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Cyclic AMP (cAMP) is a well-known intracellular signaling molecule improving barrier function in vascular
endothelial cells. Here, we delineate a novel cAMP-triggered signal that regulates the barrier function. We
found that cAMP-elevating reagents, prostacyclin and forskolin, decreased cell permeability and enhanced
vascular endothelial (VE) cadherin-dependent cell adhesion. Although the decreased permeability and the
increased VE-cadherin-mediated adhesion by prostacyclin and forskolin were insensitive to a specific inhibitor
for cAMP-dependent protein kinase, these effects were mimicked by 8-(4-chlorophenylthio)-2'-0-methylad-
enosine-3', §'-cyclic monophosphate, a specific activator for Epac, which is a novel cAMP-dependent guanine
nucleotide exchange factor for Rapl. Thus, we investigated the effect of Rapl on permeability and the
VE-cadherin-mediated cell adhesion by expressing either constitutive active Rapl or Rap1GAPII. Activation of
Rapl resulted in a decrease in permeability and enhancement of VE-cadherin-dependent cell adhesion,
whereas inactivation of Rapl had the counter effect. Furthermore, prostacyclin and forskolin induced cortical
actin rearrangement in a Rapl-dependent manner. In conclusion, cAMP-Epac-Rapl signaling promotes
decreased cell permeability by enhancing VE-cadherin-mediated adhesion lined by the rearranged cortical

actin,

Endothelial cells lining blood vessels regulate endothelial
barrier function, which restricts the passage of plasma proteins
and circulating cells across the endothelial cells. Endothelial
. barrier dysfunction results in an increase in vascular perme-
ability, thereby causing edema or inflammatory or metastatic
cell infiltration. Inflammatory mediators such as thrombin and
histamine induce intercellular gap formation, leading to an
increase in endothelial permeability (1, 4). In contrast, angio-
poietin 1 and sphingosine-1-phosphate (S1P) stabilize endo-
thelial barrier integrity (17, 18). In addition, cyclic AMP
(cAMP), a second messenger downstream of Gs-coupled re-
ceptor, improves endothelial cell barrier function (32, 39, 43).
Consistently, cAMP-elevating G protein-coupled receptor
(GPCR) agonists, adrenomedullin (AM), prostacyclin (PGI2),
prostaglandin E2 (PGE2), and B-adrenergic agonists reduce
endothelial hyperpermeability induced by inflammatory stim-
uli (15, 19, 25).

The endothelial cell barrier is structurally organized by ad-
herens junctions (AJ) and tight junctions. Vascular endothelial
(VE) cells express both VE-cadherin (also known as cad-
herin-5 and CD144) and neural (N)-cadherin (9, 33). VE-
cadherin constitutes AJ, whereas N-cadherin formed the cell-
cell contacts between endothelial cells and endothelial cell-
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supporting pericytes. VE-cadherin mediates calcium-dependent,
homophilic intercellular adhesion. Its short cytoplasmic tail
binds to three armadillo family proteins, p-, v-, and p120-
catenins. 8- and +y-catenins associated with a-catenin link the
VE-cadherin complex to the actin cytoskeleton and, therefore,
strengthen the AJ adhesiveness (9).

Endothelial AJ are dynamic structures, and their adhesive
property is finely regulated by several different mechanisms.
Tyrosine phosphorylation of VE-cadherin, B-catenin, and
p120-catenin correlates with weakened endothelial cell-cell ad-
hesion. VE growth factors and inflammatory mediators such as
histamine and thrombin induce tyrosine phosphorylation of AJ
components, resulting in the weakened cell-cell contacts and
increased endothelial cell permeability (1, 14, 40). In clear
contrast, angiopoietin 1, which stabilizes cell-cell contacts, in-
duces dephosphorylation of endothelial cell adhesion mole-
cules, VE-cadherin, and platelet endothelial cell adhesion mol-
ecule 1 (17). It has been also reported that SI1P induces AJ
formation and enhances barrier function through a Rac-de-
pendent cortical actin rearrangement (18). cAMP-dependent
protein kinase A (PKA) is suggested to be crucial for cAMP-
triggered stabilization of cell-cell contacts and for barrier in-
tegrity of endothelial cells (43). However, it has not been clear
whether PKA-independent signaling is involved in the regula-
tion of endothelial barrier function.

Rapl, belonging to Ras family GTPase, is involved in the
formation and stabilization of AJ in Drosophila melanogaster
(23). Rapl becomes the GTP-bound active form by guanine
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nucleotide exchange factor (GEF) and the GDP-bound inac-
tive form by GTPase-activating proteins (GAP), respectively.
GEFs for Rapl include C3G, CalDAG-GEFs, Epacs, and
DOCK4 (reviewed in reference 6). DOCK4, which is disrupted
in various types of human cancers, regulates the formation of
AlJ (41). Very recent reports also revealed that Rap1 activity is
required for the formation of E-cadherin-based cell-cell con-
tacts (20, 36). These findings prompted us to investigate how
Rapl is activated to stabilize cell-cell contacts and to examine
the physiological consequence of stabilized cell-cell contacts by
Rapl.

In the present study, we investigated the mechanism by
which cAMP-elevating GPCR agonists potentiate endothelial
barrier function and restrict cell permeability. We found that
increased cAMP triggers Epac-Rap1 signaling to reduce per-
meability independently of PKA by augmentation of VE-cad-
herin-mediated cell-cell adhesion.

MATERIALS AND METHODS

Reagents and antibodies. Human recombinant AM was kindly provided by
Shionogi & Co. Ltd (31). Materials were purchased as follows: isoproterenol
(Iso), PGE2, PGI2, thrombin, forskolin (FSK), and 3-isobutyl-1-methylxanthine
(IBMX) from Wako Pure Chemical Industries; dibutyryl-cAMP (dbcAMP) from
Sigma-Aldrich; H89 from Seikagaku Corporation; 8-(4-chlorophenylthio)-2'-O-
methyladenosine-3',5'-cyclic monophosphate (8-CPT-2'-O-Me-cAMP) from
Tocris; fluorescein isothiocyanate (FITC)-labeled dextran (molecular weight,
42,000) and purified human immunoglobulin G (IgG) Fc protein from ICN
Biologicals; vascular endothelial growth factor (VEGF) from R & D Systems.
Anti-Rapl1GAPII antibody was developed by immunization of glutathione S-
transferase (GST)-tagged Rap1GAPII (amino acids 411 to 694 of Rap1GAPII).
Other antibodies used here were purchased as follows: anti-VE-cadherin from
Chemicon International and Transduction Laboratories; anti-B-catenin from
Transduction Laboratories; anti-CREB and anti-phospho-CREB (Ser133) from
Cell Signaling Technology; anti-Rapl from Santa Cruz Biotechnology; anti-
cortactin from Ubpstate Biotechnology, Inc.; rhodamine-phalloidin and Alexa
488-labeled goat anti-mouse IgG from Molecular Probes; horseradish peroxi-
dase-coupled goat anti-mouse and goat anti-rabbit IgG from Amersham Bio-
sciences.

Cell culture and transfection. Human umbilical vein endothelial cells
(HUVECs) and human arterial endothelial cells (HAECs) were purchased from
Kurabo (Kurashiki, Japan). The cells were maintained in HuMedia-EG2 with a
growth additive set as described previously (12) and used for experiments before
passages 7 and 10, respectively. HEK293, 293T, and HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM,; Nissui, Tokyo, Japan) supple-
mented with 10% fetal bovine serum and antibiotics (100 pg of streptomycin/ml
and 100 U of penicillin/ml). HUVECs and 2937 cells were transfected by using
Lipofectamine Plus reagent (Invitrogen) and by the calcium-phosphate precipi-
tation technique, respectively.

Plasmids and adenovirus. pcDNA-VE-cad-Ect-Fc-His is a modified vector of
pcDNA3.1-Fc-PECAM-1 (a kind gift from W. A. Muller, Cornell University) for
producing the secreted form of the extracellular domain of VE-cadherin fused
with Fec followed by a six-His tag. A DNA fragment encoding human Epac
lacking the cAMP binding domain (amino acids 324 to 881) was amplified by
PCR with pMT2SM-HA-Epac (a kind gift from J. L. Bos, Utrecht University,
Utrecht, The Netherlands) as a template and ligated into the pCXN2 vector (12).
pCXN2-FLAG-Rap1V12-IRES-EGFP expressed both FLAG-tagged Rap1V12
and internal ribosomal entry site (IRES)-driven enhanced green fluorescent
protein (EGFP), and pCXN2-Rap1 GAPH-IRES-EGFP expressed both FLAG-
tagged Rap1GAPII and IRES-driven EGFP. pGL3 control vector was purchased
from Promega Corp. Recombinant adenoviruses encoding RaplGAPII (Ad-
RapGAP) and LacZ (Ad-LacZ) were obtained from S. Hattori (The Institute of
Medical Science, University of Tokyo) and M. Matsuda (Research Institute for
Microbial Disease, Osaka University, Osaka, Japan), respectively. Adenoviruses
expressing FLAG-tagged Rap1V12 and IRES-driven EGFP (Ad-Flag-Rap1V12-
IRES-EGFP) were produced by using the Adeno-X system according to the
manufacturer’s protocol (Clontech). Endothelial cells were infected with adeno-
viruses at the appropriate multiplicities of infection (MOL) as described in the
figure legends.
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Permeability assay. Permeability across the endothelial cell monolayer was
measured by using type I collagen-coated transwell units (6.5-mm diameter,
3.0-pm-pore-size polycarbonate filter; Corning Costar Corporation). HUVECs
plated at 10° cells in each well were cultured for 3 to 4 days before experiments.
After serum starvation in medium 199 containing 1% bovine serum albumin
(BSA) for 1 b, the cells were treated with the agonists or drugs, as indicated in
the figure legends, for 30 min. Permeability was measured by adding 1 mg of
FITC-labeled dextran (molecular weight, 42,000)/ml together with or without 2
U of thrombin/ml to the upper chamber. After incubation for 30 min, 50 ul of
sample from the lower compartment was diluted with 300 pi of phosphate-
buffered saline (PBS) and measured for fluorescence at 520 nm when excited at
492 nm with a spectrophotometer F-4500 (Hitachi). HUVECs infected with
adenovirus for 24 h after becoming confluent and kept for another 24 h in
replaced medium were subjected to a cell permeability assay.

