
HAL Id: tel-01395586
https://theses.hal.science/tel-01395586

Submitted on 11 Nov 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Influence non-circadienne de la lumière sur les
comportements : identification des structures impliquées

et application clinique
Elisabeth Ruppert

To cite this version:
Elisabeth Ruppert. Influence non-circadienne de la lumière sur les comportements : identification des
structures impliquées et application clinique. Neurobiologie. Université de Strasbourg, 2014. Français.
�NNT : 2014STRAJ102�. �tel-01395586�

https://theses.hal.science/tel-01395586
https://hal.archives-ouvertes.fr


 

 

Sciences du vivant/ NEUROSCIENCES



2 

 

 !"!#$%!"!&'()

 !"#$%&'"()*+)"(',(-%,)&)+."(,+(/%*0"11"+%(/,)%&2"(3456789($*+%('!,:*&%($%*$*1;(

2"( )%,:,&<( ."( )=>1"( ")( '!,:*&%( "?2,.%;( )*+)( ,+( <*?-( ."( 1,( %;,<&1,)&*?@(  "( <+&( 1+&1(

%"2*??,&11,?)"(.!,:*&%(-+&.;(',(0*%',)&*?(),?)("?(%"2="%2="(A+!"?(2<&?&A+"(.,?1(<,(

1$;2&,<&);( .+( 1*''"&<B( .*',&?"( A+&( '"( )&"?)( C( 2D+%@( 8<( 1!"1)( &'$<&A+;( .,?1( <,(

2*?1)%+2)&*?(."('*?($,%2*+%1(."(';."2&?(")(."(2="%2="+%(")(.,?1(<,(2%;,)&*?(")( <"(

