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ABSTRACT
Vasoconstrictor-driven G protein–coupled receptor (GPCR)/
phospholipase C (PLC) signaling increases intracellular Ca21

concentration to mediate arterial contraction. To counteract
vasoconstrictor-induced contraction, GPCR/PLC signaling can
be desensitized by G protein–coupled receptor kinases (GRKs),
with GRK2 playing a predominant role in isolated arterial smooth
muscle cells. In this study, we use an array of GRK2 inhibitors to
assess their effects on the desensitization of UTP and angiotensin II
(AngII)–mediated arterial contractions. The effects of GRK2 inhib-
itors on the desensitization of UTP- or AngII-stimulated mesenteric
third-order arterial contractions, and PLC activity in isolated
mesenteric smooth muscle cells (MSMC), were determined using
wire myography and Ca21 imaging, respectively. Applying a
stimulation protocol to cause receptor desensitization resulted in
reductions in UTP- and AngII-stimulated arterial contractions.

Preincubationwith theGRK2 inhibitor paroxetine almost completely
prevented desensitization of UTP- and attenuated desensitization
of AngII-stimulated arterial contractions. In contrast, fluoxetine was
ineffective. Preincubation with alternative GRK2 inhibitors (Takeda
compound 101 or CCG224063) also attenuated the desensitization
of UTP-mediated arterial contractile responses. In isolated MSMC,
paroxetine, Takeda compound 101, and CCG224063 also attenu-
ated the desensitization of UTP- and AngII-stimulated increases in
Ca21, whereas fluoxetine did not. In human uterine smooth muscle
cells, paroxetine reversed GRK2-mediated histamine H1 receptor
desensitization, but not GRK6-mediated oxytocin receptor de-
sensitization. Utilizing various small-molecule GRK2 inhibitors, we
confirm thatGRK2plays a central role in regulating vasoconstrictor-
mediated arterial tone, highlighting a potentially novel strategy for
blood pressure regulation through targeting GRK2 function.

Introduction
Arterial contractile tone is mediated by a plethora of

different inputs, which ultimately regulate the level of in-
tracellular Ca21 and hence the degree of muscle contraction
(Hill-Eubanks et al., 2011). The majority of vasoactive agents
interact with their cognate G protein–coupled receptors
(GPCRs) to promote either smooth muscle contraction or

relaxation. Vasodilatory ligands interact with Gs-coupled
GPCRs to promote cyclic AMP generation and to activate K1

channels to promote relaxation, whereas vasoconstrictors
interact with Gq-coupled receptors to promote inositol 1,4,5-
trisphosphate (IP3) generation and liberate Ca21 from sarco-
plasmic reticular stores and/or to promote opening of plasma
membrane Ca21 channels (Brinks and Eckhart, 2010). Vas-
cular tone is highly dependent on smooth muscle cell mem-
brane potential, in which depolarizing stimuli trigger an
increase in the voltage-gated Ca21-window current, resulting
in an increase in intracellular Ca21 ([Ca21]i) and thus
vasoconstriction (Nelson et al., 1990). The increase in [Ca21]i
via depolarization-induced Ca21 influx is antagonized by a
variety of K1 channels, which hyperpolarize the membrane
and reduce Ca21 influx. It is well established that the activity
of these channels is highly regulated by GPCR signaling, with
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vasodilators generally increasing K1 and inhibiting Ca21

channel activities, and vasoconstrictors inhibiting K1 and
increasing Ca21 influx (Nelson et al., 1990; Hill-Eubanks
et al., 2011).
Dysregulation of the balance in vasodilator and vasocon-

strictor signaling can lead to changes in vascular tone (Hill-
Eubanks et al., 2011). Therefore, understanding how GPCRs
that modulate vascular tone are themselves regulated is vital
to understanding how vessel tone is maintained and varied.
Activation of GPCRs not only initiates intracellular signaling
pathways, but also concurrently recruits G protein–coupled
receptor kinases (GRKs) to agonist-bound receptors. Once
bound to receptor, GRKs phosphorylate serine and/or threo-
nine residues within the third intracellular loop and/or
C-terminal tail of a GPCR, bringing about receptor desensiti-
zation and terminating G protein signaling through recruit-
ment of an arrestin protein, which sterically excludes further
interaction betweenGPCR andG protein (Pitcher et al., 1998).
The GRK family has seven members (Pitcher et al., 1998), of
which two are exclusively expressed in rod and cone cells
(GRK1 and 7), one has limited expression in the kidney and
testes (GRK4), and four are ubiquitously expressed (GRK2, 3,
5, and 6) (Willets et al., 2003), including in vascular smooth
muscle (Cohn et al., 2008; Morris et al., 2010).
We have previously shown, in smooth muscle cells isolated

from third-order rat mesenteric arteries, that GRK2 is the key
regulator of phospholipase C (PLC)/Ca21 signaling induced by
the vasoconstrictors endothelin andUTP, via the endothelin A
and purinergic (P2Y2) receptors (Morris et al., 2010, 2011,
2012). GRK2 is also reported to regulate signaling by two
further vasoconstrictors, angiotensin II (AngII) and noradren-
aline, through negative regulation of AngII type 1 (AT1)
receptor (Oppermann et al., 1996; Kim et al., 2009) and a1D-
adrenoceptor (Cohn et al., 2008) signaling. Together, these
data highlight the importance of GRK2 in the regulation of
vascular contractile GPCR signaling and suggest that GRK2
might also play a vital role in the regulation of vascular tone.
Althoughwe have shown that we can induce desensitization of
mesenteric vessel contractions to vasoconstrictors (Morris
et al., 2011), the absence of small-molecule GRK2 inhibitors
has hindered our ability to investigate further the role that
GRK2 plays in the regulation of whole vessel tone. However,
the report that the selective serotonin reuptake inhibitor
(SSRI) paroxetine can inhibit GRK2 function (Thal et al.,
2011) prompted us to examinewhether this drug can provide a
pharmacological means to delineate a role for GRK2 in
vasoconstrictor-mediated vessel desensitization. Furthermore,
paroxetine has also been shown to enhance b-adrenoceptor–
mediated contraction of cardiomyocytes (Thal et al., 2012), a
process regulated by GRK2 (Koch et al., 1995; Williams et al.,
2004), and to improve cardiac function postmyocardial infarc-
tion (Schumacher et al., 2015).
In this study, we examined whether small-molecule GRK2

inhibitors, including paroxetine, can alter the desensitization
of vasoconstrictor-induced arterial contractions using both
single-cell imaging and wire myography methods.

Materials and Methods
Materials. AngII, UTP, histamine, and oxytocin were from Sigma-

Aldrich (Poole, Dorset, UK). Paroxetine, fluoxetine, and compound
101 were from Tocris (Bristol, UK). Fluo4-AMwas from Thermo-Fisher

Scientific (Loughborough, UK). The CCG compounds were synthe-
sized at the University of Michigan, as described previously
(Waldschmidt et al., 2016). All other chemicals were from Sigma-
Aldrich.

