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BACKGROUND AND PURPOSE

PGE; is a major prostanoid that regulates inflammation by stimulating EP_4 receptors. However, how PGE; induces an initial
inflammatory response to vascular hyper-permeability remains unknown. Here we investigated the role of the PGE,-EP
receptor signal in modulating vascular permeability both in vivo and in vitro.

EXPERIMENTAL APPROACH
We used a modified Miles assay and intravital microscopy to examine vascular permeability in vivo. Endothelial barrier
property was assessed by measuring transendothelial electrical resistance (TER) in vitro.

KEY RESULTS

Local administration of PGE;, an EP, or EP, receptor agonist into FVB/NJcl mouse ear skin caused vascular leakage, indicated
by dye extravasation. Intravital microscopy and laser Doppler blood-flow imaging revealed that these treatments dilated
peripheral vessels and increased local blood flow. Pretreatment with the vasoconstrictor phenylephrine inhibited the
PGE-induced blood flow increase and vascular leakage. In contrast to the EP, and EP, receptor agonists, administration of an
EP; receptor agonist suppressed vascular leakage without altering vascular diameter or blood flow. In isolated HUVECs, the EP3
receptor agonist elevated TER and blocked thrombin-induced dextran passage. Inhibiting PKA restored the hypo-permeability
induced by the EP; receptor agonist.

CONCLUSIONS AND IMPLICATIONS

Activation of the PGE,-EP, or -EP4 receptor signal induces vasodilatation in mural cells, resulting in increased local blood flow
and hyper-permeability. In contrast, activation of the PGE,-EP; receptor signal induces a cAMP-dependent enhancement of the
endothelial barrier, leading to hypo-permeability. We provide the first evidence that endothelial cells and mural cells cooperate
to modulate vascular permeability.

Abbreviations
HMVEC-d, human dermal microvascular endothelial cells; S1P, sphingosine-1-phosphate; TER, transendothelial
electrical resistance; VE, vascular endothelial
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Table of Links

TARGETS LIGANDS

EP, receptor
EP; receptor
EP3 receptor
EP,4 receptor

PGE;
ONO-AE-248
L798106
PF04418948
AH23848
Thrombin
VEGF
Phenylephrine
Isoprenaline

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Blood vessels run all over the human body and maintain the
homeostasis of all tissues by supplying nutrients and oxygen
(Mehta and Malik, 2006). The vasculature is composed of
mainly two types of cells: vascular endothelial cells and vas-
cular mural cells. Endothelial cells cover the inner surface of
the vasculature, and mural cells such as vascular smooth
muscle cells and pericytes cover the outside of the endothelial
monolayer. The composition of mural cells varies depending
on the type of blood vessel. Some blood vessels, including the
aorta, large veins, arteries, veins and arterioles, are covered by
at least one layer of vascular smooth muscle cells. Peripheral
vessels such as venules are covered by pericytes. Capillaries do
not have any mural cells, being composed solely of endothe-
lial cells (Armulik et al., 2011).

Vascular mural cells contract or relax to regulate local BP
and blood flow. Endothelial cells are well known for secreting
bioactive agents such as NO and endothelin-1 that modulate
contraction of mural cells and leukocyte adhesion (Hirase
and Node, 2011). Thus, these two types of cells work together
to effect a variety of vascular functions.

Modulation of permeability is also an important function
of the vasculature. Injurious stimuli such as physical damage
and infection stimulate tissue-resident cells to secrete inflam-
matory cytokines. Secreted cytokines make the vasculature
hyper-permeable and then leukocyte and plasma compo-
nents leak into the interstitium. These responses are essential
for removing these injurious stimuli and to initiate the
healing process (Ley et al., 2007). However, excessive and/or
persistent vascular hyper-permeability causes tissue oedema
and leads to further disease progression. As persistent vascular
hyper-permeability is a predominant symptom of acute lung
injury (Ware and Matthay, 2000) and peritonitis (Zhou et al.,
2012), investigators have been exploring new agents for
restricting vascular permeability for therapeutic applications.
Recent studies have suggested that blood vessels are continu-
ously and excessively hyper-permeable in solid tumours
(Weis, 2008) and rheumatoid arthritis (Szekanecz and Koch,
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2008), and that vascular hyper-permeability is an exacerbat-
ing factor of these diseases. Thus, vascular permeability has
emerged as a therapeutic target for various types of diseases
involving chronic inflammation as well as acute inflamma-
tion.

There seem to be two major factors that determine tissue
vascular permeability: the endothelial barrier and blood flow.
The endothelial barrier is formed by cell-to-cell adherens
junctions consisting of VE-cadherin, catenins and the
cytoskeleton (Dejana et al., 2008). Thrombin is known to
disrupt adherens junctions and decreases endothelial barrier
function via activation of calcium/RhoA-signal (Wang et al.,
2010). VEGF promotes endothelial cell permeability by pro-
ducing NO (Thibeault et al., 2010). In contrast to these barrier
disrupting factors, Lee ef al. discovered that sphingosine-1-
phosphate (S1P) enhanced the endothelial barrier (Lee et al.,
1999). A subsequent study revealed that S1P-induced barrier
enhancement was due to Gi/PI3K/Akt-signal activation
(Morales-Ruiz et al., 2001). We have also previously reported
that PGD, tightens adherens junctions and enhances
the endothelial barrier property through a cAMP/PKA-
dependent signal pathway (Murata et al., 2008; Kobayashi
etal., 2013).