.;:"<*$$"'"?)(."(<!5?&);(E96F(")(."(<!5?&);(."(1*''"&<@(G?0&?B(H"(<+&(1,&1(-%;(."(1,(

-"?)&<<"11"B(."(1,(.&1$*?&I&<&);(")(."(1"1(2*'$;)"?2"1@(

 "( %"'"%2&"( <"( /%*0"11"+%( 81,I"<<"( J695KLB( ?"+%*<*-+"( ")( 1$;2&,<&1)"( .,?1( <"(

.*',&?"( ."1( $,)=*<*-&"1( .+( 1*''"&<B( E="0( ."( F"%:&2"( C( <!MN$&),<( ."( <,( /&)&;O

F,<$P)%&>%"(C(/,%&1B(."($,%)&2&$"%(C('*?(H+%Q(")(.!,:*&%(,22"$);(."(H+-"%(2"()%,:,&<@((

R,( %"2*??,&11,?2"( 1!,.%"11"( ,+11&( ,+( S*2)"+%( E=%&1)"<<"( /GT649B( E=,%-;"( ."(

6"2="%2="( E96F( ,+( E"?)%"( ."( 6"2="%2="( "?( 9"+%*12&"?2"1( ."( KQ*?B( ;A+&$"(

FKGG/(C(<,(L,2+<);(."(';."2&?"(C(KQ*?B(.!,:*&%(,22"$);(."(0,&%"($,%)&"(."('*?(H+%Q(

")(.!;:,<+"%('*?()%,:,&<(."()=>1"@(

R"1( %"'"%2&"'"?)1( :*?)( ;-,<"'"?)( ,+( S*2)"+%( R,%&"O/,+<"( LGKSG6O

FEMR8UU35MKB( E=,%-;"( ."( 6"2="%2="( E96F( C( <!8?1)&)+)( ."1( 9"+%*12&"?2"1(

E"<<+<,&%"1( ")( 8?);-%,)&:"1B( S;$,%)"'"?)( ."( ( 9"+%*I&*<*-&"( ."1( 6Q)='"1B( .!P)%"(

"#,'&?,)"+%(&?)"%?"(")(."(H+-"%(2"()%,:,&<@((

 "(?"(:*+.%,&1($,1(*+I<&"%(<"1($"%1*??"1(."(<!8?1)&)+)(."1(9"+%*12&"?2"1(E"<<+<,&%"1(

")( 8?);-%,)&:"1B( ,+#A+"<<"1( H!,&( $+( $*1"%( '"1( A+"1)&*?1( ")( A+&( *?)( 2*?)%&I+;( C(',(

$%*-%"11&*?(.,?1(<,(%"2="%2="(12&"?)&0&A+"@(

 "( %"'"%2&"( $,%)&2+<&>%"'"?)(  "00%"Q( M+II,%.B( K+.&:&?"( 6*I&?OE=*)",+( ")( K,+%"?)(

E,<:"<($*+%( <"+%(,'&)&;B( <"+%(.&1$*?&I&<&);(")( )*+)( <"( )%,:,&<(.!;A+&$"@(K"( )"'$1($,11;(

"?1"'I<"B(A+"(2"(1*&)(<*%1(."1(',?&$+<,)&*?1(."(H*+%B(C(:"&<<"%(."(?*'I%"+1"1((?+&)1(

*+( ,+( 2*+%1( ."( <,( %;.,2)&*?( <,&11"?)( ."( )%>1( I*?1( 1*+:"?&%1(V( $+&11"?)( 2"))"(

2*<<,I*%,)&*?(")(2"))"(2*'$<&2&);(2*?)&?+"%@(((

(

(



3 

 

 "(%"'"%2&"(;-,<"'"?)(<"1(.&00;%"?)1(;)+.&,?)1("?(R,1)"%(")(1),-&,&%"1($*+%(<"+%(,&."(

")( <"+%( 2+%&*1&);B( E<,&%"OR,%&"( 7%*$$B( R,%&"( E+'&?B( E,%*<&?"( J<<"',??B( R&*( L%&1WB(

M"&.&(8W*?"?B(J?,=&),(7=*I,.&@(

5?( -%,?.( R"%2&( C( <!"?1"'I<"( ."1( $"%1*??"1B( ';."2&?1B( &?)"%?"1B( &?0&%'&>%"1( *+(

1"2%;),&%"1( ."( <!5?&);( ."( /,)=*<*-&"1( .+( F*''"&<B( A+&( *?)( $,%),-;( '*?( A+*)&.&"?(

$*+%(<"+%(,&."(")(<"+%(1*+)&"?@(

 "(%"'"%2&"($,%)&2+<&>%"'"?)(<"1(S*2)"+%1(R,%2(3,),&<<,%.B(5<W"%(X&<&2OM+2W(")(6",?,(

Y"<&Z,%*:,( $*+%( <"+%( ,&."( $%;2&"+1"( ,+( A+*)&.&"?B( A+"( 2"( 1*&)( ,+( 1"%:&2"( *+( "?(

%"2="%2="(2<&?&A+"@(

 "()&"?1(C("#$%&'"%('*?(%"1$"2)(")(',(-%,)&)+."(,+(S*2)"+%( "?1(M,??&I,<($*+%(1*?(

,22+"&<(,+(6&-1=*1$&),<")(."(E*$"?=,-+"B(")($*+%('!,:*&%( &?)%*.+&)"(,+#()"2=?&A+"1(

.!,?,)*'&"(.,?1(1"1(<,I*%,)*&%"1@(

5?"($"?1;"()"?.%"(%":&"?)(C(4+=,[.(A+&($,%),-"('"1(H*&"1(")('"1($"&?"1(")(A+&('!,(

"?2*+%,-;"()*+)(,+(<*?-(."(2"))"()=>1"@(

G?0&?(R"%2&(C(',(1D+%(J??"OR,%&"(,:"2(A+&( H"($,%),-"('*?("?)=*+1&,1'"($*+%( <,(

';."2&?"(")(C('*?(0%>%"( ",?@( "(1+&1(1"?1&I<"(C(<"+%(,00"2)&*?(")(C(<"+%(1*+)&"?@(R,(

%"2*??,&11,?2"(:,("?0&?(:"%1('"1($,%"?)1($*+%(<"+%(1*+)&"?(")(<"+%1("?2*+%,-"'"?)1(