Immunocytochemistry. Monolayer-cultured HUVECs grown on a 35-mm-
diameter glass base dish (Asahi Techno Glass) were starved in medium 199
containing 0.5% BSA for 3 h and subsequently incubated with the stimulants
indicated in the figure legends for 30 min. After stimulation, the cells were fixed
in PBS containing 2% formaldehyde for 30 min at 4°C, washed with PBS, and
permeabilized with 0.05% Triton X-100 for 30 min at 4°C. Cells were blocked
with PBS containing 4% BSA for 1 h at room temperature (RT) and stained with
rhodamine-phalloidin for 20 min, anti-VE-cadherin for 60 min, and anticortactin
for 60 min at RT. Protein reacting with antibody was visualized with Alexa
488-labeled goat anti-mouse 1gG. Images were recorded with a confocal micro-
scope (BX50WI, Fluoview; Olympus) with a water immersion objective lens
(LUMPlanF1 100X1.00W).

VIi-cadherin translecation assay and Western blot analysis, HUVECs plated
in six-well plates were serum starved in medium 199 containing 1% BSA over-
night. The cells were stimulated with PGI2 and FSK for the indicated time and
fractionated with cytoskeleton-stabilizing buffer (10 mM HEPES [pH 7.4}, 250
mM sucrose, 150 mM KCl, 1 mM EGTA, 3 mM MgCl,, 1X protease inhibitor
cocktail [Roche Diagnostics], 1 mM Na;VO,, 0.5% Triton X-100) by centrifu-
gation at 15,000 X g for 15 min. The Triton X-100-insoluble fraction was sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by transfer to Immobiton-P (Amersham Biosciences) and
immunoblotting with the indicated antibodies. Immunocomplexes were visual-
ized by enhanced chemiluminescence detection (Amersham Biosciences) with
species-matched peroxidase-conjugated secondary antibodies.

Purification of recombinant VE-cadherin ectodomain-Fe chimeric protein.
293T cells transfected with pcDNA-VE-cad-Ect-Fe-His were cultured in DMEM
supplemented with 10% fetal calf serum for 24 h and subsequently kept in
replaced medium (DMEM-F21 containing 1% fetal calf serum) for 7 days.
VE-cadherin-Fc (VEC-Fc) protein secreted into the medium was collected every
2 days and centrifuged to remove floating cells and debris. VEC-Fc was collected
on ProBond resin (Invitrogen) by gentle agitation overnight at 4°C. VEC-Fc
protein bound to the beads was eluted with 500 mM imidazole, concentrated with
Amicon Centriplus 30 (Millipore), and buffer exchanged into PBS containing 2
mM CaCl, and 2 mM MgCl, (PBS-Ca/Mg) by dialysis.

Cell adhesion assay. Twenty-four-well tissue culture plates were coated with
10 pg of VEC-Fc or Fc protein/ml in PBS-Ca/Mg at 4°C overnight. After washing
with PBS-Ca/Mg, the plates were blocked with 1% heat-inactivated BSA in PBS
(heat inactivated at 85°C for 12 min) for 1 h at RT. To examine cell adhesion to
the VEC-Fc- or Fc-coated dish, cells were suspended in 0.5% BSA-containing
medium 199 and incubated for 30 min at 37°C. Cells (1.5 X 10%) were plated on
each VEC-Fc- or Fe-coated well in the presence or absence of agonists, drugs,
and 5 mM EGTA and adhered to the dish at 37°C for the indicated time. To
analyze cell adhesion to a collagen-covered surface, cells were plated onto a
collagen-coated six-well plate (Iwaki) and adhered to the dish in the presence or
absence of 5 mM EGTA. After washing with PBS-Ca/Mg four times to remove
nonadherent cells, adherent cells and input cells were quantified by measuring
endogenous alkaline phosphatase activity as described elsewhere (35). Briefly,
the cells were lysed in a buffer containing 100 mM Tris-citrate (pH 6.5) and
0.25% Triton X-100, and alkaline phosphate activity in the lysate was measured
by using the AttoPhos AP fluorescent substrate system (Promega Corp.). To
examine the effccts of RaplV12, EpacAcAMP, and RaplGAPIl, HUVECs
were transfected with plasmids encoding either Rap1V12, EpacAcAMP, or
Rap1GAPII together with the luciferase reporter construct (pGL3 control vec-
tor). The adhesion of cells expressing RaplV12, EpacAcAMP, or Rap1GAPII to
the VEC-Fc-coated dish was normalized by measuring the luciferase activity of
the cells and input cells (16).

Detection of GTP-bound form of Rapl. Rap] activity was assessed by a mod-
ified Bos’s method as described previously (34). Briefly, HUVECs starved in
medium 199 containing 1% BSA overnight were stimulated with the indicated
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FIG. 1. cAMP enhances barrier function of monolayer VE cells.
(A) Vascular permeability, reflecting barrier function, was analyzed by
measuring the fluorescence of FI'TC-labeled dextran across the mono-
layer-cultured HUVECs as described in Materials and Methods.
HUVECs grown on transwell filters were incubated with control
(Cont), 0.1 pM AM, 200 pM Iso, 200-ng/ml PGE2, 10-pg/ml PGI2, 1
mM IBMX, 1 mM dbcAMP, and 10 pM FSK for 30 min. Average
permeability = standard deviation is expressed as a percentage com-
pared to the control. (B) The effects of PGI2 and FSK on vascular
permeability were quantified in the presence (+) or absence (—) (Ve-
hicle) of 2 U of thrombin (Thr)/ml. Average permeability * standard
deviation is expressed as the increase relative fo that observed in
unstimulated HUVEC:s in the vehicle. Data shown are the results from
at least three independent experiments. Significant differences from
the control (A) or between two groups (B) determined by Student’s ¢
test are indicated by a single asterisk (P < 0.05) or double asterisks
(P < 0.01).

agonists and drugs and lysed at 4°C in a pull-down lysis buffer (20 mM Tris-HCl
[pH 7.5], 100 mM NaCl, 10 mM MgCl,, 1% Triton X-100, } mM EGTA, 1 mM
dithiothreitol, 1 mM Na,VOy, 1X protease inhibitor cocktail). GTP-bound Rapl
was collected on the GST-Rapl binding domain of RalGDS precoupled to
glutathione-Sepharose beads and subjected to SDS-PAGE followed by immu-
noblotting with anti-Rapl.

In vive permeability assay. In vivo permeability was quantified by a modified
Miles assay as described previously (29). In brief, ICR mice (Japan SLC, Inc.)
shaved 3 days before experiments were lightly anesthetized and intravenously
injected with 150 ul of 1% Evans blue dye solution (in saline) passed through a
0.22-pm-pore-size filter. Fifteen minutes later, 20 pl of PBS, VEGF (50 wg/mi),
and/or 8-CPT-2'-O:Me-cAMP (1 mM) were applied by intradermal injections
with a 30-gauge needle. The sites of intradermal injection were photographed 60
min after the injection, carefully dissected, and weighed. To quantify the vascular
permeability, extravasated blue dye was eluted from the dissected skin with
formamide at 56°C, and optical density was measured by spectrophotometry at
620 nm.

RESULTS

c¢AMP enhances the barrier property of monoelayer-cultured
endothelial cell. To evaluate the barrier function, we examined
the permeability of FITC-labeled dextran across monolayer
HUVECs. Expectedly, AM, Iso, PGE2, and PGI2 reduced
basal endothelial permeability in HUVECs (Fig. 1A). PGI2
also reduced thrombin-induced vascular permeability (Fig.
1B). Other cAMP-elevating bio-ligands similarly reduced
thrombin-induced permeability (data not shown). The bio-li-
gands for cAMP-elevating GPCR that we used in this study
indeed increased cAMP in HUVECs (data not shown).
Furthermore, IBMX (an inhibitor for phosphodiesterase),
dbcAMP (a membrane-permeable cAMP analogue), and FSK
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FIG. 2. cAMP induces AJ formation. (A) HUVECs cultured on a
glass base dish were stimulated with 10 pg of PGI2/mi (upper panels)
or with 10 pM FSK (lower panels) for 20 min and shown as phase-
contrast images. Left and right panels show the cells before and after
stimulation, respectively. The arrows indicate the sites of cell-cell con-
tacts induced by PGI2 and FSK. The area boxed by the white broken
line is enlarged in the right top of the panels. Bars, 50 um. (B) Sub-
confluent HUVECs stimulated with vehicle (Cont), 10-pg/ml PGI2,
and 10 uM FSK for 45 min were fixed, stained with anti-VE-cadherin
antibody, and visualized with Alexa 488-conjugated secondary anti-
body through a confocal microscope (BX50WI; Olympus). Note that
VE-cadherin (green) was accumulated at the cell-cell contact upon
PGI2 and FSK stimulation. Bars, 50 pm. (C) Translocation of VE-
cadherin was assessed by Triton X-100 solubility. HUVECs were stim-
ulated with vehicle (top), 10-pg/ml PGI2 (middle), and 10 uM FSK
(bottom) for the time indicated at the top and fractionated with cy-
toskeleton-stabilizing buffer as described in Materials and Methods.
The Triton X-100-insoluble fraction was subjected lo SDS-PAGE fol-
lowed by Western blot analysis (WB) with anti-VE-cadherin.

(an adenylyl cyclase activator) resulted in a reduction of both
basal and thrombin-induced endothelial permeability (Fig. 1,
data not shown).

cAMP potentiates formation of AJ. Endothelial barrier func-
tion is largely dependent upon endothelial cell junctions. To
investigate how cAMP affects AJ formation, we examined AJ
organization by immunostaining with anti-VE-cadherin before
and after stimulation. When subconfluent HUVECs with in-
tercellular gaps were stimulated with PGI2 or FSK, the cells
extended the plasma membrane and established cell-cell con-
tacts with neighboring cells (Fig. 2A). Similar results were
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obtained with AM and PGE?2 (data not shown). Stimulation of
HUVECs with PGI2 and FSK dramatically enhanced accumu-
lation of VE-cadherin at cell-cell contacts (Fig. 2B).

