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Abstract Localization of three P2X and six P2Y recep-
tors in sinus endothelial cells of the rat spleen was exam-
ined by immunoXuorescent microscopy, and ultrastructural
localization of the detected receptors was examined by
immunogold electron microscopy. In immunoXuorescent
microscopy, labeling for anti-P2Y1, P2Y6, and P2Y12
receptors was detected in endothelial cells, but P2X1,
P2X2, P2X4, P2Y2, P2Y4, and P2Y13 receptors was not
detected. P2Y1 and P2Y12 receptors were prominently
localized in the basal parts of endothelial cells. P2Y6 recep-
tor was not only predominantly localized in the basal parts
of endothelial cells, but also in the superWcial layer. Triple
immunoXuorescent staining for a combination of two P2Y
receptors and actin Wlaments showed that P2Y1, P2Y6, and
P2Y12 receptors were individually localized in endothelial
cells. Phospholipase C-�3, phospholipase C- �2, and inosi-
tol-1,4,5-trisphosphate receptors, related to the release of
the intracellular Ca2+ from the endoplasmic reticulum, were
also predominantly localized in the basal parts of endothe-
lial cells. In immunogold electron microscopy, labeling for
P2Y1, P2Y6, and P2Y12 receptors were predominantly
localized in the basal part of endothelial cells and, in addi-
tion, in the junctional membrane, basal plasma membrane,
and caveolae in the basal part of endothelial cells. Labeling
for phospholipase C-�3 and phospholipase C-�2 was domi-

nantly localized in the basal parts and in close proximity to
the plasma membranes of endothelial cells. The possible
functional roles of these P2Y receptors in splenic sinus
endothelial cells are discussed.
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Introduction

Endothelial cells lining the splenic sinuses are crucial sites
for controlling blood cell passage through the splenic cord
and are ultrastructurally quite diVerent from other vascular
endothelial cells. In particular, their shape and arrangement
are prominent, resembling the staves of a barrel, with a
highly ordered network of contractile stress Wbers running
longitudinally in their basal part, and fenestrated basal lam-
ina barrel-like hoops called “ring Wbers” (Drenckhahn and
Wagner 1986; Uehara and Miyoshi 1999a). Since the endo-
thelium is devoid of smooth muscles and the endothelial
cells are only attached to the ring Wbers by focal adhesion,
their basal membranes except focal adhesions are exposed
to the splenic cord, receiving direct mechanical stimuli
from the environment at abluminal sites as well as the lumi-
nal surface. Although these structures are believed to be
formed for the passage of blood cells in splenic cords sur-
rounding the sinus endothelium, how the passage of blood
cells is controlled has not yet been clariWed, because sinus
endothelial cells adhere predominantly by adherens junc-
tions and poorly developed tight junctions (Uehara and
Miyoshi 1999b; Uehara 2006; Uehara and Uehara 2008).

Vascular endothelial cells release ATP, which raises
[Ca2+](i) in endothelial cells (Ando and Yamamoto 2009).
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ATP released from endothelial cells is closely involved in
the mechanisms underling the local control of vessel tone
and remodeling, as well as the disassembly of vascular
endothelial cadherin, migration, proliferation, diVerentia-
tion, and death during angiogenesis (Burnstock 2008).
ATP, as well as ADP, UDP and UTP, acts on P2 receptors
on various cells, which have been divided into P2X ligand-
gated ion channel and P2Y G protein-coupled receptor fam-
ilies. Seven subtypes of P2X receptors have been cloned
and characterized: P2X1, 2, 3, 4, 5, 6, and 7; and 8 subtypes
of P2Y receptors: P2Y1, 2, 4, 6, 11, 12 13, and 14 (Ralevic
and Burnstock 1998). Vascular endothelial cells have been
reported to express P2X1, P2X2, and P2X4 receptors
(Loesch and Burnstock 2000; Harrington and Mitchell
2004; Yamamoto et al. 2006) as well as P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, and P2Y12 receptors (Henderson
et al. 1995; Motte et al. 1995; Guns et al. 2005; Abbracchio
et al. 2006; da Silva et al. 2009). An orhtolog gene of
P2Y11 receptor is not detected in the murine genome. In
addition, strong expression of P2Y13 receptor has been
demonstrated by RT-PCR in the rat spleen where blood
capillaries are abundantly distributed (Fumagalli et al.
2004; Abbracchio et al. 2006); however, there is little infor-
mation on the ultrastructural localization of these subtypes
and on comparing the positions of these subtypes in endo-
thelial cells. P2Y1, 2, 4, and 6 receptors signal through a G
protein-dependent pathway, activating phospholipase C
(PLC)-� and generating inositol-1,4,5-trisphosphate (IP3),
which stimulates IP3 receptor to release Ca2+ in the endo-
plasmic reticulum. Thirteen mammal PLC isozymes have