1,?1(0,&<<"@(

(

(



4 

 

*+,-!).!()"+'%/#!()
 

 

6"'"%2&"'"?)1 ..................................................................................................................................... 2 

U,I<"(."1(',)&>%"1 ............................................................................................................................... 4 

U,I<"(."1(,%)&2<"1 .................................................................................................................................. 6 

01* 2345*021 .................................................................................................................................. 8 

8@(/%*I<;',)&A+"(-;?;%,<" ............................................................................................................... 9 

88@(K,(<+'&>%" .................................................................................................................................... 10 

888@(K"(1*''"&< ................................................................................................................................. 13 

8Y@(K,(<+'&>%"("?(,$$<&2,)&*?(2<&?&A+" .......................................................................................... 19 

Y@(K"1(&?)"%,2)&*?1(2*'$<"#"1("?)%"(<,(<+'&>%"(")(<"(1Q1)>'"(.*$,'&?"%-&A+" ................... 19 

Y8@(K,(',<,.&"(."(/,%W&?1*?(&.&*$,)=&A+" .................................................................................. 23 

Y88@(K"(1Q?.%*'"(."1(H,'I"1(1,?1(%"$*1 ................................................................................... 24 

Y888@(MQ$*)=>1"(."()%,:,&< .............................................................................................................. 26 

67*8 089)8*)68*:238; ............................................................................................................. 28 

 8;49*7*; ....................................................................................................................................... 35 

\>%"($,%)&"(]( !"#$%&'(')*&'+%!#$,!,&-.)&.-$,!'/01'2.3$,!#*%,!1$,!$(($&,!#'-$)&,!#$!1*!1./'4-$!

,.-!1$!,+//$'1!)5$6!1*!,+.-',!7 .................................................................................................... 36 

/%"'&>%"($,%)&"](8?)%*.+2)&*? ..................................................................................................... 37 

/%"'&>%"($,%)&"](6;1+<),)1 ......................................................................................................... 41 

J%)&2<"(\]( !8$1*%+0,'%!*,!*!,1$$0!/+#.1*&+-9!)'-)*#'*%!:*&'%:!+(!&5$!#'-$)&!$(($)&,!+(!1':5&!

+%!,1$$0!*%#!*1&$-$#!,1$$0!5+/$+,&*,',!'%!;0%<=>=!/')$7 ................................................... 61 

J%)&2<"(^]! !?!/+#$1!&+!0-$#')&!5+@!A/$1*%+0,'%=#$0$%#$%&B!1':5&'%:!,5*0$,!&5$!,1$$0=

@*C$!)D)1$7 ................................................................................................................................. 62 

^>'"($,%)&"(]! !E*-*)&3-',*&'+%!#.!,+//$'1!)5$6!1$!-+%:$.-!#'.-%$!9F&*0$!0-31'/'%*'-$!0+.-!

)+/0-$%#-$!1$,!$(($&,!#'-$)&,!#$!1*!1./'4-$!'%G$-,$,!$%!(+%)&'+%!#$!1*!#'.-%*1'&3>!

%+)&.-%*1'&3!7 .......................................................................................................................................  

S"+#&>'"(/,%)&"(](8?)%*.+2)&*? ................................................................................................. 63 

J%)&2<"(_]! ?-G')*%&5',!*%,+-:$'H!*!%+G$1!/+#$1!(+-!&5$!,&.#D!+(!,1$$0!*%#!@*C'%:!'%!

#'.-%*1!-+#$%&,7 .......................................................................................................................... 65 

_>'"($,%)&"(] !I$,!$(($&,!#'-$)&,!#$!1*!1./'4-$!$%!*001')*&'+%!)1'%'2.$!9!I*!1./'%+&53-*0'$!$%!