Mural cells are also implicated in the modulation of vas-
cular permeability. Previous studies have inferred that vascu-
lar contraction diminishes downstream blood flow and then
limits vascular leakage. For example, clinical research has
shown that administering phenylephrine, a vasoconstrictor,
ameliorated rhinorrhoea in cases of human allergic rhinitis
(Nathan, 2008). In contrast, administration of bradykinin, a
vasodilator evoked dye extravasation by increasing local
blood flow in hamster cheek pouch vessels (Feletou et al.,
1996; Curry and Adamson, 2010). Although these results
implicate the role of mural cells on vascular permeability,
there are few studies that clearly show its functional
contribution.

PGE, is one major prostanoid that is abundantly produced
upon inflammation. The biological effects of PGE, are medi-
ated through four types of prostanoid receptor, EP_,. Secreted
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PGE, induces a variety of inflammatory responses such as
cytokine/chemokine production and leukocyte infiltration
through an EP receptor-mediated signal (Funk, 2001). Using
human pulmonary artery endothelial cells, Birukova et al.
showed that PGE,-EP,4 receptor signalling enhanced the
endothelial barrier by stimulating the cAMP/PKA signal
(Birukova et al., 2007). However, how PGE, induces an initial
inflammatory response to vascular hyper-permeability, espe-
cially in vivo, remains unknown. On the basis of these previ-
ous findings, in this study we attempted to elucidate how the
PGE,-EP receptor signal regulates vascular permeability in
vivo, focusing on the functional contribution of both vascular
mural cells and endothelial cells. We demonstrated that PGE,,
an EP, receptor agonist and an EP, receptor agonist induced
vasodilatation, resulting in increased local blood flow
and vascular hyper-permeability. In contrast, EP; agonism
enhanced endothelial barrier, resulting in hypo-permeability.

Methods

Modified miles assay

All animal experiments were approved by the institutional
animal care and use committees of the University of Tokyo
and are reported in accordance with the ARRIVE guidelines
for reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). General anaesthesia was induced
with 4% isoflurane via a nose cone and continued with 2%
isoflurane during procedures. Pedal withdrawal reflex test is
performed to assess the depth of anaesthesia. A total of 144
animals were used. Six to eight-week-old FVB/NJcl mice (18-
22 g), purchased from Clea Japan, Inc. (Tokyo, Japan), were
anaesthetized and their body temperatures were maintained
at 37°C. Each EP receptor agonist, PGE, or VEGF was injected
into the ears of the mice as previously described (Murata
et al., 2008; Kobayashi et al., 2013). Fifteen minutes later,
50 mg kg Evans Blue dye was injected into the tail vein.
Mice were killed by cervical dislocation 30 min after the
Evans blue injection. The ears were excised and dried in a
constant-temperature oven. Evans Blue that had extravasated
in the ear was extracted in formamide, and the content was
quantified spectrophotometrically at 610 nm.

Tissue or cell staining

For ear staining, mice were killed by cervical dislocation and
immediately perfusion-fixed with 4% paraformaldehyde.
Mouse ears were then dissected and skinned. Samples were
permeabilized with 0.15% Triton X-100, and incubated with
blocking buffer containing 5% BSA for 30 min. For cell stain-
ing, HUVECs were seeded onto coverslips. Cells were fixed,
permeabilized and incubated with blocking buffer as men-
tioned earlier. Samples were then incubated for 3 h at room
temperature or overnight at 4°C with the following primary
antibodies: rabbit anti-desmin (1:200, Abcam, Cambridge,
UK), rat anti-mouse CD31 (1:200, Biocare Medical, Inc.,
Concord, CA, USA), or goat anti-VE-cadherin (1:100, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA). After being
washed twice, samples were incubated with Alexa Fluor 594
anti-rabbit antibody (1:500), Alexa Fluor 488 anti-rat anti-
body (1:500), anti-actin, a-smooth muscle-Cy3 clone 1A4
(1:500, Sigma-Aldrich, St. Louis, MO, USA), Alexa Fluor 488

Role of PGE; in vascular permeability

anti-goat antibody (1:200), or thodamine-phalloidin (3:100,
Life Technologies, Rockville, MD, USA)) for 2 h at room tem-
perature. Thereafter, nuclei were labelled with DAPI
(1 ug mL™") for 30 min. The images were captured with an
Eclipse E800 fluorescence microscope (Nikon, Tokyo, Japan).

Intravital microscopy of microvessels

EP receptor agonists or PGE, were injected i.d. into the ear
of anaesthetized FVB/N]Jcl mice. Five minutes later, 70 kDa
FITC-dextran (2 mgmL™, 100 pL, Sigma-Aldrich) was
injected i.v. Mice were then positioned on the stage of a
confocal microscope (ECLIPSE Ti with C1 confocal system,
Nikon) and their body temperatures were maintained at
37°C. Pictures were taken every minute. For vascular diameter
measurement, both proximal vessels (second branching point
of vessels, Figure 2A) and distal vessels (fourth branching
point of vessels, Figure 2A) were monitored. The change in
vascular diameter was measured 10 min after stimulation and
presented as the average percentage change of three ran-
domly selected areas.