Isolation and Culture of Mesenteric Arterial SmoothMuscle
Cells. Adult male Wistar rats were killed by stunning and cervical
dislocation, a method approved under the UK Animals (Scientific
Procedures) Act 1986, Amendment Regulations (SI 2012/3039).
Smooth muscle cells were isolated from small branches of mesenteric
artery by enzymatic dissociation, as previously described (Hayabuchi
et al., 2001; Jackson et al., 2016). Following enzymatic digestion, cells
were separated by trituration in 231 medium (Cascade Biologics,
Nottingham, UK), containing smooth muscle growth supplement,
100 IU penicillin, 100mg/ml streptomycin, and 2.5mg/ml amphotericin
B. For single-cell imaging experiments, cells were plated onto glass
coverslips and maintained in a humidified environment at 37°C and
5% CO2:air.

ULTR Cell Culture. The immortalized humanULTRmyometrial
cell line was cultured in Dulbecco’s minimal essential medium,
supplemented with Glutamax-1, 10% fetal calf serum, penicillin
(100 IU/ml), streptomycin (100 mg/ml), and amphotericin B (2.5 mg/
ml). Cells weremaintained under humidified conditions at 37°C, in 5%
CO2:air.

Single-Cell Confocal Imaging. After 4 days in culture, mesen-
teric smooth muscle cells (MSMC) were loaded with the Ca21-sensi-
tive dye Fluo4-AM (4 mM) for 30 minutes at room temperature. After
loading, MSMC were maintained at 37°C by a Peltier unit and
continuously perfused with a modified Krebs–Henseleit buffer (in
millimolars: NaCl 134, KCl 6, MgCl2 1, CaCl2 1.3, glucose 10, HEPES
10, pH 7.4). Real-time images were taken using an Olympus FV500
laser-scanning confocal IX70 inverted microscope (oil immersion
objective 60�). Cells were excited at 488 nm, and emissions were
collected at 505–560 nm. Agonists were applied via the perfusion line,
and changes in cytosolic fluorescence were represented as the
fluorescence emission (F)/initial basal fluorescence (F0) (F/F0). Hu-
man ULTR cells were seeded onto 25-mm glass coverslips, and when
70% confluent, loaded with Fluo4-AM (4 mM) for 30 minutes at room
temperature. After loading, cells were subjected to the same protocols
as outlined above for MSMC.

To measure cellular changes in IP3, cells were transfected with (0.5
mg) of the previously characterized IP3 biosensor enhanced green
fluorescent protein (eGFP)-pleckstrin homology (PH)-PLCd1 (the PH
domain of PLCd1) (Morris et al., 2010, 2011; Willets et al., 2015a,b),
using Lipofectamine2000, according to the manufacturer’s instruc-
tions. After 48 hours, cells were imaged by excitation at 488 nm and
emissions were collected at 505–560 nm. Changes in cytosolic eGFP-
PH-PLCd1 fluorescence are represented as the fluorescence emission
(F)/initial basal fluorescence (F0) (F/F0).

Myography. Contractile force recordings were made from 1.4-mm
ring segments of third-order mesenteric arteries mounted in a
Mulvany–Halpern 610 M wire myograph (DMT, Aarhus, Denmark).
The bath solution contained (in millimolars): NaCl 135, KCl 5, MgCl2
1, CaCl2 1.8, glucose 5, mannitol 5, HEPES 10, pH 7.4. NaCl was
reduced to 81 mM and replaced with 60 mM K1 for the high K1

solution additions (see Results). All bathing solutions contained
L-NAME (Nv-Nitro-L-arginine methyl ester hydrochloride) (20 mM)
to prevent endogenous nitric oxide generation. Solutions and drugs
were added directly to the organ bath, maintained at 37°C.

Data and Statistical Analysis. Data presented are from a
minimum of three different cell preparations, each obtained from a
different rat. Data are expressed as means 6 S.D. Parametric data
were analyzed using one-way or two-way analysis of variance
(ANOVA), as indicated, with appropriate post hoc testing, and
outlined in the corresponding figure legends (Prism v7.04; GraphPad,
San Diego, CA). Where data were normalized, nonparametric ANOVA
analysis using Kruskal–Wallis, Dunn’s post hoc test was applied. In
all cases, post hoc tests were only applied when initial ANOVA testing
revealed a significant (P , 0.05) result.
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Fig. 1. Paroxetine inhibits desensitization of the P2Y2 receptor in ratMSMC. For IP3measurements, cells were transfected with eGFP-PH (as described
in Materials and Methods). After 48 hours, cells were preincubated with paroxetine or fluoxetine (5 mM, 30 minutes) before being subjected to the
following desensitization protocol: cells were challenged with UTP (R1, 10 mM, 30 seconds) for 5 minutes before a high, desensitizing UTP concentration
(Rmax = 100 mM for 60 seconds), and again after a 5-minute washout period (R2, 10 mM, 30 seconds). For Ca2+ experiments, cells were loaded with
Fluo4-AM (4 mM, 30 minutes) and subjected to a similar desensitization protocol with 1 mM UTP used for R1 and R2 challenges. Representative traces
from single cells show the effects of preaddition (30 minutes) of vehicle-control (A and D), or 5 mM fluoxetine (B and E) or paroxetine (C and F) on P2Y2
receptor-stimulated IP3 andCa2+ signals, respectively. P2Y2 receptor desensitization was determined as the relative (%) change in R2 response compared
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Results
Paroxetine, but Not Fluoxetine, Attenuates P2Y2

Receptor Desensitization. We have previously shown that
in isolated rat MSMC UTP-stimulated PLC/Ca21 signaling is
mediated by the P2Y2 receptor and that GRK2 is the key
kinase that induces receptor desensitization (Morris et al.,
2011). Therefore, we examined whether the GRK2 inhibitor
paroxetine could prevent UTP-stimulated P2Y2 receptor de-
sensitization in isolated MSMC. A previously characterized
desensitization protocol was used (Morris et al., 2011), in
which cells are challenged with an approximate EC50 concen-
tration of UTP (1 mM for 30 seconds; termed R1) 5 minutes
before application of a maximal concentration of UTP
(100 mM, termed Rmax) to induce receptor desensitization. A
second EC50 concentration of UTP (1 mM, termed R2) was
applied 5 minutes after Rmax. Comparison of the R2 and R1
responses in vehicle-treated MSMC showed a reduction in R2
compared with R1 of approximately 50%, indicative of re-
ceptor desensitization (Fig. 1, A and D), which is comparable
with our previous findings (Morris et al., 2011). Pretreatment
with the SSRI paroxetine (5 mM; 30 minutes) attenuated the
reduction in R2 compared with R1, indicating that this agent
could largely prevent P2Y2 receptor desensitization (Fig. 1, C
and F). Contrastingly, pretreatment (5 mM; 30 minutes) with
the structurally distinct SSRI, fluoxetine, did not modify the
UTP-induced desensitization (Fig. 1, B and E), indicating that
effect of paroxetine is unrelated to its SSRI activity.
Paroxetine Inhibits GRK2 but Not GRK6-Mediated