0*&5+1+:'$!#+0*/'%$-:'2.$!7 ....................................................................................................... 66 

U%*&1&>'"($,%)&"(](8?)%*.+2)&*? .................................................................................................. 67 

U%*&1&>'"($,%)&"(](6;1+<),)1(`(/"%1$"2)&:"1 ............................................................................ 71 



5 

 

J%)&2<"(a(]! !JD0$-#+0*/'%$-:',/!'%!1$%&').1+,&-'*&$!,&-+C$='%#.)$#!KIL9!*!%$.-+!

'/*:'%:!,&.#D7 ............................................................................................................................ 81 

30;54;;021 ...................................................................................................................................... 82 

J%)&2<"(b9! M+%=)'-)*#'*%!#'-$)&!$(($)&,!+(!1':5&!+%!,1$$0!*%#!*1$-&%$,,9!1$,,+%,!(-+/!

&-*%,:$%')!/+.,$!/+#$1,7 ....................................................................................................... 95 

521594;021 .................................................................................................................................... 96 

<0<902= 7>:08 ............................................................................................................................... 99 

7118?8; .......................................................................................................................................... 110 

J%)&2<"(c]! !E5*-*)&$-'6*&'+%!+(!0$-'+#')!.00$-!1'/N!/+G$/$%&!#',+-#$-!'%!*!0*&'$%&!@'&5!

-$,&1$,,!*-/,!,D%#-+/$7 ........................................................................................................ 111 

J%)&2<"(d]! !O$#&'/$=-$1*&$#!P$-C,!'%!&5$!.00$-!1'/N,!*,,+)'*&$#!@'&5!-$,&1$,,!*-/,!

,D%#-+/$7 ................................................................................................................................. 112 

J%)&2<"(e]! !K$,&1$,,!1$:,!,D%#-+/$!*,!*!('-,&!/*%'($,&*&'+%!+(!*!)$-$N-*1!'%(*-)&7 ........ 113 

J%)&2<"(f(]! !O-*'%,&$/!,&-+C$=-$1*&$#!-$,&1$,,!1$:,!,D%#-+/$9!(-$2.$%)D!*%#!*%*&+/')*1!

)+%,'#$-*&'+%,7 ......................................................................................................................... 114 

J%)&2<"(\g(]! !I':5&!'--*#'*%)$!0+,'&'G$1D!'%(1.$%)$,!,1$$0!5+/$+,&*,',!&5-+.:5!

/$1*%+0,'%=N*,$#!05+&+&-*%,#.)&'+%7 ................................................................................. 115 

J%)&2<"(\\]! !Q5$!,1$$0=@*C$!#$0$%#$%&!)5*%:$,!'%!)1+)C!:$%$!$R0-$,,'+%!*%#!'%!FFS!

#$1&*!0+@$-!#+!%+&!#$0$%#!+%!*%!'%&*)&!LEM!7 ................................................................... 116 

J%)&2<"(\^(]! !;0%<=N*,$#!#+,$=#$0$%#$%&!#'-$)&!/++#!'/0-+G$/$%&!ND!1':5&7 ............ 117 

 

 



6 

 

*+,-!).!()+#'%$-!()

)

>#!"%/#!)@+#'%!)

 ( R"<,?*$1&?(,1(,(1<""$('*.+<,)*%](2&%2,.&,?(-,)&?-(*0( )="(.&%"2)("00"2)1(*0( <&-=)(

*?( 1<""$( ,?.( ,<)"%".( 1<""$( =*'"*1),1&1( &?(;0%<=>=( '&2"@ T1+,! O'+1+:DH! UVVW@(

hJ%)&2<"(\V($,-"(c\i)

 ( J('*."<()*($%".&2)(=*j(h'"<,?*$1&?O."$"?."?)i(<&-=)&?-(1=,$"1()="(1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(hJ%)&2<"(^V($,-"(c^i(

3!AB%/"!)@+#'%!)