The maturation of AJ requires homophilic binding of inter-
cellular VE-cadherins and tight anchoring to the actin cy-
toskeleton via the cytoplasmic region through catenins. VE-
cadherin anchored to the actin cytoskeleton is detected in
detergent-insoluble fractions of cell lysates (26). We found an
increase in VE-cadherin in the Triton X-100-insoluble fraction
after stimulation with PGI2 or FSK (Fig. 2C). These results
suggest that cAMP-elevating GPCR agonists potentiate AJ
formation, which results in a cAMP-induced decrease in per-
meability.

cAMP promotes VE-cadherin-dependent endeothelial cell
adhesion. VE-cadherin is required for AJ formation (9). To
test the involvement of a homophilic interaction of VE-cad-
herin in cAMP-enhanced AJ formation, we directly examined
VE-cadherin-mediated cell adhesion. To mimic the VE-cad-
herin-dependent cell adhesion, we used VEC-Fc chimeric pro-
tein, which consisted of the extracellular domain of VE-cad-
herin fused to the Fc portion of immunoglobulin. HUVECs
were plated onto VEC-Fc-coated dishes and time-lapse im-
aged. Cells attached within 5 min to the VEC-Fc-coated dish,
subsequently spread, and exhibited a typical fried-egg mor-
phology characterized by a large circular lamellipodium (Fig.
3A). No cells attached to the Fe-coated dish (Fig. 3B and C).
Since cadherin-dependent cell adhesion requires Ca®™", we ex-
amined the effect of Ca®* chelation on cell adhesion to VEC-
Fe-coated dishes. Cell adhesion to VEC-Fc-coated dishes was
completely abolished by chelating extracellular Ca®*, although
cell attachment to the collagen-coated dish was unaffected
(Fig. 3C and D). Basal and FSK-augmented cell adhesion to
VEC-Fc-coated dishes was inhibited by EGTA (Fig. 3C). Both
HUVECs and HAECs expressing VE-cadherin adhered to the
VEC-Fc-coated dish (Fig. 3E). In clear contrast, Hel.a and
HEK?293 cells, which express N-cadherin, but not VE-cadherin
(20, 42), did not adhere to the VEC-Fc-coated dish, although
these cells could attach to the collagen-coated dish (Fig. 3E;
data not shown). Collectively, these results indicate that endo-
thelial cell adhesion to the VEC-Fc-coated dish depends upon
the homophilic ligation of VE-cadherin.

We proceeded to investigate the effect of cAMP-elevating
GPCR agonists on VE-cadherin-mediated cell adhesion. The
adhesion of HUVECs plated in the presence of PGI2 or FSK
was evaluated by the alkaline phosphatase activity of remaining
cells after washing, PGI2 enhanced adhesion of HUVECs to
the VEC-Fc-coated dish in a concentration-dependent manner
(Fig. 4A) and in a time-dependent manner (Fig. 4B). In a time
course analysis, we noticed that enhanced adhesion was ob-
served 7 min after the plating (Fig. 4B). Other cAMP-clevating
GPCR agonists, including AM, Iso, and PGE2, potentiated
VE-cadherin-dependent cell adhesion (Fig. 4C). In addition,
similarly enhanced cell adhesion to the VEC-Fc-coated dish
was also observed in the cells treated with cAMP-elevating
drugs such as IBMX, dbcAMP, and FSK (Fig. 4F). Like PGI2,
the effect of FSK on cell adhesion to the VEC-Fc-coated dish
was concentration dependent and time dependent (Fig. 4D
and E). This cAMP-induced cell adhesion to the VEC-Fe-
coated dish depends on the enhanced homophilic ligation of
VE-cadherin because FSK did not augment endothelial adhe-
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FIG. 3. Endothelial cells adhere to a VEC-Fe-coated dish through
homophilic ligation of VE-cadherin. (A) HUVECs were plated onto
the VEC-Fc-coated dish and time-lapse imaged al the time points (in
minutes) indicated on the panels. Bar, 20 pM. (B) HUVECs were
plated on the Fc-coated dish (top panel) or the VEC-Fc-coated dish
(bottom panel) for 1 h and phase-contrast imaged after removal of
nonadherent cells by washing with PBS-Ca/Mg. (C) HUVECs were
plated onto either an Fc- or VEC-Fc-coated dish in the absence (—) or
presence (+) of 5 mM EGTA and 10 pM FSK for 7 min. Cell adhesion
was quantified as described in Materials and Methods. (D) Adhesion
of HUVEC: to a collagen-coated dish in the presence or absence of 5
mM EGTA was analyzed by a method similar to that described for
panel C. (E) Adhesion of HUVECs, HAECs, and Hel.a and ITEK293
cells to the VEC-Fc-coated dish was examined as described in the
legend for panel C. Cells adhering to the dishes of total input cells
(percentage) is expressed as the mean * standard deviation by mea-
suring alkaline phosphatase activity of adherent cells divided by that of
total input cells. Representative results from three independent exper-
iments were shown in all panels.
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FIG. 4. cAMP potentiates VE-cadherin-dependent cell adhesion.
(A) HUVECs were plated onto a VEC-Fc-coated dish in the presence
of PGI2 at the concentrations indicated at the bottom for 7 min. Cell
adhesion was quantified as described in Materials and Methods. Mean
adhesion activity * standard deviation is expressed as the increase
compared with that observed in unstimulated cells. (B) HUVECs were
plated onto the VEC-Fc-coated dish in the absence (circle) or pres-
ence (square) of 10-ug/ml PGI2 for the time indicated at the bottom.
The percent adhesion was calculated by measuring the alkaline phos-
phatase activity of adherent cells divided by that of total input cells.
(C) HUVEC:s stimulated with cAMP-elevating ligands similar to that
described in the legend to panel A were assessed for adhesion activity.
The concentration of stimulants was the same as described in the
legend to Fig. 1A. (D) The effect of FSK on cell adhesion was analyzed
by a method similar to that described for panel A, except that cells
were preincubated for 10 min before plating. (E) The effect of 10 uM
FSK on time-dependent adhesion was analyzed as described in the
legend to panel B, except that cells were preincubated for 10 min
before plating. (F) HUVECs stimulated with the reagent indicated at
the same concentration used as described in the legend to Fig. 1A were
analyzed for cell adhesion by a method similar to that described for
panel D. Data are expressed as means * standard deviations of the
results from three independent experiments in panels A, C, D, and F.
Representative results from three independent experiments were
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sion to the Fc-coated dish or attachment to the VEC-Fc-coated
dish in the absence of extracellular Ca** (Fig. 3C). These
results indicate that cAMP potentiates VE-cadherin-depen-
dent cell adhesion.

cAMP augments endothelial barrier function in a PKA-
independent manner. PKA is suggested to be involved in
cAMP-enhanced endothelial barrier function (43). Thus, we
investigated the involvement of PKA in the regulation of en-
dothelial barrier integrity by PGI2 and FSK. Unexpectedly,
PGI2- and FSK-induced reduction of endothelial permeability
was insensitive to a specific PKA inhibitor, H89 (7) (Fig. SA
and B). The reduction of thrombin-increased permeability by
FSK was also unaffected by H89 (Fig. 5C). Consistently, H89
did not affect VE-cadherin-mediated cell adhesion enhance-
ment by PGI2 and FSK (Fig. 5D and E). To confirm that H89
worked in HUVECs, we examined FSK-induced phosphoryla-
tion of CREB, a direct PKA substrate (38). Phosphorylation of
CREB upon FSK stimulation was significantly inhibited by
H89, indicating the effectiveness of this inhibitor in HUVECs
(Fig. 5F). Therefore, these results apparently suggest a novel
PKA-independent signaling pathway involved in cAMP-in-
duced endothelial barrier function.

cAMP induces Rapl1 activation. Besides PKA, Epac (cAMP-
GEF) was identified as a novel cAMP target and a Rapl-
specific GEF (5, 21). We therefore hypothesized that cAMP-
activated Epac-Rapl signaling is involved in the enhancement
of VE-cadherin-dependent cell adhesion and endothelial bar-
rier function. To address this possibility, we tested whether
cAMP-elevating GPCR agonists induce Rapl activation in
HUVECGs. Rapl activity was determined by a pull-down assay
by using a GST fusion protein of Rapl-binding domain of
RalGDS according to the Bos’s method. Bio-ligands for
cAMP-elevating GPCR activated Rapl (Fig. 6A). PGI2 rap-
idly induced Rap1 activation, which peaked at 1 to 5 min after
the stimulation and then declined to the basal level by 10 min
(Fig. 6C). A second wave of Rapl activation was also observed
15 to 45 min after the stimulation (Fig. 6C). PGI2-induced
Rap1 activation occurred in a concentration-dependent man-
ner (Fig. 6B), which was associated with enhancement of VE-
cadherin-dependent cell adhesion (Fig. 4A). Similarly, dbcAMP,
FSK, and IBMX activated Rapl (Fig. 6D). FSK-induced Rap1
activation reached a maximalt level 2 to 5 min after the stimu-
lation, and the level was sustained for up to 15 to 30 min (Fig.
6E). Collectively, these findings indicate that cAMP induces
Rapl activation in endothelial cells.

