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HDPG/&)&C/M'-Gh!)@!H(&0'?,/&.!0-!?-G!@C-.,G!-G,!I&/.G!/IH&(,@.,-!M'-!)@!H(&0'?,/&.!
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TU#hUT>N!8*54$!H-',!G-! )/-(! ]! 0-'L! (K?-H,-'(G!A!54=!&'!54 BN!54=! -,! 54 Bh! -LH(/IKG!@'!
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 Les ROS sont produits par diffŽrentes enzymes dans la cellule endothŽliale : les 

NOS, la xanthine oxydase, la NADPH oxydase ou encore la COX suite ˆ diffŽrentes 

stimulations telles que le cisaillement endothŽlial ou la bradykinine 356. Toutes ces 

enzymes conduisent ˆ la production de H2O2 et de O2
- 401,441. Ces ROS vont alors 

interagir avec le NO et former des pŽroxynitrites ; il se produit alors une perte de la 

biodisponibilitŽ du NO, rŽduisant ainsi ses effets vasorelaxants 209,332. Ces ROS peuvent 

aussi avoir un effet contractant direct sur les cellules musculaires lisses 206. 

!

!

!
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8mDKI&G,@G-! H-',! l,(-! 0KZ/./-! ?&II-! )m-.G-I+)-! 0-G! IK?@./GI-G! M'/!
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!
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.&,@II-.,! ]! G&.! /.,KC(/,K! -,! ]! )@! GK?(K,/&.! 0-! H(&G,@?P?)/.-! EM'/! -G,! '.! H'/GG@.,!

@C-.,! /.D/+/,-'(! 0-! )m@C(KC@,/&.! H)@M'-,,@/(-! -.! H)'G! 0ml,(-! O@G&0/)@,@,-'(! -,! @.,/`
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! 8@! 0/@HK0WG-! -G,! )-! IK?@./GI-! H@(! )-M'-)! '.! )-'?&?P,-! ,(@O-(G-! )@! ?&'?D-!

-.0&,DK)/@)-! 0*'.! O@/GG-@'! H&'(! (-[&/.0(-! )-! )/-'! 0-! )*/.Z)@II@,/&.!#XaN! 3-!
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,(@.G/,&/(-!&'!H(&)&.CK-N!
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+@((/W(-! -.0&,DK)/@)-! -G,! KC@)-I-.,! (-.Z&(?K-h! )*K,/(-I-.,! /.0'/,! )@!

0KHD&GHD&(P)@,/&.! 0-! )*&??)'0/.-! H@(! )*/.,-(IK0/@/(-! 0-! 0/ZZK(-.,-G! Q/.@G-G! 0&.,!

%b3! h! ?-?/! @'CI-.,-! )*@GG&?/@,/&.! 0-G! [&.?,/&.G! G-((K-G!\# N! 1-! H)'Gh! /)! @?,/O-!

GK)-?,/O-I-.,! )-G!H-,/,-G!d4%@G-G!7@?!?-!M'/!?&.0'/,! ]! '.!0KH)@?-I-.,!0-! )*@?,/.-!
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! 8-G! ?&.GKM'-.?-G! 0*'.! K,/(-I-.,! H@,D&)&C/M'-! G&.,! I'), /H)-G!#$>N! 8*-ZZ-,! 0-!

)*K,/(-I-.,! ?P?)/M'-! -L?-GG/Z! @! K,K! +/-.! K,'0/K! 0@.G! )-G! ?-))')-G! I'G?')@/(-G! )/GG-G!

EY/C'(-! VFh!?-G!0-(./W(-G!O&.,!H-(?-O&/(!)*K,/(-I-.,!C(k?-!]!)@!H(&,K/.-!Y=b!EZ&?@)-!

@0DKG/&.! Q/.@G-F! -,! @'L! /.,KC(/.-G! M'/! O&.,! @?,/O-(! 0/ZZK(-.,-G! R=%b! E^!I/,&C-. `

@GG&?/@,-0!H(&,-/.!Q/.@G-G!_F!?&.0'/G@.,!]! '.-!H(&)/ZK(@,/&.!-,!]! '.-!@'CI-.,@,/&.!

0-! )@! GP.,DWG-! 0-! Z/+(&.-?,/.-! -,! 0-! )@! IK,@))&H(&,K/.@G-! RR%\! .&,@II-.,!

###hU#>hU#VN! 8@! H(&0'?,/&.! 0*-GHW?-G! (K@?,/O-G! 0-! )*&LPCW.-h! 0-! 4dY` " $! -,! 0-! ;5dY!

EZ@?,-'(! 0-! ?(&/GG@.?-! -.0&,DK)/@)! O@G?')@/(-F! -G,! KC@)-I-.,! @'CI-.,K-!#>V!

?&.0'/G@.,! ]! '.-! H(&)/ZK(@,/&.! 0-G!?-))')-G! I'G?')@/(-G! )/GG-G! T$XN! 1-! H)'Gh!

)*-LH(-GG/&.!0-!H(&,K/.-G!?&.,(@?,/)-G!-,!0'!?P,&GM'-)-,,-!-G,!@'GG/!@'CI-.,K-!EH@(!

-L-IH)- !A! )@! ^!IP&G/.! )/CD,! ?D@/.!_! Q/.@G-h! )@! H(&,K/.-! ^!GI&&,D! I'G?)-! IP&G/.!

D-@OP! ?D@/.G!_! -,! )@! 0-GI/.-F! TahTVVhTVX! @/.G/! M'-! )*-LH(-GG/&.! 0'! (K?-H,-'(! ]! )@!

,D(&I+/.-h!%=7 `$!#aTN!5.Z/.h!'.!K,/(-I-.,!-L?-GG/Z!@'CI-.,-!)*&LP0@,/&.!0-G!818!H@(!

)-G!?-))')-G!I'G?')@/(-G!)/GG-G!$$N!

! ='! ./O-@'! -.0&,DK)/@)h! )-G! -ZZ-,G! 0*'.! K,/(-I-.,! -L?-GG/Z! G&.,! H)'G! 0/O-(G!

EY/C'(-! VFN!%(-I/W(-I-.,h!)*K,/(-I-.,!?P?)/M'-!H-',!I&0/Z/-(!)-!?&.,(j)-!0-G!?-))')-G!

-.0&,DK)/@)-G!G'(! )@!H(&)/ZK(@,/&.!0-G!?-))')-G! I'G?')@/(-G! )/GG-G!#\VN! :)!?&.0'/,! ]! )@!

H(&0'?,/&.!0-!0/ZZK(-.,-G!H(&,K/.-Gh!-.!H@(,/?')/-(!0-G!I-,@))&H(&,K@G-G!RR%`$U!-,!



! #>!

`#!G'/,-!]!)*@?,/O@,/&.!0-!g9b!E^!?̀ ['.!9 `,-(I/.@)!Q/.@G-!_Fh!@/.G/!M'-!0-!)@!H)@GI/.-!

-,! 0-! )*K)@G,@G-! M'/! H@(,/?/H-.,! @'! 0K,@?D-I-.,! -,! ]! )*@H&H,&G-! 0-G! ?-))')-G!

-.0&,DK)/@)-G! #VahU$#N! 5.! )*@+G-.?-! 0-! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! )/K! @'! Z)'Lh!

)*K,/(-I-.,! 0-G! ?-))')-G! -.0&,DK)/@)-G! ?&.0'/,! ]! '.-! (K&(C@./G@,/&.! 0-G! Z/+(-G! 0-!

G,(-GG!/.,(@?-))')@/(-G!H-(H-.0/?')@/(-I-.,!@'!O@/GG-@'!?-!M'/!H(&O&M'-! '.-!H-(,-!

0-! )@! 0/)@,/&.! 0KH-.0@.,-! 0-! )*-.0&,DK)/'I! TV>! -,! '.-! @'CI-.,@,/&.! 0-! )@!

H-(IK@+/)/,K!TXN!3-,,-!Z&(I@,/&.!0-!Z/+(-G!0-!G,(-GG!-G,!)/K-!]!)*@?,/O@,/&.!0-G!H-,/,-G!

d4%@G-G!7D&!-,!.&.!H)'G!0-!7@?!T$UhUTXN!3-,!K,/(-I-.,!(KC')-!KC@)-I-.,!)*-LH(-GG/&.!

CK./M'-!@'!G-/.!0-G!?-))')-G!?&.0'/G@.,!H@(! -L-IH)-! ]! )@! I&0')@,/&.!0-!H(&,K/.-G!

?&II-! )-G! |:%! Q/.@G-G! @P@.,! H&'(! ?&.GKM'-.?-! '.-! @'CI-.,@,/&.! 0-! )@!

H-(IK@+/)/,K! -.0&,DK)/@)-! @'! ./O-@'! H')I&.@/(-!TXh! I@/G! @'GG/! ]! )*-LH(-GG/&.! 0-!

Z@?,-'(G!H(&`/.Z)@II@,&/(-G!?&II-!)* :8`ah!)-!4dY" h!)-!;5dYh!&'!-.?&(-!R3% `$!UT#hUUVN!

! 8*/.0'?,/&.! 0-! ,&'G! ?-G! H@(@IW,(-G! ?&.?&'(,! ]! )@! 0PGZ&.?,/&.! -.0&,DK)/@)-!

&+G-(OK-! 0@.G! 0/ZZK(-.,-G! H@,D&)&C/-G! ?&II-! )*DPH-(,-.G/&.! &'! )*i0WI-!

H')I&.@/(-N!

!

L+9-0 ($7%$&'>-91(30&.&&

! 8*K,/(-I-.,! O@! I&0')-(! ?-G! 0/ZZK(-.,G! H@(@IW,(-G! H@(! )*@?,/O@,/&.! 0-! O&/-G!

GHK?/Z/M'-G! H@GG@.,! H@(! 0-! .&I+(-'G-G! Q/.@G-G! -,! Z@?,-'(G! 0-! ,(@.G?(/H,/&.N! 5.!

H@(,/?')/-(h! )*K,/(-I-.,!H(&O&M'-! )@!H(&0'?,/&.!0-!72<!@'GG/!+/-.!0@.G!)-G!?-))')-G!

I'G?')@/(-G! )/GG-G!$\" ! M'-! 0@.G! )-G! ?-))')-G! -.0&,DK)/@)-G!#>X! EY/C'(-! VFN! 3-,,-!

H(&0'?,/&.! -G,! IK0/K-! H@(! H)'G/-'(G! -ZZ-?,-'(G!A! 8@! 9=1%J! &LP0@G-!#>Xh! )-G!

I/,&?D&.0(/-G! $$!&'!-.?&(-!)@!L@.,D/.-!&LP0@G-!#N!!

! ='! ./O-@'! 0-! )@! ?-))')-! I'G?')@/(-! )/GG-h! 0-! .&I+(-'L! -ZZ-,G! 0K)K,W(-G! 0-!

)*K,/(-I-.,! -L?-GG/Z! H-'O-.,! l,(-! ?&.,(-?@((KG! H@(! '.! ,(@/,-I-.,! @.,/&LP0@., !A!

)*@?,/O@,/&.!0-!9Y#Bh!)@!H(&0'?,/&.!0-! IK,@))&H(&,K/.@G-Gh!)*&LP0@,/&.!0-G!818N!1-!

H)'G! )@! H(&0'?,/&.! 0-! 72<! H@(! )@! 9=1%J! /.0'/,-! H@(! )*K,/(-I-.,! ?&.0'/,! ]!

)*@?,/O@,/&.!0-!HTa!R=%!E^!I/,&C-.!@GG&?/@,-0!H(&,-/.!_F!Q/.@G-! -,!g9b!E^!?̀ ['.!9 `

,-(I/.@)!Q/.@G-!_F!H-(,'(+@.,!)*@)/C.-I-.,!]!\"}!H@(!(@HH&(,!@'!G-.G!0*K,/(-I-.,!X>N!!

! ='! ./O-@'! -.0&,DK)/@)h! @)&(G! M'*'.! K,/(-I-.,! HDPG/&)&C/M'-! O@! /.0'/(-! )@!

H(&0'?,/&.! 0-! 92! H@(! @?,/O@,/&.! 0-! )@! O&/-! %:Tbe=Q,e-92<!#$Uh! )*K,/(-I-.,!

H@,D&)&C/M'-! /.0'/,! )*@?,/O@,/&.! 0-! )@! L@.,D/.-! &LP0@G-! H@(! )-! +/@/G! 0-! HTa! -,!

57b$e#!R=%!Q/.@G-h!@'CI-.,@.,! )@!H(&0'?,/&.!0-!72<!#N!5.Z/.h! )-G! I/,&?D&.0(/-G!



! #V!

G-I+)-.,! KC@)-I-.,! [&'-(! '.! (j)-! 0-! G-.G-'(! 0-! )*K,/(-I-.,! H@(! )-! +/@/G! 0'!

?P,&GM'-)-,,-h! )/+K(@.,!@)&(G!0-G!72<!0@.G!)-!?P,&G&)!$$!M'/!O&.,!H&'O&/(!@?,/O-(! )@!

Q/.@G-! 0*@0DKG/&.! Z&?@)! EY=bF! H'/G! )@! H(&,K/.-! Q/.@G-! 3! E%b3FN! 8*@?,/O@,/&.! 0-!

9=1%J!&LP0@G-!-,! )@!H(&0'?,/&.!0-!72<!O&.,!KC@)-I-.,!@'CI-.,-(! )@!H(&0'?,/&.!

0-!;5dY! -,!@/.G/!I&0')-(!)@!H-(IK@+/)/,K!-.0&,DK)/@)-!#>VN!

!

)
 

[P\MD9)R)O)%YY9JQ)S9):T;JPD9<98J)9c=9QQPY)IM)8PB9IM)BIQ=M:IPD9)^ISIUJ;)S9)KPDMdAB)?554`, _)
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! #X!

+G`G?G)/9::M:9Q)98SAJH;:PI:9Q)9J)=A8JDIP8J9Q)S9)=PQIP::9<98J))

 

3&.,(@/(-I-.,! ]! )*K,/(-I-.,h! )@! ?&.,(@/.,-! 0-! ?/G@/))-I-.,! -L-(?K! H@(! )-! G@.C!

?/(?')@.,!-G,h!-))-h!(-GG-.,/-!I@[&(/,@/(-I-.,!H@(!)-G!?-))')-G!-.0&,DK)/@)-GN!3-G!0-(./W(-G!

G&.,!0&.?!GHK?/@)/GK-G!0@.G!)@!H-(?-H,/&.!0-!?-,,-!Z&(?-N!8-G!?-))')-G!I'G?')@/(-G!)/GG-G!

?&II-!)-G!Z/+(&+)@G,-G!.-!O&.,!H@G!H-(?-O&/(!)-!Z)'L!0x!@'!G@.C!?/(?')@.,!I@/G!H-(?-O&/(!

'.!Z)'L!/.,-(G,/,/-)!,(@.GI'(@)!M'/!O@(/-(@!G-)&.!)*/.,KC(/,K!0'!O@/GG-@'T>TN!8@!?&.,(@/.,-!

0-!?/G@/))-I-.,!?&((-GH&.0!@'L!Z&(?-G!Z(/?,/&..-))-G!-L-(?K-G!H@(!)-!Z)'L!G@.C'/.!?&.,(-!

)@!H@(&/!O@G?')@/(-N!5))-!-G,!0K,-(I/.K-!H@(!)-!0K+/,!ErF!-,!)@!O/G?&G/,K!EµF!0'!G@.C!@/.G/!

M'-!H@(!)-!(@P&.!E(F!0'!O@/GG-@'!G-)&.!)@!)&/!0-!%&/G-'/))-!EH&'(!'.!Z)'L!)@I/.@/(-F!A!

!

$)b)V)µ)F)e)%)D̀)

!

8@!O@)-'(! I&P-..-!0-!?-,,-!?&.,(@/.,-h!0@.G! '.-!H&(,/&.!0(&/,-!0-!O@/GG-@'! -G,!

?&IH(/G-! -.,(-! $! -,! #!%@h!G&/,!$"! -,! #"!0P.e?I#!E?D-S!)*D&II-F $$VN! :)! -G,!@! .&,-(!M'-!

H&'(! '.! Z)'L! H')G@,/)-! )@! Z&(I')-! H(-.0(@! -.! ?&IH,-! )@! Z(KM'-.?-! 0-G! H')G-GN! 6.-!

O@(/@,/&.!0-!0/@IW,(-!0'!O@/GG-@'!-.,(@/.-(@!0-!C(@.0G!?D@.C-I-.,G!0-!?&.,(@/.,-!0-!

?/G@/))-I-.,N!1-!IlI-h!)@!O/G?&G/,K!0'!)/M'/0-!I&0')-(@!0/(-?,-I-.,!?-,,-!Z&(?-N!1@.G!)-!

G@.Ch!)-!Z@?,-'(!I@[-'(!I&0')@.,!)@!O/G?&G/,K!-G,!)@!?&.?-.,(@,/&.!-.!C)&+')-G!(&'C-GN!5.!

?&.GKM'-.?-! ?-,,-! ?&.,(@/.,-! -G,! )-! G-.G-'(! /0K@)! 0-G! I&0/Z/?@,/&.G! HDPG/M'-G! -,!

DKI@,&)&C/M'-G!0'!O@/GG-@'N!

5.! ?&.0/,/&.! HDPG/&)&C/M'-! 0-! Z&(,-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,h! )-G! ?-))')-G!

-.0&,DK)/@)-G!@0&H,-.,!'.-!I&(HD&)&C/-!H@(,/?')/W(-h!-))-G!G*@))&.C-.,!-,!G*@)/C.-.,!0@.G!

)@!0/(-?,/&.! 0'! Z)'LN!5.! ?&.0/,/&.! 0-!Z@/+)-G!?&.,(@/.,-G!0-! ?/G@/))-I-.,!EZ)'L!Z@/+)-!&'!

&G?/))@.,Fh!-))-!H-(0-.,!?-,,-!?@H@?/,K!0*@)/C.-I-.,!T#\ !EY/C'(-! XFN!

!

)



! #a!

[P\MD9)0)O)/9::M:9Q)98SAJH;:PI:9Q)QAM<PQ9Q)f)SPYY;D98J9Q)=A8JDIP8J9Q)S9)=PQIP::9<98J)^UHNQPA:A\PaM9Q)AM)8A8_)
3-))')-G! -.0&,DK)/@)-G! E !̂J'I@.! 6I+/)/?@)! ;-/.! 5.0&,D-)/@)! 3- ))G!_F! G&'I/G-G! ]! 0-G! ?&.,(@/.,-G! 0-!
?/G@/))- I-.,! 0-! #"0P.e?I#! EZ&(,-G! ?&.,(@/.,-GF! &'! 0-! #0P.e?I#! EZ@/+)-G! ?&.,(@/.,-GF! H-.0@.,! #UDN!
:I@C-G!&+,-.'-G!@'!)@+&(@,&/(-N!
 

='!G-/.!0-!)*@(+(-!O@G?')@/(-h!)@!O@)-'(!0-!?-,,-!?&.,(@/.,-!O@!l,(-!0KH-.0@.,-!0-!

)@! G,('?,'(-! 0'! O@/GG-@'N! 5.! -ZZ-,h! )@! H(KG-.?-! 0*/((KC')@(/,KGh! 0*&+G,('?,/&.G! &'! 0-!

?&'(+-G!O@!I&0/Z/-(! )-!?&'(@.,!G@.C'/.! )&?@)N!=/.G/h!0@.G! )-G!S&.-G! )/.K@/(-G!0-! )*@(+(-!

O@G?')@/(-! )-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! O&.,! l,(-! )@I/.@/(-G! H')G@,/)-G! E0x! @'L!

+@,,-I-.,G!?@(0/@M'-GFh!)-!G@.C!?/(?')@.,!-.!)/C.-G!H@(@))W)-G!G'(!)*-.0&,DK)/'I!n!?-!,PH-!

0-!?&.,(@/.,-G!G*&+G-(O-!0@.G! )-G!C(&G! ,(&.?G!@(,K(/-)Gh! )-G!@(,W(-G!0-! (KG/G,@.?-! -,! )-G!

@(,K(/&)-GN!='!?&.,(@/(-h!0@.G!)-G!S&.-G!0-!+/Z'(?@,/&.G!@(,K(/-))-G!-,!0-!?&'(+-Gh!)-!Z)'L!

0-O/-.,! H)'G! Z@/+)-! E-.,(-! "! -,! $"! 0P.e?I #F!n! @'! ./O-@'! 0-G! -I+(@.?D-I-.,G! 0-!

?&))@,K(@)-Gh! )-! Z)'L! 0-O/-.,! KC@)-I-.,! &G?/))@,&/(-! E+/0/(-?,/&..-)F!n!)-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-., !O@(/-.,!@)&(G!@',&'(!0-!"!0P.e?I#!$>Uh#UUhTX>!EFigure 8FN!

)
[P\MD9)@)O)3ASPYP=IJPA8)S9Q)=A8JDIP8J9Q)S9)=PQIP::9<98J)98)YA8=JPA8)S9):I)\;A\DIUHP9)S9):TIDCD9)BIQ=M:IPD9)

^STIUDZQ)/HIJ]P]PQPQ)?5500?_)

!

3-H-.0@.,h! /)! -G,! /IH&(,@.,! 0-! .&,-(! M'*-.! H)'G! 0'! ?@(@?,W(-! &G?/))@,&/(-h! )-!

?@(@?,W(-! ,'(+')-.,! 0'! Z)'L! -G,! ]! H(-.0(-! -.! ?&IH,-N! 3- )'/ `?/! -G,! 0KZ/./! H@(! '.! @',(-!

H@(@IW,(-!A! )-! .&I+(-!0-!7-P.&)0GN!3-)'/ `?/!0KH-.0!0-! )@!O/G?&G/,K! -,!0-! )@!O/,-GG-!0'!

Z)'/0-N!%&'(!0-G!?&.0/,/&.G!CK&IK,(/M'-G!0&..K-Gh!H)'G! '.!Z)'/0-!O@!l,(-! (@H/0-!-,!H-'!

O/GM'-'L! H)'G! )@! ,'(+')-.?-! @H(WG! '.! &+G,@?)-! G-(@!K)-OK-! E7-~#"""h!Figure 9! 3FN! ='!

?&.,(@/(-h! '.!Z)'/0-!H)'G!O/GM'-'L! -,!?/(?')@.,! I&/.G!O/,-!?&.G-(O-(@! '.!Z)'L! )@I/.@/(-!

@H(WG!&+G,@?)-!E7-•#"""h!Figure 9=!-,!BF!X#N!
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)
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!

%&'(! H-(?-O&/(! ?-G! Z&(?-G! -,! ?-G! H&GG/+)-G! ?D@.C-I-.,Gh! )@! ?-))')-! -.0&,DK)/@)-!

0/GH&G-! 0-! .&I+(-'L! ?@H,-'(G! ?&II-! )-G! /.,KC(/.-Gh! )-G! I&)K?')-G! 0-! [&.?,/&.Gh! )-G!

?@.@'L! /&./M'-G!&'! -.?&(-! )-!C)P?&?@)PLN!3-(,@/.G!G&.,!H(KZK(-.,/-))-I-.,!@?,/OKG!0@.G!

'.-! (KH&.G-!H(K?&?-!E-L!A!?@.@'L! /&./M'-GFh! ,@.0/G!M'-!0*@',(-G!G-(&.,!H)'G! /IH)/M'KG!

0@.G!0-G!(KH&.G-G!,@(0/O-G!@'L!?&.,(@/.,-G!0-!?/G@/))-I-.,!E-L!A!?-(,@/.-G!/.,KC(/.-GFN!1-!

IlI-h!)-!0-C(K!0-!?&.,(@/.,-G!EZ@/+)-!&'!Z&(,F!O@!?&.0'/(-!]!0-G!@?,/O@,/&.G!0/ZZK(-.,-GN!

8-G!Z&.?,/&.G!-,! IK?@./GI-G!0*@?,/&.!0-!?-G!?@H,-'(G!G&.,!0K,@/))KG!?/`0-GG&'G!EY/C'(-!

$#FN!

!

=%$&9-0-46&(30(D4%$&

8-G!?@.@'L!/&./M'-G!&.,!K,K!0K?(/,G!?&II-!K,@.,!)-G!K)KI-.,G!(K@C/GG@.,!)-!H)'G!

(@H/0-I-.,!]!)*@HH)/?@,/&.!0*'.!Z)'LN!

8-G! ?@.@'L! bw! G&.,! @?,/OKG! ,(WG! (@H/0-I-.,! 0WG! 0-! ,(WG! Z@/+)-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,!E"NX0P.e?I#F!H&'(!@,,-/.0(-!'.!I@L/I'I!0*@?,/O@,/&.!]!$>!0P.e?I #!#\\ !-,!

O&.,!H(&O&M'-(! '.-!DPH-(H&)@(/G@,/&.!I-I+(@.@/(-N!8-G!?@.@'L!3)`!H@(,/?/H-.,!@'GG/!]!

)@!0K,-?,/&.!0'!Z)'L! I@/G!)-'(!@?,/&.!0KH&)@(/G@.,-! -G,! (-,@(0K-!?&IH@(K!]! )*@?,/&.!0-G!

?@.@'L! bw! #Th#a$! )-'(G! @?,/&.G! @'CI-.,-.,! @O-?! )-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! H&'(!



! T" !

@,,-/.0(-!)@!G@,'(@,/&.!]!T0P.e?I#!$>#N!:)!-L/G,-!KC@)-I-.,!'.!?@.@)!@./&./M'-!(KC')@,-'(!

0-!O&)'I-!E;7=3F!M'/!)'/!.*-G,!@?,/Z!M'-!G&'G!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!TT$N!1-G!

?@.@'L! 3@#w! -,! 9@w! &.,! KC@)-I-.,! K,K! 0K?(/,G! ?&II-! G-.G-'(G! 0-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,! #""h#a$N! 3-G! I&0/Z/?@,/&.G! 0'! H&,-.,/-)! I-I+(@.@/(-! -,! 0-G! ?D@(C-G!

/.,(@?-))')@/(-G!&.,!H&'(!?&.GKM'-.?-!I@[-'(-!'.-!)/+K(@,/&.!0-!?@)?/'I!0-G!(KG-(O&/(G!

/.,(@?-))')@/(-GN! 3-! ?@)?/'I! /.0'/(@h! ]! G&.! ,&'(h! )*@?,/O@,/&.! 0-! 0/ZZK(-.,G! -ZZ-?,-'(G!

?&II-! )-! ?P,&GM'-)-,,-! &'! )-! 92N! :)! -L/G,-h! 0-! H)'Gh! 0-G! IK?@./GI-G! 0*@',&?&.,(j)-!A!

)*@?,/O/,K!0-G!?@.@'L!3)̀ !-,!b w!H(K?&?-I-.,!@?,/OKG!H@(!)-!Z)'L!O@!/.0'/(-!)*@'CI-.,@,/&.!

0-!)*-LH(-GG/&.!0-G!?@.@'L!?&,(@.GH&(,-'(G!9@`b`3)!TXXN!

!

=%$&(01+*)(0%$!

8-G! /.,KC(/.-G! G&.,! 0-G! H(&,K/.-G! ,(@.GI-I+(@.@/(-G! ?&IH&GK-G!

GPG,KI@,/M'-I-.,! 0*'.-! './,K! &! -,! 0*'.-! './,K! " N! 8@! H@(,/-! -L,(@?-))')@/(-! (-?&..@€,!

GHK?/Z/M'-I-.,! )-G! K)KI-.,G! 0-! )@! I@,(/?-! -L,(@?-))')@/(-! ER53FN! ='! ./O-@'!

/.,(@?-))')@/(-h! )-G! /.,KC(/.-G! Z&(I-.,! 0-G! ?&IH)-L-G! @O-?! 0/ZZK(-.,-G! Q/.@G-G! -,!

H(&,K/.-G!0'!?P,&GM'-)-,,-!EY=bh!<D?h!,@)/.-!&'!@?,/./.-!H@(!-L-IH)-F!$a\hTTa!@HH-)KG!G/,-G!

0*@0DKG/&.!Z&?@)-N!

! =/.G/! )*@?,/O@,/&.! 0*'.! G/,-! 0*@0DKG/&.! Z&?@)-! H@(! )-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,!!

O@!H&'O&/(!0K?)-.?D-(!0-G!KOW.-I-.,G! /.,(@?-))')@/(-G!?&.0'/G@.,! ]!0-G! I&0/Z/?@,/&.G!

0'! ?P,&GM'-)-,,-! G,@+/)/G@.,! )@! G,('?,'(-! .'?)K@/(-!#U\N! 8-! (-?(',-I-.,! 0-G! Y=b! -,!

)*@?,/O@,/&.!0-!?-G!G/,-G!?&.0'/(@/-.,!KC@)-I-.,!]!)*&(/-.,@,/&.!0-G!?-))')-G!-.0&,DK)/@)-G!

0@.G!)-!G-.G!0'!Z)'L!#T$N!6.-!K,'0-!(K?-.,-! ',/)/G@.,!0-G!+/))-G!I@C.K,/M'-G!(-?&'O-(,-G!

GHK?/Z/M'-I-.,! H&'(! (-?&..@€,(-! 0/ZZK(-.,G! ,PH-G! 0*/.,KC(/.-G! I&.,(-! M'*-))-G! O&.,!

H&'O&/(! @?,/O-(! 0-G! G/C.@)/G@,/&.G! 0/ZZK(-.,-GN! =/.G/! )-G! /.,KC(/.-G! (-?&..@/GG@.,! )-!

?&))@CW.-! 0-! ,PH-! :! O&.,! @O&/(! '.! -ZZ-,! (@H/0-! G'/,-! ]! )*-LH&G/,/&.! @'L! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,! -.! @?,/O@.,! 57b$e#! 0@.G! )-G! H(-I/W(-G! I/.',-Gh! )-G! /.,KC(/.-G!

(-?&..@/GG@.,!)-!0&I@/.-!7d1!O&.,!@O&/(h!-))-Gh!'.!-ZZ-,!]!)&.C!,-(I-!-.!@?,/O@.,!=Q,!-,!

)@!H(&0'?,/&.!0-!92!@H(WG!H)'G/-'(G!D-'(-G!0*-LH&G/,/&.!aXN!1-!I@./W(-!/.,K(-GG@.,-h!)-G!

?&.,(@/.,-G!0-!?/G@/))-I-.,!H-'O-.,!@?,/O-(! )@!H(&,K/.-! ,P(&G/.-!Q/.@G-!#!" !0-! I@./W(-!

0KH-.0@.,-! 0'! ?@)?/'Ih! ?-))-`?/! H@(,/?/H-(@! @)&(G! ]! )*@?,/O@,/&.! 0-G! G/,-G! 0*@0DKG/&.!
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G-.G-'(G!IK?@./M'-GN!
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T$Th!)-G!-ZZ-,G!@GG&?/KG!]!'.!,PH-!0-!C)P?&G@I/.&C)P?@.G!0&/O-.,!0&.?!l,(-!?&.G/0K(KG!-.!

Z&.?,/&.!0'!,PH-!0-!O@/GG-@'L!&+G-(OKGN!
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?&.,(@/.,-G! 0-! ?/G@/))-I-.,h! ?-?/! K,@.,! 0x! @'! 0KZ@',! 0*@?,/O@,/&.! 0-! )@! -92<!UT\N! 8-G!
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57b$e#! -,! g9b!>VN! 6.-! K,'0-! H)'G! (K?-.,-! I&.,(-! KC@)-I-.,! M'*-.! Z&.?,/&.! 0-! )-'(!

&(C@./G@,/&.! )-G! I/?(&0&I@/.-G! I-I+(@.@/(-G! E,-)G! M'-! )-G! (@0-@'L! )/H/0/M'-G! &'! )-G!

?@OK&)-GF!O&.,!H-(?-O&/(!0-!I@./W(-!0/ZZK(-.,-!E-.!,-IHG!-,!/.,-.G/,KF!)-G!?&.,(@/.,-G!0-!

?/G@/))-I-.,N!3-)@!@'(@!H&'(!?&.GKM'-.?-! '.-!(K&(C@./G@,/&.!0-G!S&.-G!.&.!&(C@./GK-G!

ES&.-G! @',(-G! M'-! I/?(&0&I@/.-GF! 0/I/.'@.,! )@! O/G?&G/,K! 0-! )@! I-I+(@.-!Ta$N! 8-G!

@',-'(G!G'CCW(-.,! '.! (j)-!0'!C)P?&?@)PL!0@.G!)@!,(@.GI/GG/&.!0'!G/C.@)!IK?@./M'-!@'L!

)/H/0-GN!

&

/)31+(0%$&_&%1&?%4)$&)+9%,1%4)$&

LÕactivation des protŽines G par les fortes contraintes de cisaillement se fait dans les 

premi•res secondes dÕexposition. Cette activation peut •tre dŽpendante ou indŽpendante de 

lÕactivation des rŽcepteurs aux protŽines G et est indŽpendante du cytosquelette 165. 

Cependant, les changements de fluiditŽ membranaire seraient responsables du changement de 

conformation des rŽcepteurs nŽcessaires ˆ leur activation 65. LÕactivation de ces protŽines va 

conduire ˆ lÕactivation de ERK1/2 comme bien dÕautres senseurs mais aussi des Ras-GTPase 
164.  
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1*'.!H&/.,!0-!O'-!+/&)&C/M'-h!)@!IK?@.&G,(@.G0'?,/&.!-G,!)@!,(@.GZ&(I@,/&.!0*'.!

I-GG@C-!IK?@./M'-!-.!I-GG@C-!?D/I/M'-N!8-G!IK?@.&G-.G-'(G!H(KG-.,KG!?/`0-GG'G!Z&.,!

H@(,/-! /.,KC(@.,-! 0-! ?-! HDK.&IW.-! M'/! O@! ?&.0'/(-! ]! )*@?,/O@,/&.! 0-! ?@G?@0-G! 0-!

G/C.@)/G@,/&.! -,! ]! )@!I&0')@,/&.!0-! )*-LH(-GG/&.!CK./M'-N!=! ,-(I-h!0/ZZK(-.,-G!Z&.?,/&.G!

0-G! ?-))')-G! -.0&,DK)/@)-G! G-(&.,! I&0')K-GN! 3&II-! .&'G! @O&.G! H'! )-! O&/(! ?-G!

IK?@.&G-.G-'(G! H-'O-.,! /.,-(@C/(! -.G-I+)-h! G*@?,/O-(! )-G! '.G! )-G! @',(-Gh! @C/(! G'(! 0-G!

O&/-G!?&II'.-G!&'!0/ZZK(-.,-Gh!]!)&.C!,-(I-!&'!]!?&'(, !,-(I-N !

8-G! Z&(,-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! O&.,! /.0'/(-! )*@?,/O@,/&.! 0-! ,&',-! '.-!

O@(/K,K!0-!H(&,K/.-G!-.!H@(,/?')/-(!0-!Q/.@G-G!?&II-!)-G!H(&,K/.-G!Q/.@G-G!3!E%b3F!)-G!

Q/.@G-G! 0*@0DKG/&.! Z&?@)-! EY=bFh! )-G! H-,/,-G! H(&,K/.-G! 7D&! ]! @?,/O/,K! d4%@G-! E7D&!

d4%@G-Fh! )-G! HD&GHD&/.&G/,/0-! T! Q/.@G-G! E%:TbF! -,! -.Z/.! )-G! ^!I/,&C-.- `@GG&?/@,-0!

H(&,-/.!Q/.@G-G!_!ER=%bFN!

!

8-G! H(&,K/.-G! Q/.@G-G! 3! &.,! 0-! .&I+(-'L! G'+G,(@,GN! <&'G! Z&(,-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,!)*-.G-I+)-!0-G!%b3!O@!l,(-!/.0'/,!G'(!'.-!0'(K-!0-!T"!I/. !#a>!?-)@!?&.0'/(@!

]!)*-LH(-GG/&.!0-!)*-.0&,DK)/.-!$!E54$F!-,!0'!Z@?,-'(!0-!?(&/GG@.?-!0K(/OK!0-G!H)@M'-,,-G!

E%d1YF!$a$h#$Th#X>N! 8-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! @?,/O-.,! -.! H@(,/?')/-(! ?-(,@/.-G!

/G&Z&(I-G!0-!%b3!A!%b3" !O@!l,(-!@?,/OK-!0@.G!)-G!(KC/&.G!?&(,/?@)-G!H(/.?/H@)-I-.,!$aTh!

%b3' ! O@! M'@.,! ]! -))-! /.0'/(-! )*@?,/O@,/&.! 0-! 57b! -,! R3%`$! #a>hT\"N! %bB! H@(,/?/H-!

KC@)-I-.,!]!)*@?,/O@,/&.!0-!=Q,!H@(!)-G!Z&(,-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!$>VN!
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8*@?,/O@,/&.!0-G!%:Tb!H@(!)-G!Z&(,-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!-G,!,(@.G/,&/(-!$>X!

I@/G! H-(I-,! '.-! @?,/O@,/&.! H)'G! )&.C'-! 0-! =Q,! EVDF! M'/! O@! HD&GHD&(P)-(! )@! 92<!

-.0&,DK)/@)-h! H-(I-,,@.,! @/.G/! )@! H(&0'?,/&.! 0-! 92! -,! ?-! 0'(@.,! '.-! )&.C'-! HK(/&0-!

UUhU>h>>h$#"h$TVN! 5.! H)'G! 0*'.-! (KC')@,/&.! H@(! %:Tbh! =Q,! H-',! l,(-! @?,/OK-! H@(! )@!