GPCR Desensitization. AsGRK2 appears to play a key role
in the regulation of all the endogenously expressed Gq/PLC-
coupled receptors that we have examined in MSMC (Morris
et al., 2010, 2011), we switched our focus to an immortalized
human smooth muscle cell line (ULTR) that expresses endog-
enous PLC-coupled receptors that are exclusively regulated by
either GRK2 (H1 histamine) (Willets et al., 2008) or GRK6
(oxytocin) (Willets et al., 2009). To study H1 histamine
receptor desensitization, we applied a similar R1/Rmax/R2
protocol to that used above for the P2Y2 receptor; however, in
this case, ULTR cells were transfected with the IP3 biosensor
(eGFP-tagged PH domain of PLCd1; 0.5 mg, for 48 hours)
(Willets et al., 2008, 2009; Morris et al., 2010, 2011). We
assessed receptor/PLC activity by assessing IP3 biosensor
translocation, rather than intracellular Ca21 changes; never-
theless, we have previously shown that both outputs are valid
and essentially interchangeable readouts of GPCR/PLC activ-
ity and receptor desensitization (Willets et al., 2008, 2009;
Morris et al., 2010, 2011, 2012). Following a 30-minute
preincubation with fluoxetine, the reduction in the R2 relative
to R1 was similar to that seen in vehicle-treated cells (R2
expressed as a percentage of R1: vehicle-control, 43.8 6 6.3,
n 5 7 versus fluoxetine, 47.4 6 7.9, n 5 5; mean 6 S.E.M.),
suggesting that fluoxetine has no effect on H1 histamine
receptor desensitization (Fig. 2, B and G). In contrast, in-
clusion of paroxetine (30-minute pretreatment) markedly
attenuated the reduction in the R2 relative to R1, indicating

that paroxetine is able to largely prevent receptor desensiti-
zation (Fig. 2, C and G). To induce oxytocin receptor de-
sensitization, we changed the protocol, comparing the
responses of two maximal concentrations of oxytocin (R1 and
R2) either side of a 5-minute washout period. In this case,
neither fluoxetine nor paroxetine altered the observed de-
sensitization of oxytocin receptor–PLC signaling (Fig. 2, D–F),
suggesting that these compounds do not inhibit GRK6-
mediated receptor desensitization.
Characterization of UTP-Mediated Contractions in

Mesenteric Arteries. We have previously characterized
UTP-stimulated contraction of third-ordermesenteric arteries
(Morris et al., 2011). In this work, we found that our
concentration–response curves differed slightly from our pre-
vious data, with UTP showing slightly reduced potency (Fig.
3A), requiring additions of $300 mM UTP to bring about a
maximal contraction. In light of these findings, we slightly
adjusted our desensitization protocol, applying 100 mM UTP
asR1 andR2 additions (and 300mMUTPasRmax; Fig. 3B).We
also assessed how the R2 value was affected by the washout
time between Rmax and R2 and observed that a maximal
desensitization to UTP was observed with a delay of only
2 minutes (Fig. 3D). Extending the washout period between
Rmax and R2 revealed a time-dependent resensitization of
UTP-induced contractions, with the R1/R2 ratio returning to
∼1 after 10 minutes (Fig. 3, C and D).
Paroxetine and Fluoxetine Cause a Transient Block

of 60 mM K1-Induced Arterial Contraction. In the
absence of SSRIs, K1 (60 mM) addition induced robust
mesenteric artery contraction (Fig. 4). Addition of either
fluoxetine or paroxetine prevented contraction on readdition
of K1 (Fig. 4, A and B), likely reflecting a direct inhibition
of voltage-operated Ca21 channels (VOCCs) (Stauderman
et al., 1992). Interestingly, the SSRI-induced inhibition of
depolarization-mediated arterial contraction was transient,
as sensitivity to K1 was restored following a 30-minute
washout (Fig. 4C).
SSRIs Do Not Affect Acute Stimulation of GPCR-

Stimulated Arterial Contraction. Given that both AngII
and UTP act via Gq/11-coupled receptors, we hypothesized
that, despite inhibition of L-type VOCCs in the presence of
SSRI, there would still be a substantial IP3 receptor–
dependent increase in intracellular Ca21, and therefore
vasoconstriction. Maximally effective concentrations of AngII
(100 nM) and UTP (300 mM) in the presence or absence of
fluoxetine or paroxetine were used to test this hypothesis (Fig.
5, A–C). Reassuringly, the contractile responses to vasocon-
strictor were indistinguishable in the absence or presence of
SSRI (Fig. 5D). Furthermore, inclusion of the L-type VOCC
blocker, nifedipine, inhibited K1-induced mesenteric artery
contraction, but did not affect UTP-mediated contractions
(Fig. 6). Collectively, these data suggest that AngII and UTP
rely primarily on mobilization of intracellular Ca21 stores,
rather than VOCC-dependent Ca21 entry, to mediate arterial
contractions.

with R1 signals. Cumulative data (G) are presented asmeans6 S.D. for 8–13 cells for IP3, and 76–102 cells for Ca2+ experiments, respectively, generated
from preparations from five different animals. Statistical analysis (one-way ANOVA; Sidak’s post hoc test) showed that paroxetine, but not fluoxetine,
attenuated receptor P2Y2 receptor desensitization observed as changes in IP3 or Ca

2+ responses (***P , 0.001).
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Fig. 2. Paroxetine selectively inhibits desensitization of the H1 histamine, but not the oxytocin receptor in human ULTR cells. Cells were loaded
simultaneously with Fluo4-AM (4 mM), and vehicle, or 5 mM fluoxetine or paroxetine for 30 minutes, before being subjected to a standard desensitization
protocol. To assess H1 receptor-mediated responses (A–C), cells were challenged with histamine (R1, 1 mM, 30 seconds) for 5 minutes before a
desensitizing concentration (Rmax = 100 mM for 60 seconds), and again after a 5-minute washout period (R2, 1 mM, 30 seconds). To determine oxytocin
receptor-mediated desensitization (D–F), cells were challenged with a maximal concentration of oxytocin (100 nM; R1) for 30 seconds and washed for
5minutes before a second 30-second oxytocin (100 nM; R2) challenge. In both cases, receptor desensitization was determined as the relative (%) change in
R2 versus R1 signals. Cumulative data (G) show the extent of receptor desensitization (means6 S.D. for 5–19 cells for each treatment group). Statistical
analysis (two-way ANOVA; Sidak’s post hoc test) shows that paroxetine, but not fluoxetine, attenuatesH1 histamine receptor desensitization (**P, 0.01;
***P , 0.001), whereas no significant differences were found between treatments with respect to oxytocin receptor desensitization.
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Paroxetine Attenuates the Desensitization of UTP-
Stimulated Arterial Contractions. To assess the ability of
paroxetine to inhibit the desensitization of UTP-stimulated
arterial contractions, mesenteric arterial rings were subjected
to the standard R1/Rmax/R2 desensitization protocol, following
a 5-minute preaddition of paroxetine or fluoxetine (5 mM). In
the presence of fluoxetine, the reduction in the R2 response
relative to R1 was similar to that observed in vehicle-treated
arteries (Fig. 7, A and E), indicating that fluoxetine does not
affect the desensitization of UTP-induced arterial contrac-
tions. Contrastingly, in the presence of paroxetine, the R2
response was comparable to R1, indicating that this SSRI
can selectively ablate UTP-induced desensitization (Fig. 7, B
and E). In addition, to examine the desensitization of
AngII-mediated contractions, vessels were challenged with
two maximal AngII (100 nM) additions either side of the
UTP desensitization protocol. Comparison of the R1 and
R2 responses showed that, in the presence of vehicle or fluox-
etine, R2 responses were virtually undetectable, indicating
that AngII-stimulated contractions were almost completely

desensitized (Fig. 7, C and E). However, although the
magnitude of initial (R1) AngII-induced arterial contraction
was identical in all treatments, R2 responses were greater
following paroxetine pretreatment, suggesting that paroxe-
tine attenuates AngII-stimulated desensitization of arterial
contraction (Fig. 7, D and E). These data are similar to
AT1 receptor desensitization in isolated MSMC, in which full
recovery of AngII Ca21/PLC signals takes .20 minutes
(Supplemental Fig. 1).
To examine the temporal effects of paroxetine on the

desensitization of UTP-stimulated arterial contractions, we
applied a modified protocol, whereby arteries were pre-
treated with SSRI (5 mM, for 5 minutes) before vessels were
repeatedly (five times) challenged with an EC50 concentra-
tion of UTP (100 mM) for 5 minutes, interspaced with
5-minute washouts. In the presence of fluoxetine, UTP-
induced contractions gradually waned over the time course
of the experiment, and a time-dependent desensitization of
contractile responses was indicated (Fig. 7, G and H). In the
presence of paroxetine, UTP-mediated contractions were