Specific activation of Epac reduces endothelial permeability
and enhances VE-cadherin-dependent cell adhesion. To test
whether the activation of endogenous Epac is sufficient to
reduce endothelial permeability and to induce VE-cadherin-
dependent cell adhesion, we used a recently developed cAMP
analog, 8-CPT-2'-O-Me-cAMP, which specifically activates
Epac without affecting PKA activity (13). As expected, §-CPT-
2'-O-Me-cAMP induced Rapl activation in HUVECs (Fig.
7A), indicating that Epac is expressed in endothelial cells.

shown in panels B and E. A significant difference from the control
determined by Student’s ¢ test is indicated with a single asterisk (P <
0.05) or double asterisks (P < 0.01).
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FIG. 5. cAMP-enhanced VE-cadherin-dependent cell adhesion
and endothelial barrier function does not depend upon PKA. (A) Per-
meability across monolayer HUVECs grown on transwell filters were
assessed by measuring FITC-labeled dextran as described in the legend
to Fig. 1A, The effect of 10-pg/ml PGI2 on ccll permeability without
pretreatment (Vehicle) or with pretreatment with 5 @M H89, a specific
PKA inhibitor, for I} min is indicated as the percent permeability
compared to that observed in untreated cells. +, present; —, absent.
(B) The cffect of 10 uM FSK on ccll permeability without pretreat-
ment (Vehicle) and with pretreatment with H89 was assessed similar to
that described for pancl A. (C) The effect of pretreatment of HUVECS
with 5 uM H89 on FSK-induced reduction of 2-U/ml thrombin-in-
duced permeability was analyzed. Permeability indicates the increase
refative to that observed inuntreated celfs. (D) HUVECs untreated or
pretreated with H89 for 10 min prior to stimulation with 10-pg/ml
PGI2 were analyzed for cell adhesion as described in the legend to Fig.
4A. (E) HUVECs untreated or pretreated with H89 for 10 min prior
to stimulation with 10 pM FSK were analyzed for cell adhesion as
described in the legend to Fig. 4D. For pancls A to E, data are
expressed as means = standard deviations of the results from triplicate
samples. Similar results were obtained in at least three independent
experiments. Significant differences between two groups determined
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FIG. 6. ¢cAMP induces Rapl activation. (A) Serum-starved HUVECs
kept in medium 199 containing 1% BSA overnight were stimulated
with cAMP-elevating agonists for 2.5 min as indicated at the top and
at the concentrations described in the legend to Fig. TA. GTP-bound
Rapl was detected by pull-down assay as described in Materials and
Mecthods. Activation indicates the ratio of the poststimulation GTP-
Rapl intensity of total Rap! intensity to the prestimulation GTP-Rap!
intensity of total Rapl intensity. (B) Rapl activation was analyzed by
detecting GTP-bound Rapt with Iysates from HUVECs stimulated
with PGI2 for 2.5 min at the different concentrations indicated at the
top. (C) Rapl activation was analyzed by detecting GTP-bound Rapl
with lysates from cells stimulated with 10-pg/ml PGI2 for the time
period indicated at the top. (D) Scrum-starved HUVECs similar to
those described in the legend to pancl A were stimulated with the
reagents indicated at the top for 10 min at the same concentrations
described in the legend to Fig. 1A. Rapl activation was assessed by a
method similar to that described for panel AL (E) The cffect of 10 pM
FSK on time-dependent Rapl activity was examined as described for
pancl C. Representative results from at least three independent ex-
periments arc shown for all pancls.

8-CPT-2"-O-Me-cAMP dramatically reduced basal endothcelial
permeability, as did FSK and dbcAMP (Fig. 7B). Thrombin-
induced permeability was also inhibited by 8-CPT-2'-O-Me-
cAMP (Fig. 7C). Furthermore, we examined the cffect of
8-CPT-2'-Me-cAMP on in vivo vascular permeability. VEGF-
induced vascular permeability was completely blocked by coin-
jection of 8-CPT-2"-O-Me-cAMP (Fig. 7D). In addition, adhesion

by Student’s ¢ test are indicated by a single asterisk (P < 0.05) or
double asterisks (P < 0.01). (F) HUVECS serum starved in 1% BSA-
containing medium 199 for 6 h, followed by pretreatment with (+) or
without (—} 5 pM H89 tor 10 min, were stimulated with vehicle and 10
pM FSK for 10 min. Phosphorylation of CREB was assessed by West-
ern blot analysis with anti-CREB (CREB) and anti-phospho-CREB-
specific (pCREB) antibodies.
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FIG. 7. Activation of Epac is sufficient to enhance VE-cadherin-
dependent cell adhesion and endothelial barrier function. (A) Serum-
starved HUVECs in medium 199 containing 1% BSA were stimulated
with 0.2 mM 8-CPT-2'-O-Me-cAMP (8CPT) for the indicated time.
Rap! activity was determined as described in the legend to Fig. 6A.
The result is a representative from three independent experiments.
(B) Permeability of cells treated with the reagents as indicated on the
bottom for 30 min was analyzed as described in the legend to Fig. 1A.
(C) The eftect of 0.2 mM 8CPT-2"-0O-Me-cAMP on 2-U/ml thrombin-
induced permeability was analyzed as described in the legend to Fig.
1B. (D) Effect of 8CPT-2'-O-Me-cAMP on VEGF-induced permeabil-
ity was assessed by intradermal Miles assay as described in Materials
and Methods. Amounts of extravasation of Evan blue in mouse dermal
skin were measurcd 60 min after intradermal injection of vehicle and
VEGF together with (+) or without {—) 8CPT. Mean leakage *
standard deviation of the results from 6 mice per group is expressed as
nanograms of weight of extravasated Evans blue per milligram of
weight of dermal skin. A photograph on the bottom shows leakage of
Evans blue in dermal skin. (E) HUVEC adhesion to the VEC-Fc-
coated dish in the presence of 0.2 mM 8CPT and 1 mM dbcAMP for
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of HUVECs to the VEC-Fc-coated dish was significantly en-
hanced by 8-CPT-2'-O-Mc-cAMP (Fig. 7E). Hence, Epac activa-
tion is sufficient to enhance VE-cadherin-dependent cell adhesion
and to augment endothelial barrier function in vitro and in vivo.

Rapl activation is essential for VE-cadherin-dependent cell
adhesion and endothelial barrier function. We next proceeded
to investigate the role of Rapl in VE-cadherin-dependent cell
adhesion and endothelial barrier function. To examine the
effect of Rapl on cell permeability and VE-cadherin-mediated
cell adhesion, we inactivated endogenous Rapl by adenovirus-
expressing RaplGAPII (Ad-RapGAP), which specifically cat-
alyzes the hydrolysis of GTP to GDP on Rap! (30). As shown
in Fig. 8A, endogenous Rapl activity was almost completely
suppressed by the expression of increasing amounts of
RaplGAPII in HUVECs. This Rapl inactivation paralleled
the increase in basal permeability (Fig. 8B) and the inhibition
of cell adhesion to the VEC-Fc-coated dish (Fig. 8D). In con-
trast, a constitutively active Rapl, RaplVI2, reduced both
basal and thrombin-increased cell permeability (Fig. 8C). VE-
cadherin-mediated cell adhesion was also enhanced by
Rap1V12 and EpacAcAMP, a constitutively active mutant of
Epac (Fig. 8D). Taken together, these results indicate that
Rapl1 activation is required for VE-cadherin-mediated cell ad-
hesion and endothelial barrier function.

¢AMP enhances VE-cadherin-dependent ceil adhesion and
endothelial barrier function by activating Rapl. To test the
requirement for Rapl in endothelial barrier enhancement by
cAMP-elevating GPCR agonists, we infected HUVECs with
Ad-RapGAP and examined the effect of inactivation of Rapl
on PGI2- and FSK-induced reduction of cell permeability.
Although basal endothelial permeability was reduced by PGI2
and FSK (Fig. 9A and B), overexpression of RapIGAPII in-
creased not only basal but also PGI2- and FSK-reduced endo-
thelial permeability, indicating the requirement of Rapl activ-
ity for PGI2- and FSK-induced barrier enhancement. We also
investigated the involvement of Rapl in PGI2- and FSK-in-
duced VE-cadherin-dependent cell adhesion. PGI2 and FSK
augmented VE-cadherin-dependent cell adhesion of HUVECs
infected with control adenovirus (Ad-LacZ); however, their
effects were dramatically suppressed by overexpression of
RaplGAPII (Fig. 9C and D). These data demonstrate that
¢AMP enhances VE-cadherin-dependent cell adhesion and
endothelial barrier functions by activating Rapl.

cAMP induces endothelial cortical actin rearrangement in a
Rapl-dependent manner. Endothelial barrier function is
largely dependent upon the actin cytoskeleton supporting junc-
tional adhesion molecules (10). Thus, we examined the effect
of cAMP on cortical actin polymerization and assembly of
polymerized actin in a monolayer of endothelial cells. Cortac-
tin, an actin-binding protein, is known to be implicated in
cortical actin rearrangement (8) and suggested to regulate
S1P-induced endothelial barrier enhancement (11). PGI2,

7 min was analyzed as described in the legend to Fig. 4F. In panels B,
C, and E, data are expressed as means * standard deviations of the
results from triplicate samples. A significant difference from the con-
trol in panels B and E or between two groups in panels C and D was
determined by Student’s ¢ test and indicated by a single asterisk (£ <
0.05) or double asterisks (P < 0.01).
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FIG. 8. Rapl plays a critical role in VE-cadherin-dependent cell
adhesion and endothelial barrier function. (A) Rapl inactivation was
assessed by detecting GTP-Rapl in HUVECGs infected with different
MOI of adenovirus-expressing RaplGAPII (RapGAP) as indicated at
the top. An adenovirus-expressing LacZ at an MOT of 50 was used as
a control. GTP-bound Rap! (GTP-Rap) was detected by pull-down
assay as described in Materials and Methods. Rapl (Rap) and
RaplGAPII (RapGAP) expression were examined by Western blot
analysis. (B) The permeability of FITC-dextran across HUVECs in-
fected with adenovirus as indicated at the bottom was analyzed as
described in Materials and Methods. Data are the means * standard
deviations of the results from three independent experiments and are
expressed as increases relative to those of LacZ-infected cells.
(C) Monolayer HUVECs infected with either an adenovirus-express-
ing LacZ or that expressing RaplV12 at an MOI of 50 for 24 h were
medium changed and cultured for another 24 h. The permeability of
cells upon 2-U/m! thrombin stimulation (Thr) after starvation for 1 h
was analyzed as described in the legend to Fig. 1B. Data are the means
+ standard deviations of the results from five independent experi-
ments and are expressed as inductions relative to those of untreated
HUVECs infected with the LacZ-expressing virus. (D) HUVECs were
transfected with either empty vector (Mock), plasmids expressing
RaplGAPII (RapGAP), EpacAcAMP, or Rapl V12 together with the
tuciferase reporter construct. Transfected cells were plated on the
VEC-Fc-coated dish and allowed to adhere for 15 min. Cell adhesion
was analyzed as described in Materials and Methods. Data are ex-
pressed as increases compared to those of mock-transfected cells. The
results indicate the means * standard deviations of the results from
triplicate samples. Similar results were obtained in three independent
experiments. Significant differences between two groups in panel C or
from the control in pancl D are determined by Student’s ¢ test and are
indicated by a single asterisk (P < 0.05) or double asterisks (P < 0.01).
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FIG. 9. Inactivation of Rapl reduces PGI2- and FSK-induced bar-
rier function and VE-cadherin-mediated cell adhesion. (A) Mono-
layer-cultured HUVECs grown on transwell filters were infected with
either LacZ-expressing adenovirus (Ad-LacZ) or Rapl GAPII-express-
ing virus (Ad-RapGAP) at an MOI of 40 for 24 h. Medium was
replaced with fresh medium after infection. Cells were cultured for an
additional 24 h and treated with 10 pg of PGI2/ml for 30 min after
serum starvation for 1 h. Permeability was analyzed as described in
Materials and Methods. (B) The effect of 10 uM FSK on permeability
in HUVECGCs infected with Ad-RapGAP was similarly analyzed.
(C) HUVECs were infected with either Ad-LacZ or Ad-RapGAP at
an MOTI of 40 for 24 h. HUVECGs resuspended in medium 199 with
0.5% BSA were plated onto VEC-Fe-coated dishes in the presence (+)
or absence (—) of 10 pg of PGI2/ml for 7 min. Cell adhesion activity
was quantified as described in the legend to Fig. 4A. (D) The effect of
FSK on adhesion of HUVECs infected with Ad-RapGAP was ana-
lyzed similarly to that described for panel C. Resuspended HUVECs
were preincubated with 10 uM FSK for 10 min before plating. Signif-
icant differences between two groups determined by Student’s  test are
indicated by a single asterisk (P < 0.05) or double asterisks (P < 0.01).