been identiWed and are divided into six families: PLC-�, -�,
-�, -�, -�, and -�. PLC-� has four distinct isoforms, �1–4;
PLC-�, which is integrated into the response pathway
involving PLC-�, has two isoforms, �1 and 2 (Rebecchi and
Pentyala 2000).

We examined the immunohistochemical localization of
P2X1, P2X2, P2X4, P2Y1, P2Y2, P2Y4, P2Y6, P2Y12,
and P2Y13 receptors, PLC-�1–4, and PLC-�1–2 in sinus
endothelial cells of the rat spleen by confocal laser-scan-
ning microscopy. The ultrastructural localization of
detected proteins of P2Y1, P2Y6, and P2Y12 receptors,
PLC-�3, and PLC-�2 was examined by immunogold elec-
tron microscopy to elucidate the regional roles of these pro-
teins. Western blotting was carried out to examine the
speciWcity of antibodies and to investigate the molecular
weight of the examined P2X and P2Y receptors in the rat
spleen.

Materials and methods

Eight-week-old male Wistar rats were anesthetized prior
to thoracic aorta cannulation for perfusion with Ringer’s
solution, followed by 3% paraformaldehyde in 0.1 M
phosphate buVer at pH 7.4. The spleen was removed and
the red pulp was cut into small blocks, and then
immersed in the same Wxative for 1 h. The specimens
were rinsed in buVer, infused with 20% polyvinyl pyrrol-
idone and 2.3 M of sucrose in buVer, and rapidly frozen
in liquid nitrogen.

Table 1 Primary antibodies and conditions for Western blot analysis and immunohistochemical labeling (PLC phospholipase C)

Antigen Host Type Source Dilution

IHC Western Blot

P2X1 receptor Rabbit Poly Alomone Labs 1:300 1:10,000

P2X2 receptor Rabbit Poly Alomone Labs 1:300 1:1,000

P2X4 receptor Rabbit Poly Alomone Labs 1:300 1:2,000

P2Y1 receptor Rabbit Poly Alomone Labs 1:300 1:2,000

P2Y2 receptor Rabbit Poly Alomone Labs 1:300 1:2,000

P2Y4 receptor Rabbit Poly Alomone Labs 1:300 1:2,000

P2Y6 receptor Rabbit Poly Alomone Labs 1:500 1:8,000

P2Y12 receptor Rabbit Poly Alomone Labs 1:300 1:10,000

P2Y13 receptor Rabbit Poly Alomone Labs 1:300 1:2,000

PLC-�1 Mouse Mono Santa Cruz Biotechnology 1:200

PLC-�2 Rabbit Poly Santa Cruz Biotechnology 1:200

PLC-�3 Rabbit Poly Santa Cruz Biotechnology 1:200

PLC-�4 Rabbit Poly Santa Cruz Biotechnology 1:200

PLC-�1 Mouse Mono Santa Cruz Biotechnology 1:200

PLC-�2 Rabbit Poly Santa Cruz Biotechnology 1:200

IP3 receptor 1 Rbbit Poly AYnity BioReagents Inc. 1:500
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Immunohistochemistry for confocal laser-scanning 
microscopy

