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Abstract 

Essential hypertension (HT) is a highly prevalent car dio vascular disease of unclear physiopathology. Pharmacological 
studies suggest that purinergic P2Y6 r ece ptors (P2r y6) play important r oles in car dio vascular function and may contribute 
to angiotensin II (AgtII) pathophysiological effects. Here, we tested the hypothesis that functional coupling between P2ry6 
and AgtII r ece ptors mediates altered vascular reactivity in HT. For this, a multipronged approach was implemented using 
mesenteric vascular smooth muscle cells (VSMCs) and arteries from Blood Pressure Normal (BPN) and Blood Pressure High 

(BPH) mice. Differential transcriptome profiling of mesenteric artery VSMCs identified P2ry6 purinergic receptor mRNA as 
one of the top upregulated transcripts in BPH. P2Y r ece ptor acti v ation elicited distinct v ascular r esponses in mesenteric 
arteries from BPN and BPH mice. Accordingly, 10 μm UTP produced a contraction close to half-maximal activation in BPH 

arteries but no response in BPN vessels. AgtII-induced contraction was also higher in BPH mice despite having lower AgtII 
r ece ptor type-1 (Agtr1) expression and was sensitive to P2ry6 modulators. Proximity ligation assay and super-resolution 

microscopy showed closer localization of Agtr1 and P2ry6 at/near the membrane of BPH mice. This proximal association 

w as r educed in BPN mice, suggesting a functional r ole for Agtr1-P2r y6 complexes in the hypertensi v e phenotype. 
Intriguingly, BPN mice were resistant to AgtII-induced HT and showed reduced P2ry6 expression in VSMCs. Altogether, 
results suggest that increased functional coupling between P2ry6 and Agtr1 may contribute to enhanced vascular reactivity 
during HT. In this regard, blocking P2ry6 could be a potential pharmacological str ate gy to treat HT. 

Submitted: 25 July 2024; Revised: 23 September 2024; Accepted: 23 September 2024 

© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of American Physiological Society. This is an Open Access article distributed under 
the terms of the Cr eati v e Commons Attribution-NonCommercial License ( https://creativecommons.org/licenses/by-nc/4.0/ ), which permits 
non-commer cial re-use , distribution, and r e pr oduction in any medium, pr ovided the original work is pr operl y cited. For commercial r e-use, please 
contact < email > journals.permissions@oup.com 1 

http://www.oxfordjournals.org
https://orcid.org/0000-0002-6768-3999
https://orcid.org/0000-0001-5054-2172
https://orcid.org/0009-0004-8603-219X
https://orcid.org/0000-0001-6864-6594
https://orcid.org/0000-0003-1935-8400
https://orcid.org/0000-0002-6338-7738
https://orcid.org/0000-0001-8540-8117
https://orcid.org/0000-0002-3870-421X
mailto:jrlopez@uva.es
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


2 FUNCTION , 2024, Vol. 00, No. 0 

Ke y w ords: blood pressure; signal transduction; smooth muscle; G-protein coupled receptors; essential hypertension; 
purinergic system; vessel m y ogr aphy 

I

E  

c  

s  

m  

c  

c
a  

i  

m  

b
 

m  

c  

t  

s  

d  

a  

t  

t  

a  

h  

o  

m
S  

h  

f  

b  

i  

c  

t  

a  

i  

f  

t  

o  

i  

i  

a  

V  

e  

v  

c  

h
 

f  

t  

s  

A  

c  

g  

s  

P  

m
I  

i  

a  

a

M

C  

r  

i  

c  

a  

R  
ntroduction 

ssential hypertension (HT) is the most r elev ant modifia b le
ontributing factor to the burden of cor onar y arter y disease,
troke , and c hronic kidney disease, and it is one of the
ain causes of morbidity and mortality w orldwide . 1 , 2 In most

ases, the etiology is unknown 

3 and the clinical management
ombines lifestyle modifications and several pharmacological 
pproaches . 4 These treatments are often unsuccessful, bring-
ng to the for efr ont the need for an impr ov ed knowledge of the

olecular and cellular mechanisms related to the control of
 lood pr essur e (BP). 5–7 

One pathophysiological mechanism key to the develop-
ent of HT is the increase in vascular resistance. This is

aused mainly by the reduction in the diameter of small resis-
ance arteries due to the increased contraction of vascular
mooth muscle cells (VSMC) . 8 The contractile response of VSMC
epends on the pressure within the vessel (m y ogenic response 9 ),
s well as the delicate balance of vasoconstrictor and vasodila-
or pathways. Many animal models have been used to define
he molecular hallmarks associated with HT . 10 Genetic models
re the most extensively used. Among them, the spontaneously
ypertensi v e rats (SHR) hav e become the r efer ence r odent model
f human essential HT. Mor e r ecentl y, the hypertensi v e Schla ger
ouse (BPH) has been described as a polygenetic model of HT . 11 

ince the BPH strain and the normotensi v e contr ol strain (BPN)
ave been obtained by random selection of breeding partners

rom the same population, both strains share the same genetic
ackgr ound, impr oving the comparisons of the pathophysiolog-

cal changes related to the hypertensi v e phenotype. This is a
lear adv anta ge a gainst the SHR model, which does not seem
o share the genetic background of the Wistar -K y oto r ats used
s controls. 12 BPH mice are increasingly being used as an exper-
mental model of HT, and some r e ports describe a r elev ant r ole
or the sympathetic system in the model. 13 , 14 Howev er, r ela-
i v el y few articles have focused on the vascular pathophysiol-
gy of BPH, and our knowledge of vascular mechanisms driv-
ng the increase in vascular resistance in this mouse model
s still scar ce . Our labor atory has performed a thorough char-
cterization of the differential expression of ion channels in
SMC of BPH mesenteric arteries 15–20 disclosing several differ-
nces r elev ant to understanding the hyper contr actility of BPH
essels. Endothelial dysfunction and extensi v e differ ential v as-
ular remodeling of the aorta, femoral, and mesenteric arteries
ave also been recently reported . 21 

In this study, aiming to find r elev ant differ ences in the
unction of VSMC from BPH that could contribute to define
he hypertensi v e phenotype , w e hav e compar ed gene expr es-
ion in VSMC from BPN and BPH mesenteric arteries using
ffymetrix GeneChip arrays. Among the more conspicuous
 hanges observed w ere differences in the expression of puriner-
ic r ece ptors, particularl y P2r y6. The inv olv ement of purinergic
ignaling in vascular pathophysiology is well established, 22 and
2r y6 r ece ptors hav e been associated with HT thr ough the for-
ation of heterodimers with the angiotensin II receptors. 23 , 24 

n this work, we have characterized the purinergic responses
n BPN and BPH mice testing the functional crosstalk with the
ngiotensin II mediated responses. Results may point to P2ry6
s a potential therapeutic target to treat HT. 

aterial and Methods 

olonies of BPN/3 J, BPH/2 J, and C57BL/6 J mice (Jackson Labo-
atories, Bar Harbor, ME, USA) were housed in the animal facil-
ty of the School of Medicine of Valladolid, under temperature-
ontrolled conditions (21 ◦C) and with unlimited access to water
nd food. Mice were fed with a standard rodent chow diet (SD;
esear c h Diets, #D12450J). All animal pr otocols wer e appr ov ed

art/zqae045_gra.eps
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y the Institutional Care and Use Committee of the Uni v ersity 
f Valladolid and are in accordance with the European Commu- 
ity guiding principles in the care and use of animals. 

n Vivo Procedures 

P w as monitor ed using the CODA setup (Kent Scientific Corpo- 
ation, T orrintgon, CT , USA). Animals were restrained in a holder 
nd acclimated to 32 ◦C-35 ◦C on a heat platform for 15 min before 
ata collection. Measurements were performed on awake mice 
t the same time each day to reduce animal stress and ensure 
 elia b le data. Each session consisted of 40 cycles of an inflation 

tep to a maximum occlusion pressure of 250 mmHg, followed 

y a deflation step of 15 s. The first 5 cycles wer e consider ed part
f the training and were not included in the analysis. This proto- 
ol was performed for 4-6 consecuti v e days and the first 2 days 
ere not used for determinations. 

