of fractional shortening (Fig. 4 E
and F), and �dL�dtmax and �dL�dtmax (Fig. 8), of �-arrestin1
KO cardiomyocytes.

Dependence of ANG Versus SII Effects on Specific GRKs. We next
tested whether the ANG- and SII-mediated cardiomyocyte
functional responses depended on specific GRK isoforms. Be-
cause we have previously shown that in HEK293 cells expressing
the AT1AR, GRK5 and GRK6 are individually required for
�-arrestin2-mediated ERK activation (10), we initially evaluated
cardiomyocytes from GRK5 KO and GRK6 KO mice, and
subsequently cardiomyocytes from GRK2 heterozygous KO
mice (homozygous GRK2 KO mice suffer embryonic lethality as
a consequence of heart failure; ref. 22). As shown in Fig. 5 A and
B, GRK5 KO cardiomyocytes exhibit equivalent increases in
percentage of fractional shortening in response to ANG or SII;
similar data were observed for �dL�dtmax and �dL�dtmax (Fig.
9, which is published as supporting information on the PNAS
web site). In contrast, GRK6 KO cardiomyocytes, like �-arres-
tin2 KO cardiomyocytes, display augmentations in percent frac-
tional shortening in response to ANG, but not to SII [Fig. 5C, SII
versus basal (P � 0.05), ANG versus SII (P � 0.05); Fig. 5D,
ANG versus SII (P � 0.05)]. Similar data were obtained for
�dL�dtmax and �dL�dtmax (Fig. 9). In contrast to the effects of
GRK6 deficiency, cardiomyocytes from GRK2�/� mice exhib-
ited enhanced percent fractional shortening in response to both
ANG and SII (Fig. 5 E and F), and surprisingly, increased
responsiveness to SII in comparison to ANG [Fig. 5E, ANG
versus SII (P � 0.05); Fig. 5F, ANG versus SII (P � 0.05)]. These
data demonstrate that positive inotropic and lusitropic effects
mediated by G protein-independent signaling via the AT1AR
require GRK6, but not GRK5. Furthermore, these data are
consistent with our findings in HEK293 cells that GRK6 is the
predominant GRK isoform required for SII-induced �-arrestin2
recruitment to the AT1AR (see Fig. 2). Moreover, GRK2 appears
to negatively regulate �-arrestin-dependent signaling via the
AT1AR, thereby controlling the balance between G protein-
dependent and -independent signaling.

Discussion
All of the physiologic functions of 7TMR signal transduction
have traditionally been attributed to activation of heterotrimeric
G proteins, historically the first identified effectors of 7TMRs
(2). However, the recently appreciated existence of G protein-
independent signal transduction by 7TMRs indicates that this
conventional understanding must be reassessed. In our studies of
adult mouse cardiomyocytes expressing endogenous cell surface
receptors, we found that the AT1AR mediates the augmentation
of contraction and relaxation in mouse cardiomyocytes by dis-
tinct pathways: one, G protein-dependent (presumably, G�q)
and involving PKC, and two, in which the signal is carried by
�-arrestin2 and GRK6.

We observed that the effects of ANG on isolated cardiomy-
ocyte function are predominantly mediated via the G�q�PKC
pathway. However, �30% of ANG-mediated cardiomyocyte
functional responses were insensitive to PKC inhibition. This
component of ANG-induced effects may be �-arrestin-mediated
(13). One might expect that in the absence of PKC-mediated
signaling, ANG would have been able to fully engage the
�-arrestin mediated mechanism, to the same extent as SII. As
shown in Fig. 3A, this is not the case. Although the explanation