 ( ?-G')*%&5',!*%,+-:$'B(,(?*:"<('*."<(0*%()="(1)+.Q(*0(1<""$(,?.(j,W&?-(&?(.&+%?,<(

%*."?)1@(L1$$0H!UVX<Y(hJ%)&2<"(_V($,-"(cbi(

*#C%(%/"!)@+#'%!)

 ( 3%&-=)( <&-=)( )="%,$Q( &?( %"1)<"11( <"-1( 1Q?.%*'"]( ,( .*+I<"OI<&?.B( $<,2"I*O

2*?)%*<<".(1)+.Q@!F%!0-30*-*&'+%(

 ( MQ$"%.*$,'&?"%-&1'(&?( <"?)&2+<*1)%&,)"(1)%*W"O&?.+2".(%"1)<"11( <"-1(1Q?.%*'"](

,(?"+%*(&',-&?-(1)+.Q@(F%!0-30*-*&'+%@(hJ%)&2<"(aV($,-"(e\i(

3%($A((%C&)

 ( 9*?O2&%2,.&,?( .&%"2)( "00"2)1( *0( <&-=)( *?( 1<""$( ,?.( ,<"%)?"11]( <"11*?1( 0%*'(

)%,?1-"?&2('*+1"('*."<1@(L1$$0!8$#')'%$!K$G'$@,H!UVXZ@(hJ%)&2<"(bV($,-"(fbi(

)

)

)

)

)



7 

 

)

7&&!B!)

 ( E=,%,2)"%&Z,)&*?( *0( $"%&*.&2( +$$"%( <&'I( '*:"'"?)( .&1*%."%( &?( ,( $,)&"?)( j&)=(

%"1)<"11(,%'1(1Q?.%*'"@(8+G$/$%&!#',+-#$-,H!UVXUY(hJ%)&2<"(cV($,-"(\\\(

 ( 3".)&'"O%"<,)".( H"%W1( &?( )="( +$$"%( <&'I1( ,11*2&,)".( j&)=( %"1)<"11( ,%'1(

1Q?.%*'"@(M$.-+1+:DH!*))$0&3Y(hJ%)&2<"(dV($,-"(\\^i(

 ( 6"1)<"11(<"-1(1Q?.%*'"(,1(,(0&%1)(',?&0"1),)&*?(*0(,(2"%"I%,<(&?0,%2)@([+.-%*1!+(!

E1'%')*1!L1$$0!8$#')'%$H!UVX<Y(hJ%)&2<"(eV($,-"(\\_i(

 ( 3%,&?1)"'( 1)%*W"O%"<,)".( %"1)<"11( <"-1( 1Q?.%*'"]( 0%"A+"?2Q( ,?.( ,?,)*'&2,<(

2*?1&."%,)&*?1@(F.-+0$*%!M$.-+1+:DH!UVX<Y(hJ%)&2<"fV($,-"(\\ai(

 ( K&-=)( &%%,.&,?2"( $*1&)&:"<Q( &?0<+"?2"1( 1<""$( =*'"*1),1&1( )=%*+-=( '"<,?*$1&?O

I,1".($=*)*)%,?1.+2)&*?@(F%!0-30*-*&'+%@(hJ%)&2<"(\gV($,-"(\\bi(

 ( U="(1<""$Oj,W"(."$"?."?)(2=,?-"1(&?(2<*2W(-"?"("#$%"11&*?(,?.(&?(GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ%)&2<"(\\V($,-"(\\ci(

 ( 4$?aOI,1".(.*1"O."$"?."?)(.&%"2)('**.(&'$%*:"'"?)(IQ(<&-=)@(F%!0-30*-*&'+%@(

hJ%)&2<"(\^V($,-"(\\di )



8 

 

01* 2345*021)

 

 

 

( (



9 

 

01* 2345*021)DE&E#+-!)

0F)>#C,-E"+'%GA!)DE&E#+-!)