A group of adult male BPN and BPH were subjected to chronic 
reatment with losartan (0.6 mg mL −1 ) for 6 weeks in drinking 
ater, changing the bottles every 2 days. 

urgical Procedures 

ice were anesthetized by inhalation of isoflurane administered 

ith a SomnoSuite R © Lo w-Flo w Anesthesia System (Kent Scien- 
ific) at a dose of 2% for induction and 1%-2% for maintenance of 
nesthesia at low flow rates of 500 mL min 

−1 and 45 mL min 

−1 , 
 especti v el y. Mice wer e anaesthetized and an AgtII minipump 

model 1007D, Alzet, 800 ng kg −1 min 

−1 ) was inserted in the 
ntr ascapular re gion under the skin in a group of BPN and C57 

ice. In this set of experiments, control BP measurements were 
erformed at least 3 days before the protocol and experimental 
ata were obtained 3, 7, and 14 days after surgery. For the rest 
f experiments, mice were decapitated after anesthesia. After 
illing, ∼1 mL trunk blood samples were collected in tubes con- 
aining ethylenediaminetetraacetic acid (EDTA) and centrifuged 

t 1500 g for 15 min at 4 ◦C. The plasma was stored at −80 ◦C for
ubsequent ELISA assays. The animals were then placed in the 
upine position, and a surgical incision was made to gain access 
o the abdominal cavity. The mesenteric arcade was removed 

nd kept in a Sylgard 

R ©-coated plate containing ice-cold (4 ◦C) 
erated (95% O 2 -5% CO 2 ) solution containing (in m m ): NaCl, 120; 
Cl, 4.2; MgCl 2 ·6H 2 O, 1.2; NaCHO 3 , 25; KH 2 PO 4 , 0.6; glucose, 11;
aCl 2 , 0.01; pH 7.4 (adjusted with NaOH). Segments of second 

nd thir d-or der mesenteric arteries wer e car efull y dissected out 
nd cleaned from adipose, connective, and endothelial tissues. 
rteries were either frozen ( −80 ◦C) for ulterior RN A extr action, 
ut into small segments for cell isolation or mounted in a pres- 
ure or wire m y ogr aph. 

solation of Vascular Smooth Muscle Cells 

SMCs were dissociated as previously described. 25 Briefly, the 
rotocol used a physiological magnesium solution (MgPSS) with 

he following constituents (in m m ): NaCl, 140; KCl, 5; MgCl 2 ·6H 2 O, 
; Hepes, 10; glucose, 10; pH 7.4 (adjusted with NaOH). Segments 
f second and thir d-or der mesenteric arteries were placed in 

gPSS containing 1 mg mL −1 papain (3119, Worthington, Lake- 
ood, NJ, USA) and 1 mg mL −1 1,4-dithioerythritol (D9163, 
igma) and incubated in it for 9 min at 37 ◦C. This was followed by
 second 9 min incubation in MgPSS with 1.77 mg mL −1 collage- 
ase H (C8051, Sigma), 0.5 mg mL −1 Elastase (2292, Worthington), 
nd 1 mg mL −1 Trypsin inhibitor (T9003, Sigma). After 3 washes 
n ice-cold MgPSS buffer solution, mechanical trituration was 
erformed with a wide-necked glass pipette to obtain fresh 

SMCs. The enzymatic solutions were prepared daily. Arterial 
 y ocytes w er e stor ed in dissection buffer at 4 ◦C until further

se. 

rrays and PCR Validation 

otal RNA from arteries was isolated with MELT 

TM Total RNA 

solation System Kit (Ambion, Inc., Austin, TX, USA) as previ- 
usly described . 17 Five to six second and thir d-or der mesenteric 
rteries of five mice were employed for each determination. The 
uality of total RNA was assessed with the Agilent Bioanlayzer 
nd samples were prepared for hybrization to the Affymetrix 
eneChip 

R © MG-430 2.0 Array according to Affymetrix instruc- 
ions, in the Genomic Service of the CIC (Salamanca, Spain). 
fter DNAse I (Ambion, Life Technologies) treatment, 500-750 ng 
f RNA was used for the reverse transcription reaction (2.5 u/ μL 
uLvRT, 1 u/ μL RNAse inhibitor, 2.5 μm random hexamers, 1 ×

CR buffer, 5 m m MgCl 2 , and 4 m m mixed dNTPs, Applied Biosys-
ems) at 42 ◦C for 60 min, to get cDNA. Differential gene expres-
ion was analyzed with the “LIMMA” R package (3.52.1) with log 
C ≥ 0.5 and adjusted P value < 0.05. 26 , 27 To elucidate the poten- 
ial biological mechanisms of genes related to the hyperten- 
i v e phenotype , enric hment analyses w ere performed using the
gpr ofiler2” R packa ge (0.2.2), using the gSCS corr ection method, 
he expressed genes as background genes and Gene Ontology 
GO), KEGG, Reactome (REAC), W ikiPathwa ys (WP), TRANSFAC 

TF), and CORUM as data sources 28 , 29 

Real-time PCR validation of selected genes was carried out 
sing TaqMan Low Density Arrays (Applied Biosystems, Life 
echnologies) and an ABI Prism 7900HT sequence detection sys- 
em (Applied Biosystems) at the Genomic Service of the CNIC 

Madrid, Spain). Data were analyzed with the threshold cycle (Ct) 
 elati v e quantification method ( �� Ct). 30 Expression data were 
ormalized by the level of ribosomal RNA 18S transcript. The rel- 
ti v e a bundance of the genes w as calculated fr om 2 (- � Ct) , wher e
 Ct = Ct Channel -Ct 18S . Differences between BPN and BPH sam- 
les were calculated from 2 (- �� Ct) , where �� Ct = � Ct BPH - � Ct BPN .
hen changes are expressed as log 2 (- �� Ct) , positi v e v alues mean

 higher expression in BPH mice, whilst negati v e v alues mean
ower expression, compared with BPN mice. 

y ograph y Measurements 

egments of second and third order mesenteric arteries were 
ounted in either a pr essur e or a wire m y ogr aph (Danish My o

echnology, Aarhus, Denmark). 
For pr essur e-m y ogr aphy the arteries were cannulated 

etw een tw o borosilicate glass pipettes and fixed with nylon fil- 
ments at both ends. Then, the artery segment was air bubbled 

o r emov e endothelia tissue and filled with Physiological Saline 
olution-PSS (120 m m NaCl, 2.5 m m CaCl 2 , 1.17 m m MgSO 4 ,
 m m KCl, 1.18 m m Na 2 HPO 4 , 25 m m NaHCO 3 , 1 m m EDTA,
0 m m Glucose, pH 7.4 adjusted with 5% CO 2 -95% air), which
as maintained throughout all the experiment. The arteries 
er e pr essurized to 70 mmHg in PSS solution and incubated 

t 37 ◦C for at least 20 min to equilibrate before starting the
easurements. Data of external diameter were collected with 

 CCD camera placed in an inv erted DMT micr oscope and w as
nalyzed using MyoView software. At the end of each experi- 
ent, vessels were superfused with a solution containing 10 μm 

ifedipine to determine maximal vessel diameter upon relax- 
tion. Dose-response curves of chemical agents were calculated 

ith the formula 100 × (D − D Stimulus )/(D Nif − D Stimulus ). 
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Wire-m y ogr aphy experiments w ere performed on 2 mm sec-
ions of second and thir d-or der mesenteric arteries that were

ounted on two 25 μm tungsten wires. The myograph baths
ere filled with PSS, maintained at 37 ◦C, and aerated with 95%
 2 /5% CO 2 . Arteries wer e left to r est for a period of ∼15 min,
nd subsequently subjected to a passi v e force normalization
r ocedur e . 31 Changes in tension were recorded using LabChart
 ad Instruments, Hastings, UK). Arteries were constricted with
20 m m K 

+ and treated with 10 μm acetylcholine to confirm
he lack of endothelium. To normalize the data, contraction is
suall y expr essed as a percenta ge of high K 

+ v asoconstriction.
owever, in the present study, we have used absolute values of

ension, because large differences between BPN and BPH were
bserved (3.07 ± 0.18 mN in BPH versus 1.62 ± 0.16 mN in BPN,
 < 0.001). 