Semi-thin cryosections (about 0.5 �m in thickness) were
mounted on glass slides and treated with 3% bovine serum
albumin (BSA) in phosphate-buVered saline (PBS) for
10 min. The slides were subsequently incubated with the
primary antibody (Table 1) PBS containing 1% BSA at 4°C
overnight. After rinsing with PBS, the sections were incu-
bated with secondary antibody conjugated with Alexa 488-
conjugated IgG (Molecular Probes, Eugene, USA) contain-
ing Alexa-Fluor-546-phalloidin (Molecular Probes) in PBS
to demonstrate the superWcial layer of endothelial cells by a
cortical layer of F-actin, and the basal part of the cell by
distinctive stress Wbers in sinus endothelial cells to examine
the more detailed localization of P2Y receptors in endothe-
lial cells. To examine diVerences between the distributions
of P2Y1 and P2Y6, P2Y1 and P2Y12, and P2Y6 and
P2Y12 receptors, some specimens were observed using tri-
ple Xuorescence immunostaining. After the Wrst reaction of
the primary antibody against P2Y1 or P2Y6 receptors and

donkey anti-rabbit antibody conjugated with Alexa 488,
they were thoroughly washed with PBS containing 0.1%
BSA and then incubated for 1 h with 10% goat anti-rabbit
antibody in PBS at room temperature. After rinsing with
PBS, they were then incubated with the second primary
antibody against P2Y1, P2Y6, or P2Y12 receptors at 4°C
overnight, rinsed with PBS, and incubated with goat anti-
rabbit antibody conjugated with Alexa 633 (Molecular
Probes) containing Alexa-Fluor-546-phalloidin. Semi-thin
cryosections of the aorta with the vasa vasorum, small
intestine, and cardiac muscle of the rat were prepared by
the same method as positive controls. Negative controls
were also performed. All samples were examined using a
laser-scanning confocal microscope (LSM710, Zeiss).

Immunogold labeling for electron microscopy

Ultrathin cryosections were collected on grids and
pretreated with 3% BSA. Samples were incubated for
1 h at room temperature with anti-P2Y1, anti-P2Y6, and

Fig. 1 Western blotting analysis of P2X and P2Y receptors in crude
extract from the rat spleen; a antibodies for P2X and P2Y receptors,
b preabsorption experiments P2X1 and P2X2 receptors were detected
as two bands, and P2X4 receptor was detected as a single band. P2Y1,

P2Y4, and P2Y12 receptors were detected as single bands, and P2Y2,
P2Y6, and P2Y13 receptors as two bands. In membranes treated with
a preabsorption experiment, no bands were found. Molecular weight
markers are given in kiloDaltons on the left

Fig. 2 ImmunoXuorescent 
localization of P2X1 and P2X2 
receptors in semi-thin sections 
of the red pulp of the spleen by 
double immunoXuorescent 
staining with phalloidin-conju-
gated Xuorescence; a, b P2X1 
receptor is localized in a megak-
aryocyte (arrow), but not detect-
ed in endothelial cells 
surrounding the sinus lumen (S). 
c, d P2X2 receptor is localized 
in smooth muscle cells in a 
splenic trabecula, but not detect-
ed in endothelial cells surround-
ing the sinus lumen (S). S sinus 
lumen Bars 5 �m
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anti-P2Y12 receptors, and anti-PLC-�3 and anti-PLC-�2
antibodies (dilution in Table 1) in PBS containing 1% BSA,
and were then incubated with 15-nm colloidal gold-conju-
gated secondary antibody. The specimens were then Wxed
in 2% glutaraldehyde in 0.1 M phosphate buVer and then
incubated in 0.5% uranyl acetate and 1.8% methylcellulose
in distilled water. Excess Xuid was removed and then the
grids were air dried.

Appropriate controls included omission of the Wrst or
second primary antibody. They were observed under a Hit-
achi 7000 electron microscope.