Blood flow measurement

After the mice had been anaesthetized, either vehicle, an EP
receptor agonist or PGE, was administered i.d. Changes in
mouse ear blood flow were monitored for 1 h with an Omega-
zone laser Doppler blood-flow imaging system (Omegawave,
Inc., Tokyo, Japan). Increases in blood flow were quantified
10 min after stimulation and expressed as the difference in
intensity between the right and left ear.

Measurement of cAMP content

After the mice had been killed by an overdose (i.p. injection)
of sodium pentobarbital, the aortas were isolated and the
endothelial layer was removed by gently rubbing the intimal
surface with forceps. In the preliminary experiments, we con-
firmed that this procedure removed endothelial cells by
observing the disappearance of endothelial cell-dependent
relaxation in a myograph system, as previously described
(Kobayashi et al., 2011). The aortic sections were pretreated
with IBMX (200 uM, 15 min). After treatment with PGE, or
each EP receptor agonist, the aortic sections were immedi-
ately frozen in liquid nitrogen, homogenized in 6% trichlo-
roacetic acid solution, and centrifuged at 2000x g for 15 min
at 4°C. The cAMP content of the supernatants was analysed
with a cAMP complete EIA kit (Enzo Life Sciences, Inc., Farm-
ingdale, NY, USA), according to the manufacturer’s instruc-
tions. The results were normalized to the total protein
content. To measure endothelial intracellular cAMP concen-
tration in vitro, HUVECs were pretreated with IBMX for 3 min
before stimulation. Intracellular cAMP level was measured as
shown earlier.

Cell culture procedure and gene depletion

HUVECs were cultured in an endothelial growth medium-2
Bulletkit medium (Lonza, Visp, Switzerland) containing FBS
at 37°C in a humidified atmosphere including 5% CO,. The
confluent cells (passages 3-9) were used 4 h after being
deprived of serum, in endothelial basal medium-2 supple-
mented with 2% FBS. To deplete the endogenously expressed
EP; receptors, HUVECs were transfected with 30 nM
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siGENOME SMARTpool siRNA (Thermo Scientific, Tokyo,
Japan) targeting the human gene PTGER3, with Lipo-
fectamine RNAIMAX (2% v v!). The cells were used 48 h after
the transfection.

Transendothelial electrical resistance (TER)
measurement

TER was measured using an xCELLigence Real-Time Cell Ana-
lyzer DP system (Roche, Basel, Switzerland). This system
monitors changes in TER over time across an interdigitated
micro-electrode integrated onto the bottom of tissue culture
E-plates. Each well was seeded with 8000 cells and incubated
for 24 h before being deprived of serum. HUVECs were stimu-
lated with each reagent while TER was measured every 30 s.
The TER was normalized to the value at 1 h before stimula-
tion with each EP receptor agonist or PGE..

Transwell permeability assay

HUVECs (75 000 cells per well) were seeded onto gelatin-
coated 1.0 pm pore size transwell inserts and grown to con-
fluence. After being deprived of nutrients, cells were
stimulated with an EP; receptor agonist (ONO-AE-248),
thrombin, or an EP; antagonist (L798106). FITC-dextran
(20 ug mL™") was added to the transwell inserts. Forty minutes
after FITC-dextran addition, media were collected from the
bottom chambers and the fluorescence intensity was meas-
ured. The intensities measured 10 min after FITC-dextran
addition in untreated HUVECs, and 40 min after FITC-
dextran addition in thrombin-treated HUVECs, were taken as
0 and 100% respectively.

Statistical analysis

Data are shown as means + SEM. Statistical evaluation of the
data was performed by one-way or two-way axova followed
by Tukey’s test. Student’s t-test was used when samples were
composed of two groups. A value of P < 0.05 was taken to be
significant.

Chemicals

The chemicals used were as follows: PGE, (Cayman Chemical
Company, Ann Arbor, M1, USA); IBMX, (R)-(-)-phenylephrine
hydrochloride, L798106; PKAi, thrombin and AH23848
(Millipore, Billerica, MA, USA); PF 04418948 (Tocris
Bioscience, Ellisville, MO, USA); VEGF-A;ss (Wako, Tokyo,
Japan); ONO-DI-004, ONO-AE1-259-01, ONO-AE-248; and
ONO-AE1-329 were kindly donated by the Ono Pharmaceu-
tical Company (Osaka, Japan).