Dose-r esponse curv es wer e fitted to Hill functions with one
 a ) or two ( a + b ) components: 

Tension = 

{
( T max ) a · [ Agoni s t] n a 

( EC 50 ) 
n a 
a + [ Agoni s t] n a 

}
a 

+ 

{
( T max ) b · [ Agoni s t] n b 

( EC 50 ) 
n b 
b + [ Agoni s t] n b 

}
b 

. 

r o ximity Ligation Assays 

 Duolink In Situ Proximity Ligation Assay (PLA) Kit (Sigma-
ldrich) was used to detect complexes of P2ry6 and Agtr1 recep-

ors in VSMCs from BPN and BPH lines. Fr eshl y isolated cells
ere plated out and allowed to adhere for 1 h on 25-mm-
iameter glass coverslips at RT. Cells were fixed with 3% gly-
xal for 20 min, then quenched with 100 m m glycine for 15 min,
nd then washed twice with the PBS protocol ( ×1). The per-
ea bilization ste p w as performed with 0.1% Triton X-100 for

0 min and then cells wer e b locked with 50% Odyssey Block-
ng Solution (LI-COR Bioscience) for 1 h at RT. A 2-h incuba-
ion at 4 ◦C with a specific combination of the 2 primary anti-
odies was performed in 0.01% Odyssey + 0.05% Triton X-100
BS solution. The working factor dilution of the primary anti-
odies was rabbit anti-P2ry6 (1:800; Genetex, GTX16829) and
oat anti-Agtr1 (1:800; Novus Biologicals NB100-57073). Sam-
les with only one primary antibody were used as negative
ontr ols. After exposur e of the primar y antibody, cells wer e
ashed with Duolink buffer A ( ×2 for 5 min). Oligonucleotide-

onjugated secondary antibodies (PLA probes: anti-goat MINUS
nd anti-rabbit PLUS) were incubated at 37 ◦C for 1 h. Last, cells
er e w ashed 3 times with buffer A and then a ligase enzyme

olution (1 U/ μL, dilution 1:40) was incubated at 37 ◦C for 30
in. After washing 3 times with PBS, amplification was per-

ormed by polymerase enzyme (10 U/ μL, dilution 1:80 in Duolink
n site detection r ea g ents orang e) at 37 ◦C incubation for 100

in. After washing twice with buffer solution B for 10 min
nd once for 1 min with ultrapure water, samples were com-
letely dried and mounted on a slide with Duolink mount-

ng medium and stor ed pr otected fr om light at 4 ◦C until visu-
lization by confocal microscopy. An Olympus FV1000 confo-
al microscope with a ×60 oil immersion objecti v e (NA, 1.4)
as used to visualize the fluorescence signals. Images were

cquir ed in differ ent optical planes ( z -axis ste p = 0.5 μm) using
lympus Fluoview v1.4 software. For each sample, a single

ntensity pr ojection ima ge fr om the combined image stack was
sed for analysis of the number of spots per cell area ( μm 

2 ).
he anal ysis w as performed using NIH Ima ge J v1.51 open
oftw ar e. 
uper -Resolution Microscop y 

esenteric arterial m y ocytes w er e isolated fr om BPN or BPH
ice . Cells w ere plated onto cir cular co verslips (#1.5, catalog no .

4-0715, Warner Instruments, USA). Cells were fixed using a gly-
xal fixing solution for 20 min at room temperature and subse-
uently quenched for an additional 15 min in 100 m m Glycine

catalog # G8898, Sigma-Aldrich). Permeabilization and epitope
 locking w as performed by incubating the cells with a block-

ng solution containing 50% fish serum blocking buffer (cata-
og # 37527, ThermoFisher Scientific, USA) and 0.5% Triton X-
00 (Sigma-Adrich) in PBS for 1 h at r oom temperatur e. The
ells were incubated with the primary antibodies goat anti-Agtr1
1:100, catalog # NB100-57073, Novus Biologicals, USA) and rab-
it anti-P2ry6 (1:100, catalog # GTX16829, GeneTex, USA) diluted

n antibody incubation block solution at a 1:4 ratio of fish serum
locking buffer: PBS and 0.5% of Triton X-100 for 2 h at room tem-
er ature . After 5 × washes with PBS, 15 min per wash cycle, the
econdary antibody Alexa-Flour 647 donkey anti-goat (1:1 000,
atalog # A21447, ThermoFisher Scientific, USA) was diluted in
locking solution and added to the cells for 1 h at room tem-
er ature . After 5 × washes with PBS, 15 min per wash cycle, the
econdary antibody Alexa-Fluor 568 goat anti-rabbit (1:1 000, cat-
log # A11011, ThermoFisher Scientific, USA) was added to the
ells for another hour at room temperature followed by another
 × 15 min wash. Cells wer e stor ed at 4 ◦C until ima ging w as per-
ormed. 

Super-r esolution ima ging of Agtr1 and P2r y6 w as carried out
sing coverslips mounted on a round cavity microscope slide

catalog # BR475505, Sigma, USA). ONI Bcubed buffers A + B
100:1, catalog # BCA0017, ONI) were added to the round cav-
ty center, followed by the placement of the coverslips with
he cells upside down. Localization maps images were acquired
sing a microscope coupled to a 100 × Olympus oil-immersion
PlanApo TIRF 1.5 NA objecti v e. Samples wer e ima ged sequen-

ially using 640 nm (1000 mW) and 561 nm (500 mW) lasers,
ith emission collected using the corresponding filter cubes.

ma ges wer e acquir ed at 100 Hz with 10 ms of exposure r ate .
0 000 ima ges wer e acquir ed to construct a pointillist localiza-
ion map image. Rendered images were filtered using the fol-
owing par ameter r ange values: photon count (600-10 000 000),

locx (0-25 nm), σ locy (0-25 nm), σX (100-400), σY (100-400), and P -
alue (0.6-1.0). Image acquisition was done using the ONI NimOS
.1.18.3 softw ar e. 

Biophysical c har acterization of the Agtr1 and P2ry6 clusters,
ncluding the intermolecular distance between the two r ece p-
ors, was performed using pair and cross-correlation algorithms
ritten in MatLab (R2023a, Mathworks, Natick, MA, USA) as

n. 32–34 Autocorrelation (g(r)) and cross-correlation (c(r)) func-
ions were obtained from regions of interest (ROIs) with an
rea of 6.25 μm 

2 . Special care was taken to avoid placing the
OIs on visible “holes” in the cell image in order to min-

mize artifacts arising from membrane topography. Parame-
ers such as cluster area, cluster density ( � 

cluster ), molecules
er cluster, and intermolecular distance were obtained by
tting the correlation functions with exponential models
s in. 32–34 

nzyme-Link ed Imm unosorbent Assays 

 competiti v e in vitr o enzyme-linked imm unosorbent assay
ELISA) was performed to determine the plasmatic concentra-
ion of AgII (RayBio R ©, catalog # EIA-ANGII) and aldosterone
Invitro gen, catalo g #EIAALD), whereas the concentration of
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Figure 1. Purinergic r ece ptor expr ession in BPN and BPH mice. (A) Vulcano plot r e pr esenting the P v alue v ersus the fold chang e of the 8516 g enes expressed in 

endothelium-denuded arteries from BPN and BPH mice, considering BPN expression as control. Filled dots correspond to the 631 genes with changes considered 
significant ( P < 0.05 and chang es bigg er than 2-fold a bov e or below control). The list of all genes with P values and expression data are provided as supplemental 
material. Squar es corr espond to the P2 r ece ptors found in the arr ay. (B) mRN A expr ession lev els of P2 r ece ptors studied by qPCR. Expression levels are normalized with 

respect to rRNA18S. Relative abundance was plotted on the left graphs an expressed as 2 −� Ct ·10 5 where � Ct = Ct r ece ptor −Ct 18s . The right graphs show differences in 
P2 r ece ptors expr ession in BPH arteries (using BPN expr ession lev els as calibrator, wher e �� Ct = � Ct BPH −� Ct BPN ), and r e pr esented in log scale, so that negati v e v alues 
mean decreased expression and positive values increased expression. Each bar is the mean ± SD of 4 samples, and each sample results from pooling 30 mesenteric 
arteries from 5 different mice (6 arteries per mouse), so that a total of 20 animals have been used for each group. Significance was calculated by a one-way ANOVA 

followed by Tukey’s post-hoc test. Only P values < 0.05 are shown in the figures. 
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 enin (Invitr o gen, catalo g #EMREN1) was assessed using a sand- 
ich ELISA assay, following manufacturing instructions. 