C)',@(-0&L/.-! -.C-.0(@.,! )]! @'GG/! '.-! H(&0'?,/&.! 0-! 92 U$TN! 8-G! Z&(,-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,!@'CI-.,-.,!@'GG/!)*-LH(-GG/&.!0'!I/?(&=79 `#$h!M'/!O@!(K0'/(-!)*-LH(-GG/&.!

0-!%459h!@'CI-.,-(!)@!HD&GHD&(P)@,/&.!0-!)@!92<!-,!)@!H(&0'?,/&.!0-!92U#$!EY/C'(-! $TFN!!
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/IH)/M'K-G! 0@.G! )@! Z&(I@,/&.! 0-G! )@I-)&H&0-G! -,! )-! 30?U#! (KC')@.,! )@! Z&(I@,/&.! 0-G!

Z/)&H&0-GN!3-G!,(&/G!H(&,K/.-G!&.,!K,K!0KI&.,(K-G!?&II-!/IH)/M'K-G!0@.G!)@!(KH&.G-!0-G!

?-))')-G! -.0&,DK)/@)-G! @'L! Z&(,-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! T\$ N! 30?U#! -G,! @?,/OK!
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?-))')-G! .-! G&.,! H@G! './M'-I-.,! @)/C.K-G! 0@.G! )-! G-.G! 0'! Z)'L! I@/G! G&.,! KC@)-I-.,!
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I&0')@,-'(!0-! )*DKI&G,@G-N!3-H-.0@.,h!?&II-!H(KG-.,K!-.!0K+',!0-!?-!H@(@C(@HD-h! /)!

-L/G,-! 0-G! S&.-G! 0-! )*@(+(-! O@G?')@/(-! .@,'(-))-I-.,! G&'I/G-G! ]! 0-! H)'G! Z@/+)-G!

?&.,(@/.,-G!0-!?/G@/))-I-.,!0-!H@(,!)@!Z&(I-! IlI-!0-G!O@/GG-@'L!M'/!H-',! I&0/Z/-(!)-G!

K?&')-I-.,G! )&?@'LN! 8@! IK?@.&,(@.G0'?,/&.! -G,! @)&(G! @?,/OK-! 0-! I@./W(-! 0/ZZK(-.,-h!

@?,/O@.,! )*-.0&,DK)/'Ih! ?-?/! Z@O&(/G@.,! )*@HH@(/,/&.! 0-! 0/ZZK(-.,-G! H@,D&)&C/-G! 0&.,!

)*@,DK(&G?)K(&G-N!!

 



! U"!

.6B6-78"'4+(903&5#-;-!0=+')")-=,(9+3+?&A5")C-%,)-4"-

38,(90$+)%30$+)")

 

+GVGEG)>TIJH;DAQ=:;DAQ9)O)S;YP8PJPA8)

 

8*@,DK(&G?)K(&G-! -G,! '.-! I@)@0/-! /.Z)@II@,&/(-! ?D(&./M'-! 0-G! C(&GG-G! @(,W(-GN!

3*-G,!'.-!I@)@0/-!G/)-.?/-'G-!]!KO&)',/&.!)-.,-!0&.,!)*-LH (-GG/&.!G-!,(@0'/,!?)/./M'-I-.,!

H@(!)@!G'(O-.'-!0*@??/0-.,G!/G?DKI/M'-G!@/C'G!E@.C&(!/.G,@+)-h!I&(,!G'+/,-h!/.Z@(?,'G!0'!

IP&?@(0-h! @??/0-.,! O@G?')@/(-! ?K(K+(@)h! /G?DKI/-! 0-G! I-I+(-G! /.ZK(/-'(GFN! 3-G!

KOW.-I-.,G!G&.,!?&.GK?',/ZG!]!'.-!('H,'(-!&'!'.-!K(&G/&.! 0-!)@!H)@M'-!0*@,DK(&G?)K(&G-!

@O-?!Z&(I@,/&.!0*'.!,D(&I+'G!&+G,('@.,!)@!)'I/W(-!O@G?')@/(-N!5))-!-G,!.&IIK-!-.!$\"U!

H@(!R@(?D@.0!M'/!/.O-.,-!)-!,-(I-!0*@,DK(&G?)K(&G-!0&.,!)@!0K.&I/.@,/&.!(KG'),-!0-!)@!

?&.,(@?,/&.!0*^!@,DK(&I-!_!A!+&'/))/-! -,!0-! ^!G?)K(&G-!_!A!0'(-! -,!?@GG@.,! -.!C(-?N!3-,,-!

K,PI&)&C/-! (-Z)W,-! +/-.! )-G! ?&IH&G@.,-G! )KG/&..-))-G! E/.Z)@II@,&/(-GFh! @,DK(&I@,-'G-!

E)/H/0/M'-F!-,!G?)K(-'G-!EZ/+(-'G-F!0-!)@!I@)@0/-N!

3-,,-! I@)@0/-! .*-G,! ?-(,@/.-I-.,!H@G! '.-! I@)@0/-! (K?-.,-!H'/GM'-! 0-G!H)@M'-G!

0*@,DK(&I-G! &.,! K,K! /0-.,/Z/K-G! G'(! 0-G! ?&(HG! I&I/Z/KG! KCPH,/-.G!>"N! 5))-! (-H(KG-.,-!

@'[&'(0*D'/! )@!H(-I/W(-!?@'G-!0-! I&(,@)/,K! I&.0/@)-N!1*@H(WG!)*2R<h!2.! -G,/I-! ]!$XhT!

I/))/&.G!)-!.&I+(-!0-!0K?WG!/IH',@+)-G!@'L!I@)@0/-G!?@(0/&`O@G?')@/(-Gh!G&/,!T"q!0-!)@!

I&(,@)/,K! I&.0/@)-! ,&,@)-N!%@(I/!?-G!0K?WGh!&.! -G,/I-!M'-!XhT! I/))/&.G!G&.,!0'G! ]! '.-!

?@(0/&H@,D/-! ?&(&.@(/-..-!-,! Vh#! I/))/&.G! ]! '.! @??/0-.,! O@G?')@/(-! ?K(K+(@)-!

EG,@,/G,/M'-G!#""aFN!1-!H@(,!)-G!?D@.C-I-.,G!0-!G,P)-!0-!O/-!-,!)-!O/-/))/GG-I-.,!C)&+@)!0-!

)@!H&H')@,/&.h!)*@,DK(&G?)K(&G-h!&'!H)',j,!G-G!?&.GKM'-.?-G!H@,D&)&C/M'-G!G&.,!-.!H)-/.-!

-LH@.G/&.!A! 0*/?/! #"T"h!#T! I/))/&.G! 0-! H-(G&..-G! I&'((&.,! 0*'.-! I@)@0/-! ?@(0/& `

O@G?')@/(-N!3-)@! -.!Z@/,!0&.?! '.!0-G! -.[-'L! I@[-'(G!0-! )@! (-?D-(?D-! -,!0-! )@! IK0-?/.-!

@?,'-))-N!

!

+GVG?G)>9Q)YI=J9MDQ)S9)DPQaM9)

 

) 1/ZZK(-.,G! K)KI-.,G! H@(,/?/H-.,! ]! )*@HH@(/,/&.! -,! ]! )@! H(&C(-GG/&.! 0-! )@! H)@M'-!

0*@,DK(&G?)K(&G-N!3-G!Z@?,-'(G!&.,!0-G!&(/C/.-G!,(WG!0/O-(G-GN!

8-G!D@+/,'0-G!0-!O/-![&'-.,!'.!(j)-!/IH&(,@.,!0@.G!)@!H(&C(-GG/&.!0-!)@!I@)@0/-!A!



! U$!

! `!8-!,@+@C/GI-!A!8@!./?&,/.-!Z@O&(/G-!)@!O@G&?&.G,(/?,/&.!0-G!@(,W(-G!EG,/I')@,/&.!

0-G!(K?-H,-'(G!@0(K.-(C/M'-G  &$FN!8-G! ,&L/.-G!H(KG-.,-G!0@.G!)@!Z'IK-!0-! )@!?/C@(-,,-!

@'CI-.,-.,! )*/.Z)@II@,/&.! 0-G! ?-))')-G! O@G?')@/(-Gh! )-! G,(-GG! &LP0@.,! -,! )@!

,D(&I+&CK./?/,K!U$h##"hTT>N!

! `! 8@! GK0-.,@(/,K! A! 8-! I@.M'-! 0m@?,/O/,K! HDPG/M'-! 0/I/.'-! )@! (KG/G,@.?-! 0-G!

@(,W(-GN! =/.G/h! 0-G! G&'(/G! =H&5`e`! G&'I/G-G! ]! '.-! @?,/O/,K! HDPG/M'-! G&.,! I&/.G!

G'G?-H,/+)-G!0-!0KO-)&HH-(!0-!)*@,DK(&G?)K(&G-!#\XhT>>N!

! `!8-!(KC/I-!@)/I-.,@/(- !A!6.!(KC/I-!(/?D-!-.!C(@/GG-G!-,!-.!G'?(-G!O@!Z@O&(/G-(!)-!

0KO-)&HH-I-.,! 0-! H@,D&)&C/-G! @GG&?/K-G! ]! )*@,DK(&G?)K(&G-! ?&II-! )*&+KG/,K! &'! )-!

0/@+W,-!EO&/(!H)'G!)&/.FN!

`! 8*@,DK(&G?)K(&G-! H-',! @'GG/! @O&/(! '.-! ?&IH&G@.,-! CK.K,/M'-!+/-.! M'*@'?'.-!

I',@,/&.! &'! CW.-! H(K?/G! .*@/,! K,K! /0-.,/Z/Kh! )-G! /.Z)'-.?-G! K,@.,! I'),/H)-GN! 8-! G-L-!

/.Z)'-.?-! )@! H(K0/GH&G/,/&.h! )-G! D&II-G! G&.,! H)'G! -LH&GKG! +/-.! M'-! ?-,,-! 0/ZZK(-.?-!

G*@,,K.'-!@H(WG!)@!IK.&H@'G-N!8mDPH-(?D&)-G,K(&)KI/-!Z@I/)/@)-!-G,!)@!I@)@0/-!CK.K,/M'-!

)@!H)'G!Z(KM'-.,-!0@.G!)-G!?@G!0*@,DK(&G?)K(&G-N!6.-!K,'0-!@!KC@)-I-.,!I/G!-.!KO/0-.?-!

M'-! 0-G! O@(/@,/&.G! CK./M'-G! 0@.G! )-! CW.-! 0-! )@! -92<! E-,! 0&.?! H(&+@+)-I-.,! 0-G!

O@(/@,/&.G! 0@.G! )@! +/&0/GH&./+/)/,K! 0'! 92F! G&.,! '.! Z@?,-'(! 0-! (/GM'-! 0@.G!

)*@,DK(&G?)K(&G-!V"N!

5.Z/.! ?-(,@/.-G! H@,D&)&C/-G! ?&.,(/+'-.,! C(@.0-I-.,! @'! 0KO-)&HH-I-.,! 0-! )@!

I@)@0/-!A!

`! 8*DPH-(,-.G/&.! @(,K(/-))-!A! 5))-! -G,! 0'-! ]! '.-! @'CI-.,@, /&.! 0-! )@! (KG/G,@.?-!

HK(/HDK(/M'-! ,&,@)-! -,! ?&.0'/,! ]! '.! (-I&0-)@C-! O@G?')@/(-! -.,(@/.@.,! '.-! (/C/0/,KN! 1-!

I@./W(-! /.,K(-GG@.,-h! ,&',! ?&II-! )mDPH-(,-.G/&.! @CC(@O-! )m@,DK(&G?)K(&G-h!

)m@,DK(&G?)K(&G-!?&IH)/M'-!-,!@CC(@O-!)mDPH-(,-.G/&.N!

`! 8-! 0/@+W,-! A! 8-G! 0&..K-G! KH/0KI/&)&C/M'-G! K,@+)/GG-.,! 0-! Z@{&.! ?-(,@/.-! )@!

?&((K)@,/&.!-.,(-!)-G!0/@+W,-G!0-!,PH-!$!&'!#!-,!)@!G'(O-.'-!0-!I@)@0/-G!?&(&.@/(-G!T$>N!

8*-L?WG! 0*/.G')/.-! G-I+)-! Z@O&(/G-(! )@! H(&)/ZK(@,/&.! 0-G! ?-))')-G! I'G?')@/(-G! )/GG-G! -,!

H@(,/?/H-! ]! )*@'CI-.,@,/&.! 0-! )@! GP.,DWG-! 0-! H(&,K/.-G! I@,(/?/-))-G! 0@.G! )@! H@(&/!

O@G?')@/(-N!8*DPH-(C)P?KI/-!H-',!/.0'/(-!)@!Z&(I@,/&.!0-!H(&0'/,G!0-!C)P?@,/&.!@O@.?K-!

-,!'.-!I&0/Z/?@,/&.!0'!G,(-GG!&LP0@,/ZN!3-G!?&IH&G@.,G!G&.,!G'G?-H,/+)-G!0*-.C-.0(-(!'.!

K,@,!/.Z)@II@,&/(-!H(&H/?-!]!)*/./,/@,/&.!0-!)*@,DK(&G?)K(&G-!T$\ N!

`! 8*DPH-(?D&)-G,K(&)KI/-!A! -.?&(-! '.-! Z& /Gh! 0-G! K,'0-G! KH/0KI/&)&C/M'-G!

I&.,(-.,!M'-!0-G!,@'L!K)-OKG!0-!818 `?D&)-G,K(&)!G&.,!0-G!Z@?,-'(G!0-!(/GM'-Gh!0-!IlI-!



! U#!

H&'(!)-G!,(/C)P?K(/0-G!U$\N!8-G!818!?/(?')@.,G!H-'O-.,!/.Z/),(-(!)-!G&'G̀-.0&,DK)/'I!-,!G*P!

@??'I')-(N! 8-G! )/H&H(&,K/.-G! @/.G/! H/KCK-G! 0@.G! )*/.,/I@! G'+/GG-.,! 0-G! I&0/Z/?@,/&.G!

&LP0@,/O-G! -,! 0-O/-..-.,! 0-G! 818! &LP0K-GN! 2',(-! )-'(G! -ZZ-,G! G'(! )@! Z&(I@,/&.! 0-G!

?-))')-G!GH'I-' G-Gh!)-G!818!&LP0K-G!@C/GG-.,!KC@)-I-.,!G'(!)-G!?-))')-G!-.0&,DK)/@)-G!-,!

)-G!?-))')-G!I'G?')@/(-G!)/GG-G!0-!)@!H@(&/!O@G?')@/(-!-.! /.0'/G@.,!)*-LH(-GG/&.!0-!CW.-G!

H(&̀ /.Z)@II@,&/(-G!U\N!

`!8*&+KG/,K!-,! )-!GP.0(&I-! IK,@+&)/M'-!A!G/!)m-L?WG!0-!H&/0G!.-!G-I+)-!H@G![&'-(!

'.!(j)-!0/(-?,!G'(!)m@HH@(/,/&.!0-!)*@,DK(&G?)K(&G-h!/)!-G,!,(WG!G&'O-.,!@GG&?/K!@'!0/@+W,-h!]!

)m@'CI-.,@,/&.! 0'! ?D&)-G,K(&)! -,! ]! )*DPH-(,-.G/&.! @(,K(/-))-N! 8*@GG&?/@,/&.! 0*@'! I&/.G!

,(&/G!0-!?-G!Z@?,-'(G!?&.0'/,!@'!GP.0(&I-!IK,@+&)/M'-N!!!

!

+GVG`G)>TI=JPBIJPA8)98SAJH;:PI:9)

 

8-G!S&.-G!G'+/GG@.,!0-!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!O&.,!l,(-!)-!G/WC-!0*'.-!

@?,/O@,/&.! -.0&,DK)/@)-N! 3-,,-! @?,/O@,/&.h! H(&`/.Z)@II@,&/(-h! H(&)/ZK(@,/O-! -,! H(&`

@H&H,&,/M'-! O@! H-(,'(+-(! )@! HDPG/&)&C/-! 0-G! ?-))')-G! ?&.0'/G@.,! ]! '.-! 0PGZ&.?,/&.!

-.0&,DK)/@)-!a#N!3*-G,!)-!H&/.,!0-!0KH@(,!0-!)*@,DK(&G?)K(&G-N!

<&'G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,h! )@! IK?@.&,(@.G0'?,/&.! .-! G-! Z@/,! H)'G!

?&((-?,-I-.,N!9&,@II -.,h! )@!0/I/.',/&.! 0-! )*KH@/GG-'(! 0'!C)P?&?@)PL!?&.,(/+'-! ]! '.-!

H-(,-!0-!)@!G-.G/+/)/,K!@'L!?&.,(@/.,-G!0-!?/G@/))-I-.,!$VTh#"UN!

!

%-(,-!0-!)@!H(&0'?,/&.!0-!92h!@'CI-.,@,/&.!0-G!72<!

%(-I/W(-I-.,h! )-G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! ?&.0'/G-.,! ]! '.-!

0/I/.',/&.!0-!)@!GP.,DWG-!0-!92N!8*-LH(-GG/&.!0-!)*=79!I-GG@C-(!0-!)@!-92<!-G,!(K0'/,-h!

?&.,(@/(-I-.,! ]!?-))-!0-!)@!?@OK&)/.-̀$!M'/!-G,!@'CI-.,K-!Z@O&(/G@.,!@/.G/!)*@GG&?/@,/&.!

-92< `?@OK&)/.-$! -,! )*/.@?,/O/,K! 0-! )@! -92<! #>#! EY/C'(-! $UFN! 1-! IlI-h! '.-! +@/GG-! 0-!

)*@?,/O/,K! 0-! =Q,! &'! 0-! )*-LH(-GG/&.! 0'! I/?(&=79`#$! ?&.0'/,! ]! '.-! 0/I/.',/&.! 0-! )@!

HD&GHD&(P)@,/&.! 0-! )@! -92<N!8-!H&G,')@,!@?,'-)!H(&H&G-!M'-! )-G!Z@/+)-G!?&.,(@/.,-G!0-!

?/G@/))-I-.,! (K0'/G-.,! )@!H(&0'?,/&.! 0-! 92! -,! 0&.?!G&.! (j)-! (K,(&@?,/Z! /.D/+@.,! 9Y#BN!

3-)@!@!H&'(!?&.GKM'-.?-! )@!GP.,DWG-!0*K)KI-.,G!H(&`/.Z)@II@,&/(-Gh!H(&̀@H&H,&,/M'-G!

-,! H(&`&LP0@.,G!aTh$"XN! 8@! H(&0'?,/&.! 0-! 72<! 0@.G! ?-G! ?&.0/,/&.G! -G,! Z&(,-I-.,!

@'CI-.,K-!-,!?-!H@(!H)'G/-'(G!IK?@./GI-GN!5.!H)'G!0*'.-!+@/GG-!0*-LH(-GG/&.h!)@!-92<!

H-',! KC@)-I-.,! l,(-! 0K?&'H)K-! &'! G-! ,(&'O-(! -.! I@.M'-! 0*'.! 0-! G-G! G'+G,(@,Gh! -))-!



! UT!

H(&0'/,!@)&(G!0-G!@./&.G!G'H-(&LP0-G!U">N!3-!0K?&'H)@C-!H&'((@/,!-.,(-!@',(-! l,(-!0x!]!

'.-!I&/.G!Z&(,-!G,/I')@,/&.!0-G!/.,KC(/.-G!M'/!H@(,/?/H-.,!@'!?&'H)@C-!0-!)@!-92<!$XVN!1-!

H)'Gh!)-G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! /.0'/G-.,! '.-! @'CI-.,@,/&.! 0-! )*@?,/O/,K!

9=1%J! &LP0@G-! H@(! 0K(KC')@,/&.! 0-! )*@?,/O/,K! =R%be7@Gh! ?&.0'/G@.,! )]! @'GG/! ]! )@!

H(&0'?,/&.! 0-! 72<! $"ahU$>!n! -.Z/.h! )-G! @?,/O/,KG! L@.,D/.-! &LP0@G-! -,! 32c! G&.,! @'GG/!

I&0')K-G! #VT!EY/C'(-! $UFN!8@!+@)@.?-!&LP0@.,e@.,/`&LP0@.,! -G,!KC@)-I-.,! 0KG,@+/)/GK-!

H@(!)@!+@/GG-!0'!,@'L!0-!C)',@,D/&.!/.,(@?-))')@/(-h!'.!@C-.,!(K0'?,-' (!$X$N!8@!H-(,-!0-!92!

@/.G/!M'-!0-!)@!H(&0'?,/&.!0-!72<!(-.0-.,!)-G!?-))')-G!G'G?-H,/+)-G!]!)*@H&H,&G-N!5.!-ZZ-,h!

@)&(G!M'-!)-!92!H(KO-.@/,!)*@?,/O@,/&.!0-G!O&/-G!@H&H,&,/M'-G!/.0'/,-G!H@(!0-G!I&)K?')-G!

,-))-G!M'-! )-!49Y&h! )-G!?&.0/,/&.G!0-!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!O&.,!Z@O&(/G-(!

)-'(!@?,/O@,/&.!&'!,&',!0'!I&/.G!H-(I-,,(-!)*@?,/&.!0-G!I&)K?')-G!H(& `@H&H,&,/M'-GN!8-G!

Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! /.0'/G-.,! KC@)-I-.,! )*-LH(-GG/&.! -,! )*-H/GG@C-! 0-!

cB%$h!H(&,K/.-!0-!(KH&.G-!@'!G,(-GG!0'!(K,/?')'I!-.0&H)@GI/M'-h!&(!'.-!G'(-LH(-GG/&.!

0-! ?-,,-! H(&,K/.-! ?&.0'/,! ]! )*@H&H,&G-! 0-G! ?-))')-G! -.0&,DK)/@)-G! H@(! @?,/O@,/&.! 0-G!

?@GH@G-G!UUUN!!

!

%(&)/ZK(@,/&.!-,!I/C(@,/&. !

8-G!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!@'CI-.,-.,!KC@)-I-.,! )@!H(&)/ZK(@,/&.!-,!

)-! (-.&'O-))-I-.,!0-G!?-))')-G!-.0&,DK)/@)-G! $">h##aN!3-,,-!H(&)/ZK(@,/&.!@??('-! -G,!)/K-! ]!

'. -!@?,/O@,/&.!G&',-.'-! 0-!57b!@'!?&'(G!0'! ,-IHG!a>N! !1-!H)'Gh! )*/. D/+/,/&.!0-!H#$?/H$!!

H-(I-, !)-!H@GG@C-!0-!)@!HD@G-!d"!O-(G!d$`<!!aN!1@.G!?-G!?&.0/,/&.G!)*@?,/O@,/&.!0*=Q,!.*-G,!

H)'G!@??&IH@C.K-!0-!?-))-!0*=R%b!?-!M'/!H-(I-,!'.-!-.,(K-!0-G!?-))')-G!-.!I/,&G-! $VVN!

5.Z/.h! )-G! ?-))')-G! -LH&GK-G! ]! 0-! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! H(KG-.,-.,! 0-G!

,K)&IW(-G!H)'G!?&'(,G! -,! '.-!@??K)K(@,/&.!0-! )@!GK.-G?-.?-!VaN!8-G!G&))/?/,@,/&.G! I&/.G!

/IH&(,@.,-G!0-G!/.,KC(/.-G!/.0'/G-.,!KC@)-I-.,!'.-!I&/.G!+&..-!I/C (@,/&.!0-G!?-))')-G!

-.0&,DK)/@)-G!O-(G!)-G!S&.-G!)KGK-G!$a#N!

!

2(C@./G@,/&.!0'!?P,&GM'-)-,,-!

8-G! I&0/Z/?@,/&.G! 0'! ?P,&GM'-)-,,-! G&.,! KC@)-I-.,! ,&'?DK-G! H@(! )-G! Z@/+)-G!

?&.,(@/.,-G!0-!?/G@/))-I-.,N!5.!-ZZ-,h!)@!(K@?,/&.!0*@)/C.-I-.,!0-G!?-))')-G!.-!G-!Z@/,!H@G!

?&((-?,-I-.,h!)-G!Z/+(-G!0-!G,(-GG!?&'(,-G!G&.,!@'CI-.,K-G!-,!H-(0-.,!)-'(G!@)/C.-I-.,G!

)-G! '.-G!H@(!(@HH&(,!@'!@',(-Gh!)@!G,('?,'(-!0-G!?-))')-G!-G,!@)&(G!H)'G!H@O/I-.,-'G-!-,!

.&.!@)/C.K-!0@.G!)-!G-.G!0'!Z)'L!EY/C'(-! XF!U"\ N!



! UU!

!

%-(IK@+/)/,K!

8-G! H-(,'(+@,/&.G! 0'! ?P,&GM'-)-,,-! @/.G/! M'*'.! (-.&'O-))-I-.,! H)'G! (@H/0-! 0-G!

?-))')-G! ?&.,(/+'-.,! ]! @'CI-.,-(! )@! H-(IK@+/)/,K! O@G?')@/(-N! 5.! -ZZ-,h! '.-! (-)@,/&.!

/.O-(G-! -.,(-! /.Z/),(@,/&.!0-!818! -,! (-.&'O-))-I-.,! -.0&,DK)/@)!@!K,K!K,@+)/!?D-S! )-! (@,!

aah#TXN!9&(I@)-I-.,!)-G![&.?,/&.G!?-))')@/(-G!G&.,!Z&(,-G!-,!.-!H-(I-,,-.,!H@G!)-!H@GG@C-!

0-G! I@?(&I&)K?')-GN! 3-H-.0@.,h! )-G! (-I&0-)@C-G! 0'! ?P,&GM'-)-,,-! -,! )@! 0/O/G/&.!

?-))')@/(-!Z(@C/)/G-.,!)-G![&.?,/&.G!/.,-(?-))')@/(-G!U##h!)-G!I@?(&I&)K?')-G!H-'O-.,!@)&(G!

Z(@.?D/(! )@! +@((/W(-! -.0&,DK)/@)-N! 1/ZZK(-.,G! K,'0-G! &.,! 0-! H)'G! I&.,(K!(0& @(@3! M'-! )-G!

S&.-G! 0-! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! ?&II-! )-G! -I+(@.?D-I-.,G! K,@/-.,! H)'G!

H-(IK@+)-G!M'-!)-G!S&.-G!)/.K@/(-G!0-!)*@(+(-!O@G?')@/(-!#\hTUXhTXUN!8@!?&..-L/.-!UT!E3LUTF!

-,!)@!;5̀ ?@0DK(/.-!&.,!K,K!/0-.,/Z/K-!?&II-!H@(,/?/H@.,! ]!?-,!-ZZ-,h!)@!?&..-L/.-!UT!-G,!

G'(-LH(/IK! H@(! )-G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! I@/G! G@! 0/G,(/+',/&.! ]! )@!

I-I+(@.-! -G,! H-(,'(+K-! $UXh! )@! ;5̀3@0DK(/.-! -G,! -))-! @'GG/! 0K)&?@)/GK-! 0-G! [&.?,/&.G!

?-))')@/(-G!.&,@II-.,!0'!Z@/,!0-!)@!('H,'(-!0-!)*@GG&?/@,/&.!@O-?!)@! " `?@,K./.-!#VXN!

!

<P.,DWG-!0-!)/H/0-G!-,!?@H,'(-!0-G!818!

8-G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! G&.,! KC@)-I-.,! ?&..'-G! H&'(! @?,/O-(!

<75B%! E^!G,-(&)! (-C')@,&(P! -)-I-.,! +/.0/.C! H(&,-/. !_Fh! '.! Z@?,-'(! 0-! ,(@.G?(/H,/&.!

H-(I-,,@.,!)*-LH(-GG/&.!0-!H(&,K/.-G!(-GH&.G@+)-G!0-!)@!?@H,'(-!-,!)@!GP.,DWG-!0*@?/0-G!

C(@GN!=/.G/! 0@.G!?-G!?&.0/,/&.G! )-! (K?-H,-'(!@'! 818h! )@!GP.,DK,@G-!0-! ?D&)-G,K(&)! -,! )@!

GP.,DK,@G-!0*@?/0-!C(@G!G&.,!G'(!-LH(/IK-G!#U$N!!

!

:.Z)@II@,/&. !

8-! 0-(./-(! H&/.,! I@[-'(! (KC')K! ]! )@! D@'GG-! H@(! )-G! Z@/+)-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,! -G,! )-! G,@,',! H(&̀/.Z)@II@,&/(-N! 3-! H&/.,h! @O-?! )@! H-(IK@+/)/,K! -G,! '.! 0-G!

K)KI-.,G! )-G! H)'G! /IH&(,@.,G! 0@.G! )-! 0KO-)&HH-I-.,! 0-! )*@,DK(&G?)K(&G-! ?@(! /)! O@!

H-(I-,,(-! )*-.?D@/.-I-.,! 0-! ,&'G! )-G! H(&?-GG'G! ?&.0'/G@.,! ]! )@! H(&C(-GG/&.! 0-! )@!

H)@M'-N!8-G!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!O&.,! /.0'/(-!)@!,(@.G?(/H,/&.!CK./M'-!0-!

.&I+(-'L! K)KI-.,G! H(& `/.Z)@II@,&/(-Gh! )*K)KI-.,! I@[-'(! IK0/@.,! ?-,,-! (KH&.G-!

/.Z)@II@,&/(-!-G,!)-!9Y#B!#a"hT"UN!1@.G!?-G!?&.0/,/&.Gh!)*-ZZ-,!H(&,-?,-'(!0x!]!)*@?,/O@,/&.!

0-!<<75!EK)KI-.,!0-!(KH&.G-!@'!?/G@/))-I-.,Fh!-,!0-G!K)KI-.,G!0-!(KH&.G-!%%=7(!G&'G!

Z&(,-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!#U#h#a"!-G,!H-(0'h!,&',!?&II-!)*/.D/+/,/&.!0-!<4=4T! #aU!



! U>!

-.C-.0(@.,! )@! H(&0'?,/&.! 0-! ?P,&Q/.-G! H(&`/.Z)@II@,&/(-GN! 8-G! Z@/+)-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,!/.Z)'-.?-.,!KC@)-I-.,!)*-LH(-GG/&.!&'!)*@?,/O@,/&.!0-!I&)K?')-G!0*@0DKG/&.!

?&II-! :3=R `$h! ;3=R`$h! R3%$! -,! )@! <K)-?,/.-! -.0&,DK)/@)-!X"haUhU$$h! H-(I-,,@.,! )-!

(-?(',-I-.,!)-'?&?P,@/(-N!8*/.Z)'-.?-!0-G!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!H-',!l,(-!O'!

G&'G! 0-'L! @.C)-Gh! )-! H(-I/-(! &p! )-! (-?(',-I-.,! -G,! @??('! C(k?-! ]! )*-LH(-GG/&.! 0-!

I&)K?')-G!0*@0DKG/&.h!)-!G-?&.0!&p!)-G!Z&(?-G!DKI&0P.@I/M'-G!)&?@)-G!H@(,/?/H-.,!]!'.!

?&.,@?,! H)'G! )&.C! -.,(-! )-G! ?-))')-G! ?/(?')@.,-G! -,! )-G! ?-))')-G! -.0&,DK)/@)-G! EOK)&?/,K!

H-(H-.0/?')@/(-!@'CI-.,K-!-,!OK)&?/,K!,@.C-.,/-))-!0/I/.'K-F!Z@O&(/G@.,!)*@0DKG/&.! a" N!!

!

)
 

[P\MD9)EV)O)3;=I8PQ<9Q)P8JDI=9::M:IPD9)I=JPB;Q)UID):9Q)YIPC:9Q)=A8JDIP8J9Q)S9)=PQIP::9<98J)9J):9MDQ)9YY9JQ)

)

%&'(! .&,-h! )-G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! &.,! KC@)-I-.,! '.! -ZZ-,! G'(! )@!

I&(HD&)&C/-! -,! )@! H(&)/ZK(@,/&.! 0-G! ?-))')-G! I'G?')@/(-G! )/GG-GN! =)&(G! M'-! G&'G! Z&(,-G!

?&.,(@/.,-G! 0-! ?/G@/))-I-.,! )-G! ?-))')-G! I'G?')@/(-G! )/GG-G! G*&(/-.,-.,!

H-(H-.0/?')@/(-I-.,! @'! Z)'L! EH&'(! ' .-! I-/))-'(-! ?&.,(@?,/&.! 0'! O@/GG-@'Fh! ?-,,-!

&(/-.,@,/&.! -G,! H-(0'-! G&'G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! !a$h! 0-! IlI-! )@!

H(&)/ZK(@,/&.!-,!)@!0-.G/,K!?-))')@/(-!G&.,!@??-.,'K-GN!



! UV!

)

+GVGVG)>9Q);JIU9Q)<IX9MD9Q)S9):TIJH;DAQ=:;DAQ9)

 

<'/,-!]!)*@?,/O@,/&.!-.0&,DK)/@)-h!)-G!)/H/0-G!O&.,!G*@??'I')-(!0@.G!)@!I@,(/?-!G&'G`

-.0&,DK)/@)-!-,!)-G!H(-I/-(G!I&.&?P,-G!O&.,!-.,(-(!0@.G!?-,!-GH@?-!H&'(!G-!,(@.GZ&(I-(!

-.! I@?(&HD@C-Gh! K)/I/.-(! )-G! )/H/0-G! H'/G! (-GG&(,/(! O-(G! )@! )'I/W(-! 0'! O@/GG-@'!#T>!TUV!

EY/C'(-! $>FN!

8-G! ?&IH)/?@,/&.G! G'(O/-..-.,! )&(GM'-! )-G! )/H/0-G! G*@??'I')-.,! -,! G*&LP0-.,h!

,(@.GZ&(I@.,!@)&(G!)-G!I@?(&HD@C-G!(KG/0-.,G!-.!?-))')-G!GH'I-'G-G!$T>hTV$!M'/!O&.,!-))-G!

@'GG/!?&II-.?-(! ]!G*@??'I')-( !n! )-!GPG,WI-!0-! (KC')@,/&.!?)@GG/M'-! -G,!@)&(G!0KH@GGKN!

8*/.Z)@II@,/&.!@'CI-.,-h!)-!(-?(',-I-.,!)-'?&?P,@/(-!-,!)*@??'I')@,/&.!0-!)/H/0-G!@'GG/!

TX\N!<-!Z&(I-.,!@)&(G!0-G!?&(HG!)/H/0/M'-G!-L,(@?-))')@/(-GN!1@.G!?-!H(&?-GG'G!)*/II'./,K!

/..K-!.*-G,!H@G!)@!G-')-!I&+/)/GK-h!)-G!?-))')-G!0-.0(/,/M'-G!G&.,!H(KG-.,-G!0@.G!)@!H)@M'-!

-,!O&.,!H&'O&/(!H(KG-.,-(!0-G!@.,/CW.-G!GHK?/Z/M'-G!E.&,@II-.,!?-'L!0-G!&L`818F!@'L!

)PIHD&?P,-G!4!#T>N!

8-G!?-))')-G!I'G?')@/(-G!)/GG-G!H@(,/?/H-.,!@'!H(&?-GG'G!@,DK(&I@,-'L!@'GG/!+/-.!

0@.G!)-G!H(-I/W(-G!HD@G-G!M'-!H)'G!,@(0/O-I-.,N!%(-I/W(-I-.,!?-G!?-))')-G!O&.,!I/C(-(!

0-!)@!IK0/@!O-(G!)*/.,/I@h!l,(-!?@H,'(K-G!0@.G!?-,!-GH@?-!-,!?&II-.?-(!]!H(&)/ZK(-(!$#VN!

1@.G! '.! G-?&.0! ,-IHGh! ?-G! ?-))')-G! O&.,! H@GG-(! 0*'.! H(&Z/)! ?&.,(@?,/)-! ]! '.! H(&Z/)!

GK?(K,&/(-! H@(,/?/H@.,! ]! )@! H(&C(-GG/&.! 0-! )@! H)@M'-! -,! ]! )*KH@/GG/GG-I-.,! 0-! )@! ?D@H-!

Z/+(-'G-!EH(&0'?,/&.!0-!?&))@CW.-h!0-!H(&,K@G-Gh!0-!?P,&Q/.-GF!#XVN!

8-G!?&.0/,/&.G!@'!?i'(!0-!)@!H)@M'-!G&.,!H(&H/?-G!]!)*@H&H,&G-!-,!)@!.K?(&G-N!3-G!

0-'L! I&(,G! ?-))')@/(-G! M'/! O&.,! ,&'?D-(! H(/.?/H@)-I-.,! )-G! ?-))' )-G! GH'I-'G-G! O&.,!

H@(,/?/H-(! ]! )@! Z(@C/)/G@,/&.! 0-! )@! H)@M'-! -,! @??-.,'-(! 0*@',@.,! H)'G! )-! (-?(',-I-.,! 0-!

?-))')-G!/.Z)@II@,&/(-GN!1-!H)'Gh!H)'G!)@!H)@M'-!H(&C(-GG-h!H)'G!?-))-`?/!?-!,(&'O-!/((/C'K-!

H@(! 0-! .&'O-@'L! O@/GG-@'Lh! )-G! O@G@! O@G&('Ih! H(&O-.@.,! 0-! )*@0O-.,/?-!#>h#XTN! 3-G!

O@/GG-@'Lh!.&(I@)-I-.,!@+G-.,G!0-!)*/.,/I@!G@/.h!G&.,!Z(@C/)-G!-,!/)G!O&.,!.&.!G-')-I-.,!