Fig. 3. Desensitization and resensitization kinetics of UTP-stimulated contractions in rat mesenteric artery. Arterial ring preparations were exposed to
increasing concentrations of UTP (A), interspersedwith 5-minutewashout periods between each agonist addition. Data are expressed asmeans6S.D. for
n = 35 vessels from n $ 5 animal preparations to show the concentration–dependency of UTP-induced contractile responses. To examine contractile
desensitization/resensitization, arterial rings were exposed to the following protocol: R1 (100mMUTP for 5minutes), followed by 5-minute washout, Rmax
(300 mM for 5 minutes), followed by a variable time (2–10 minutes) before R2 (100 mM for 5 minutes). Desensitization was determined as the percentage
change in R2 when compared with R1. Representative traces are shown from single arteries with either a 5 (B)- or 10 (C)-minute washout period between
Rmax and R2. The time course of resensitization of the contractile response to UTP (means 6 S.D.; arterial preparations from at least seven animals) is
also shown (D).
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well maintained throughout the time course, indicating
that paroxetine can cause a sustained ablation of the
otherwise progressive desensitization of UTP-mediated
contractions (Fig. 7, G and H).

Fig. 4. SSRIs induce a temporary block of K+-induced arterial contraction.
Arterial rings were contracted with K+ (60 mM) and washed for 5 minutes
before incubation with either fluoxetine or paroxetine (5 mM) for an
additional 5 minutes. Arteries were then repeatedly challenged with K+

(60 mM), with 5-minute washouts between exposures. Representative
traces show the effects of 5 mM fluoxetine (A) or 5 mMparoxetine (B) on K+-
induced contractions. (C) Cumulative data (means 6 S.D.; for n = 3 to
4 arteries from$3 animal preparations) show the temporal effects of SSRI
treatment on K+-induced arterial contraction.

Fig. 5. SSRI-induced block of K+-driven contraction does not affect
agonist-mediated arterial contraction. Representative traces show arterial
contractions after acute applications of AngII (100 nM) or UTP (300 mM)
following pretreatment (5 minutes) with vehicle (A), fluoxetine (5 mM) (B),
or paroxetine (5 mM) (C). Cumulative data (D) show no significant
differences in agonist-induced arterial contractions in the absence or
presence of SSRIs (means 6 S.D.; for n = 6–11 arteries from $4 animal
preparations; two-way ANOVA).
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Effects of Other GRK Inhibitors on Desensitization
of UTP-Stimulated Arterial Contractions. To further
confirm the role of GRK2 in facilitating the desensitization
of agonist-driven arterial contractions, we conducted similar
desensitization protocols following the preincubation of two
alternative GRK small-molecule inhibitors with largely
unique chemical structures, CCG215022 and CCG224063.
These compounds are 2-pyridylmethyl amide derivatives of
GSK180736A (Waldschmidt et al., 2016), with CCG215022
being regarded as a pan GRK inhibitor, with a high degree of
selectivity for GRK over protein kinase A (PKA) (Homan et al.,
2015), whereas CCG224063 shows high selectivity for GRK2/3
with .100-fold selectivity over GRK5, ROCK1, and PKA.
In addition, we examined the ability of the previously
characterized GRK2/3 inhibitor, Takeda compound 101,
(3-[[[4-methyl-5-(4-pyridyl)-4H-1,2,4-triazole-3-yl]methyl]-
amino]-N-[2-(trifuoromethyl)benzyl]benzamide hydrochloride)
(Thal et al., 2011; Okawa et al., 2017), to inhibit UTP-
mediated desensitization of arterial contractions. Mesenteric
arterial rings were subjected to the standard UTP desensiti-
zation protocol and then washed extensively and pretreated
with inhibitors (10 mM) for 1 hour, before being again subject
to the desensitization protocol. In the absence of inhibitors, an
approximate 60% decrease in the R2 response versus R1 was
observed (Fig. 8, A and E). However, the UTP-induced re-
duction in the R2/R1 ratio was attenuated in the presence of
each of the GRK inhibitors (Fig. 8, B–E), consistent with the
need to inhibit GRK2 to attenuate the agonist-induced
desensitization.

Compounds CCG215022, CCG224063, and Takeda
Compound 101 Inhibit GRK2-Mediated Desensitiza-
tion of UTP, AngII, or Histamine-Mediated PLC Sig-
naling. To confirm that compounds CCG215022 and
CCG224063 inhibit GRK2-mediated desensitization of PLC
signaling, we examined their abilities to attenuate the de-
sensitization of P2Y2 and AT1 receptor-mediated PLC signal-
ing in MSMC and H1 histamine receptor-mediated signaling
in ULTR cells. In this study, cells were preincubated with
vehicle (control), CCG215022 or CCG224063 (each at 10 mM,
for 30 minutes), or Takeda compound 101 (30 mM, for
30 minutes) prior to application of the standard R1/Rmax/R2
desensitization protocol for UTP and histamine. To examine
AT1 receptor desensitization, cells were challenged with two
maximal concentrations of AngII (100 nM; 30 seconds; termed
R1 and R2) either side of a 5-minute washout period. In
MSMC, inclusion of each compound attenuated the expected
decrease in [Ca21]i R2/R1 ratio observed in vehicle-treated
cells, suggesting that each agent attenuated P2Y2 receptor

desensitization of Ca21 signals (Fig. 9, A and D). In addition,
all three compounds attenuated desensitization of AngII-
stimulated Ca21 signaling in MSMC (Fig. 9, B and D).
Furthermore, in ULTR cells, inclusion of each compound also
attenuated the reduction in R2:R1 ratio observed in vehicle-
treated cells, in this case utilizing the IP3 biosensor to observe
the functional desensitization (Fig. 9, C and E). Preincubation
with the GRK2 inhibitor Takeda compound 101 (30 mM, for
30 minutes) also attenuated P2Y2 (Fig. 9D) and histamine H1

receptor desensitization (Fig. 9E). To determine whether the
concentrations of the GRK2 inhibitors used were maximally
effective, we further examined their concentration depen-
dency to inhibit the desensitization of H1 and P2Y2 receptor-
driven PLC/Ca21 activity in ULTR and MSMC. All of the
compounds tested produced concentration-dependent inhibi-
tion of PLC desensitization with maximal inhibition produced
at 10mMparoxetine, CCG215022 andCCG224063, and 30mM
Takeda compound 101 (Supplemental Fig. 2). IC50 values
indicate similar potencies for individual compounds in either
cell type (Table 1). Moreover, paroxetine, Takeda compound
101, and CCG215022 produced IC50 values of 1, 4.4, and
2.95 mM, respectively, whereas CCG224063 was slightly more
potent, producing an IC50 of 46 nM (in MSMC). These data
demonstrate the effectiveness of these GRK2 isoenzyme-
selective inhibitors to alter the desensitization of different
receptors endogenously expressed in MSMC and ULTR cells.

