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Abstract 

The nucleotide P2Y1 receptor (P2Y1R) is expressed in both the endothelial and vascular smooth 

muscle cells; however its plasma membrane micro-regionalization and internalization in human 

tissues remains unknown. We now report on the role of membrane rafts in P2Y1R signaling by 

using sodium carbonate or OptiPrep sucrose density gradients, western blot analysis, reduction of 

tissue cholesterol content and vasomotor assays of endothelium denuded human chorionic 

arteries. In tissue extracts prepared either in sodium carbonate or OptiPrep, about 20-30% of the 

total P2Y1R mass consistently partitioned into raft fractions and correlated with vasomotor 

activity. Vessel treatment of vessels with methyl beta–cyclodextrin reduced the raft partitioning 

of the P2Y1R and obliterated the P2Y1R-mediated contractions but not the vasomotor responses 

elicited either by serotonin or KCl. Perfusion of chorionic artery segments with 100 nM 2-

MeSADP or 10 nM MRS 2365, a selective P2Y1R agonist, not only displaced within 4-min the 

P2Y1R localization out of membrane rafts, but also induced its subsequent internalization. MRS 

2179, a specific P2Y1R antagonist, did not cause a similar displacement, but blocked the agonist-

induced exit from rafts. Neither adenosine nor uridine triphosphate, displaced the P2Y1R from 

the membrane raft, further evidencing the pharmacodynamics of the receptor-ligand interaction. 

Vascular reactivity assays showed fading of the ligand-induced vasoconstrictions, a finding that 

correlated with the P2Y1R exit from raft domains and internalization. These results demonstrate 

in intact human vascular smooth muscle the association of the P2Y1R to membrane rafts 

highlighting the role of this microdomain in P2Y1R signaling. 
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Introduction 

Extracellular nucleotides interact with cell surface receptors to produce a broad array of 

physiological responses. P2 receptors are a large family of plasma membrane (PM) proteins 

divided into two main subtypes: the ligand-gated ion channels, P2X receptors, and the G protein-

coupled receptors (GPCRs), P2Y receptors. The latter is composed of at least 8 members (North, 

2002), coupled either to Gαq or Gαi. The P2Y receptors are promiscuous in terms of ligands 

since these proteins are activated by either ADP or ATP or pyrimidines including UTP, UDP, 

CTP or UDP-glucose (Burnstock, 2007). Within the past 20 years the physiology of ATP and 

related nucleotides has been systematically studied, paving the role of nucleotides as 

extracellular cell signals. Among other actions, ATP is a sympathetic co-transmitter and as a 

transmitter of the pain pathway, a modulator of epithelial functions, bone differentiation, blood 

coagulation, and has a wide participation in smooth muscle contractility in the vas deferent, 

intestine and vascular resistance (Burnstock, 2007).  

In a series of classic papers, Ralevic & Burnstock (Ralevic and Burnstock, 1988; Ralevic and 

Burnstock, 1991; Ralevic et al., 1996) first proposed that ATP mediates both relaxant and 

contractile responses in the rat mesentery, attributed to the activation of P2Y and P2X receptors. 

The finding that ATP, ADP, UTP and adenosine are released from endothelial cells and platelets 

by a variety of mechanisms (Kunapuli and Daniel, 1998; Lazarowski et al., 2003) and that 

nucleotides dilate conductance and microcirculation vessels lowering blood pressure (Burnstock, 

1990; Lewis and Evans, 2000), further substantiated the role of nucleotides in the regulation of 

vascular tone. In particular, the P2Y1 receptor (P2Y1R) was identified in several vascular 

territories including the rat mesenteric bed and human placental vessels, where assays provided 

pharmacological evidence that this receptor are coupled to the NO/cGMP pathway (Buvinic et 
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al., 2006). In an effort to ascertain the role of P2YRs in the regulation of the human placentae 

wall tone, we described that the P2Y1R and the P2Y2R are expressed in the superficial vessels of 

the human chorionic artery (HCA), where a gradient of P2YR expression along these vessels and 

its uneven distribution between the smooth muscles and endothelial cells was established 

(Buvinic et al., 2006).  

The coupling of the P2Y1R to Gαq protein, and the finding that the latter is micro-regionalized 

into membrane rafts (Oh and Schnitzer, 2001), incited us to study whether the P2Y1R also 

partitions into microdomains of the PM. Membrane rafts are a dynamic assembly of cholesterol, 

glycosphingolipids and structural proteins like caveolins and flotillins that can recruit as well as 

exclude specific lipids and proteins involved in signal transduction cascades (Simons and 

Toomre, 2000). Membrane rafts have been implicated in the regulation of various physiological 

processes, among others, lipid sorting, protein trafficking and cell polarization (Jacob et al., 

2004; Mayor and Riezman, 2004), human platelet aggregation (Savi et al., 2006) and  β-

adrenergic signaling (Allen et al., 2007).  

We now addressed whether the P2Y1R is localized in membrane microdomains of human 

vascular smooth muscle cells and ascertained whether the receptor vasocontractile responses are 

dependent on the integrity of these microdomains. For this purpose, we took advantage of the 

fact that the superficial arteries of the human placenta essentially lack innervation (Walker and 

McLean, 1971). In addition, upon endothelium removal, the tissue can be considered a smooth 

muscle syncytium, a suitable model for cell biology studies and parallel bioassays, avoiding 

caveats derived from the use of cultured cells. Preparing membrane rafts by either the sodium 

carbonate or the OptiPrep procedures (Macdonald and Pike, 2005; Pike, 2004), We now 

demonstrate that a fraction of the total P2Y1R mass is associated to raft domains; upon disruption 
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of the membrane rafts, by lowering tissue cholesterol, we show a reduction of the receptor 

associated to these microdomains, a procedure that also abolished the P2Y1R-induced vasomotor 

responses. In addition, agonist-induced receptor activation resulted not only in the partition of 

the P2Y1R out of raft domains but also, in a subsequent rapid internalization of the receptor, a 

finding that appears to correlate to the loss of the vasomotor responses. Taken together, these 

results highlight the relevance of raft domains and the sequestration of the receptor from the cell 

surface as part of the mechanism P2Y1R signaling. Finally, this study emphasizes the benefits of 

using human biopsies to study the molecular basis of purinergic signaling correlating the 

localization of a fraction of the P2Y1R population in the cell surface of human vascular smooth 

muscle cell endowed with functional vasomotor activity. 
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Materials and Methods 

P2Y1R ligands and drug providers. ATP trisodium salt, 2-MeSADP disodium salt, ADP 

disodium salt, ADO, UTP trisodium salt, UDP disodium salt, MRS 2179 tetrasodium salt, 

MβCD and all antiproteases were purchased from Sigma-Aldrich (Saint Louis, MO, USA).  

MRS 2365 as the trisodium salt was purchased from Tocris Bioscience (Ellisville, MO, USA). 

ARC 69931MX as the tetrasodium salt, was a provided by AstraZeneca (UK). Percoll was from 

Amersham Pharmacia Biotech. Analytical grade reagents for the preparation of buffers were 

obtained from Merck (Darmstad, Germany).  

Obtainment of human placentae and human vascular biopses. Full term placentae from normal 

pregnancies delivered by vaginal or Caesarean sections were obtained from the maternity 

associated to the Department of Obstetrics and Gynaecology of the School of Medicine at the P. 

Catholic University Clinical Hospital, Santiago. The ethics committees from the School of 

Medicine and the Faculty of Biology approved the experimental protocols using human tissues; 

the guidelines for the handling of human materials were strictly adhered to. Appropriate 

informed consent was obtained as requested by the School of Medicine Ethics Committee. 

Concerted actions with other investigators in our department allowed a more complete study of 

this organ; while we dissected chorionic blood vessels other colleagues used the cord or the body 

of the placentae for independent protocols. Segments of the human saphenous vein or mammary 

arteries were likewise obtained following a collaborative effort with cardiovascular surgeons of 

our clinical hospital. The corresponding ethical regulations were strictly adhered to. 