FSK, and 8-CPT-2'-O-Me-cAMP dramatically induced accu-
mulation of polymerized actin and cortactin at cell-cell con-
tacts (Fig. 10A). To explore the involvement of Rap!l in cAMP-
mediated cortical actin rearrangement, an expression vector
encoding RaplGAPII was introduced into endothelial cells.
FSK enhanced actin polymerization at cell-cell contacts in cells
transfected with control vector encoding EGFP, whereas it did
not in cells expressing Rapl GAPII (Fig. 10B). Cytochalasin D,
an actin-depolymerizing agent, attenuated FSK-induced bar-
rier enhancement (Fig. 10C) and inhibited FSK-induced VE-
cadherin-dependent cell adhesion (Fig. 10D). These results
suggest that the cortical actin rearrangement promoted by
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FIG. 1L cAMDP induces cortical actin rearrangement in o Rapl-
dependent manner. (A) Monotaver-cultured HUVECs starved in 0.5
BSA-containing medium 199 for 3 hwere stimulated with vehicle (top
row). 10-pgsmlb PGEY (second row). [ pMOESK {thicd row), and 0.2
MM S-CPT-2-O-Me-cANMP (SCPT) (bottom row) for 30 min. Fixed
and permeabilized cells were stained with thodamine-phalloidin (left
column) and with anti-cortactin (center column). Rhodamine images
to detect Faactin redy and Alexac 488 images for cortactin visualized by
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CAMP-Epae-Rap | signaling may contribute to the potentiation
of endothelial barrier tunction and VE-cadherin-dependent
cell adhesion,

DISCUSSION

CAMP is a well-known intracelfular signaling molecule that
is capable of restoring diminished endothehiad buarrier function.
Previous reports suggested that cAMP-induced barricr cn-
hancement oceurs through PKA (27, 39). In this study, how-
ever, we demonstrated w novel PRA-independent signaling
pathway, the cAMP-Epac-Rapl signaling pathway, involved in
cAMP-induced barrier function basced on the following obser-
vations. PGI2- and FSK-reduced endothetial permeabiliny was
insensitive to HSY. A spectfic activator for Epac, 8-CP1-2-0)-
Me-cAMP, reduced both basal and thrombin-increased per-
meability. Plasma leakage in response o VEGE was also in-
hibited by 8-CPT-2-O-Mce-cAMP in vivo, We found that the
activation of Rapt leads to decrcased permeabilits. Not only
all cAMP-clevating bio-ligands we tested but abso FSKL db-
cAMP, and IBMX activated Rapl. Consistently, cAMP-depen-
dent Rapl activation upon stimutation by these ligands in-
volved Epac in the regulation of barrier function. A previous
repart showed that Rapl-is phosphorylated by PRA in heutro-
phils and platelets, ulthough the function of phosphorylated
Rapl has not been elucidated (37). So fur. Epac is known o
regulate several biological functions including integrin-depen-
dent cell adhesion, insulin seerction. and calcium release
through ryanodine-sensitive Ca™ ' chunnels (reviewed in refér-
ence 5). I addition to these Epac-mediated Tunctions, we
show, for the first time, that Epac-Rap! signaling is important
for regulation of endothelial barricr function,

AJ assembly contributes to the regulation ol harrier func-
tion. Rapt is involved in the tormation and maintenance ol AJ
constituted by cadherin (23, 41). Recently. it has been reported
that homophilic ligation of E-cadherin induced Rapl activa-
tion, which may be responsible for maturation oft Al (20).
Consistently, suppression of endogenous Rapl inhibits forma-
tion of E-cadherin-dependent cell adhesion (30), suggesting
the critical role of Rapl in the establishment of cadherin-based
cetl-celt contacts. Hereo we demonstrate that Rapl also acts
downstream of cANMP-Epac to potentiate VE-cadherin-depen-

P

Alexa A88-labeled secondiry antibody (green) were obtuined through
a confocal microscope (BX30OWI). Right pancls show the merged im-
ages of rhodamine and Alexic 88 images. Bars, 200 (B) HUNTCS
tansfected with an EGEP-expressing vector (lefty and pONN2-
RaplGAPH-IRES-LGEP (righty were serum starved in 057 BSA-
containing medium 199 for 3 hand stmulated withvehicle (top panels)
and 10 M ESK (battom panels). Cells were fised. permeabilized. and
stained with Rhiodanmine-phaltoiding LGEP images (ereen) and thoda-
mine images showing F-aetin (redy were obrained simitar to those in
pancl Ao Arrows and arrowhead indicate transfected and untruns-
fected cells, respectively. Bars, 200 e (C) Cell permeability of
HUVECS pretreated with 2 pM evtochulasin 1 (CytoD) tor 30 min
followed by 0 M ESK stimulation for 30 min wias anadyzed as de-
scribed in the fegend to Fig, EAL - Cabsents «, present. (D) The etfect
of pretreatment ol 2 pM eviochadastn D (CyoD) on adhiesion of
HUVECs stimulated with FSKowas anady zed as deseribed i the egend
to Fig. St Asignificant difference between two groups determined by
Student’s £ testis indicated by double astertsks (/7 0.01).
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dent cell adhesion, thereby improving barrier function. In ad-
dition to cAMP-elevating ligands, S1P, which enhances AJ
formation and barrier function (18, 26), also activated Rapl
(our unpublished data). Thus, Rapl may play a crucial role in
barrier function induced by various types of barrier-improving
factors. :

Our data and previous studies show that cAMP protects
thrombin-induced endothelial barrier dysfunction. cAMP does
not limit the effect of thrombin on the initial loss of endothelial
barrier (32). Instead, cAMP enhances the restoration of bar-
rier function disrupted by thrombin. Recently, it was also
reported that Cded2 regulates the restoration of endothelial
barrier function disrupted by thrombin (24). Thus, cAMP-
Epac-Rap] signaling may facilitate the formation of VE-cad-
herin-based cell-cell contacts, cooperatively or in parallel with
Cdc42.

Rapl enhances integrin-dependent cell adhesion in a variety
of hematopoietic cells by modulating the affinity and avidity of
integrin (6, 22). Cell adhesion to VEC-Fc-coated dishes was
augmented by Rapl activation, suggesting that the homophilic
binding of VE-cadherin is also likely ascribed to the affinity
and avidity of VE-cadherin modulated by Rapl-triggered in-
side out signaling. Hogan et al. reported that Rapl activity
is required for the targeting of E-cadherin molecules into
nascent cell-cell contact sites, which in turn leads to the mat-
uration of E-cadherin-based cell-cell contacts (20). Thus,
cAMP-Epac-Rapl signaling may also regulate the recruitment
of VE-cadherin into maturing cell-cell contacts. Since down-
stream signaling of Rapl that increases homophilic binding of
VE-cadherin has not yet been characterized, the effector of
cAMP-Epac-Rap! signaling will need to be identified.

The actin cytoskeleton is a critical determinant of vascular
integrity (10). PGI2, FSK, and 8-CPT-2'-O-Me-cAMP induced
cortical actin rearrangement in a Rapl-dependent manner.
FSK-induced VE-cadherin-dependent cell adhesion was inhib-
ited by cytochalasin D. Thus, Rap1 may promote VE-cadherin-
dependent cell adhesion by inducing cortical actin rearrange-
ment. AF-6 may act downstream of Rapl to regulate the actin
cytoskeleton, since it binds to GTP-bound Rap1 and the actin
cytoskeleton regulator, profilin, and is localized at AJ (2).
Consistently, Canoe, the drosophila homolog of AF-6, and
Rap1 function in the same molecular pathway during embry-
onic dorsal closure, which requires cell-cell contacts (3). S1P
promotes endothelial barrier function by inducing Rac-depen-
dent cortical actin rearrangement. S1P also induces Rapl ac-
tivation (our unpublished data). A previous report indicates
that Rac can function downstream of Rapl in the processing of
the amyloid precursor protein (28). Taken together, Rac may
act downstream of Rapl to induce cortical actin rearrange-
ment.

In conclusion, we have demonstrated that the cAMP-Epac-
Rapl signaling pathway promotes VE-cadherin-mediated cell
adhesion and consequently improves endothelial barrier func-
tion.
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Abstract

Skeletal muscle regeneration has been exclusively attributed to myogenic precursors, satellite cells. A stem cell-rich fraction referred to
as side population (SPy cells also resides in skeletal muscle, but its roles in muscle regeneration remain unclear. We found that muscle SP
cells could be subdivided into three sub-fractions using CD31 and CD4S markers. The majority ol SP cells in normal non-regenerating
muscle expressed CD31 and had endothelial characteristics. However, CD31 CD45 - SP cells. which are a minor subpopulation in notr-
mal muscle. actively proliferated upon muscle injury and expressed not only several regulatory genes for muscle regencration but also
some mesenchymal lincage markers. CD3L CD45 SP cells showed the greatest myogenie potential among three 8P sub-[ractions.
but indeed revealed mesenchymal potentials in vitro. These SP cells preferentially differentiated into myolibers alter intramuscular trans-
plantation in vivo. Our results revealed the heterogencity of musele SP cells and suggest that CD3L CD45 SP cells participate in muscle

regeneration.
@ 2006 Elsevier Ine. Al vights reserved.

