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Elevated blood pressure is a key risk factor for developing cardiovascular diseases. Blood pressure is largely determined by
vasodilatory mediators, such as nitric oxide (NO), that are released from the endothelium in response to fluid shear stress
exerted by the flowing blood. Previous work has identified several mechanotransduction signaling processes that are involved
in fluid shear stress-induced endothelial effects, but how fluid shear stress initiates the response is poorly understood.

Here, we evaluated human and bovine endothelial cells and found that the purinergic receptor P2Y, and the G proteins

G,/G, mediate fluid shear stress-induced endothelial responses, including [Ca*], transients, activation of the endothelial NO
synthase (eNOS), phosphorylation of PECAM-1and VEGFR-2, as well as activation of SRC and AKT. In response to fluid shear
stress, endothelial cells released ATP, which activates the purinergic P2Y, receptor. Mice with induced endothelium-specific
P2Y, or G /G, deficiency lacked flow-induced vasodilation and developed hypertension that was accompanied by reduced
eNOS activation. Together, our data identify P2Y, and (.'.q/(.‘.11 as a critical endothelial mechanosignaling pathway that is
upstream of previously described mechanotransduction processes and demonstrate that P2Y, and G,/G,are required for basal
endothelial NO formation, vascular tone, and blood pressure.

Introduction

Hypertension is a primary risk factor for cardiovascular diseases
including myocardial infarction and stroke (1, 2). Vascular tone
and blood pressure are controlled under physiological and patho-
physiological conditions by various autoregulatory functions of
blood vessels. One of the fundamental autoregulatory processes
that adapts vessel diameter to blood flow and critically contributes
to vascular tone and blood pressure is the flow-induced relaxation
of vascular smooth muscle (3). In response to fluid shear stress,
the vascular endothelium releases a variety of vasoactive factors
(4,5). Of these, nitric oxide (NO) produced by endothelial NO syn-
thase (eNOS or NOS3) plays a predominant role in flow-induced
vasodilation (6). Acute flow induces a transient increase in [Ca*'],,
which leads to Ca?/calmodulin-dependent eNOS activation.
However, the maintained activation of NO formation in response
to shear stress requires phosphorylation of eNOS at serine 1177 by
AKT kinases (7, 8) or other protein kinases, such as protein kinase
A (PKA) (6, 9). The adhesion molecule PECAM-1 has been impli-
cated in the shear stress-induced activation of AKT kinases and
eNOS as well as in flow-mediated vasodilation (10-12), but it can
also mediate inflammatory signaling in response to disturbed
flow (13-15). PECAM-1 forms a complex with vascular endothe-
lial cadherin (VE-cadherin), which, following the shear stress-
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induced tyrosine phosphorylation of PECAM-1, recruits VEGFR-2.
VEGFR-2 in turn becomes tyrosine phosphorylated and activates
downstream signaling events including the activation of AKT
kinases (13, 16). Biophysical evidence indicated that PECAM-1 is
not a primary mechanosensor, but that it is controlled by upstream
mechanisms that have remained elusive (17, 18). Other mecha-
notransducers suggested to date include mechanosensitive ion
channels (19-21), the endothelial glycocalyx layer (22, 23), and the
primary cilium (24). Also, pertussis toxin-sensitive and -insensi-
tive heterotrimeric G proteins have been linked with fluid shear
stress-induced endothelial signaling (25-28), and the G proteins
G, and G, have recently been shown to interact with PECAM-1
and to mediate fluid shear stress-induced AKT phosphorylation
(27, 28). Thus, previous work has identified several mechanotrans-
duction signaling processes involved in fluid shear stress-induced
endothelial effects (29, 30); however, these mechanotransduction
processes have primarily been studied in vitro using isolated endo-
thelial cells, and their in vivo role as well as the upstream regula-
tory mechanisms are unclear.

Here, we show that the endothelial P2Y, receptor, coupled
to the G proteins G_ and G, plays a critical role in fluid shear
stress-induced eNOS activation and thereby controls vascular
tone and blood pressure.