At least 75 placentae were used in the experiments reported in this study. The complete placenta 

was transported to the laboratory within 5-15 min of childbirth; immediately thereafter, segments 

of superficial chorionic arteries were carefully dissected from the main body to perform the 
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several protocols. In some experiments, the placenta vessel segments, including chorionic veins, 

conserved an intact endothelium, whereas in other experiments, vessels were manually denuded 

of the endothelial cell layer by gently rubbing the internal surface of the vessel with a cotton 

swab; this procedure was described to eliminate the internal endothelial layer without damaging 

the adjacent smooth muscle layer (Valdecantos et al., 2003). To perform other protocols, as will 

be specified separately, the vessel segments were perfused with one of the nucleotide receptor 

agonists for 1, 2 or 4 min; immediately thereafter, these vessel segments were placed in liquid 

nitrogen until further tissue processing. Functional assays were also performed to assess the 

biological activity of the receptor upon challenge with selective nucleotide agonists or the 

removal of the tissue cholesterol. Each of these protocols will be detailed in a section paragraph. 

Detergent-free purification of membrane rafts from HCA. To obtain a smooth muscle cellular 

extract from HCA segments, the endothelium cell layer was removed as described previously 

(Valdecantos et al., 2003) and grinded in a cold slab in the presence of 1ml of 500 mM sodium 

carbonate (pH=11.0), supplemented with an antiprotease mixture (4 mM phenylmethylsulfonyl 

fluoride; and 4 µg/ml pepstatin, leupeptin, and antipain). Homogenization was carried out 

sequentially in the following order using a loose-fitting Dounce homogenizer (30 strokes), and a 

sonicator (four 5-s bursts; Vibra cellTM, Sonic & Material Inc, Danbury CT, USA). The 

homogenate (285µl) was then adjusted to 45% sucrose by the addition of 515µl of 70% sucrose 

prepared in MBS (25 mM Mes, pH 6.5, 0.15 M NaCl) and placed at the bottom of an 

ultracentrifuge tube. A 5-35% discontinuous sucrose gradient was formed above (1.6 ml of 5% 

sucrose and 1.6ml of 35% sucrose; both in MBS containing 250 mM sodium carbonate) and 

centrifuged at 180,000 x g for 16 h. Eleven fractions of 360µl each were collected from the top 

of the centrifuge tube and precipitated by adding 36µl of a 100% trichloracetic acid solution. 
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Protein samples were separated in SDS-PAGE, transferred to PVDF membranes and incubated 

with antibodies to detect the presence of the blotted proteins. A similar protocol was used to 

study the association of the P2Y1R to membrane rafts from human chorionic veins, saphenous 

veins and mammary arteries. The OptiPrep procedure to isolate membrane rafts was followed as 

described previously (Macdonald and Pike, 2005) 

Preparations of PM-enriched fractions. PMs were obtained according to the methods described 

by Smart et al (Smart et al., 1995). In brief, segments of HCA were grinded in a cold slab in the 

presence of buffer A (0.25M sucrose, 1mM EDTA, 20mM Tris-HCL pH= 7,8). Then, the cells 

were homogenized in a Wheaton tissue grinder with 60 strokes followed by centrifugation at 

1,000 × g for 10-min. 0.8 ml of the post nuclear supernatant was layered on top of 3.2 ml of 30% 

Percoll in buffer A and centrifuged at 84,000 × g for 30-min in a TST 60.4 rotor (Sorvall) at 4°C. 

The PMs were collected and analyzed by immunoblots.  

Immunoblotting. Antibodies for the human P2Y1R were generated and characterized previously 

(Buvinic et al., 2006). Antibodies against P2Y2R, caveolin-1 and 3, flotillin-1, Gαq and β-

subunit of the Na+/K+ ATPase were purchased from Santa Cruz (Santa Cruz BiotechnologyTM, 

CA). Antibodies against transferrin receptor (Tfn-R), Calnexin and the Golgi marker p230 were 

purchased from Zymed (Zymed Lab Inc., San Francisco, CA, USA), Sigma (Sigma-Aldrich, St 

Louis, MO) and BD transduction Laboratories (BD Transduction Laboratories, Lexington, KY, 

USA), respectively.  

Proteins were separated by SDS-PAGE on 10% acrylamide gels and transferred to PVDF 

membranes. These membranes were incubated with the specific antibodies to detect the indicated 

proteins and visualized using horseradish peroxidase-conjugated secondary antibody and ECL 

detection system (SuperSignalR West Femto, Pierce). Immunoblots were digitalized in a VISTA-
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T630 UMax scanner driven by Adobe Photoshop CS (Adobe Systems, Mountain View, CA); 

quantitative analysis were done with the Image-J software. 

Protocols used to examine the role of membrane raft association of the P2Y1R. 

i. Tissue perfusion with P2Y1R ligands, including agonists and antagonists. A 3-5 cm segment of 

a superficial chorionic artery was carefully dissected from the placental body. The tissue was 

immediately denuded of the endothelial cell layer as described previously. Immediately 

thereafter, one end of the vessel was cannulated with PE 190 tubing and perfused with 95% 

O2/5%CO2 gassed Krebs Ringer buffer maintained at 37oC at a flow of 4ml/min; the vessels 

were placed inside a 1.5 ml Eppendorf tube keeping humid and warm the external surface of the 

tissue. In this way, the buffer bathed the inside and outside of the vessel during the perfusion 

procedure. After an equilibrium period of 15-20 min, the tissues were perfused with nucleotides 

such as 100 nM 2-MeSADP for exactly 4-min each. Upon completion of the perfusion 

procedure, the tissues were rapidly dismounted from the perfusion set, and immediately 

immersed in liquid nitrogen until tissue processing for fractionation and sucrose gradient 

application as detailed above. Control experiments performed without freezing the tissue showed 

that these procedures did not alter the membrane raft localization of the P2Y1R and control 

proteins. 

A separate series of experiments was performed to assess whether tissue pre-incubation with the 

P2Y1R antagonist MRS 2179, blocked the effect of the agonist alone. For this purpose, tissues 

were prepared in identical experimental conditions as detailed previously, except that 100 nM 

MRS 2179 was perfuse for 15-min prior to the 4-min tissue perfusion and that 100nM 2-

MeSADP was now perfused in the presence of 100 nM MRS 2179. Immediately thereafter, the 

vessels were immersed into liquid nitrogen. As a control experiment, tissues were perfused for 
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20-min with 100 nM MRS 2179 alone prior to tissue immersion in liquid nitrogen. Each series of 

protocols were replicated in 3-4 separate placentae. 

To test the agonist specificity of the putative receptors, we next perfused separated artery 

segments for 4-min with one of the following nucleotides: 10 nM MRS 2365; 100 nM ADP; 1 

µM adenosine (ADO), 1 µM UTP or 1 µM uridine. Each of these studies were repeated in 3-4 

separate vessels obtained from independent placentae.  

To examine whether the receptor shifted its micro regionalization upon agonist activation, and to 

assess the timing required for the P2Y1R to exit out of the membrane raft domains, additional 

experiments were performed by perfusing 100 nM 2-MeSADP for either 1, 2 or 4-min; 

immediately thereafter blood vessels were immersed into liquid nitrogen for sucrose gradient 

centrifugation. All these protocols were repeated using at least 3-4 independent placentae. An 

additional set of experiments was designed to examine the reversibility of the receptor 

distribution out of the raft domain. For this purpose, vessels were perfused with 100 nM 2-

MeSADP for 4-min, followed by a second 4-min application of 100 nM 2-MeSADP spaced 120 

or 180-min apart. Between the two-agonist applications, the tissues were perfused with regular 

buffer without a P2Y1R agonist. As a control for this particular set of experiments, and to assess 

tissue viability after 3h of tissue perfusion ex-vivo, parallel tissues were perfused for 180-min 

with regular buffer and immediately thereafter applied for 4 additional minutes with 100 nM 2-

MeSADP. Once the perfusion was completed, the tissues were dismounted and immersed in 

liquid nitrogen for sucrose gradient processing. Parallel bioassays determined the course of the 

vasocontractile activity ensued by agonist application and the viability of the tissues; these 

protocols will be detailed in a next paragraph. 
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ii. Removal of cell membrane cholesterol with methyl β-cyclodextrin. Since raft domains are 

enriched in cholesterol, we reason that disruption of these microdomains by remove of 

substantial cholesterol should alter the distribution of the P2Y1R in the sucrose gradients. For 

this purpose, segments of denuded HCA, were first perfused with regular Krebs Ringer buffer for 

15-min to remove blood cells; for the next 90-min the vessels were perfused with buffer 

containing 10 mM MβCD, an agent reported to substantially remove membrane cholesterol 

(Kilsdonk et al., 1995; Ohtani et al., 1989). During the last 4-min of the perfusion with MβCD, 

the buffer was added with 100 nM 2-MeSADP; once perfusion was completed, the vessels were 

immediately processed to examine the membrane raft distribution of the P2Y1R. Results will 

compare the membrane raft distribution of the P2Y1R in untreated control vessels versus tissues 

treated with MβCD.  