Discussion
Previous in vitro studies identified GRK2 as the key

regulator of contractile GPCR-mediated PLC signaling in
arterial smooth muscle cells (Cohn et al., 2008; Morris et al.,
2010, 2011, 2012); however, the process of interrogating the
role that GRK2 undertakes in the regulation of vascular tone
has been difficult. Indeed, homozygous GRK2 knockout
animals are nonviable (Jaber et al., 1996), and, although
hemizygous knockout animals are viable (Rivas et al., 2013),
the remaining GRK expression (50%) could still be adequate to
maintain GPCR desensitization capacity. Furthermore, the
use of viral and nonviral delivery techniques in an attempt to
genetically manipulate GRK2 expression or activity in blood
vessels has produced variable degrees of success (unpublished
data; Newman et al., 1995; Havenga et al., 2001). Therefore,
identification of small-molecule GRK inhibitors is vital to
confirm the role that GRKs play in whole-body physiology and
develop potential new therapeutic strategies. Because the
SSRI paroxetine has been reported to inhibit GRK2 activity
not only against in vitro substrates such as tubulin and

Fig. 6. Nifedipine inhibits K+, but not UTP-stimulated
arterial contractions. (A) Representative trace shows the
contraction of mesenteric arterial rings when exposed to K+

(60 mM) and UTP in the presence and absence of the L-type
Ca2+-channel blocker, nifedipine (1 mM). Cumulative data
(B) show that K+-stimulated contractions are blocked by
nifedipine, which recovered gradually upon nifedipine
washout. In contrast, UTP-stimulated contractions were
unaffected by the L-type Ca2+-channel blocker. Data are
means 6 S.D.; for n = 10 arteries from three animal
preparations. **P , 0.01 (Kruskal–Wallis, Dunn’s post
hoc test).
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Fig. 7. Paroxetine inhibits the desensitization of UTP-mediated arterial contractions. Mesenteric arterial rings were initially exposed to K+ (60 mM),
before washout and addition of either fluoxetine or paroxetine (5 mM) for 5 minutes. Arteries were then subjected to the standard UTP desensitization
protocol, or stimulated with AngII (100 nM, for 5 minutes), washed for 30 minutes, and stimulated a second time with AngII (100 nM). Representative
traces showUTP-induced contractions from single arteries treatedwith either (A) fluoxetine or (B) paroxetine. Representative traces showAngII-induced
contractions in single arteries treated with either (C) fluoxetine or (D) paroxetine. Desensitization of contractile responses was determined as the
percentage decreased R2 response compared with R1 and is shown in (E). Data aremeans6 S.D.; for n = 6–11 arteries from$5 animal preparations (two-
way ANOVA, Holm-Sidak post hoc test, ***P , 0.001). Representative traces show that arterial contractions, mediated by an EC50 (100 mM)
concentration of UTP, decrease over time following a single 5-minute pretreatment with fluoxetine (F), but are maintained following pretreatment with
paroxetine (5 mM) pretreatment (G). Cumulative data (H) show that paroxetine, but not fluoxetine, prevents the loss of arterial contraction to repeated
UTP challenge (data are means6 S.D.; for n = 7 to 8 arteries from$5 animal preparations. **P, 0.01; ***P, 0.001 (two-way ANOVA, Holm-Sidak post
hoc test).
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isolated rhodopsin, but also in whole-cell systems (Thal et al.,
2011; Schumacher et al., 2015), we investigated whether
paroxetine could prevent desensitization of GRK2-mediated
GPCR activity in arterial rings.
Initially, we examined the effects of paroxetine on UTP/

P2Y2-induced PLC signaling in isolated MSMC, and, in
agreement with our original findings (Morris et al., 2011),
application of our standard desensitization protocol uncovered
an approximate 60% and 50% reduction in the R2/R1 ratio for
IP3 and Ca21, indicative of receptor desensitization (Morris
et al., 2010, 2011, 2012). Preincubation with paroxetine
attenuated P2Y2 receptor desensitization, yielding compara-
ble results as when GRK2 expression was knocked down
(.80%) using small-interfering RNA treatment (Morris et al.,
2010, 2011). Moreover, the structurally distinct SSRI fluoxe-
tine was unable to prevent P2Y2 receptor desensitization,
which, when combined with previous reports that fluoxetine is
unable to inhibit GRK2 activity (Thal et al., 2011), strongly
suggests that the effects of paroxetine are on GRK2 rather
than alternative off-target SSRI interactions. Furthermore, in
ULTR cells paroxetine blocked H1 receptor desensitization, a
GRK2 exclusive process (Willets et al., 2008), whereas the
exclusively GRK6-mediated oxytocin receptor desensitization
(Willets et al., 2009) was unaffected. In support of these
observations, paroxetine has previously been shown to inhibit
GRK2-mediated phosphorylation of thyrotropin-releasing
hormone receptor with an IC50 of 30 mM (Thal et al., 2012)

and to enhance bAR-mediated cardiomyocyte contraction
(a process negatively regulated by GRK2) (Thal et al., 2012).
Recently, paroxetine has been shown to inhibit b2-receptor
desensitization by blocking GRK2-mediated adrenoceptor
phosphorylation and arrestin recruitment (Guo et al., 2017).
Collectively, these data further support the notion that
paroxetine selectively interacts with GRK2 to inhibit its
ability to desensitize GPCR signaling.
As our data suggest that paroxetine can inhibit GRK2-

mediated desensitization of UTP-driven PLC signaling in
isolated MSMC, we examined whether paroxetine could
display a similar ability to prevent the desensitization of
UTP-induced arterial contractions. Initial exposure to either
SSRI caused a transient inhibition of depolarization-induced
arterial contractions, which is in agreement with previous
reports that highlight fluoxetine and paroxetine as L-type
Ca21 channel blockers (e.g., Stauderman et al., 1992). In-
terestingly, the SSRI-mediated blockade of voltage-operated
Ca21-channel activity was temporary and fully reversed after
30 minutes of repeated washouts, possibly reflective of the
extracellular rather than intracellular actions of these SSRI
compounds. It is also noteworthy that any SSRI-mediated
block of L-type channels would not be obvious in isolated
MSMC because L-type channel expression is lost rapidly in
culture (Gollasch et al., 1998; Patel et al., 2005). Nevertheless,
AngII- or UTP-induced arterial contractions were equivalent
when assessed either directly after the addition of the SSRI