Western blots

Spleens were taken from three 8-week-old male Wistar rats
and homogenized in an extraction reagent (Sigma-Aldrich,
MO, USA). Protein concentration was measured by Bio-Rad
protein assay (Bio-Rad, CA, USA). The sample (20 �g/lane)
was loaded onto 10% SDS–polyacrylamide gels using a
Bio-Rad Mini-Pprotean 3 cell (Bio-Rad), and then trans-
ferred to polyvinyldiXuoride membranes (Millipore, MA,

USA). The membranes were blocked with 5% nonfat milk
powder and 0.05% Tween 20 in Tris-buVered saline (TBS)
and incubated overnight at 4°C with the primary antibody
(Table 1) in blocking solution. Preabsorption of the antibod-
ies was carried out according to the manufacturer’s instruc-
tions. The membranes were washed with TBS containing
0.05% Tween 20, incubated with goat anti-rabbit horserad-
ish peroxidase-conjugated goat anti-rabbit IgG (1:2,000;
Invitrogen, CA, USA) at room temperature for 60 min, and
washed with TBA-Tween 20. Western blotting luminal
reagent ECL and HyperWlm (Amersham, UK) were used to
visualize peroxidase activity. Control for nonspeciWc bind-
ing was determined by omission of the primary antibody.

Results

Western blots

Western blotting analysis was performed using crude splenic
tissue extracts. Strong signals for each P2X and P2Y receptor
were detected. Two bands for P2X1 and P2X2 receptors

Fig. 3 ImmunoXuorescent 
localization of P2Y1, P2Y6, and 
P2Y12 receptors (green) in 
semi-thin sections of the sinus 
endothelium in the red pulp by 
double immunoXuorescent 
staining with phalloidin-conju-
gated Xuorescence (red) Label-
ing for phalloidin shows the 
superWcial layer of sinus endo-
thelial cells and a characteristic 
structure, stress Wbers, in the 
basal parts of sinus endothelial 
cells; a, b P2Y1 receptor is pre-
cisely localized in the basal parts 
of sinus endothelial cells. P2Y1 
receptor is in the area adjacent to 
stress Wbers and in the regions 
between stress Wbers in the basal 
part of endothelial cells 
(arrowheads). c, d P2Y6 
receptor is localized in the 
superWcial layer of endothelial 
cells and predominantly in the 
area adjacent to stress Wbers in 
the basal parts of the endothelial 
cells (arrows). Labeling shows a 
spotted appearance in places 
(arrowhead). e, f P2Y12 
receptor overlies stress Wbers 
with a dotted appearance and is 
sporadically localized between 
stress Wbers (arrows) and 
scattered in the apical superWcial 
layer (arrowheads). S sinus 
lumen. Bars 5 �m
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were detected at about 48 and 115 kDa, and at about 55 and
64 kDa, respectively. P2X4 receptor was detected at about
65 kDa. P2Y1, P2Y4, and P2Y12 receptors were detected at
about 30, 98, and 85 kDa, respectively. Two bands for P2Y2,
and P2Y6, and P2Y13 receptors were detected at about 36
and 110, 24 and 94, and 30 and 32 kDa, respectively. When
the antibody was preincubated with its speciWc control pep-
tide antigen for 1 h, no bands were found (Fig. 1).

Immunohistochemistry for confocal laser-scanning 
microscopy

Labeling with anti-P2X1, P2X2, and P2X4 receptors was
not detected in sinus endothelial cells, although P2X1
receptor was localized in megakaryocytes and P2X2 and
P2X4 receptors were localized in smooth muscle cells in
splenic trabeculae in the red pulp of the spleen (Fig. 2).

Fig. 4 Triple immunoXuorescent staining for the combination of two
P2Y receptors and F-actin in semi-thin sections of the sinus
endothelium in the red pulp. a–d P2Y1 (blue), P2Y6 (green) receptors,
and F-actin (red). The splenic cord and two sectioned sinusoidal capil-
laries are observed. One capillary (S1) is transversely sectioned and the
other (S2) is longitudinally sectioned. P2Y1 (a arrowheads) and P2Y6
(b arrowheads) receptors are distinctively localized in sinus endothe-
lial cells. The P2Y1 receptor is localized in stress Wbers, but the P2Y6
receptor is localized in the regions between stress Wbers. The P2Y6
receptor is also localized in the superWcial layer of endothelial cells.
They are also distinctively localized in leucocytes (L), platelets (P),