Kevwaords: Side population cells: Muscle regeneration: Mesenchymal differentiation: Transplantation

Adult skeletal muscles have a remarkable ability to
regenerate following muscle damage. This regeneration
has been attributed to satellite cells that reside between
the sarcolemma and the basal lamina. Satellite cells are qui-
eseent mononucleated cells in normal conditions. however.
in response to muscle damage. they become activated. pro-
liferate. and then exit the cell eyele either to renew the qui-
escent satellite cell pool or to dilferentiate into mature
myofibers. Thus. they have been considered to be the myo-
genic precursor cells that give rise to myoblasts and the sole
souree of adult myogenic cells [1].

In 1998, Ferrari et al. [2] have demonstrated for the [irst
time that bone marrow (BM)-derived cells contribute to the
skeletal muscle alter BM trunsplantation. Side population
(SP) cells were first identified in bone marrow buased on
the ability to exclude Hoechst 33342 dye as an enriched

Corresponding author, Fax: - 8142 346 1750,

FE-mail address. takedaca neupagogp (8. Takeda)

G006-291N/S - see front matter @ 20006 Elsevier hies Al nghts reserved.
dort 10167 bhre. 2006.01 037

(raction of hematopoietic stem cells (HSCs) [3] later. 1t
has been reported that they also participate in muscle
regeneration [4] Studies using whole BM cells showed that
BM-derived mononucleated cells display several character-
istics of satellite cells. suggesting that denor-derived BM
cells contribute 1o muscle fibers in a stepwise biological
progression [5.6]. However. using single HSC transplanta-
tion experiment. Camargo ¢t al. [7] suggested that cells
committed to the myeloid lincage contribule to muscle
through fusion cvent. Therefore. multiple mechanisms
underfay contribution of BM-derived cells to skeletal mus-
cle regenceration.

SP cells have been also identiied in skeletal muscle [4)
Muscle SP cells cannot only reconstitute the hematopoi-
ctic system of lethally irradiated mice [4.8] but also dif-
ferentiate into skeletal muscle cells [4.9] Furthermore,
they have been reported to participate in vascular regen-
cration [10]. Several lines of cevidence suggest that muscle
SP cells are a cell population distinet from sutellite cells
[9.11=13]. While muscle SP cells possess these allractive
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features. they have been reported to be heterogencous
population. In fact. muscle SP cells contain  both
CD45' and CD45  cells. and hematopoietic potential
has been exclusively found in CD45' fraction [8.9] As
regards  the myogenic  potential.  both CD45'  and
(D45 fractions have been shown to differentiate into
skeletal muscle cells [9.14]. but there is no compurative
study dealing with subpopulation of muscle SP cells dur-
ing muscle regeneration.

In the present study. we have further divided muscle SP
cells into three sub-{ractions using CD31 and CD45. exam-
ined the properties of cach sub-fraction. and identilied a
novel subpopulation (CD31 CD45  SP cells) that showed
the greatest myogenic potential both in vitro and in vivo.
These results provide a new insight for stem cell-based ther-
apy of muscular dystrophy.

Materials and methods

Animals. Al procedures using experimental animals were approved by
the Experimental Animal Care and Use Committee at the National
Institute of Neuroscience. Eight- to len-week-old ¢37BL/G mice were
purchased from Nihon CLEA (Japan). GI'P Tg mice were provided by
Dr. M. Okabe (Osaka University) and used in cell transplantation
experiments. NOD/scid mice provided by the Institute for Experimental
Animals, Japan, were used as recipients.

To tnduce muscle regeneration, 100 pl of CTX (10 M in saline,
Witko Chemicals) was injected into the tibialis anterior (TA) muscle with
a 29-gauge needle. In FACS analysis experiments, CTX was injected into
TA (50ul), gastrocnemius (30 ul). and  quadriceps femoris muscles
(25 uh.

BM transplantation was performed as previously described “14] Mice
were subjected 1o analvsis 12 weeks alter transplantation.

Antibodics. Mouse Berp-1 cDNA was provided by Dr. ALLL Schinkel
{131 A DNA fragment corresponding (o eytoplasmic domain of Berpl.
amino acids 300 337, was fused to GST in a pGEX-4T-2 vector (Amer-
sham Biosciences), and the Tusion protein was used (o immunize rabbits.
The serum obtained was aflinity-purificd. Other antibodies used in these
studies are listed in Table S1.

Cell preparation and FACS analysis. Muscle-derived mononucleated
cells were prepared from CS7TBL/6 mice. GEP Tg mice, or GI'P-BM
transplanted mice as previously described 14] Hoechst staining was
performed as described by Goodell et al. (http//www.bem.tme.cdu/
genetherapy/goodell/new site/protocols.html). Cells were  re-suspended
at 10%¢ells per wl in DMEM (Invitrogen) conlaining 2% FBS (Trace
Biosciences), 10 mM Hepes. and 5 pg/mb Hoechst 33342 (Sigma). and
incubated for Y0 min at 37 °C in the presence or the absence of 30 uM
verapamil (Sigma). During incubation, cells were mixed 3 4 times. IFor
analysis of Ac-LDL uptake, 10 pg/mi Dil-labeled Ac-LDL (Biomedical
Technologies) was added. After antibody staining, cells were re-sus-
pended in PBS comtaining 25"« IFBS and 2 pg/mi propidium iodide
(Pl (BD PharMingen). Cell sorting was  performed on a FACS
VantageSE flow cvtomeler {BD Bioscienees). Debris and dead cells
were excluded by forward scatter. side scatter, and Pl ogating. Cell
viability afler staining and sorting was comparable (o that previously
reporfed 4]

RN A extraction and RT-PCR. Total RNA was extracted from 1 x 107
IFACS sorted cells by using o R Neasy Micro Kit (Qiagen) and then reverse
transcribed into cDNA by using TagMan Reverse Transcription Reagents
(Roche). The PCRs were performed with 1 pl ¢cDNA product under the

following cyeling conditions: 94°C for 3min followed by 40 cyeles of

amplification (94 °C tor 155,60 °C Tor 30 s, and 72 °C lor 30 s} with o final
incubation at 72 “C for 3 min. Speeific primer sequences used for PCR are
available on request.

Cell culture. SP cells were cultured alone with growth medium (GM):
DMEM containing 20" FBS and 2.5 ng/ml bIFGE (Invilrogen) in
chamber slides {Nalge Nunc) coated with Matrigel (B1) Biosciences) for 3
5 davs. For osteogenic differentiation. the medium was changed to a dif-
ferentiation medium (DM). 3% horse serum in DMEM supplemented with
or without 300 ng/ml recombinant human BMP2 (R&D Systems), and
cultured for 4 6 days. For adipogenic differentiation. cells were exposed to
3 cveles of 3 dayvs of adipogenic induction medium (Cambrex Bioscience)
followed by 1 day of adipogenic maintenance medium (Cambrex Biosci-
ence) and then cells were maintained for five more days in the adipogenic
maintenance medium. Alkaline phosphatase (AP) was stained using Sigma
kit #85 according (o the manulacturer's instructions. To stain fipids. cells
were fixed in 10" formalin. rinsed in water and then 60"« isopropanol.
stained with Oif red O in 60% isopropanol. and rinsed in walter. for
myvogenic differentiation. muSP-31, muSP-45, or muSP-DN purified from
GFP Tg mice were co-cultured with myoblasts prepared from C57BL/6
mice as previously deseribed 16.17] in GM. DM was supplied 3 5 days
afler starting co-culture.

Osteogenic activily and myotube-lforming activily were determined by
the following formulis: osteogenic activity — (the number of APY cells in
seven randomly selected ficlds (eorresponding to one-tenth of the whole
arca of the well))/ithe number of seeded cells) and myotube-forming
activity = (the number of GEFP' myotubes in seven randomly selected
ficlds)/tthe number of seeded cells). In order o measure the eatent of
adipogenic differentiation. stained oil droplets were eatracted for 5min
with 100 pl of 4% Nonidet P-40 in isopropanol. and the absorbance of the
dye-triglveeride comples was measured al 520 nm (18] then. adipogenic
activity was determined by the following formuli: (the absorbance at
520 nm)/(the number ol seeded cetls).

Intramuscular transplantation experiments. muSP-DN or muSP-31 cells
were purified from GFP Ty mice and were injected directly into the TA
muscles of NOD/seid mice. One day before transplantation. host 'TA
muscles were (reated with CTX. The number ol transplanted cells is
indicated in lable 1. Three weeks afler transplantation, TA muscles were
excised and fised in 4% PFA for 30 min, immersed sequentially in 10"
sucrose/PBS and 20" sucrose/PBS, and frozen i isopentane cooled with
liguid nitrogen.

Immunohistochemistry. FACS sorted cells were collected by Cylospinl
{ThermoShandon). Cells were fined with 4'% PFA for 3 min. Frozen
muscle tssues were sectioned using a cryostat. Specimens were blocked
with 3% goat serum (Cedarlane) in PBS for {3 min and incubated with
primary antibodies at 4 °C overnight, followed by sccondary staining.
Stained cells were mounted in Vectashield with DAPI (Vector) and pho-
tographed using a fluorescence microscope IX70 (OLYMPUS) equipped
with & QuantixTM air-cooled CCD camera (Photometrics) and 11 Lab
software (Scanalviics Inc.). Stained muscle sections were counlerstained
with TOTO-3 {1:3000; Molecular Probes), then mounted in Vectashield
(Veetor), and observed under the confocid laser scanning microscope
syslem TCSSP (Leica).

Statistics. Values were expressed as means S or + SEM. Stalistical
significance was assessed by Student’s 7 est. In comparison of more than
two groups, one-way analvsis of variance (ANOVA) followed by the
Fisher's PLSE was used. A probability of less than 3% (£ 0.05) or 1"
(£ 0.01)y was considered statistically significant.