Results
G,/G, mediate endothelial response to fluid shear stress in vitro. To
test the role of the heterotrimeric G proteins G, and G,, in fluid
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shear stress-induced endothelial responses, we determined the
effect of siRNA-mediated knockdown of the o subunits of G,
and G,;, Ga, and Ga,;, on shear stress-induced cellular effects in
HUVECSs and bovine aortic endothelial cells (BAECs). Suppres-
sion of Ga, /Ga,, expression strongly reduced shear stress-induced
increases in [Ca*], (Figure 1A). It also reduced thrombin-induced
effects, but had no effect on ionomycin-induced increases in
[Ca*], (Supplemental Figure 1, A and B). Similarly, knockdown of
Ga,/Ga,, strongly reduced phosphorylation of AKT (at serine 473)
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and eNOS (at serine 1177 and serine 1179) induced by laminar flow
in HUVECs and BAECs, respectively (Figure 1B). The same result
was found after an acute increase in flow (Supplemental Figure
1C). Also, the effect of carbachol, which activates Gq/Gu-coupled
muscarinic receptors, on eNOS and AKT phosphorylation was
prevented after knockdown of Go, /Ga,, expression. However, the
effect of insulin, which acts independently of G /G,,, was unaf-
fected (Supplemental Figure 1D), indicating that the cells had not
lost the ability to respond to all stimuli. Loss of flow-induced effects



The Journal of Clinical Investigation

RESEARCH ARTICLE

A WT EC-q/11-KO
5 801
U46619 ACh U46619 @wT
300ty 7| 300 ¥ S’:P T @ EC-g/11-KO
E E ACh n 5
=250 = 2501 v E 60]
3 200 g °
£ £ 2001 = 3 g
] o 2 17}
[=} a
150 1501 S §_ 401
2, G
= 100 = <? &
= £ 1001 =
£ £ S 20
Z 50 2 1 * %
= z 501 * é x hkk kR
i I ©
0 0] N T of
0 4 8 1216 20 24 0 4 8 12 16 20 24 28 32 ) 0 20 40 60 80 100
. . . . w
Time (min) Time (min) &”‘\ Flow (ul/min)
B
& 100 100 100
b4 owr = g% owr
0 801 @ecgi1i-ko 58 80 % 5 80] @EcqiiKo
© 60 2 e 2 £
& c & 60 < £ 607
c 40 2% s 8
2 20] g2 4 53
3 3 8 20 owr £ 3 20
s 9 ca ]
] @EC-g/11-KO 2 £
m '20 T T T T T T G T T T T T O 0-
9 8 -7 6 -5 -4 9 -8 -7 6 -5 109 8 -7 6 -5
ACh (log M) SNP (log M) Phenylephrine (log M)
0g g g

Figure 2. Endothelial Gotq and Go,, are required for flow-induced vasodilation. (A and B) Mesenteric arteries from tamoxifen-treated WT or EC-q/11-KO
mice were exposed to flow and various agents. (A) Effect of a stepwise increase in perfusion flow on the diameter of vessels precontracted with 100 nM
of the thromboxane A, analog U46619. After flow was stopped, 10 uM ACh and 100 uM SNP were added. Shown is the evaluation of the AUC and the time
course of flow-induced vasorelaxation as a percentage of the passive vessel diameter (n = 6, WT; n = 8, EC-q/11-K0). (B) Effect of ACh, SNP, and phenyl-
ephrine on vascular diameter (n = 6). Data represent the mean + SEM; **P < 0.01 and ***P < 0.001, by 2-tailed Student’s t test (A, middle) and 2-way

ANOVA, with Bonferroni's post-hoc test (A, right and B).

after knockdown of Ga, and Ga,, was verified by using at least one
additional siRNA (data not shown), and knockdown of Ga,_/Ga,,
expression had no effect on the expression of various other genes
encoding proteins involved in cellular signaling or flow sensing
(Supplemental Figure 1F). The reduced flow-induced eNOS phos-
phorylation after knockdown of Ga, /Ga,, expression was accom-
panied by a loss of the flow-induced increases in nitrate levels in
cell supernatants (Figure 1C), indicating reduced eNOS activity.
Consistent with a role of SRC and VEGFR-2 in flow-induced phos-
phorylation of eNOS and AKT, blockade of SRC and VEGFR-2
kinase activity with PP2 and Ki8751, respectively, abrogated both
effects (Supplemental Figure 1E). The fluid shear stress-induced
tyrosine phosphorylation of SRC kinases PECAM-1 and VEGFR-2
were also markedly reduced after knockdown of G /Ga,, (Figure
1D), demonstrating that G_ and G,, operate upstream of these sig-
naling molecules in sensing fluid shear stress.

Endothelial G /G, deficiency results in loss of flow-induced vasodi-
lation and hypertension. To test the physiological relevance of G /G,
in endothelial flow sensing, we determined the flow-induced vaso-
dilation of murine mesenteric arteries. In precontracted vessels
isolated from inducible endothelium-specific Ga, /Ga, -deficient
mice (Tie2-CreER"™ Gnaq"f Gnall”", herein referred to as EC-q /11~
KO) (31), dilation in response to flow was almost completely lost
(Figure 2A). Also, acetylcholine-induced (ACh-induced) vasodi-

lation, which is mediated by the G /G,-coupled muscarinic M3
receptor (32), was strongly inhibited (Figure 2B). However, vessels
from EC-q/11-KO mice were fully responsive to the endotheli-
um-independent vasodilator sodium nitroprusside (SNP) and the
vasoconstrictor phenylephrine (Figure 2B), indicating that contrac-
tile and vasodilatory functions, per se, were not affected.