and megakaryocytes (M) in sinus lumens and splenic cords. The P2Y1
receptor is localized in the cytoplasm of leucocytes and platelets, but
P2Y6 receptor is localized in the superWcial layer. In megakaryocytes,
they are distinctively scattered. e–h P2Y1 (blue), P2Y12 (green)
receptor, and F-actin (red) P2Y1 (e arrowheads) and P2Y12
(f arrowhead) receptors are speciWcally localized in the sinus endothe-
lial cells surrounding the sinus lumen (S). Their localization is subtly
diVerent in leucocytes (L) in the splenic cord. i–l P2Y12 (blue), P2Y6
(green) receptors, and F-actin (red). P2Y12 (e arrowheads) and P2Y6
(f arrowheads) receptors are individually localized in sinus endothelial
cells surrounding the sinus lumen. Bars 5 �m
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Labeling with anti-P2Y2, P2Y4, and P2Y13 receptors was
not detected in any cells in the red pulp.

Labeling for P2Y1, P2Y6, and P2Y12 receptors was
detected in sinus endothelial cells. These receptors were
prominently localized in the basal parts of sinus endothelial
cells. P2Y1 receptor was in the area adjacent to stress Wbers
and in the regions between stress Wbers in the basal part of
endothelial cells. P2Y6 receptor was not only localized in
the area adjacent to stress Wbers and in the regions between
stress Wbers, but also in the superWcial layer of endothelial
cells on all sides, and labeling showed a spotted appearance
in places. The P2Y12 receptor predominantly lays over
stress Wbers with a dotted appearance and was sporadically
localized between stress Wbers and scattered in the apical
superWcial layer (Fig. 3). Triple immunoXuorescent stain-

ing for a combination of two P2Y receptors and actin Wla-
ments showed that P2Y1, P2Y6, and P2Y12 receptors were
individually localized in sinus endothelial cells. These
receptors were also distinctively localized in leucocytes,
platelets, and megakaryocytes in sinus lumens and splenic
cords (Fig. 4).

Labeling for PLC-�3, PLC-�2, and IP3 receptors was
precisely localized in the basal parts of sinus endothelial
cells (Fig. 5). PLC-�3 was prominently localized in the
vicinity of stress Wbers. PLC-�2 was predominantly local-
ized over stress Wbers and also in the apical superWcial layer
of endothelial cells. IP3 receptor was markedly and widely
localized in the basal part of endothelial cells. Labeling for
PLC-�1, PLC-�2, PLC-�4, and PLC-�1 was not detected in
sinus endothelial cells.

Fig. 5 ImmunoXuorescent 
localization of PLC-�3, PLC-�2, 
and IP3 receptor (green) in semi-
thin sections of the sinus endo-
thelium in the red pulp by double 
immunoXuorescent staining 
with phalloidin-conjugated Xuo-
rescence (red). a, b PLC-�3 is 
distinctly localized in the vicin-
ity of stress Wbers. c, d PLC-�2 is 
clearly localized in the basal 
parts of the endothelial cells and 
also in the apical superWcial 
layer of endothelial cells. e, f IP3 
receptor is markedly and widely 
localized in the basal part of 
endothelial cells. S sinus lumen. 
Bars 5 �m
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Immunogold labeling for electron microscopy

The ultrastructural localization of P2Y1, P2Y6, and
P2Y12 receptors, PLC-�3, and PLC-�2 was examined by
immunogold electron microscopy of ultrathin cryosec-
tions of the red pulp of the spleen. Labeling for each
P2Y1, P2Y6, and P2Y12 receptor was predominantly
present in the basal parts of sinus endothelial cells; how-
ever, labeling was also present in the lateral junctional
membrane, basal plasma membrane, and caveolae and
endoplasmic reticulum in the basal part of sinus endo-
thelial cells. In addition, labeling for P2Y6 receptor was
localized in caveolae and endoplasmic reticulum in the
apical part of sinus endothelial cells and labeling for
P2Y12 receptor was collectively present in vesicles in
the apical part of sinus endothelial cells (Figs. 6, 7, 8).
Labeling for PLC-�3 and PLC-�2 was predominantly
present in the cytoplasm of the basal part of sinus endo-
thelial cells and also localized in the vicinity of the junc-
tional membrane and the basal plasma membrane of
endothelial cells and caveolae in the basal part of endo-
thelial cells (Fig. 9).