@'CI-.,-(! )-! (-?(',-I-.,! /.Z)@II@,&/(-! I@/G!@'GG/!H(&O&M'-(!0-G!DKI&((@C/-G!/.,(@`

H)@M'-Gh!Z(@C/)/G@.,!@/.G/!)@!)KG/&.!@,DK(&G?)K(&G-'G-!#$"hU"aN!



! UX!

)
[P\MD9)E, )O)*DA\D9QQPA8)S9):I)U:IaM9)STIJH;DAQ=:;DAQ9)^ISIUJ;9)S9)gPdP<9SPI_)

 
 

8-G!H)@M'-G!0*@,DK(&G?)K(&G-!H-'O-.,!l,(-!?@,KC&(/GK-!-.!0-'L!U"X!EY/C'(-! $VF!A!

`! 8-G! H)@M'-G! G,@+)-G!A! ?D@H-! Z/+(-'G-! KH@/GG-h! H-,/,! ?&(HG! )/H/0/M'-h! H-'! 0-!

.K?(&G-h!-.0&,DK)/'I!H(KG-.,!G'(!,&',-!)@!G'(Z@?-!0-!)@!H)@M'-N!5))-G!&.,!'.!Z@/+)-!(/GM'-!

0-!?&IH)/?@,/&.G!,D(&I+&,/M'-GN!

`! )-G! H)@M'-G! /.G,@+)-G! EO').K(@+)-GF! A! )@(C-! ?&(HG! )/H/0/M'-h! G&'O-.,! .K?(&GK-Gh!

,(WG!Z/.-!?D@H-!Z/+(-'G-!H&'O@.,!Z@?/)-I-.,!G-!(&IH(-N!3-G!H)@M'-G!&.,!'.!Z&(,!H&,-.,/-)!

,D(&I+&,/M'-N!

8-!H@GG@C-!0*'.!K,@,!G,@+)-!]!/.G,@+)-!-G,!H&GG/+)-h!/)!-G,!IK0/K!H@(!)@!0KC(@0@,/&.!

0-!)@!I@,(/?-!-L,(@?-))')@/(-!@/.G/!M'-!H@(!)@!(@(KZ@?,/&.!0-G!?-))')-G!I'G?')@/(-G!)/GG-G!

EI&(,!?-))')@/(-F!V$N!



! Ua!

)
[P\MD9)ER)O)*:IaM9)QJIC:9)9J)U:IaM9)P8QJIC:9)^ISIUJ;9)S9)h9CC)9J)I:G)?55@V?5_)

 
 

8@! Z/.@)/,K! 0'! H(&?-GG'G! @,DK(&I@,-'L! -G,! )@! Z&(I@,/&.! 0*'.! ,D(&I+'G! 0@.G! )-!

O@/GG-@'! &??)'@.,! )@! )'I/W(-! -,! H(&O&?@.,! '.! 0KZ@',! 0*/((/C@,/&.! 0-G! &(C@.-G! -.! @O@)N!

1-'L!H(/.?/H@'L!KOW.-I-.,G!?&.0'/G-.,!]!)*/./,/@,/&.!0-!)@!(K@?,/&.!,D(&I+&,/M'-!A!

`! 8*K(&G/&.! 0-! )@! H)@M'-!A! )*-.0&,DK)/'I! G*K(&0-h! 0KO&/)@.,! )-G! Z@?,-'(G!

H(&?&@C')@.,G!G&'G`[@?-.,GN!

`!8@!('H,'(-!0-!H)@M'-!A!H)'G!G'+/,-h!?-,,-! ('H,'(-! I-,! -.!?&.,@?,!0/(-?,! )-!G@.C!

@O-?!,&'G!)-G!K)KI-.,G!?&.,-.'G!0@.G!)@!H)@M'-N!

!



! U\ !

)

D6-7")-#&%$+=,$(&%53")--

)

D6:6-E0F&'&(&+'-"(-E0("%(&+')

 

5.!$\UVh!3D@(C@ZZ!%1&-?!I&.,(-.,!H&'(! )@!H(-I/W(-!Z&/G!)@!H(KG-.?-!0*'.!Z@?,-'(!

H)@GI@,/M'-h! ?-.,(/Z'C-@+)-h! H@(,/?/H@.,! ]! )@! ?&@C')@,/&.N! :)G! (-I@(M'-.,! @)&(G! M'-!

)&(GM'-!)-!H)@GI@!-G,!0KH&'(O'!0-!?-,!K)KI-.,h!)@!?&@C')@,/&.!G-!,(&'O-!(-,@(0K-!X$N!3*-G,!

)@! H(-I/W(-! KO/0-.?-! 0-! )*-L/G,-.?-! 0-! !̂I/?(&H@(,/?')-G!_! I@/G! ?-! .-! G-(@! H@G! @O@.,!

$\VX!M'-! )-G! I/? (&H@(,/?')-G!G-(&.,! (K-))-I-.,! /0-.,/Z/K-GN!z&)Z!%1&-?! I&., (-(&.G!M'-!

)*@?,/O@,/&.!H)@M'-,,@/(-!G*@??&IH@C.-!0-!)@!CK.K(@,/&.!0-!Z(@CI-.,G!I-I+(@.@/(-G!0-!

,@/))-!/.Z(@̀?-))')@/(-!/0-.,/Z/KG!-.!I/?(&G?&H/-!K)-?,(&./M'-h!(/?D-G!-.!HD&GHD&)/H/0-G!-,!

M'/!G&.,!)-!G'HH&(,!0-!)@!CK.K(@,/&.!0-!,D(&I+/.-!0@.G!)-!H)@GI@!G@.G!H)@M'-,,-G!U#\N!!=!

H@(,/(!0-!)]h!0-!.&I+(-'G-G!K,'0-G!(-H&(,-(&.,!)@!H(&0'?,/&.! (0&@(1)3!0-!0/ZZK(-.,G!,PH-G!

0-!OKG/?')-G!@/.G/!M'-!)-'(!H(KG-.?-!0@.G!)-!H)@GI@!D'I@/.N!

='[&'(0*D'/!0/ZZK(-.,G!,PH-G!0-!OKG/?')-G!G&.,!0K?(/,-G!0@.G!)@!)/,,K(@,'(-!#V$!E4@+)-@'!$FA!

` 8-G!?&(HG!@H&H,&,/M'-G!A!

:)G!G&.,!H(&0'/,G!)&(G!0-!)*@H&H,&G-!-,!(KG'),-.,!H(/.?/H@)-I-.,!0-!)@!0KZ&(I@,/&.!-,!0-!)@!

Z(@CI-.,@,/&.! 0-! )@! ?-))')-! @H&H,&,/M'-N! 8-'(G! ?@(@?,K(/G,/M'-G! H(/.?/H@)-G! G&.,!A! '.-!

,@/))-! ?&IH(/G-! -.,(-! $! -,! UµIh! '.-! -L,-(.@)/G@,/&.! 0-! )@! HD&GHD@,/0P)G-(/.-! -,! '.-!

0&'+)-!I-I+(@.-!H-(IK@+)-N!:)G!?&.,/-..-.,!KC@)-I-.,!0-!)*=79!-,!0-!)*=19!H(&O-.@.,!

0-!)@!Z(@CI-.,@,/&.!0'!.&P@'N!

` 8-G!I/?(&H@(,/?')-G!A!

3-G!OKG/?')-G!H-'O-.,!l,(-!H(&0'/,-G!)&(G!0-!)*@H&H,&G-!I@/G!G&.,!G&'O-.,!)-!(-Z)-,!0*'.-!

@?,/O@,/&.!?-))')@/(-N!1*'.-!,@/))-!?&IH(/G-!-.,(-!"h$!-,!$µIh!-))-G!G&.,!H)'G!H-,/,-G!M'-!

)-G!?&(HG!@H&H,&,/M'-GN!8-G!I/?(&H@(,/?')-G!G&.,h!0-!H)'Gh!(-)@(C'K-G!G@.G!0-G,('?,/&.!0-!

)@! ?-))')-! M'/! )-G! H(&0'/,N! 8-G! ?@(@?,K(/G,/M'-G! H(/.?/H@)-G! G&.,! )*-L,-(.@)/G@,/&.! 0-! )@!

HD&GHD@,/0P)GK(/.-!@/.G/!M'*'.-!0&'+)-!I-I+(@.-!/.,WC(-h!.&.!H-(IK@+)-N!

` 8-G!-L&G&I-G!A!

8/+K(KG!H@(!-L&?P,&G-h!?-G!OKG/?')-G!G&.,!H(&0'/,-G!H@(!0-G!IK?@./GI-G!,(WG!0/ZZK(-.,G!

0-!?-'L!/IH)/M'KG!0@.G!)@!H(&0'?,/&.!0-!I/?(&H@(,/?')-Gh!/)G!.K?-GG/,-.,!)@!Z&(I@,/&.!0-!

?&(HG! I'),/ `OKG/?')@/(-G! /.,(@`?-))') @/(-G! M'/! O/-.0(&.,! -.G'/,-! Z'G/&..-(! @O-?! )@!



! >" !

I-I+(@.-! H)@GI@,/M'-N! 8-'(G! ?@(@?,K(/G,/M'-G! H(/.?/H@)-G! G&.,! '.-! ,@/))-! /.ZK(/-'(-! ]!

"N$µIh! )@! H(KG-.?-! 0-! I@(M'-'(G! GHK?/Z/M'-G! ?&II-! )@! H(&,K/.-! 4<d$"$! -,! '.-!

H(KG-.?-!Z@/+)-!0-!HD&GHD@,/P)GK(/.-!G'(!)-!Z-'/))-,!-L,-(.-!0-!)@!0&'+)-!I-I+(@.-N!

!
! /ADUQ)IUAUJAJPaM9Q) 3P=DAUIDJP=M:9Q) %cAQAQ<9Q)
(IP::9 ) $!]!UµI ! "h$!]!$µI ! •"h$µI !
/98JDPYM\IJPA8) $V"""C ! #""""C ! $"""""C !
2DP\P89) Y(@CI-.,G!?-))')@/(-G! R-I+(@.-!

H)@GI@,/M'-!
3&(HG!

I'),/O-G/?')@/(-!e!
?&IH@(,/I-.,G!
/.,(@?-))')@/(-G!

UDASM=JPA8) =H&H,&G-!@O@.?K-! =?,/O@,/&.!?-))')@/(-!
-,e&'!@H&H,&G-!

H(K?&?- !

3&.G,/,',/O-!&'!
@?,/O@,/&.!?-))')@/(-!

%cJ9D8I:PQIJPA8)
UHAQUHIJPSN:Q;DP89)

www! www! `ew!

3IDaM9MDQ)
UDAJ;PaM9Q)

D/G,&.-G! =.,/CW.-G!0-!)@!?-))')-!
0*&(/C/.-!

4<d$"$ !
31VT!

)
(IC:9IM) E)O)/IDI=J;DPQJPaM9Q)S9Q)SPYY;D98JQ)JNU9Q)S9)B;QP=M:9Q)9cJDI1=9::M:IPD9Q)^ISIUJ;)S9)3IMQ9)I8S)h9C9D)

?5E5)?RE_)

!

1/ZZK(-.,-G! IK,D&0-G! &.,! K,K! 0KO-)&HHK-G! H&'(! M'@.,/Z/-(! -,! M'@)/Z/-(! ?-G!

I/?(&H@(,/?')-G!#"TN!1-!H@(!)-'(!,@/))-h!/.ZK(/-'(-!@'!I/?(&IW,(-h!-,!)-'(!DK,K(&CK.K/,K!0-!

I@(M'-'(Gh! )-G! ,-?D./M'-G! D@+/,'-))-G! 0&/O-.,! l,(-! @0@H,K-G! H&'(! '.-! 0K,-?,/&.!

&H,/I@)-N!

!1-! H)'Gh! )@! H(KH@(@,/&.! 0-G! K?D@.,/))&.G! 0&/,! l,(-! @0@H,K-! @Z/.! 0-! )/I/,-(! )@!

CK.K(@,/&.! 0-! I/?(&H@(,/?')-G! H@(! @?,/O@,/&.! ?-))')@/(-! &'! H)@M'-,,@/(-! @H(WG!

H(K)WO-I-.,! 0@.G! )-! ?@G! 0*K?D@.,/))&.! G@.C'/.N! 8*/G&)@,/&.! 0-G! I/?(&H@(,/?')-G! -,! )-'(!

H'(/Z/?@,/&.! (-M'/W(-.,! @'GG/! '.-! G'??-GG/&.! 0-! ?-.,(/Z'C@,/&.G! H@(,/?')/W(-G! @Z/.! 0-!

)/I/,-(!)@!?&.,@I/.@,/&.!H@(!0*@',(-G!,PH-G!0-!OKG/?')-G!#$VN!

!



! >$!

KGEGEG)/NJA<;JDP9)98)Y:Mc)

 

8@!?P,&IK,(/-!-.!Z)'L!-G,!)@!,-?D./M'-!)@!H)'G!(KH@.0'-!]!)*D-'(-!@?,'-))-!0-!H@(!G@!

G/IH)/?/,K! 0*',/)/G@,/&.h! G@! (@H/0/,K! 0*@.@)PG-! -,! G@! GHK?/Z/?/,KN! 8-! H(/.?/H-! (-H&G-! G'(!

)*',/)/G@,/&.! 0-! )@G-(G! 0-O@.,! )-GM'-)G! O&.,! H@GG-(! )-G! K)KI-.,G! ?&.,-.'G! 0@.G! '.-!

G&)',/&.!EM'-!?-!G&/,!0-G!?-))')-Gh!0-G!I/?(&H@(,/?')-Gh!0-G!O/('G!&'!-.?&(-!0-G!+/))-G!0-!

H&)PIW(-FN!3-G!K)KI-.,G!O&.,!H@GG-(!0-O@.,!)-G!)@G-(G!)-G!'.G!@H(WG!)-G!@',(-G!C(k?-!]!'.!

?@H/))@/(-!-,!'.!GPG,WI-!Z)'/0/M'-!H@(,/?')/-(N!

=/.G/! /)! G-(@! H&GG/+)-! 0-! M'@.,/Z/-(! )-! .&I+(-! 0*K)KI-.,G! @.@)PGKGN! 1-! H)'Gh! )@!

)'I/W(-!0-G!)@G-(G!O@!l,(-!0/ZZ(@?,K-!-,!,(@.GI/G-!0-!I@./W(-!0/ZZK(-.,-!-.!Z&.?,/&.!0-!)@!

,@/))-! -,!0-! )@!C(@.')&G/,K!0-! )*K)KI-.,N!</! )-G!K)KI-.,G!&.,!K,K!H(K@)@+)-I-.,! I@(M'KG!

@O-?! '.-! I&)K?')-! &'! '.! @.,/?&(HG! Z)'&(-G?-.,! E&'! +/-.! G*/)G! G&.,! Z)'&(-G?-.,G! H@(!

.@,'(-F! /)! G-(@! H&GG/+)-! 0-! )-G! /0-.,/Z/-(! C(k?-! ]! )@! )&.C'-'(! 0*&.0-! KI/G-! H@(! )-!

Z)'&(&?D(&I-N!

1@.G! )-! ?@G! 0-! I/?(&H@(,/?')-Gh! /)! -G,! H&GG/+)-! 0-! 0KZ/./(! '.-! S&.-! 0-!

,@/))-eC(@.')&G/,K! ?&((-GH&.0@.,! ]! )@! ,@/))-! 0-G! I/?(&H@(,/?')-G! EY/C'(-! $XF! C(k?-! ]!

)*',/)/G@,/&.! 0-! +/))-G! 0-! ?@)/+(@,/&.! 0-! ,@/))-! ?&..'-! EO&/(! RK,D&0-G! H\XFN! 1@.G! ?-,,-!

S&.-h! )-G! I/?(&H@(,/?')-G! G-(&.,! /0-.,/Z/K-G! G&/,! H@(! 0K,-?,/&.! 0'! I@(M'@C-! 0-! )@!

HD&GHD@,/0P)GK(/.-! H@(! )*=..-L/.-! ;! G&/,! G-)&.! )-'(! &(/C/.-! H@(! ',/)/G@,/&.! 0*@.,/?&(HG!

GHK?/Z/M'-G! EY/C'(-! $XFN! 1/ZZK(-.,G! I@(M'@C-G! ',/)/G@.,! 0-G! G,(@,KC/-G! 0-! I&.&! &'!

0&'+)- `I@(M'@C-! G&.,! ',/)/GKG! H&'(! 0/ZZK(-.?/-(! )-G! &(/C/.-G! ?-))')@/(-G! 0-G!

I/?(&H@(,/?')-G!E4@+)-@'!#FN!

 

 



! >#!

)
[P\MD9)E0)O).;J9=JPA8)9J)I8I:NQ9)S9Q)<P=DAUIDJP=M:9Q)UID)/NJA<;JDP9)98)Y:Mc)

Images obtenues au laboratoire sur un cytom•tre EPICS XL, Beckman Coulter 

)
 

Origine cellulaire Marqueurs RŽfŽrences bibliographiques 
 
 

Cellule endothŽliale 

CD144 
CD146 
CD62e 

CD31+/CD41- 
CD105 
CD106 

226 
246 
94 

226 94 
79 
195 

 
 

Plaquette 

CD41a 
CD42a 
CD42b 

CD31+/CD42+ 
CD61 
CD62p 

226 
205 
5 

195 
403 
322 

 
Leucocyte 

CD45 
CD11a 
CD11b 

286 
246 
77 

Monocyte CD14 286 226 
 

Lymphocyte 
CD4 
CD8 
CD20 

286 226 403 

Erythrocyte CD235a 286 226 403 
ProgŽniteurs endothŽlial CD34+/KDR+ 312 

(IC:9IM) ?)O)+8JP\Z89Q)MJP:PQ;Q)UAMD):I)D9=A88IPQQI8=9)S9Q)<P=DAUIDJP=M:9Q)

 
!

3-,,-! IK,D&0-! H(KG-.,-! )*@O@.,@C-! 0*l,(-! M'@.,/,@,/O-! C(k?-! ]! )*',/)/G@,/&.! 0-!

+/))-G! 0-! M'@.,/Z/?@,/&.! M'/! H-(I-,,-.,! 0-! G*@ZZ(@.?D/(! 0-G! O@(/@,/&.G! 0-! 0K+/,!



! >T!

0*@GH/(@,/&.!0-!)*@HH@(-/)N!3-H-.0@.,!-))-!H&GGW0-!0-G!)/I/,@,/&.GN!8@!(KG&)',/&.!H&'(!)-G!

K)KI-.,G! 0-! ,(WG! H-,/,-! ,@/))-! E•"NUµIF! -G,! Z@/+)-!A! 0-! H@(! )@! )&.C'-'(! 0*&.0-! 0'! )@G-(!

',/)/GK!H&'(!KO@)'-(!)@!,@/))-!-,!)@!C(@.')&G/,K!n!)-G!0/ZZK(-.?-G!0*/.0/?-!0-!(KZ(@?,/&.!0-G!

G'GH-.G/&.G!?&.,-.@.,! )-G! I/?(&H@(,/?')-G!n! -,! )@! H&GG/+/)/,K! 0*@O&/(! 0-G! @C(KC@,G!

0K,-?,KG! ?&II-! '.! G-')! K)KI-.,! T\a N! 1-! H)'G! '.-! K,'0-! (K?-.,-! @! I&.,(K! M'-! 0@.G!

?-(,@/.-G! H@,D&)&C/-G! )@! 0K,-?,/&.! 0-G! I/?(&H@(,/?')-G! H@(! ?P,&IK,(/-! H-',`l,(-!

/.@0@H,K-!?@(!/)!.-!G-(@/,!H@G!H&GG/+)-!0-!Z@/(-!)@!0/ZZK(-.?-!-.,(-!?&IH)-L-G!/II'.G!-,!

I/?(&H@(,/?')-G!0@.G!)-!?@G!0-! I@(M'@C-! /II'.&)&C/M'-! $VXN! :)! -G,! /IH&(,@.,!0-! .&,-(!

M'-! ?-?/! .-! G*@HH)/M'-! M'-! H&'(! 0-G! H)@GI@G! /GG'G! 0-! H@,D&)&C/-! /.Z)@II@,&/(-!

?D(&./M'-!&p!)-!,@'L!0-!?&IH)-L-G!/II'.G!-G,!K)-OKN!6.-!K,'0-!G'(!H)@GI@!0-!H@,/-.,!

G&'ZZ(@.,G! 0-! GP.0(&I-! ?&(&.@/(-! @/C•! .-! I&.,(-! @'?'.-! /.?/0-.?-! 0-! )@! H(KG-.?-!

0*KO-.,'-)G!?&IH)-L-G!/II'.G!G'(!)-!0&G@C-!0-G!I/?(&H@(,/?')-G!H@(!?P,&IK,(/-!-.!Z)'L!

$VN!

!

KGEG?G)/IUJMD9)98)UHIQ9)QA:PS9)

 

3-,,-! IK,D&0-! G-! +@G-! KC@)-I-.,! G'(! )@! (-?&..@/GG@.?-! @.,/?&(HGe@.,/CW.-! &'!

=..-L/.-! ;e%D&GHD@,/0P)GK(/.-!n! )*=..-L/.-! ;! &'! )-G! @.,/?&(HG! K,@.,! Z/LKG! G'(! '.!

G'HH&(,!C(k?-! ]! '.-! )/@/G&.!G,(-H,@O/0/.-`+/&,/.-N!8-G!K?D@.,/))&.G!G&.,! /.?'+KG!G'(!?-!

G'HH&(,!-,!)-G!I/?(&H@(,/?')-G!G&.,!?@H,'(K-GN!8@!0K,-?,/&.!G-!Z@/,!-.G'/,-!H@(!I-G'(-!0-!

)-'(! @?,/O/,K! H(&̀,D(&I+/.@G-! 0'-! ]! )*-LH&G/,/&.! 0-! )@! HD&GHD@,/0P)GK(/.-!$U>h#"TN! 3-,,-!

,-?D./M'-! H-(I-,! '.-! @.@) PG-! M'@)/,@,/O-! 0-G! I/?(&H@(,/?')-G! I@/G! .&.! M'@.,/,@,/O-N!

3*-G,!)@!G-')-!@HH(&?D-!I-G'(@.,!)*@?,/O/,K!H(&`?&@C')@.,-!0-G!I/?(&H@(,/?')-GN!8-!G-'/)!

0-!0K,-?,/&.!-G,!+@Gh!?-!M'/!H-(I-,!'.-!I-G'(-!)&(GM'-!)-!,@'L!0-!HD&GHD@,/0P)GK(/.-!-G,!

Z@/+)-N! 3-! 0&G@C-! H-(I-,! 0*/0-.,/Z/-(! ?-(,@/.-G! &(/C/.-G! ?-))')@/(-G! -.! ',/)/G@.,! 0-G!

@.,/?&(HG!GHK?/Z/M'-GN!



! >U!

!

KGEG`G)3P=DAQ=AUP9);:9=JDA8PaM9)f)JDI8Q<PQQPA8)

!

3-,,-! IK,D&0-! -G,! ',/)/GK-!H&'(! )@!O/G'@)/G@,/&.!0-G! I/?(&H@(,/?')-G!#$#h##VhT\ahU#XN!

5))-! H-(I-,! 0*KO@)'-(! )@! ,@/))-! 0-G! K)KI-.,G! I@/G! @'GG/! )@! H(KG-.?-! 0*'.-! 0&'+)-!

I-I+(@.-! E Figure 18FN! 1-! H)'G! /)! -G,! H&GG/+)-! 0-! 0K,-?,-(! )@! H(KG-.?-! 0-! I&)K?')-G!

GHK?/Z/M'-G!C(k?-!]!'.!I@(M'@C-!/II'.&)&C/M'-N!8@!0K,-?,/&.!0-!)@!HD&GHD@,/0P)GK(/.-!

-G,! ?-H-.0@.,! /IH&GG/+)-N! 1-! H)'Gh! ?-,,-! ,-?D./M'-! (-M'/-(, ! '.! .&I+(-! /./,/@)! 0-!

I/?(&H@(,/?')-G! K)-OK! -,! .-! H-(I-,! H@G! '.-! @.@)PG-! M'@.,/,@,/O-! ?@(! 0-! .&I+(-'G-G!

K,@H-G!0-!?-.,(/Z'C@,/&.!G&.,!.K?-GG@/(-G!)&(G!0-!)@!H(KH@(@,/&.N!

 

 
[P\MD9)E@)O)%c9<U:9)S9)<P=DAUIDJP=M:9Q)ACQ9DB;9Q)98)<P=DAQ=AUP9);:9=JDA8PaM9)f)JDI8Q<PQQPA8)^KMD\9D)9J)I:W)

?5EE,V _)

 



! >>!

KGEGVG)3P=DAQ=AUP9)f)YAD=9)IJA<PaM9)

 

8@!I/?(&G?&H/-!]!Z&(?-!@,&I/M'-!H-(I-,!0-!O/G'@)/G-(!)@!,&H&C(@HD/-!0-!)@!G'(Z@?-!

0m'.!K?D@.,/))&.N!8m@.@)PG-!0-!)*K)KI-.,!G-!Z@/,!H&/.,!H@(!H&/.,!@'!I&P-.!0m'.!+@)@P@C-!

O/@! '.-! G&.0-! )&?@)-N! 8@! (KG&)',/&.! -G,! /.ZK(/-'(-! @'! .@.&IW,(-!TTN! 3-,,-! ,-?D./M'-!

H-(I-,!-.,(-!@',(-!0-!,(@O@/))-(!G'(!0-G!G&)',/&.G!@M'-'G-G!?-!M'/!H-(I-,!0-!?&.G-(O-(!

)-G! H(&H(/K,KG! HDPG/&)&C/M'-G! 0-! )*K?D@.,/))&.N! 3-,,-! IK,D&0-! -G,! &H,/I@)-! H&'(! )@!

O/G'@)/G@,/&.!0-G!I/?(&H@(,/?')-G!-,!)@!I-G'(-!0-!)-'(!,@/))-!I@/G!-G,!)&'(0-!0*'.!H&/.,!0-!

O'-!,-?D./M'-h!?-!M'/!)/I/,-!G&.!',/)/G@,/&.! ##ThTV"hU"UhUU"!EFigure 19FN!

 

!
!

[P\MD9)E4)O)%c9<U:9)S9)<P=DAUIDJP=M:9Q)ACQ9DB;9Q)98)<P=DAQ=AUP9)f)YAD=9)IJA<PaM9)^:9A8\)9J)I:W)?5EE??` _)
 



! >V!

KGEG,G)'U9=JDAQ=AUP9)S9)=ADD;:IJPA8)UHAJA8PaM9)^i)SN8I<P=):P\HJ)

Q=IJJ9DP8\)j_ )

 

3-,,-! ,-?D./M'-! -G,! ',/)/GK-!H&'( !0K,-(I/.-(! )-!H(&Z/)!0-!0/G,(/+',/&.!0-G! ,@/))-G!

0*K)KI-.,G! H@(,/?')@/(-G! ?&.,-.'G! 0@.G! '.-! G&)',/&.N! B(/WO-I-.,h! '.! )@G-(!

I&.&?D(&I@,/M'-!-G,!@HH)/M'K!G'(!)*K?D@.,/))&.h!)-G!H@(,/?')-G!?&.,-.'-G!O&.,!0/Z(@?,-(!

)@!)'I/W(-h!C(k?-!@'!I&'O-I-.,!+(&f./-.!0@.G !)*K?D@.,/))&.!)@!0/ZZ(@?,/&.!-G,!Z)'?,'@.,-!

@'!?&'(G!0'!,-IHGN!3*-G,!)*@.@)PG-!0'!?D@.C-I-.,!0*@.C)-!-,!0*/.,-.G/,K!0-!)@!0/ZZ(@?,/&.!

M'/!H-(I-,!0*K,@+)/(!)@!,@/))-!0-G!K)KI-.,G!?&.,-.'G!##$N!

3-,,-! IK ,D&0-! -G,h!H&'(! )*/.G,@.,h! (KG-(OK-! ]! 0-G!?-.,(-G!GHK?/@)/GKG! -,!KM'/HKGN!

8*@O@.,@C-!-G,!M'*-))-!H-(I-,!0*/0-.,/Z/-(!0-G!K)KI-.,G!0-!,@/))-!/.ZK(/-'(-!]!"N$! µI!,-)!

M'-! )-G! -L&G&I-GN! :)! -G,! ?-H-.0@.,! /IH&GG/+)-! ['GM'*]! H(KG-.,! 0-! ?&..@€,(-! )*&(/C/.-!

?-))') @/(-!0-G!K)KI-.,G!@/.G/!M'-!)*-LH&G/,/&.!0-!)@!HD&GHD@,/0P)GK(/.-N!

!

KGEGRG)%>#'+)^i)98]N<9 1:P8d9S)P<<M8AQADC98J)IQQIN)j_ )

 

3-,,-! IK,D&0-!@!K,K! /./,/@)-I-.,!@0@H,K-!H&'(! )@!0K,-?,/&.!0-G! I/?(&H@(,/?')-G!

0*&(/C/.-!H)@M'-,,@/(-!-.!',/)/G@.,!'.!@.,/?&(HG!@.,/`31U#!#\T N!5))-!H-(I-,!'.-!0K,-?,/&.!

0-!)@!M'@.,/,K!0-!I@(M'-'(!-LH(/IK!0@.G!)*K?D@.,/))&.!@O-?!'.-!C(@.0-!G-.G/+/)/,K!I@/G!

.*@HH&(,-! @'?'.-! /.Z&(I@,/&.! G'(! )@! ,@/))-! 0-G! K)KI-.,G! ?@H,'(KG! @/.G/! M'-! G'(!

)*-LH&G/,/&.!0-! )@!%<N!3*-G,!H&'(M'&/! /)!Z@',! l,(-!H('0-.,!0@.G!)-!?@G!0-! )@!0K,-?,/&.!0-!

I&)K?')-G!H&'O@.,!@'GG/! l,(-!0-G! I&)K?')-G!?/(?')@.,-G!)/+(-G!E:3=R!&'! ;3=R!G&)'+)-!

H@(!-L-IH)-FN!

!

4&',-G! ?-G! IK,D&0-G! 0-! 0K,-?,/&.! H(KG-.,-.,! ?D@?'.-! )-'(G! @O@.,@C-G! -,!

/.?&.OK./-.,G!ETableau 3FN!8-G!I/?(&H@(,/?')-G!G&.,!0-!H)'G!-.!H)'G!0K?(/,-G!?&II-! '.!

I@(M'-'(!H&,-.,/-)! 0*'.-!@?,/O@,/&.!&'!G&'ZZ(@.?-!?-))')@/(-N!3-(,@/.-G!&.,! '.-! +&..-!

O@)-'(! H(&.&G,/M'-! 0-G! H@,D&)&C/-G! ?@(0/&O@G?')@/(-G! EO&/(! H@(@C(@HD-! 0K0/KFN! :)!

@HH@(@/,! 0&.?! /IH&(,@.,! 0-! H&'O&/(! I-,,(-! -.! H)@?-! '.-! IK,D&0-! G,@.0@(0/GK-h!

H-(I-,,@.,! 0-G! (KG'),@,G! ?&IH@(@+)-G! -.,(-! )@+&(@,&/(-Gh! -,! G/IH)-h! H&'(! '.-! Z','(-!

',/)/G@,/&.! -.! ?)/./M'-N! r'-)M'-G! K,'0-G! I&.,(-.,! 0K[]! )*/IH&(,@.?-! 0-! )@! IK,D&0-! 0-!

H(K)WO-I-.,! -,!0*/G&)@,/&.!0-! I/?(&H@(,/?')-G!#"Th#$V!n!?&.?-(.@.,! )@!IK,D&0-!0*@.@)PG-h!

)-! ?D&/L! 0KH-.0(@!0'! ,PH-! 0*/.Z&(I@,/&.! O&')'h! I@/G! )@! ?P,&IK,(/-! -.! Z)'L! G-! H)@?-!



! >X!

@?,'-))-I-.,!?&II-! '.-! IK,D&0-!0-! (KZK(-.?-!0-!H@(! )-G!@IK)/&(@,/&.G!@?,'-))-G!0-G!

GPG,WI-G! H-(I-,,@.,! '.-! I-/))-'(-! 0/G,/.?,/&.! 0-G! K)KI-.,G! 0-! H-,/,-! ,@/))-! -,! )@!

H&GG/+/)/,K!0*/0-.,/Z/-(!G/IH)-I-.,!)*&(/C/.-!?-))')@/(-!0-G!I/?(&H@(,/?')-GN !

!
) (IP::9 ) .;J9=JPA8)

UHAQUHIJPSN:Q;DP89)
+=JPBPJ;)

UDA=AI\M:I8J9)
2DP\P89)

=9::M:IPD9)
FMI8JPYP=IJPA8)

ICQA:M9)
.PQUA8PCP:PJ;e)

QP<U:P=PJ;)
/NJA<;JDP9)98)

Y:Mc)
w! ww! `! ww! ww! ww!

/IUJMD9)98)
UHIQ9)QA:PS9)

`! ww! ww! ww! `! ww!

3P=DAQ=AUP9)
;:9=JDA8PaM9)

ww! `! `! `! `! w!

3P=DAQ=AUP9)f)
YAD=9)

IJA<PaM9)
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0-G!I/?(&H@(,/?')-G!H@(!)-G!I@?(&HD@C-G!-,!H&'(! IK0/-(! )*-ZZ-,!0-!?-G!I/?(&H@(,/?')-Gh!

@?,/O-!KC@)-I-.,!)@!HD@C&?P,&G-!$V#!-,!0&.?!H&'((@/,!?&.,(/+'-(!]!)@!?)@/(@.?-N!5.Z/.h!)-!

(j)-!0'!31$U!-,!0*:3=R `T!G-I+)-!)'/!@'GG/!/IH&(,@.,!n!31$U!-G,!?@H@+)-!0-!(-?&..@€,(-!

:3=R `T! G'(! )-G! ?-))')-G! @H&H,&,/M'-G!$$>! I@/G! /)! @! KC@)-I-.,! K,K! I&.,(K! M'-! )-G!

I/?(&H@(,/?')-G!/GG'-G!0-!?-))')-G!@H&H,&,/M'-G!H&'O@/-.,!-LH(/I-(!:3=R`T!TaXN!5.!H)'G!

0-! H-(I-,,(-! )-! ?D-I&,@L/GI-! 0-G! I@?(&HD@C-G! O-(G! )-G! ?-))')-G! @H&H,&,/M'-G! ?-)@!

H&'((@/,!?&.,(/+'-(!0/(-?,-I-.,!@'! IK?@./GI-!0*K)/I/.@,/&.!0-G! I/?(&H@(,/?')-GN!6.-!

K,'0-! (K?-.,-! I&.,(-! M'-! 1-) `$! E !̂0-O-)&HH-I-.,@)! -.0&,D-)/@)! )&?'G! $!_Fh! '.-!

C)P?&H(&,K/.-! G-?(K,K-! H@(! )-G! ?-))')-G! -.0&,DK)/@)-Gh! H@(,/?/H-! ]! )@! ?)@/(@.?-! 0-G!

I/?(&H@(,/?')-G! H)@M'-,,@/(-G! H@(! )*-.0&,DK)/'I! O@G?')@/(-! -.! (-?&..@/GG@.,! )@!



! V\ !

HD&GHD@,/0P)GK(/.-!0-G!I/?(&H@(,/?')-G!n!)-!?&IH)-L-!@/.G/!Z&(IK!K,@.,!-.G'/,-!(-?&..'!

H@(!)-G!/.,KC(/.-G!&; " T!-,!&; " >!-.0&,DK)/@)-G!$"# N!!

!

)
[P\MD9)?` )O)<A:;=M:9Q)P<U:PaM;9Q)SI8Q):I)=:IPDI8=9)S9Q)<P=DAUIDJP=M:9Q))

 
!

1*'.!H&/.,!0-!O'-!H)'G!GPG,KI/M'-h!)-G!I/?(&H@(,/?')-G!H(KG-.,-.,! '.-!?)@/(@.?-!

(@H/0-!0@.G!)*&(C@./GI-N!8*/.[-?,/&.!0-!I/?(&H@(,/?')-G!H)@M'-,,@/(-G!?D-S!)-!)@H/.!T#$h!0-!

I/?(&H@(,/?')-G!K(P,D(&?P,@/(-G!?D-S!)-!(@,!U#U!&'! 0-!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!?D-S!

)@!G&'(/G!I&.,(-!M'-!a"q!0-G!I/?(&H@(,/?')-G!G&.,!K)/I/.K-G!0-!)@!?/(?')@,/&.!0@.G!)-G!

$"! I/.',-G! G'/O@.,! )*/.[-?,/&. \ N! 3D-S! )*D&II-h! '.-! K,'0-! H-(I-,! 0*@O&/(! '.-! /0K-! 0'!

,-IHG! 0-! ?)@/(@.?-!n! 0-G! H)@M'-,,-G! /GG'G! 0*@HDK(WG-! -,! ?&.,-.@.,! 0-! D@',! ,@'L! 0-!

I/?(&H@(,/?')-G! H)@M'-,,@/(-G! &.,! K,K! ,(@.GZ'GK-G! ]! 0-G! H@,/-.,G! G&'ZZ(@.,! 0-!

,D(&I+&?P,&H-./-! T##N! 8-'(! ,@'L! 0-! I/?(&H@(,/?')-G! @'GG/,j,! @H(WG! ,(@.GZ'G/&.! -G,!

Z&(,-I-.,!@'CI-.,K!?&II-!@,,-.0'!-,!0/I/.' - !0-!I&/,/K!0@.G!)-G!>!D-'(-G!G'/O@.,-GN!