Flow-induced vasodilation is regarded as a basic mechanism
critically contributing to vascular tone and basal blood pressure
(29). While treatment of WT mice with tamoxifen had only a
small, transient effect on mean arterial blood pressure, the induc-
tion of endothelial Go /Ga,, deficiency in EC-q/11-KO mice by
tamoxifen (31) resulted in a significant increase of approximately
20 mmHg within a few days (Figure 3A). The development of
hypertension was paralleled by a decrease in plasma nitrate lev-
els (Figure 3B) as well as by the attenuated phosphorylation of the
murine mesenteric artery eNOS at serine 1176 (Figure 3C). This
indicates that acute loss of endothelial G, /G, -mediated signaling
strongly reduces eNOS activity in vivo, resulting in reduced NO
formation, increased vascular tone, and arterial hypertension.

As shown previously, the ligation of the external carotid artery
results within 2 weeks in a reduced diameter of the common
carotid artery (33, 34). This process is believed to depend on endo-
thelial flow sensing and is strongly inhibited in mice lacking eNOS
(33). Consistent with an eNOS-mediated role of endothelial Gq /G,
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Figure 3. Induction of endothelial G/G, deficiency results in reduced eNOS activation and hypertension. (A) Telemetrically recorded blood pressure in
WT (n = 9) and EC-q/11-KO (n = 8) mice before, during, and after administration of tamoxifen for 5 days. Average blood pressure 5 days before induction
was set to 100%. Graphs show systolic and diastolic arterial blood pressure 4 days before tamoxifen treatment and in the second week after induction.
(B) Plasma nitrate levels in WT (n = 12) and EC-q/11-KO mice (n = 12) before and 10 days after induction. (C) Phosphorylation of eNOS at serine 1176 in
lysates from mesenteric arteries prepared before (-) or 3 days after (+) tamoxifen induction in WT and EC-q/11-KO. Graph shows the densitometric evalua-
tion (n = 4). Data represent the mean + SEM; **P < 0.01and ***P < 0.001, by 2-tailed Student’s t test.

in flow-mediated remodeling, we found that the diameter of the
common carotid artery did not significantly change in response to
ligation of the external carotid artery in EC-q/11-KO mice com-
pared with WT animals (Supplemental Figure 2A). EC-q/11-KO
mice also showed a strong reduction in neointima formation after
ligation of the common carotid artery (Supplemental Figure 2B).
These data indicate that endothelial G /G, -mediated signaling is
also required for flow-mediated vascular remodeling.

P2Y, mediates endothelial fluid shear stress response and con-
trols vascular tone and blood pressure. To identify potential GPCRs
operating upstream of G /G,, we analyzed the expression of
GPCRs in HUVECs and human umbilical artery endothelial cells
(HUAECs) and performed an siRNA-mediated knockdown of 42
receptors expressed in both cell types (Supplemental Figure 3, A
and B). Knockdown of the purinergic P2Y, receptor had by far the
strongest effect on fluid shear stress-induced AKT phosphoryla-
tion in HUVECs (Supplemental Figure 3, B and C). P2Y,isa G /
G,,-coupled receptor activated by ATP and uridine triphosphate
(UTP) (35), and an alternative siRNA directed against P2Y, was
able to almost completely abrogate flow-induced Ca® transients
(Figure 4A) as well as Ca?* transients induced by the P2Y, agonists
ATP and UTP (Supplemental Figure 4A). Also, flow-induced AKT
and eNOS phosphorylation, as well as tyrosine phosphorylation of
SRC kinase, PECAM-1, and VEGFR-2, were strongly reduced by
the knockdown of P2Y, (Figure 4B). Similarly, the P2Y, receptor
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antagonist AR-C118925 blocked fluid shear stress-induced AKT
and eNOS phosphorylation (Figure 4C), whereas knockdown of
the main endothelial ionotropic purinergic receptor P2X4 had no
effect (Supplemental Figure 4B). Knockdown of P2Y, also strongly
reduced shear stress-induced increases in nitrate levels in cell
supernatants (Figure 4D) and blocked ATP-induced, but not
insulin-induced, AKT and eNOS phosphorylation (Supplemental
Figure 4C). The expression of various genes encoding proteins
involved in cellular signaling or flow sensing was not affected by
knockdown of P2Y, (Supplemental Figure 4D). Consistent with
previous data (36-39), we found that fluid shear stress induced
the release of considerable amounts of ATP from endothelial cells
(Figure 4E). Interestingly, flow- but not insulin-induced AKT and
eNOS phosphorylation was strongly reduced when ATP in the
medium was degraded by apyrase (Figure 4, F and G), and apyrase
also inhibited flow-induced NO formation (Figure 4H).