Discussion

In this study, we demonstrated using immunoXuorescence
microscopy and immunogold electron microscopy that
P2Y1, P2Y6, and P2Y12 receptors were predominantly
present in the basal parts of sinus endothelial cells and also
in the junctional membrane, basal plasma membrane, and
caveolae in the basal part of endothelial cells; however,
they were diVerently distributed in sinus endothelial cells
by immunoXuorescence microscopy. The distinctive locali-
zation of P2Y1, P2Y6, and P2Y12 receptors in splenic
sinus endothelial cells imply their particular functions. In
addition, the proteins of PLC-�3 and PLC-�2 related with
these receptors were shown to be prominent in the basal
part of endothelial cells and in the vicinity of the junctional
membrane and the basal plasma membrane of endothelial
cells and caveolae in the basal part of endothelial cells. It is
well established that P2 receptors on endothelial cells
receive ATP and UTP released from themselves and
[Ca2+](i) is increased, leading to the release of nitric oxide,
reorganization of the cytoskeleton, disassembly of vascular
endothelial cadherin, and so on. P2Y1 and P2Y12 receptors

Fig. 6 Immunogold electron 
microscopy of vertical sections 
of sinus endothelial cells labeled 
with ant-P2Y1 receptor. a In the 
basal part of three adjacent sinus 
endothelial cells, labeling with 
anti-P2Y1 receptor is predomi-
nantly present in the basal parts 
of sinus endothelial cells (aster-
isk). Labeling is also present in 
the lateral junctional membrane 
(arrows) and the basal plasma 
membrane (arrowheads). 
b Higher magniWcation of the 
junction of two adjacent cells. 
Labeling is present in the junc-
tional membrane (arrow). 
c Higher magniWcation of the 
basal part of endothelial cells. 
Labeling is present in the basal 
plasma membrane (arrowhead) 
and caveolae (double arrow-
heads). RF ring Wber, WP Wei-
bel–Palade body. Bars 100 nm
123
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mainly respond to ADP and ATP, but do not respond to
UDP and UTP. P2Y6 receptor reacts with UDP and UTP.
P2Y1 and P2Y6 receptors are associated with the
[Ca2+](i) signaling pathway, whereas P2Y12 receptor is
associated with cAMP signaling, related to increase in
microvascular permeability (Ralevic and Burnstock 1998).
In view of the key role of sinus endothelial cells in the
Wltering out of damaged or senescent cells from the blood
in splenic cords, a role for P2Y1, P2Y6, and P2Y12 recep-
tors in this process is suggested and will need to be evalu-
ated.

The antibodies for P2X and P2Y receptors used in this
study were conWrmed by Western blotting performed with
antibodies raised against these receptor subtypes in crude
splenic extraction. Pre-incubation of the examined antibod-
ies with the corresponding immunogenic peptides pre-
vented immunoreactive bands, indicating that the bands

were speciWc to the receptors. In previous studies, P2X1,
P2X2, P2X3, P2X4, P2X5, P2X6, and P2X7 receptors in
the rat thymus and thyroid were indicated by two bands of
70 and 140 kDa, estimated to form dimers (Glass et al.
2000; Glass and Burnstock 2001). P2Y1 and P2Y2 recep-
tors in the hamster proximal urethra were detected at about
two bands of 40 and 45 kDa, and three bands of 30, 50, and
120 kDa, respectively (Pinna et al. 2005). P2Y6 receptor
was detected at 36, 40, and 55 kDa in the mouse colon
(Grbic et al. 2008) and at 50 kDa in human endothelial cells
(Riegel et al. 2011). P2Y12 receptor showed a band of 42–
44 kDa in the tissues of the rat brain (Amadio et al. 2006);
however, the molecular weights of the detected bands of
the examined receptors in this study were diVerent from
those in previous studies. The examined receptors in the
extraction might form polymers or be fragmented. Further-
more, they might show considerable variation in the size of