Results

Effect of PGE, signal on vascular permeability
in vivo

mRNA expressions of all EP receptors were detected in mouse
ear tissue (Supporting Information Figure S1). We first inves-
tigated the effect of PGE,-EP receptor signal on vascular per-
meability in vivo by quantifying dye extravasation of mouse
ear skin. Local administration of 20 ng PGE, (i.d., 15 min
before Evans Blue injection) did not influence vascular perme-
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ability (Figure 1B). Treatment with 200 ng PGE, extravasated
the dye into the interstitium, and its leakage was observed in
almost all parts of the ear (Figure 1A and B). An EP, receptor
agonist (ONO-AE1-259-01, 200 ng, 15 min) and an EP, recep-
tor agonist (ONO-AE1-329, 200 ng, 15 min) increased vascular
leakage soon after administration (Figure 1A and B). The
amounts of extravasated dye were less than that of PGE,, and
there was no significant difference between EP, and EP,
receptor-mediated dye extravasation. In contrast, neither
administration of an EP; receptor agonist (ONO-DI-004,
200 ng, 15 min) nor an EP; receptor agonist (ONO-AE-248,
200 ng, 15 min) induced vascular leakage (Figure 1A and B).

VEGF is known to directly stimulate endothelial cells and
disrupt the barrier (Bates, 2010). As shown in Figure 1C and
D, administration of VEGF (30 ng, 15 min, i.d.) extravasated
blue dye in all parts of the mouse ears. Concurrent adminis-
tration of PGE,, an EP, receptor agonist or an EP, receptor
agonist further increased the VEGF-induced dye extravasa-
tion; however, administering an EP; receptor agonist did not
(Figure 1C and D). In particular, PGE, and the EP, receptor
agonist strongly accelerated it. In sharp contrast to the other
EP receptor agonists, concurrent administration of an EP;
receptor agonist significantly suppressed VEGF-induced vas-
cular leakage (Figure 1C and D). Consistently, the EP, recep-
tor antagonist, PF 04418948, significantly inhibited and the
EP, receptor antagonist, AH23848, almost abolished the
PGE,-induced vascular leakage (Figure 1E and F, both 200 ng,
i.d., 30 min before PGE, administration). The EP; receptor
antagonist, L798106 (200 ng, i.d., 30 min) further increased
the dye extravasation (Figure 1E and F). These results indicate
that PGE;-EP,4 receptor signalling mediates vascular hyper-
permeability while the PGE,-EP; receptor axis mediates hypo-
permeability in vivo.

Effect of PGE; signal on local blood flow

Immunofluorescent staining revealed that in a relatively
proximal vessel (shown in Figure 2A), platelet endothelial
cell adhesion molecule (PECAM)-1-positive endothelium
is mainly surrounded by o-smooth muscle actin-positive
smooth muscle layers (Figure 2B). These vessels were also
covered by pericytes labelled by anti-desmin antibody (Sup-
porting Information Figure S2). In relatively distal vessels,
endothelium was covered by pericytes (Figure 2B), but not by
smooth muscle cells (Supporting Information Figure S2).

There are two main factors that can affect vascular per-
meability in vivo: local blood flow and endothelial barrier
function. We examined whether the PGE,-EP receptor signal
affects blood flow by using laser Doppler blood-flow imaging.
I.d. administration of PGE, immediately increased blood flow
in the ear (Figure 2C and D). This increase lasted for about
1 h. Administration of an EP, receptor agonist or an EP,
receptor agonist, but not an EP; receptor agonist, increased
the blood flow (Figure 2C and D). Similar to the results of the
dye extravasation (Figure 1), increases in blood flow induced
by EP,4 receptor agonist were greater than those induced by
the other EP receptor agonists.

Close examination of the PGE,-induced

vascular hyper-permeability
The time-dependent changes in vascular permeability and its
morphology were examined by intravital microscopy.
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Figure 1

Effect of PGE; or EP receptor agonists on vascular permeability in vivo.
(A) Representative pictures of Evans Blue extravasation. Treatment
with vehicle (left ear), PGE; (right ear), EP; receptor agonist (ONO-
DI-004), EP, receptor agonist (ONO-AE1-259-01), EPs; receptor
agonist (ONO-AE-248) or EP, receptor agonist (ONO-AE1-329). (B)
Effect of PGE, and EP receptor agonists on Evans Blue dye extravasa-
tion (n = 6). (C) Representative pictures of VEGF-induced Evans Blue
extravasation. Treatment with VEGF (upper panel, left ear), VEGF and
PGE; (upper panel, right ear), or VEGF and each EP receptor agonist
(middle and lower panels). (D) Effect of PGE, and EP receptor agonists
on VEGF-induced Evans Blue dye extravasation (n= 6). (E) Representa-
tive pictures of PGE,-induced Evans Blue extravasation. Treatment
with PGE; (left ear), PGE; and EP, receptor antagonist (PF 04418948,
right ear), PGE, and EP; receptor antagonist (L798106, right ear), or
PGE, and EP,4 receptor antagonist (AH23848, right ear). (F) Effect of
EP,.4 receptor antagonists on PGE,-induced Evans Blue extravasation
(4<n<12).*P<0.05, ** P<0.01significantly different from the results
in vehicle treatment. Data are presented as means = SEM.
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Consistent with the results shown in Figure 1, i.d. admin-
istration of PGE, into mouse ears strongly induced FITC-
dextran leakage (Supporting Information Figure S3A:
representative pictures, Supporting Information Figure S3B
and C: summary). Dextran leakage was first seen in distal
vessels after 10 min, and spread to proximal vessels within
30 min. Administration of an EP, or EP, receptor agonist, but
not an EP; receptor agonist, also caused vascular leakage
(Supporting Information Figure S3B and C).