We then generated inducible endothelium-specific P2Y,-defi-
cient mice (Tie2-CreER"™ P2ry2"/, herein referred to as EC-P2Y -
KO mice; Supplemental Figure 5) to investigate the physiological
role of P2Y, in fluid shear stress-induced eNOS activation and
found that precontracted mesenteric arteries from EC-P2Y,-KO
mice no longer responded to increases in flow with vasodilatation
but showed normal responses to the NO donator sodium nitro-
prusside and to the P2Y,-independent vasodilator ACh (Figure
5A). Induction of endothelium-specific P2Y, deficiency in vivo
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Figure 4. P2Y, mediates endothelial fluid shear stress response in vitro. (A-D) BAECs were transfected with scrambled siRNA (control) or siRNA

directed against P2V, (A, B, and D) or were preincubated without or with 30 uM of the P2Y, antagonist AR-C118925 (C). In the Fluo-4-loaded cells (A;

n =28 [control], n =18 [PZYZ]; 3 independent experiments), the effect of the indicated shear forces on [Caz‘]i was determined as AUC and RFU fluorescence
intensity. In B and C, cells were exposed to fluid shear (20 dynes/cm?) for the indicated durations, and AKT, eNOS, SRC, PECAM-1, and VEGFR-2 activation
was determined as described. Graphs show the densitometric evaluation (n = 3). (D) Nitrate concentration in the cell medium (n = 3). (E) Amount of ATP in
the supernatant of BAECs kept under static conditions or under flow (20 dynes/m?) for the indicated durations (n = 4). (F-H) BAECs (n = 4) were exposed
to fluid shear (F and H; 20 dynes/cm?) or to 1 uM insulin for 10 minutes (G) in the absence or presence of 10 U/ml apyrase. AKT and eNOS activation was
determined by Western blotting for phosphorylated and total AKT and eNQOS (F and G). Bar diagrams show the densitometric evaluation. (H) Nitrate con-
centration in the cell medium. Data represent the mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-tailed Student'’s t test (A) and 2-way ANOVA,

with Bonferroni’s post-hoc test (B-H).

recapitulated the phenotype of induced endothelial Ga /Ga,,
deficiency and resulted in a 20 mmHg increase in arterial blood
pressure (Figure 5B), accompanied by attenuated eNOS phospho-
rylation (Figure 5C), strongly indicating P2Y, as the upstream reg-
ulator of G /G, in fluid shear stress-dependent regulation of NO
formation, vascular tone, and blood pressure.

Discussion

Under the influence of fluid shear stress exerted by flowing blood,
the endothelium releases vasodilatory factors such as NO, which
are important determinants of blood pressure under normal con-
ditions as well as in hypertension. Previous work has identified
several mechanotransduction signaling processes involved in
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Figure 5. Endothelial P2V, controls vascular tone and blood pressure. (A) Effect of increased perfusion flow (left) and increasing SNP (middle) and ACh
concentrations (right) on the diameter of mesenteric arteries from WT (left: n = 9; middle: n = 3; right: n = 6) and EC-P2Y,-KQ (left: n = 13; middle: n = 3;
right: n = 6) mice. Vessels were precontracted with 100 nM U46619. (B) Blood pressure in WT (n = 9) and EC-P2Y,-KO mice (n = 8) before, during, and
after induction. Average blood pressure 5 days before induction was set to 100%. Graphs show systolic and diastolic arterial blood pressure 4 days before
tamoxifen treatment and in the second week after induction. (C) Phosphorylation of eNOS at serine 1176 in lysates from mesenteric arteries prepared 3
days after induction in WT and EC-P2Y,-KO mice. Graph shows a densitometric evaluation (n = 4). Data represent the mean + SEM; *P < 0.05. **P < 0.01,
and ***P < 0.001, by 2-tailed Student’s t test (B and C) and 2-way ANOVA, with Bonferroni's post-hoc test (A).