Fig. 7 Immunogold electron 
microscopy of vertical sections 
of sinus endothelial cells labeled 
with ant-P2Y6 receptor. a In 
three adjacent sinus endothelial 
cells, labeling with anti-P2Y6 
receptor is prominently present 
in the basal parts of sinus endo-
thelial cells (asterisk). Labeling 
is also present in the basal plas-
ma membrane (arrowhead). 
b Higher magniWcation of the 
junctions of four adjacent cells. 
Labeling is present in the junc-
tional membranes (arrows). 
c The apical part of an endothe-
lial cell. Labeling is present in 
the caveolae (double arrow-
heads) and endoplasmic reticu-
lum (arrows) beneath the apical 
plasma membrane. d The basal 
part of an endothelial cell. 
Labeling is present in single 
(arrowhead) and clustered 
caveolae (double arrowheads). 
E1 erythrocyte in the sinus 
lumen, E2 erythrocyte in the 
splenic cord, MT mitochondria, 
RF ring Wber, WP Weibel–
Palade body. Bars 100 nm
123
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the detected proteins, which are assumed to be brought out
by alternative splicing and the presence of alternative
spliced isoforms together with post-translational modiWca-
tions such as glycosylation (Glass et al. 2000).

Although P2Y1, P2Y6, and P2Y12 receptors were prom-
inently localized in the basal part of the endothelial cells in
immunoXuorescent microscopy, immunogold electron
microscopy revealed that they were localized in the junc-
tional membrane and the basal plasma membrane of endo-
thelial cells and caveolae in the basal part of endothelial
cells. In the mouse mammary gland, release of ATP, UTP,
and UDP from secretory epithelial cells with the expression
of P2Y receptors was induced by contraction of myoepithe-
lial cells stimulated by oxytocin, working as a paracrine to
enhance or regulate the contraction of myoepithelial cells
by oxytocin. Furthermore, the release of nucleotides
induced the increase of [Ca2+](i) in surrounding secretory
cells (Enomoto et al. 1992, 1994; Nakano et al. 1997).
Sinus endothelial cells are stimulated by nucleotides by
P2Y1, P2Y6, and P2Y12 receptors in the junctional and
plasma membrane and caveolae, and consequently these
receptors in the cytoplasm of the basal part of endothelial
cells are considered to be transported to the junctional and
plasma membrane to enhance the information. In addition,
the release of nucleotides from sinus endothelial cells

receiving environmental stimuli might induce an increase
of [Ca2+](i) in surrounding sinus endothelial cells.

In bovine aortic endothelial cells, ATP-induced
[Ca2+](i) increase is initiated on the rim of centralized
caveolin and propagates throughout the entire cell as a
Ca2+ wave (Isshiki et al. 2002). ATP-induced
[Ca2+](i) increase in sinus endothelial cells is likely to be
initiated at the caveolae, the P2Y1 receptor of which is
localized in the basal part of sinus endothelial cells.
Although numerous caveolae are distributed throughout
splenic sinus endothelial cells (Uehara and Miyoshi
1999c), P2Y1 receptor is localized in caveolae in the
basal part of endothelial cells. Sinus endothelial cells are a
crucial site for controlling blood cell passage through the
splenic cord beneath endothelial cells. P2Y1 receptor
might play an important role in controlling blood cell pas-
sage through phenomena including cytoskeletal reorgani-
zation and disassembly of vascular endothelial cadherin,
and so on. In addition, P2Y12 and P2Y1 receptors are
localized in the basal plasma membrane and caveolae.
The P2Y12 receptor is also activated by ATP and reduces
the formation of cAMP. cAMP regulates a wide range of
cellular processes, including diVerentiation, secretion,
gene transcription, regulation of cell shape, cytoskeleton
remodeling, adhesion, migration, and microvascular

Fig. 8 Immunogold electron 
microscopy of vertical sections 
of sinus endothelial cells labeled 
with anti-P2Y12 receptor. a In 
adjacent endothelial cells, label-
ing is present in the junctional 
plasma membranes (arrows) and 
scattered in small groups in the 
cytoplasm of endothelial cells 
(arrowheads). b Higher 
magniWcation of the junction of 
two adjacent cells. Labeling is 
present in the junctional 
membrane (arrows). c The 
apical part of an endothelial cell. 
Labeling gathers in a spherical 
vesicle (arrow). d The basal part 
of an endothelial cell. Labeling 
is present in the caveolae 
(arrowheads) and the basal 
plasma membrane. 
E erythrocyte in the sinus lumen, 
MT mitochondria, RF ring Wber, 
WP Weibel–Palade body. Bars 
100 nm
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permeability. There is a possibility that the P2Y12 receptor
is involved in controlling blood cell passage between
endothelial cells by cAMP, regulating in part the dynamic
opening and closing of cell–cell adherens junctions
(Dejana et al. 2008).