for this finding is not clear, this may reflect distinct conforma-
tional states of the AT1AR induced by the two ligands. The
apparent lack of impairment in ANG-induced positive inotropic
and lusitropic responses in �-arrestin2 KO (and GRK6 KO) mice
may be due to robust activation of G�q-dependent signaling
pathways by the high concentrations of ANG used in these
experiments, which compensates for the deficiency in activation
of �-arrestin-dependent pathways. Finally, the positive inotropic
and lusitropic effects of SII also indicate that �-arrestin-
mediated signaling is sufficient for the AT1AR to modulate
cardiomyocyte function. Thus, activation of either the G�q-
dependent or GRK��-arrestin-dependent signaling pathways
alone appears to be sufficient to mediate full effects on myo-
cardial function in the setting of optimal AT1AR stimulation by
either conventional or ‘‘biased’’ agonist ligands.
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Fig. 5. Effects of deficiency of specific GRK isoforms on changes in systolic
cardiomyocyte function in response to ANG and SII. (A and B) GRK5 KO
cardiomyocytes display positive inotropic responses to both ANG and SII.
Fractional shortening of cardiomyocytes from GRK5 KO mice (n � 5 animals)
under conditions of pacing alone (Basal), or additional exposure to 10 �M ANG
or SII as indicated. (A) Absolute values for each variable under indicated
stimulation conditions. (B) Percent change in each variable in response to ANG
or SII, relative to basal. (C and D) GRK6 KO cardiomyocytes display severely
defective positive inotropic responses to SII, but unaffected responses to ANG.
Fractional shortening of cardiomyocytes from GRK6 KO mice (n � 5 animals)
under conditions of pacing alone (Basal), or additional exposure to 10 �M ANG
or SII as indicated are shown. (C) Absolute values for each variable under
indicated stimulation conditions. (D) Percent change in each variable in re-
sponse to ANG or SII, relative to basal. (E and F ) GRK2 heterozygous KO (���)
cardiomyocytes display augmented positive inotropic responses to SII. Frac-
tional shortening of cardiomyocytes from GRK2��� mice (n � 5 animals) under
conditions of pacing alone (Basal), or additional exposure to 10 �M ANG or SII
as indicated. (E) Absolute values for each variable under indicated stimulation
conditions. (F) Percent change in each variable in response to ANG or SII,
relative to basal. *, P � 0.05 by one-way ANOVA with post hoc Bonferroni test
relative to basal, and between ANG and SII when relevant (A, C, and E; in C, the
asterisk for ANG thus represents significance relative to both basal and SII,
whereas in A and E, the asterisk for either ANG or SII represents significance
relative to basal), and by Student’s paired t test between ANG and SII (B, D, and
F); **, P � 0.05 by ANOVA with post hoc Bonferroni test for SII relative to both
basal and ANG (E only). Data displayed are mean � SEM. See Materials and
Methods for experimental details.
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The molecular mechanisms by which �-arrestin2 promotes an
AT1AR-mediated inotropic effect on cardiomyocytes are cur-
rently unknown. Broadly, two possibilities exist: (i) coupling of
�-arrestin to the regulation of cytosolic [Ca2�], and�or (ii)
coupling of �-arrestin to myofilament proteins. These two
possibilities encompass the factors governing myocardial con-
tractile function at the molecular level. The first mechanism
suggests Ca2� channel�pump proteins as possible �-arrestin-
dependent effectors and�or interaction partners. These include
the L-type Ca2� channel, IP3 receptor, ryanodine receptor,
phospholamban, and SERCA. Alternatively, myofilament pro-
teins that are known to be involved in regulating sensitivity to
Ca2�, such as troponin and myosin-binding protein C, may be
effectors or interaction partners of �-arrestin. Further under-
standing of the relevant mechanisms will require studies exam-
ining �-arrestin interaction with such proteins, or the role of
�-arrestin in regulating their functions.

Our studies were conducted on cardiomyocytes from healthy
mice that had not undergone any cardiovascular manipula-
tions. However, under pathophysiologic conditions, the roles
of G protein-dependent and -independent signal transduction
via the AT1AR and other 7TMRs may be considerably differ-
ent. Numerous lines of evidence suggest that chronic activation
of either G�s or G�q, the primary G� proteins to which many
myocardial 7TMRs couple, results in deleterious effects on
ventricular function in several experimental systems, and even
clinically (29). With respect to the AT1AR, overexpression of
G�q results in ventricular dysfunction (30), whereas inhibition
of G�q by transgenic overexpression of an inhibitory peptide
prevents high afterload-induced left ventricular dysfunction
(31) and hypertrophy (32). In contrast, G protein-indepen-
dent, GRK��-arrestin-dependent signaling has been shown to
be cytoprotective in several cellular systems (33–35), and thus
might be beneficial to myocardial function, especially if sus-
tained chronically. Supporting this notion, in the setting of
overexpression of a G�q-uncoupled mutant AT1AR in the
myocardium of mice, cardiomyocytes display reduced cell
death in comparison to cardiomyocytes from mice that over-
express the WT AT1AR (6).