Vascular reactivity assays. Intact segments of HCA were dissected from surrounding tissues; 

0.3-0.5 cm width rings were carefully prepared as detailed previously (Valdecantos et al., 2003). 

Rings were placed in buffer maintained at 37oC in a double-jacketed 5-ml organ baths gassed 

with 95%O2-5%CO2. The composition of the Krebs Ringer solution used was the same buffer 

described by Buvinic et al (Buvinic et al., 2006). Isometric muscular tension from the circular 

layer was recorded by means of a force-displacement transducer connected to a Grass 

multichannel polygraph. To record isometric tension, the rings were first challenged with a 70 

mM KCl application, which elicited a sustained, nearly maximal contraction within 2-3 min 

(Valdecantos et al., 2003). This value was used as a standard to normalize vasomotor responses 

of the several bioassays performed. Once the KCl was washout; the tissue was rested for 15-30 

min, until the vasomotor activities of nucleotides were examined following the procedure 

published previously (Buvinic et al., 2006). 
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Muscular contractions were evoked with 1-2 min applications of increasing 2-MeSADP or ADP 

concentrations; once the maximal contraction was reached, the agonists were rapidly rinsed 

avoiding desensitization of the motor response. The agonist EC50 was interpolated from the 

concentration-response plot adjusted to a sigmoid using Graph Pad program (Buvinic et al., 

2006). We also used 10nM MRS 2365, the most selective P2Y1R agonist (Chhatriwala et al., 

2004). To confirm 2-MeSADP selectivity of action at the P2Y1R, we next examined whether 

MRS 2179, a recognized selective P2Y1R antagonist (Boyer et al., 1998), blocked the vasomotor 

action of 2-MeSADP. For this purpose tissues were tested with a priming application of 100 nM 

2-MeSADP; next, this application was repeated in tissues previously incubated for 5-min with 

10-100nM MRS 2179. Reversibility of antagonist was tested by examining the recovery of the 

contractile response to 2-MeSADP 45-250-min after antagonist application. In addition, to 

discard the influence of P2Y12/13 receptors in the vascular reactivity assays, the vasomotor 

activity of 100nM 2-MeSADP was examined in the presence of 10-100nM ARC69931MX, 

applied 5-min prior to agonist challenge. ARC69931MX is a potent P2Y12/13 receptors antagonist 

(Marteau et al., 2003). 

To assess the mechanism by which the muscular response elicited in intact HCA rings faded 

within 4-min by a single application by 100 nM 2-MeSADP,  we examined whether the loss of 

the vasomotor response was related to the agonist-induced shift of the nucleotide receptor out 

from the smooth muscle membrane raft or the eventual P2Y1R internalization. For this purpose, a 

next series of experiments recorded continually the vasomotor response evoked by the 

application of 100 nM 2-MeSADP during 4-min; at this time, a second challenge with the 

agonist was applied to evaluate its motor response. To examine whether the loss of muscle 

contraction was extended to another GPCR linked to Gαq, experiments were conducted 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
14 

 

 

challenging tissues with 300 nM 5-HT in rings previously contracted with 100nM 2-MeSADP. 

Finally, a next experiment assessed whether P2Y1R receptor desensitization had recovered after 

a 120 or 180-min agonist washout period.  

To assess whether removal of the membrane cholesterol influenced the vasomotor responses 

elicited by 2-MeSADP or 5-HT; a next series of controlled experiments examined the effect of 

tissue incubation with 10 mM MβCD. These experiments were performed in tissue pre-

contracted with 16 mM KCl, a concentration of potassium that only partially contracted the 

vascular smooth muscles and favored the vasomotor effect of 2-MeSADP (Buvinic et al., 2006). 

Once the rings reached the maximal response evoked by 16 mM KCl, 100 nM 2-MeSADP or 

300nM 5-HT were added to the tissue bath from less than 2-min to avoid tissue desensitization. 

Next tissues were exposed to 10 mM MβCD for 90-min, time at which the challenge with either 

2-MeSADP or 5-HT was repeated. Results evaluated the contractile responses evoked by either 

vasomotor agonist before and after treatment with MβCD; additional controls evaluated the 

influence of desensitization. 

Receptor internalization assays. In analogy to the observation of the loss of the vasomotor 

response following 100 nM 2-MeSADP applications, additional set of experiments analyzed the 

PM distribution of the P2Y1R in HCA segments perfused with either 10-1000 nM 2-MeSADP or 

1-10 μM ADP. The procedure for the PM assay of the P2Y1R was described in a previous 

paragraph. 

Assessment of tissue cholesterol content in control and MβCD-treated HCA segments. 

Quantification of the total cholesterol was made as described previously (Allain et al., 1974). 

Briefly, tissues were homogenized in H20; 3 vol of methanol were added for every 2 vol of 

homogenized tissue. The mixture was vortexted 30-sec. Next, 6 vol of chlorform were added and 
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vortexted for 1-min, left for 1-h at 4ºC and centrifuged at 3,000 rpm for 10-min at 4ºC. The 

bottom phase was separated and dried to evaluate the cholesterol content by an enzymatic assay.  

Quantification of vasomotor responses and statistical analysis. The isometric vasomotor 

responses elicited by the nucleotides in rings of isolated blood vessels were quantified as the 

tension developed by each agonist in intact vessel rings or vessels denuded of the endothelial cell 

layer. The motor response were quantified as the tension force and is expressed in Newtons (N); 

and were normalized agonist the standard of 70 mM KCl used at the beginning of each bioassay. 

At least 4-6 rings were examined per nucleotide examined in these assays; the rings were derived 

each time from separate placenta. 
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Results 

P2Y1R association to membrane rafts in HCA smooth muscle cells. Immunoblots from HCA 

extracts prepared in sodium carbonate and ultra centrifuged on a discontinuous sucrose gradient, 

showed that the P2Y1R co-migrates with flotillin-1, caveolin-1 and caveolin-3, the muscle-

caveolin variant (Fig. 1A). The P2Y1R was consistently observed in the gradient fractions 

containing 15-29% sucrose, which in our studies correspond preponderantly to fractions 3-5 

(n=13). In addition, a population of the protein Gαq, the signaling partner of the P2Y1R, was 

also shown to be localized in membrane rafts (Fig.1A); as a negative control of raft localization, 

the β-subunit of the Na+/K+ ATPase was detected at the bottom of the gradient (Fig.1A), 

indicating that this protein is not associated to membrane rafts of these smooth muscle cells. 

Additionally, we observed that p230 and calnexin, markers of Golgi and the endoplasmic 

reticulum respectively, were not found in fractions corresponding to raft domains (Fig. 1A). 

However, the transferrin receptor (Tfn-R), an early-endosomal marker, was localized in raft and 

non-raft fractions of the gradient (Fig. 1A). Densitometry of the immunoblots stablished that 18 

± 7 % (n=13) of the total P2Y1R mass was associated to membrane rafts (Fig. 1C).  

To confirm the association of a fraction the P2Y1R to rafts domains, we performed a parallel 

series of experiments using tissue extracts prepared in OptiPrep gradients, a method that avoids 

the high pH of the sodium carbonate procedures. As expected, and consistent with the 

densitometric analysis of the sodium carbonate protocols, we found that 19±4 % (n=3) of the 

P2Y1R was localized in the lighter fractions of the gradient co-migrating with the raft markers 

flotillin-1, caveolin-1 and caveolin-3 (Fig. 1B). In addition, the trimeric Gαq protein was also 

demostrated to co-migrate with the P2Y1R in the lighter fractions of the OptiPrep gradients. 