As shown in Supporting Information Figure S4A-D, a
commonly used inflammatory stimulant, croton oil (5% in
acetone) induced FITC-dextran leakage from both distal
vessels and proximal vessels. Pretreatment with an EP; recep-
tor agonist (for 5 min) significantly suppressed the croton
oil-induced vascular leakage (Supporting Information
Figure S4A-D).

Effect of PGE, signal on mouse ear

vascular contractility

Local blood flow change is dependent to a large extent on
vessel contraction or dilation. I.d. injection of PGE, strongly
increased vascular diameter both in proximal (Figure 3A: rep-
resentative pictures; Figure 3B: summary) and distal vessels
(Figure 3C) in the mouse ear. This vasodilatation was
observed soon after the stimulation and lasted for at least
30 min. The extent of PGE,-induced vasodilatation in distal
veins was less than that of the other vessels. Treatment of
capillaries with PGE, did not change their diameters (data not
shown). Local blood flow may be affected by change in BP.
However, i.d. administration of PGE, did not affect systemic
BP (78.2 £ 4.9 mmHg) compared with vehicle-treated mice
(76.9 £ 3.0 mmHg) (n =3 each). Treatment with an EP, or EP,
receptor agonist, but not an EP; receptor agonist, increased
vascular diameter in both proximal and distal vessels
(Figure 3B and C). EP,4 receptor stimulation induced greater
vasodilatation than that of EP, receptor.

PGE,-EP, receptor and -EP, receptor signals are known to
induce cAMP-mediated vasodilatation in vascular smooth
muscle (Armstead, 1995). As shown in Figure 3D, PGE,, an
EP, or EP, receptor agonist (10 uM each, 15 min) increased
cAMP content in vascular smooth muscle in endothelium-
denuded mouse aortas.

The vasoconstrictor phenylephrine (1 ug, 30 min before
PGE,, i.d.) significantly suppressed the PGE,-induced all vas-
cular leak, blood flow increase, and vasodilatation in
proximal/distal vessels (Figure 4A-D). Treatment with the
vasodilator isoprenaline (1 pug, 15 min, i.d.) increased dye
extravasation, local blood flow and vascular diameter (Sup-
porting Information Figure SSA-C). These results suggest that
the PGE;-induced vasodilatation is linked to vascular leakage
in vivo.

Effect of PGE, signal on endothelial

barrier function

We measured TER to evaluate the barrier property of
HUVECGs. PGE; (1-100 nM) dose-dependently increased TER
to a peak at about 10 min after the stimulation, indicating
endothelial barrier enhancement (Figure 5A, the maximum
increase is summarized in Figure 5B). The PGE,-induced TER
response was not influenced by the other prostanoid receptor
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Figure 2

PGE,, EP, and EP,4 receptor agonists increase local blood flow in vivo. (A) lllustration of mouse left ear vessel. (B) Typical pictures of whole mount
immunostaining of PECAM (left panels, green), aSMA (upper middle panel, red), and desmin (lower middle panel, red). Right panels show
merged pictures of PECAM, aSMA or desmin, and DAPI (blue) staining. Scale bar, 100 um. (C) Typical pictures of changes in local blood flow.
Treatment with vehicle (upper panel, left ear), PGE, (upper panel, right ear), and EP,.4 receptor agonists (lower panels). (D) Effect of PGE, or EP,.4
receptor agonists on blood flow change (n=5). * P < 0.05, ** P < 0.01 significantly different from the results of the vehicle treatment. Data are

presented as means = SEM.

antagonists (Supporting Information Figure S6A). The EP,
receptor agonist (1-10 uM), EP; receptor agonist (1-10 pM)
and EP, receptor agonist (10-100 nM) also increased TER
(Figure 5B), and these responses were abolished by their own
receptor antagonists (Supporting Information Figure S6B and
Figure 6A and B). The treatments that caused an increase in
TER are, in descending order, PGE,, an EP, receptor agonist,
an EP; receptor agonist, and an EP, receptor agonist. An EP,
receptor agonist (1-10 uM) did not affect TER. These results
indicate that PGE, or EP,, receptor stimulation enhanced the
endothelial barrier property. Similar observations were
obtained in human dermal micro-vascular endothelial
cells (HMVECs-d, Supporting Information Figure S7). PGE,
(1-100 nM), EP; (10-100 nM) or EP; receptor agonist
(1-10 uM) increased TER in a concentration-dependent
manner. Of interest, the EP, receptor agonist (1-10 uM) did
not affect TER of HMVECs-d.