tatistics 

lots and Graphs were created with Origin Pro 2024 (Origin- 
ab Corp., Northampton, MA, USA). Data processing and anal- 
sis was carried out with Microsoft Excel, and statistical analy- 
is was performed using Origin Pro or R-Studio. Data are rep- 
esented as the mean ± standard deviation (SD). Exemplary 
mages and traces were selected to represent group means. 
o account for potential v aria bility in sample pr e paration, ani- 
als, ambiance conditions, and other factors, datasets were 

btained from arteries obtained from at least 3 different mice. 
he number of replicates and mice used are included in figure 

egends. 
For comparisons between more than 2 groups, ANOVA analy- 

is followed by Tukey’s test was used when the distribution was 
ormal and the variances were equal. Alternatively, Kruskal- 
allis analysis followed by Dunn’s test was used. Shapiro-Wilk 

est and Levene test were used to test normality and homo- 
eneity of variances, respectively. In some cases, statistical sig- 
ificance was determined using hier ar c hical “nested” analyses 
nd linear mixed effects models that take into consideration the 
umber of mice used as well as the arteries collected from each 

ouse. This anal ysis w as carried out in R using the lme4 pack- 
ge. 35 Details of the analysis performed in each case are pro- 
ided in the figure legends. The replicates from each mouse are 
olor-and shape-coded in the figures. 
esults 

ene Differential Expression in Mesenteric Arteries 
rom BPN and BPH Mice 

o study the molecular signatures determining the hypertensive 
henotype in vascular smooth muscle cells (VSMCs) of mesen- 
eric arteries, we compared the basal gene expression profiles 
f BPH versus BPN arteries using Affymetrix GeneChip 

R © Mouse 
enome 430A 2.0 Array. A file with all expressed genes is pro- 
ided in the supplemental material section. In BPH mice, 313 
enes were more than 2-fold upregulated, and 318 were more 
han 2-fold downregulated compared to BPN samples (adjusted 

 values < 0.05). These 631 genes r e pr esent 7.4% of the total
enes expressed in VSMCs. GO enrichment analysis based on 

iological pr ocess (BP) r ev ealed mor e than 600 significant GO
erms when the whole annotated mouse genome was used as 
ackground (a selection of the more relevant ones is in the sup- 
lemental material section). However, when only the expressed 

enes were used as background, there was not any GO enrich- 
ent. Nevertheless, several relevant genes related to smooth 

uscle contractility wer e differ entiall y expr essed. Inter estingl y, 
2Y and P2X purinergic r ece ptor expr ession seem to be differ-
nt in an opposite w ay ( Figur e 1 A), and whilst P2r y6 w as among
he genes more upregulated (7.3-fold), P2rx1 expression was 
ownr egulated (2.3-fold). Micr oarray data were verified by per- 
orming real time PCR analysis. Although similar results were 
btained for P2ry6 (ie, 7.1-fold higher in BPH), no differences 

n P2rx1 expression were found between BPN and BPH samples 
 Figure 1 B). qPCR data also show that P2X r ece ptors expr ession
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Figure 2. Vasoconstrictor responses elicited by ATP in BPN and BPH mesenteric arteries. Re pr esentati v e traces and dose-response curves with mean ± SD data obtained 

with ATP in a wire (A) or a pr essur e (B) m y ogr aph. In all cases, arteries were allowed to relax between pulses of different doses of ATP. SD values are represented as 
shadows. An av era ge of 2-16 arteries from 2-4 mice were used in each group. Solid traces r e pr esent the fit of a Hill function to the data (see methods). F-test comparison 
between the fits were not significant. (C) Re pr esentati v e traces showing two pulses of 5 μm αβ-methylene-ATP applied to BPN (upper traces) and BPH (bottom traces) 
arteries mounted in a pr essur e m y ogr aph. ATP (50 μm ) or UTP (50 μm ) pulses wer e also applied as indicated in the figur e. 
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s considera b l y higher than P2Y r ece ptors ( ∼200 times), as pr e-
iously described in human vascular smooth muscle, 36 and that
2ry6 is the more abundant P2Y receptor both in BPN and in BPH,
espite the upregulation of P2ry2 in BPH arteries. 

ontractile Responses to Purinergic Stimulation in BPN 

nd BPH Mesenteric Arteries 

he functional consequences of the differ ential expr ession of
urinergic r ece ptors wer e tested by measuring the contractile
esponses elicited on endothelial-denuded mesenteric arteries 
rom BPN and BPH mice. Dose-r esponse curv es obtained with
TP in wire ( Figure 2 A) and pressure m y ogr aph ( F igure 2 B) show
o differences between BPN and BPH arteries. ATP responses
er e kineticall y almost identical to those obtained with α, β-
ethylene A TP ( α, β-MeA TP), a selecti v e P2XR a gonist. ATP failed

o produce any effect following the decay of the response trig-
ered by α, β-MeATP ( Figure 2 C), strongly indicating that ATP
 esponses wer e mediated by P2X r ece ptors and ruling out a sig-
ificant functional role for P2ry2, which is also acti v ated by ATP.
trikingly, UTP, which is a P2YR agonist, induced a strong con-
raction in BPH but not BPN arteries in the presence of α, β-
eATP ( Figure 2 C). The distinct response to UTP in BPN and BPH

rteries was tested carrying out dose-response curves ( Figure 3 ).
nder the pr essur e m y ogr aph ( F igure 3 A), the EC 50 for UTP was
3 μm in BPH, while BPN arteries were mostly unresponsive.
imilar r esults wer e obtained in the wire m y ogr aph ( F igure 3 B),
her e UTP r esponses could be fitted to Hill functions with EC 50 

f 424 μm (black line) and 3.7 μm (red line) for BPN and BPH arter-
es, r especti v el y. UTP r esponses in BPH arteries wer e slightl y bet-
er fitted with a two-binding site model (gray line) with T max 

nd EC 50 for the high (blue) and low (green) affinity components
epicted in the box plots. 
ontractile Responses to UTP Are Mediated Mainly By 

2ry6 

ince P2ry2 and P2ry6 were upregulated in BPH, we tested the
 elati v e contribution of both r ece ptors to the UTP contractile
 esponse ( Figur e 4 ). UDP of 10 μm and 10 μm PSB0474 (selecti v e
gonists for P2ry6 37 , 38 ) induced responses in the pressure m y o-
raph that were ∼70% and ∼45%, respectively, of the response
licited by similar concentration of UTP. UTP γ S (a selecti v e a go-
ist of P2ry2/4) of 10 μm elicited a response that was ∼27% of that
f UTP. In all cases, responses in BPN were minimal. Since we
ave not carried out a full dose-response curve c har acterization

or all agonists, it is not possible to pr ecisel y define the amount
f the response mediated by each receptor, although results
tr ongl y suggest that the UTP responses are mainly mediated
y P2ry6. The responses to UTP and UDP are also highly sensi-
i v e to MRS2578, a specific P2ry6 blocker, although surprisingly
nly when the inhibitor is applied after the agonist ( Figure 4 B). 