fluid shear stress-induced endothelial effects (29, 30), but how
fluid shear stress initiates these responses is poorly understood.
Here, we show that the endothelial P2Y, receptor and G /G, are
required to activate the mechanosensory complex consisting of
PECAM-1, VE-cadherin, and VEGFR-2 in response to fluid shear
stress, a process likely to involve SRC kinases, which are rapidly
activated by fluid shear stress in a G /G, -dependent manner.
In contrast to independent studies (27, 28), we could not detect
any direct interaction between Ga, /Go,, and PECAM-1 (data not
shown), and we found G_/G,, to be acting upstream of PECAM-1.
We also demonstrate that the P2Y,/G /G, -mediated pathway
is responsible for flow-induced NO formation by eNOS and for
maintaining basal blood pressure. Acute eNOS activation through
P2Y, and G_/G,, may involve a transient increase in [Ca*]; which
leads to Ca* /calmodulin-dependent eNOS activation. However,
sustained activation of NO formation in response to shear stress is
likely to involve P2Y,-and G, /G, -mediated AKT activation, which
leads to phosphorylation of eNOS at serine 1177 (7, 8). The fact that
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acute loss of endothelial P2Y,-G /G, -mediated signaling strongly
reduces eNOS activity in vivo, resulting in arterial hypertension,
indicates that the P2Y - and G /G, -mediated signaling pathway in
endothelial cells is constantly activated to sustain endothelial NO
formation and to mediate fluid shear stress-induced vasodilation.
The degree of arterial hypertension after long-term loss of endo-
thelial expression of Go, /Ga,, is much smaller than after acute
induction of endothelial Go, /Ga,, deficiency (31), suggesting that
local and systemic counterregulatory processes are induced by the
acute reduction in flow-induced G, /G,-mediated vasorelaxation.

Inrecent years, several GPCRs have been shown to respond to
different mechanical stimuliin vitro (40). Ofthose, the G, /G,,-cou-
pled bradykinin B2 receptor showed conformational changes in
response to fluid shear stress, demonstrated by intramolecular
Forster resonance energy transfer of the heterologously expressed
receptor fused with 2 fluorescent proteins (41). However, it is not
known whether this also occurs in the WT receptor and results in
activation of downstream signaling. In our expression analysis,
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we did not find the B2 receptor consistently expressed in fluid
shear stress-sensitive endothelial cells. Also, the sphingosine 1
phosphate receptor 1 (S1P1), which is widely expressed in differ-
ent endothelia, has been involved in fluid shear stress sensing in
vitro and in vivo (42), but it is not known whether endothelial S1P1
regulates vascular tone and blood pressure. However, given that
S1P1 is coupled to G-type G proteins (43) and thereby activates
downstream signaling pathways other than P2Y,, it is likely that
S1P1 mediates different flow-induced endothelial effects, such as
endothelial cell alignment (42). It is also possible that both recep-
tors to some degree synergize in endothelial flow sensing.

Although, the P2Y,-and G /G, -mediated signaling pathway is
upstream of the mechanotransducing pathways described thus far,
the question remains of how P2Y, is activated in response to flow.
Evidence has been provided that GPCRs such as the S1P1 and the
bradykinin B2 receptors can be activated by flow in a ligand-inde-
pendent manner (41, 42). On the other hand, it is well known that
increased shear stress on endothelial cells induces the release of
the P2Y, agonist ATP and that ATP can activate P2Y, in isolated
endothelial cells (36-39). Consistent with this, we found that fluid
shear stress induced the release of considerable amounts of ATP
from endothelial cells, and the ATP-degrading enzyme apyrase
has been shown to block flow-induced increases in intracellu-
lar [Ca?"] (44). In addition, we found that flow-induced AKT and
eNOS phosphorylation, in addition to NO formation, was strongly
reduced in the presence of apyrase, indicating that ATP mediates
fluid shear stress-induced effects. Thus, flow-induced endothelial
release of ATP through as-yet poorly understood mechanisms (45)
is the most likely flow-dependent activation mechanism of P2Y,.

Also, ionotropic purinergic receptors have been involved in
flow-dependent endothelial effects, and, in particular, P2X4 has
been suggested to mediate ATP-induced Ca* influx in endothe-
lial cells as well as flow-dependent control of vascular tone (34,
46). However, a more recent study indicated that ATP-induced
Ca* mobilization and NO production in vitro involve P2Y, rather
than P2X receptors (47), and it remains unclear whether the ele-
vated blood pressure and defective adaptive vascular remodeling
seen in a global, nonconditional knockout of the P2X4-encoding
gene in mice can be attributed to the loss of P2X4 in endothelial
cells or other cells (34).