3-!,-IHG!H@(@€,!+/-.!H)'G!)&.C!M'-!?-!M'/!@!H'!l,(-!&+G-(OK!?D-S!)-G!I&0W)-G!@./I@'Lh!

?-H-.0@.,! /)! Z@',! C@(0-(! ]! )*-GH(/,! M'-! H&'(! )-G! I&0W)-G! @./I@'L! 0-G! I/?(&H@(,/?')-G!

CK.K(K-G!(0&@(1)3!&.,!K,K!',/)/GK-Gh!)-!G,/I')'G!H-(I-,,@.,!)-'(!CK.K(@,/&.!/.Z)'- .{@.,!)@!

?&IH&G/,/&.! /)! H-',! 0-! ?-! Z@/,! /.Z)'-.?-(! )-'(G! ?)@/(@.?-G!n! -,! M'-! H&'(! )*K,'0-! ?D-S!

)*D&II-!)-G!G'[-,G!G&.,!I@)@0-Gh!)-'(! ,@'L!0-!)-'?&?P,-G!-G,!+@Gh!D&(G!?&II-!-LH)/M'K!

?/̀ 0-GG'Gh!)@!?)@/(@.?-!0-G!I/?(&H@(,/?')-G!-G,!-.!C(@.0-!H@(,/-!0'-!]!)@!HD@C&?P,&G-!H@(!

)-G! I@?(&HD@C-G! ?-! M'/! H-',! -LH)/M'-(! )@! (K@+G&(H,/&.! H)'G! )-.,-! 0-G! I/?(&H@(,/?')-G!

?/(?')@.,-GN!!



! X"!

8&(GM'-! )*&.! (-C@(0-! )@! )&?@)/G@,/&.! 0-G I/?(&H@(,/?')-G! @H(WG! ?)@/(@.?-h! ?-))-G`?/! G&.,!

H(/.?/H@)-I-.,! )&?@)/GK-G! 0@.G! )-! Z&/-! EU>qF! I@/G! @'GG/! @GG-S! Z&(,-I-.,! 0@.G! )-G! &G!

E#TqF!n!&.!-.!(-,(&'O-!KC@)-I-.,!0@.G!)@!H-@'!E$"qFh!)-G!I'G?)-G!EVqFh!)@!(@,-!ETqF!-,!

)-G!H&'I&.G!E#qF!U#UN!8-!(j)-!0-!)@!(@,-!?&II-!&(C@.-!0-!?)@/(@.?-!@!K,K!G'CCK(K!0@.G!

'.- !K,'0-!G'(!H@,/-.,G!GH)K.K?,&I/GKG!$U$N!

 



! X$!

I6-J&%$+=,$(&%53")C-K'4+(903&5#-"(-.(90$+)%30$+)"-

)

I6:6-J&%$+=,$(&%53")-"(-($,&("#"'()-%,$4&+1,)%53,&$"))

 

8-G! ,(@/,-I-.,G! IK0/?@I-.,-'L! @ZZ-?,-.,h! -'L! @'GG/h! )-! ,@'L! 0-! I/?(&H@(,/?')-G!

?/(?')@.,-GN!3-H-.0@.,!)*/IH@?,!(K-)!0*'.!IK0/?@I-.,!G'(!)@!OKG/?')@,/&.!-,!)@!)/+K(@,/&.!

0-G! I/?(&H@(,/?')-G! -G,! 0/ZZ/?/)-! ]! 0/G,/.C'-(! 0-G! -ZZ-,G! 0'G! ]! '.! I-/))-'(! ?&.,(j)-! 0'!

0KO-)&HH-I-.,!0-!)@!H@,D&)&C/-!-,!0-G!Z@?,-'(G!0-!(/GM'-G!M'/!@IK)/&(-.,!@'GG/!)*K,@,!0-G!

?-))')-G! -,! 0&.?! 0/I/.'-.,! )-! ./O-@'! 0-! I/?(&H@(,/?')-GN! =H(WG! '.! /.Z@(?,'G! 0'!

IP&?@(0-h! 0-G! @C-.,G! @.,/&LP0@.,Gh! ?&II-! )@! O/,@I/.-! 3h! I&0/Z/-.,! )-G! ,@'L! 0-!

I/?(&H@(,/?')-G! -.0&,DK)/@)-G! ?/(?')@.,-G! ?D-S! 0-G! H@,/-.,G! 0/@+K,/M'-G! -,!

0PG)/H/0KI/M'-G!#X"N! 8*-ZZ-,! 0-G! G,@,/.-G! G'(! ?-G! ,@'L! (-G,-! M'@.,`] `)'/! ?&.,(&O-(GK! A!

0*'.-! H@(,h! 0-G! 0&G-G! 0-! G,@,/.-G! -ZZ/?@?-G! 0*'.! H&/.,! 0-! O'-! ?)/./M'-! G,/I')-.,! )-!

0K,@?D-I-.,!-.0&,DK)/@)!-,!)@!CK.K(@,/&.!0-!I/?(&H@(,/?')-G!(0&@(1)3!H@(!/.D/+/,/&.!0-!)@!

H(-.P)@,/&.!$$X!n!0*@',(-!H@(,h!0-G!0&..K-G! ,&'[&'(G!(0&@(1)3h! I&.,(-.,!M'-! )-G!G,@,/.-G!

H-'O-.,!@O&/(!'.!-ZZ-,!@.,/̀/.Z)@II@,&/(-!G'(!)-G!?-))')-G!-.0&,DK)/@)-G!?&.0'/G@.,!]!'.-!

+@/GG-! 0-! )@! OKG/?')@,/&.! H@(! /.D/+/,/&.! 0-! )@! O&/-! 7D&`Q/.@G-!Ta\ N! %)'G/-'(G! ?)@GG-G!

,DK(@H-',/M'-G! &.,! (K0'/,! )-! ,@'L! 0-! I/?(&H@(,/?')-G! ?/(?')@.,-G! 0@.G! )-G! I@)@0/-G!

?@(0/&O@G?')@/(-GN! %@(! -L-IH)-h! 0-G! H@,/-.,G! 0/@+K,/M'-G! 0-! ,PH-! #! ,(@/,KG! H@(! )@!

./Z-H/0/.-!E@.,@C&./G,-!0'!?@)?/'IF!&.,!0-G!,@'L!(K0'/,!0-!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!

#aaN! 8*@0I/./G,(@,/&.! 0-! +-./0/H/.-h! '.! @',(-! /.D/+/,-'(! 0-! ?@.@'L! ?@)?/M'-Gh!0/I/.'-!

KC@)-I-.,! )@! ?&.?-.,(@,/&.! -.! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! ?D-S! 0-G! H@,/-.,G!

0/@+K,/M'-G!E,PH-!#F!DPH-(,-.0'G!#\$ N!1-!H)'Gh!0-G!H@,/-.,G!0/@+K,/M'-G!,(@/,KG!H@(!)*@?/0-!

-/?&G@̀H-.,@K.&/M'-!I&.,(-.,!'.-!+@/GG-!G/C./Z/?@,/O-!0-!)-'(G!,@'L!0-!I/?(&H@(,/?')-G!!

H)@GI@,/M'-G!#\" N! 3D-S! 0-G! H@,/-.,G! @,,-/.,G! 0-! GP.0(&I-G! IK,@+&)/M'-Gh!

)*@0I/./G,(@,/&.! 0-! H/&C)/,@S&.-! 0/I/.'-! )-G! ?&.?-.,(@,/&.G! 0-! I/?(&H@(,/?')-G!

-.0&,DK)/@)-G!$T"N!5.Z/.h! '.-! /.[-?,/&.! /.,(@O/,(K@)-!0*@.,/?&(HG!0/(/CKG!?&.,(-! )-!Z@?,-'(!

0-! ?(&/GG@.?-! -.0&,DK)/@)-! O@G?')@/(-! E;5dYF! (K0'/,! )@! H(&0'?,/&.! 0-! I/?(&H@(,/?')-G!

-.0&,DK)/@)-G! O/,(-'G-G! 0@.G! 0-G! ?@G! 0-! (K,/.&H@,D/-! H(&)/ZK(@,/O-! 0/@+K,/M'-!VVN! 3-G!

K,'0-G!&+G-(O@,/&..-))-G!?D-S!)*D&II-!@HH&(,-.,!@/.G/!0-!.&'O-))-G!H-(GH-?,/O-G!0@.G!

)@!?&IH(KD-.G/&.!0-G! IK?@./GI-G!0-!CK.K(@,/&.!0-G! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! -,!

0@.G!)-!0KO-)&HH-I-.,!0-G!I@)@0/-G!@GG&?/K-GN!



! X#!

I6<6-KFF"()-4")-#&%$+=,$(&%53")-4,')-38,(90$+)%30$+)"-

 

/G?GEG)>9Q)<P=DAUIDJP=M:9Q)=PD=M:I8J9Q)

 

8-! H(-I/-(! -ZZ-,! 0-G! I/?(&H@(,/?')-G! ?&.,-.'-G! 0@.G! )-! G@.C! ?/(?')@.,!M'-! )*&.!

H-',! /0-.,/Z/-(! -G,! )*-ZZ-,! H(&̀ /.Z)@II@,&/(-N! 1-! .&I+(-'G-G! K,'0-Gh! H(/.?/H@)-I-.,! (0&

@(1)3h! I&.,(-.,! M'-! )-G! I/?(&H@(,/?')-G! ?/(?')@.,-G! EH)@M'-,,@/(-Gh! -,! )-'?&?P,@/(-GF!

?&.,(/+'-.,! ]! )*/.Z)@II@,/&.! H@(! )-'(! /.Z)'-.?-! G'(! )-G! /.,-(@?,/&.G! ?-))')@/(-G! -,! )@!

H(&0'?,/&.! 0 -! ?P,&Q/.-G! H(&̀/.Z)@II@,&/(-GN! 5))-G! @'CI-.,-.,! )@! H(&0'?,/&.!

0*/.,-()-'Q/.-! E:8F `V! -,! a! H@(! )-G! ?-))')-G! -.0&,DK)/@)-G! -,! )-'?&?P,@/(-G!#VUh#V>h#\UN! 5))-G!

/.0'/G-.,!KC@)-I-.,! )*@0DKG/&.!0-G!I&.&?P,-G!-,!)*-LH(-GG/&.!0-! I&)K?')-G!0*@0DKG/&.!

E-.!H@(,/?')/-(! )@! I&)K?')-! 0*@0DKG/&.! /.,(@?-))')@/(-! :3=R`$F! ]! )@!G'(Z@?-!0-G!?-))')-G!

-.0&,DK)/@)-G! -,! )*-LH(-GG/&.! 0'! 31$$@! G'(! )-G! I&.&?P,-G! EY/C'(-! #>F!#Xh#\UhTV\N! 3-,,-!

@'CI-.,@,/&.!0-!)*@0DKG/&.!-G,!-.!H@(,/-! IK0/K-!H@(!)-! ,(@.GZ-(,!0-!7=945<e338>!#V"N!

8-G!I/?(&H@(,/?')-G!H(&0'/,-G!]!H@(,/(!0-!H)@M'-,,-G!@H&H,&,/M'-G!/.0'/G-.,!KC@)-I-.,!

)@! 0/ZZK(-.,/@,/&.!0-G! I@?(&HD@C-G! (KG/0@.,G! 0@.G! )@! H)@M'-! 0*@,DK(&G?)K(&G-! -.!

HD@C&?P,-G! H(&Z-GG/&..-)G!U"UN! 3-H-.0@.,h! )*/.[-?,/&.!(0& @(@3! 0*'.! H)@GI@! -.(/?D/! -.!

I/?(&H@(,/?')-G!H)@M'-,,@/(-G!.*@'CI-.,-!H@G!)*@0DKG/&.!0-G!)-'?&?P,-G!(0&@(@3!?D-S!0-G!

G&'(/G! 0KZ/?/-.,-G! -.! @H&)/H&H(&,K/.-! 5! E=H&5`e`h! I&0W)-! 0*@,DK(&G?)K(&G-! I'(/.F! -,!

.*@'CI-.,-!H@G!.&.!H)'G!)-!0KO-)&HH-I-.,!0-G!H)@M'-G!0*@,DK(&G?)K(&G-!$aaN!!

3-H-.0@.,h!)*@?,/&.!0-G!I/?(&H@(,/?')-G!K,@.,!G'(,&',!0KH-.0@.,-!0-!)-'(!&(/C/.-!

-,!0'!G,/I')'G!)-G!H(&0'/G@.,h! )-G! I/?(&H@(,/?')-G!?/(?')@.,-G!H-'O-.,!KC@)-I-.,!@O&/(!

0-G! -ZZ-,G! @.,/`/.Z)@II@,&/(-GN! =/.G/h! )-G! I/?(&H@(,/?')-G! 0*&(/C/.-! )-'?&?P,@/(-! O&.,!

H(KO-./(! )@! (KH&.G-! /.Z)@II@,&/(-! 0-G! )-'?&?P,-G! -LH&GKG! @'L! )/H&H&)PG@??@(/0-G! -,!

/.0'/(-! )@! H(&0'?,/&.! 0-! 4dY `" $! E !̂,(@.GZ&(I/.C! C(&f,D! Z@?,&(!_Fh! '.-! ?P,&Q/.-! @.,/̀

/.Z)@II@,&/(-! $>"N! 3-,! -ZZ-,! -G,! IK0/K! H@(! )*-LH&G/,/&.! 0-! )*@..-L/.-! $! H@(! )-G!

I/?(&H@(,/?')-G!EH(&,K/.-!@.,/̀ /.Z)@II@,&/(-F!$"" N!P0&@(1)3h!/)!@!KC@)-I-.,!K,K!I&.,(K!M'-!

)-G! I/?(&H@(,/?')-G!H-'O-.,! l,(-! /.,-(.@)/GK-G!H@(! )-G! I&.&?P,-G! -,! )-G! )PIHD&?P,-G!B!

H@(!0/ZZK(-.,G!IK?@./GI-G!-,!I&0')-(!)-'(!@?,/O@,/&.!O-(G!'.!H(&Z/)!@.,/̀ /.Z)@II@,&/(-!

#$$N!

!

8*@.C/&C- .WG-! -G,! '.-! @',(-! ?/+)-! 0-G! I/?(&H@(,/?')-G! ?/(?')@.,-GN! 8-G!

I/?(&H@(,/?')-G! H)@M'-,,@/(-G! .-! H&(,-.,! H@G! 0/(-?,-I-.,! )-G! RR%! ?&.,(@/(-I-.,! @'L!



! XT!

I/?(&H@(,/?')-G! 0*&(/C/.-! -.0&,DK)/@)-! EO&/(! H@(@C(@HD-! 0K0/KFh! I@/G! /.0'/G-.,! )-'(!

H(&0'?,/&.! H@(!)-G!?-))')-G!?/+)-G!0@.G!)-!?@.?-(!0-!)@!H(&G,@,-!$"T !n!-))-G!H&'((@/-.,!0&.?!

@O&/(!'.!-ZZ-,!H(&̀@.C/&CK./M'-!-.!/.0'/G@.,!)@!0KC(@0@,/&.!0-!)@!I@,(/?-!-L,(@?-))'@/(-N!

6.! @',(-! ,PH-! 0-! I/?(&H@(,/?')-G! H@(,/?/H-! ]! )*@.C/&C-.WG-!A! )-G! I/?(&H@(,/?')-G!

)PIHD&o0-G! H&(,@.,! )-! ^!I&(HD&C-.! G&./?! D-0C-D&C!_N! 5))-G! G,/I')-.,! (0& @(1)3! )@!

Z&(I@,/&.! 0-! ?@H/))@/(-G! -.! @'CI-.,@.,! )*@0DKG/&.! -,! )*-LH(-GG/&.! 0-! Z@?,-'(G!

H(&@.C/&CK./M'-G!0@.G!)-G!?-))')-G!?/+)-G!TV\N!

8]! -.?&(-h! ?-(,@/.G! ,PH-G! 0-! I/?(&H@(,/?')-G! O&.,! @O&/(! '.! -ZZ-,! /.O-(G-h! @.,/`

@.C/&CK./M'-N! %@(! -L-IH)-h! 0-G! I/?(&H@(,/?')-G! )PIHD&?P,@/(-G! &+,-.'-G! (0& @(1)3h!

(K0'/G-.,!)@!Z&(I@,/&.!0-!.K&`O@/GG-@'!0@.G!'.!I&0W)-!0*/G?DKI/-!0'!I-I+(-!/.ZK(/-'(!

?D-S!)@!G&'(/G!UTVN!3-,!-ZZ-,!G-I+)-!IK0/K!H@(!)-!G,(-GG!&LP0@,/ZN!!

!

5,@.,!0&..K!)*-LH&G/,/&.!0-!)@!HD&GHD@,/0P)GK(/.-!-,!0'!Z@?,-'(!,/GG')@/(-!E4YFh!)-G!

I/?(&H@(,/?')-G! &.,! '.! Z&(,! H&'O&/(! H(&̀,D(&I+&,/M'-! -,! H(& `?&@C')@.,N!5))-G!

Z&'(./GG-.,h! -.! -ZZ-,h! 0-G! HD&GHD&)/H/0-G! @./&./M'-G! .K?-GG@/(-G! ]! )*@?,/O@,/&.! 0-G!

-.SPI-G!0-! )@!?&@C')@,/&.! -,!@'CI-.,-.,!@/.G/! )@!CK.K(@,/&.! 0-! ,D(&I+/.-h! -))-G!G&.,!

0&.?! ,(WG! /IH)/M'K-G! 0@.G! )-G! IK?@./GI-G! 0-! ,D(&I+&G-N!8-G! I/?(&H@(,/?')-G!

?/(?')@.,-G! H@(,/?/H-.,!]! )@! ,D(&I+&G-! C(k?-! ]! )*-LH(-GG/&.! 0'!Z@?,-'(! ,/GG')@/(-! -,! ]!

)*/.,-(@?,/&.! 0'! )/C@.0! 0-! )@! %`GK)- ?,/.-! H(KG-.,! G'(! )-G! I/?(&H@(,/?')-G! -,! 0-! )@! %̀

GK)-?,/.-! 0-G! H)@M'-,,-G!aVh$TTN! 8-G! I/?(&H@(,/?')-G! 0-! I&.&?P,-G! CK.K(K-G!(0& @(1)3!

H@(,/?/H-.,!KC@)-I-.,! ]!)*@'CI-.,@,/&.!0'! H&'O&/(!H(&̀,D(&I+&,/M'-! 0-!)*-.0&,DK)/'I!

H@(!,(@.GZ-(,!0'!Z@?,-'(!,/GG')@/(-!@'L!?-))')-G!-.0&,DK)/@)-G!XN!!

!

8-G!I/?(&H@(,/?')-G!?/(?')@.,-G!&.,!KC@)-I-.,!'.!(j)-!0@.G! )@!0K,K(/&(@,/&.!0-!)@!

Z&.?,/&.! O@G?')@/(-N! =/.G/! )-G! I/?(&H@(,/?')-G! /G&)K-G! 0-! H@,/-.,G! G&'ZZ(@.,! 0-! 0/O-(G-G!
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H-'O-.,!G-! Z/L-(!@'L!Z@?,-'(G!0-!?&@C')@,/&.!-,! )-G!@?,/O-(h!?&.ZK(@.,!@/.G/!'.!H&,-.,/-)!

H(&?&@C')@.,!@'L!I/?(&H@(,/?')-GN!1-!H)'Gh!)-G!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!H(KG-.,-., !
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0-!,D(&I+/.-!0-!I@./W(-!0KH-.0@.,-! 0'!Z@?,-'(! ,/GG')@/(-!-,!0K?)-.?D-.,!)@!Z&(I@,/&.!
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0-G! ?-))')-G! -.0&,DK)/@)-G! -,! G&.,! ?@H@+)-G! 0*/.0'/(-!(0& @(1)3! )@! 0/ZZK(-.?/@,/&.! 0-!

H(&CK./,-'(G! -.0&,DK)/@'L! -.! ?-))')-G! -.0&,DK)/@)-G! -,! @'CI-.,-.,! )-'(! H&,-.,/-)! H(& `

@.C/&CK./M'-! (0&@(@3N!1-!H)'Gh!0@.G!)-G! ,/GG'G! /G?DKI/M'-G! )-G! I/?(&H@(,/?')-G!H-'O-.,!

,(@.GZK(-(! 0-G! =79! I-GG@C-(G! 0-G! H(&CK./,-'(G! O-(G! )-G! ?-))')-G! -.0&,DK)/@)-G!

M'/-G?-.,-Gh! @?,/O@.,! @/.G/! )-G! IK?@./GI-G! 0*@.C/&C- .WG-!$$UN! 8-G! I/?(&H@(,/?')-G!

H&(,-.,!KC@)-I-.,!0-G!Z@?,-'(G!H(&,K&)P,/M'-G!?&II-!)@!H)@GI/.-h!)-G!RR%`#!-,!\!@/.G/!

M'-! )@! H(&,&-.SPI-! R4$`RR%h! ?-,,-! H)@GI/.-! @?,/O-! )-G! IK,@))&H(&,K@G-G! 0-! I@,(/?-!

&'e-,!0*@',(-G!H(&,K@G-G!@HH@(,-.@.,!]!)@!IlI-!Z@I/))-!H(&O&M'@.,!@/.G/!)@!0KC(@0@,/&.!

0-! )@! I@,(/?-! /.,-(G,/,/-))-! H-(I-,,@.,! @/.G/! )@! I/C(@,/&.! ?-))')@/(-! -,! )@! Z&(I@,/&.! 0-!



! X\ !

.&'O-@'L!O@/GG-@'L!#$XhTaTN!R@)C(K!?-G!-ZZ-,G!?)@/(-I-.,!H(&`@.C/&CK./M'-Gh!/)!-G,!]!.&,-(!

M'-!0-G!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!&+,-.'-G!(0&@(1)3h!(K0'/G-.,!)@!Z&(I@,/&.!0-!.K&̀

O@/GG-@'! 0@.G! '.! I&0W)-! 0*/G?DKI/-! 0'! I-I+(-! /.ZK(/-'(! ?D-S! )@! G&'(/G!#VVN! 3-,! -ZZ-,!

G-I+)-! IK0/K! H@(! )-! G,(-GG! &LP0@,/Z! ,&',! ?&II-! H&'(! )-G! I/?(&H@(,/?')-G!

)PIHD&?P,@/(-GN!!

!

:)!@!K,K!I-.,/&..K!M'-!)-G!I/?(&H@(,/?')-G!?/(?')@.,-G!H-'O-.,!@O&/(!'.!-ZZ-,!H(&̀

@H&H,&,/M'-N! 1-! I@./W(-! /.,K(-GG@.,-h! /)! G-I+)-! M'-! )-G! I/?(&H@(,/?')-G! -.0&,DK)/@)-G!

H'/GG-.,! [&'-(! '.! (j)-! ?&.,(@/(-N! 5.! -ZZ-,h! )-G! I/?(&H@(,/?')-G! H(&0'/,-G! H@(!

)*-.0&,DK)/'I! H-'O-.,! l,(-! '.! I&P-.! 0*KO@?'-(! )@! ?@GH@G-̀T! EM'/! G-! (-,(&'O-! H/KCK-!

0@.G!)-G!I/?(&H@(,/?')-GFh!0/I/.'@.,!@/.G/!)-!,@'L!/.,(@?-))')@/(-!-,!H(KO-.@.,!)*@H&H,&G-!

0-! )@!?-))')-! IW(-! UTN!5.!H)'G!0-!?-)@h!)-G! I/?(&H@(,/?')-G!H&(,-.,!KC@)-I-.,!0/ZZK(-.,G!

Z@?,-'(G!@.,/`@H&H,&,/M'-G!?&II-!)-!(K?-H,-'(!0-!)@!H(&,K/.-!3!&'!)@!H(&,K/.-!3!@?,/OK-!

M'/! &.,! 0-G! -ZZ-,G! G'(! )@! G'(O/-! ?-))')@/(-! H@(! ?P,&H(&,-?,/&.!UhVN! 1-! H)'Gh! )-G!

I/?(&H@(,/?')-G! -.0&,DK)/@)-G! E&+,-.'-G! H@(! 0KH(/O@,/&.F! O&.,! l,(-! /.,KC(K-G! 0@.G! )-G!

?-))')-G! -.0&,DK)/@)-G!H@(! )/@/G&.!HD&GHD@,/0P)GK(/.-`=..-L/.-!$! -,! /.D/+-(! )*@?,/O@,/&.!

0-!HTah!H(KO-.@.,!)*@H&H,&G-!$\UN!

!
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! a" !

5.Z/.h! /)! @! K,K! (@HH&(,K! M'-! )-G! I/?(&H@(,/?')-G! (-.Z-(I-.,! 0/O-(G! I/?(&=79!

EI@,'(-G!-,!/II@,'(-GF! $#ah$aX!-,!)-!?&.,-.'!H-',!l,(-!0/ZZK(-.,!0-!?-)'/!0-!)@!?-))')-!IW(-!

-.! Z&.?,/&.! 0'! G,/I')'Gh! @/.G/! -))-G! H-'O-.,! l,(-! -.(/?D/-G! GHK?/Z/M'-I-.,! -.! '.! &'!

H)'G/-'(G!I/?(&79=! $$aN!3-(,@/.G!0-!?-G!I/?(&79=!&.,!0-G!-ZZ-,G!@,DK(&`H(&,-?,-'(GN!5.!

/.D/+@.,!)*-LH(-GG/&.!0-!)@!H(&,K/.-!7d<$V!E(KC')@,-'(!0-!)@!G/C.@)/G@,/&.!0-!)@!H(&,K/.-!

d!$VFh!)-!I/?(&=79`$#V!?&.0'/,!]!)*@'CI-.,@,/&.!0-!)*-LH(-GG/&.!0-!3c37U!-,!3c38$#N!

8*/.[-?,/&.! 0-! I/?(&H@(,/?')-G! -.(/?D/-G! -.! I/?(&=79 `$#V! H-(I-,! 0&.?! 0-! )/I/,-(! )@!

H(&C(-GG/&.! 0-! )@! ,@/))-! 0-! )@! H)@M'-! 0*@,DK(&G?)K(&G-h! 0*@'CI-.,-(! G@! G,@+/)/,K! -,!

0*@'CI-., -(! )-! (-?(',-I-.,! 0-!H(&CK./,-'(G!<?@ `$w!UU>N!8-G! I/?(&H@(,/?')-G!H(&0'/,-G!

H@(!)-G!?-))')-G!-.0&,DK)/@)-G!G&'I/G-G!]!'.!Z)'L!&'!G'(-LH(/I@.,!b8Y#!G&.,!-.(/?D/-G!-.!

I/?(&79= `$UTe$U>! -,! ?&.,(j)-.,! )*-LH(-GG/&.! CK./M'-! 0-G! ?-))')-G! I'G?')@/(-G! )/GG-G!

G&'G̀[@?-.,-G!0@.G!'.!I&0W)-!0-!?&̀?'),'(-N!3-G!I/?(&H@(,/?')-G!(K0'/G-.,!KC@)-I-.,!)@!

Z&(I@,/&.!0-!H)@M'-!0*@,DK(&G?)K(&G-!?D-S!0-G!G&'(/G!=H&5!0KZ/?/-.,-G!$XUN!

!

=/.G/! /)! -G,! ?)@/(-I-.,! I&.,(K!0@.G! )@! )/,,K(@,'(-h!M'-! )-G! I/?(&H@(,/?')-G! -,! -.!

H@(,/?')/-(! )-G! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! H-'O-.,! @'GG/! +/-.! @O&/(! 0-G! -ZZ-,G!

0K)K,W(-G! M'-! +K.KZ/M'-Gh! ,&',! 0KH-.0! 0-G! G,/I')/! 0-! CK.K(@,/&.h! 0-! )@! ?&IH&G/,/&.!

EFigure 26F! -,!0'! )/-'! 0*@?,/&.!0-!?-G! I/?(&H@(,/?')-GN! :)! -G,! /IH&(,@.,!0-! .&,-(!M'-! )@!

H)'H@(,!0-G!K,'0-G!I&.,(@.,!)-G!-ZZ-,G!0-G!I/?(&H@(,/?')-G!',/)/G-.,!0-G!I/?(&H@(,/?')-G!

CK.K(K-G!(0&@(1)3!H@(!0-G!G,/I')/!H@(Z&/G!)&/.!0-!)@!HDPG/&)&C/-N!8*-ZZ-,!&+G-(OK!-G,!0&.?!]!

@GG&?/-(!@O-?!)-!I&0W)-!',/)/GKN!
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! a#!

I6@6-J&%$+=,$(&%53")-"(-%9$+'+3+?&"-4"-38,(90$+)%30$+)"-

 

8-G!I/?(&H@(,/?')-G!?/(?')@.,-G!-,!?&.,-.'-G!0@.G!)@!H)@M'-!0*@,DK(&G?)K(&G-!&.,!

0&.?! 0-G! -ZZ-,G! +/&)&C/M'-G! 0/O-(Gh! .KC@,/ZG! &'! H&G/,/ZG! @'! (-C@(0! 0-! )@! H@,D&)&C/-! 0-!

)*@,DK(&G?)K(&G-N! B/-.! M'-! )-! (j)-! 0-! ?D@M'-! ,PH-! 0-! I/?(&H@(,/?')-G! 0@.G! )-!

0KO-)&HH-I-.,!0-!)@!H@,D&)&C/-!.*@/,!H@G!K,K!?)@/(-I-.,!K,@+)/h!/)!-G,!H&GG/+)-!0*/0-.,/Z/-(!

)-'(! ?&.,(/+',/&.! ]! ?D@M'-! K,@H-! ]! H@(,/(! 0-G! 0/ZZK(-.,-G! K,'0-G!(0& @(1)3! -,! (0& @(@3!

H(KG-.,K-G!H(K?K0-II-.,N!3- !0-(./-(!H@(@C(@HD-!(KG'I-!0&.?!)*/IH)/?@,/&.!H&,-.,/-))-!

0-G!I/?(&H@(,/?')-G!]!?D@M'-!K,@H-!0-!)@!H@,D&)&C/-N!!

!

4&',!0*@+&(0h!/)!@!K,K!I&.,(K!0@.G!?-,,-!/.,(&0'?,/&.!M'-!)-G!Z@?,-'(G!0-!(/GM'-G!

?@(0/&O@G?')@/(-G! ?&II-! )@! ?/C@(-,,-! &'! )-! ?D&)-G,K(&)! ?&.,(/+'-! ]! )@! H(&0'?,/&.! 0-!

I/?(&H@(,/?')-Gh! .&,@II-.,! 0-! I/?(&H@(,/?')-G! -.0&,DK )/@)-GN! 3-G! I/?(&H@(,/?')-G!

@HH@(@/GG-.,!0&.?!?&II-!'.!(-Z)-,!0-!)@!G&'ZZ(@.?-!O@G?')@/(-!I@/G!G&.,!@'GG/!'.!@?,-'(!

0-! )@! 0PGZ&.?,/&.h! -.! /.D/+@.,! .&,@II-.,! )@! H(&0'?,/&.! 0-! 92! H@( ! )*-.0&,DK)/'I!

EI/?(&H@(,/?')-G!-.0&,DK)/@)-G!-,! )-'?&?P,@/(-GF!G&/,!H@(!H(&0'?,/&.!0-!(@0/?@'L!)/+(-Gh!

G&/,! H@(! G'(-LH(-GG/&.! 0-! ?@OK&)/.-`$! &'! -.?&(-! H@(! 0/I/.',/&.! 0-! )*-LH(-GG/&.! 0-! )@!

92<! -.0&,DK)/@)-!&'!0-! G@!HD&GHD&(P)@,/&.N!5))-G!H-'O-.,!KC@)-I-.,!@C/(!0/(-?,-I-.,!

G'(!)@!?&.,(@?,/&.!0-G!?-))')-G!I'G?')@/(-G!)/GG-G!EFigure 27FN!!
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! aT!

 
  

8-G! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! H-'O-.,h! 0-! H)'Gh! ?&.,(/+'-(! ]! )*@H&H,&G-!

-.0&,DK)/@)-! @/.G/! M'*]! )*-LH(-GG/&.! 0-! I&)K?')-G! 0*@0DKG/&.! H@(! )-G! ?-))')-G!

-.0&,DK)/@)-G!-,!)-G!(K?-H,-'(G!?&((-GH&.0@.,G!H@(!)-G!)-'?&?P,-GN!3&.?-(.@.,!)*-ZZ-,!0-G!

I/?(&H@(,/?')-G!?/(?')@.,-G!G'(! )@!H-(IK@+/)/,Kh!)-G!K,'0-G!G&.,! '.!H-'! I&/.G!H(K?/G-G!

I @/G! /)! G-I+)-! P! @O&/(! 0-G! )/-.G! Z&(,G! -.,(-! CK.K(@,/&.! 0-! I/?(&H@(,/?')-G! -,!

@'CI-.,@,/&.!0-!)@!H-(IK@+/)/,Kh!)-G!0-'L!@P@.,!0-G!-ZZ-?,-'(G!?&II'.G!0@.G!)@!?-))')-!

-.0&,DK)/@)-!EHTa! -,!723bF!\VhT\>hT\V!N!=/.G/! )-G! I/?(&H@(,/?')-G! [&'-(@/-.,! '.! (j)-!0@.G!

)-G!M'@,(-!H@(@IW,(-G!?)K!@I&({@.,!)@!Z&(I@,/&.!0-G!H)@M'-G!0*@,DK(&G?)K(&G-!A!H-(,-!0-!

)@! O@G&0/)@,@,/&.h! @'CI-.,@,/&.! 0-! )@! I&(,! ?-))')@/(-h! @'CI-.,@,/&.! 0'! H(&Z/)! H(&`

/.Z)@II@,&/(-!-,!0-!)@!H-(IK@+/)/,K!EFigure 25FN!

5.! 0-'L/WI-! )/-'h! @)&(G! M'-! )-G! )/H/0-G! -,! )-G! I&.&?P,-G! &.,! ?&II-.?K! ]!

G*@??'I')-(! 0@.G! )*/.,/I@h! )-G! I/?(&H@(,/?')-G! O&.,! H@(,/?/H-(! ]! )*@IH)/Z/?@,/&.! 0'!

HDK.&IW.-N! 3-,,-! Z&/G̀?/h! ?-! G&.,! )-G! I/?(&H@(,/?')-G! ?&.,-.'-G! 0@.G! )@!H)@M'-! -,!

H(/.?/H@)-I-.,!CK.K(K-G!H@(!)-G!I&.&?P,-G`I@?(&HD@C-G!-.!(KH&.G-!@'L!818!M'/!O&.,!

@'CI-.,-(!)*-LH(-GG/&.!0-!I&)K?')-G!0*@0DKG/&.!E:3=R`$h!;3=R`$h!5!-,!%̀GK)-?,/.-F!H@(!

)-G! ?-))')-G! -.0&,DK)/@)-G! EG&/,! H@(! ,(@.GZ-(,h! G&/,! H@(! GP.,DWG-F! -,! )@! GP.,DWG-! 0-!

?P,&Q/.-G!H(&̀/.Z)@II@,&/(-Gh!/.0'/G@.,!'.!(-?(',-I-.,!H)'G!I@GG/Z!E Figure 28FN!!
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! aU!

 :)! -G,! ]! .&,-(! M'-! )-G! J18! &.,! '.! -ZZ-,! ?&.,(@/(-! @'L! 818! G'(! )*/.Z)@II@,/&.h!

H'/GM'*/)G!O&.,!H(KO-./(!)*/.,-(@?,/&.!-.,(-!I/?(&H@(,/?')-G!0-!)PIHD&?P,-G!4!-,!?-))')-G!

-.0&,DK)/@)-G!>ahTT\N! 8-G! I/?(&H@(,/?')-G! H-'O-.,h! 0-! H)'Gh! /.0'/(-! )*@H&H,&G-! 0-G!

I@?(&HD@C-G!$a>h!?-H-.0@.,!?-,!-ZZ-,!.*-G,!H@G!&+G-(OK!H&'(!0-G!I/?(&H@(,/?')-G!/G&)K-G!

0-! H)@M'-G! D'I@/.-G! E0&..K-G! .&.! H'+)/K-G! <N! %KC&(/-(h! :.G-(I! 6\X"! KM'/H-$FN! 5.!

H@(,/?')/-(h!/)!G-I+)-!M'-!)-G!I/?(&H@(,/?')-G!0-!)PIHD&?P,-G!4!)-'?KI/M'-G!E?-))')-G!0-!

['(Q@,F!@C/GG-.,!H@(!,(@.GZ-(,!0-!?@GH@G-`T!$#U!-,!@'CI-.,@,/&.!0-!)/H/0-G!/.,(@?-))')@/(-G!

$a>N! 6.! @',(-! ?-(?)-! O/?/-'L! -G,! @)&(G! @?,/OK!A! )-G! I@?(&HD@C-G! @H&H,&,/M'-G! )/+W(-.,!

0@O@.,@C-!0-!I/?(&H@(,/?')-Gh!M'/!O&.,!@O&/(!'.!-ZZ-,!H@(@?(/.-!G'(!)-G!?-))')-G!O&/G/.-G!

EFigure 28FN!

4&'[&'(G! 0@.G! )@! H(&C(-GG/&.! 0-! )@! H)@M'-h! )-G! I/?(&H@(,/?')-G! E-.! Z&.?,/&.! 0-!

)-'(!&(/C/.-F!O&.,!@O&/(!'.!-ZZ-,!0K)K,W(-!G'(!)-G!?-))')-G!I'G?')@/(-G!)/GG-G!-.!/.0'/G@.,!