K,( <+'&>%"( &?0<+"?2"( ."( ?*'I%"+#( $,%,'>)%"1( $=Q1&*<*-&A+"1( ")(

2*'$*%)"'"?),+#( )"<1( A+"( <,( 0%;A+"?2"( 2,%.&,A+"( hF2=""%B( X,<1I""W( ")( ,<@( ^gg_iB( <,(

)"'$;%,)+%"( 2*%$*%"<<"( hF2=""%B( /&%*:,?*( ")( ,<@( ^ggbiB( <!=+'"+%( hR2E<+?-( ^ggdiB( <"(

?&:",+(."($"%0*%',?2"(2*-?&)&:"(hM*I1*?(,?.(/,2"OF2=*))(^gg^i(*+("?2*%"(<,(A+,<&);(.+(

1*''"&<( ")( <,( :&-&<,?2"( .&+%?"( h3,.&,B( RQ"%1( ")( ,<@( \ff\i@( G?( )=;%,$"+)&A+"( 2<&?&A+"B(

?*),''"?)(.,?1(<"1()%*+I<"1(."(<!=+'"+%B(<!+)&<&1,)&*?(."(<,(<+'&>%"("1)(I&"?(;),I<&"@(K"1(

';2,?&1'"1($,%(<"1A+"<1(<,(<+'&>%"(&?0<+"?2"(<"1(.&00;%"?)1($,%,'>)%"1($=Q1&*<*-&A+"1(")(

2*'$*%)"'"?),+#( %"1)"?)( 2"$"?.,?)( )%>1( ',<( 2*??+1@( E"1( "00")1( 1*?)( 1*&)( &?.&%"2)1(

2&%2,.&"?1B( <&;1( C( <!"?)%,&?"'"?)( ."( <!=*%<*-"( 2"?)%,<"B( 1*&)( .&%"2)1( &?.;$"?.,?)1( .+(

1Q1)>'"(2&%2,.&"?@((

S,?1(2"()%,:,&<(."()=>1"B( H"('"(1+&1( &?);%"11;"(,+#("00")1(.&%"2)1B(?*?O2&%2,.&"?1(

."( <,( <+'&>%"@( K"1( .*??;"1( %;2"?)"1( ."( <,( <&));%,)+%"( 1*+<&-?"?)( <!&'$*%),?2"(

$=Q1&*<*-&A+"( ."( 2"1( "00")1( ',&1( ,+11&( <,( ?;2"11&);( ."( 2*'$%"?.%"( <"1( ';2,?&1'"1(

1*+1OH,2"?)1( A+&( %"1)"?)( )%>1(',<( 2*'$%&1@( ( E"%),&?1( )%,:,+#( 1+-->%"?)( A+"( 2"1( "00")1(

%;1+<)"?)(.!+?"('*.+<,)&*?(.+(1Q1)>'"(.*$,'&?"%-&A+"B(2"$"?.,?)(<"1(:*&"1(?"+%*?,<"1(

A+&(2*?)%N<"?)(2"))"(%;-+<,)&*?($=*)&A+"(.&%"2)"(1*?)(',<(2,%,2);%&1;"1@(9*)%"(<,I*%,)*&%"(

,Q,?)(+?"(:,<"?2"(0*?.,'"?),<"(")(2<&?&A+"B(2!"1)(.*?2( <*-&A+"'"?)(A+"( H!,&(.;:"<*$$;(

+?"(,$$%*2="()%,?1<,)&*??"<<"("#$<&A+,?)(<!*%-,?&1,)&*?(."(2"))"()=>1"("?()%*&1($,%)&"1@((

S,?1( <,( $%"'&>%"( $,%)&"B( H!,&( +)&<&1;( ."1( '*.><"1( ."( 1*+%&1( )%,?1-;?&A+"1( $*+%(

$%;2&1"%( <"( %N<"( %"1$"2)&0( ."1( .&00;%"?)1( 1Q1)>'"1( ."( $=*)*.;)"2)&*?( &'$<&A+;1( ")( $*+%(

&."?)&0&"%( ."1( $%"'&>%"1( 1)%+2)+%"1( 2;%;I%,<"1( ."( %"<,&( )"<<"1( A+"B( <"1( k(?"+%*?"1(