The ability of the endothelium to sense fluid shear stress and
to transmit this information into an intracellular signal is a funda-
mental function of the endothelial cell layer of blood vessels. Shear
stress sensing and transduction control vascular tone and morpho-
genesis and affect susceptibility to diseases, such as atherosclerosis
and hypertension. We have identified a critical mechanosensing
pathway consisting of P2Y, and G /G, that is required for flow-
dependent NO formation and regulation of vascular tone in vitro
and in vivo. This pathway appears to be upstream of all mecha-
notransducing pathways described so far, and it may be interesting
to investigate its function in other responses of endothelial cells to
fluid shear stress as well as in vascular diseases such as hypertension.

Methods

Reagents. ACh, ATP, UTP, ATPyS, thrombin, carbachol, ionomycin,
phenylephrine, PP2, and tamoxifen were purchased from Sigma-
Aldrich. Insulin was purchased from Gibco. SNP was obtained from
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Alexis Biochemicals. Apyrase was purchased from New England Bio-
Labs Inc. (catalog M0393L). Ki8751 was obtained from Tocris. The
P2Y, receptor antagonist AR-C118925 was synthesized in the labora-
tory of Christa E. Miiller (University of Bonn, Bonn, Germany); the
purity was approximately 95% (determined by HPLC-UV/MS and
'H- and ®C-NMR). U46619 was from Cayman Chemical. Antiphos-
phorylated eNOS (mouse S$1176, human S1177, and bovine S1179; cat-
alog 9571); antiphosphorylated ADT (S473; catalog 4060); anti-AKT
(catalog 9272); anti-GAPDH (catalog 2118); and antiphosphorylated
SRC kinase (Y416; catalog 2113) Abs were obtained from Cell Sig-
naling Technology. Antiphosphorylated tyrosine Ab (4G10; catalog
05-1050X) was obtained from EMD Millipore. Anti-eNOS Ab was
purchased from BD Biosciences (catalog 610296). Anti-Ga, /Ga,
(catalog sc-392); anti-PECAM-1 (catalog sc-1506); anti-SRC (catalog
sc-18); and anti-VEGFR-2 (catalog sc-505) Abs were purchased from
Santa Cruz Biotechnology Inc.

Primary cells. HUVECs, HUAECs, and BAECs were obtained from
Lonza, cultured with endothelial growth medium (EGM-2; Lonza),
and confluent cells at a passage of 4 or less were used in experiments.

siRNA-mediated knockdown. Cells were transfected with siRNAs
using Opti-MEM and Lipofectamine RNAIMAX (Invitrogen) as
described previously (48). SIRNAs used for the screen were pools
of siRNAs of an siRNA library directed against 514 genes encoding
GPCRs including 407 non-olfactory human GPCRs and 86 olfac-
tory human GPCRs (QIAGEN) targeting the same RNA. siRNAs
against Ga,, Gao,, P2Y,, and P2X4 were from QIAGEN. The tar-
geted sequences of siRNAs directed against RNAs encoding Ga,,
Ga,, P2Y,, and P2X4 were as follows: GNAQ (human) 5-CAG-
GACACATCGTTCGATTTA-3' and 5-CAGGAATGCTATGATA-
GACGA-3; GNAII (human) 5-CTACAAGTACGAGCAGAACAA-3'
and 5-AACGTGACATCCATCATGTTT-3'; Gnaq (bovine) 5'-CAC-
CAAGCTGGTGTATCAGAA-3' and 5-AACAATTTGCATAATAC-
TAAT-3'; Gnall (bovine) 5-CCATGATGGCGTGTTGCCTGA-3'
and 5-CACGTTCATCAAGCAGATGCG-3’; P2RY2  (human)
5'-CCCTTCAGCACGGTGCTCT-3, 5-CTGCCTAGGGCCAAGC-
GCA-3', and 5-GCTCGTACGCTTTGCCCGA-3’; P2ry2 (bovine)
5'-CAGTCCAAGGGATGCATGT-3', 5-CTGCACAGGTCCTACGG-
AA-3', and 5-CCCTTCAGCACCGTGCTCT-3; P2RX4 (human)
5-GAATCTGATTGAGTCTCCA-3’; and P2rx4 (bovine) 5-CTCAT-
CAAGGCCTATGGCA-3'.

Shear stress assays, Western blotting, IP. For biochemical exper-
iments, cells were exposed to flow using a parallel-plate flow cham-
Tech-Flow System (MOS Technologies) was used to expose cells to
fluid shear stress. Cells were lysed in Triton X-100 buffer supple-
mented with protease and phosphatase inhibitors. Isolated mesenteric
arteries were lysed by radioimmunoprecipitation assay (RIPA) buffer.
Soluble supernatants were incubated with appropriate Abs and pro-
tein A/G PLUS-Agarose (Santa Cruz Biotechnology Inc.) overnight at
4°C. The beads were washed 5 times with lysis buffer. IPs or total cell
lysates were subjected to SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were probed with primary and horseradish
peroxidase-conjugated secondary Abs (Cell Signaling Technology)
and were developed using the ECL detection system (Thermo Scien-
tific Pierce, Life Technologies).