4884 British Journal of Pharmacology (2014) 171 4879-4889

In addition, pretreatment with EP, receptor antagonist
(100 nM, 1 h), EP; receptor antagonist (1 uM, 1h) or EP,
receptor antagonist (1 uM, 1 h) attenuated the PGE; (3 nM)-
induced TER increase to a similar extent in HUVECs
(Figure 5C). Pretreatment with all three antagonists (100 nM
EP, receptor antagonist and 1 uM EP;;, receptor antagonist,
1 h) almost completely inhibited the TER increase. These in
vitro observations suggest that PGE, enhanced the endothelial
barrier via EP receptor-mediated signalling. The vasoconstric-
tor phenylephrine suppressed the PGE,-induced vascular leak
in vivo (Figure 4A), but it did not influence the endothelial
barrier function in vitro (Supporting Information Figure S8).

Effect of EP; receptor agonism on endothelial

cytoskeletal rearrangement
We next focused on the EP; receptor-mediated endothelial
barrier enhancement. Gene depletion of EP; receptors by
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Figure 3

PGE,, EP, and EP, receptor agonist increase vascular diameter in vivo. (A) Representative pictures of PGE,-induced vascular diameter increase.
Vascular diameter was measured as indicated by the red double-headed arrows. A, indicates artery and V indicates vein. Scale bar, 50 um. (B) Effect
of PGE; and EP,.4 receptor agonists on vascular diameter of proximal vessels (n = 4). (C) Effect of PGE, and EP,.4 receptor agonists on vascular
diameter of distal vessels (n = 4). (D) Content of cCAMP in sections of endothelium-denuded mouse aorta. The sections were treated with PGE, or

EP,.4 receptor agonists (n = 4). *P < 0.05, **P < 0.01 significantly different from the results of the vehicle treatment. Data are presented as means
+ SEM.
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Figure 4

Phenylephrine suppresses PGE,-induced vasodilatation and hyper-permeability. (A) Representative pictures of Evans Blue dye extravasation.
Treatment with PGE, with (right ear) or without (left ear) phenylephrine (Phe) pretreatment. (B) Representative pictures of changes in local blood
flow. (C) Effect of Phe on PGE,-induced vasodilatation in proximal vessels (n = 4). (D) Effect of Phe on PGE,-induced vasodilatation in distal vessels
(n=4). *P<0.05, **P < 0.01 significantly different from the results of the vehicle treatment. P < 0.05, #*P < 0.01 significantly different from the
results of PGE, stimulation with vehicle pretreatment (C, D). Data are presented as means = SEM.

siRNA significantly inhibited TER increase induced by an EP;
receptor agonist (10 uM) or PGE, (100 nM) (Figure 6A). EP;
receptor knockdown did not affect the TER increase induced
by sphingosine-1-phosphate (S1P, 1 uM; Figure 6A).

In the transwell permeability assay, treatment with
thrombin (0.1 U mL™, 5 min) induced endothelial barrier dis-

ruption, leading to an increase in the passage of FITC-dextran
(Figure 6B). The EP; receptor agonist (10 uM, 15 min) signifi-
cantly suppressed the thrombin-induced FITC-dextran
passage (Figure 6B). This effect was almost completely inhib-
ited by pretreatment with an EP; receptor antagonist (10 uM,
1 h) (Figure 6B).
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Figure 5

Effect of PGE, and EP receptor agonists on endothelial barrier function in vitro. (A) Effect of PGE, on TER. (B) Maximum TER increase induced by
PGE; or EP receptor agonist (6 < n < 12). (C) Maximum TER increase induced by PGE, under EP blockade (n = 6). *P < 0.05, **P < 0.01 significantly
different from the results of the vehicle treatment. P < 0.05, #P < 0.01 significantly different from the results in PGE, treatment. Data are presented

as means = SEM.

Immunofluorescence showed that HUVECs have a con-
tinuous distribution of VE-cadherin and accumulate actin
bundles along cell borders when in the resting state
(Figure 6C, upper panels). After the treatment with thrombin
(0.1 UmL?, 10min), HUVECs showed discontinuous
VE-cadherin distribution at cell borders, and increased forma-
tion of stress fibres running across the cells (Figure 6C, middle
panels), which suggests the disruption of adherens junctions.
Pretreatment with an EP; receptor agonist (10 uM, 20 min)
decreased these changes and a cortical actin rim was found to
have accumulated (Figure 6C, lower panels).

Intracellular signal pathway of EP;
receptor-induced barrier enhancement

All EP receptors bind to GPCRs. While EP, and EP, receptors
have been identified as Gs-coupled receptors (Bos etal.,
2004), the EP; receptor is further subdivided into several
isoforms, that is Gs, Gi and Gq (Breyer et al., 2001; Hatae
etal., 2002). We attempted to characterize the EP; receptor-
mediated signalling involved in the endothelial barrier
enhancement. Previous studies showed that Gi/PI3K/Akt
signal or Gq/Ca?* signal modulates endothelial barrier func-
tion (Morales-Ruiz efal.,, 2001; Kobayashi etal., 2013).
However, as shown in Supporting Information Figure S9A
and B, neither Gi inhibition (Pertussis toxin, 100 ng mL™,
24 h) nor PI3K inhibition (LY294002, 25 uM, 30 min) influ-
ence the EP; receptor-mediated TER increase. Furthermore,
Ca* measurement showed that the EP; receptor agonist
(10 uM) did not alter the intracellular Ca®* level, whereas a
positive control ATP (10 uM) robustly increased its level (Sup-
porting Information Figure S9C). These results indicate that
EP; receptor agonism does not affect either Gi or Gq in
endothelial cells. Stimulation of Gs protein increases the
intracellular cAMP level and activates PKA. The EP; receptor
agonist (3-30 uM, 10 min) elevated intracellular cAMP levels
in HUVECs in a concentration-dependent manner
(Figure 6D). In addition, the increase in TER induced by
10 uM EP; receptor agonist was abolished by pretreatment
with a PKA inhibitor (30 uM, 1 h) (Figure 6E). As previously
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reported, the TER increase by EP, (10 uM) or EP, receptor
agonist (100 nM) was also abolished by PKA inhibition
(Figure 6D and E). These results suggest that all EP,, receptor
agonists enhanced the endothelial barrier via the Gs/cAMP/
PKA pathway.