gtII Responses Are Higher in BPH Arteries 

ince P2r y6 r ece ptors hav e been described to heterodimerize
ith AgtII r ece ptors, and this cr oss-talk may contribute to pr o-
ote HT , 23 we decided to characterize the AgtII effects on vas-

ular r eacti vity in the BPN and BPH mesenteric arteries. Dose-
 esponse curv es obtained with AgtII in BPN and BPH arteries
re shown in Figure 5 A. As AgtII responses were fast and tran-
ient, dose-response curves were obtained by applying only one
ulse per artery and averaging at least 4 arteries at each concen-
ration. BPN response was well fitted to a Hill function with an
C 50 of 17.3 ± 0.4 n m (black line), while BPH response deviated
rom a typical Hill function (red line, EC 50 3.7 ± 2.7 n m ) exhibit-
ng a peak response at 100 n m . BPH arteries are more sensitive to

art/zqae045_f2.eps


Daghbouche-Rubio et al. 7 

Figure 3. Vasoconstrictor responses elicited by UTP in BPN and BPH mesenteric arteries. Re pr esentati v e traces and dose-r esponse curv es with mean ± SD data obtained 
with UTP in a pr essur e (A) or a wire (B) m y ogr aph. In all cases, arteries were allowed to relax between pulses of different doses of UTP. SD values are represented as 
shadows. An av era ge of 4-16 arteries in each group from 2-8 mice. Black traces correspond to BPN mice, and red to BPH mice. Curves were fitted to a Hill function 

(see methods). The P values for the F-test comparison of fits between BPN and BPH data are < 0.0001 both, for pressure and wire m y ogr aphy. The dose-response curve 
obtained in BPH with the wire m y ogr aph is also fitted to a Hill function with tw o (gr ay) binding sites (blue and green). F itting par ameters (T max and EC 50 ) of the two 
binding sites model (a + b) are represented in the bar plots. Significance was calculated by a nested one-way ANOVA followed by Tukey’s post-hoc test. 

Figure 4. Effects of P2Y agonists and blockers on vascular tone in BPN and BPH mesenteric arteries. (A) Contractile responses obtained in the pressure m y ogr aph in 
BPN (black) and BPH (red) arteries with the indicated agonists. In all cases, the concentration was 10 μm . An av era ge of 3-13 arteries in each gr oup fr om a total of 6 

BPH and 7 BPN mice. P v alues ar e obtained with a nested 2-w a y ANOVA followed b y Tuke y´s post-hoc test. (B) Effect of 10 μm MRS2578, a specific blocker of P2ry6, on 
contractile responses elicited by UTP or UDP in BPH arteries, determined by wire (upper traces) or pr essur e (bottom tr aces) m y ogr aphy. (C) As in B but using a two-pulse 
protocol and applying the blocker before the second pulse. 

art/zqae045_f3.eps
art/zqae045_f4.eps


8 FUNCTION , 2024, Vol. 00, No. 0 

Figure 5. AgtII responses in BPN and BPH arteries. (A) Dose-response curve of AgtII obtained in the wire m y ogr aph with BPN (black) and BPH (red) arteries. SD values are 
r e pr esented as shadows. Solid lines are fits to a Hill function. The P value for the F-test comparison of fits between BPN and BPH data is 0.007. For all measurements, 
AgtII was applied only once at a single dose in ev er y tested arter y (an av era ge of 2-45 arteries in each gr oup fr om 2-10 mice). (B) Relati v e a bundance of Agtr1 r ece ptors 
studied by qPCR expressed as 2 −� Ct ·10 5 where � Ct = Ct r ece ptor -Ct 18s . Bars in the right side shows fold changes in expression expressed as log(2 −�� Ct ) as in Figure 1 B, 

where �� Ct = � Ct BPH - � Ct BPN . Each bar is the mean ± SD of 4 samples, and each sample results from pooling 30 mesenteric arteries from 5 different mice (6 arteries 
per mouse). (C) Sample traces of two 10 min pulses of AgtII applied with a separation of 30 min in BPN (black) and BPH (red) arteries. Traces are normalized to the peak 
tension of the first pulse. The time course of decay, estimated as the time needed to get a tension half of the T peak (t 0.5 ) in the first pulse is plotted against T peak in the 
scatter plot in the bottom left. Each dot r e pr esent data obtained in single arteries from 10 BPN (black squares) and 28 BPH (red circles) mice. The desensitization at 

30 min, estimated as the ratio P 2 /P 1 is shown in the box plot in the bottom right (an av era ge of 10 arteries from 4 BPN mice and 11 arteries from 5 BPH mice). Statistical 
comparisons were made using a nested one-way ANOVA followed by Tukey’s post-hoc test. 
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gtII, and that effect seems to be unrelated to differences in the
xpr ession of AgtII r ece ptors ( Figur e 5 B). Both isoforms of AgtII
 ece ptor 1(Agtr1a and Agtr1b) are expressed in mesenteric arter-
es, and both are less expressed in BPH mice (0.48- and 0.7-fold)
espite having a higher AgtII response. Responses to AgtII in BPH
ice are also kinetically different from those in BPN. Figure 5 C

hows r e pr esentati v e traces obtained in BPN (b lack) and BPH
red) arteries with a protocol of two 10 min AgtII pulses sepa-
ated by 30 min. Both traces are normalized with respect to the
eak tension at the first pulse. AgtII responses are transient, and
he decay measured as the time needed to get a tension half of
he T peak (t 0.5 ), was plotted against T peak in the scatter plot in
he bottom left of Figure 5 C. This parameter was independent
f T peak (at least for T peak > 1 mN) and w as significantl y slower

n BPH (t 0.5 = 2.85 ± 1.09 min in BPH versus 1.73 ± 0.67 min in
PN, P < 0.0001). Desensitization was estimated as the ratio P 2 /P 1 

box plot of Figure 5 C) and was significantly smaller (P 2 /P 1 closer
o 1) in BPH arteries (0.65 ± 0.15 in BPH versus 0.34 ± 0.11 in
PN). 

gtr1 and P2ry6 Are Closer in VSMCs From BPH 

esenteric Arteries 

ince BPH changes in AgtII responses and Agtr1 expression
o not correlate, we hypothesize that a higher formation of
gtr1-P2r y6 heter odimers in BPH VSMCs potentiates the AgtII

esponses. To c hec k if the formation of these heterodimers
s possible, we investigated how close the receptors are to
ach other at/near the membrane using PLA and superresolu-
ion microscopy ( Figure 6 ). Figure 6 A shows representative PLA
mages of VSMCs cells from BPN and BPH arteries labeled with
ntibodies against Agtr1 and P2ry6. The number of puncta (nor-
alized by the cell size) obtained in several cells are shown

n the same figure. On aver age , there is a significant increase
f puncta in the BPH cells (0.05 ± 0.03 puncta/ μm 

2 in BPN
ersus 0.15 ± 0.05 puncta/ μm 

2 in BPH), suggesting that both
 ece ptors ar e closer in the hypertensi v e cells. We confirmed
his finding analyzing the arrangement of both r ece ptors in
he plasma membrane of VSMCs using point-localization super-
 esolution ima ging. Figur e 6 B shows pointillist single-molecule
mages obtained after labeling BPN and BPH VSMCs with anti-
odies against Agtr1 (red) and P2ry6 (green). The areas of interest

squar es) la beled in the merge ima ges ar e zoomed in at bottom.
nalysis of the images ( Figure 6 C) revealed significant changes

or the Agtr1 clusters in BPH cells: Cluster area was smaller
6319 ± 3842 in BPN versus 2864 ± 1800 in BPH), cluster den-
ity ( ψ 

cluster ) was higher (4.7 ± 3.5 in BPN versus 39.9 ± 12.45 in
PH) and the number of molecules per cluster increased ∼7-fold