Isolated cardiomyocyte function and ventricular function in
vivo have been shown to correlate in a variety of experimental
studies (19, 36). Thus, our work raises the possibility of devel-
oping drugs for 7TMRs that selectively signal in a �-arrestin-
dependent fashion. For example, in either the acute or chronic
setting, agents such as SII, which are null with respect to
activation of G�q, will competitively antagonize ANG-mediated
G�q activation; they are thus ARBs. However, they still retain
the ability to carry �-arrestin-dependent signals from the AT1AR
to mediate effects on cardiomyocyte function; thus, they are
simultaneously ‘‘biased agonists’’ with respect to �-arrestin-
dependent signaling. These features distinguish such drugs from
the conventional antagonists of many 7TMRs currently used in
clinical practice (e.g., �AR blockers, ARBs, etc.), which nonse-
lectively inhibit all signals from 7TMRs. Based on the biochem-
ical evidence implicating �-arrestins in cytoprotective signaling
through activation of effectors such as ERK (33), PI-3-Kinase
(34), and Akt (34, 37), these ligands may function as an entirely
unique class of drugs, ‘‘super receptor blockers,’’ agents that
bifunctionally antagonize cytotoxic G protein-mediated signal-
ing while actively inducing cytoprotective GRK��-arrestin-
dependent signaling.

Materials and Methods
Reagents. ANG (Sigma, St. Louis, MO) and SII (Cleveland Clinic
Core Synthesis Facility, Cleveland, OH) were dissolved in PBS

without calcium and magnesium to concentrations of 1 mM
before use in cardiomyocyte functional assays; final concentra-
tions in these assays were 10 �M for each drug. The PKC
inhibitor Ro-31–8425 (Calbiochem, San Diego, CA) was dis-
solved in DMSO, and the final concentration in assays was 1 �M.
The ARB valsartan was dissolved in 100% ethanol to a concen-
tration of 20 mM, and used at a final concentration of 50 �M.

Calcium Fluorimetry. Neonatal rat atrial cardiomyocytes were
isolated and cultured as described (27). Cells were loaded with
the dye Fura-2 (as per manufacturers instructions, Invitrogen,
Carlsbad, CA), and treated with either ANG (100 nM) or SII (10
�M), in the absence or presence of 50 �M valsartan pretreat-
ment. The instantaneous 340�380 nm excitation ratio for Fura-2
was calculated and plotted as a function of time.

FRET Assays. Plasmids. �-arrestin2-mYFP has been described (38).
Rat AT1AR was amplified by PCR to encode 5� HindIII and 3�
XhoI restriction sites, with the termination codon replaced to
encode a diglycine linker. The PCR product was cut, purified,
and ligated into a pcDNA3.1-mCFP vector (39) to generate
AT1AR-mCFP.
siRNA silencing of gene expression. Chemically synthesized siRNA
duplexes with 3� dTdT overhangs were obtained from Dharma-
con (Lafayette, CO) for GRK2 and GRK6, transfected into
HEK293 cells by using Gene Silencer (Gene Therapy Systems,
San Diego, CA), and efficiency of GRK silencing was validated
by immunoblotting, as described (10, 11).
Imaging. Details of imaging protocols have been described (38).
Real-time GRK activity assay. HEK293 cells stably transfected with
AT1AR-mCFP and �-arrestin2-mYFP were used to measure
GRK functional activity by quantifying the rate and extent of
either ANG (100 nM) or SII (10 �M)-stimulated �-arrestin
association with the AT1AR as measured by FRET, as described
for the �2-AR (38). See Supporting Text, which is published as
supporting information on the PNAS web site, for more detail.

Animals. All animals used in these studies were adult male mice
of 8–20 weeks of age. All mouse strains were back-crossed to the
C57BL�6 background �10 generations. Animals were handled
according to approved protocols and animal welfare regulations
of the Institutional Review Board at Duke University Medical
Center. In addition to WT C57BL�6 mice, the following gene-
targeted deficient [homozygous or heterozygous knockout
(KO), as indicated] mouse strains were used, all of which have
been described: AT1AR KO (40), �-arrestin1 KO (24), �-arres-
tin2 KO (23), GRK2 heterozygous KO (���) (22), GRK5 KO
(26), and GRK6 KO (25).

Cardiomyocyte Isolation and Functional Assays. Adult mouse car-
diomyocyte isolation, experimentation, and analysis from the
aforementioned strains were performed as described (19). See
Supporting Text for more detail.

Statistical Analyses. Statistical analyses performed were one-way
ANOVA with post hoc Bonferroni tests, or Student’s paired t
tests. A P value of �0.05 was considered statistically significant.
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