)-'(! H(&)/ZK(@,/&.! -,! )-'(! I&(,N! B/-.! M'-! ?-?/! .*@/! [@I@/G! K,K!?)@/(-I-.,! 0KI&.,(Kh! )-G!

I/?(&H@(,/?')-G! 0-! H)@M'-G! H&'((@/-.,! @O&/(! '.! (j)-! 0@.G! )@! I/C(@,/&.! 0-G! ?-))')-G!

I'G?')@/(-G! )/GG-G!##VN! 1-! IlI-! /)! G-(@/,! /.,K(-GG@.,! 0-! ?&..@€,(-! )*-ZZ-,! 0-G!

I/?(&H@(,/?')-G!0-!H)@M'-!G'(!)-!H@GG@C-!0'!H(&Z/)!?&.,(@?,/)-!@'!H(&Z/)!GK?(K,&/(-!0-!?-G!

?-))')-GN!5.Z/.h!)-G!I/?(&H@(,/?')-G!0-!H)@M'-!?&.,(/+'-.,!]!)@!Z&(I@,/&.!0-!@-$-&@-$3)47!

/.,(@`H)@M'-!H@(!G,/I')@,/&.!0-!)*@.C/&CK.WG-!EI/?(&H@(,/?')-G!31U"8wFh!(-.0@.,!?-))-`

?/! H)'G! Z(@C/)-! EFigure 29FN! 8@! Z(@C/)/,K! -G,! KC@)-I-.,! @'CI-.,K-! H@(! -ZZ-,! 0-G!

I/?(&H@(,/?')-G!H&(,@.,!0-G!H(&,K@G-G!@?,/O-G!?&II-!4=35e=1=R$X!&'!RR%!#!-,!\N!

!

!
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 !

8-G! I@./Z-G,@,/&.G! ?)/./M'-G! ,-))-G! M'-! )*/.Z@(?,'G! &'! )*/G?DKI/-! 0'! I-I+(-!

/.ZK(/-'(!G'(O/-..-.,! )&(GM'-! )@!H)@M'-!G*K(&0-!&'!G-! (&IH,N!%&'(! )*/.G,@.,! )-! (j)-!0-G!

I/?(&H@(,/?')-G!G'(!)*K(&G/&.!-.0&,DK)/@)-!.*@!H@G!K,K!0K,-(I/.KN!2.!G@/,!G/IH)-I-.,!M'-!

)-G! I/?(&H@(,/?')-G! ?/(?')@.,-G! 0-! 0/O-(G-G! &(/C/.-G! ?&.,(/+'-.,! ]! )*@H&H,&G-!

-.0&,DK)/@)-h! ?-?/! H&'O@.,! H(&O&M'-(! '.-! 0-GM'@I@,/&.! -.0&,DK)/@)-N! 8-G!

I/?(&H@(,/?')-G!0-!H)@M'-!&.,! '.!H(&Z/)!H(&`,D(&I+&,/M'-!+/-.!H)'G! /IH&(,@.,!M'-! )-G!

I/?(&H@(,/?')-G! ?/(?')@.,-G! -,! O&.,! 0&.?! @O&/(! '.! (j)-! 0*/./,/@,-'(! 0-! )@! ,D(&I+&G-!

)&(GM'-!)@!H)@M'-!G-!(&IH,!-,! I-,!-.!?&.,@?,!I/?(&H@(,/?')-G!/.,(@̀H)@M'-Gh!H)@M'-,,-G!

-,!I/?(&H@(,/?')-G!H)@M'-,,@/(-G!EFigure 30FN!!
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!

%&'(!?&.?)'(-h!/)!-G,!/IH&(,@.,!0-!G&')/C.-(!)-G!-ZZ-,G!+K.KZ/M'-G!0-!?-(,@/.G!,PH-G!

0-!I/?(&H@(,/?')-GN!5.!-ZZ-,!0-!H@(,!)-'(!H&,-.,/-)!H(& `@.C/&CK./M'-h!-))-G!O&.,!H&'O&/(!

Z@?/)/,-(! )@! (-O@G?')@(/G@,/&.! H&G,`/G?DKI/M'-N! 3-(,@/.-G! I/?(&H@(,/?')-G! H&(,-.,!

KC@)-I-.,!0-G! /.D/+/,-'(G!0-! )@!?&@C')@,/&.! -,!0-G!@C-.,G!Z/+(/.&)/,/M'-Gh!H@(,/?/H@.,! ]!

)*@((l,!0-!)@!,D(&I+&G-!-,!]!)@!0KC(@0@,/&.!0'!,D(&I+'GN!

!



! aa!
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Abstract  

Microparticle release by vascular endothelium has been implicated in various 

cardiovascular pathologies. Ventilator-induced lung injury (VILI) is a life-threatening 

complication of mechanical ventilation at high tidal volumes associated with 

excessive mechanical stretch of pulmonary vascular endothelial cells. However, a 

role of VILI-relevant levels of cyclic stretch in microparticle generation by vascular 

endothelium remains unknown. We report microparticle formation by human 

pulmonary endothelial cells exposed to pathologic, but not physiologic levels of 

mechanical stress. Stretch-induced microparticle generation was not affected by cell 

co-treatment with inflammatory agents thrombin or bacterial wall lipopolysacharide.  

Both, the basal and pathologic cyclic stretch-induced microparticle production was 

not affected by Rho kinase and calpain inhibitors, but was abolished by caspase 

inhibitor. In contrast to lipopolysacharide, pathologic mechanical strain did not 

significantly induce apoptosis in pulmonary endothelial cells. These results show for 

the first time that mechanical strain of pulmonary endothelial cells at levels relevant 

to high tidal volume mechanical ventilation is a potent activator of microparticle 

formation, which requires caspase activity, but this mechanism is independent of 

apoptosis. These results suggest a novel mechanism which may contribute to VILI-

associated vascular dysfunction. 
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Introduction  

Ventilator induced lung injury (VILI) is a serious condition with high mortality rates 

and lack of effective therapeutic treatment 259. VILI is triggered by excessive 

mechanical stimulation of lung tissue accompanied by endothelial dysfunction and 

increased vascular leak 258. Previous studies demonstrate exacerbation of 

endothelial inflammatory activation and agonist-induced vascular permeability by 

pathologic mechanical stretch 258. However, entire pathologic mechanisms induced 

by high magnitude cyclic stretch (CS) remain to be better characterized.    

Microparticles (MP) are membrane fragments shed mainly from cell surfaces 

of activated, injured or apoptotic platelets, blood cells and vascular endothelium. 

Increased levels of circulating MP have been found in blood and vascular 

pathologies, as well as organ (heart, kidney) dysfunctions 15,28,119. Increased MP 

formation by lung epithelial lining has been recently described in the lungs of patients 

with acute respiratory distress syndrome 28. Increased MP levels serve as prognostic 

tool in a number of cardiovascular pathologies 15, but MP also possess biological 

activities and may exacerbate existing pathological conditions by promoting 

inflammatory processes and stimulating intravascular blood coagulation 201,287. The 

role of pathologic mechanical stretch in MP release by vascular endothelium remains 

unknown.  

This study tested the hypothesis that excessive mechanical stretch associated 

with suboptimal mechanical ventilation may stimulate MP formation by lung vascular 

endothelium. We also examined combined effects of CS and agonist stimulation on 

MP formation and investigated the mechanisms involved in increased MP production 

by pathologic magnitudes of cyclic stretch. 

Materials and Methods .  

Cell culture and reagents. Human pulmonary artery endothelial cells (HPAEC) and 

cell culture basal medium with growth supplements were obtained from Lonza 

(Allendale, NJ). Cells were cultured according to the manufacturerÕs protocol, and 

used at passages 5-8.Caspase inhibitor Z-VAD, Rho-kinase inhibitor Y-27632, and 

calpain protease inhibitor calpeptin were purchased from Bachem Bioscience (King 

of Prussia, PA).  Unless specified, biochemical reagents were obtained from Sigma 

(St. Louis, MO). 
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Cell culture under cyclic stretch and microparticle collection.  Cyclic stretch 

experiments were performed using FX-4000T Flexcell Tension Plus system (Flexcell 

International, McKeesport, PA) as described 37,354. Experiments were performed in 

the presence of culture medium containing 2% fetal bovine serum pre-filtered through 

0.2 uM sterile nylon filters. HPAEC were seeded at standard densities (8x105 

cells/well) onto collagen I-coated flexible bottom BioFlex plates. Both static HPAEC 

cultures and cells exposed to CS were seeded onto identical plates to ensure 

standard culture conditions. After 48 hrs of culture, each plate was gently washed 

with the EGM medium pre-filtered through the 0.2 µm sterile filter, and 1.5 ml of EGM 

medium containing 2% FCS filtered through the 0.2 µm sterile filter was added to 

each well. Experimental plates with EC monolayers were mounted onto Flexcell 

system and exposed to CS of desired magnitude (5% or 18% elongation) and 

duration (6-24 hrs). Control BioFlex plates with static EC culture were be placed in 

the same cell culture incubator. When necessary, static controls and CS-exposed 

HPAEC were treated with thrombin and incubated for 6 hrs or 24 hrs of continuous 

exposure to both stimuli. At the end of experiment, conditioned media were collected, 

centrifuged (2,500 g, 10 min, +4C) to sediment cell debris; MP from clarified 

supernatants were further concentrated by centrifugation (20,000 g, 30 min, +4C) 

and used for FACS analysis.  

 

Characterization and quantitation of microparticles by FACS analysis.  

MPs were labelled either annexin-V coupled to fluorescein isothiocyanate (FITC) in 

calcium-dependent manner, and analyzed by flow cytometry (EPICS XL, Beckman 

Coulter; Brea, CA) as previously described 12. For some experiments, MPs were also 

labeled with VE-cadherin antibody coupled to phycoerythrin (CD144-PE, 

Immunotech; Marseille, France) or isotypic control. Events less than 1! m diameter 

were identified in forward scatter and side scatter intensity dot representation, in 

comparison with fluorescent microbeads (0.5, 0.9 and 3 ! m in diameter; Megamix 

Biocytex; Marseille, France). MPs were defined as elements with a size less than 1 

! m and greater than 0.1 ! m that were positively labeled with FITC-Annexin V or VE-

cadherin. Under the present experimental conditions, annexinV labeled over 96% of 

events in the microparticle gate defined as described above. Presence of apoptotic 

bodies was assessed as described in 180 by annexin-V and propidium iodine labeling 

of events larger than 1 micron and therefore were not included in MP quantification.  
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Levels of apoptotic bodies were at least 50-fold less than levels of annexin-V+ MPs in 

the different experimental conditions.  

 

TUNNEL Assay. Endothelial cells (HPAEC) on 6-wells bioflex plates were exposed to 

static culture (no CS) or pathologic CS (18%) for 24 hr ± 100µM ZVAD or 200 ng/ml 

LPS. Cells were trypsinized and fixed with 2% PFA for 60 minutes at room 

temperature. Cells were then washed with PBS and permeabilized with 0.1% triton X 

for 2 minutes at 4oC. Enzyme terminal deoxynucleotidyl transferase (TdT) and 

fluorescein labeled nucleotide polymers were added for 60 minutes at 37oC. Mean 

fluorescent intensity was then measured by flow cytometry. 

 

Statistical analysis. Results are expressed as means ± SD of three to six 

independent experiments. Stimulated samples were compared to controls by 

unpaired StudentÕs t-test. For multiple-group comparisons, a one-way analysis of 

variance (ANOVA), followed by the post hoc Tukey test, were used. P<0.05 was 

considered statistically significant. 
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Results  

Mechanical strain induces MP formation by HPAEC in an amplitude - and time -

dependent manner.  

Endothelial cells were cultured at static conditions exposed to 5% CS or 18% CS for 

up to 24 hrs. These amplitudes recapitulate clinical scenarios of mechanical 

ventilation at low and high tidal volumes 39. MPs released by static and CS-stimulated 

HPAEC were quantified as AnnexinV+ or VE-cadherin+ events. AnnexinV+MP 

production was significantly increased after 24 hrs of 18% CS exposure (Figure 1A ). 

In turn, MP production by HPAEC exposed to 5% CS was not statistically different in 

comparison to static HPAEC cultures. Similar findings were obtained with VE-

cadherin labeling: 18% cyclic stretch increased VE-cadherin+ microparticle 

production by 5-fold (from 14±4 to 82±7 CD144+EMP/ microL ; n=3). E-selectin-

positive MPs were below detection levels in these experimental conditions. These 

findings also confirm previous reports showing that cyclic stretch does not stimulate 

E-selectin mRNA expression in cultured endothelial cells 410. 

 

Thrombin or LPS do not increase MP formation in static or CS -preconditioned 

HPAEC.  

Synergistic interactions between inflammatory mediators and pathologic mechanical 

stimulation are essential factors contributing to the two-hit model of acute lung injury 

and acute respiratory distress syndrome 142. These conditions were recapitulated in 

experiments with HPAEC exposed to 18% CS in the presence of inflammatory 

mediators thrombin or LPS.  

Thrombin did not significantly affect MP production by both, static and 18% 

CS-stimulated HPAEC (Figure 1B ). Stimulation of static or 18% CS-exposed cells 

with LPS during 6 hrs also did not cause significant activation of MP formation. 

Pronounced activation of MP production caused by 18% CS was not further affected 

by HPAEC co-treatment with LPS (Figure 1C ). Similar findings were obtained for VE-

cadherin+ MPs. Exposure to LPS did not modify the release of VE-cadherin+ MPs 

either under our basal conditions (control : 14±4 ; LPS : 14±1 CD144+MPs/microL ; 

n=3), or following exposure to 18% cyclic stretch (18% CS : 82±7 ; LPS+18% CS : 

68±10 CD144+MPs/microL ; n=3). Taken altogether, these results show that 
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thrombin and LPS are not potent activators of MP production by HPAEC in 

comparison to pathologic mechanical stretch.   

 

Inhibitory a nalysis of pathways involved in CS -induced MP production.  

Several mechanisms mediate MP production by different cell types 336,363,438. 

Pretreatment of HPAEC with Rho kinase inhibitor Y-27632 or calpain inhibitor 

calpeptin did not alter CS-induced MP production, but this effect was suppressed by 

pan-caspase inhibitor Z-VAD-FMK (Figure 2A ). Similar inhibitory experiments of Z-

VAD-FMK on MP production were observed in HPAEC exposed to 18% CS and 

thrombin, while Y-27632 was without effect on MP generation (Figure 2B ). Z-VAD-

FMK also decreased basal levels of MP production in static cells and in HPAEC 

exposed to 5% CS (Figure 2 C).   

To examine relation between CS-induced MP production and development of 

apoptosis, we evaluated apoptotic rates in static, LPS-stimulated, and CS-

preconditioned HPAEC by TUNNEL assay. Effects of 18% CS on HPAEC apoptosis 

were negligible in comparison to apoptosis induced by LPS (Figure 3). Application of 

pathologic stretch did not further increase LPS-induced apoptosis. 
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Discussion  

Microparticles become increasingly recognized as indicators of tissue injury, 

inflammation, as well as a prognostic tool in certain pathologies. However, direct 

effects of mechanical stretch associated with ventilator induced lung injury on MP 

formation by pulmonary endothelium have not been yet explored. This study 

demonstrates for the first time that pathologic, but not physiologic CS is a potent 

activator of MP production by pulmonary endothelium.  

Although various potential mechanisms of MP generation have been 

described, each mechanism appears to be specific to particular cell type or 

pathogenic stimulus.  Activation of intracellular protease calpain led to rapid 

stimulation of MP production by platelets and involved degradation of actin-binding 

protein responsible for regulation of cortical actin meshwork 438. In this study, 

inhibition of calpain activity did not affect MP production by pulmonary endothelial 

cells exposed to pathologic CS.  

Thrombin-induced activation of RhoA GTPase and Rho kinase was shown to 

stimulate MP production by microvascular endothelium 336. Rho signaling is also 

involved in pathologic responses by pulmonary EC exposed to cyclic stretch at VILI-

relevant amplitude. Rho signaling is further potentiated by combination of pathologic 

CS and agonist stimulation 39,40. Interestingly, this study demonstrates that Rho 

kinase mechanism was not involved in CS-induced MP production by human 

pulmonary macrovascular endothelium. Furthermore, addition of thrombin to 18% 

CS-exposed EC at a concentration sufficient to induce permeability response in static 

culture and enhance endothelial cell barrier disruption and Rho activity under 

pathologic cyclic stretch 39 also did not affect the MP production caused by 18% CS. 

These intriguing differences may be explained by cell type- or model-specific 

variations and potential interplay of Rho kinase with other signaling pathways 

involved in thrombin-induced MP production.  

In contrast, CS-induced MP production was suppressed by pan-caspase 

inhibitor ZVAD-FMK. Interestingly, Rho kinase mediated thrombin-induced MP 

production in microvascular EC, but was also dependent on caspase activity, while in 

our studies Rho kinase inhibition did not prevent CS-induced MP generation, which 

was mainly regulated by caspase mechanism. These data suggest that caspase 

activation may trigger both, Rho-dependent and Rho-independent mechanisms of 
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MP production, which may be dictated by cell type and specific pathologic 

stimulation. 

Potent inhibitory effects of ZVAD may suggest apoptotic mechanism of CS-

induced MP production. Furthermore, measurable levels of MPs expressing 

phosphatidylserine and labeling AnnexinV can be detected under the present 

experimental conditions and could reflect endothelial apoptosis 195 . However, 

previous studies noted modest effects of CS on apoptotic rates 37,240,318, which are 

consistent with results of this study. Interestingly, LPS which caused pronounced 

endothelial cell apoptosis, showed no significant effects on MP production in our 

model (Figure 2D). These data strongly suggest that caspase-dependent mechanism 

of CS-induced MP generation by pulmonary endothelium is independent on apoptotic 

pathway, as it has been reported earlier for thrombin-induced endothelial MP release 
336. Collectively, these data support emerging role of caspase activities in non-

apoptotic cellular functions 10 and suggest a novel non-apoptotic function for caspase 

signaling in CS-induced MP production. 

Endothelium-derived MP have been recognized as important signal 

transmitters, which may act as both pro- and anti-inflammatory stimuli, exhibit 

prothrombotic activity 272 or be involved in communication between different cell 

types 52. We might speculate that MP generated locally by the lung endothelium as 

result of suboptimal mechanical ventilation may transmit pathological signals distantly 

and thus contribute to generalized responses to mechanical ventilation known as 

multiple organ dysfunction syndrome. Alternatively, measuring circulating MPs could 

be a potential biomarker of endothelial  injury in VILI. These potentially important 

mechanisms require further investigation to test these hypothesis.  
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Figure Legends  

 

Figure 1. Effects of cyclic stretch, thrombin and LPS on microparticle 
generation by hum an pulmonary artey endothelial cells.  HPAEC were exposed 
to 6 hrs (C) or 24 hrs (A-C) of CS at 5% or 18% elongation. A Ð MP formation by 
HPAEC exposed to 5% CS and 18% CS. B Ð HPAEC were treated with thrombin 
(0.3 U/ml) 10 min prior to 18% CS exposure. D Ð HPAEC were treated with vehicle or 
LPS (200 ng/ml) 10 min prior to CS exposure. Static cultures were used as controls. 
*P<0.05. 
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Figure 2. Mechanisms of CS -induced MP generation.  
A - HPAEC pretreated with vehicle, Y-27632 (5 µM), Z-VAD-FMK (10 µM), or 
calpeptin (100 µM) were cultured under static conditions or exposed to 18% CS (24 
hrs). B - HPAEC pretreated with vehicle, Y-27632 or Z-VAD-FMK in the presence of 
thrombin (0.3 U/ml) were cultured under static conditions or exposed to 18% CS (24 
hrs). C - HPAEC with or without Z-VAD-FMK pretreatment were exposed to static 
conditions, 18% CS or 5% CS (24 hrs). D - HPAEC were pretreated for 30 min with 
Z-VAD-FMK prior to 18% CS or LPS treatment. Apoptosis was evaluated by 
TUNNEL assay.   
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Figure 3. Effects of 18% CS on HPAEC apoptosis .  
HPAEC were pretreated for 30 min with Z-VAD-FMK (10 µM) prior to 18% CS or LPS 
(200 ng/ml) stimulation for 24 hrs. Apoptosis was evaluated by TUNNEL assay.   
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ABSTRACT  

Endothelial activation and apoptosis release membrane-shed microparticles (EMP) that 

emerge as important biological effectors. As laminar shear stress (SS) is a major physiological 

regulator of endothelial survival, we tested the hypothesis that SS regulates EMP release. 

Plasma CD144+EMP levels were inversely correlated with basal shear rate in asymptomatic 

healthy subjects. In vitro, EMP levels quantified by flow cytometry in medium of endothelial cells 

subjected to low or high SS (2 and 20 dyne/cm2) augmented with time in low- compared to high-SS 

conditions. This effect was sensitive to ERK1/2 and ROCK inhibitors, but unaffected by caspases 

inhibitors. Low SS-stimulated EMP release was associated with increased endothelial ROCK and 

ERK1/2 activities and cytoskeletal reorganization. Overexpression of constitutively active RhoA 

stimulated EMP release under high SS. We also examined the effect of nitric oxide (NO) in mediating 

SS effects. L-NAME increased high SS-induced EMP levels by 3-fold, whereas the NO donor SNAP 

decreased it. L-NAME and SNAP did not affect ROCK and ERK1/2 activities. Then, we investigated 

NO effect on membrane remodelling as microparticle release is abolished in ABCA1-deficient cells. 

ABCA1 expression, which was greater under low SS than under high SS, was augmented by L-NAME 

under high SS and decreased by SNAP under low SS conditions.  

Altogether, these results demonstrate that sustained atheroprone low SS stimulates EMP 

release through activation of ROCK and ERK1/2 pathways, whereas atheroprotective high SS limits 

EMP release in a NO-dependent regulation of ABCA1 expression and of cytoskeletal reorganization. 

These findings therefore identify endothelial SS as a physiological regulator of microparticle release. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

INTRODUCTION  

 

Hemodynamic forces are the major determinant of atherosclerotic plaque localization. Shear 

stress (SS), a mechanical force generated by blood flow on the vascular endothelial cells, plays a 

fundamental role in regulating the phenotype of the endothelium. Plaques form preferentially at areas 

where blood flow is low and oscillatory such as arterial bifurcations or curvatures, whereas blood 

vessels exposed to high laminar shear stress are less prone to develop atherosclerotic plaques (1). The 

atheroprotective effect of shear stress on endothelial cells is largely explained by the local release of 

nitric oxide (NO), an important mediator, which reduces endothelial permeability, leukocyte adhesion 

and increases endothelial survival (2-4). 

Microparticles (MPs) are submicron membrane vesicles (0.1 to 1 µm) released upon cell 

activation or apoptosis. They are characterized by the exposure of negatively charged phospholipids 

such as phosphatidylserine on their outer membrane leaflet following loss of membrane asymmetry 

(5). Phosphatidylserine externalization contributes to MP procoagulant potential. MPs found in human 

plasma originate from different cell types, mainly platelets, leukocytes and red blood cells, but also 

from endothelial cells (6). Endothelial microparticles (EMPs) have been identified as a marker of 

endothelial dysfunction and as a marker of systemic vascular remodelling (7). So far, the patho-

physiological mechanisms regulating EMP formation in vivo remain unknown. In vitro, endothelial 

apoptosis and activation by pro-inflammatory mediators increase EMP basal release by activating 

either caspase-, Rho-kinase- or MAPkinase-dependent pathways (7). Since low shear stress is an 

important determinant of endothelial apoptosis in vivo, we hypothesized that different shear stress 

levels might regulate in vivo endothelial vesiculation (8). The aim of this study was therefore to 

evaluate the effects of shear stress on EMP release. 

We first investigated whether or not EMP plasma levels associate with arterial shear rate, the 

major determinant of shear stress, in healthy subjects presenting at least one cardiovascular risk factor. 

We previously observed in patients with end-stage renal failure that EMP plasma levels are inversely 

correlated with local arterial shear stress (9). This relationship was independent of age and blood 

pressure, but this observation was made in a group of highly selected patients. We also examined the 

effects of different shear stress profiles on EMP release in vitro conditions and investigated the 

signalling pathways involved. 
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Materials and Methods  

(see online data supplement for expanded version) 

 

Clinical study  

Eighty-one asymptomatic subjects without known cardiovascular disease from the MiPRA-Met cohort 

(10) (11) were included and their cardiovascular risk factors were assessed according to current 

guidelines (12, 13). The risk of coronary heart disease was estimated by entering age, male sex, 

systolic pressure, total and HDL-cholesterol, presence or absence of smoking into the Framingham 

model equations (13) and defined the 10-year coronary risk as low (<10%), intermediate (10-20%) or 

high (>20%). The study was approved by the local ethical committee, and all participants gave written 

informed consent. 

Subjects were examined after 12 h fasting in the supine position. The brachial artery was visualized 

longitudinally by high-resolution ultrasound (ATL 5000) with a 7Ð12 MHz transducer probe 

positioned above the elbow and fixed in a robotic arm. Resting wall shear rate was calculated as four 

times the ratio between the pulsed Doppler-measured mean blood velocity and the diastolic diameter. 

A study of repeatability in 20 subjects previously showed that two manoeuvres of shear rate 

measurement performed 10 min apart were highly correlated (r=0.82, p<0.001) with a coefficient of 

variation of 12% (14).  

Platelet-free plasma was obtained from citrated blood after centrifugation at 1500g (15min) followed 

by 11 000g (2 min) within one hour after blood withdrawal, as described earlier (15).  

Cell culture  

Confluent human Umbilical Vein Endothelial cells (HUVEC; passage 2 to 4; Promocell, Heidelberg, 

Germany) were cultured on 0.2% gelatin-coated slides (Menzel Glazer; Braunschweig, Germany) in 

endothelium cell basal medium containing growth factors, 1% foetal calf serum (Promocell), 

streptomycin (100u/ml), penicillin (100u/ml) and Amphotericin B (10µg/L).   

SiRNA transfection 

SiRNA targeting ABCA1 mRNA was used to transiently suppress ABCA1 protein expression 

and non-targeting siRNA was used as control (both from Dharmacon, ON-target plus smart 

pool siRNA). siRNA was transfected to endothelial cells by lipofection using hyperfect. 

Briefly, siRNA and hyperfect were resuspended separately in medium without antibiotics 

(Optimem, Gibco), when mixed together in order to obtain liposomes containing siRNA and 

added onto the cells. After 6 hours, medium was change for endothelium cell basal medium 

and shear stress experiments were performed 18 hours later. 

Plasmid electroporation 
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DNA vector corresponding to pSG5-RhoA-V14G was used to transiently express the constitutively 

active V14-RhoA mutant (16). Nucleofector (Lonza/Amaxa) was used to transfect cDNA according to 

the manufacturer's instructions. Transfection efficiency was assessed by RhoA and Phospho-MYPT1 

(RhoA target substrate) western blot. 

Microparticle generation,  isolation and characterization 

A unidirectional laminar shear stress (SS) was applied to confluent HUVECs using a parallel plate 

chamber system as described earlier (17). The medium (0.1 µm filtered) was perfused at different rates 

and for different times (2-24 h). Local shear stress was calculated using PoiseuilleÕs law and averaged 

0, 2 or 20 dynes/cm2, corresponding to static, low and high shear stress conditions, respectively.  

 Cells were treated with either the nitric oxide (NO) synthase inhibitor N-nitro-L-arginine-methyl-ester 

(L-NAME, 10-5 mol/L), the NO donor S-nitroso-N-acetylpenicillamine (SNAP, 10-5 mol/L), the 

ERK1/2 inhibitor PD98059 (10-5 mol/L), the Jun-kinase inhibitor SP600125 (10-6 mol/L), the p38 

pathways inhibitor SB203580 (10-5 mol/L), the Rho-associated protein kinase (ROCK) inhibitor 

Y27632 (10-6 mol/L), the NF! B inhibitor pyrrolidine dithiocarbamate (PDTC, 10-5 mol/L), 

cytochalasin D inhibitor of actin polymerization (cytoD, 2.5x10-4 mol/L), the LXR agonist TO901317 

(10-7 mol/L) (all from Sigma Aldrich; St Louis, MO), or the general caspase inhibitor Z-VAD-FMK 

(2.10-5 mol/L) (R&D systems; Minneapolis, MN). EMPs were also released following TNF"  exposure 

(10-5 g/L, Calbiochem; Darmstadt, Germany).  All inhibitors were added to the cells 1h prior to TNF" - 

or shear stress exposure and were kept during the indicated experimental times. The perfusion medium 

was collected, centrifuged to eliminate any cell debris (600g, 15 min; 4¡C) and the resulting 

supernatant was then ultra-centrifugated (90 min; 20500 g; 4¡C) to pellet the MP fraction, which was 

resuspended in 200 µL of of 0.1µm filtered medium and stored at -80¡C. 

Microparticle pellets were analyzed for the presence of apoptotic bodies and exosomes. Levels of 

apoptotic bodies were estimated as AnnexinV+ Propidium iodide+ vesicles in the 1-4µm range 

according to Hristov et al  (18). AnnV+IP+ apoptotic bodies averaged 11±1.8, 13±1.7 and 14±4.6 

events/µL in HSS, LSS and static conditions, respectively (n=5), and were therefore negligeable in 

each experimental condition. In addition, the presence of exosomes was estimated using the specific 

marker TSG101 (19). TSG101 levels were hardly detectable in endothelial MP preparations when 

compared to a positive control (exosome fraction from human plasma, pelleted following 

centrifugation at 100000g for 4 hours) (supplemental figure 1).  

 

Microscopy 

HUVECs were observed by contrast phase microscopy after each SS experiment to confirm correct 

response to SS using Zeiss Primo Vers (magnitude: 10x5). Transmission electron microscopy was 

performed at the IFR83-Jussieu-PARIS core facility. 
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In situ cell death detection kit from ROCHE (Neuilly-sur-seine, Fr) was used to stain apoptotic cells 

and quantify the number of green fluorescent nuclei on DAPI-blue stained cell nuclei. Actin 

localization at the plasma membrane was assessed by co-staining using fluorescent phalloidin 

(Invitrogen, Carlsbad, CA) and anti-CD31 antibody (BD Pharmingen, Franklin Lakes, NJ). Actin 

localization at the plasma membrane was quantified by a score system for each image (0: no 

colocalization to 3: full colocalization) by three different blinded operators.  

 

Flow cytometry analysis 

MPs were labelled either with annexin-V coupled to fluorescein isothiocyanate (FITC) in calcium-

dependent manner, or with VE-cadherin antibody coupled to phycoerythrin (CD144-PE, Immunotech; 

Marseille, Fr) or isotypic control. MPs were analyzed by flow cytometry (EPICS XL, Beckman 

Coulter; Brea, CA) as previously described (15). Events less than 1! m diameter were identified in 

forward scatter and side scatter intensity dot representation, in comparison with fluorescent 

microbeads (0.5, 0.9 and 3 ! m in diameter; Megamix Biocytex; Marseille, Fr). MPs were defined as 

elements with a size less than 1 ! m and greater than 0.1 ! m that were positively labeled with either 

FITC-Annexin V or CD144-PE antibody. 

 

RNA Extraction and Real-Time quantitative Reverse-Transcription Polymerase Chain 

Reaction  

RNA was extracted using TRIzol (Invitrogen). RT-PCR was performed with 0.1µg of RNA (Qiagen); 

qPCR was performed using SYBRgreen (Sigma). Primer sequences were as follows: ABCA1 sense, 

GAGACTAACCAGGCAATCCG, ABCA1 antisense, GCTTGTTCAGGTTGACACACT; Ubiquitin 

C sense, ACATTGGTCCTGCGCTTGA, Ubiquitin C antisense, TTTTGCGAATGCAACAACTTT 

(obtained from Eurogentec), used at final concentration of 3.3x10-7mol/L. Ubiquitin C was used as 

housekeeping gene as previously described (20) to normalize the expression of ABCA1. 

Normalization was done using the 2deltaCT method.  

 

Western blotting  

HUVECs were scraped off in RIPA or NETF buffer (100mmol/L NaCl, 50mM TrisHCl pH7.4, 2 

mmol/L EDTA, 50mmol/L NaF, 1% NP-40, complete protease inhibitor cocktail tablet and complete 

phosphatase inhibitor cocktail tablet). Microparticules pellet were resuspended in RIPA after 

centrifugation. Nitrocellulose membranes were incubated with anti-! -fodrin (Enzo life sciences, 

Plymouth Meeting, PA, 1:1000), anti-µ-calpain (recognizing D1 (latent form) and D4 domain (latent + 

aminoprocessed forms), Abcam, Cambridge, UK, 1:1000), anti-phospho-ERK1/2, anti-Phospho-

MYPT1 (Santa Cruz, CA; 1:1000), anti-phospho-MLC, anti-ERK1/2, anti-MLC (Cell Signaling 

Technology; Beverly, MA; 1:1000), anti-scramblase-1 (Acris, San Diego, CA, 1:100), anti-ABCA1 
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(Millipore, 1:1000), anti-TGS101 (Abcam, 1:1000) antibodies or with anti-Phospho-MYPT1 antibody 

(Santa Cruz, CA; 1:500). After secondary antibody incubation, immunodetection was performed using 

an enhanced chemiluminescence kit (Immun-Star Western C kit, Bio-Rad) and bands were revealed 

using the Las-4000 imaging system and Image Gauge software (Fujifilm, Tokyo, Japan). Membranes 

were re-probed with anti-GAPDH antibody (Chemicon, Millipore; Billerica, MA, 1:8000) for cell 

lysate or stained with ponceau-red for microparticles samples.  

 

Statistical analysis 

Clinical study: Clinical continuous parameters are expressed as means ± standard deviations with 

ranges and qualitative parameters as number of subjects (%). Quantitative variables with non normal 

distribution (CD144+ or CD11a+ microparticles) were log-transformed to achieve normal distribution 

before correlations analysis. Normal distribution was assessed by means of the Shapiro-Wilk test. The 

relationship between MP levels and brachial artery baseline shear rate was analysed by linear 

regression, both in univariate analysis and in multivariable analysis by adjusting for each of the risk 

factors (one by one), with MP as the dependent variable, and with shear rate and each risk factors as 

the independent variables. 

In vitro study: Data obtained from at least 5 independent experiments are expressed as mean±SEM. 

Statistics were performed using Prims software. Comparisons between different shear stress 

conditions or between control and treatment conditions were performed using a Wilcoxon signed-rank 

test (paired and non-parametric T-test). For ABCA1 mRNA expression only, controls were not paired 

with treatment, so a Mann-Whitney U-test was used. Significance was accepted for a value of p<0.05.  
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Results 

 

Atheropr one-low laminar shear stress augments endothelial MP shedding 

Circulating EMPs were quantified as CD144-positive events in platelet-free plasma obtained 

from 74 asymptomatic subjects. As shown in Table 1, 93% of the patients were at low to intermediate 

10-year coronary risk. CD144+ MPs and brachial artery baseline shear rate did not differ between men 

and women. In univariate analysis, CD144+ MP plasma levels were inversely related to brachial artery 

baseline shear rate (r=-0.25, p=0.0245), which is directly proportional to SS assuming that blood 

viscosity does not significantly vary in healthy subjects (Figure 1A). This inverse relationship 

remained significant in multivariable analyses after adjusting for: (i) either age, male gender, 

hypertension, hypercholesterolemia, low HDL, smoking or diabetes; (ii) the integration of multiple 

risk factors as expressed by the number of cardiovascular risk factors or by the 10-year Framingham 

risk score (p<0.05). However, no significant correlation was observed between brachial artery baseline 

shear rate and CD11a+ (r=0.041, p=0.084) leukocyte MP levels, which are associated with subclinical 

atherosclerosis (10).  In view of this observation in healthy subjects, in vitro experiments on cultured 

endothelial cells were designed to evaluate the effect of different levels of shear stress on the 

subsequent EMP release.  

Low-passage endothelial cells were maintained for up to 24 h under sustained atheroprotective 

high laminar SS (20 dyn/cm2), atheroprone low laminar SS (2 dyn/cm2) or static conditions. EMP 

levels were quantified in culture medium after up to 24hr exposure to the different SS levels. After 

12hr, both low SS and static conditions significantly augmented EMP release when compared to 

atheroprotective high SS profile, reaching a 2.5- and 3-fold increase at 24hr, respectively (p<0.001) 

(Figure 1B). This finding was confirmed when labeling EMPs with an anti-VE-cadherin (CD144) 

antibody (Figure 1C). Electron microscopy investigations demonstrated that endothelial membrane 

blebs were formed under static condition, and even more under low SS, whereas plasma membrane of 

cells exposed to high SS appeared more regular (Figure 1D). As expected, cells were aligned under 

high SS but not under low SS or static conditions (supplemental Figure 2A). Furthermore, apoptosis 

evidenced by TUNEL staining was more pronounced under low SS or static conditions than under 

high shear stress (supplemental Figure 2B). 

Then, we tested the hypothesis that EMP release results from increased endothelial apoptosis 

in low SS and static conditions. The pan-caspase inhibitor ZVAD-FMK abolished endothelial 

apoptosis in both conditions (p=0.05, supplemental Figure 2B and C), significantly decreased the 

release of EMP under static condition (p=0.0078, Figure 2A), but had no effect under low SS 

condition (p=0.8125; Figure 2A). These results demonstrate that endothelial caspase activity does not 

contribute to low SS-associated EMP release. 
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Pathways implicated in EMP release under low shear stress. 