Likewise, the β-subunit of the Na+/K+ATPase was not found in raft fractions (Fig. 1B). 
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Moreover, using this procedure, p230, calnexin and the Tfn-R were not found associated to the 

membrane raft fractions (Fig. 1B).  

Moreover we also assessed whether the P2Y2R, a closely related GPCR family member, is 

associated to membrane rafts. To our surprise we observed that the P2Y2R did not partition to 

these microdomains (Fig. 1A and B); a finding consonant with observations in stripped 

membranes used to detect first the P2Y1R (n= 3). This result is consistent with the view that not 

all GPCRs are localized in membrane rafts, an observation that has vast functional implications 

for nucleotides receptors, revealing the complexity of the P2YRs distribution in the PM and 

likely their intracellular signaling mechanisms 

Since caveolin enriched membranes are insoluble in Triton X-100 at 4ºC, we next examined the 

membrane raft distribution of the P2Y1R in homogenates prepared with this particular detergent. 

We observed that the receptor was not detected in raft domains since its localization was 

restricted to the bottom fractions of the gradient. In contrast, caveolin-3 was detected in raft and 

non-raft fractions (data not shown).  

To examine the relevance of HCA as a biological model for our studies, we performed additional 

protocols using segments of the human saphenous vein or mammary artery obtained from 

patients undergoing cardiac revascularization surgery. Immunoblots from sodium carbonates 

extracts clearly show that the P2Y1R was detected in all these vessels, as well as in the chorionic 

vein, co-migrating with flotillin-1 and protein Gαq (Fig. 2). In the saphenous vein this fraction 

was relatively less. Altogether, this set of protocols allowed us to generalize that 20-30% of the 

total P2Y1R mass of human vascular smooth muscles is associated to membrane rafts in arteries 

and veins from several vascular territories.   
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MβCD changed the P2Y1R membrane raft localization and obliterated agonist-induced 

contractions. Consonant with the finding that the P2Y1R associates to membrane rafts, we next 

assessed whether removing tissue cholesterol changed the P2Y1R raft partitioning and the 

functional properties of the P2Y1R. Tissue perfusion with MβCD, significantly reduced 70% the 

P2Y1R associated to membrane rafts (n=3, P< 0.05, Fig. 3A); the P2Y1R was found displaced 

towards heavier buoyant fractions (data not shown). MβCD-treatment effectively reduced 50% 

the total tissue cholesterol content (n=4, P< 0.05, Fig. 3B) and abrogated the 2-MeSADP 

vasomotor responses in tissue controlled experiments (Fig. 3C and D) but did not modify the 

KCl-induced contractions (Fig. 3D) nor the vasomotor response elicited by 5-HT, a potent and 

efficacious vasoconstrictor of placental vessels, used as an internal standard for these studies 

(Fig. 3D). Additional control experiments demonstrated that MβCD treatment did not modify the 

total P2Y1R mass (data not shown). These data demonstrate a functional association of the 

P2Y1R with membrane rafts in HCA since disruption of these microdomains reduced its raft 

domain partitioning and subsequent physiological responses. 

P2Y1R occupation with selective agonists induced receptor partitioning out of membrane 

rafts. We next assessed whether P2Y1R activation with selective agonists modified its 

membrane raft distribution. Experiments were performed with tissues extracted in either sodium 

carbonate or OptiPrep gradients. Perfusion with 2-MeSADP for 1 or 2-min, did not elicit a 

significant change in the membrane raft distribution of the P2Y1R; however, after 4-min we 

observed a complete partitioning of the receptor out of raft domains (Fig. 4A and C). A similar 

distribution of the P2Y1R out of raft domains was observed in the gradients prepared in Optiprep 

(Fig. 4B), confirming that the partitioning of the P2Y1R out of membrane rafts is completed 

within 4-min. In addition, the agonist-induced shift of the receptor out of membrane rafts 
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appeared to parallel with the fade of the vasomotor effect elicited by 2-MeSADP (Fig. 4D), as 

evidenced by the gradual loss of the vasomotor effect and the finding that a second 2-MeSADP 

application at this timing did not elicit the expected full agonist vasomotor response (Fig. 4D).  

That the fading of the vasomotor response is not due to tissue metabolism of the ligand can be 

deduced from the finding that following 6-min of HCA incubation with 1μM ADP (Fig. 6A), the 

degradation of the nucleotide did not exceed 12-15%. In contrast, 6-min after either 2-MeSADP 

or ADP applications, the vasomotor responses were substantially reduced as shown in a 

representative tracing for 2-MeSADP or ADP (see recording in Figs. 4D and 6A). Therefore, the 

fading of the vasoconstriction elicited by P2Y1R occupation and the reduction of the 

vasoconstriction elicited by a second application seemed to better correlate with the displacement 

of the receptor out of membrane rafts.  

Reversible agonist-induced exit of the P2Y1R from membrane rafts. We therefore next 

assessed whether the receptor displacement out of raft domains by a short application of 2-

MeSADP reversed upon agonist washout and ascertained whether a subsequent 2-MeSADP 

application partitioned again the receptor out of membrane rafts evoking a consequent vasomotor 

response. While 120-min following agonist washout, recovered only 32 ± 5% (n=3) of the 

P2Y1R associated to raft domains, by 180-min, the P2Y1R recovery to the membrane raft 

association averaged 85 ± 13% (n=3, Fig. 4C), an indication that the receptor exit from the raft 

domains is fully reversible, but requires 2-3 h for full recovery at the raft domains. 

Notwithstanding, a new application of 2-MeSADP to these same vessels, elicited only a minor 

displacement of the receptor out of membrane rafts, which averaged only 15% of the original 

shift (Fig 4C). In parallel, the application of 2-MeSADP after 180-min after the priming 

challenge attained only 30-40% of its original vasomotor response as shown in a representative 
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tracing (Fig. 4D) an indication that the P2Y1R needs additional time to attain full activity in the 

cell membrane. We carefully assessed the viability of the tissues maintained ex-vivo for 3h. We 

consistently observed that 28 ± 7% of receptor mass was still associated to membrane raft in 

tissues perfused with agonist-free buffer for 180-min (n=4). Furthermore, the distribution of 

flotillin-1 and Gαq was unaffected (data not shown) and the 2-MeSADP-evoked contractile 

responses was 100% conserved (n=3), demonstrating that the prolonged ex-vivo procedures did 

not affect HCA viability. This conclusion is further reinforced by the finding that the potassium-

elicited contracture remained unaltered during the 3h period, attaining 122 ± 16 N (n=10) versus 

118 ± 17 N (n=8) at the beginning and at the end of the protocol.  

P2Y1R internalization correlates with fading of the vasomotor responses mediated by 

receptor activity. The association of the P2Y1R to the cell surface was monitored by western 

blotting of PM-enriched fractions. The PM localization of the P2Y1R was reduced in a 

concentration-dependent manner following perfusion with either 2-MeSADP or ADP for 4-min. 

While 10 nM 2-MeSADP reduced 70% the P2Y1R associated to the cell surface, 1μM reduced 

the association up to 90% (Fig. 5A). The PM preparations showed scarce contamination with 

endoplasmic reticulum or Golgi as evidenced by immunoblots with selective organelle markers 

(Fig. 5B). Moreover, only 60% of the P2Y1R re-localized to the cell surface after 60-min of 

agonist washout (data not shown); after 180-min the P2Y1R reached 80% (Fig. 5C). 

Furthermore, upon a second 100 nM 2-MeSADP application, the ligand elicited again a 

substantial loss of the receptor from the cell surface, implying that upon ligand application, the 

P2Y1R may undergo a new cycle of internalization (Fig. 5C). Similar experiments were 

performed with the endogenous ligand of the P2Y1R. Three repeated applications of 100 nM 

ADP elicited non-sustained motor responses that reached however a similar contractile 
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magnitude. Increasing the ADP concentration elicited proportionally larger vasoconstrictions that 

faded faster and elicited a gradually diminished motor response upon sequential applications 

until the third 1μM ADP application did not further elicit vasoconstriction (Fig. 6A). 