1.47 ± 1.60 in BPN versus 10.2 ± 9.9 in BPH). However, P2ry6
lusters had similar areas in BPN and BPH, whilst cluster den-
ity (7.0 ± 4.5 in BPN versus 25.2 ± 11.4 in BPH) and the number
f molecules per cluster (0.4 ± 0.9 in BPN versus 10.8 ± 12.3 in
PH) wer e significantl y higher in BPH. Inter estingl y, the distribu-
ion of intermolecular distances between Agtr1 and P2ry6 was
uite different between BPN and BPH ( Figure 6 D). The means of
oth distributions were quite similar (145.9 in BPN versus 125.8

n BPH), but medians (144.2 nm in BPN versus 70.8 nm in BPH)
nd skewness (0.4 in BPN versus 2.6 in BPH) were quite different.
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Figure 6. Colocalization of P2ry6 and Agtr1 r ece ptors in the plasma membrane of VSMCs from BPN and BPH mesenterica arteries. (A) PLA sample images of single 
BPN and BPH VSMCs obtained with antibodies against Agtr1 and P2ry6. Fluorescence (red) and bright field (gray) images are superimposed. The number of puncta 

normalized by the cell size obtained in several cells are shown as bar graphs in the bottom panel. Data are obtained in 22 cells from 3 BPN mice and 50 cells form 4 BPH 

mice. (B) Typical pointillist single-molecule images of Agtr1 and P2ry6 receptors obtained in a BPN (left) and a BPH (right) VSMCs. The regions of interest marked in the 
merg ed imag es ar e ma gnified and de picted at the bottom of the corr esponding ima ges. (C) Bar graphs of cluster ar eas, cluster density ( ψ cluster ) and molecules/cluster 
obtained upon analysis of the pointillist single-molecule images of Agtr1 and P2ry6 receptors obtained in BPN (gray) and BPH (red). Each bar contains data from 25 cells 

obtained either from 3 BPN or 3 BPH mice. (D) Distribution of intermolecular distances (nm) between Agtr1 and P2ry6 obtained in BPN (gray bins) and BPH (red bins). 
An av era ge of 25 cells in each gr oup fr om thr ee inde pendent experiments. Significance w as calculated by a nested one-w a y ANOVA followed b y Tuke y’s post-hoc test. 
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hilst the BPN distribution is quite symmetric, the BPH distri- 
ution is heavily right skewed, with a significant proportion of 
gtr1 and P2ry6 located at much closer distances in BPH than in 

PN. 

PH AgtII Contractile Responses Are Modulated By 

2ry6 Activity 

he closer location of Agtr1 and P2ry6 receptors in BPH VSMCs 
uggested a differential interaction between them in BPH and 

PN VSMCs. We tested that interaction, exploring the effect 
f b locking P2r y6 r ece ptors on the AgtII contr actile response .
igure 7 A shows representative traces of 10 min pulses of 100 n m 

gtII obtained in BPN (left) and BPH (right) arteries with and 

ithout applying MRS2578 at the time indicated by the arrows. 
races are normalized to T peak to visualize the effect of the 
locker on the time course of the decay of the AgtII response 
gray versus red trace). P2ry6 blockade had no effect on BPN but 
ignificantly speed up the decay of AgtII response on BPH arter- 
es, str ongl y suggesting an interaction between P2ry6 and Agtr1 
 ece ptors. The decay of AgtII r esponses w as ev aluated as the per-
enta ge of T peak r emaining at the end of the 10 min pulse or as
he time interval between points where tension was 50% and 

5% of the T peak . Those results are depicted in Figure 7 B. Follow- 
ng the same r ationale , P2r y6 sim ulation should hav e an effect 
pposite to MRS2578, slo wing do wn the decay of AgtII responses. 
o test that hypothesis, we carried out a two-pulse protocol in 

airs of BPH arteries in the wire m y ogr aph as shown in Figure 7 C.
ed tr aces w ere obtained in one arter y stim ulated by two pulses
f 10 μm UDP (P 1 and P 2 ) separated by 60 min, whilst gray traces
ere obtained in the second artery with a similar protocol but 
pplying a 50 min. prepulse of 100 n m AgtII before the second
ulse . Tr aces fr om both arteries ar e normalized to the T peak of P1.
he ratio of peak tension amplitudes of pulses P 1 and P 2 in both
rteries are shown in the bar graph to the right. Figure 7 D illus-
rates the results obtained in other pair of BPH arteries apply- 
ng an identical protocol but using 10 μm Phenylephrine (PHE) 
nstead of UDP. Figure 7 E shows bar graphs measuring the time 
ourse of the decay of the AgtII response as the percentage of 
he AgtII maximal r esponse r emaining after 50 min when PHE 
8.5 ± 2.9%) or UDP (24.8 ± 10.8%) were used as the stimuli for P 1 
nd P2. For the sake of comparison, the time course of the decay
f single 60 min. pulses of AgtII 100 n m , applied without any pre-
ious stimuli (traces not shown, 10.8 ± 7.1%) is also included 

n Figure 7 E. Although previous stimulation with PHE (P 1 ) has 
o effect on AgtII decay (no significant differences with single 
ulses of AgtII), UDP almost doubles the contractile response of 
gtII remaining at 50 min, as expected if P2yr6 r ece ptor acti v a-

ion potentiates AgtII response slowing down its decay. Unex- 
ectedly, it seems that Agtr1 activation has no effect on P2ry6 
esponses since P 2 /P 1 ratio for UDP was identical inde pendentl y 
f applying the AgtII prepulse before P 2 ( Figure 7 C, bars graph). 

lasma AgtII Concentr a tion Is Smaller in BPH Mice 

he higher responses to AgtII of BPH arteries suggested a rele- 
 ant r ole of the r enin/AgtII system in the genesis of the hyper-
ensi v e phenotype. To explore that hypothesis, we tested the 
ontribution of AgtII to BP control in BPN and BPH mice, mea- 
uring the effect of losartan added to the drinking water (0.6 mg 
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Figure 7. Functional interaction of Agtr1 and P2r y6 r ece ptors. (A) Sample traces of 100 n m AgtII pulses obtained in a BPN (left) and in a BPH (right) artery. Superimposed 
to those traces are identical pulses (gray) obtained in a different artery applying MRS2578 at the time indicated. In all cases, traces are normalized to the maximal 
response to appreciate the kinetic effects of MRS2578. (B) Percentage of peak tension remaining after 10 min stimulation (upper graph bars) and the time needed to 
decrease tension from a 25% to a 75% of the peak (lower graph bars) obtained in several experiments like those shown in A. Black bars depict data from BPN and 

r ed fr om BPH arteries. Bar graphs r e pr esent the av era ge of 8 arteries fr om 3 BPN mice and 28 arteries from 15 BPH mice. A nested 2-way ANOVA followed by Tukey’s 
post-hoc test was used to estimate significance. (C) Sample trace obtained in one BPH artery stimulated in the wire m y ogr aph by two pulses of 10 μm UDP (P 1 and P 2 ) 
separated by 60 min (red). Superimposed (gray) trace was obtained in another artery with a similar protocol but applying a 50 min. prepulse of 100 n m AgtII before 

P 2 . Traces are normalized to P 1 T peak . The ratio of peak tension amplitudes of pulses P 1 and P 2 in several experiments (9-13 arteries from 6 mice) are shown in the bar 
graph to the right. (D) As C but using 10 μm PHE as stimulus in P 1 and P 2 . Bar graphs represent the average of 7-10 arteries from 8 mice. (E) Bar graphs showing the 
decay of the AgtII response obtained in 6-10 arteries from 9 BPH mice with protocols like those depicted in C and D. Decay is estimated as the percentage of the peak 
tension remaining immediately before applying P 2 . The bar labeled as P 1 (-) represents measurements of decay in single 50 min isolated pulses of AgtII (10 arteries 

from 5 different mice). Nested one-way ANOVA and Tukey’s test were applied for comparisons. 
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L −1 ). The obtained changes in mean, diastolic, and systolic BP
easur ed ov er 6 weeks ar e de picted in Figur e 8 A. Losartan had
 big effect on BP in both strains, but unexpectedly, the effect
as larger in BPN mice, suggesting a mor e r elev ant r ole of the
enin/AgtII system in the normotensi v e mice. We explored this
ossibility by measuring basal levels of renin, AgtII and aldos-
erone in blood samples obtained from BPN, BPH, and C57 mice
 Figure 8 B). As expected, due to the r e ported bigger sympathetic
ri v e of BPH mice, 14 renin levels were ∼2-fold higher in that
train (21.6 ± 3.5 ng/mL in BPH versus 10.9 ± 0.6 ng/mL in BPN)
ut surprisingl y, AgtII w as ∼2-fold higher in BPN (2.3 ± 0.5 pg/mL

n BPH versus 4.2 ± 1.4 pg/mL in BPN) whilst aldosterone lev-
ls were not significantly different (0.4 ± 0.1 ng/mL in BPH ver-
us 0.38 ± 0.13 ng/mL in BPN). Inter estingl y, C57 mice lev els of
 enin, AgtII ( Figur e 8 B) and BP v alues ( Figur e 8 C) wer e interme-
iate between those of BPN and BPH mice, disclosing an inverse
elationship between AgtII plasma levels and BP. In this sense,
t is interesting to note that a key difference between BPN and
57 is the sensitivity to P2ry6 activation since UTP responses

n C57 arteries are almost identical to those recorded in BPH
EC 50 = 2.5 ± 0.32 μm and T max = 5.4 ± 0.14 mN, Figure 8 C). More-
ver, BPN mice, in addition to having lower BP values with higher
evels of plasma AgtII, were insensitive to the e xo genous admin-
stration of AgtII through osmotic minipumps for 2 weeks. This
r otocol pr oduced the expected r esults when carried out in C57
ice ( Figure 8 D). 