Determination of [Caz*]i. For the determination of intracellular
Ca? concentration, cells were placed in a microfluidic plate (Flux-
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ion Biosciences) and loaded with Fluo-4 AM (Molecular Probes, Life
Technologies). Laminar shear stress was generated using the BioFlux
200 System (Fluxion Biosciences), and live cell images were acquired
with an Olympus IX81 microscope.

Determination of ATP concentration. Cells were kept under static
conditions or exposed to fluid shear stress, and the ATP concentration
in the supernatant was determined at the indicated time points (see
Figure 4E) using a bioluminescence assay (catalog A22066; Molecular
Probes, Life Technologies) according to the manufacturer’s instruc-
tions. Luminescence intensity was measured with a FlexStation 3
(Molecular Devices). ATP amounts were calculated with a calibration
curve constructed using ATP standards. Parallel determination of
lactate dehydrogenase (LDH) activity (catalog 10008882; Cayman
Chemical) showed no LDH activity, excluding that cell damage con-
tributed to the increased ATP release under fluid shear stress.

Animal models. All mice were backcrossed onto a C57BL/6N
background at least 8 to 10 times, and experiments were performed
with littermates as controls. Male and female animals (8-12 weeks
old) were used unless stated otherwise. Mice were housed under a
12-hour light/12-hour dark cycle, with free access to food and water
and under specific pathogen-free conditions unless stated otherwise.
The generation of inducible endothelium-specific Ga, /Go, -deficient
mice (Tie2-CreER™ Gnag"" Gnall”~ [EC-q/11-KO]) was described
previously (31). The generation of mice with inducible endothelium-
specific deficiency of P2Y, (Tie2-CreER™ P2ry2"# [EC-P2Y,-KO]) is
described in Supplemental Figure 5.

Telemetric blood pressure measurements. Measurements were per-
formed in conscious, unrestrained mice with a radiotelemetry system
(PA-C10; Data Sciences International) as described previously (49).
Mice were caged with blinded identity and in random order.

Determination of nitrate and nitrite levels. Nitrate and nitrite (NOx)
levels in plasma were measured with a highly sensitive HPLC system
(ENO-20; Eicom) as described previously (50). Blood was collected
from the retro-orbital sinus and immediately centrifuged at 6,800 g
for 5 minutes at 4°C. Five days before the experiments commenced
and throughout the observation period, animals were put on a stan-
dard chow diet (Lantménnen, Sweden) specifically selected for its low
NOx content. Mice were caged with blinded identity and in random
order. Flow-induced NOx release from endothelial cells in vitro was
measured using a nitrate/nitrite fluorometric assay kit from Cayman
Chemical according to the manufacturer’s instructions.

Pressure myography. Animals were sacrificed, and the mesen-
teric arterial bed was removed and placed in ice-cold Krebs buffer
(118.1 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO,, 1.2 mM
KH,PO,, 25 mM NaHCO,, 9.3 mM glucose, and 0.026 mM EDTA,
pH 7.4, supplemented with 1% BSA). Arteries of the third or fourth
branch were removed from the mesentery by gently peeling away
the adventitia and were mounted in the proper proximal-distal ori-
entation between 2 glass micropipettes seated in a chamber (Danish
Myo Technology A/S). The inflow cannula was fixed, while the out-
flow cannula allowed for length adjustment along the longitudinal
axis. The artery was secured on both ends by a 10.0 nylon suture and
perfused with low-flow (5 pl/min) to remove any blood from the ves-
sel lumen. The external diameter of the artery was visualized and
recorded with a CCD camera using MyoVIEW software (Danish
Myo Technology A/S). The temperature of the chamber was kept at
a constant 37°C. The mounted artery was initially pressurized to 20