Immunoblots also demonstrated an ADP concentration-dependent loss of the receptor form the 

cell surface (Fig. 6B). Comparisons of the concentration-dependent fraction of the receptor that 

remained at the cell surface after 4-min of perfusions with 2-MeSADP and ADP are shown in 

Fig. 6D. Consonant with the potency of these ligands for the P2Y1R, 2-MeSADP is at least two 

orders of magnitude more potent than ADP to sequestrate the receptor from the cell surface, in 

agreement with the vasomotor potency described in Fig. 6C. Therefore, we conclude that the 

stimulation of the P2Y1R and the subsequent fading of the vasomotor activity within few minutes 

appear to correlate with the concentration-dependent sequestration of the receptor from the cell 

surface. 

The vasomotor responses of 2-MeSADP in HCA are P2Y1R-selective. To discard the possible 

involvement of the P2Y12/13 receptors in the mechanism of the 2-MeSADP-induced 

vasoconstrictions, 10 nM ARC69931MX did not reduce significantly the 2-MeSADP-mediated 

contractions; increasing the antagonist concentration to 100 nM, a concentration 25 fold larger 

than the antagonist kD, reduced by 51% (n=3) the 2-MeSADP-evoked concentration (Fig. 7A). 

In contrast, 100 nM MRS 2179, as shown in a representative tracing of Fig. 7A, reduced the 2-

MeSADP-evoked vasomotor activity over 60 % (n=4, p< 0.05). 

The exit of P2Y1R out of membrane rafts did not perturb the 5-HT contractile responses. 

Since P2Y1R occupancy activates Gαq, as a part of the receptor-signaling cascade, it became 

imperative to examine whether another membrane receptor coupled to Gαq behaved similarly. 

While the vasomotor response induced by 2-MeSADP rapidly faded upon repeated agonist 
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applications, fading was not crossed to the 5-HT-evoked muscle contraction, a response likely 

mediated by 5-HT2A receptors (Fig. 7B). After total loss of the motor action of 2-MeSADP, the 

5-HT contractile response was preserved. In fact, the 5-HT-induced contraction was 56 ± 17 N 

(n=6) before the application of 2-MeSADP and 51 ± 13 N (n=7) following the nucleotide 

applications. Moreover, the 5-HT-evoked vasomotor response did not elicit a significant 

homologous desensitization as evidenced by the finding that 2 consecutives 5-HT applications, 

elicited similar vasoconstrictions (Fig. 7C). 

Other selective P2Y1R agonist also partition the receptor out of membrane rafts; MRS 

2179-induced antagonism. Consistent with the previous results, MRS 2365, the most selective 

P2Y1R agonist reported (Chhatriwala et al., 2004), also partitioned the receptor out of these 

microdomains within 4-min (Fig.8A and B) and elicited vasoconstriction with a potency 

comparable to 2-MeADP (Fig. 6D). Moreover, ADP, but neither 1 µM ADO nor 1 µM UTP, 

partitioned the receptor out of membrane rafts (Fig.8A and B). Consonant with the notion that 

the receptor distribution in raft domains depends on its selective ligand activation, MRS 2179, a 

selective P2Y1R antagonist, did not modify per se the receptor distribution in raft domains (Fig. 

8A and B) nor evoked a vasomotor response (Fig. 7A). However, the joint application of MRS 

2179 plus 2-MeSADP antagonized the P2Y1R displacement of raft domains induced by the 

agonist (Fig. 8A and B).  
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Discussion 

In this study, we show for the first time the association of the P2Y1R to membrane rafts of 

human blood vessels and its coupling with vascular tone control. Four major findings, 

schematized in Figure 9, highlight the role of membrane rafts in P2Y1R signaling. First, we 

observed that the P2Y1R is micro-regionalized into membrane rafts from HCA and systemic 

conductance vessels such as the mammary artery and the chorionic and saphenous vein. Second, 

the association of the P2Y1R to membrane rafts is linked to its vasomotor response, since the 

contractions elicited by P2Y1R agonists, were selectively abolished by disruption of these 

microdomains. Thirdly, the receptor association to membrane rafts is regulated by P2Y1R 

activation which results in the partition of receptors out of the rafts and finally, rapid 

internalization of the P2Y1R and its relatively slow cell surface recycling appears to correlate 

with the prolonged fading of the vasomotor responses elicited by agonist-induced receptor 

activation.  

Membrane rafts are enriched in cholesterol, glycosphingolipids, ganglioside GM1, and in 

characteristic proteins such as caveolins and flotillins. In view of the limitations raised by the use 

of detergents in the preparation of membrane rafts (Pike, 2004), we used sodium carbonate and 

Optiprep  methods to prepare HCA extracts avoiding the use of surface active agents. The 

present results consistently show the co-detection of caveolins 1 and 3, flotillin-1, protein Gαq 

and the P2Y1R in the fractions determined to correspond to rafts. In addition, p230, calnexin and 

Tfn-R were not found localized in raft domains, demonstrating that our preparations have only 

minor contamination with intracellular membranes. Therefore, our results allow us to firmly 

conclude that the P2Y1R is micro-regionalized in the PM of HCA-derived smooth muscle cells. 

Consonant with these findings, disruption of these microdomains abrogated the P2Y1R-induced 
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vasocontractile responses without affecting the motor responses evoked by either KCl or 

serotonin. Additionally, and consistent with this interpretation, the 5-HT-mediated vasomotor 

responses did not show heterologous desensitization with the P2Y1R. In contrast, the 5-HT-

evoked responses of the rat tail artery are associated to caveolae and its vasomotor response is 

sensitive to MβCD-treatment (Dreja et al., 2002). It is possible that the association of the 5HT2A 

to caveolae/rafts is tissue specific, reflecting a broad diversity in cell signaling linked to specific 

cells. 

The P2Y1R fraction localized in rafts ranged approximately from 20 to 30% of the total receptor 

mass, an observation independent of the experimental procedures used to isolate these 

microdomains. Functional assays revealed that this receptor population is of physiological 

significance. The P2Y1R fraction associated to membrane rafts was abrogated by MβCD-

treatment, a procedure that disrupted the vasomotor response elicited by P2Y1R agonists. 

Additionally, MRS 2179, the selective P2Y1R antagonist was inactive per se, but blocked both 

the exit of the receptor from the raft domains and the vasomotor response induced by the 

receptor agonist. Among the factors that govern the localization of proteins in raft domains, 

myristylation and/or palmitylation may be determinant (Song et al., 1996). Although neither of 

these posttranslational modifications has been described for the P2YRs as yet, analysis of the 

amino acidic sequences of these receptors show only the P2Y1R has a potential site for this 

lipidic modification (Costanzi et al., 2004). Potentially, these modifications could encompass a 

fraction of the total P2Y1R limiting its location in membrane rafts, helping to account for our 

finding that only 20-30% of P2Y1R mass is localized in membrane microdomains.  

Although 2-MeSADP and ADP are agonists for the P2Y12-13Rs  (Communi et al., 2001; Zhang et 

al., 2002), we may reasonably discard the participation of these receptors in the 2-MeSADP-
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induced contractions of the HCA because ARC69931MX, a P2Y12-13Rs antagonist (Marteau et 

al., 2003), did not abrogate the vasoconstrictions induced by 2-MeSADP at concentration up to 

100 nM to the same extent that MRS 2179 attenuated the 2-MeSADP-evoked contractions. 

Moreover, the P2Y12R is not expressed in HCA (Buvinic et al., 2006) and the P2Y13R is 

principally expressed in spleen and brain (Communi et al., 2001; Zhang et al., 2002). 

Independent of some minor caveats, we repeatedly observed that the receptor partitioned out of 

the raft domains by a mechanism related to the selective activation of the P2Y1R. Three 

arguments substantiate this conclusion: (i) 2-MeSADP, MRS 2365 and ADP, the endogenous 

receptor ligand, were all effective in partitioning the P2Y1R out of the rafts; (ii) structurally 

related compounds, which lack affinity for the P2Y1R, such as ADO, UTP or UDP, did not 

mimic the receptor exit out of the rafts; (iii) the P2Y1R selective antagonist MRS 2179, was 

ineffective per se, but blocked the 2-MeSADP-induced P2Y1R exit from the membrane raft. 