Next, we examined the potential contribution of Rho-Kinases (ROCKs), MAP-kinases and 

NFkB pathways, as previous studies identified the role of these pathways in EMP release under 

proinflammatory conditions (21), (22). None of the five inhibitors tested affected the basal EMP 

release in the absence of TNF!  (static conditions) (Supplemental Table 1). In agreement with 

previous reports, NFkB and p38-MAP kinase pathways inhibitors abolished TNF! -induced EMP 

release, whereas ROCK, ERK1/2 and Jun-kinases inhibitors had no effect (15, 22) (Supplement 

Table 1). However, unlike what was observed for TNF! -induced stimulation, inhibitors of ROCK 

(Y27632) and ERK1/2 (PD98059) significantly decreased the release of EMP upon exposure to low 

SS (p<0.05 both), whereas inhibitors of p38 MAP-kinase, Jun-kinase and NFkB were without effect 

(Figure 2B). Concomitant inhibition of ROCK and caspases using Y27632 and Z-VAD-FMK showed 

no additional effect when compared to experiments in the presence of ROCK inhibitor alone (41±17 

vs. 42±3 % inhibition; respectively, N=4). Exposure to low SS for 12h significantly increased 

phospho-MLC (a ROCK substrate) and phospho-ERK1/2, when compared to high SS (Figure 3A), 

showing that a sustained exposure to low SS increased endothelial ROCK and ERK1/2 activities, 

whereas no difference was observed between cells exposed to high SS and those maintained under 

static conditions (p=0.90 and 0.55, respectively). The ROCK inhibitor Y27632 significantly decreased 

phospho-MLC (p=0.045) and phospho-ERK1/2 (p=0.034) levels in low SS exposed endothelial cells, 

whereas the ERK1/2 inhibitor PD98059 only reduced the level of phospho-ERK1/2 (p=0.01) without 

affecting that of phospho-MLC (p=0.43) (Figure 3B). Finally, the ROCK inhibitor Y27632 did not 

affect EMP release upon high SS (24 h; control: 123±33; Y27632: 112±43 AnnV+MPs/µL; N=4, 

p=0.95). Conversely, increasing ROCK activity by endothelial cell transfection with the constitutively 

active RhoA-V14 mutant increased EMP release under high SS, when compared to mock-transfected 

cells (Figure 3C).  

Actin depolymerization at the plasma membrane is a key factor in circulating MPs formation 

(23, 24). Exposure of endothelial cells to cytochalasin D under static condition reduced intracellular 

actin stress fiber formation, augmented actin localization at the plasma membrane, and decreased EMP 

release (p=0.05, Figure 4A). Fewer amounts of F-actin were localized at the plasma membrane under 

low SS, when compared to high SS conditions (p=0.032, Figure 4B). To demonstrate that activation 

of the ROCK and ERK1/2 pathways was associated with F-actin delocalization from the plasma 

membrane, we evaluated the level of F-actin at the plasma membrane following inhibition of ROCK 

and ERK1/2. Both inhibitors restored F-actin localization at the plasma membrane in endothelial cells 

chronically exposed to low SS (ROCK inhibition: p=0.043, ERK1/2 inhibition: p=0.049), whereas 

they had no effect under high SS condition (Figure 4B). As expected, transfection with the 

constitutively active RhoA-V14 mutant increases stress fiber in endothelial cytoplasm both under HSS 

and LSS conditions (figure 4C). When we examined the plasma membrane, RhoA overexpression 



 9 

clearly decreased the level of polymerized actin, confirming that LSS induced EMP release is 

mediated by membrane weakening (figure 4C).  

As µ-calpain activation mediates platelet MP shedding, we also examined its potential 

contribution to increased EMP release under low SS. Cleavage of ! -fodrin (150 kD fragment vs 250 

kD) and expression of total µ-calpain (D4) and cleaved µ-calpain (D1) were monitored upon different 

SS profiles as an index of endothelial calpain activity (25). The expression of latent µ-calpain, its 

cleavage and the cleavage of endothelial ! -fodrin were not different between high SS, low SS and 

static exposure (supplemental Figure 3A and B), demonstrating that µ-calpain activity is not 

associated with the increased in EMP release under low SS. 

 

Effect of nitric oxide on endothelial MP release upon different shear stress profiles 

As nitric oxide (NO) is an important mediator in the response of endothelial cells to different SS 

profiles, we tested the hypothesis that endogenous NO might affect the release of EMPs under these 

conditions. Exposure to L-NAME significantly increased EMP release under atheroprotective high SS, 

whereas it was without effect in atheroprone low SS conditions (Figure 5A). Similarly, exposure to 

the NO donor SNAP during sustained exposure of endothelial cells to low SS significantly decreased 

the release of EMPs from 442±36 to 271±27 AnnV+ MPs/µL (N=6; p=0.031). These results therefore 

show that SS-induced NO production prevents EMP formation. To evaluate a possible effect of L-

NAME on caspase activation, endothelial cells were treated with both L-NAME and Z-VAD-FMK 

under high SS. No significant effect was observed on EMP levels (HSS+L-NAME: 378±44, HSS+L-

NAME+Z-VAD-FMK: 288±67 AnnV+EMPs/µL, p=0.56, N=6), therefore ruling out the possible 

contribution of caspase activation to EMP release following NOS inhibition.  

Then, we tested the possible repressive effect of NO on the ROCK-ERK1/2 pathway. Western 

blot analysis demonstrated that neither L-NAME (supplemental Figure 4A) nor SNAP (data not 

shown) affected the levels of phospho-MLC and phospho-ERK1/2. Co-treatment with SNAP and the 

ERK1/2 inhibitor reduces EMP release compared to ERK1/2 inhibition alone, but had no significant 

effect when compared to SNAP alone (p=0.031 and 0,18 respectively; N=6, data not shown). These 

observations suggest that NO and ERK1/2 have common effectors regarding endothelial MP release. 

To demonstrate that NO prevents F-actin delocalization from the plasma membrane, we evaluated the 

level of F-actin at the plasma membrane following NOS inhibition. L-NAME treatment decreased F-

actin localization at the plasma membrane in endothelial cells chronically exposed to high SS 

(p=0.031), whereas this inhibitor had no effect under low SS condition (Figure 5B).  

Then, we focused on plasma membrane remodeling and phosphatidylserine externalization as 

the other key factor in MP release and investigated the contribution of scramblase-1 and ABCA1 

fl ippase to NO effects. Scramblase-1 expression was increased under low SS condition as compared to 

high SS (p=0.047), but was not affected by L-NAME (supplemental Figure 5). Sustained exposure to 
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low SS also significantly increased endothelial ABCA1 expression, when compared to high SS 

(p=0.047, Figure 6). Exposure to L-NAME augmented ABCA1 protein expression under high SS, to 

reach a value not different from that of cells exposed to low SS (p=0.87; Figure 6A). qPCR analysis 

of ABCA1 mRNA expression demonstrated that low SS increased ABCA1 mRNA levels compared to 

high SS, and NOS inhibition increased ABCA1 mRNA levels under both low SS and high SS 

conditions (Figure 6B). SNAP addition reduced mRNA expression under low SS (N=5, p=0.031; data 

not shown). When endothelial cells were exposed to the LXR agonist TO901317 (10-7mol/L), ABCA1 

mRNA expression increased by 18-fold (N=3, data not shown) and EMP release augmented by 1.4-

fold under high shear stress condition (N=5, Figure 7A). We also silenced ABCA1 under the different 

shear profiles to further confirm the contribution of ABCA1 to EMP release. Transfection efficacy 

averaged 55% and ABCA1 expression levels in low SS conditions were no longer different from those 

observed under high SS (p=0.81; N=7; Figure 7B). Under these experimental conditions, ABCA1 

silencing significantly reduced EMP release by 40% under low SS (; p=0.015; figure 7C). Finally, 

expression of ABCA1 nor scramblase1 were not affected by ROCK inhibition under low shear stress 

(p=0.43 and p=0.68, respectively; supplemental Figure 6). 
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DISCUSSION 

 

The present results demonstrate for the first time that atheroprone SS conditions stimulate the 

formation and release of EMPs and identify hemodynamic forces as an important determinant of their 

plasma levels in healthy subjects. 

In this study, we quantified EMPs in endothelial cell supernatant using either calcium-

dependent AnnexinV-labeling or CD144 antibody (vs. isotype). Under static conditions, lower 

amounts of CD144+EMPs were detected when compared to AnnexinV+EMP levels, possibly because 

expression levels of CD144 might be below detection levels for some EMPs whereas more than 90% 

of submicron events present in the cell supernatant labeled with AnnexinV in a calcium-dependent 

manner in stimulated conditions.  

Endothelial cells in culture shed membrane microparticles in response to apoptotic stimuli 

(such as serum deprivation or exposure to camptothecin (26)) or following activation by TNF! , 

thrombin, PAI-1, angiotensin II, reactive oxygen species, uremic toxins or oxidized LDLs (7, 21, 22, 

27-30). Because SS is a major determinant of endothelial survival (31), we tested the hypothesis that 

low SS augments the EMP release in vitro. Sustained exposure to atheroprone low SS conditions 

increased both endothelial apoptosis and the release of microparticles in the medium, when compared 

to physiological high SS conditions. EMP release was already detectable at 12 h and further increased 

after a 24h exposure to low SS. Interestingly, a pan-caspase inhibitor decreased endothelial apoptosis 

but did not modify EMP release, demonstrating that caspase activation was not involved in low SS-

induced microparticle formation.  

Previous studies have reported activation of different signaling pathways during EMP release 

depending on the agonist triggering membrane vesiculation. EMP formation requires activation of the 

RhoA-ROCK pathway during thrombin and angiotensin II stimulation (21), (29), whereas TNF! -

dependent EMP release is controlled by the p38-MAP kinase pathway (22). We observed in the 

present study that low SS-induced EMP release was decreased by ROCK and ERK1/2 inhibitors, 

whereas inhibitors of p38-MAP kinase, NFkB and Jun-kinase pathways were without effect. The 

contribution of the ROCK pathway was supported by the observation that the ROCK activity was 

stimulated after a 12h exposure to low SS, as evidenced by increases in MLC phosphorylation. 

Interestingly, the modest EMP release observed upon sustained high SS conditions was insensitive to 

inhibition of Rho-kinase activity. Furthermore, increased ROCK activity following constitutively 

active RhoA over-expression in endothelial cells exposed to high SS stimulated EMP release by about 

2-fold, to reach levels comparable to those observed upon low SS condition. Taken altogether, these 

findings identify the ROCK pathway as a major determinant of EMP release upon sustained exposure 

to atheroprone low SS (Figure 8). Sustained low SS activation of the ROCK pathway increased 

ERK1/2 activity as the preferential ROCK inhibitor Y27632 impaired ERK1/2 phosphorylation, 

leading to cytoskeletal reorganization and subsequent EMP release.  
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 Our findings also demonstrate that endogenous NO release from endothelial cells chronically 

exposed to atheroprotective high SS prevented the release of EMPs. The NO-synthase inhibitor L-

NAME increased EMP release under high SS, whereas the NO donor decreased EMP release under 

low SS. Part of this effect might result from an increased presence of polymerized actin in the vicinity 

of the plasma membrane. Down-regulation of ABCA1 expression by endogenously released NO could 

explain -at least in part- the abrogated release of EMPs in HUVECs exposed to high SS (Figure 8). 

Deletion of the ABCA1 locus in mice is an experimental model for the human Tangier dyslipidemia, a 

naturally occurring loss of function mutation in man characterized by low or undetectable plasma 

levels of high-density lipoprotein (HDL) and increased deposition of cholesteryl esters in tissues (32, 

33). The control of cellular lipid effluxes by ABCA1 is a consequence of the intrinsic flippase activity 

of the ABCA1 transporter that modulates the distribution of phosphatidylserine at the plasma 

membrane (32), (5, 34). Indeed, cells from ABCA1 deficient mice expose lower amounts of 

phosphatidylserine and release fewer MPs (32), (35), (36). Our finding of increased EMP release 

following endothelial cell stimulation with a potent LXR activator, which increases ABCA1 

expression (37), reinforces the role of ABCA1 flippase in regulating EMP release in a NO-dependent 

manner. Although the present results identify for the first time a NO-dependent regulation of ABCA1-

mediated release of EMPs, they do not exclude the possibility that other regulators of membrane 

remodeling and phosphatidylserine exposure might be affected by endothelial NO. However, the 

present data rule out a NO-dependent regulation of scramblase-1 expression in endothelial cells: like 

ABCA1, scramblase-1 expression was decreased under high SS, but unlike ABCA1, its expression 

was not restored by L-NAME.  

Our in vitro findings are corroborated by the negative association we observed specifically 

between plasma EMP levels and arterial shear forces in apparently healthy subjects, independently of 

traditional risk factors. We previously made a similar observation in patients with end-stage renal 

diseases (9), who are known for having endothelial dysfunction. Taken together, our findings 

demonstrate that physiological atheroprotective high SS hampers EMP release by limiting 

phosphatidylserine exposure resulting from endogenous NO release and subsequent down-regulation 

of ABCA1 expression (Figure 8). However, under pathological conditions (i.e. sustained atheroprone 

low SS), endothelial ROCK activity is augmented and the cytoskeleton is reorganized. Concurrently, 

endothelial NO synthase expression is decreased (38), resulting in the loss of the nitric oxide-mediated 

repression of ABCA1, leading to membrane remodeling and phosphatidylserine exposure. Both 

increased Rho-kinase activity and ABCA1 expression concur to increase EMP release under low shear 

stress pathological conditions.  

 In conclusion, this study identifies for the first time shear stress as a major determinant of 

endothelial microparticle formation and release, both and in vitro and in vivo.  
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Figure - legends 

 

Figure 1. Relationship between EMP and shear stress levels.  

A:  Correlation between baseline brachial artery shear rate and CD144+ EMP level in patients (n=74, 

r=-0.25, p=0.009). B: Timecourse of annexinV+EMP release in vitro (static: black diamont, low SS: 

grey square, high SS: white circle; 2-6h: N=4, 12h: N=5, 24h: N=17. C: comparison of AnnV+ EMP 

level and CD144+ EMP level under differents SS profiles in vitro (AnnV: black circle, N=17; 

CD144+: white square, N=6). EMPs were measured by flow cytometry (size of 0.1-1.0 µm that 

stained positively for AnnexinV or CD144). AnnexinV labeling: ***p<0.001, **p<0.01 (compared to 

HSS); CD144 labeling: $$p<0.01, $p<0.05 (compared to HSS). D: Membrane blebbing of HUVEC 

under different shear stress profile (form left to right: high SS: HSS; low SS: LSS; static condition: 

static) was observed by transmission electron microscopy (x9600; representative experiment out of 5). 

Black arrows indicate presence of membrane blebs in LSS and static conditions.  
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Figure 2. Signaling pathways associated with EMP release.  

A:  EMP level under different shear stress profile treated or not with ZVAD-FMK (pan-caspase 

inhibitor, 24h, N=8, 2x10-5mol/L). $p<0.05 (compared to HSS), $$p<0.01 (compared to untreated 

condition) B: effect of different inhibitor on EMP release under low SS (24h, N=6, NFkB inhibitor: 

PDTC, 10-5mol/L; ERK1/2 inhibitor: PD98059, 10-5mol/L; Jun-kinases inhibitor: SP600125, 10-

6mol/L; p38 MAP-kinase inhibitor: SB203580, 10-5mol/L; ROCK inhibitor: Y27632, 10-6mol/L). 

**p<0.01, *p<0.05 (compared to untreated condition).  
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Figure 3. Mechanisms involved in low SS-induced EMP release.  

A:  ERK1/2 and ROCK phosphorylation (12h, N=6), total ERK1/2 and MLC expression (N=4, 

representative blot) compared to GAPDH under different SS profiles. B: ERK1/2 and ROCK 

phosphorylation under low SS treated or not with ERK1/2 or ROCK inhibitors (12h, N=6), C: Bar 

graph showing the effect of constitutively active RhoA overexpression on EMPs level (N=5) and 

representative blots of RhoA, P-MYPT-1 and GAPDH expression in mocked and pSG5-RhoA-V14G-

transfected endothelial cells showing the efficacy of plasmid expression in HUVECs under low and 

high SS. *p<0.05 (compared to HSS), $p<0.05 (compared to LSS). Blots originated from a same 

membrane but were re-arranged to correspond to the current graphic presentation. 
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Figure 4. Actin localization and EMP release.  

EMPs were measured by flow cytometry using AnnexinV staining and actin localization at the plasma 

membrane was measured by a score system (0: no colocalization to 3: total colocalization; F-actin : 

green, CD31 : red). A:  effect of cytochalasin D treatment under static condition (24h, 2.5.10-7mol/L, 

N=5), B: effect of ERK1/2 and ROCK inhibitor on actin localization under high SS or low SS (24h, 

N=5). C: Effect of RhoA over-expression on actin localization under high SS or low SS. *p<0.05 

(compared to static condition), **p<0.01 (compared to HSS condition), $p<0.05 (compared to LSS). 
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Figure 5: NO contribution to EMP release by increasing polymerized actin at the plasma 

membrane.  

EMPs were measured by flow cytometry using AnnexinV staining and actin localization at the plasma 

membrane was measured by a score system (0: no colocalization to 3: total colocalization; F-actin : 

green, CD31 : red). A. Effect of L-NAME treatment on EMP release (24h, N=7, 10-5 mol/L). B. Effect 

of L-NAME on actin localization (24h, N=5, 10-5 mol/L). *p<0.05, **p<0.01 (compared to untreated 

HSS condition).  
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Figure 6. ABCA1 expression in HUVECs is dependent of SS level and NO production.  

ABCA1 protein (A) and mRNA (B) levels were assessed by western blot and qPCR analysis, 

respectively; EMP release was quantified by flow cytometry using AnnV staining (C). A:  effect of SS 

and L-NAME treatment on ABCA1 protein expression (24h, N=6), B: effect of SS and L-NAME 

treatment on ABCA1 mRNA expression (24h, N=7), **p<0.01, *p<0.05 (compared to HSS). Blots 

originated from a same membrane but were re-arranged to correspond to the current graphic 

presentation.
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Figure 7. ABCA1 expression in HUVECs modulates EMP release.  

ABCA1 protein (B) levels were assessed by western blot, EMP release was quantified by flow 

cytometry using AnnV staining (A-C). A:  effect of TO90131 on EMP release under different shear 

stress profile (24h, N=5, 10-7 mol/L). B. ABCA1 silencing efficassity under SS (24h, N=7, 5x10-8 

mol/L), C. effect of ABCA1 silencing on EMP release under different shear stress profile (24h, N=7, 

5x10-8 mol/L). **p<0.01, *p<0.05 (compared to HSS); $p<0.05 (compared to LSS). Blots originated 

from a same membrane. 
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Figure 7. Signaling pathways regulating SS-induced EMP release.  

Under physiological conditions (i.e. sustained exposure to high laminar shear stress; LEFT ) 

endothelial cells release nitric oxide (NO), which clamps down endothelial ABCA1 expression, 

limiting membrane remodeling, phosphatidylserine exposure and EMP release. On the contrary, under 

pathological conditions (i.e. sustained exposure to low laminar shear stress; RIGHT ), increased 

endothelial ROCK and ERK1/2 activities associated with cytoskeleton reorganization augment EMP 

release. This effect is reinforced by the loss of NO-induced down-regulation of ABCA1 expression.  
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Parameter Values 

Age, years 50 ± 11 (22-77) 
Male gender, n (%) 51 (69) 
Hypertension, n (%) 36 (49) 
Hypercholesterolemia, n (%) 29 (39) 
Low HDL, n (%) 22 (30) 
Diabetes, n (%) 7 (10) 
Current smoking, n (%) 15 (20) 
10-year Framingham risk, n (%)   

     <10% at 10 years 45 (62) 
     10-20% at 10 years 22 (31) 
     >20% at 10 years 5 (7) 
Brachial artery shear rate, s-1 55.5 ± 32.6 (3.7-152.2) 

CD144+ microparticles, events/µL 450 ± 409 (0-2127) 

 

Table 1. Clinical characteristics. Risk of coronary heart disease was estimated by entering age, male 

sex, systolic pressure, total and HDL-cholesterol, presence or absence of smoking into the 

Framingham model equations and defined the 10-year coronary risk as low (<10%), intermediate (10-

20%) or high (>20%). Data are means ± standard deviations or number of subjects, (n) with 

percentages. 
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A. DŽfinition de la zone microparticulaire gra‰ce ˆ des billes de calibration. B. Visuallisation des ŽlŽment contenus dans la 
zone microparticulaire. C. Fluorescence des microparticules pour le marquage non spŽcifique (en prŽsence dÕEDTA). D. 
Fluorescence des microparticules pour le marquage en prŽsence de calcium. E. DŽfinition de la zone infŽrieure ˆ 0,5µm et de 
la zone infŽrieure ˆ 0,5µm gr‰ce aux billes de calibration de 0,5µm. F. RŽpartition des microparticules AnnV+ entre les deux 
zones. 
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A : Effet des contraintes de cisaillement sur le taux de microparticules AnnV+. B. RŽpartition des microparticules AnnV+ 
entre zone supŽrieure ˆ 0,5µm et zone infŽrieure ˆ 0,5µm. C. Analyse de la fluorescence des microparticules infŽrieures ˆ 
0,5µm. D. Analyse de la fluorescence des microparticules supŽrieures ˆ 0,5µm. N=6, *p<0,05 comparŽ au condition de fortes 
contraintes de cisaillement. HSS : fortes contraintes, LSS : faibles contraintes. DonnŽes non publiŽes. 
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Microparticles From Human Atherosclerotic Plaques
Promote Endothelial ICAM-1ÐDependent Monocyte

Adhesion and Transendothelial Migration
Pierre-Emmanuel Rautou, Aure«lie S. Leroyer, Bhama Ramkhelawon, Ce«cile Devue,

Dominique Duflaut, Anne-Cle«mence Vion, Gilles Nalbone, Yves Castier, Guy Leseche,
Ste«phanie Lehoux, Alain Tedgui, Chantal M. Boulanger

Rationale and Objective:Membrane-shed submicron microparticles (MPs) released following cell activation or
apoptosis accumulate in atherosclerotic plaques, where they stimulate endothelial proliferation and neovessel
formation. The aim of the study was to assess whether or not MPs isolated from human atherosclerotic plaques
contribute to increased endothelial adhesion molecules expression and monocyte recruitment.

Method and Results:Human umbilical vein and coronary artery endothelial cells were exposed to MPs isolated
from endarterectomy specimens (n! 62) and characterized by externalized phosphatidylserine. Endothelial
exposure to plaque, but not circulating, MPs increased ICAM-1 levels in a concentration-dependant manner
(3.4-fold increase) without affecting ICAM-1 mRNA levels. Plaque MPs harbored ICAM-1 and transferred this
adhesion molecule to endothelial cell membrane in a phosphatidylserine-dependent manner. MP-borne ICAM-1
was functionally integrated into cell membrane as demonstrated by the increased ERK1/2 phosphorylation
following ICAM-1 ligation. Plaque MPs stimulated endothelial monocyte adhesion both in culture and in isolated
perfused mouse carotid. This effect was also observed under flow condition and was prevented by antiÐLFA-1
and antiÐICAM-1 neutralizing antibodies. MPs isolated from symptomatic plaques were more potent in
stimulating monocyte adhesion than MPs from asymptomatic patients. Plaque MPs did not affect the release of
interleukin-6, interleukin-8, or MCP-1, nor the expression of VCAM-1 and E-selectin.

Conclusion:These results demonstrate that MPs isolated from human atherosclerotic plaques transfer ICAM-1
to endothelial cells to recruit inflammatory cells and suggest that plaque MPs promote atherosclerotic plaque
progression. (Circ Res. 2011;108:335-343.)

Key Words: microparticle! ICAM-1 ! adhesion! monocyte! microvesicle

A therosclerosis is a chronic inflammatory disease charac-
terized by the accumulation of leukocytes, lipids, and

fibrous tissue in the intima of arteries.1 In atherosclerotic
plaques, endothelial cells express elevated amounts of adhe-
sion molecules such as selectins (P-selectin and E-selectin) and
intercellular (ICAM-1) and vascular (VCAM-1) adhesion mole-
cules at their surface.1,2Cytokines and chemokines are also secreted
in excess by activated vascular cells in this context. These condi-
tions favor the recruitment and the accumulation of monocytes and
lymphocytes in the intima of vessels.1,2

Human atherosclerotic plaques contain large amounts of
microparticles (MPs), which are submicron membrane vesi-
cles released following cell activation or apoptosis.3Ð5 MPs
harbor at their surface most of the membrane-associated

proteins of the cells they stem from and are characterized by
the loss of plasma membrane asymmetry resulting in the
exposure of phosphatidylserine on their outer leaflet.6,7 MPs
isolated from human atherosclerotic lesions are highly throm-
bogenic and originate from multiple cells, including macro-
phages, lymphocytes, erythrocytes, and smooth muscle and
endothelial cells.4,5 MPs are no longer taken as innocent
bystanders because several studies point out that MPs gener-
ated in vitro from cultured cells can affect several cellular
functions, including inflammatory responses.8Ð15 However,
the interpretation of such studies is difficult because lipid and
protein fractions of MPs, and thus likely MPs effects, greatly
vary depending on the stimulus initiating cell blebbing and
MP release.9,16
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In view of these data, we tested the hypothesis that MPs
isolated from human atherosclerotic plaques can regulate the
inflammatory response of endothelial cells, increasing adhe-
sion of monocytes to endothelium and transendothelial
migration.

Methods
Isolation and Characterization of MPs From
Human Endarterectomy Specimens and Plasma
This study, approved by our Hospital Review Board, included 62
patients undergoing carotid endarterectomy who gave their informed
consent before inclusion (Table 1). MPs were isolated from human
atherosclerotic plaques according to a previously described procedure,
which does not generate MPs from healthy human arteries4 (see the
Online Data Supplement, available at http://circres.ahajournals.org). All
experiments were performed with pelleted MPs gently resuspended
in fresh DMEM and compared with the effects either of DMEM
alone or of the supernatant obtained after pelleting MPs from plaque
homogenates and filtered successively on 0.22- and 0.1-! m mem-
branes to completely eliminate potentially residual MPs. Plaque MPs
content averaged 183! 17 annexin V positive (AnnV" ) MPs per! g
lesion (n# 62). Flow cytometric analysis of MPs is described in the
Online Data Supplement. Unless otherwise stated, experiments using
plaque MPs were performed at the concentration of 3000 AnnV"

MPs/! L for duration of 24 hours.
Circulating MPs were isolated from platelet-free plasma obtained

by successive centrifugations of venous blood drawn from the same
patients, as reported earlier.17 Experiments on ICAM-1 expression
were performed with pelleted circulating MPs and compared with the
effect of platelet-free plasma devoid of MPs (obtained after 20 500g
centrifugation and then filtered on 0.22- and 0.1-! m filters; vehicle)
(see the Online Data Supplement).

Assessment of Adhesion Molecule Expression
Expression of adhesion molecules on human umbilical vein
endothelial cells (HUVECs), human coronary artery endothelial
cells (HCAECs), and COS-7 cells was determined by flow
cytometry. Anti-human E-selectinÐphycoerythrin (1! L/test),
antiÐICAM-1Ðphycoerythrin-Cyanin5 (20! L/test) and antiÐ
VCAM-1Ðphycoerythrin (4! L/test) antibodies, were all provided
by BD Pharmingen (San Diego, CA). Details are provided in the
Online Data Supplement.

Nonspecific protein synthesis inhibitors (cycloheximide, Sigma,
St Louis, MO; actinomycin D, Sigma, St Louis, MO) were used.
Inhibitors of the following pathways were also used: PI3-kinase
(LY-294002; Sigma; St Louis, MO), NK-" B (pyrrolidine dithiocar-
bamate; Sigma; St Louis, MO), MAPKp42/44 pathway (PD 98059;

Sigma; St Louis, MO), and PKC (Staurosporine [Sigma; St Louis,
MO]; chelerythrine chloride [LC Laboratories, Woburn, MA], and
Ro 31-8220 [Calbiochem; Nottingham; UK]). Fusion of MPs with
endothelial cells was assessed by preincubating MPs with annexin V
(3 ! g/mL; Roche Diagnostics, Mannheim, Germany) for 1 hour in
appropriate buffer (140 mmol/L NaCl, 10 mmol/L HEPES, pH 7.4)
in the presence of CaCl2 (5 mmol/L). Control experiments were
performed with the same level of buffer and calcium in the absence
of annexin V.

We assessed neutralizing anti-human P-selectin antibody at a
concentration of 1! g/mL (R&D Systems; Minneapolis, Minn),
anti-human PSGL-1 antibody at a concentration of 50! g/mL (R&D
Systems; Minneapolis, MN), and their corresponding isotypic con-
trol (respectively IgG1, R&D Systems; Minneapolis, MN; and IgM;
Sigma, Jerusalem, Israel).

Functional Integration of ICAM-1 in Target
Cell Membrane
Confluent COS-7 cells plated in 6-well plates were incubated with
MPs, or their vehicle (24 hours), washed, and then exposed to
activating mouse antiÐICAM-1 antibody (AbDSerotec, Oxford, UK;
30 minutes) or its corresponding isotypic control. A sheep antimouse
antibody (Amersham, GE healthcare) was used for cross-linking (15
minutes;18). COS-7 cells in DMEM supplemented or not with 10%
FCS served as positive and negative controls, respectively. Proteins
were separated by electrophoresis, transferred onto nitrocellulose
membranes (Bio-Rad). Membranes were first exposed to antiÐP-
ERK (Santa Cruz Biotechnology), and then to secondary antibody.
After initial immunodetection, membranes were stripped and re-
probed with anti-GAPDH antibody (Chemicon, Millipore, Billerica,
MA). Details appear in the Online Data Supplement.

Fluorescent Cell Preparation
Human polymorphonuclear (PMN) and U937 cells (details for
isolation and culture are provided in the Online Data Supplement)
were labeled with 0.5! mol/L fluorescent dye (CellTracker Orange
CMTMR; Molecular Probes; Eugene, OR) as described previously.19

Briefly, the cells were incubated with the fluorescent dye for 30

Non-standard Abbreviations and Acronyms

AnnV annexin V

HCAEC human coronary artery endothelial cell

HUVEC human umbilical vein endothelial cell

ICAM intercellular adhesion molecule

LFA-1 lymphocyte function associated antigen-1

MP microparticle

PMA phorbol-12-myristate-13-acetate

PMN polymorphonuclear

PSGL-1 P-selectin glycoprotein ligand-1

sICAM soluble intercellular adhesion molecule

TNF tumor necrosis factor

VCAM vascular cell adhesion molecule

Table 1. Patients Baseline Characteristics (n! 62)

Age (yrs) 72 (47Ð89)

Male gender, N (%) 52 (84)

Symptomatic plaques, N (%) 31 (50)

Stroke, N (%) 15 (24)

Transient ischemic attack, N (%) 10 (16)

Amaurosis, N (%) 6 (10)

Clinical features

Diabetes, N (%) 13 (21)

Hypertension, N (%) 48 (77)

Smoking, N (%) 35 (59)

Dyslipidemia, N (%) 36 (58)

Body mass index (kg/m ) 24.8 (17.0Ð38.5)

Treatments

Antiplatelet therapy, N (%) 56 (90)

Statins, N (%) 51 (82)

#-blockers, N (%) 18 (29)

Angiotensin-converting enzyme inhibitors or
angiotensin II receptor antagonist, N (%) 34 (55)

Calcium channel blockers, N (%) 28 (45)

Diuretics, N (%) 21 (34)

Atherosclerotic plaque weight (mg) 735 (189Ð2200)

Data are expressed as median (range) or frequency (%).
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minutes, washed twice in RPMI and then resuspended in culture
medium.

Cell Adhesion Assay
HUVECs plated in 96-well plates were exposed for 24 hours to
DMEM, plaque, or plasma MPs or 20500g supernatant. After
washout using RPMI medium 1640, fluorescent U937 cells (5000/
well) or phorbol-12-myristate-13-acetate (PMA)-activated human
PMN cells (2000/well) were allowed to adhere to HUVECs for 30
minutes. After 2 additional washouts, adherent monocytic cells were
counted using a fluorescence microscope (Zeiss Axio Imager Z1).

In some experiments, HUVECs were exposed to neutralizing
antibody targeting ICAM-1 or its corresponding isotypic control
(IgG1; 10 ! g/mL; R&D Systems; Minneapolis, MN) for 1 hour
before the U937 cell adhesion protocol. U937 cells were pretreated
or not with antiÐLFA-1 (lymphocyte function associated antigen-1)
antibody (10! g/mL; Bender MedSystems, Vienna, Austria) or its
corresponding isotypic control (IgG1) (10 ! g/mL; R&D Systems;
Minneapolis, MN).

Cell Adhesion Assay Under Flow Condition
Confluent HUVECs plated in a parallel plate chamber were exposed
to plaque MPs or 20500g supernatant. After 24 hours, the parallel
plate chamber was connected to a syringe pump and fluorescent
U937 cells (55/! L) were infused for 30 minutes at a controlled
level of laminar low (1 dyn/cm2) or high (10 dyn/cm2) shear
stress. During adhesion, the circuit was placed in a sterile 5% CO2
incubator set at 37¡C. After 2 washouts, adherent monocytic cells
were counted under fluorescence microscope (Zeiss Axiovert 200
inverted microscope).

Organ Culture
C57BL/6 mouse left and right carotid arteries were isolated, cannu-
lated at both extremities as described previously.19 Plaque MPs
(3000 AnnV! MPs/! L) were injected within the arterial lumen.
After 24 hours, fluorescent U937 cells were injected in the lumen
and allowed to interact for 30 minutes (5" 106 cells/mL). Adherent
cells were counted under a fluorescence microscope. More details
appear in the Online Data Supplement.

Transmigration Assays
Confluent HUVECs from the upper chamber of a transmigration
assay were exposed to plaque MPs or 20500g supernatant (see the
Online Data Supplement). After 24 hours, the medium of the upper
chamber was removed and replaced by a medium containing 106

PMA-activated human PMN cells. After 24 hours, transmigrated
cells in the lower chamber were numbered by flow cytometry
analysis.

Immunofluorescent and Scanning Electron
Microscopy Analysis
Details regarding immunofluorescent and electron microscopy anal-
ysis appear in the Online Data Supplement. To test the hypothesis of
a transfer of ICAM-1 from MPs to endothelial cells, plaque MPs
were labeled with a primary mouse antihuman ICAM-1 antibody
(unlabeled), washed twice, and incubated with HUVECs (3000
AnnV! MPs/! L, corresponding to 30 AnnV! MPs/cell) for 24
hours. After washout, cells were incubated either with a fluorescent
goat antimouse secondary antibody and analyzed under fluorescence
microscope, or with gold-conjugated goat antimouse secondary
antibody and analyzed with a scanning electron microscope.

To analyze the mechanism of interaction of MPs with endothelial
cells, plaque MPs were incubated with a fluorescent dye, washed
twice, and incubated with HUVECs (3000 AnnV! MPs/! L). After
24 hours, HUVECs were incubated with primary mouse antihuman
CD31 antibodies and then with donkey antimouse secondary anti-
bodies conjugated to Cyanin5. After two more washouts with PBS,
nuclei were stained with DAPI.

Quantitative RT-PCR, Western Blotting,
and ELISA
Details appear in the Online Data Supplement.

Statistics
Data are presented as means# SEM. Wilcoxon and Mann-Whitney
tests were used respectively for paired and independent samples. All
tests were 2-sided and used a significance level of 0.05. Data
handling and analysis were performed with SPSS 12.0 (SPSS Inc,
Chicago, IL).

Results
Endothelial cell exposure to plaque MPs augmented the
levels of ICAM-1 in a time- and concentration-dependent
manner (Figure 1). However, unlike TNF-" , plaque MPs did
not affect endothelial expression of interleukin-8 mRNA
(Online Figure I), endothelial release of interleukin-6, -8,
monocyte chemoattractant protein-1 (Table 2) and endothe-
lial expression of VCAM-1 or E-selectin (Online Table I).
The effect of plaque MPs on endothelial ICAM-1 levels was
already detectable at 30 minutes and was as potent as that
induced by TNF-" after 4 hours exposure (P$ 0.47; Figure
1B). After 24 hours of exposure, plaque MPs increased
percentage of ICAM-1! cells by 3.4-fold when compared
with the effect of the vehicle (P%0.001; Figure 1B). This
increase in ICAM-1! cells tended to be more robust for MPs
obtained from symptomatic than asymptomatic patients, but
did not reach statistical significance (4.8# 0.7 versus
3.9# 0.9% of ICAM-1! cells, n$ 25 and 24, respectively;
P$ 0.19). A similar augmentation in ICAM-1 levels was
observed for HAECs following exposure to plaque MPs
(3.5# 1.3 versus 0.9# 0.1% of ICAM-1! HAECs for MP and
vehicle treated cells, respectively; n$ 6; P$ 0.03). Theeffect
of plaque MPs on endothelial ICAM-1 was not observed with
circulating MPs obtained from the same patients, indicating that
the augmented level of ICAM-1 is specific of MPs isolated from
human atherosclerotic plaques (Online Figure II).