jci.org  Volume125  Number8  August 2015

The Journal of Clinical Investigation

mmHg under no-flow conditions and incubated for 30 to 40 min-
utes. Pressure was then increased to 70 mmHg and the vessel was
incubated for 10 minutes to allow it to reach a steady-state diame-
ter. Vessels were contracted with 50 to 150 nM U46619 to 40% to
50% of the passive diameter. After reaching a stable baseline, flow
was increased in a stepwise manner by changing the pressure of the
inflow and outflow sides inversely, thereby creating a pressure differ-
ence across the arteriole without altering the intraluminal pressure.
The viability of the vessel was verified at the end of the experiment
by dilating the vessel with ACh (10 uM) or SNP (100 uM). Arter-
ies showing less than 60% relaxation were considered damaged
and were omitted from further analysis. Vasodilatation to flow was
calculated as a percentage of the U46619-induced contraction as
described previously (51) by the following equation: percentage of
relaxation = 100 x (D,~ Dy,.;/)/(Dpp= Dy ssi10)>
the external diameter of the vessels; D, is the vessel diameter during
flow; Dysseo
passive diameter without any treatment. Mice used for the experi-

where D represents
is the diameter after U46619 contraction; and D, is the

ments were caged with blinded identity and in random order.

Expression analysis. RNA isolation and transcription were per-
formed as described previously (48). Primers were designed with the
online tool provided by Roche, and quantification was performed
using the LightCycler 480 Probe Master System (Roche). Genomic
DNA was used as a universal standard to calculate the gene copy num-
ber per nanogram of RNA. Relative expression levels were obtained by
normalization with GAPDH or 18S values.

qPCR primer sequences. The qPCR primer sequences were as fol-
lows: GNAQ (human) forward: 5-GACTACTTCCCAGAATATGAT-

GGAC-3, reverse: 5-GGTTCAGGTCCACGAACATC-3; GNAIl1
(human) forward: 5-GCATCCAGGAATGCTACGAC-3, reverse:
5-GGTCAACGTCGGTCAGGTAG-3'; Gnaq (mouse) forward:

5'-GACTACTTCCCAGAATATGATGGAC-3, reverse: 5-TCAGGAT-
GAATTCTCGAGCTG-3'; Gnall (mouse) forward: 5-CACTGGCAT-
CATCGAGTACC-3, reverse: 5-GATCCACTTCCTGCGCTCT-3%
Gnagq (bovine) forward: 5-TGGGTCGGGCTACTCTGAT-3/, reverse:
5-TAGGGGATCTTGAGCGTGTC-3’; Gnall (bovine) forward:
5-GAGCACGTTCATCAAGCAGA-3', reverse: 5-GATGTTCTGG-
TACACCAGTTTGG-3'; GAPDH (human) forward: 5-GCATCCT-
GGGCTACACTGA-3, reverse: 5-CCAGCGTCAAAGGTGGAG-3)
GAPDH (mouse) forward: 5-AGCTTGTCATCAACGGGAAG-3,
reverse: 5-TTTGATGTTAGTGGGGTCTCG-3'; GAPDH (bovine)
forward: 5-TCACCAGGGCTGCTTTTAAT-3, reverse: 5'-GAAGGT-
CAATGAAGGGGTCA-3'; P2YR2 (human) forward: 5-TAAC-
CTGCCACGACACCTC-3, reverse: 5-CTGAGCTGTAGGCCAC-
GAA-3'; P2yr2 (mouse) forward: 5-TGGTACTGGCCGTCTTCG-3/,
reverse: 5~-AGTAGAGGGTGCGCGTGA-3'; P2yr2 (bovine) forward:
5'-AGAACTCCAGGGGGACAGA-3, reverse: 5-CAGCCAGATGTC-
CTTAGTGTCA-3'; P2XR4 (human) forward: 5-~AGCCCCATCAAA-
GAACAGAG-3, reverse: 5-TCTCTGGGGTGATGTGGTG-3"; 18S
(mouse) forward: 5'-GCAATTATTCCCCATGA-3, reverse: 5-GGGA-
CTTAATCAACGCAAGC-3’; Cdh5 (VE-cadherin; mouse) forward:
5'-CCATGATCGACGTGAAGAAA-3', reverse: 5-GATGTGCAGTGT-
GTCGTATGG-3'; and B-actin (mouse) forward: 5'-AAATCGTGCGT-
GACATCAAA-3', reverse: 5'-TCTCCAGGGAGGAAGAGGAT-3'.
Statistics. Trial experiments or experiments performed previously
were used to determine sample size with adequate statistical power.
Samples were excluded in cases in which RNA and ¢cDNA quality or
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tissue quality after processing was poor (below commonly accepted
standards). Data are presented as the mean + SEM. Comparisons
between 2 groups were performed with an unpaired 2-tailed Student’s
t test, and multiple group comparisons at different time points were
performed by 2-way ANOVA, followed by Bonferroni’s post-hoc test.
A Pvalue of 0.05 or less was considered statistically significant.

Study approval. All procedures involving animal care and use in
this study were approved by the local animal ethics committees (Regi-
erungsprisidia Karlsruhe and Darmstadt, Germany).
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