Interestingly, the cardiomyocyte β2-adrenoreceptor also translocates out of raft domains 

following agonist activation (Ostrom et al., 2001). This is a most interesting observation that 

may be functionally relevant and related to the concept of sympathetic co-transmission since 

purines and noradrenaline are co-stored and co-released from peripheral sympathetic 

neuroeffector junctions (Huidobro-Toro and Donoso, 2004). 

The present results proposed several possibilities that might be relevant to the role of purines and 

other ligands in the control of the vascular tone. In our assays we repeatedly observed that the 

P2Y1R-induced contractions faded within minutes of ligand application, with a time course and 

concentration-dependence that correlate to the exit of the receptor out from raft domains. Similar 

exits from membrane rafts, linked with faded responses, have been described for Angiotensin II, 

bradykinin B2, and endothelin A receptors (Abdellatif et al., 1991; Blaukat et al., 1996). 
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Although the P2Y1R-induced contractions account for up to 20% of the KCl-mediated 

contractions, the purinergic component must be understood as one of the multiple signals that 

regulates the blood vessel tone. Finally, the present data supports the proposal that the rapid 

internalization of the activated P2Y1R and its relatively slowly recovery to the cell surface 

appears as the most probable explanation for the parallel slow recovery of the vasomotor 

responses. At present we have not addressed which is the internalization route (chlatrin or 

caveolae/raft) followed by this receptor, but based on known molecular mechanisms, 

phosphorylation of P2Y1R serines is most likely involved (R. Nicholas, personal 

communication). Similar protein partitioning out of caveolae and internalization has been 

associated with desensitization of the epidermal growth factor receptor (EGFR) (Mineo et al., 

1999), an issue that might have vast physiological implications for cell signaling since the 

P2Y1R was recently found to trans-activate the EGFR (Buvinic et al., 2007). 

Although our biochemical methods for the isolation of membrane rafts amply support our 

conclusions, an ultimate proof of the association of the P2Y1R to rafts domains will require high 

resolution microscopy. Unfortunately, our antibody for the P2Y1R has limitations in the usage of 

these kinds of methodologies. Notwithstanding this caveat, two important consequences of our 

experimental model reveal the physiological implications of the present study. First, the usage of 

a human tissue as opposed to cultured cells allowed us to study the P2Y1R in a human smooth 

muscle cell that express this receptor functionally, avoiding the compensatory mechanism that 

emerges upon the over-expression of the receptor in a cell line. Secondly, based on the 

performance of concentration-responses studies we may now correlate the vasomotor response 

with the receptor localization in the PM; agonist concentration under the ligand EC50 allowed 

repeated vasomotor responses, although we recognize that the contractions were not sustained. It 
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is possible that the occupation of a minor fraction of the receptors is internalized by these rather 

low agonist concentrations, without causing a significant deterioration of the functional 

responses associated to P2Y1R activation. In contrast, concentrations within or above the ligand  

EC50 elicited within 4-min the displacement of a significant fraction of the P2Y1R out of rafts 

followed by internalization reflected by the fading of the vasomotor responses in addition to a 

gradual reduction in the vasomotor effects by repeated agonist application. Altogether, these 

results highlight the significance of the agonist concentration studies in receptor activation and in 

determining the receptor cycling in the cell membrane of this vascular smooth muscle cells.  

In sum, the present study consistently demonstrates the micro-regionalized distribution of the 

P2Y1R into membrane rafts in the smooth muscle cells of human vascular biopsies from 

placental and systemic conductance vessels. Furthermore, the redistribution of the P2Y1R out of 

rafts requires receptor signaling and likely internalization. The possibility that the receptor 

distribution out of membrane rafts and its interactions/oligomerization with other GPCRs 

involved in the regulation of the vascular tone needs to be further explored since it was recently 

reported that the P2Y1R constitutively form homo-oligomers (Choi et al., 2008), while the 

P2Y1R and the P2Y11R form heteromers (Ecke et al., 2008). In addition, heterodimers with 

adenosine receptors (Yoshioka et al., 2002) or vasoactive peptide receptors such as the reported 

between the Angiotensin AT-1 and bradykinin B2 receptors (AbdAlla et al., 2000) opens novel 

opportunities of clinically relevant research. The extension of the present observations and the 

putative use of vascular biopsies from patients suffering from serious vascular diseases will 

allow assessing the role of membrane rafts in cardiovascular diseases, establishing new links 

between pharmacology and molecular pathology. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
28 

 

 

Acknowledgments 

We appreciate and are greatly indebt to the personnel of our maternity ward and the team of 

cardiac surgeons from the Clinical Hospital of the P. Catholic University for their collaboration 

in the expedite delivery of the placentae and human blood vessel samples for the operating 

rooms. To Prof. JF Miquel for help in cholesterol determinations. A.N. is a postdoctoral fellow 

funded by the Centre for Cell Regulation and Pathology; C.S.E is an undergraduate biochemistry 

student.  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
29 

 

 

References 

AbdAlla S, Lother H and Quitterer U (2000) AT1-receptor heterodimers show enhanced G-
protein activation and altered receptor sequestration. Nature 407(6800):94-98. 

Abdellatif MM, Neubauer CF, Lederer WJ and Rogers TB (1991) Angiotensin-induced 
desensitization of the phosphoinositide pathway in cardiac cells occurs at the level of the 
receptor. Circ Res 69(3):800-809. 

Allain CC, Poon LS, Chan CS, Richmond W and Fu PC (1974) Enzymatic determination of total 
serum cholesterol. Clin Chem 20(4):470-475. 

Allen JA, Halverson-Tamboli RA and Rasenick MM (2007) Lipid raft microdomains and 
neurotransmitter signalling. Nat Rev Neurosci 8(2):128-140. 

Blaukat A, Alla SA, Lohse MJ and Muller-Esterl W (1996) Ligand-induced 
phosphorylation/dephosphorylation of the endogenous bradykinin B2 receptor from 
human fibroblasts. J Biol Chem 271(50):32366-32374. 

Boyer JL, Mohanram A, Camaioni E, Jacobson KA and Harden TK (1998) Competitive and 
selective antagonism of P2Y1 receptors by N6-methyl 2'-deoxyadenosine 3',5'-
bisphosphate. Br J Pharmacol 124(1):1-3. 

Burnstock G (1990) Dual control of local blood flow by purines. Ann N Y Acad Sci 603:31-44; 
discussion 44-35. 

Burnstock G (2007) Physiology and pathophysiology of purinergic neurotransmission. Physiol 
Rev 87(2):659-797. 

Buvinic S, Bravo-Zehnder M, Boyer JL, Huidobro-Toro JP and Gonzalez A (2007) Nucleotide 
P2Y1 receptor regulates EGF receptor mitogenic signaling and expression in epithelial 
cells. J Cell Sci 120(Pt 24):4289-4301. 

Buvinic S, Poblete MI, Donoso MV, Delpiano AM, Briones R, Miranda R and Huidobro-Toro 
JP (2006) P2Y1 and P2Y2 receptor distribution varies along the human placental vascular 
tree: role of nucleotides in vascular tone regulation. J Physiol 573(Pt 2):427-443. 

Chhatriwala M, Ravi RG, Patel RI, Boyer JL, Jacobson KA and Harden TK (2004) Induction of 
novel agonist selectivity for the ADP-activated P2Y1 receptor versus the ADP-activated 
P2Y12 and P2Y13 receptors by conformational constraint of an ADP analog. J 
Pharmacol Exp Ther 311(3):1038-1043. 

Choi RC, Simon J, Tsim KW and Barnard EA (2008) Constitutive and agonist-induced 
dimerizations of the P2Y1 receptor: relationship to internalization and scaffolding. J Biol 
Chem 283(16):11050-11063. 

Communi D, Gonzalez NS, Detheux M, Brezillon S, Lannoy V, Parmentier M and Boeynaems 
JM (2001) Identification of a novel human ADP receptor coupled to G(i). J Biol Chem 
276(44):41479-41485. 

Costanzi S, Mamedova L, Gao ZG and Jacobson KA (2004) Architecture of P2Y nucleotide 
receptors: structural comparison based on sequence analysis, mutagenesis, and homology 
modeling. J Med Chem 47(22):5393-5404. 