Fig. 8. Desensitization of UTP-stimulated arterial contrac-
tion is attenuated following addition of GRK2 inhibitors.
Representative traces are shown for arterial rings preincu-
bated for 1 hour with vehicle control (A), CCG215022 [(B),
10 mM], CCG224063 [(C), 10 mM], or Takeda compound
101 [(D), 30 mM] before being subjected to the standardUTP
desensitization protocol. Cumulative data (E) show that
inclusion of GRK2 inhibitors attenuates UTP-mediated
desensitization (data are means 6 S.D.; for n = 8 arteries
from $4 animal preparations). **P , 0.01; ***P , 0.001
(one-way ANOVA, Holm–Sidak post hoc test).
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(i.e., when voltage-operate channels are inhibited) or in
the absence of the SSRI. Together these data suggest that
firstly, paroxetine and fluoxetine do not affect acute GPCR-
stimulated contractions, and secondly, that AngII- and UTP-
stimulated arterial contractions rely on Ca21 release from
intracellular stores rather than extracellular Ca21 sources.
Previously, we have shown that by applying a variation of

our standard R1/Rmax/R2 protocol we can measure desensiti-
zation ofUTP-induced contractions in intactmesenteric vessel
rings (Morris et al., 2011). Applying the same protocol in this
study, we demonstrate that paroxetine prevented the loss of
arterial responsiveness to UTP. Although reduced vessel
contractility may reflect a loss in responsiveness of a wide
variety of contractile pathways (Brozovich et al., 2016), PLC
signaling contributes significantly to this process (Ureña
et al., 2013). Moreover, because paroxetine inhibits the de-
sensitization of P2Y2 receptor/PLC signaling in isolated
MSMC, a process exclusively regulated by GRK2 (Morris
et al., 2011), suggests that paroxetine plays a similar role to
prevent the desensitization of P2Y2 activity, which underpins
UTP-induced arterial contractions. Bioavailability studies
indicate plasma paroxetine concentrations remain steady at
around 125 nM (Bourin et al., 2001), which is considerably
lower than the concentrations required to block GRK2 func-
tion in whole tissues. Nonetheless, paroxetine is known to
distribute throughout the body, which, combined with the
finding that plasma levels contains ,1% of the total ingested

drug, suggests that paroxetine is likely to accumulate in
tissues where concentrationsmay also increase. Interestingly,
in someways our data reflect this notion, because the ability of
paroxetine to inhibit GRK2-induced desensitization appeared
to be prolonged. Indeed, a single application (5 minutes) of
5 mM paroxetine prevented the loss of arterial responsiveness
to UTP, even after five agonist challenges over a 50-minute
period, suggesting a lack of cellular removal/metabolism and/
or prolonged association of paroxetine and GRK2.
AngII is a potent vasoconstrictor known to induce arterial

contraction through activation of PLC signaling activating the
AT1 receptor (Montezano et al., 2014). In this study, we found

Fig. 9. Effects of GRK inhibitors on P2Y2 and H1 hista-
mine-mediated PLC signaling in MSMC and ULTR cells.
Cells were preincubated with either vehicle or GRK inhib-
itors for 30 minutes prior to being exposed to the standard
desensitization protocols outlined previously. Representa-
tive traces show the effects of CCG215022 and CCG224063
(10 mM) and compound 101 (30 mM) on P2Y2 receptor (A)
and AT1 receptor desensitization (B) in MSMC. Represen-
tative traces show the effects of CCG215022, CCG224063,
and Takeda compound 101 on H1 histamine (C) desensiti-
zation in ULTR cells. Cumulative data show that
CCG215022, CCG224063, and Takeda compound 101 are
able to attenuate the desensitization of agonist-mediated
PLC signaling (*P , 0.05; **P , 0.01, Kruskal–Wallis,
Dunn’s post hoc test) in MSMC (D) and ULTR cells (E),
respectively. Receptor desensitization was determined as
the reduction of the R2 response when compared with R1
[means 6 S.D. for, n = 11–96 cells, generated from
preparations from five different animals for MSMC exper-
iments (D); n = 10–30 cells for ULTR experiments (E)].

TABLE 1
Data are derived from the concentration–response curves shown in
Supplemental Fig. 2, demonstrating IC50 values for the abilities of GRK2
inhibitors to prevent the desensitization of H1 or P2Y2 receptor
desensitization of PLC/Ca2+ signals in ULTR and MSMC, respectively
Data are expressed as means 6 S.E.M. for n = 20–123 cells from at least four
separate experiments for each drug concentration.

Compound
pIC50

ULTR MSMC

Paroxetine 6.1 6 0.2 5.99 6 0.18
Compound 101 5.35 6 0.2 5.48 6 0.18
CCG224063 7.33 6 0.18 7.35 6 0.17
CCG215022 5.51 6 0.19 5.53 6 0.24
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that AngII-induced arterial contractions were highly suscep-
tible to desensitization and were resistant to resensitization,
with little detectable contraction even when measured
∼60 minutes after initial agonist application. These findings
are similar to AT1 receptor desensitization in isolated
MSMC, where full recovery of AngII Ca21/PLC signals
takes .20 minutes, likely reflecting the requirement for AT1
receptor internalization and recycling (Hunyady et al., 2000).
The fact that paroxetine is able to partially attenuate the loss
of arterial responsiveness to AngII implicates GRK2 in the
desensitization of the AT1 receptor PLC/contractile activity in
arteries. Indeed, this finding is supported by previous obser-
vations that the AT1 receptor is a substrate for GRK2-induced
desensitization (Olivares-Reyes et al., 2001; Kim et al., 2005).
Interestingly, the inability of paroxetine to completely reverse
AT1 receptor desensitization suggests that other kinases such
as GRK4 (Chen et al., 2014) might be responsible for the
residual loss of AngII-mediated contractile response.
To corroborate our findings, we also examined the effects of

three other GRK2 inhibitors on UTP-induced desensitization
of arterial contractions. First, we used the Takeda compound
101, which is a highly selective GRK2/3 inhibitor especially
against other GRK family members, PKA and protein kinase
C (Thal et al., 2011; Lowe et al., 2015). Indeed, at the
concentrations used in this study, Takeda compound 101 is
unlikely to interact with other kinases that may desensitize
UTP- or AngII-mediated contractions (Thal et al., 2011).
Furthermore, we and others have shown that arterial smooth
muscle cells express little, if any GRK3 (Cohn et al., 2008;
Morris et al., 2010), and overexpression of dominant-negative
GRK3 in isolated mesenteric arterial cells failed to prevent
P2Y2 desensitization (Morris et al., 2011), which implies that
Takeda compound 101 is targeting GRK2 to prevent loss of
P2Y2 receptor responsiveness. Unlike the SSRIs, the panGRK
inhibitor CCG215022 and the GRK2-selective inhibitor
CCG224063 did not affect depolarization-induced contrac-
tions, suggesting that neither compound interfered with
L-type Ca21-channel activity. Nevertheless, both compounds
appeared slightly less effective inhibitors of GRK2 function
than paroxetine in whole tissues because twofold more was
required to attenuate UTP-induced desensitization; however,
this may reflect lack of tissue penetration as 60 minutes of
pretreatment were required to achieve optimal results with
CCG215022 and CCG224063. Interestingly, this difference
was not evident in isolated cells as the CCG compounds and
paroxetine were equally efficacious at blocking desensitiza-
tion of both the P2Y2 and H1 receptor-stimulated PLC
signaling after only 30-minute pretreatment. Furthermore,
our data suggest that both CCG compounds were as effective
as small-interfering RNA–mediated GRK2 depletion in pre-
venting GRK2-mediated GPCR desensitization (Willets et al.,
2008; Morris et al., 2011).
Previously published data (Thal et al., 2011; Waldschmidt