iscussion 

xperimental models of HT have been developed over the years
nd have filled some of the gaps in our knowledge of the regu-
ation of BP. Adv anta ges and disadv anta ges ar e pr esent in each

odel and depending on the selection, different aspects of the
hysiopathology of the disease can be highlighted. In this study,
e used VSMCs of mesenteric arteries from the Schlager BPH
ice to explore the molecular determinants of the hypertensive

henotype. Differences in gene expression in mesenteric ves-
els free of endothelium from BPN and BPH mice wer e explor ed
ith the Affymetrix GeneChip 

R © Mouse Genome 430A 2.0 Array.
his kind of array is less sensiti v e than the Low Density Taqman
rr ays w e hav e used extensi v el y in our la borator y to study the
iffer ential expr ession of ion channels, 15–19 but hav e the adv an-
age of exploring the expression of 22 690 genes. Among them,
e found 8516 significantly expressed either in BPN or BPH arter-

es. In BPH mice, 313 genes wer e mor e than 2-fold up regulated
nd 318 were more than 2-fold down regulated in comparison to
PN mice. 
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Figure 8. Renin-Angiotensin system in BPN and BPH mice. (A) Effect of chr onic tr eatment with losartan (0.6 mg mL −1 in drinking water) during 6 weeks on mean, 
diastolic, and systolic BP of BPN and BPH mice. Data are represented a percentage of change of the BP measured before starting the treatment. Data are mean ± SD of 
3 BPN and 5 BPH mice for the control and 4 BPN and 6 BPH mice for the experimental condition. SD v alues ar e r e pr esented as shadows. Significance was calculated 
b y a 2-wa y ANOVA of r e peated measur ements followed b y Tuke y´s post-hoc test. (B) Renin, AgtII, and Aldoster one lev els measur ed in r esting conditions fr om plasma 

samples obtained from BPN, BPH, and C57 mice. Each bar r e pr esent mean ± SD data collected from 3-10 samples obtained from 3-10 mice in each case. Significance 
was calculated by one-way ANOVA followed by Tukey’s post-hoc test. (C) Comparison of the MAP (an av era ge of 48-52 mice in each group) and the dose-response 
curves for UTP of C57 and BPH mice (an av era ge of 5-16 arteries from 2-8 mice). Groups were compared using 1-way ANOVA followed by Tukey’s post-hoc test. (D) 

Effect of 2 weeks e xo genous administration of AgtII trough osmotic minipumps on systolic BP of BPN and C57 mice. Left, before-after plot showing the effect of AgtII 
(black symbols, 13 BPN and 9 C57 mice) or vehicle (open symbols, 8 BPN and 9 C57 mice). Significance was calculated by a 2-way ANOVA of repeated measurements 
followed b y Tuke y’s post-hoc test. Right, box blots showing the av era ge effects measuring the differences in BP before and after the AgtII treatment. Open symbols, 
v ehicle; b lack symbols, AgtII. One-w a y ANOVA followed b y Tuke y’s post-hoc test were applied for comparisons. 
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GO enrichment analysis is a statistical approach to deter- 
ine whether certain GO terms are significantly overrepre- 

ented in a gi v en set of genes or proteins compared to what 
ould be expected by chance. GO terms are typically catego- 

ized into Biological Process (BP, a series of molecular events 
r functional pathways), Molecular Function (MF, the activity of 
ene products) or Cellular Component (CC, where gene prod- 
cts ar e acti v e in the cell). GO enrichment anal ysis based on BP,
he more relevant category for this study, revealed more than 

00 significant GO BP terms when the completely annotated 

ouse genome was used as background. The long list of GO 

erms obtained would imply that all those pathw ays ar e r elated 

o the hypertensi v e phenotype . How ever, when only the 8516 
xpressed genes were used as background, there was not any 
O enrichment, suggesting that the enrichment obtained when 

he full genome was used as background in the analysis has to 
o with the enrichment of the vascular smooth muscle pheno- 
ype, not with HT (see 39 for an interesting discussion on the sub- 
ect). Although similar arrays have been used to test differences 
n expression between BPN and BPH in aorta, brain, li v er, heart,
nd kidney, 11 , 40–45 this is the first study focusing on VSMCs. If 
e consider the polygenic nature of HT , 6 it is not surprising 

hat the 630 genes we found differ entiall y expr essed perv ade so
any different pathways, making it quite difficult to interpret 

he real meaning of the changes. In the end, it is necessary to
est the functional r elev ance of those changes, and that r equir es
ocusing on the c har acterization of ev er y r elev ant c hange . In this
 ork, w e decided to c har acterize the purinergic system since

2ry6 appears in the top list of the upregulated genes in BPH 

ice ( Figure 1 ). 
We have tested receptor expression and functional responses 

ediated by P2x and P2y r ece ptors. Whilst P2rx expression and 

unction is almost identical in BPN and BPH arteries, there is 
 r emarka b le differ ence in P2r y r esponses. As described pr e-
iously in other preparations , 36 we found that the expression 

ev els of ionotr opic P2x r ece ptors ar e significantl y higher than
hose of P2y r ece ptors. It is important to note that, despite the
imilar expression of P2x receptors in BPN and BPH mice, their 
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lev ated expr ession may become crucial for vessel function
nder conditions where purine nucleotide levels change signif-

cantly, such as in HT. Among P2ry1/2/4/6, P2ry6 is the more
 bundant r ece ptor both in BPN (75% P2r y6, 15% P2r y1, 8% P2r y4)
nd in BPH (80% P2ry6, 18% P2ry2) arteries, although its expres-
ion is ∼7 fold higher in BPH arteries. Functionally, BPN arter-
es bar el y r espond to P2y a gonists ( Figur e 3 ) whilst BPH arteries
xhibit a strong response mainly mediated by P2ry6 receptors.
DP of 10 μm and 10 μm PSB0474 (selecti v e a gonists for P2r y6)

nduced similar responses in the pressure m y ogr aph (if we con-
ider that PSB0474 potency is half of that of UDP 46 ), higher than
hose elicited by 10 μm UTP γ S (a selecti v e a gonist of P2r y2/4).
urprisingly, despite a significant expression of P2y2/4 receptors,
TP did not elicit any response mediated by those r ece ptors, as
 videnced b y the lack of an y remaining ATP-induced contraction
n the presence of α, β-MeATP (see figure 2 C). 