Table |
Appearance of G myofibers after inframuscular transplantation

Cell type Experiment Number of injected  Number ol GEFP

No. cells/TA muscle myofibers/TA muscle
muSP-DN cells Ba. | §.7x 10} 14

Ea. 2 25%x 10} 9

a3 25x 10} 0
muS-31 cells Ex. | 1.6 x 10! 3

. 2 1.6 % 0! 0

Ea. 3 1.6x 10! 0
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Results

Most muscle SP cells are found in a subset of capillary or
vein endothelial cells in non-regenerating skeletal musele

We identified verapamil-sensitive SPcells in skeletal
muscle alter Hocechst staining (Fig. TA) and analyzed the

expression of several markers on them. The majority of

X . | .
muscle SP cells were CD31 7 usually recognized as o mark-
et of endothelial cells (Figs. IB-E). and negative {or a pan-

hemutopoietic marker. CD45 (Fig. 1B). More than hall of

muscle SP cells were CD34'. and Sca-1" cells comprised
907w of muscle SP cells (Figs. 1C and D). Compared to
FACS profiles of whole-muscle-derived cells. SPcells were
enviched in Sca-1" cells (Fig. ST). More than 85" of muscle
SP cells were CD31" and ook up acetylated low-density
lipoprotein {Ac-LDL). a functional marker for endothelial
cells and macrophages (Fig. 1E). These results indicate that
most muscle SP cells have endothelial charuacteristics. Only
cells in the main population (MP} were found to be Pax7'.
indicating that SP cells do not include muscle satellite cells
{data not shown).

To examine the lfoculization of muscle SP cells. we gen-
crated @ rabbit polyclonal anti-mouse Berpl antibody.
because it has been reported that Berpl is the major deter-
minant of the SP phenotype [19] Our antibody clearly rec-
ognized Berpl expression in hiver. small intestine. and
kidney. as previously reported (Fig. S2) [20.217. We con-

firmed that Berpl antibody recognizes more than 80% of

)

SP cells and less than 3% of MP cells collected by cytospin
(Figs. 1F and G). In skeletal muscle. Berpl! cells were
found outside the muscle basal Tamina (Fig. TH). which
clearly distinguished Berpt! cells from satellite cells. Next.
Berpl expression in the vascular system was investigated.
CD31 staining identified all endothelia from larger vessels
to capillaries in muscle sections. Intriguingly. Berpl was
expressed by CD3l-expressing endothelial cells. and its
expression was preferentiafly observed on a subpopulation
of capillary endothelium (Figs. 1I-K} und venous endothe-
lium surrounded by thin vessel walls. as revealed by
y-smooth muscle actin (¥SMA) expression {(Figs. 1L-N).
These results. together with the results of FACS analysis.
strongly suggest that the majority of muscle SP cells are o
subset of endothelial cells present in capillaries or veins in
non-regenerating skeletal muscle.

Behavior of muscle SP cells during muscle regeneration

We next examined the kinetics of SP cells during muscle
regeneration induced by injection of cardiotoxin (CTX).
After CTX injection. the total number of mononuclear cells
per muscle weight gradually inercased. with a peak at day
3. The number of SP cells also inereased and reached its
peak at day 3 (Fig. 2A). Muscle SP cells could be divided
into three subpopulations based on CD31 and CD45
expression: CD31'CD45  SP cells (designated muSP-31

cells). CD3IF CD45' SP cells (muSP-45 cells).  and

CD31 CD45  SP cells (muSP-DN cells). muSP-31 cells
and muSP-DN cells distributed throughout the SPtail.
but muSP-45 cells were locited close to the shoulder (data
not shown}. The majority of muscle SP cells in untreated
muscle were muSP-31 cells (Fig. 1B). During regeneration.
however. muSP-45 cells and muSP-DN cells increased in
both their ratios and their numbers (Figs. 2B and C).
Although CD45" cells were abundant in whole muscle-de-
rived cells during regeneration and most of them were F4/
80 antigen-positive mature macrophages. SP cells did not
contain any mature inflammatory cells. as previously
reported (data not shown) [H4].

To clarily the origin of cach subpopulation of SP cells.
BM transplantation experiments were performed. We con-
firmed that muSP-45 cells were mobilized from bone marrow
as previously reported (Figs. 3A and By [14]. In contrast.
both CD45  SP fractions are residents of skeletal muscle
(Figs. 3A und B). consistent with the results reported by Riv-
ieretal. [22]

Next. to determine whether cach subpopulation of SP
cells prohiferates in damaged muscle. cells were stained with
Ki67 antibody. Most muSP-45 cells (Figs. 3C and D) and
muSP-31 cells (Figs. 3G and H) prepared rom regenerat-
ing muscle were negative for Ki67. suggesting that the pro-
liferation activitics of these two [ractions were low, On the
other hand. about 604 of muSP-DN cells were positive for
Ki67 (Figs. 3E and F). indicating that muSP-DN cells
actively proliferated during muscle regeneration.

We next examined Berpl expression on three sub-{ruce-
tionated SP cells and found that only muSP-31 cells were
Berpl-positive (Fig. 3K} These results suggest that some
ABC transporters other than Berpl are responsible lor
the phenotype of CD31 - SP cells.

Gene expression of nuisele SP cells during muscele
regeneration

Our analysis revealed that cach subpopulation of SP
cells showed distinet kineties during muscle regeneration.
To better understand the traits of muscle SP cells. we ana-
lyzed gene expression during muscle regencration. Three
subpopulations of SP cells (in following experiments.
muSP-45 cells from untreated muscle were omitted because
of their low yield) or MP cells were collected {rom cach
time point during muscle regeneration. and RT-PCR was
performed. We chose several myogenic (Pax3. Pax7. and
myfSy. endothelial (Tie2. FILT. and ¢ IFF). and mesoder-
mal-mesenchymal-associated  (2SAMA. PPAR,.  Runx2,
PDGFRy. and PDGFEFR[) genes to clarify lincage character-
istics ol the target cells. We also examined expression of |
genes  of  developmental  regulators  (mwy/. Frizzledd
(Fzdd). Patched!] (Piely. and BM PRI A). angiogenic lactors
(angiopoietin-1 (angl} and VEGF). and TGF-/f superfamily
antagonists (follistatin and DAN)Y muSP-DN cclls rom
untreated muscles expressed only PDGFR[. Prel. angl.

Jollistatin. and DAN (Fig. 4. cont. lane 1} Neither myogen-

ic nor other lincage-specific markers could be detected in
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Fig. 1. Characterization of skeletal muscle SPcells. (A ) Flow eytometric analysis of muscle-derived mononucleated cells after 1ocechst 33342 staming with
tlower panel) or without Verapamil fupper panel). The numbers indicate the percentage of SP cells tblue pentagons) in all mononucleated cells (B 1) The
expression of CD43 (B). CD34(C). Sea-1 D), and Dil-Ac-LDL uptake (1), and CD31 B ) onmuscle SP cells. The pereentage of cells in each quadrant

is shown in the panel (1.G) Immunofluoreseent staining for Berpl (green) and DAPE counterstaining tbluey of freshly sorted SP (1) and MP (G5 eells.
tmmunoftuoreseent staining for Berpl (green) and Taminin 42 chain (red) (1. Berpl (green) and CD31 (red) (1K) and Berpt (green) and o-smooth

muscle actin (red) (1. N). TOTO-3 nuelear staining is shown in merged images (blue in 11 K. and N). Berpl-positive eells wre focated outside the busal
lamina Girrow). and they are partially overlapped with endothelial eells of capitlary (1 Ky and vein (1. N} Barss 50 pm an (8.GL 20 pmoin (10 N).
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2. Behavior of subpopulations ol SP cefls during muscle regeneration. (A) At 1 day (1d). 2 days (2d), 3 days (3d). 5 davs (3d). and 7 days (7d) alter

CTX njection. the number of total cells (pink line) and SP cells tblue line) per gram of muscle weight was quantified. (B) At 3 davs (3d). 3 davs (5d). and 7
days (7d) alter CTX injection, muscle SP cells prepared from regenerating muscle were analyzed for CD31 and CDA3 expression. (C) Cell numbers in
subpopulations off SP cells. muSP-45 cells (light blue bar) and muSP-DN cells (dark red bar) were significantly increased in number during muscle
regeneration. Values (AC) are the average of three independent experiments. Lrror bars represent SP.

this population indicating that muSP-DN cells do not con-
tain cells committed to the lincages tested. At day 3 after
CTX injection. muSP-DN cells began 1o express develop-
mental regulator genes (Fig. 4. 3d. lanc 1). and then at
day 5. they also began to express several other lincage-spe-
cific genes (Tie2. aSMA. PPARy. and Runx2). Angiogenic
factors and TGF-f superlumily antagonists were also
strongly expressed at this time point (Fig. 4. 5d. lune 1). In
contrast. muSP-31 cells continuously expressed all three
endothelial eenes analyzed throughout the regencration pro-
cess (Fig. 4. lane 2). Expression of mature endothelial mark-
er. such us vW/F. suggests that muSP-31 cells represent
committed endothelial cells. muSP-45 cells expressed only
low levels of 2.SMA. PDGFRf. and follistatin at day 5 after
CTX injection (Fig. 4. lane 3). Myogenic markers. Pax7
and myf5. were detected only in the MP fraction (Fig. 4.
MP) indicating that myogenic cells are completely sorted
into the MP fraction even during the process ol muscle
regeneration.

Differentiation potential of muxcle SP cells for mesenchymal
lincages

muSP-DN cells showed a unique gene expression pat-
tern during muscle regeneration process: they began to
express several mesenchymal genes at a late phase of mus-
cle regeneration. Therefore. we examined the mesenchymal

potentials of muscle SP subpopulations. muSP-DN cells
from untreated muscle readily gave rise to alkaline phos-
phatase (AP)-positive cells when cultured in the presence
of bonc morphogenetic protein 2 {BMP2) (Figs. 5A and
C). With adipogenic induction. they also dilferentiated into
adipocytes containing numerous lipid droplets in the cyto-
plasm (Figs. 5A and D). Reflecting the results ol gene
expression analysis. muSP-DN cells from  regenerating
muscle more efliciently differentiated into osteogenic cells
and adipocytes than those from untreated muscle did (Figs.
5B-Dj. Unexpectedly. muSP-DN cells from regencrating
muscle also differentiated into adipocytes without adipo-
genic induction (Figs. 5B and D). suggesting that they
are susceptible to adipogenesis under our culture condition.
In contrast. muSP-31 cells did not possess these differenti-
ation potentials (Figs. 5A-D). Nor did muSP-45 cells.
which were dramatically mobilized from BM into regener-
ating muscle (Figs. 5B-Dj}. The attribute of differentiation
potential is therefore a [eature of muSP-DN.