et al., 2016) highlight that the compounds used in this study
possess IC50 values within the nanomolar range (i.e., Takeda
compound 101 54 nM; CCG215022 150 nM; CCG224063
130 nM), which might suggest that the higher micromolar
concentrations used in this study may lose selectivity. How-
ever, these data are derived from in vitro assays using isolated
GRK enzymes and substrates, which do not have the added
complications such as membrane permeability, possible cel-
lular metabolism, or nonspecific binding to off-target cellular

proteins. Furthermore, all the compounds used are competi-
tive inhibitors of the GRK2 ATP binding site, and, because
ATP concentrations are likely higher in cells than in vitro
assays, this will potentially underestimate kinase inhibition
in whole cells. Therefore, it is not surprising that in cellular
systems and tissues higher micromolar concentrations are
required to produce maximal effects on kinase inhibition
(Lowe et al., 2015). The exception seems to be paroxetine,
which inhibits isolated GRK2 with an IC50 of 1.38 mM
(Waldschmidt et al., 2016), and GRK2-mediated b2AR phos-
phorylation inHEK293 cells with an IC50 of 5.9mM(Guo et al.,
2017), which is similar to our findings.
Our data confirm that paroxetine functions as a selective

inhibitor of GRK2-mediated desensitization of Gq-coupled
receptors and PLC signaling. Moreover, because PLC signal-
ing plays a central role in increasing intracellular Ca21

concentration, and thus induces arterial contraction, it ap-
pears likely that paroxetine prevents the loss of arterial
contractile responsiveness to UTP by inhibiting GRK2-
mediated P2Y receptor desensitization. Likewise, if inhibition
of GRK2 function attenuates the desensitization of PLC-
mediated arterial contractions, one would expect increased
GRK2 expression to have an opposite effect. Our previous data
support this notion, because the doubling of GRK2 expression
observed in mesenteric arteries during the early stages of
hypertension results in a twofold enhancement of the de-
sensitization of UTP-stimulated arterial contractions (Willets
et al., 2015b). In summary, we have used a variety of small-
molecule GRK2 inhibitors to confirm for the first time the
central role that GRK2 plays in the regulation of
vasoconstrictor-mediated arterial tone, which highlights a
potentially novel strategy for blood pressure regulation
through targeting GRK2 function. The results also suggest
that some of the benefit of applying small-molecule inhibitors
of GRK2 systemically (Schumacher et al., 2015) is to improve
the hormonal responsiveness of smooth muscle cells in
addition to that of cardiac myocytes.

Authorship Contributions

Participated in research design: Rainbow, Challiss, Willets.
Conducted experiments: Rainbow, Brennan, Jackson, Beech,

Bengreed, Willets.
Contributed new reagents or analytic tools: Waldschmidt.
Performed data analysis: Rainbow, Brennan, Jackson, Beech,

Bengreed, Willets.
Wrote or contributed to writing of the manuscript: Rainbow,

Brennan, Waldschmidt, Tesmer, Challiss, Willets.

References

Bourin M, Chue P, and Guillon Y (2001) Paroxetine: a review. CNS Drug Rev 7:
25–47.

Brinks HL and Eckhart AD (2010) Regulation of GPCR signaling in hypertension.
Biochim Biophys Acta 1802:1268–1275.

Brozovich FV, Nicholson CJ, Degen CV, Gao YZ, Aggarwal M, and Morgan KG (2016)
Mechanisms of vascular smooth muscle contraction and the basis for pharmaco-
logic treatment of smooth muscle disorders. Pharmacol Rev 68:476–532.

Chen K, Fu C, Chen C, Liu L, Ren H, Han Y, Yang J, He D, Zhou L, Yang Z, et al.
(2014) Role of GRK4 in the regulation of arterial AT1 receptor in hypertension.
Hypertension 63:289–296.

Cohn HI, Harris DM, Pesant S, Pfeiffer M, Zhou RH, Koch WJ, Dorn GW, II,
and Eckhart AD (2008) Inhibition of vascular smooth muscle G protein-coupled
receptor kinase 2 enhances alpha1D-adrenergic receptor constriction. Am J Physiol
Heart Circ Physiol 295:H1695–H1704.

Gollasch M, Haase H, Ried C, Lindschau C, Morano I, Luft FC, and Haller H (1998)
L-type calcium channel expression depends on the differentiated state of vascular
smooth muscle cells. FASEB J 12:593–601.

Guo S, Carter RL, Grisanti LA, Koch WJ, and Tilley DG (2017) Impact of paroxetine
on proximal b-adrenergic receptor signaling. Cell Signal 38:127–133.

1090 Rainbow et al.

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Havenga MJ, Lemckert AA, Grimbergen JM, Vogels R, Huisman LG, Valerio D, Bout
A, and Quax PH (2001) Improved adenovirus vectors for infection of cardiovascular
tissues. J Virol 75:3335–3342.

Hayabuchi Y, Dart C, and Standen NB (2001) Evidence for involvement of A-kinase
anchoring protein in activation of rat arterial K(ATP) channels by protein kinase A.
J Physiol 536:421–427.

Hill-Eubanks DC, Werner ME, Heppner TJ, and Nelson MT (2011) Calcium signaling
in smooth muscle. Cold Spring Harb Perspect Biol 3:a004549.

Homan KT, Waldschmidt HV, Glukhova A, Cannavo A, Song J, Cheung JY, Koch WJ,
Larsen SD, and Tesmer JJ (2015) Crystal structure of G protein-coupled receptor
kinase 5 in complex with a rationally designed inhibitor. J Biol Chem 290:
20649–20659.

Hunyady L, Catt KJ, Clark AJ, and Gáborik Z (2000) Mechanisms and functions of
AT(1) angiotensin receptor internalization. Regul Pept 91:29–44.

Jaber M, Koch WJ, Rockman H, Smith B, Bond RA, Sulik KK, Ross J Jr., Lefkowitz
RJ, Caron MG, and Giros B (1996) Essential role of b-adrenergic receptor kinase
1 in cardiac development and function. Proc Natl Acad Sci USA 93:12974–12979.

Jackson R, Brennan S, Fielding P, Sims MW, Challiss RA, Adlam D, Squire IB,
and Rainbow RD (2016) Distinct and complementary roles for a and b isoenzymes
of PKC in mediating vasoconstrictor responses to acutely elevated glucose. Br J
Pharmacol 173:870–887.

Kim J, Ahn S, Rajagopal K, and Lefkowitz RJ (2009) Independent b-arrestin2 and
Gq/protein kinase Czeta pathways for ERK stimulated by angiotensin type 1A
receptors in vascular smooth muscle cells converge on transactivation of the epi-
dermal growth factor receptor. J Biol Chem 284:11953–11962.

Kim J, Ahn S, Ren XR, Whalen EJ, Reiter E, Wei H, and Lefkowitz RJ (2005)
Functional antagonism of different G protein-coupled receptor kinases for
b-arrestin-mediated angiotensin II receptor signaling. Proc Natl Acad Sci USA
102:1442–1447.

Koch WJ, Rockman HA, Samama P, Hamilton RA, Bond RA, Milano CA,
and Lefkowitz RJ (1995) Cardiac function in mice overexpressing the b-adrenergic
receptor kinase or a b ARK inhibitor. Science 268:1350–1353.