Discussion

In this study, we evaluated how the PGE,-EP receptor signal
modulates vascular permeability focusing on the functional
changes in both vascular component cells: mural cells and
endothelial cells.

We showed that activation of the PGE,-EP,; receptor
signal dilates vasculature and increases blood flow. We and
other researchers suggested that this local blood flow increase
causes vascular hyper-permeability (Feletou etal., 1996;
Nathan, 2008; Curry and Adamson, 2010). Blood flow can
affect vascular permeability by exerting two types of haemo-
dynamic force: shear stress and hydrostatic pressure. The
pressure that blood flow consistently exerts on the lumen side
of the endothelium constitutes shear stress, which increases
vascular permeability. Orsenigo et al. showed that vascular
connection-induced shear stress caused the phosphorylation
of VE-cadherin in jugular vein endothelial cells (Orsenigo
et al., 2012), which indicates hyper-permeability (Potter et al.,
2005). Conversely, an increase in blood flow also elevates
intravascular pressure, constituting hydrostatic pressure.
Many researchers have suggested that this pressure is a sig-
nificant factor in the modulation of vascular permeability
(Curry, 2005; Levick and Michel, 2010). However, because of
a lack of experiments that directly evaluate this, especially in
vivo, there has been no direct evidence showing that hydro-
static pressure influences vascular permeability.

Endothelial barrier function is another important factor
in regulating vascular permeability. Our study as well as a
previous report (Birukova et al., 2007) showed that the PGE,-
EP,4 receptor signal enhances the endothelial barrier prop-
erty of isolated endothelial cells. These are contrary to the
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Figure 6

EP; receptor agonism enhances the endothelial barrier in vitro. (A)
HUVECs were transfected with either control or EP3 receptor siRNA.
The maximum increase in TER induced by EP; receptor agonist, PGE,,
or sphingosine-1-phosphate (S1P) was quantified (6 < n < 9). (B)
FITC-dextran permeability assay (5 < n < 6). (C) Typical pictures of
immunostaining of VE-cadherin (left panels, green) and F-actin
(middle panels, red) after thrombin stimulation with and without EP;
receptor agonist. Right panels show merged pictures of VE-cadherin,
F-actin, and DAPI (blue) staining. Scale bar is 10 um. (D) Measure-
ment of intracellular cAMP level in HUVECs after stimulation of EP;
receptors (n = 4). (E) Effects of PKAi on EP; receptor-induced
increases in TER (n = 6). **P < 0.01 significantly different from the
results of the vehicle treatment. P < 0.05, *P < 0.01 significantly
different from the results in HUVECs infected with control siRNA (A)
or after stimulation by EP; receptor agonist without any pretreatment
(B, D). Data are presented as means + SEM.

<
<

in vivo observations of hyper-permeability associated with
EP,/4 receptor-signal activation. In vivo, the balance between
local blood flow and the endothelial barrier function deter-
mine vascular permeability. In our mouse ear model, PGE,-
induced increases in blood flow may outweigh the
enhancement of the endothelial barrier, resulting in hyper-
permeability. PGE; has been reported to inhibit vascular per-
meability and suppress infiltration of proteins and cells into
the alveolar space in mouse lung tissue by ventilator-induced
lung injury (Birukova et al., 2007). In relatively endothelium-
rich or mural cell-poor tissues such as the lungs, the endothe-
lial barrier enhancement may overweigh the blood flow
increase because of PGE,-stimulation.

There is a temporal discrepancy between the PGE,-
induced vascular relaxation and vascular leakage. Mural cells
relaxed (Figure 3A-C) and blood flow increased (Figure 2C
and D) immediately after the PGE,-treatment, while vascular
leakage occurred 10-15 min after stimulation. This might be
due to enhancement of the endothelial barrier mediated by
the PGE,-EP, 4 receptor signals. The barrier enhancement may
temporarily prevent leakage caused by the increased blood
flow. PGE,-induced vasodilatation (Figure 3A-C) and blood
flow increase (Figure 2C and D) were seen in the all parts of
arteries and veins soon after stimulation. However, vascular
leakage was seen only in the bifurcation area of distal vessels.
Similar observations were reported in the histamine-,
serotonin- and mustard oil-induced acute inflammation
models (Majno and Palade, 1961; Thurston etal., 1999).
These phenomena may be due to the differences in vascular
structure. Arteries or comparatively large veins have a firm
and serried smooth muscle actin structure, and are resistant
to leakage. In contrast, venules are covered by relatively weak
and sparsely distributed pericytes. This structural weakness
may account for the leakage observed. In addition, a previous
report showed that blood-flow increase elicits high permeable
condition particularly in bifurcation area by inducing dis-
turbed flow at that site (Hahn and Schwartz, 2009). These
structural and regional differences may account for the
leakage observed in the bifurcation area of distal vessels.