Dreja K, Voldstedlund M, Vinten J, Tranum-Jensen J, Hellstrand P and Sward K (2002) 
Cholesterol depletion disrupts caveolae and differentially impairs agonist-induced arterial 
contraction. Arterioscler Thromb Vasc Biol 22(8):1267-1272. 

Ecke D, Hanck T, Tulapurkar ME, Schafer R, Kassack M, Stricker R and Reiser G (2008) 
Hetero-oligomerization of the P2Y11 receptor with the P2Y1 receptor controls the 
internalization and ligand selectivity of the P2Y11 receptor. Biochem J 409(1):107-116. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
30 

 

 

Huidobro-Toro JP and Donoso MV (2004) Sympathetic co-transmission: the coordinated action 
of ATP and noradrenaline and their modulation by neuropeptide Y in human vascular 
neuroeffector junctions. Eur J Pharmacol 500(1-3):27-35. 

Jacob R, Heine M, Eikemeyer J, Frerker N, Zimmer KP, Rescher U, Gerke V and Naim HY 
(2004) Annexin II is required for apical transport in polarized epithelial cells. J Biol 
Chem 279(5):3680-3684. 

Kilsdonk EP, Yancey PG, Stoudt GW, Bangerter FW, Johnson WJ, Phillips MC and Rothblat 
GH (1995) Cellular cholesterol efflux mediated by cyclodextrins. J Biol Chem 
270(29):17250-17256. 

Kunapuli SP and Daniel JL (1998) P2 receptor subtypes in the cardiovascular system. Biochem J 
336 ( Pt 3):513-523. 

Lazarowski ER, Boucher RC and Harden TK (2003) Mechanisms of release of nucleotides and 
integration of their action as P2X- and P2Y-receptor activating molecules. Mol 
Pharmacol 64(4):785-795. 

Lewis CJ and Evans RJ (2000) Comparison of P2X receptors in rat mesenteric, basilar and septal 
(coronary) arteries. J Auton Nerv Syst 81(1-3):69-74. 

Macdonald JL and Pike LJ (2005) A simplified method for the preparation of detergent-free lipid 
rafts. J Lipid Res 46(5):1061-1067. 

Marteau F, Le Poul E, Communi D, Communi D, Labouret C, Savi P, Boeynaems JM and 
Gonzalez NS (2003) Pharmacological characterization of the human P2Y13 receptor. 
Mol Pharmacol 64(1):104-112. 

Mayor S and Riezman H (2004) Sorting GPI-anchored proteins. Nat Rev Mol Cell Biol 5(2):110-
120. 

Mineo C, Gill GN and Anderson RG (1999) Regulated migration of epidermal growth factor 
receptor from caveolae. J Biol Chem 274(43):30636-30643. 

North RA (2002) Molecular physiology of P2X receptors. Physiol Rev 82(4):1013-1067. 
Oh P and Schnitzer JE (2001) Segregation of heterotrimeric G proteins in cell surface 

microdomains. G(q) binds caveolin to concentrate in caveolae, whereas G(i) and G(s) 
target lipid rafts by default. Mol Biol Cell 12(3):685-698. 

Ohtani Y, Irie T, Uekama K, Fukunaga K and Pitha J (1989) Differential effects of alpha-, beta- 
and gamma-cyclodextrins on human erythrocytes. Eur J Biochem 186(1-2):17-22. 

Ostrom RS, Gregorian C, Drenan RM, Xiang Y, Regan JW and Insel PA (2001) Receptor 
number and caveolar co-localization determine receptor coupling efficiency to adenylyl 
cyclase. J Biol Chem 276(45):42063-42069. 

Pike LJ (2004) Lipid rafts: heterogeneity on the high seas. Biochem J 378(Pt 2):281-292. 
Ralevic V, Aliev G and Burnstock G (1996) Mesenteric and hepatic vascular reactivity in 

Donryu rats with and without a cholesterol-supplemented diet. Eur J Pharmacol 
313(3):221-227. 

Ralevic V and Burnstock G (1988) Actions mediated by P2-purinoceptorsubtypes in the isolated 
perfused mesenteric bed of the rat. Br J Pharmacol 95(2):637-645. 

Ralevic V and Burnstock G (1991) Roles of P2-purinoceptors in the cardiovascular system. 
Circulation 84(1):1-14. 

Savi P, Zachayus JL, Delesque-Touchard N, Labouret C, Herve C, Uzabiaga MF, Pereillo JM, 
Culouscou JM, Bono F, Ferrara P and Herbert JM (2006) The active metabolite of 
Clopidogrel disrupts P2Y12 receptor oligomers and partitions them out of lipid rafts. 
Proc Natl Acad Sci U S A 103(29):11069-11074. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
31 

 

 

Simons K and Toomre D (2000) Lipid rafts and signal transduction. Nat Rev Mol Cell Biol 
1(1):31-39. 

Smart EJ, Ying YS, Mineo C and Anderson RG (1995) A detergent-free method for purifying 
caveolae membrane from tissue culture cells. Proc Natl Acad Sci U S A 92(22):10104-
10108. 

Song KS, Li S, Okamoto T, Quilliam LA, Sargiacomo M and Lisanti MP (1996) Co-purification 
and direct interaction of Ras with caveolin, an integral membrane protein of caveolae 
microdomains. Detergent-free purification of caveolae microdomains. J Biol Chem 
271(16):9690-9697. 

Valdecantos P, Briones R, Moya P, Germain A and Huidobro-Toro JP (2003) Pharmacological 
identification of P2X1, P2X4 and P2X7 nucleotide receptors in the smooth muscles of 
human umbilical cord and chorionic blood vessels. Placenta 24(1):17-26. 

Walker DW and McLean JR (1971) Absence of adrenergic nerves in the human placenta. Nature 
229(5283):344-345. 

Yoshioka K, Hosoda R, Kuroda Y and Nakata H (2002) Hetero-oligomerization of adenosine A1 
receptors with P2Y1 receptors in rat brains. FEBS Lett 531(2):299-303. 

Zhang FL, Luo L, Gustafson E, Palmer K, Qiao X, Fan X, Yang S, Laz TM, Bayne M and 
Monsma F, Jr. (2002) P2Y(13): identification and characterization of a novel Galphai-
coupled ADP receptor from human and mouse. J Pharmacol Exp Ther 301(2):705-713. 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
32 

 

 

Footnotes 

This work was partially funded by grant 13980001 to the Centre for Cell Regulation and 

Pathology; the Millennium Institute MIFAB also contributed with funds to the Centre. A.N. 

present address: Robert M. Berne Cardiovascular Research Center, University of Virginia, 

Charlottesville, VA 22908, USA. 

For reprints contact to: Dr. J. Pablo Huidobro-Toro, Departamento de Ciencias Fisiológicas, 

Facultad de Ciencias Biológicas, P. Universidad Católica de Chile, PO Box 114-D, Santiago 1, 

Chile. Phone 56-2 (686-2858). Fax 56-2 (222-5515). Email: jphuidobro@bio.puc.cl 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 17, 2008 as DOI: 10.1124/mol.108.048496

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #48496 
33 

 

 

Figures legends 

Fig 1. The P2Y1R associates to membrane rafts in HCA. The association of the P2Y1R to raft 

domains was assessed in sodium carbonate extracts (Panel A), or the OptiPrep protocol (Panel B) 

separated in sucrose gradients. Aliquots of each gradient fraction were analyzed by SDS-PAGE 

followed by Western blotting for the indicated proteins. The raft domains in the sodium 

carbonate gradients invariably correspond to fractions 3-5 which contained 15-29% sucrose, 

while in the OptiPrep density gradients, the rafts domains localized in the lighter sucrose 

fractions, corresponding to tubes 1-3. In either procedure, the P2Y1R co-migrated with the 

endogenous membrane raft-marker flotillin-1, caveolin-1, caveolin-3 and the receptor signaling 

partner Gαq protein; the β subunit of the Na+/K+ ATPase, p230 and calnexin, were not found 

associated to membrane raft domains. A minor fraction of the Tfn-R was only observed in raft 

domains of the sodium carbonate extracts. Similar results were obtained in 3 separate 

experiments. In contrast, the P2Y2R was not detected in raft microdomains (n=3). For 

comparative purposes, densitometry of the sodium carbonate immunoblots for P2Y1R and 

Flotillin-1 are shown in Panel C. Symbols indicated the average value; bars the S.E.M.(n=3).  