&?.+2)"+%1( ."( 1*''"&<(l( ."( <!,&%"( $%;*$)&A+"( :"?)%*<,);%,<"B( ")( <"1( ?*Q,+#(

1+$%,2=&,1',)&A+"1( h9FEi@( J&?1&B( ?*+1( ,:*?1( '*?)%;( A+"( <"1( 9FEB( ,+O."<C( ."( <"+%(

0*?2)&*?(.!=*%<*-"B(&?0<+"?2"?)(<"1(;),)1(."(:&-&<,?2"("?(%"<,Q,?)(<"1("00")1(?*?O2&%2,.&"?1(

."( <,( <+'&>%"@(/,%(,&<<"+%1B( 2"1( )%,:,+#($"%'"))"?)(."(1*+<&-?"%( <!&'$*%),?2"(."1("00")1(

.&%"2)1(."(<,(<+'&>%"(1+%(<"(1*''"&<(")(<!;:"&<@((

K,( %;-+<,)&*?( $=*)&A+"( .&%"2)"( "1)( &?:"%1;"( "?)%"( "1$>2"1( .&+%?"1( ")( ?*2)+%?"1B(

2*''"(<!&<<+1)%"( <!"00")(;:"&<<,?)(k(,<"%)&?-("00"2)(l(."( <,( <+'&>%"(2="Z( <!=*''"(,<*%1(A+"(
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2="Z(<"1("1$>2"1(?*2)+%?"1(2")("00")(;:"&<<,?)(%;1+<)"(.!+?"("#$*1&)&*?(C(<!*I12+%&);@(/*+%(

$*+:*&%( )%,?10;%"%( C( <!=*''"( <"1( .*??;"1( *I)"?+"1( 2="Z( <,( 1*+%&1B( &<( "1)( .*?2(

1*+=,&),I<"(.!,:*&%( +?('*.><"( .!;)+."(."( %*?-"+%(.&+%?"@(S,?1(2"(."+#&>'"(:*<")B( H!,&(

.*?2( :,<&.;( 2*''"('*.><"( .&+%?"( .!;)+."( .+( 1*''"&<( +?( %*?-"+%( .&+%?"B(?-G')*%&5',!

*%,+-:$'B(<,%-"'"?)(+)&<&1;("?(2=%*?*I&*<*-&"(")(.,?1(?*)%"(&?1)&)+)B@(K,(2,%,2);%&1,)&*?(."(

<,( %;-+<,)&*?( .+( 1*''"&<( 2="Z( <!,%:&2,?)=&1( "1)( "?( "00")( +?"( ;),$"( $%;<&'&?,&%"(

&?.&1$"?1,I<"( ,:,?)( ."( $*+:*&%( <!+)&<&1"%( $*+%( 2*'$%"?.%"( <"1( ';2,?&1'"1( A+&( 1*+1O

)"?."?)( <"1( "00")1( &?:"%1"1( ."( <,( <+'&>%"( *I1"%:;1( "?( 0*?2)&*?( ."( <,( ?*2)+%?,<&);( *+(

.&+%?,<&);(."(<!"1$>2"@((

G?0&?B( 2="Z( <!=*''"B( <!&?0<+"?2"( .&%"2)"( ."( <,( <+'&>%"B( "?( $,%)&2+<&"%B( k(<!,<"%)&?-(

"00"2)(l( 0,&)( ,2)+"<<"'"?)( <!*IH")( ."( ?*'I%"+#( )%,:,+#( 1*+<&-?,?)( <,( .&:"%1&);( ."1( "00")1(