Lowe JD, Sanderson HS, Cooke AE, Ostovar M, Tsisanova E, Withey SL, Chavkin C,
Husbands SM, Kelly E, Henderson G, et al. (2015) Role of G protein-coupled re-
ceptor kinases 2 and 3 in m-opioid receptor desensitization and internalization.Mol
Pharmacol 88:347–356.

Montezano AC, Nguyen Dinh Cat A, Rios FJ, and Touyz RM (2014) Angiotensin II
and vascular injury. Curr Hypertens Rep 16:431–442.

Morris GE, Nelson CP, Brighton PJ, Standen NB, Challiss RA, and Willets JM (2012)
Arrestins 2 and 3 differentially regulate ETA and P2Y2 receptor-mediated cell
signaling and migration in arterial smooth muscle. Am J Physiol Cell Physiol 302:
C723–C734.

Morris GE, Nelson CP, Everitt D, Brighton PJ, Standen NB, Challiss RA, and Willets
JM (2011) G protein-coupled receptor kinase 2 and arrestin2 regulate arterial
smooth muscle P2Y-purinoceptor signalling. Cardiovasc Res 89:193–203.

Morris GE, Nelson CP, Standen NB, Challiss RA, and Willets JM (2010) Endothelin
signalling in arterial smooth muscle is tightly regulated by G protein-coupled re-
ceptor kinase 2. Cardiovasc Res 85:424–433.

Nelson MT, Patlak JB, Worley JF, and Standen NB (1990) Calcium channels, po-
tassium channels, and voltage dependence of arterial smooth muscle tone. Am J
Physiol 259:C3–C18.

Newman KD, Dunn PF, Owens JW, Schulick AH, Virmani R, Sukhova G, Libby P,
and Dichek DA (1995) Adenovirus-mediated gene transfer into normal rabbit ar-
teries results in prolonged vascular cell activation, inflammation, and neointimal
hyperplasia. J Clin Invest 96:2955–2965.

Okawa T, Aramaki Y, Yamamoto M, Kobayashi T, Fukumoto S, Toyoda Y, Henta T,
Hata A, Ikeda S, Kaneko M, et al. (2017) Design, synthesis, and evaluation of the
highly selective and potent G-protein-coupled receptor kinase 2 (GRK2) inhibitor
for the potential treatment of heart failure. J Med Chem 60:6942–6990.

Olivares-Reyes JA, Smith RD, Hunyady L, Shah BH, and Catt KJ (2001) Agonist-
induced signaling, desensitization, and internalization of a phosphorylation-
deficient AT1A angiotensin receptor. J Biol Chem 276:37761–37768.

Oppermann M, Freedman NJ, Alexander RW, and Lefkowitz RJ (1996) Phosphory-
lation of the type 1A angiotensin II receptor by G protein-coupled receptor kinases
and protein kinase C. J Biol Chem 271:13266–13272.

Patel MK, Clunn GF, Lymn JS, Austin O, and Hughes AD (2005) Effect of serum
withdrawal on the contribution of L-type calcium channels (CaV1.2) to intracellular
Ca21 responses and chemotaxis in cultured human vascular smooth muscle cells.
Br J Pharmacol 145:811–817.

Pitcher JA, Freedman NJ, and Lefkowitz RJ (1998) G protein-coupled receptor ki-
nases. Annu Rev Biochem 67:653–692.

Rivas V, Carmona R, Muñoz-Chápuli R, Mendiola M, Nogués L, Reglero C, Miguel-
Martín M, García-Escudero R, Dorn GW, II, Hardisson D, et al. (2013) Develop-
mental and tumoral vascularization is regulated by G protein-coupled receptor
kinase 2. J Clin Invest 123:4714–4730.

Schumacher SM, Gao E, Zhu W, Chen X, Chuprun JK, Feldman AM, Tesmer JJ,
and Koch WJ (2015) Paroxetine-mediated GRK2 inhibition reverses cardiac dys-
function and remodeling after myocardial infarction. Sci Transl Med 7:277ra31.

Stauderman KA, Gandhi VC, and Jones DJ (1992) Fluoxetine-induced inhibition of
synaptosomal [3H]5-HT release: possible Ca(21)-channel inhibition. Life Sci 50:
2125–2138.

Thal DM, Homan KT, Chen J, Wu EK, Hinkle PM, Huang ZM, Chuprun JK, Song J,
Gao E, Cheung JY, et al. (2012) Paroxetine is a direct inhibitor of G protein-coupled
receptor kinase 2 and increases myocardial contractility. ACS Chem Biol 7:
1830–1839.

Thal DM, Yeow RY, Schoenau C, Huber J, and Tesmer JJ (2011) Molecular mecha-
nism of selectivity among G protein-coupled receptor kinase 2 inhibitors. Mol
Pharmacol 80:294–303.

Ureña J, Fernández-Tenorio M, Porras-González C, González-Rodríguez P, Cas-
tellano A, and López-Barneo J (2013) A new metabotropic role for L-type Ca(21)
channels in vascular smooth muscle contraction. Curr Vasc Pharmacol 11:490–496.

Waldschmidt HV, Homan KT, Cruz-Rodríguez O, Cato MC, Waninger-Saroni J,
Larimore KM, Cannavo A, Song J, Cheung JY, Kirchhoff PD, et al. (2016)
Structure-based design, synthesis, and biological evaluation of highly selective and
potent G protein-coupled receptor kinase 2 inhibitors. J Med Chem 59:3793–3807.

Willets JM, Brighton PJ, Mistry R, Morris GE, Konje JC, and Challiss RA (2009)
Regulation of oxytocin receptor responsiveness by G protein-coupled receptor ki-
nase 6 in human myometrial smooth muscle. Mol Endocrinol 23:1272–1280.

Willets JM, Brighton PJ, Windell LN, Rana S, Nash CA, and Konje JC (2015a)
Bradykinin-activated contractile signalling pathways in human myometrial cells
are differentially regulated by arrestin proteins. Mol Cell Endocrinol 407:57–66.

Willets JM, Challiss RA, and Nahorski SR (2003) Non-visual GRKs: are we seeing the
whole picture? Trends Pharmacol Sci 24:626–633.

Willets JM, Nash CA, Rainbow RD, Nelson CP, and Challiss RA (2015b) Defining the
roles of arrestin2 and arrestin3 in vasoconstrictor receptor desensitization in hy-
pertension. Am J Physiol Cell Physiol 309:C179–C189.

Willets JM, Taylor AH, Shaw H, Konje JC, and Challiss RA (2008) Selective regu-
lation of H1 histamine receptor signaling by G protein-coupled receptor kinase 2 in
uterine smooth muscle cells. Mol Endocrinol 22:1893–1907.

Williams ML, Hata JA, Schroder J, Rampersaud E, Petrofski J, Jakoi A, Milano CA,
and Koch WJ (2004) Targeted b-adrenergic receptor kinase (betaARK1) inhibition
by gene transfer in failing human hearts. Circulation 109:1590–1593.

Address correspondence to: Dr. Jonathon M. Willets, Department of
Molecular and Cell Biology, University of Leicester, Henry Wellcome Building,
Lancaster Road, LE1 7RH Leicester, UK. E-mail: jmw23@leicester.ac.uk

GRK2 Regulates Arterial Contraction 1091

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

mailto:jmw23@leicester.ac.uk
http://molpharm.aspetjournals.org/