EP; receptor stimulation enhanced the endothelial barrier
and suppressed vascular permeability without affecting the
contraction of mural cells or local blood flow. We previously
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reported that an EP; receptor agonist induced contraction in
large or splanchnic arteries, while it did not influence con-
traction in small arteries, for example the tail artery
(Kobayashi et al., 2011; Kida et al., 2014). Smooth muscle
cells in small vessels are unlikely to be responsive to EP;
receptor-mediated signalling.

To elucidate the mechanism of vascular permeability
regulation, recent studies have focused on endothelial barrier
function. We here revealed the functional importance of
mural cell function in vascular permeability. Furthermore,
many mediators, including PGE,, may also affect haemocytes
and not just vascular cells. Therefore, comprehensive studies
are needed to fully elucidate the regulation of vascular
permeability.

In summary, we revealed the functional contribution of
the PGE,-EP receptor signal in the modulation of vascular
permeability. PGE, affects both mural cells and endothelial
cells in regulating vascular permeability. The regulatory
mechanism of vascular permeability varies according to the
structure of each type of vessel. These results contribute to
the explanation of the complex functions of PGE, and may
inform new therapeutic strategies against inflammatory
diseases.
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Figure S1 All EP mRNA expression are observed in mouse
ear. Typical picture of EP receptor mRNA expression in mouse
ear and ileum. GAPDH is shown as a positive control.
Figure S2 Localization of mural cells in mouse ear. Typical pic-
tures of whole mount immunostaining of desmin (left panels,
green) and aSMA (middle panels, red). Right panels show
merged pictures of desmin, aSMA and DAPI (blue) staining.
Figure S3 Effect of PGE, and EP,4 agonists on FITC-dextran
leakage. (A) Typical pictures of FITC-dextran extravasation
induced by PGE,. Distal and proximal vessels of mouse ears were
observed. Scale bar, 100 pm. (B), (C) Effect of PGE, and EP,., ago-
nists on FITC-dextran leakage from proximal and distal vessels
(n = 5). **Significantly different from the results in vehicle
treatment at P < 0.01. Data are presented as means + SEM.
Figure $4 EP; agonist suppresses croton oil-induced FITC-
dextran leakage. (A, B) Typical pictures of FITC-dextran
extravasation induced by croton oil application with or
without EP; agonist pretreatment. Distal and proximal vessels
of mouse ears were observed. Scale bar, 100 um. (C), (D) Effect
of EP; agonmist pretreatment on croton oil-induced FITC-
dextran leakage from proximal and distal vessels (n = 5).
**Significantly different from the results of the vehicle treat-
ment at P < 0.01. Data are presented as means + SEM.
Figure S5 Isoprenaline increases dye extravasation, local
blood flow and vascular diameter. (A) Representative pictures
of Evans Blue extravasation. Treatment with vehicle (left ear)
or isoprenaline (Iso, right ear). (B) Typical pictures of changes
in local blood flow. Treatment with vehicle (left ear) or Iso
(right ear) (C) Effect of Iso on vascular diameter change (n =
4). **Significantly different from the results of the vehicle
treatment at P < 0.01. Data are presented as means + SEM.
Figure $6 Examining specificity of PGE,, EP, and EP,
agonist. (A) Effects of FP (AL8810) and DP; (BW A868C)
antagonist on PGE,-induced TER increase in HUVECs (n = 4).
(B) Effect of antagonists on respective EP agonists in HUVECs
(n =4). **Significantly different from the results of the vehicle
treatment at P < 0.01. #*Significantly different from the results
of EP, or EP, agonist treatment at P < 0.01. Data are presented
as means + SEM.

Figure S7 Effect of PGE, and EP agonists on endothelial
barrier in HMVECs-d. Maximum TER increase induced by
PGE, or EP agonist (6 < n < 8).

Figure S8 Effect of phenylephrine on endothelial barrier.
Maximum TER increase induced by phenylephrine (n = 4).
Data are presented as means + SEM.

Figure S$9 EP; agonism-induced endothelial barrier enhance-
ment is not mediated by either Gi or Gq. (A) Effect of Pertussis
toxin (PTx) on EPs-induced increases in TER (6 < n < 12). (B)
Effect of LY294002 on EPs;-induced increases in TER (6 < n <
12). (C) Effect of EP; agonism and ATP on intracellular Ca**
level. **Significantly different from the results of the vehicle
treatment at P < 0.01. #*Significantly different from the results
of the S1P stimulation without any pretreatment (A, B) at
P < 0.01. Data are presented as means = SEM.
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