Fig 2. Membrane rafts association of the P2Y1R in different human vessels. Membrane rafts 

from human vessel biopsies were isolated in sodium carbonate extracts and separated in sucrose 

gradients. Representative immunoblots for the P2Y1R, show that this protein associates to 

membrane rafts co-migrating with the Gαq protein and Flotillin-1 in: chorionic vein (A), 

mammary artery (B) and saphenous vein (C) segments.  Similar results were obtained in 3 

different vessel biopsies. 

Fig 3. Cholesterol depletion alters the P2Y1R distribution in membrane rafts and inhibits 

agonist-evoked contractions. Perfusion of HCA with buffer containing 10 mM MβCD for 1.5 h 
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caused a 70% reduction in the P2Y1R mass localized in rafts (Panel A); the dextrin significantly 

decreased by 50% the tissue cholesterol content (Panel B, n=4-6). MβCD-treatment abrogated 

the P2Y1R agonist evoked contractions without affecting the KCl contractures, as shown in 

representative tracings depicted in Panel C. In addition, cholesterol depletion following MβCD-

treatment did not affect the serotonin vasomotor responses nor statistically modified the 70mM 

KCl-evoked contractions (Panel D). Columns represent mean values; bars, S.E.M. (n= 3-4, per 

assay). *, P<0.05 when comparing control versus MβCD-treated tissues. 

Fig 4. Kinetics of the P2Y1R translocation from membrane rafts. HCA segments were 

perfused ex-vivo with 100nM 2-MeSADP for 1, 2 and 4-min (n=3 each). Immunoblots from 

sucrose density gradients, from extracts prepared with sodium carbonate, show that 2-MeSADP 

caused a rapid and complete exit of the P2Y1R from raft domains only after 4-min of perfusion 

compared to a control protocol perfused for 4-min with agonist-free buffer (Panel A). A similar 

result was obtained following a 4-min 2-MeSADP perfusion analyzed by the OptiPrep procedure 

(Panel B). To assess the reversibility of this process, parallel experiments were performed 

perfusing 2-MeSADP for 4-min followed by agonist washout for 120 and 180-mins. Quantitative 

densitometry of the immunoblots for the P2Y1R associated to membrane rafts are depicted in 

Panel C; columns represent mean values; bars, S.E.M. (n= 3 per assay). *, p < 0.05, when 

compared to the control experiments perfused in the absence of agonist. An additional 

experiment assessed whether a 4-min challenge with 2-MeSADP 180-min after tissue washout 

from the initial challenge was able to re-localize the receptor out of membrane rafts (n=3).   

Panel D shows a typical polygraphic recording of the contractions evoked with 100nM 2-

MeSADP (black circle) in an isolated HCA ring. The contractile response faded since the 

contraction was not maintained; a second agonist application performed 6-min after the 
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challenge was non-responsive, at a time concurrent with the P2Y1R exit from the membrane raft. 

After 180-min of washout, the vasomotor response elicited by a third agonist application showed 

only 30-40% recovery; similar results were obtained in studies from 5 placentae.   

Fig 5. P2Y1R internalization is induced by 2-MeSADP. HCA segments were perfused with 10, 

100 or 1000nM 2-MeSADP for 4-min; as controls, separated vessels were perfused with agonist-

free buffer. Cells were harvested; smooth muscle cell plasma membranes were isolated by 

centrifugation. These fractions were then subjected to Western blot analysis using an anti-P2Y1R 

antibody (Panel A). 15μg of protein were loaded per lane; representative P2Y1R immunoblots 

are shown in the upper part of the figure. As a control, aimed to analyze the contamination of the 

plasma membrane (PM)-enriched fractions, immunoblots for two intracellular markers plus 

Na+/K+ ATPase, a plasma membrane marker from whole cell lysates (CL) are depicted in Panel 

B. After agonist washout the P2Y1R re-associates to the plasma membrane. HCA segments were 

perfused with 100nM 2-MeSADP during 4-min and then perfused with buffer in the absence of 

agonist for 180-min. PM fractions and immunoblotting of the receptor showed that the P2Y1R 

associated to plasma membrane was fully recovered (Panel C). Columns represent mean values; 

bars, S.E.M. *, p<0.05 as compared to the controls. 

Fig 6. ADP-induced fading of the vasomotor responses correlate with the P2Y1R 

internalization. Vascular reactivity assays on HCA rings perfused with different concentrations 

of ADP were performed. The contractile response desensitized only at higher concentration of 

the agonist since the contraction was not maintained and a second agonist application performed 

4-6 min after the first was halved (Panel A). To assess P2Y1R internalization, HCA segments 

were perfused with different concentration of ADP during 4-min. Plasma membrane (PM) were 

prepared and analyzed as describes previously. 50% of the Plasma membrane-associated receptor 
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internalized only with 1μM ADP (Panel B). Relative potency and maximal effects of 2-MeSADP 

and ADP on HCA ring vasocontrictions. Concentration–response curves for 2-MeSADP or 

ADP-induced contractions, illustrate that 2-MeSADP is near 100-fold potent than ADP; MRS 

2365 has a potency similar to 2-MeSADP (Panel C). Concentration–response curves for P2Y1R 

internalization induced by 2-MeSADP or ADP indicate that the 2-MeSADP-evoked receptor 

internalization is almost a 100-fold more potent than ADP (Panel D). Symbols and columns 

indicate mean values; bars S.E.M. 

Fig 7. Selectivity of the vasomotor activity mediated by 2-MeSADP. Representative tracings 

of vascular reactivity assays using HCA rings, show that the contractile response of 100 nM 2-

MeSADP was slightly reduced by 100 nM ARC 69931MX while 100 nM MRS 2179 

significantly suppressed the 2-MeSADP-evoked contractions (Panel A). 

To assess whether the desensitization of the vasomotor response mediated by 2-MeSADP 

affected the contractions evoked by 5-HT, a receptor linked to Gαq, 5-HT applications were 

performed in tissues desensitized by 2-MeSADP. A representative polygraphic recording shows 

that the 2-MeSADP desensitization did not perturb the 300 nM 5-HT-evoked contractions (Panel 

B). Statistical analysis of 6 separate experiments is shown in Panel C.  Columns represent the 

mean average contraction; bars, S.E.M, * , p<0.05.  

Fig 8. The P2Y1R exit of membrane rafts is ligand selective. To examine whether the P2Y1R 

displacement from membrane raft depend on the activation of the receptor, HCA segments were 

perfused for 4-min with either 1μM ADP or 10 nM MRS 2365, two selective P2Y1R ligands. 

Both nucleotides fully displaced the receptor out of the raft domains. In contrast, neither 1μM 

ADO nor 1µM UTP evoked the receptor exit (Panel A). Moreover, 100 nM MRS2179, a P2Y1R 

antagonist, did not mimic per se the agonist action, blocked the receptor displacement elicited by 
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2-MeSDAP (Panel A). Quantifications of the receptor fraction associated to the membrane raft 

are shown in panel B; only selective P2Y1R ligands completely displaced the P2Y1R from raft 

domains. Columns represent mean values; bars, S.E.M. (n= 3-4, per assay). As controls, vessels 

were perfused with buffer-free agonist during 4-min. *, p<0.05 as compared to the control group.  

Fig 9. Schematic model of P2Y1R raft domain association and its regulation by agonists. In 

the absence of extracellular nucleotides, a fraction of the P2Y1R population is found localized in 

membrane rafts (A); upon exposure to agonists, receptor occupation initiates its association with 

Gαq which results in intracellular signaling and ensues the subsequent vasomotor response (B). 

Within 4-min, the P2Y1R, but no the Gαq, exits from raft domains reducing the vasomotor 

response likely followed by receptor internalization (C). The process is reversible since the 

P2Y1R re-localizes into raft domains allowing a new cycle of receptor activation and muscular 

contractions. 
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