Myogenic potential of muscle SP cells in rvitro

We next evaluated the myogenic potential of muscle SP
cells in vitro. When SP cells were cultured alone. they never
differentiated into skeletal muscle cells (data not shown).
Each subpopulation of SP cells wus prepared from GFP
Te mice and co-cultured with wild type (WT) primary
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Fig. 3. Origin. profiferative activity. and Berpl expression of subpopulations of muscle SP cells. (A B) C37BL/6 mice were transplanted with whole BM
from GEP T mice. and 3 months later, SP cells from untreated musche (A) or regencrating muscle (3 days after CTX injection) (B) were Turther analyzed
for CD31LCD43and GEP expression. Note that D45 SP eells imiddie and lower pancls) are almost all negative for GEPLindicating that they do not
originate from BM. In contrast. more than 90°a ol muSP-45 cetls were GEP rupper panclsio (O 1D K67 expression (green) and nuclet stained with DA

(bluc) on muSP-43 (C.D), muSP-DN (L) and muSP-31 (G cells. The percentages ol Kio7-positive cells were expressed as means

SD of three

independent experiments. muSP-45 (11 muSP-DN (1 and muSP-31 (K) were sorted from regenerating muscle and stained for Berpl tgreen) and nuche

(blucy. Only muSP-31 cells were stained positive for Berpl (K)o Bar: 30 .

myoblasts derived from satellite cells,. muSP-DN - cells
from untreated muscle rapidly proliferated in vitro as
obscrved in regenerating muscle (Fig. 2C). On the contrary.
muSP-31 cells hardly expanded. After 2-3 weceks co-cul-
ture. both muSP-DN cells and muSP-31 cells differentiated
not only into multinucleated myotubes  co-expressing
GFP und sarcomeric-w-actinin (Figs. SE-G. only muSP-
DN culture is shown) but also mononucleated myocytes
{shown in inscts). The frequency ol mononucleated

myocyles was too low to quantily. but existence of these
cells suggests that myogenic differentiation of SP cells could
accur without fusion. Strikingly. the myotube-forming
activity (the frequency of GFP' myotubes. see Materials
and mcthods Tor details) of muSP-DN cells was approxi-
mately 10-fold that of muSP-31 cells (Fig. SH. lane for
cont. 0.026 -+ 0.007 vs 0.002 4+ 0.001). Tn the experiments
using SPcells from regencrating muscle at 3 days after

CTX injection. muSP-DN cells showed  the  highest
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Figo 4. Gene eapression profiles ol muscle SP cells during muscle regeneration. muSP-DN (lane o muSP-31 (lane 2), muSP-43 (lane 31 o MDP cells were
collected from untreated (cont) and regenerating muscle at 3 days (3dy or 5 days (3d) after CTX injection. and RT-PCR was performed against the
indicated genes. Totad embryo extract (12113) was used as a positive control (PC). f-actin was amplified (o confirm that the quantities of mRNA were equal.

myotube-forming activity. although cach SP subpopula-
tion did form myotubes co-cxpressing GFP and sarcomer-
ic-y-uctinin (Fig. SH. lane for CTX3d). This clearly
demonstrates that muSP-DN cells have the highest myo-
genic potential among SP sub-fractions in vitro. For com-

parison. we quantified the myotube-forming activity of

satellite  cell-derived  myoblasts. The  value  was
0.09 4+ 0.01. indicating that myogenic activity of myoblasts

is much higher than that of muSP-DN cells.
Myogenic potential of muscle SP cells in vivo

To cvaluate the myogenic potential of muscle SP cells
in vivo. we  performed  transplantation  experiments.

muSP-DN or muSP-31 cefls from untreated muscle of

GFP Te mice were direetly transplanted into CTX-treated
TA muscles of immunodeficient NOD/scid mice. Three
weeks alter transplantation. muSP-DN cells had generated
myolibers more efficiently than muSP-31 cells (Figs. 6A
and B. and Table 1) indicating that muSP-DN cells had
relatively higher myogenic potential in vivo as well as in vi-
tro. Contrary to our expectation. muSP-DN cells Tormed
no GFP-positive adipoceytes after transplantation.

Discussion

Muscle SP cells have been suggested to be multipotent

and can  contribute  to  skeletal  muscle  regeneration

[+.9.10.23] However. most of these studies dealt with
whole muscle SP cells as one functional unit. We subdivid-
ed. for the first time. muscle SP cells using CD31 and
CD45 markers and revealed functional heterogeneity ol
muscle SP cells. CD31'CD45  SP cells (muSP-31 cells)
are a main subpopulation in non-regencrating muscle.
but CD31 CD45  SP cells (muSP-DN cellsy which repre-
sent a minor subpopulation in non-regenerating muscle
have the greatest differentiation potentials and become pre-
dominant subpopulation of SP cells upon muscle injury.

Difjerentiation potential of musele SP cells

Phenotypic and immunohistochemical analysis suggest-
ed that muSP-31 cells are a subset of endothelial cells of
capillaries and veins. They poorly proliferate after imjury
or in in vitro culture. and their dilferentiation potentials
are limited both in vitro and in vivo.

CD45" muscle SP cells (muSP-45 cells) were shown to
have both hematopoietic and myogenic potentials. and
hematopoictic potential of muscle-derived cells was exclu-
sively Tound in this fraction [8.9] We previously reparted
the contribution of muSP-45 cells to muscle regeneration
[14] In this study. we identilied novel subpopulation that
possesses much higher myogenic potential than muSP-45.
muSP-DN.

muSP-DN - cells the  highest  differentiation
potential of all the mesenchymal lincages tested among

showed
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then examined for alkaline phosphatiase expression tosteo) or oil deposits (adipo). Bar: 30 pm. (C.D) Osteogenic (C) and adipogenic (1) activities of
subsets of SI cells prepared from control tcont) o1 regenerating muscle at 3 dayvs alter CTX injection (CTX3d) were quantified. Values are the average of
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sorted and co-cultured with WT primary myoblasts in differentiation medium. Cells were stained with anG-GIFP (green) and anti-sarcomeric s-actinin (red)
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forming activities of muSP-DN cebls (red bars), muSP-31 cells (blue barsy and muSP-45 cells (green bary are shown. Fach subpopulation was prepared
from untreated (cont) or CEX-(reated regenerating muscle (CTX3d), Vidues are the average of three independent experiments. Error bars represent SD.
P00 P 005

SP subpopulations, They were negative lor lincage-specilic deteet hematopoictic colonies derived from muSP-DN cells
markers under the non-regenerating condition. but alter in vitro and muSP-DN cells Tailed to rescue the lethally
muscle injury or in in vitro expansion. they actively prolif- irradiated mice (data not shown), These observations indi-
crated and were readily induced o express several mesen-  cate that muSP-DN cells are enriched for primitive mesen-
chymal genes. Their differentiation potential scems to be chymal cells. This notion is further supported by genc
restricted to mesenchymal lincages because we did not expression pattern of muSP-DN cells, muSP-DN cells
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muSP-31

nuclei

Fag. 60 muSP-DN cells participate in myofiber Tormation during muscle
regeneration. (ALB) muSP-DN (A) muSP-31 (B) were transplanted into
CTXAnjected NOD/scid muscles. Each subpopulation was prepared from
untreated muscle ol GEP Tg mice. Muscle sections were stained with anti-
GEP rgreen) and anti-laminin 92 (red) antibodies 3 weeks  after
transphintation. More GEP-positive myofibers were detected in muSP-
DN-transplanted muscles (A} than in muscles transplanted with muSP-31
cells (B). Bar: 40 pm,

specifically expressed angl under the non-regencrating con-
dition and during the carly phase of regeneration (Fig. 4.
lune . cont or 3d). Perivascular cells. such as pericyles.
express angl [24.25] and several groups suggest that mul-
tipotent mesenchymal stem cells may be derived [rom peri-
cyles [26-28] A recent report demonstrated that vascular
mural precursor cells are negative Tor endothelial markers
but positive for Tie2 and smooth muscle cell markers
[29] Likewise. muSP-DN cells were negative for Fih/7 and
17 F throughout the regeneration process (Fig. 4. lane 1).
but began to express 7Tie2 and xSAMA during late phases
of regeneration (Fig. 4. lane 1. 5d). Given the similarity
between muSP-DN cells and those reported perivascular
primitive cells. muSP-DN cells would represent perivascu-
lur primitive mesenchymal cells in skeletal muscle.

Rolex of muscle SP cells in muscle regeneration

muSP-DN cells actively proliferated and significantly
increased in number upon muscle injury. The precise fate
of muSP-DN cclls has remained to be determined. since
the number of muSP-DN cells returned to normal level
at late stuge of muscle regeneration.

We noted that angiogenic lactors und TGF-B superfamily
antaganists were strongly expressed in muSP-DN cells dur-
ing muscle regeneration. Previous reports showed  that
Prel’ interstitial mesenchymal cells in muscle produce
angiogenic factors. including ang/. and promote muscle
regencration after ischemia [30.31] Some members of the
TGF-B superfumily. such as myostatin and TGF-B1. arce
known to act as negative regulators of myogenesis [32.33),
Inversely. onc ol the TGF-f superfamily antagonists. follist-
atin. has been reported to promote myoblast recruitment
and fusion [34]. Therefore. muSP-DN cells might promote
muscle regeneration by producing regeneration-regulating
lfactors,

muSP-DN cells preferentially differentiate into myogen-
ic cells after intramuscular transplantation. implying that
normal muscle environment lacilitates myogenic differenti-

ation of muSP-DN cells. However, we revealed that
muSP-DN cells have g high tendency to differentiate into
asteogenic or adipogenic cells in vitro. Therefore. it is
possible that muSP-DN cells differentiate into osteogenic
or adipogenic cells in some pathological conditions such
as Duchenne muscular dystrophy [35.36]. Recent finding
that microvascular pericytes can dilferentiate into adipo-
cytes [37] further supports the notion that muSP-DN cells
might be implicated in pathological changes.

In conclusion. we identified novel subpopulation of
muscle SPcells. CD31 CD45° SP cells. which possesses
capacity ol mesenchymal  differentiation in vitro and
reveals myogenic differentiation potential in vivo. OQur lind-
ings might provide new insights that may well be uselul in
understanding adult skeletal muscle regencration and in
designing therapeutic strategies of muscular dystrophy.
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