Paracrine release of nucleotides into the bloodstream occurs
nder many physiological and pathological conditions. Uridine
 ucleotides measur ements ar e scar ce , but the presence of uri-
ine in micromolar concentrations in normal human plasma

7 suggests that discr ete r elease of UTP may be physiologically
 elev ant. Although the increased expression of P2ry6 has been
emonstr ated in sever al patholo gical conte xts, 48 , 49 few studies
ave been conducted in HT. In endothelial cells, P2ry6 upreg-
lation was associated with vascular inflammation . 50 In car-
iom y ocytes, P2ry6 upregulation was associated with pressure
 verload and car diac fibrosis . 51 In VSMCs, P2r y6 w as r e ported to
e the dominant purinergic component inv olv ed in responses
ediated by extracellular nucleotides, as UTP or UDP. These

 esponses wer e a br ogated in mesenteric arteries in KO P2ry6
ice . 52 In the context of HT, it has been r ecentl y demonstrated

hat P2ry6 heterodimerize with Agtr1, and that those het-
r odimers ar e r equir ed to pr omote the AgtII-induced HT, since
2r y6 anta gonists suppr ess the AgtII effect . 23 GPCR oligomer-
zation has been described in several pathological contexts, 53–55 

lthough not many papers have been focused on HT. Apart from
ishimur a´s w ork, a functional inter action betw een Agtr1 and

he bradykinin type 2 r ece ptor w as found in human placen-
al biopsies from pregnancies with preeclampsia , 56 and Agtr1
omodimers have been described in monocytes from patients
ith HT . 57 

AgtII r esponses ar e larger and desensitized slowly in BPH
rteries despite a smaller expression of Agtr1 ( Figure 5 ). These
arger r esponses hav e also been r ecentl y r e ported in intact BPH

esenteric arteries , 21 although a comparison between BPN and
PH in that work was carried out normalizing the responses to
ontractions elicited in high K 

+ . We hypothesized that those dif-
erences could be related to the existence of functional P2ry6-
gtr1 heterodimers in the VSMCs from BPH arteries . 23 PLA and
uper-r esolution micr oscopy r ev eal a higher pr oba bility of find-
ng P2ry6 and Agtr1 located close enough to form those het-
rodimers in BPH VSMCs. Although we have not demonstrated
he physical association with biochemical approaches, we have
videnced the functional association by exploring the effects of
locking or activating P2ry6 on the responses elicited by AgtII
 Figure 7 ). Responses to AgtII decay faster when P2ry6 recep-
ors are bound to the specific inhibitor MRS2578 and the time
ourse of decay is significantly slower when P2ry6 are previ-
usl y acti v ated with UDP. These effects ar e onl y significant in
rteries from BPH mice, and str ongl y suggest that P2ry6-Agtr1
nteraction is r esponsib le of the kinetic differ ences between BPN
nd BPH arteries. The functional interaction seems to be uni-
irectional since P2ry6 responses are not affected by the previ-
us acti v ation of Agtr1 ( Figur e 7 C). P2r y6 effects on r esponses
ediated by Agtr1 can be a consequence of attenuated Agtr1
hosphorylation, a reduction in Agtr1 endocytosis and/or

ncreased Agtr1 recycling, as previously described. 58 , 59 In addi-
ion, P2ry6 receptors induce G αq11-mediated signaling path-
ays, while Agtr1 receptors activate both the G αq11 and G α12-13
athway, so that heterodimers can promote crosstalk between
he two signaling pathways and could result in the coupling of
2r y6 r ece ptors to other G pr oteins. GPCR signaling does not
 esult fr om sequential acti v ation of a linear pathway, but rather
rom the complex interactions of multiple, branched signaling
etworks. In this context, heterodimerization of GPCRs can gen-
rate signaling phenotypes that may be interpreted as signaling
athw ay cr osstalk, as it is the case of some w ell c har acterized
xamples of r ece ptor cr osstalk in the car dio vascular system. 60 , 61 

Notwithstanding the larger responses to AgtII in BPH arter-
es, c hronic administr ation of losartan has a larger effect in
PN mice. This fact correlates well with the lower levels of
gtII we found in BPH mice ( Figure 8 A, B). The study of the

enin/AgtII system is complex and contradictory results can be
ound in the literature . 62 An earliest work r e ported equal plasma
 enin lev els between BPN and BPH. 63 However, in a mor e r ecent
ork, a higher plasma renin level was found in the SHR genetic
odel . 64 The higher renin secretion could be explained by the

ncreased sympathetic activity through renal β1-ARs described
n both patients and hypertensi v e animal models. 65 This greater
mount of plasma renin was consistent with our results. How-
ver, the increased renin levels did not promote increased AgII
roduction. Of note, other studies have described similar results.
or example, Uddin and Harris-Nelson also found a higher con-
entration of renin and a lower concentration of AgtI in the sub-
andibular gland of the BPH model. 66 The authors proposed a

aster metabolization of AgtI in BPH as a possible explanation
or this contr ov ersy. AgtII is hydr ol yzed by ACE2 to angiotensin
-7, which acts as a vasodilator. Several works have measured
CE2 in both tissue and plasma of HT animal models and
atients. ACE2 inhibition was implicated in HT development,
hile ACE2 potentiation was associated with HT resistance. 67 

ncreased ACE2 activity in BPH could r e pr esent a compensatory
echanism to pr ev ent further incr eases in BP by lowering AgtII

evels. We have not explored this hypothesis further, but ACE2
s expressed both in endothelial and VSMCs of many vascular
eds, 68 and in the Affymetrix arrays, ACE2 was downregulated

n BPH ∼7 fold (see Supplemental Data ). 
Altogether, our data suggest that renin/AgtII system over-

timulation is not implicated in the development of high BP
n the BPH model. Similar r esults hav e been r e ported by other
roups, studying the renin/AgtII system in the BPH model . 13 This
ork suggested that while the renin/AgtII is an important con-

ributor to BP, it has little or no inv olv ement in the development
f HT in BPH mice. In contrast to our results, they found no
ifferences in the hypotensive effect of losartan between BPN
nd BPH. This slight discr e pancy could be due to the shorter
reatment period used in this study. In addition, another poten-
ial difference could be the interpretation of the data. These
uthors r e ported no changes in BP levels after two weeks losar-
an treatment, comparing the absolute values; mean blood pres-
ur e (MAP) w as r educed 23 mmHg in BPN and 25 mmHg in BPH
ice . How ever, considering that MAP is significantly higher in

PH, changes in absolute terms most likely reflect a smaller
ecrease of BP in BPH mice when expressed as % of change
ompared to time 0, as we did in our analysis. In fact, they
cknowledge this effect in a more recent work in which they
xplored the contribution of the sympathetic and renin/AgtII
ystem in these mice during the acti v e (night) and inacti v e (light)

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae045#supplementary-data
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eriod, as they conclude that there is a decreased % contribu- 
ion of the renin/AgtII to BP in BPH during light 69 as we found 

ere. In any case, the role of the brain renin-angiotensin sys- 
em has not been studied in this model. It is known that intrac- 
r ebral AgtII r egulates sympathetic activity , 70 so that the pres- 
nce of P2r y6/Agtr1 heter omers in the brain could contribute to 
he increased sympathetic influence on blood pressure in BPH 

ice. 
The upregulation of P2ry6 in BPH seems to be a clear hall- 

ark of the hypertensi v e phenotype in this model of HT. How- 
v er, the acti vity of P2y de pendent pathw ays does not corr elate
ith the phenotype, since UTP responses elicited in mesenteric 

rteries from C57 mice, a strain considered as control in many 
xperimental setups, are quite similar to those obtained in BPH 

 Figure 8 C). In any case, BP, renin and AgtII levels of C57 mice
r e between v alues obtained on BPN and BPH ( Figure 8 B and
). These results drove us to focus in the BPN strain. Although 

 obust P2r y6 r esponses do not corr elate with high BP, the lack
f responses seems to favor a low BP phenotype. Ther efor e, the 
urinergic system could r e pr esent a promoter of the hyperten- 
i v e phenotype in the proper pathophysiological context. In this 
e gard, after 2-w eek infusion of AgtII in BPN and C57 strains, 
nly C57 showed a significant increase in BP ( Figure 8 D). We 
ypothesize that the lack of functional P2ry6 in BPN mice con- 
ributes to generate the resistance to develop AgtII-dependent 
T. In other words, P2r y6-Agtr1 heter odimers ar e necessar y for 

his AgtII effect. This role of P2ry6 is supported by data from 

he liter ature , since P2ry6-KO mice show ed decr eased BP lev els 
fter AgtII infusion-dependent HT . 23 Nevertheless, our data cer- 
ainly do not prove causality, and other effects of P2ry6 such as 
hose described in endothelium should be considered to eluci- 
ate the final role of these receptors in vivo. Additional exper- 

mental appr oaches dir ected to demonstrate the effects on BP 
f the blockade of P2yr6 or its genetic manipulation will be 
 equir ed to gi v e support to the hypothesis. If pr ov en true, this
 ece ptor could become a promising target for the treatment 
f HT . 24 
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