We then sought to evaluate the molecular mechanisms
leading to the increase in endothelial ICAM-1 levels follow-
ing exposure to plaque MPs. Quantitative RT-PCR experi-
ments revealed that, if anything, plaque MPs decreased
endothelial ICAM-1 mRNA expression after 6 hours expo-
sure, whereas TNF-" significantly increased endothelial
ICAM-1 mRNA expression (Figure 2A). No effect of plaque
MPs on ICAM-1 mRNA expression was also observed after
24 hours exposure (data not shown). The effect of plaque
MPs on ICAM-1 levels was not affected by actinomycin D or
cycloheximide, whereas these agents significantly reduced
ICAM-1 expression induced by TNF-" (data not shown). We
also investigated pathways known to regulate ICAM-1 syn-
thesis in endothelial cells and observed that inhibitors for
PI3-kinase (LY-294002), NF#B (pyrrolidine dithiocarbam-
ate), MAPK (PD 98059), and PKC (staurosporine, cheleryth-
rine, and Ro 31-8220) pathways did not modify endothelial
levels of ICAM-1 following plaque MPs exposure (data not
shown). Collectively, these data suggest that the effect of
plaque MPs on endothelial ICAM-1 does not result from
either increased mRNA expression or protein synthesis.

Given the rapid increase in ICAM-1 (already detectable at
30 minutes), and the lack of effect of plaque MPs on ICAM-1
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mRNA expression and protein synthesis, we tested the
hypothesis that ICAM-1 transfers from MPs to endothelial
cells. ELISA and Western blot analysis demonstrated the
presence of substantial amount of ICAM-1 in plaque MPs
(Figure 2B), but the absence of significant amounts of
VCAM-1 or P-selectin (Online Table II). Unfortunately,
ICAM-1 was only weakly detectable on plaque MPs using
flow cytometry analysis (0.4! 0.2% of AnnV" MPs; n# 22),
precluding to the determination of the cellular origin of
ICAM-1" MPs in the plaque. No significant difference in
ICAM-1 level was detected between MPs from symptomatic
and asymptomatic patients (327! 231 and 245! 235 ng/mL
respectively;P# 0.25; n# 40). To test the hypothesis that
ICAM-1 transfers to endothelial cells, plaque MPs were
labeled with a mouse antiÐICAM-1 antibody, washed twice to
remove unbound antibody, and exposed to endothelial cells.
Control experiments were performed with MP washing su-
pernatant. Addition 24 hours later of a fluorescent antimouse
secondary antibody revealed that incubation with ICAM-1-
tagged MPs resulted in an intense ICAM-1 staining on the
endothelial surface, whereas supernatant had no effect (Fig-
ure 3A). In a second set of experiments, the secondary
antibody to ICAM-1 was gold-conjugated and scanning

electron microscopy analysis confirmed ICAM-1 presence at
the endothelial surface (Figure 3B). Interestingly, the labeling
was mostly observed in smooth areas of the endothelial cell
surface. In a third set of experiments, MPs were labeled with
the fluorescent dye CellTracker Green BODIPY to further
assess the interaction between MPs and endothelial mem-
brane. Confocal microscopy analysis demonstrated that Cell-
Tracker labeling colocalized with CD31 staining at the
endothelial surface (Figure 3C). Furthermore, diffuse but
significant CellTracker labeling was observed in the endothe-
lial cytosol, attesting that some plaque MPs had fused with
the endothelial membrane and delivered their fluorescent dye
inside the cytoplasm (Figure 3C). Because plaque MPs are
mostly of leukocyte origin,4 we investigated whether the
MP-endothelial interaction depended on P-selectin and
PSGL-1.20 PSGL-1 was detected by flow cytometry analysis
on plaque MPs (14! 12 PSLG-1" MPs/! g lesion; n# 7).
However, neutralizing antibodies against PSGL-1 and
P-selectin (incubated with MPs and endothelial cells respec-
tively) did not affect endothelial ICAM-1 levels on exposure
to MPs (n# 4; 24 hours; data not shown). As anionic
phospholipids such as phosphatidylserine favor spontaneous
fusion with cell membranes,21,22we then examined the effect

Figure 1. Plaque MPs augment
ICAM-1 levels on endothelial cells. A,
Representative ßow cytometry ßuores-
cence histogram showing the presence
of ICAM-1 on endothelial cells exposed
for 24 hours either to plaque MPs (3000
AnnV" MPs/! L) or TNF-" (10 ng/mL).
The red peak corresponds to negative
control with isotypic antibody and the
blue peak reßects ICAM-1-
phycoerythrin-Cyanin5 (PC5) labeling of
HUVECs. Control experiments were per-
formed either with DMEM (D) or plaque
supernatant (Sn), which gave the same
results as DMEM on basal ICAM-1 lev-
els. B, Exposure of HUVECs to plaque
MPs or TNF-" augmented endothelial
levels of ICAM-1 (ßow cytometry analy-
sis; n# 8 to 34 depending on the time
points). *A signiÞcant difference (P$ 0.05)
between MP and supernatant effects.

Table 2. Effect of Plaque MPs on Cytokine Released by HUVECs

TNF-" (10 ng/mL) DMEM 100 AnnV" MPs/! L 1000 AnnV" MPs/! L 3000 AnnV" MPs/! L

Interleukin-6 (pg/mL) 1811! 670 58! 11 63! 7 65! 12 56! 10

Interleukin-8 (pg/mL) 15 028! 2 328 1458! 269 1439! 237 1478! 237 1250! 291

MCP-1 (pg/mL) 50 423! 10148 17 351! 3931 20 557! 5859 16 128! 4214 15 503! 4201

Unlike TNF-" (positive control), plaque MPs did not enhance the release of interleukin-6, -8, or monocyte chemoattractant protein-1
(MCP-1) following 24 hours of stimulation of HUVECs (n# 8). Data are given as means! SEM.
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of annexin V on ICAM-1 transfer to endothelial cells.20

Preincubation of plaque MPs with annexin V (in the presence
of 5 mmol/L CaCl2) decreased by 69! 21% endothelial
ICAM-1 level resulting from plaque MP exposure (n" 6,
P" 0.03; Figure 3D). To test whether the mechanisms of
ICAM-1 transfer were specific for endothelial cells, we
exposed COS-7 cells, known not to express ICAM-1,23 with
plaque MPs; this resulted in the presence of ICAM-1 anti-
genic reactivity at the surface of COS-7 cells (Figure 3E). We
then examined whether or not MP-borne ICAM-1 was func-
tionally integrated in the plasma membrane of COS-7 cells
following exposure to plaque MPs (24 hours). An activating
antiÐICAM-1 antibody increased ERK1/2 phosphorylation, a
known downstream event in ICAM-1 mediated signal trans-
duction24 in COS-7 cells exposed to plaque MPs, but not to
supernatant (vehicle) (Figure 3F). Collectively, these data
demonstrate that MP-borne ICAM-1 is transferred and func-
tionally integrated in target cell membranes.

We next examined the potential functional consequences
of the increased ICAM-1 levels attributable to plaque MPs.
Exposure to plaque MPs (24 hours) enhanced in vitro
adhesion of fluorescent U937 cells to HUVECs, when com-
pared with DMEM or with MP vehicle-treated HUVECs
(Figure 4A and 4B). Conversely, adhesion of fluorescent
U937 cells to HUVECs was neither increased by circulating
MPs at a concentration of 1000 AnnV# MPs/! L (plasma
MPs: 9.1! 0.9; plasma supernatant: 8.1! 0.4 cells/mm2;
P" 0.176; 24 hours; n" 7) nor at a concentration of 3000
AnnV# MPs/! L (plasma MP: 6.4! 1.7; plasma supernatant:
7.2! 1.8 cells/mm2; P" 0.345; 24 hours; n" 5). Plaque MPs
also increased the endothelial adhesion of human peripheral
PMN cells (2.8! 0.6 PMN cells/mm2; n" 30), as compared
with DMEM (1.8! 0.2 PMN cells/mm2; n" 19; P" 0.007)
and with supernatant-treated HUVECs (1.75! 0.2 PMN cells/
mm2; n" 30; P" 0.002). The increase in endothelial adhesion
of PMN cells was more pronounced for MPs obtained from
symptomatic than asymptomatic patients (Figure 4C). The
adhesion of U937 cells was decreased by 58! 3% using an

anti-LFA-1 neutralizing antibody, and by 72! 2% when
combining anti-LFA-1 with antiÐICAM-1 antibodies (Figure
4D). The effect of plaque MPs on monocyte adhesion to
endothelial cells persisted under low shear (plaque MP:
4.1! 0.3; supernatant: 3.5! 0.3 cells/mm2; P" 0.043; 3000
AnnV# MPs/! L; 24 hours; n" 5) and high shear stress
conditions (plaque MP: 2.7! 0.2; supernatant: 2.0! 0.1 cells/
mm2; P" 0.018; 3000 AnnV# MPs/! L; 24 hours; n" 7).
Monocyte adhesion was also evaluated ex vivo in mouse
carotid arteries maintained in organ culture at 80 mm Hg
intraluminal pressure and exposed intraluminally to either
plaque MPs or vehicle under static conditions for 24 hours.
The number of adherent U937 cells was increased by 1.7 fold
in vessels exposed plaque MPs, as compared with control
conditions (P" 0.02; n" 7) (Figure 4E). Exposure of U937
cells to anti-LFA-1 and carotid artery to antiÐICAM-1 neu-
tralizing antibodies decreased U937 cells adhesion to carotid
artery by 83! 11% as compared with the corresponding
isotypic IgGs controls (n" 4, P" 0.039) (Online Figure III).
Thus, exposure of endothelial cells to plaque MPs favors
monocytic cell adhesion both in vitro and ex vivo, under
static and under flow conditions. Then, we sought to evaluate
whether or not plaque MPs promote endothelial transmigra-
tion of PMN cells. Plaque MPs (24 hours) significantly
increased PMN transmigration (n" 16; P" 0.013) and this
effect was more robust for MPs isolated from symptomatic
than asymptomatic patients (140! 34 versus 107! 19% of
vehicle effect; n" 8 each;P" 0.04).

Discussion
The present study demonstrates that ICAM-1 can transfer
from human plaque MPs to endothelial cells, leading to
increased leukocyte adhesion and transmigration. MPs orig-
inating from plaques may thus contribute to the progression
and development of human atherosclerotic lesions.

We observe here that exposure to MPs isolated from
human atherosclerotic plaques rapidly increases ICAM-1 at
the endothelial cell surface, despite the lack of endothelial

Figure 2. Plaque MPs harbor ICAM-1, but do not stimulate endothelial ICAM-1 mRNA expression. A, Quantitative RT-PCR analy-
sis of endothelial ICAM-1 expression (6 hours; n" 6). As compared with plaque supernatant, MPs decreased ICAM-1 mRNA expression,
whereas TNF-" increased ICAM-1 mRNA expression. *P$ 0.05; **P$ 0.01. B, Presence of ICAM-1 in plaque MP pellet as compared
with supernatant (ELISA assay; n" 14; ***P$ 0.001). Inset, Representative immunoblot (of 3 experiments) demonstrating the presence of
ICAM-1 in plaque MPs.
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Figure 3. ICAM-1 transfer to target cells. A, Plaque MPs were labeled with an antiÐICAM-1 antibody, washed to remove unbound
antibody, and incubated with HUVECs for 24 hours (3000 AnnV! MPs/! L). Fluorescent secondary antibody was then applied, revealing
an intense staining on the surface of endothelial cells incubated with MPs but not with washing supernatant. In the upper panels, nuclei
are stained with DAPI (blue) (original magniÞcation," 40). These images are representative of 5 experiments. In the lower panels, con-
focal microscopy analysis conÞrmed the plasma membrane localization of the ICAM-1 staining (original magniÞcation, " 40; represen-
tative of 3 experiments). In these experiments, plaque MPs, but not HUVECs, were incubated with the antiÐICAM-1 antibody. This
explains why there is no staining for ICAM-1 on endothelial cell treated with Òsupernatant.ÓB, Plaque MPs were labeled with an antiÐ
ICAM-1 antibody, washed to remove unbound antibody, and incubated with HUVECs for 24 hours (3000 AnnV ! MPs/! L). Gold-
conjugated secondary antibody was then applied, revealing by electron microscopy an intense staining on the surface of endothelial
cells incubated with MPs but not with washing supernatant. C, Plaque MPs were labeled with the ßuorescent CellTracker Green
BODIPY dye (green) , washed to remove unbound dye, and incubated with HUVECs (3000 AnnV ! MPs/! L). After 24 hours, ßuorescent
MPs colocalized with CD31 staining (red, arrow) but cytoplasm was also green (arrowhead) , suggesting that at least a part of MPs
had fused with cell plasma membrane. In the top images , nuclei are stained with DAPI (blue) (original magniÞcation, " 40). These
images are representative of 9 experiments. In the bottom images , confocal microscopy analysis conÞrmed the presence of MPs on
the plasma membranes, as demonstrated by the colocalization of CD31 (red) and Cell-tracker labeled MPs (green) (original magniÞca-
tion, " 40; resolution 1 ! m). These images are representative of 3 experiments. D, Preincubation of plaque MPs with annexin V
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ICAM-1 mRNA upregulation and that plaque MPs harbor
measurable amounts of ICAM-1. As tagging MP ICAM-1
leads to the recovery of tagged ICAM-1 on endothelial cells,
we hypothesized that ICAM-1 might be transferred from
plaque MPs to endothelial membranes as the molecular link
between exposure to MPs and increased monocyte adhesion.
Such a transfer of protein from MPs to cells has been
previously reported for instance for CXCR4 or CCR5.25Ð27

Two types of interactions could contribute to this effect:
docking of MPs on the endothelial surface involving a
ligand-receptor interaction or fusion of their respective mem-
branes.20 Several findings support the interpretation that
plaque MPs fuse with endothelial cell membranes: (1) high
expression levels of fusogenic phospholipid phosphatidylser-
ine on MPs, as attested to by intense annexin V labeling of
plaque MPs4; (2) the inhibitory effect of annexin V on
ICAM-1 endothelial levels following exposure to MPs; (3)

the delivery of a fluorescent dye contained in MPs to the
endothelial cell cytoplasm; and (4) the transfer of ICAM-1
from MPs to smooth areas of the endothelial cell surface, as
attested by electron microscopy data. Unlike the transfer of
tissue factor from in vitroÐgenerated leukocyte MPs to
activated platelets,20 the present study shows that the inter-
action between plaque MPs and nonactivated endothelial
cells does not involve P-selectin and PSGL-1, but we cannot
rule out the possibility that other ligand/receptor complexes
could be involved. Furthermore, the increase in ICAM-1
levels observed in COS-7 cells, a cell line known not to
express ICAM-1,23 following MP exposure argues against the
contribution of specific endothelial docking receptors and
strongly favors the membrane fusion hypothesis. Interest-
ingly, the effect of MPs on endothelial ICAM-1 appears to be
specific for MPs isolated from human plaque, for an equiv-
alent concentration of MPs isolated from the blood of the

Figure 3 (Continued). (3 ! g/mL) for 1 hour in the presence of CaCl 2 (5 mmol/L Þnal concentration) decreased ICAM-1 levels as
compared with the same levels of buffer and Calcium in absence of annexin V (3000 AnnV! MPs/! L; 24 hours; n" 6). Data are
means# SEM. *Indicates a signiÞcant difference (P$ 0.05) between MP and Supernatant effects. #Indicates a signiÞcant difference
(P$ 0.05) between MPs and MPs incubated with annexin V effects. E, As compared with supernatant, exposure of COS-7 cells to
plaque MPs (3000 AnnV! MPs/! L, for 24 hours; n" 8) leads to detectable ICAM-1 antigenic reactivity on COS-7 cells. COS-7 cells
were mechanically scraped and incubated with antiÐICAM-1Ðphycoerythrin-Cyanin5 for ßow cytometric analysis. * P$ 0.05. F, Functional
integration of ICAM-1 in the plasma membrane of targeted cells. ICAM-1 crosslinking increase phosphorylation of ERK in COS-7 cells
previously exposed for 24 hours to plaque MPs (3000 AnnV ! MPs/! L; n" 9), but not in COS-7 cells exposed to supernatant. Data are
means# SEM. *P$ 0.05; ns, not signiÞcant.

Figure 4. Adhesion assays. A, Fluorescent U937 monocytic cells (orange) adhering to HUVECs exposed for 24 hours to either plaque
MPs or DMEM in 96-wells plates (original magniÞcation, %10). Nuclei are stained with DAPI (blue). Representative of 7 experiments. B,
As compared with DMEM or 20500g supernatant, exposure of HUVECs to plaque MPs (3000 AnnV ! MPs/! L, for 24 hours) enhanced
adhesion of U937 cells (5000/well; n" 7). C, Plaque MPs (3000 AnnV! MPs/! L) from symptomatic patients induced more adhesion of
PMN cells (2000 PMN cells/well) to HUVECs than those from asymptomatic patients (n " 30; P" 0.03). Data are given as the difference
in adherent PMN cell number per well between control conditions (MPs vehicle) and plaque MPs exposed cells. D, Exposure of U937
cells to antiÐLFA-1 neutralizing antibodies decreased U937 cell adhesion to HUVECs previously incubated with plaque MPs (3000
AnnV! MPs/! L; 24 hours; n" 4). The combined exposure of U937 cells to antiÐLFA-1 and HUVECs to antiÐICAM-1 antibodies further
decreased this adhesion (3000 AnnV! MPs/! L, for 24 hours; n" 4). Control experiments were performed with the respective IgG iso -
types (IgG). Data are means# SEM. E, QuantiÞcation of U937 cell adhesion ex vivo. Mouse arteries were incubated at 80 mm Hg for 24
hours with either plaque MPs or the 20 500 g supernatant. Fluorescent U937 cells were then injected into the intraluminal space and left
to adhere for 30 minutes; adherent cells were counted after washout. Monocytic cell adhesion was enhanced in vessels exposed to
plaque MPs (n" 7). Data are given as means# SEM. *P$ 0.05.
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same patients did not affect endothelial ICAM-1. Previous
work from our group demonstrated that plaque MPs were of
different cellular origins than their circulating counterparts
and originated mostly from leukocytes.4 The cellular origin of
plaque MPs harboring ICAM-1 remains unclear, but
leukocyte-derived or endothelial MPs present in human
plaques could harbor ICAM-1 expressed by cells they stem
from.28 Furthermore, we observed that MP-borne ICAM-1
was functionally integrated in target cell membranes. This
was associated with an augmented adhesion of U937 mono-
cytes observed both in vitro and ex vivo and a stimulation of
transendothelial migration of PMN cells. Anti-ICAM-1 and
anti-LFA-1 neutralizing antibodies inhibited U937 cell accu-
mulation, thus demonstrating the contribution of ICAM-1 to
this process. Interestingly, plaque MPs from symptomatic
patients induced greater monocytic cell adhesion and trans-
migration than MPs from asymptomatic patients, suggesting a
functional difference between these MPs. Although not statisti-
cally significant, the apparent greater abundance of phosphati-
dylserine4 and of ICAM-1 (this study) in MPs isolated from
symptomatic patients could contribute to an increased fusion and
transfer of microparticle ICAM-1 to endothelial membrane,
leading to a more robust functional effect than that of MPs from
asymptomatic patients. However, the present study does not rule
out the possibility that another adhesion mechanism could
contribute the greater adhesion of monocyte to endothelial cells
exposed to MP from symptomatic patients.

Several leukocyte adhesion molecules, including ICAM-1,
VCAM-1 and E-selectin, are expressed on vascular endothe-
lial cells in human atherosclerotic plaques.2 Furthermore,
several studies have demonstrated the major implication of
ICAM-1 in atherosclerosis through the regulation of mono-
cyte recruitment into atherosclerosis-prone areas.2 Indeed,
ICAM-1 expression is elevated in atherosclerosis-prone aor-
tas. Treatment ofApoe! /! mice with antiÐICAM-1 antibodies
reduced by 70% macrophage short-term homing into athero-
sclerotic lesions.29 In addition, the absence of ICAM-1, CD18
(the ! -subunit of LFA-1), or both reduced aortic lesion size,
suggesting that ICAM-1 together with CD18 participates in
the regulation of monocyte homing.30 Together with the data
presented here, these findings support the concept that plaque
MPs, which accumulate in atherosclerotic lesions, may favor
their development by enhancing the adhesion of monocytes
and their transendothelial migration. However, the extent to
which plaque MPs contribute to increased endothelial
ICAM-1 expression in atherosclerotic lesions remains pres-
ently unknown as no general mechanism for MP formation
has been demonstrated yet, thus precluding to the design of
murine models of atherosclerosis where the formation of
plaque MPs could be specifically prevented. Despite this
limitation, the concomitant presence of MPs bearing ICAM-1
together with microvascular endothelial cells in advanced
lesions let us speculate that plaque MPs could contribute in
vivo to the increased ICAM-1 expression observed in athero-
sclerotic plaque. Indeed, given the existence within the
plaque of abnormal microvessels characterized by disorga-
nized branching and immature endothelial tubes with ÒleakyÓ
imperfect linings, plaque MPs may diffuse within blood
stream and thus transfer ICAM-1 to the endothelial cell

surface in a ÒparacrineÓ manner.31 It should be highlighted
that experiments of the present study were performed with
MP concentrations lower than the estimated averaged MP
abundance in lesions.4 Alternatively, given the high concen-
tration in MPs in the plaque (200-fold more concentrated than
in the plasma from the same patients4), plaque MPs could
increase systemic endothelial inflammation at the time of
plaque rupture. They could also directly bind to Mac/LFA
complexes in the circulation, therefore preventing leukocyte
tethering and binding. However, both these potential effects
in the circulation would likely be blunted by the high
thrombogenic activity of plaque MPs.4,32

In conclusion, our results demonstrate that MPs isolated
from human atherosclerotic plaques transfer ICAM-1 onto
nonactivated endothelial cells to facilitate monocyte adhesion
and transendothelial migration. Therefore, accumulation of
MPs in atherosclerotic lesions may contribute to atheroscle-
rotic plaque progression by stimulating the recruitment of
inflammatory cells in the lesion.
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Novelty and Significance

What Is Known?

! Human atherosclerotic plaques contain large amounts of micropar-
ticles, which are submicron membrane vesicles released following
cell activation or apoptosis.

! Plaque microparticles stimulate endothelial cell proliferation and new
vessel formation in vivo, both of which contribute to making the
plaque more fragile and increasing the chances of myocardial
infarction or of stroke.

What New Information Does This Article Contribute?

! We show here that plaque microparticles have an additional poten-
tially deleterious effect by increasing the recruitment of monocytic
inflammatory cells to atherosclerotic lesions.

! Microparticles are shown to harbor intercellular adhesion molecule
(ICAM)-1 and transfer this adhesion molecule to the endothelial
cell membrane, where it is functionally integrated.

! Transfer of ICAM-1 from microparticles to endothelial cells is shown
to increase monocyte adhesion both in vitro, in isolated perfused
mouse carotid and under flow condition. Microparticles also
enhance migration of these cells through the endothelial barrier,
thus contributing to inflammatory cell recruitment in atheroscle-
rotic lesions.

Membrane-shed microparticles isolated from human atheroscle-
rotic plaques transfer functional ICAM-1 to target endothelial
cells, leading to increased monocyte adhesion and transmigra-
tion through the endothelial layer. Thus, microparticles accumu-
lating in atherosclerotic plaques may contribute to lesion
progression by enhancing inflammatory cells recruitment.
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DETAILED METHODS 
 
MPs isolation from human endarterectomy specimens 
MPs were isolated from human atherosclerotic plaques according to a previously described 
procedure, which has been shown not to generate MPs from healthy human arteries1. MPs 
were characterized by flow cytometry using Annexin V labeling and their presence was 
confirmed by electron microscopy 1.  
Surgical samples were rapidly rinsed in cold sterile DulbeccoÕs modified eagle medium 
(DMEM; Gibco BRL) supplemented with antibiotics (100 IU/mL Streptomycin, 100 IU/mL 
Penicillin and 10 µg/mL Polymyxin B; Sigma; St Louis, MO) and atherosclerotic lesions were 
separated from the apparently healthy vessel wall. In order to suspend MPs, plaques were 
then thoroughly minced using fine scissors in a volume of fresh DMEM, supplemented with 
antibiotics and filtered on 0.22 ! m membrane, corresponding to 10 fold the respective weight 
of each lesion (100 mg tissue in 1 mL medium). The resulting preparations were centrifuged 
first at 400 g (15 min) and then at 12500 g (5 min) to remove cells and cell debris. The 
resulting supernatant (called Òplaque homogenateÓ) was subsequently used for flow 
cytometry experiments and further centrifuged at 20500 g for 150 minutes at 4¡C to pellet 
MPs. All experiments were performed with pelleted MPs gently resuspended in fresh DMEM 
and compared to the effects either of DMEM alone or of the supernatant obtained after 
pelleting MPs from plaque homogenates and filtered successively on 0.22 ! m and 0.1 ! m 
membranes to completely eliminate MPs. The absence of effect of the procedure on healthy 
tissue was confirmed using freshly isolated rat aorta (n=4), for which 3±1 AnnV+ MPs/ µg 
tissue were retrieved, as compared with 183 ± 17 AnnV+ MPs/ µg lesion (n = 62) obtained 
from human atherosclerotic lesions in this study, and in accordance with previous reports 1. 
Plaque MP preparations were assayed for endotoxin contamination using Limulus lysate 
assay (QCL-1000, Cambrex, Lonza, Walkersville, MD): final endotoxin contamination was in 
all cases below detection limit, so that 3000 AnnV+ MPs/µL contained less than 5.2 ± 2.0 
endotoxin units/mL (mean ± SEM).  
 
 
Circulating MP isolation 
Circulating MPs were isolated from platelet-free plasma obtained by successive 
centrifugations of venous blood drawn from the same patients, as reported earlier 2. Briefly, 
citrated venous blood (5 mL) was centrifuged at 400 g for 15 min and then at 12500 g for 5 
min at room temperature. In order to obtain, after dilution in endothelial cell medium, 
concentrations in MPs similar to those present in the plasma of the patients, circulating MPs 
were concentrated from platelet-free plasma using centrifugation at 20500 g for 150 minutes 
(+4¡C) and resuspended in a volume of plasma corres ponding to 1/10 of the initial volume of 
plasma remaining above the MP pellet.  
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Flow cytometry analysis of MPs 
MPs were analyzed on a Coulter EPICS XL flow cytometer (Beckman Coulter, Villepinte, 
France) as previously described 1,2. A known amount of Flowcount calibrator beads 
(Beckman Coulter, Fullerton, CA; 20 ! L) was added to each sample just before performing 
flow cytometry analysis. Regions corresponding to MPs were identified in forward light 
scatter (FSC) and side-angle light scatter (SSC) intensity dot plot representation set at 
logarithmic gain. MP gate was defined, using calibration beads (Megamix, Biocytex, France 
and 0.1µm beads, Invitrogen, Eugene, OR), as events with a 0.1-1! m diameter and then 
plotted on a fluorescence/FSC fluorescence dot plot to determine MP counts positively 
labeled by specific antibodies. MP concentration was assessed by comparison to Flowcount 
calibrator beads. As previously described 1, we incubated 10 ! L of plaque homogenate with 
anti-human P-Selectin glycoprotein ligand-1 (PSGL-1) phycoerythrin (20 ! L/test) or anti-
ICAM-1- phycoerythrin-Cyanin5 (20 µL/test) antibodies (BD Pharmingen; San Diego; CA) or 
their corresponding isotype-matched immunoglobulin G (IgG) controls at room temperature 
for 30 minutes in the dark. Presence of phosphatidylserine at the surface of plaque or plasma 
MPs was assessed using fluoroisothiocyanate-conjugated Annexin V (Roche Diagnostics, 
Mannheim, Germany) diluted in appropriate buffer (140 mmol/L NaCl, 10 mmol/L HEPES, pH 
7.4) (Roche Diagnostics, Mannheim, Germany) in the presence or in the absence of CaCl2 (5 
mmol/L), as a negative control 2. 
 
 
Assessment of adhesion molecule expression  
Expression of adhesion molecules on endothelial cell was determined by flow cytometry. 
Human umbilical vein endothelial cells (HUVEC), human coronary artery endothelial cells 
(HCAEC) and COS-7 cells were plated in 96-well plates and incubated at 37¡C in a 5% CO 2 

incubator. HUVECs (7 different donors) and HCAECs (1 donor) were obtained from 
Promocell (Heidelberg, Germany) and cultured respectively in endothelial cell basal medium 
supplemented with serum and growth factors and in endothelial cell growth medium 
(Heidelberg, Germany). All experiments were performed between passage 2 and 6. COS-7 
cells (ATCC, Manassas, VA) were cultured in DMEM supplemented with 10% fetal calf 
serum (Gibco, Scotland, UK). When cells reached sub-confluence, they were stimulated with 
either MPs (20500 g pellet resuspended in fresh DMEM for plaque MPs or in filtered plasma 
supernatant for plasma MPs), their vehicle (20500 g supernatants), DMEM (as a negative 
control) or tumor necrosis factor-!  (TNF-! ) (Calbiochem, Nottingham, UK; 10 ng/mL, as a 
positive control) for 30 minutes, 4, 12, 24 and 48 hours. Thereafter, cell supernatant was 
replaced by phosphate buffer saline (PBS). Cells were mechanically scraped and incubated 
with the following fluorochrome-labelled antibodies or their corresponding isotype-matched 
IgG controls at room temperature for 30 minutes in the dark: anti-human E-Selectin-
phycoerythrin (1 µL/test), anti-ICAM-1- phycoerythrin-Cyanin5 (20 µL/test) and anti-VCAM-1-
phycoerythrin (4 µL/test) antibodies, all provided by BD Pharmingen (San Diego, CA). 
HUVECs, HCAEC and COS-7 cells were analyzed on a Coulter EPICS XL flow cytometer 
(Beckman Coulter, Villepinte, France) and numbered by comparison to Flowcount Calibrator 
beads of known concentration.  
 
 
Fluorescent Cell Preparation 
Peripheral venous blood (15Ð20 mL) was obtained from healthy volunteers by venopuncture 
and collected into heparinized, sterile, pyrogen-free tubes (BD Pharmingen, Grenoble, 
France). Blood was diluted 1:1 in PBS and monocytes were isolated by density-gradient 
centrifugation over endotoxin-free FicollÐPaque (human Pancoll, Pan Biotech GmbH, 
Aidenbach, Germany). The cell layer containing polymorphonuclear (PMN) cells was 
collected and washed twice in PBS. The PMN cells were preactivated with phorbol-12-
myristate-13-acetate (PMA; 0.1 µM; Sigma; St Louis, MO) for 30 minutes.  
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Cells of the human monocytic cell line U937 were cultivated in RPMI medium 1640 (Gibco 
BRL) containing antibiotics (100 IU/mL Streptomycin and 100 IU/mL Penicillin) and 
supplemented with 10% fetal calf serum.  
 
 
Organ Culture 
C57BL/6 mice (17 weeks, Charles River, France) left and right carotid arteries were isolated, 
cannulated at both extremities, and immersed in an organ culture bath filled with DMEM 
supplemented with 10% fetal calf serum and antibiotics (100 IU/mL Streptomycin, 100 IU/mL 
Penicillin and 10 µg/mL Polymyxin B) as described previously 3. Each arterial segment was 
connected to a closed perfusion circuit consisting of a 3-port reservoir and a pressure 
chamber allowing for the application of a controlled intraluminal hydrostatic pressure. Organ 
culture of carotid segments was performed under sterile conditions in an incubator set at 5% 
CO2 and at 37¡C. Vessels were exposed to a physiologic al pressure (80 mm Hg) for 24 
hours. To avoid the potentially confounding effect of shear forces, no flow was applied. 
Plaque MPs (3000 AnnV+ MPs/µL) were injected within the arterial lumen.  
After 24 hours, fluorescent U937 cells were injected in the lumen of cultured vessels by the 
distal end, and allowed to interact for 30 minutes (5! 106 cells/mL). After washout, vessels 
were fixed in 4% paraformaldehyde for 15 minutes. Adherent cells were counted under a 
fluorescence microscope (Zeiss Axio Imager Z1). In some experiments, the lumen of cultured 
vessels were exposed to neutralizing antibody targeting ICAM-1 or its corresponding isotypic 
control (IgG1; 10 µg/mL; R&D Systems; Minneapolis, MN) for 1 hour before the U937 cells 
adhesion protocol. U937 cells were pretreated or not with anti-lymphocyte function 
associated antigen-1 (LFA-1) antibody (10 µg/mL; Bender MedSystems, Vienna, Austria) or 
its corresponding isotypic control (IgG1) (10 µg/mL; R&D Systems; Minneapolis, MN). 
 
 
Transmigration assays 
HUVECs were seeded onto uncoated, low-density (8! 105/cm"), 3.0 µm pore cell culture 
inserts which were placed in matching 24-well plates (BD Biosciences, Franklin Lakes, NJ) 
and cultured at 37¡C in a 5% CO 2 incubator. Upper and lower chambers contained 200 µL 
and 700 µL supplemented endothelial cell basal medium, respectively. After 7 days, 
confluent HUVECs from the upper chamber were exposed to plaque MPs or 20500g 
supernatant. After 24 hours, the medium of the upper chamber was removed and replaced 
by 200 µL endothelial cell basal medium containing 106 PMA-activated human PMN cells. 
After 24 hours, transmigrated cells in the lower chamber were labeled with anti-human LFA-
1-phycoerythrin (20 µL/test) antibodies or their corresponding isotype-matched IgG controls 
(BD Pharmingen; San Diego, CA) and numbered by flow cytometry analysis (FACSCanto II 
flow cytometer; BD Biosciences, San Jose, CA) by comparison to Flowcount Calibrator 
beads of known concentration.  
 
 
Immunofluorescent analysis and scanning electron microscopy 
In order to test the hypothesis of a transfer of ICAM-1 from MPs to endothelial cells, plaque 
MPs were incubated for 1 hour with a primary mouse anti-human ICAM-1 antibody (10 
µg/mL; R&D Systems; Minneapolis, MN). Unbound antibody was removed by washing 
plaque MPs twice: MPs were resuspended in DMEM and further centrifuged at 20500 g for 
150 minutes at 4¡C to pellet MPs. MPs or supernatan t of the second centrifugation (used as 
negative control) were incubated with HUVECs (3000 AnnV+ MPs/µL, corresponding to 30 
AnnV+ MPs/cell) for 24 hours.  
In a first set of experiments, after washout with prewarmed PBS, HUVECs were fixed in 4% 
paraformaldehyde for 15 minutes. After one more washout with PBS and incubation with 5% 
bovine serum albumin, (Sigma; St Louis, MO) for 30 minutes, the cells were incubated for 1 
hour at room temperature with a 1:400 dilution of goat anti-mouse secondary antibody 
conjugated to Alexa 488 (Invitrogen, Eugene, OR). After two more washouts, nuclei were 
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then stained with DAPI (blue). Immunofluorescence was detected using a 40!  oil-immersion 
objective on a Zeiss Axio Imager Z1 microscope. Confocal microscopy was also performed 
(Bio-Rad MRC 600 confocal head with a Nikon microscope).  
In another set of experiments, after washout with prewarmed PBS, HUVECs were pre-fixed 
in 2% paraformaldehyde for 10 minutes. The cells were then incubated for 1 hour at 37¡C 
with a 1:30 dilution of gold-conjugated goat anti-mouse secondary antibody (BBInternational, 
UK) diluted in PBS with 0.1% bovine serum albumin. The cells were then fixed with 85 
mmol/L phosphate buffer pH 7.2 containing 4% paraformaldehyde and 1% glutaraldehyde. 
The preparations were post-fixed in 0.1% osmium tetraoxide, dehydrated in graded ethanol 
baths, dried to critical point using hexamethyldisilizane, and coated by platine sputtering. 
They were examined with a Zeiss Gemini (Carl Zeiss, Le Pecq, France) scanning electron 
microscope. 
 
In order to analyze the mechanism of interaction of MPs with endothelial cells, plaque MPs 
were incubated for 30 minutes with 20 µM fluorescent dye (CellTracker Green BODIPY; 
Molecular Probes; Eugene, OR) at 37¡C, washed twice  by resuspending MPs in DMEM and 
centrifugating at 20500 g for 150 minutes at 4¡C to  pellet MPs. The amount of CellTracker+ 
MPs corresponded to 62 ± 8% of AnnV+ MPs (n = 3). MPs or supernatant of the second 
centrifugation (used as negative control) were incubated with HUVECs (3000 AnnV+ 
MPs/µL). CellTracker Green BODIPY passes freely through cell membranes, but once inside 
the cytoplasm it is transformed into cell-impermeant reaction product 4,5. After 24 hours, 
HUVECs were washed with prewarmed PBS, fixed in 4% paraformaldehyde for 15 minutes. 
After one more washout with PBS and exposure to 5% bovine serum albumin for 30 minutes, 
the cells were incubated for 1 hour at room temperature with primary mouse anti-human 
CD31 antibodies (1:50 dilution; BD Pharmingen; San Diego, CA). After two washouts with 
PBS, the cells were incubated for 1 hour at room temperature with a 1:200 dilution of donkey 
anti-mouse secondary antibodies conjugated to Cyanin5 (Jackson ImmunoResearch 
Laboratories, West Grove, PA). After two more washouts with PBS, nuclei were stained with 
DAPI and analyzed under fluorescence (Zeiss Axio Imager Z1 microscope) and confocal 
(Bio-Rad MRC 600 confocal head with a Nikon microscope) microscopes.  
 