The P2Y6 receptor was localized in the vicinity of stress
Wbers and in the superWcial layer of endothelial cells on all
sides. The P2Y6 receptor contributes to endothelium-
dependent relaxation of the aorta by UDP (Bar et al. 2008).
The sinus endothelium lacks smooth muscles, but includes
well-developed stress Wbers in the basal part of endothelial
cells, considered to be contractile (Katoh et al. 2011); there-
fore, the P2Y6 receptor may be involved in the relaxation
of stress Wbers. Furthermore, intestinal inXammation
increases the expression of P2Y6 receptor on epithelial
cells and the release of chemokine CXCL8 from them by
UDP (Grbic et al. 2008). CXCL8, one of the major media-
tors for leucocytes to transmigrate through endothelial
cells, is also synthesized by endothelial cells and stored in
Weibel–Palade bodies (Hol et al. 2009). Weibel–Palade
bodies are abundant in sinus endothelial cells. The P2Y6
receptor in sinus endothelial cells is considered to partici-
pate in the immune system and/or might be correlated with

leucocyte migration through sinus endothelial cells without
inXammation.

Activated PLC-� by a G-protein produces IP3 to mobi-
lize [Ca2+](i) via IP3 receptor from intracellular calcium
storage sites. In our previous studies (Uehara et al. 2004;
Uehara 2005), Ca2+-storing tubulovesicular structures
within sinus endothelial cells were established using tissue
sections treated with osmium ferricyanide, and IP3 type 1
receptors and calreticulin, a Ca2+-binding protein, have
been shown to be localized in the endoplasmic reticulum in
the junctional membrane and caveolae on immunogold
analysis by electron microscopy. It is likely that P2Y1and
P2Y6 receptors activate G-protein and PLC-�3 and pro-
duce IP3 to mobilize [Ca2+](i) via IP3 receptor from intra-
cellular calcium storage sites.

PLC-� activation is involved in its association with and
phosphorylation by receptor and non-receptor tyrosine
kinases, as well as its interaction with specialized adaptor
molecules and other second messenger molecules. PLC-� is
implicated in remodeling actin-based cytoskeletons, such as
focal adhesions, stress Wbers, Wlopodia, and lamellipodia to
change their shape and adherence, and purposeful move-
ment by environmental stimuli (Rebecchi and Pentyala

Fig. 9 Immunogold electron microscopy of a vertical section of sinus
endothelial cells labeled with anti-PLC-�3 and anti-PLC-�2. a In adja-
cent sinus endothelial cells, labeling with anti-PLC-�3 is present in the
cytoplasm of sinus endothelial cells. Labeling is also present in the
immediate vicinity of the lateral junctional membrane (arrow), the bas-
al plasma membrane (arrowheads), and caveolae (arrowheads). b In
adjacent sinus endothelial cells, labeling with anti-PLC-�2 is present in

the basal parts of sinus endothelial cells. Labeling is in close proximity
to the plasma membranes of sinus endothelial cells, to which the
extended projections of erythrocytes in the splenic cord attach
(arrowheads). E erythrocyte in the sinus lumen, E� erythrocytes
protruding their process into the junctions of sinus endothelial cells,
MT mitochondria, P platelet in the sinus lumen, RF ring Wber,
WP Weibel–Palade body. Bars 100 nm
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2000). Furthermore, PLC-� is integrated into response path-
ways involving PLC-�, where it operates to prolong the
calcium response. In the present study, both PLC-�2 and
PLC-� were localized in the basal parts of endothelial cells
and in close proximity to the plasma membrane. PLC-�
might operate to prolong the calcium response in sinus
endothelial cells.
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