 
Quantitative RT-PCR 
RT-PCR was performed to quantify ICAM-1 and IL-8 mRNA levels using the RNeasy micro 
protocol (Qiagen) to isolate total RNA from HUVECs exposed to MPs for 6 hours for IL-8 and 
6 and 24 hours for ICAM-1. One microgram of RNA was mixed with random primers and 
reverse transcribed according to the first-strand method (Supershift, Invitrogen). cDNA thus 
obtained was amplified by PCR under the following conditions: 30 seconds at 94¡C, 30 
seconds at 57.6¡C, 30 seconds at 72¡C, for 40 cycle s. PCR primers used were as follows: 
ICAM-1 sense, 5Õ-GCC CGA GCT CAA GTG TCT AAA GGA-3Õ; ICAM-1 antisense, 3Õ-TA 
GTA GTG ACA CCA TCG TCG GCG-5Õ; IL-8 sense 5Õ CAAGAGCCAGGAAGAAACCA 3Õ IL-
8 antisense 5Õ GTCCACTCTCAATCACTCTCAG 3Õ; GAPDH sense, 5Õ-GAA GGT GAA GGT 
CGG AGT C-3Õ; GAPDH antisense, 3Õ-GAA GAT GGT GAT GGG ATT TC-5Õ; HPRT sense, 
5Õ GGGGGCTATAAATTCTTTGCTGACCT 3Õ; HPRT antisense, 5Õ 
TCGTGGGGTCCTTTTCACCAG 3Õ. The same cDNA samples were used for GAPDH, and 
ICAM-1 and for IL-8 and HPRT amplification. PCR amplification resulted in 485192 bp 
fragments originated from ICAM-1 mRNA, 225 bp from IL-8 mRNA, 226 bp from GAPDH 
mRNA and 303 bp from HPRT mRNA. For quantification, the number of PCR cycles was 
chosen within the linear exponential phase with respect to the amount of cDNA template and 
the PCR performed. 
 
 
ELISA assay 
The medium of HUVECs exposed to plaque MPs for 12, 24 and 48 hours were removed and 
centrifuged at 500g for 15 min in order to eliminate cells debris. Interleukin-6, 8 and 
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monocyte chemoattractant protein-1 release were quantified with respectively Human 
interleukin-6, -8 and monocyte chemoattractant protein-1 ELISA kit provided by BD 
Pharmingen (San Diego, CA) according to the manufacturerÕs instructions. ICAM-1, VCAM-1 
and P-Selectin exposed on MPs was also quantified by ELISA with Human sICAM-1 and 
sICAM-1 ELISA kit provided by BD Pharmingen (San Diego, CA) and Human soluble P-
Selectin/CD62P Immunoassay (R&D Systems; Minneapolis, MN).  
 
 
Assessment of the functional integration of ICAM-1 
Confluent COS-7 cells plated in 6-well plates were incubated with MPs, or their vehicle 
(20500 g supernatant). After 24 hours, COS-7 cells were washed once, and then exposed for 
30 minutes to activating mouse anti-human ICAM-1 antibody (clone 6.5B5; 5 µg/mL; 
AbDSerotec, Oxford, UK) or its corresponding isotypic control (IgG1; 5 µg/mL; R&D Systems; 
Minneapolis, MN). Cells were then washed twice and a sheep anti-mouse secondary 
antibody (Amersham, GE healthcare) was used for cross-linking at 1:1000 for 15 minutes 6. 
As a negative control, confluent COS-7 cells were incubated with DMEM supplemented with 
10% fetal calf serum (Gibco, Scotland, UK). As a positive control, confluent COS-7 cells were 
incubated for 24 hours with DMEM without fetal calf serum, and then were exposed to 10% 
fetal calf serum for remaining 30 minutes (Gibco, Scotland, UK).  
Finally, COS-7 cells were washed twice with cold PBS and scraped off in 50 µL of RIPA 
buffer (150mM NaCl, 50mM TrisHCl pH7.4, 2mM EDTA, 0.5% sodium deoxycholate, 0.2% 
Sodium dodecyl sulfate, 2mM activated orthovanadate, complete protease inhibitor cocktail 
tablet and complete phosphatase inhibitor cocktail tablet (Roche, Neuilly-sur-seine, France)). 
Lysates were sonicated and protein content was quantified using the Lowry (Bio-Rad) protein 
assay. As detailed below, p-ERK level was then evaluated by western blot analysis.  
 
 
Western blotting 
Detection of ICAM-1 on MPs pellet and 20500g supernatant was also performed by western 
blotting as previously described 7. The same quantities of proteins (determined using the Bio-
Rad protein determination assay) were submitted to electrophoresis on a sodium dodecyl 
sulfateÐpolycrylamide gel (NuPAGE 10% acrylamide; Invitrogen). The anti-ICAM-1 antibody 
utilized (H-108) was from Santa-Cruz.  
Detection of p-ERK in COS-7 cells was performed as follows. Lysates were mixed with the 
reducing sample buffer for electrophoresis and subsequent transferred onto nitrocellulose 
membranes (Bio-Rad). Equal loading (25µg) was verified using Ponceau red solution. 
Membranes were incubated with anti-P-ERK (1:1000, Santa Cruz, CA). After secondary 
antibody incubation (1:3000; Amersham, GE healthcare, UK), immunodetection proceeded 
using an enhanced chemiluminescence kit (Immun-Star WesternC kit, Bio-Rad, Hercules, 
CA) and bands were revealed using the Las-4000 imaging system and Image Gauge 
software (Fuji Film, Tokyo, Japan). After initial immunodetection, membranes were stripped 
of antibodies and reprobed with anti-GAPDH antibody (1:5000; Chemicon, Millipore, Billerica, 
MA). 
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SUPPLEMENTAL FIGURES and FIGURE LEGENDS 
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Supplemental Figure I. Quantitative RT-PCR analysis of endothelial interleukin-8 mRNA 
expression (6 hours; n = 6). Contrary to TNF-! , plaque MPs (3000 AnnV+MPs/µL) had no 
effect on interleukin-8 mRNA expression as compared both to plaque supernatant and to 
culture medium (DMEM). ** p<0.01. 
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Supplemental Figure II. 24 hours exposure to plaque MPs induced greater ICAM-1 
expression on HUVECs than that of circulating MPs from the same patients (n = 6; 1000 
AnnV+ MPs/µL, which is in the range of the concentration observed in the plasma of these 
patients 1). Data are mean ± SEM. * p<0.05. 
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Supplemental Figure III. Quantification of U937 cell adhesion ex vivo. Mouse arteries were 
incubated at 80 mmHg for 24 hours with plaque MPs (3000 AnnV+ MPs/µL; n = 4). 
Fluorescent U937 cells were then injected into the intraluminal space and left to adhere for 
30 minutes; adherent cells were counted after washout. Exposure of U937 cells to anti-LFA-1 
neutralizing antibodies and of carotid artery lumen to anti-ICAM-1 neutralizing antibodies 
decreased adhesion of U937 cells to carotid artery. Control experiments were performed with 
the respective IgG isotypes (IgG). Data are mean ± SEM. * p<0.05.  
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SUPPLEMENTAL TABLES 
 
Supplemental Table I. Exposure of HUVECs to plaque MPs did neither augment 
endothelial expression of VCAM-1 nor of E-selectin (flow cytometry analysis; n = 4; 24 
hours). 

 TNF-!!!!   
(10 ng/mL) 

DMEM 100 AnnV+ 
MPs/µL 

1000 
AnnV+ 
MPs/µL 

3000 
AnnV+ 

MPs/ µL 

6000 AnnV+ 
MPs/ µL 

% of VCAM-1 + 
HUVECs 

10.2 ± 2.1 0.3 ± 0.3 0.3 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0 ± 0 

% of E-selectin 
+ HUVECs 

14.2 ± 2.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0 ± 0 0 ± 0 

Data are given as mean ± SEM. 
 
 
Supplemental Table II. Presence of VCAM-1 and P-Selectin on plaque MPs determined by 
ELISA in MP pellet and 20500 g supernatant (n = 14). 
 
 MP pellet  20500 g 

supernatant 
n = p = 

VCAM-1 (ng/mL) 7.47 ± 2.16 5.28 ± 1.5 5 0.225 
P-selectin 
(ng/mL) 

2.33 ± 0.35 1.86 ± 0.22 7 0.149 

Data are given as mean ± SEM. 
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/.,K(-GG@.,! 0*KO@)'-(! )*-ZZ-,! ?&I+/.K! 0-! ?-G! 0-'L! H@(@IW,(-G! G'(! )@! H(&0'?,/&.! 0-!

I/?(&H@(,/?')-G!-.0&,DK)/@)-Gh!0*@',@.,!H)'G!M'-!)-G!-ZZ-?,-'(G!G-I+)-.,!l,(-!0/G,/.?,GN!!

6.!@',(-!H&/.,!/.,K(-GG@.,!-G,!)@!?&IH&G@.,-!/.Z)@II@,&/(-N!8*K,/(-I-.,!-L?-GG/Z!

,&',!?&II-! )-G!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!G&.,!G&'O-.,!@??&IH@C.KGh! /.!O/O&h!

0*'.-!@'CI-.,@,/&.!0-! )@!GP.,DWG-!0-!?P,&Q/.-G!H(&`/.Z)@II@,&/(-GN!:)!@!K,K!?)@/(-I-.,!

I&.,(K! M'-! )@! G,/I')@,/&.! H@(! )-! 49Y&! /.0'/,! )@! H(&0'?,/&.! 0-! I/?(&H@(,/?')-G!

-.0&,DK)/@)-G! E-,! .&'G! ?&.Z/(I&.G! ?-G! (KG'),@,G! @O-?! )*:8$" ! KC@)-I-.,F! H@(! 0-G!

IK?@./GI-G!0/G,/.?,G!0-!?-'L!/IH)/ M'KG!G&'G!Z@/+)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,h!Z@/G@.,!

/.,-(O-./(!HTa!-,!9Y #B!\VN!2.!H-',!0&.?!(@/G&..@+)-I-.,!-.O/G@C-(!M'-!?-G!IK?@./GI-G!

G-!?'I')-.,h!?&.0'/G@.,!]!'.!,@'L!0-!I/?(&H@(,/?')-G!-.?&(-!@'CI-.,KN! !

!

8*/0-.,/Z/?@,/&.!0*=B3=$!?&II-! (KC')@,-'(!0-! )@!H(&0'?,/&.!0-! I/?(&H@(,/?')-G!

(0& @(1)3! ?&((&+&(-! )*&+G-(O@,/&.! Z@/,-! ?D-S! 0-G! G&'(/G! CK.K,/M'-I-.,! 0KZ/?/-.,-G! -.!

=B3=$! &p! )-! ,@'L! 0-! I/?(&H@(,/?')-G! =..-L/.-! ;w! -G,! Z&(,-I-.,! 0/I/.'K! \T ! -,!

@HH(&Z&.0/,! ?-G! (KG'),@,G! -.! I&.,(@.,! H&'(! )@! H(-I/W(-! Z&/G! M'-! )-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,! (KC')-.,! )*-LH(-GG/&.! 0-! G?(@I+)@G-$! -,! =B3=$N! 5.! H@(,/?')/-(h! )-!

IK?@./GI-! H&'(! =B3=$! H@GG-! H@(! )@! H(&0'?,/&.! 0-! 92h! /.D/+@.,! )@! ,(@.G?(/H,/&.!

0*=B3=$N!3-G!&+G-(O@,/&.G!G'CCW(-.,!M'-!0*@',(-G!Z)&HH@G-Gh!G?(@I+)@G-G!&'!Z)/HH@G-G!

H&'((@/-.,!-))-G!@'GG/!l,(-!(KC')K-G!H@(!)-G!Z&(?-G!IK?@./M'-GN!

8*/0-.,/Z/?@,/&.!0'!92!?&II-! IK0/@,-'(! I@[-'(!0-! )*-ZZ-,!H(&,-?,-'(!0-G!Z&(,-G!

?&.,(@/.,-G! 0-! ?/G@/))-I-.,! G'(! )@! OKG/?')@,/&.! -G,! ,(WG! /IH&(,@.,N! 5.! -ZZ-,h! H)'G/-'(G!

K,'0-G!I&.,(-.,!M'-!0-G!H@,/-.,G!H(KG-.,@.,!'.-!0PGZ&.?,/&.!-.0&,DK)/@)-!&.,!0-G!,@'L!

0-! I/?(&H@(,/?')-G! -.0&,DK)/@)-G!?/(?')@.,-G!K)-OKG! -,!M'/!G&.,! /.O-(G-I-.,! ?&((K)KG! ]!



! $\$ !

)*@IH)/,'0-! 0-! 0/)@,@,/&.! /.0'/,-! H@(! )-! 0K+/,!$#h$T"hU#TN! <@?D@.,! M'-! O@G&0/)@,@,/&.! -,!

H(&0'?,/&.!0-!92!G&.,!)/KGh!.&G!(KG'),@,G!G'CCW(-.,!M'*'.-!I&/.G!+&..-!H(&0'?,/&.!E&'!

0/GH&./+/)/,KF! 0'! 92! 0-! I@./W(-! CK.K(@)-! ?D-S! ?-G! H@,/-.,G! H&'((@/,! l,(-! 0/(-?,-I-.,!

(-GH&.G@+)-!0-! )*@'CI-.,@,/&.!0'! ,@'L!0-! I/?(&H@(,/?')-G! -.0&,DK)/@)-G!?/(?')@.,-G! -,!

?-!M'-)M'-!G&/,!)-!Z@?,-'(!(-GH&.G@+)-!0-!)@!+@/GG-!0-!)@!+/&0/GH&./+/)/,K!0'!92N!

3-,,-! DPH&,DWG-! -G,! G&',-.'-! H@(! .&G! &+G-(O@,/&.G! ?D-S! )-G! H@,/-.,G! &p! .&'G!

I&.,(&.G!H&'(!)@!H(-I/W(-!Z&/G!M'-!)-G!Z&(?-G!DKI&0P.@I/M'-G!G&.,!@GG&?/K-G!@'!,@'L!

0-!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!H(KG-.,-G!0@.G!)-!H)@GI@!0@.G!'.-!H&H')@,/&.!G@/.-N!!

!

!1-! I@./W(-! H)'G! CK.K(@)-h! )-G! I/?(&H@(,/?')-G! ?/(?')@.,-G! &.,! K,K! )@(C-I-.,!

M'@.,/Z/K-G!0@.G!0/O-(G-G!H@,D&)&C/-G!H&'(!K,'0/-(! )-'(!O@)-'(!0-!+/&I@(M'-'(! -,! )-'(!

O@)-'(! H(&.&G,/M'-N! =/.G/h! 0@.G! 0/ZZK(-.,-G! H@,D&)&C/-G! ?@(0/&O@G?')@/(-G! )-'(! ,@'Lh! -.!

H@(,/?')/-(!)-G!,@'L!0-!I/?(&H@(,/?')-G!)-'?&?P,@/(-G!-,!-.0&,DK)/@)-Gh!G&.,!@GG&?/KG!]!)@!

GKOK(/,K!0-!)@!H@,D&)&C/-!$#hXXN!8-G!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!@HH@(@/GG-.,!?&II-!'.!

+&.!/.0/?@,-'(!H(&.&G,/M'-!0-!)@!I&(,@)/,K!?@(0/&O@G?')@/(-N!

! 3-G! K,'0-G! &.,! CK.K(@)-I-.,! K,K! Z@/,-G! G'(! 0-! H-,/,-G! ?&D&(,-G! 0-! H@,/-.,G!

(KH&.0@.,! ]! 0-G! ?(/,W(-G! ,(WG! H(K?/G! -,! &.,! K,K! I-.K-G! 0@.G! 0-G! )@+&(@,&/(-G! 0-!

(-?D-(?D-N! %&'(! '.-! ',/)/G@,/&.! ?)/./M'-! 0-G! I/?(&H@(,/?')-G! ?&II-! +/&I@(M'-'(Gh! /)!

Z@'0(@/,!?&.Z/(I-(!)@!O@)-'(!H(K0/?,/O-!-,!KO@)'-(!)-'(!/IH@?,!G'(!)@!(-?)@GG/Z/?@,/&.!-,!)@!

G,(@,/Z/?@,/&.!0-G!H@,/-.,GN!6.!@',(-!H&/.,!I@[-'(!H&'(!'.-!Z','(-!',/)/G@,/&.!-.!?)/./M'-!

-G,! )@! G,@.0@(0/G@,/&.! 0-! )@! H(KH@(@,/&.! -,! 0-! )@! I-G'(-N! 5.! -ZZ-,h! )@! H(KH@(@,/&.! 0-G!

H)@GI@G!H&'(!@.@)PG-!-,!)-G!IK,D&0-G!0-!M'@.,/Z/?@,/&.!G&.,!-.?&(-!,(WG!O@(/@+)-G!0*'.-!

K,'0-! ]! )*@',(-! @' [&'(0*D'/N! 8-G! H@(@IW,(-G! H(K`@.@)P,/M'-G! G&.,! KC@)-I-.,! ,(WG!

/IH&(,@., G! H&'(! .-! H@G! CK.K(-(! 0-! Z@'L! H&G/,/ZGN! :)! ?&.O/-.0(@/,! 0&.?! 0-! 0KZ/./(! '.-!

IK,D&0-!0-!H(KH@(@,/&.!-,!0*@.@)PG-!?&II'.-N!5.!H)'G!0*'.!/.,K(l,!H&'(!)@!?)/./M'-h!)@!

G,@.0@(0/G@,/&.!0-!)@!I-G'(-!@!'.!/.,K(l,!H&'(!)@!(-?D-(?D-N!5))-!H-(I-,,(@/,!0-!H&'O&/(!

?&IH@(-(! 0-G! K,'0-G! I-.K-G! 0@.G! 0-G! )@+&(@,&/(-G! 0/ZZK(-.,G! -,! 0-! I-,,(-! -.! H)@?-!

Z@?/)-I-.,!0-G!@.@)PG-G!I'),/?-.,(/M'-G!H&'(!)-G!K,'0-G!]!,(WG!)@(C-G!?&D&(,-GN!!

!

! <@.G!,-./(!?&IH,-!0-G!)/I/,@,/&.G!,-?D./M'-G!@?,'-))-Gh!:)!-G,!KC@)-I-.,!H&GG/+)-!

0*/I@C/.-(! '.-! @HH(&?D-! 0-G! I/?(&H@(,/?')-G! -.! ,@.,! M'-! +/&I@(M'-'(h! .&.! H)'G!

G-')-I-.,!-.!Z&.?,/&.!0-!)-'(G!&(/C/.-G!I@/G!KC@)-I-.,!-.!Z&.?,/&.!0-!)-'(!?&.,-.'N! !



! $\# !

3-(,@/.-G! K,'0-G! @+&(0-.,! 0K[]! ?-! H&/.,! 0-! I@./W(-! /.0/(-?, - ! H@(! )*',/)/G@,/&.! 0-!

I@(M'-'(G!?-))')@/(-G!O@(/@+)-G!H&'(!'.!,PH-!?-))')@/(-!0&..KN!=/.G/!)@!O@)-'(!H(K0/?,/O-!

-,!)-G!?&((K)@,/&.G!-.,(-!GKOK(/,K!0*'.-!H@,D&)&C/-!-,!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!G&.,!

Z&.?,/&.! 0'! I@(M'-'(! ',/)/GK !A! 31$UUw! H&'(! )*/GG'-! 0-G! I@)@0/-G! ?&(&.@(/-..-G! #\> h!

31T$we31U$̀! H&'(! )@! I&(,! H@(! @??/0-.,! ?@(0/&O@G?')@/(-! 0@.G! '.-! H&H')@,/&.!

0*/.G'ZZ/G@.,G!(K.@'L!$T!&'!31V#-w!H&'(!)*DPH-(,-.G/&.!H')I&.@/(-! $UN!G@?D@.,!M'-!?-G!

I@(M'-'(G!H-'O-.,!@'GG/!l,(-!0-G!I&)K? ')-G!+/&̀ @?,/O-Gh!)-G!@'CI-.,@,/&.G!0-G!,@'L!0-!

?-G!,PH-G!0-!I/?(&H@(,/?')-G!-.!H@(,/?')/-(!H-'O-.,!l,(-!O'-G!?&II-!)*/0-.,/Z/?@,/&.!0-!

I/?(&H@(,/?')-G! -.0&,DK)/@)-G!@P@.,!0-G!-ZZ-,G!0/ZZK(-.,G! -,!0&.?! '.! )/-.!0/ZZK(-.,!@O-?!

?D@M'-!H@,D&)&C/-N!!

! 8*/.Z&(I@,/&.! ?&.?-(.@.,! )- !?&.,-.' !G-(@/,! -.! (K@)/,K! 0&'+)-!A! 5))-! H-(I-,,(@/,!

0*/0-.,/Z/-(! )*-ZZ-,! +/&)&C/M'-! H&GG/+)-! 0-! ?-G! I/?(&H@(,/?')-G! 0@.G! )@! H@,D&)&C/-!

?&.?-(.K-! I@/G! G'(,&',! -))-! H-(I-,,(@/,! 0-! ?&..@€,(-! 0@.G! M'-)! ?&.,-L,-! ?-G!

I/?(&H@(,/?')-G! &.,! K,K! H(&0'/,-Gh! G/! -))-G! (KG'),-.,! 0*'.-! I&(,h! 0*'.-! @?,/O@,/&.! H(&̀

/.Z)@II@,&/(-h! 0*'.-! H(&)/ZK(@,/&.! &'! 0*'.-! (KH@(@,/&.! ,/GG')@/(-N! 8-G! I/?(&H@(,/?')-G!

0&..-(@/-.,!@/.G/!@??WG!@'L!I&0/Z/?@,/&.G!0'!,/GG'!?/+)K!0-!I@./W(-!?&IH)W,-I-.,!.&.!

/.O@G/O-N! 3-)@! -G,! H@(,/?')/W(-I-.,! O(@/! H&'(! )-G! H@,D&)&C/-G! ?@(0/&O@G?')@/(-G! &p! )-G!

I/?(&H@(,/?')-G!0*/.,K(l,!G-!(-,(&'O-.,!0@.G!)-!G@.C!?/(?')@.,N!

!

R&.!,(@O@/)!0-!,DWG-!G*/.GW(-!0@.G!?-,,-!,DKI@,/M'-!0-!?&..@/GG@.?-!0'!?&.,-.'!

I/?(&H@(,/?')@/(-!?@(!.&'G!I&.,(&.G!M'-!)-G!?&.,(@/.,-G!0-!?/G@/))-I-.,!/.Z)'-.,!G'(!)@!

?&IH&G/,/&.!0-G!I/?(&H@(,/?')-G!E,(@O@'L!T!-,!UFN!!

8-G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! /.0'/G-.,! '.-! @'CI-.,@,/&.! 0-!

)*-LH(-GG/&.!0*:3=R̀$! -,!0-!HD&GHD@,/0P)GK(/.-!EFigure 47Fh!G'CCK(@.,!@/.G/! '.! (j)-!0-!

?-G! I/?(&H@(,/?')-G! 0@.G! )@! ,D(&I+&G-! -,! )*@0DKG/&.! 0-G! ?-))')-G! ?/(?')@.,-GN! ='!

)@+&(@,&/(-h! 0-G! (KG'),@,G! H(K)/I/.@/(-G! &.,! K,K! &+,-.'G! ?&.?-(.@.,! )*@0DKG/&.!A!

8*/.?'+@,/&.! 0-! ?-))')-G! -.0&,DK)/@)-G! @O-?! )-G! I/?(&H@(,/?')-G! CK.K(K-G! G&'G! Z@/+)-G!

?&.,(@/.,-G!@'CI-.,-!)*@0DKG/&.!0-G!I&.&?P,-G!-.!?&IH@(@/G&.!]!)*/.?'+@,/&.!@O-?!)-G!

I/?(&H@(,/?')-G! CK.K(K-G! G&'G! Z&(,-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,N! 3-?/! ?&((&+&(-! )-G!

(KG'),@,G!&+,-.'G!@O-?!)-G!I/?(&H@(,/?')-G!0-!H)@M'-!0*@,DK(&G?)K(&G-h!(-G,-!]!K,'0/-(!)-!

I&0-!0*/.,-(@?,/&.! -,! )@! I@./W(-!0&.,!?-G! I/?(&H@(,/?')-G!@'CI-.,-.,! )-! (-?(',-I-.,!

E,(@.GZ-(,! 0*:3=R̀$h! @'CI-.,@,/&.! 0-! )@! GP.,DWG-! H(&,K/M'-!0-! 0/O-(G-G! I&)K?')-G!

0*@0DKG/&.!‰FN!!



! $\T !

8@!?&IH&G/,/&.!-.!I/?(&=79!-G,!KC@)-I-.,!I&0')K-!E Figure 47FN!8*-IH@M'-,@C-!

/IH&(,@.,! 0'! I/7 `$#V! G&'G! Z&(,-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! G'CCW(-! '.! (j)-! 0-! ?-G!

I/?(&H@(,/?')-G!0@.G!)@!H(&,-?,/&.!O@G?')@/(-!?&.,(-!)*@H&H,&G-!UU>!-,!H&,-.,/-))-I-.,!'.!

(j)-!0@.G!)-!?&.,(j)- !0-!)*@.C/&C-.WG-!-,!0-!)@!H(&C(-GG/&.!,'I&(@)-N!

!

)
[P\MD9)V0O)/A<UAQPJPA8)S9Q)<P=DAUIDJP=M:9Q)ACJ98M9Q)QAMQ)SPYY;D98J9Q)=A8JDIP8J9Q)S9)=PQIP::9<98J)

!

<@?D@.,! M'-! )-G! IK?@./GI-G! /IH)/M'KG! 0@.G! )@! H(&0'?,/&.! 0-! I/?(&H@(,/?')-G!

-.0&,DK)/@)-G! G&.,! O@(/@+)-G! 0*'.! G,/I')'G! ]! )*@',(-! -,! M'-! )@! ?&IH&G/,/&.! 0-G!

I/?(&H@(,/?')-G! (KG'),@.,-G! O@(/-! -))-! @'GG/! @O-?! ?-G! G,/I')/h! '.-! DPH&,DWG-! H-',! l,(-!

KI/G-!M'@.,!]! )*KO-.,'@)/,K!M'-! )-G! -ZZ-?,-'(G!0-!OKG/?')@,/&.! -,!0*-IH@M'-,@C-!G&/-.,!

?&II'.GN! %@(! -L-IH)-h! &.! H-',! -.O/G@C-(! M'-! )-G! Z)&HH@G-G! (-GH&.G@+)-G! 0-! )@!

H(&0'?,/&.! 0-! I/?(&H@(,/?')-G! G&'G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,! G&/-.,! @'GG/!

(-GH&.G@+)-G! 0-! )@! M'@.,/,K!0-! HD&GHD@,/0P)GK(/.-! -LH&GK-! ]! )@! G'(Z@?-! 0-G!

I/?(&H@(,/?')-G! H@(! )@! I&0')@,/&.! 0/(-?,-! 0-! )@! M'@.,/,K! 0-! HD&GHD@,/0P)GK(/.-!

-L,-(.@)/GK-! G'(! )@! ?-))')-N! 2.! H&'((@/,! @'GG/! -.O/G@C-(! M'-! 723b! H@(,/?/H-! ]! )@!

)&?@)/G@,/&.! 0*:3=R`$! G'(! )-G! I/?(&H@(,/?')-G! IlI -! G/! )-G! IK?@./GI-G! ?-))')@/(-G!

G-I+)-.,!I&/.G!KO/0-.,GN !

!

! 5.!H)'G!0-!)@!?&IH&G/,/&.!0-G!I/?(&H@(,/?')-Gh!)-G!(KG'),@,G!H(KG-.,KG!0@.G!?-,,-!

,DWG-! E=(,/?)-! TF! I-,,-.,! -.! )'I/W(-! '.! 0-G! -ZZ-,G! 0-G! I/?(&H@(,/?')-G! 0-! H)@M'-!A!

)*@'CI-.,@,/&.! 0'! (-?(',-I-.,! )- '?&?P,@/(-! H@(! ,(@.GZ-(,! 0*:3=R! @'L! ?-))')-G! ?/+)-G!

EFigure 48FN! 3-,! -ZZ-,h! 0@.G! )-! ?&.,-L,-! 0-! )*@,DK(&G?)K(&G-! G-(@/,! H)',j,! 0K)K,W(-h!

?&.0'/G@.,!]!'.-!/.Z/),(@,/&.!/II'./,@/(-!@??('-!0@.G!)@!H)@M'-N!!

!
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!

)
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!

8-G!Z@?,-'(G!DKI&0P.@I/M'-G!&.,!K,K!I&.,(KG!?&II-!Z@?,-'(G!/IH&(,@.,G!0@.G!

)*@0DKG/&.! I&.&?P,@/(-! G&'G! Z@/+)-G! ?&.,(@/.,-G! 0-! ?/G@/))-I-.,N! 3-?/! (KG'),-! 0-!

)*-LH(-GG/&.! 0-! I&)K?')-G! 0*@0DKG/&.! 0@.G! ?-G! ?&.0/,/&.Gh! I@/G! @'GG/! 0-G! Z&(?-G!

IK?@./M'-G!M'/!G*@HH)/M'-.,!H-(I-,,@.,!'.!?&.,@?,!H(&)&.CK!-.,(-!?-))')-!?/(?')@.,-!-,!

?-))')-! -.0&,DK)/@)-!a" N! 8*DPH&,DWG-! M'-! ?-G! ?&.0/,/&.G! Z@O&(/G-.,! )*/.,-(@?,/&.! -.,(-!

?-))')-G! -.0&,DK)/@)-G! -,! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! -G,! 0&.?! H)@'G/+)-N! 3-)@! G-(@/,!

H@(,/?')/W(-I-.,!/.,K(-GG@.,!?@(!)-G!I/?(&H@(,/?')-G!GK?(K,K-G!-.!H)'G!C(@.0!.&I+(-!-,!

H&(,@.,!0@O@.,@C-! 0*:3=R`$! -,! 0-! HD&HD@,/0P)GK(/.-! G&'G! Z@/+)-G! ?&.,(@/.,-G! 0-!

?/G@/))-I-.,! H&'((@/-.,! @O&/(! '.! -ZZ-,! H@(@?(/.-! -,! @',&?(/.-! G'(! )*-.0&,DK)/'I!

(-.Z&({@.,!)*@?,/O@,/&.!-.0&,DK)/@)-!0@.G!?-G!S&.-GN!='!?&.,(@/(-h!)*-ZZ-,!0K)K,W(-!0-!?-G!

I/?(&H@(,/?')- G!G-(@/,!(K0'/,!@'!./O-@'!0-G!S&.-G!0-!Z&(,-G!?&.,(@/.,-G!0-!?/G@/))-I-.,h!

)-G! Z@?,-'(G! DKI&0P.@I/M'-G! .*K,@.,! H@G! H(&H/?-G! ]! '.! ?&.,@?,! 0'(@+)-! -.,(-!

I/?(&H@(,/?')-G!-,!?-))')-G!-.0&,DK)/@)-GN!

!
3&II-!H(KG-.,K!0@.G! )*/.,(&0'?,/&.h! )-G! -ZZ-,G!0-!?-G! I/?(&H@(,/?')-G!G&.,! ,(WG!

0/O-(G! -,!H-'O-.,! l,(-!+K.KZ/M'-G!?&II-! 0K)K,W(-GN!8-G! I/?(&H@(,/?')-G! -.0&,DK)/@)-G!



! $\> !

H&GGW0-.,! '.! )@(C-! (KH-(,&/(-! 0-! Z&.?,/&.G! +/&)&C/M'-G! M'/! O@! 0KH-.0(-! 0-! )-'(!

?&IH&G/,/&.! I@/G!@'GG/!0-! )-'(! )&?@)/G@,/&.N!=/.G/!0-G! I/?(&H@(,/?')-G! ]!?@(@?,W(-!H(&`

@.C/&CK./M'-!O&.,!@O&/(!0-G!-ZZ-,G!+K.KZ/M'-G!G'(!)@!(-O@G?')@(/G@,/&.!H&G,`/G?DKI/M'-!!

##>! I@/G! 0K)K,W(-G! G'(! )@! G,@+/)/,K! 0-! )@! H)@M'-! H@(! @'CI-.,@,/&.! 0'! .&I+(-! 0-! O@G@̀

O@G&('I!##Xh!0@.G!)@!H(&C(-GG/&.!0'!?@.?-(!&'!0@.G!)@!(K,/.&H@,D/-!0/@+K,/M'-!VVN!=',(-!

-L-IH)-!@O-?!)@!?&@C')@,/&.!&p!)-G!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!O&.,!H&'O&/(!@O&/(!0-G!

-ZZ-,G! Z/+(/.&)P,/M'-G! &'! @'! ?&.,(@/(-! H(&`,D(&I+&,/M'- GN! 8-G! I/?(&H@(,/?')-G!

-.0&,DK)/@)-G! H-'O-.,! [&'-(! '.! (j)-! 0@.G! )*/.Z)@II@,/&.! )]! @'GG/! @O-?! 0-G! -ZZ-,G!

0/?D&,&I/M'-G!-.!Z&.?,/&.!0-G!I&)K?')-G!H&(,K-GN!

8-G!H(-I/-(G!,(@O@'L!?&.?-(.@.,!)-G!-ZZ-,G!0-G!I/?(&H@(,/?')-G!-.0&,DK)/@)-G!)-G!

&.,!H(/.?/H@)-I-.,! I&.,(K- G!?&II-!0-G!K)KI-.,G!.&?/ZG!0-!H@(!)-'(G!?@(@?,K(/G,/M'-G!

H(&̀ /.Z)@II@,&/(-Gh! H(&̀?&@C')@.,-G! -,! /.D/+/,(/?-G! 0-! )@! (KH@(@,/&.! 0-! )*-.0&,DK)/'IN!

8*@'CI-.,@,/&.! 0'! ,@'L! 0-! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! ?/(?')@.,-G! 0@.G! 0-!

.&I+(-'G-G! H@,D&)&C/-G! G&',/-.,! KC@)-I-.,! '.! (j)-! .KC@,/Z! 0-! ?-G! I/?(&H@(,/?')-G!

-.0&,DK)/@)-GN! 3-H-.0@.,h! )@! )/,,K(@,'(-! @?,'-))-! KM'/)/+(-! )@! +@)@.?-! -.! I-,,@.,! -.!

KO/0-.?-! 0-! H&GG/+)-G! -ZZ-,G! +K.KZ/M'-G! 0-G! I/?(&H@(,/?')-G! -.0&,DK)/@)-G! 0@.G!

)*/.,KC(/,K!-.0&,DK)/@)-h!.&,@II-.,!-.!G,/I')@.,!)@!(KH@(@,/&.!O@G?')@/(-h!-.!?&.,(j)@.,!

)-G!IK?@./GI-G!0-!I&(,!?-))')@/(-!&'!)-G!@?,/O/,KG!?P,&H(&,-?,(/?-GN!!

!8-G! -ZZ-,G! 0-G! I/?(&H@(,/?')-G! &.,! K,K! H(/.?/H@)-I-.,! 0KI&.,(KG!(0& @(1)3! &'! (0&

@(@3! -.! ',/)/G@.,! 0-G! I/?(&H@(,/?')-G! CK.K(K-G!(0& @(1)3! ?-! M'/! H-(I-,! 0-! G-! H&G-(! '.-!

M'-G,/&.!-GG-.,/-))- !A!,&'G!?-G!,PH-G!0-!I/?(&H@(,/?')-G!-L/G,-.,`/)G!(0&@(@3&‰!5,!&.,̀/)G!)-G!

-ZZ-,G!+/&)&C/M'-G!@,,-.0'G!‰!!

%&'(! (KH&.0(-! ]! ?-G! M'-G,/&.G! 0/ZZK(-.,G! H&/.,G! 0&/O-.,! l,(-! @HH(&Z&.0/GN!

%(-I/W(-I-.,h! /)! -G,! .K?-GG@/(-! 0*@'CI-.,-(! .&,(-! ?&..@/GG@.?-! 0-G! IK?@./GI-G!

?&.,(j)@.,! )@! OKG/?')@,/&.! -.0&,DK)/@)-! -,! )@! )/+K(@,/&.! 0-G! I/?(&H@(,/?')-GN!

1-'L/WI-I-.,h! '.-! I-/))-'(-! ?&..@/GG@.?-! 0-G! IK?@./GI-G! 0*/.,-(@?,/&.! -,!

0*/.,-(.@)/G@,/&.!0-G!I/?(&H@(,/?')-G!H@(!)-G!?-))')-G!?/+)-G!-G,!.K?-GG@/(-!H&'(!@C/(!G'(!

?-(,@/.-G! ?&II'./?@,/&.G! -.,( -! I/?(&H@(,/?')-G! -,! ?-))')-G! ?/+)-GN! 4(&/G/WI-I-.,h! /)!

G-(@/,! ,(WG! /.,K(-GG@.,! 0-! H&'O&/(! H&GGK0-(! 0-G! I&0W)-G! @./I@'L! H&'(! I/-'L!

?&IH(-.0(-! )-! (j)-! HDPG/&H@,D&)&C/M'-! 0-G! I/?(&H@(,/?')-G! H@(! -L-IH)-! @O-?! 0-G!

I&0W)-G! 0-! G&'(/G! H&GGK0@.,! '.! 0KZ@',! 0*-L,-(.@)/G@,/&.! 0-! HD&GHD@,/0P)GK(/.-! 0@.G!

?-(,@/.G! ,PH-G!?-))')@/(-G!&'! -.?&(-! .*-LH(/I@.,!H@G!?-(,@/.G! (K?-H,-'(G! .K?-GG@/(-G! ]!

)*/., - (@?,/&.! ?-))')-! ?/+)-eI/?(&H@(,/?')-GN! 5.Z/.h! I@./H')-(! )@! CK.K(@,/&.! 0-!












































