*I1"%:;1B( 1+%( <"( 1*''"&<B( <,( :&-&<,?2"B( <,( $"%0*%',?2"( ")( ."( ?*'I%"+#( ,+)%"1(

$,%,'>)%"1@(E="Z(<"($,)&"?)B(<,(<+'&?*)=;%,$&"("1)(+)&<&1;"("?()=;%,$"+)&A+"B("?($,%)&2+<&"%(

$*+%( )%,&)"%( <"1( )%*+I<"1(.+( %Q)='"(2&%2,.&"?(*+( <"1( )%*+I<"1(."( <!=+'"+%@(K"1(.*??;"1(

%;2"?)"1( &11+"1(."( <,( %"2="%2="( 0*?.,'"?),<"B(*+:%"?)(."1( $"%1$"2)&:"1( &?);%"11,?)"1(

<,&11,?)( "?:&1,-"%( ."( ?*+:"<<"1( &?.&2,)&*?1( ."( <,( <+'&?*)=;%,$&"B( ?*),''"?)( .,?1( <"1(

)%*+I<"1(.+(1*''"&<(")(."(<!;:"&<@(E*?1&.;%,?)(A+"(<,(%;-+<,)&*?($=*)&A+"(.&%"2)"($+&11"(

'*.+<"%(<"(0*?2)&*??"'"?)(.*$,'&?"%-&A+"B(."1($%"'&"%1()%,:,+#(*?)(2="%2=;(C(;:,<+"%(

<!&?);%P)( ."( <,( <+'&?*)=;%,$&"( .,?1( ."1( $,)=*<*-&"1( &'$<&A+,?)( <"( 1Q1)>'"(

.*$,'&?"%-&A+"@( E!"1)( $*+%( 2"1( %,&1*?1( A+"( .,?1( 2"( )%*&1&>'"( :*<")B( H!,&( 2="%2=;( C(

;:,<+"%( 1&( <,( <+'&?*)=;%,$&"B( :&,( ."1( "00")1( .&%"2)1B( $*+:,&)( P)%"( +?( *+)&<( )=;%,$"+)&A+"(

&?);%"11,?)( $*+%( <"1( 1Q'$)N'"1( ?*?O'*)"+%1( ."( <,( ',<,.&"( ."( /,%W&?1*?( ")( $*+%( <"1(

)%*+I<"1(.+(1*''"&<(")(."(<!=+'"+%(.,?1(<"(1Q?.%*'"(."1(H,'I"1(1,?1(%"$*1@((

 

00F)9+)-A"%/#!)

K,(<+'&>%"("#"%2"(,+(?&:",+(."(<!D&<(."+#()Q$"1(."(0*?2)&*?1B(:&1+"<<"(h,I*+)&11,?)(

C( <,( 0*%',)&*?( ."( <!&',-"i( ")( ?*?( :&1+"<<"( h&?0*%',)&*?( 1+%( <!&?)"?1&);( <+'&?"+1"i@( K"1(

"00")1(?*?O:&1+"<1(."(<,(<+'&>%"(&?0<+"?2"?)(."()%>1(?*'I%"+#($,%,'>)%"1($=Q1&*<*-&A+"1(

")( 2*'$*%)"'"?),+#@( J&?1&B( <,( <+'&>%"( 1+$$%&'"( <,( 1Q?)=>1"( ."( <,( ';<,)*?&?"( hK"jQB(

m"=%( ")( ,<@( \fegi( ")( "1)( <"( $%&?2&$,<( 1Q?2=%*?&1,)"+%( ."( <!=*%<*-"( 2"?)%,<"( hEZ"&1<"%B(

F=,?,=,?(")(,<@(\ffbV(m&%ZO +1)&2"B(U"%',?(")(,<@(^ggaV(Y,?."j,<<"B(3,<)",+(")(,<@(^ggcV(

Y,?."j,<<"B( F2='&.)( ")( ,<@( ^ggdi@G<<"( &?0<+"?2"( <,( 0%;A+"?2"( 2,%.&,A+"( hF2=""%B(
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X,<1I""W( ")( ,<@( ^gg_iB( <,( )"'$;%,)+%"( 2*%$*%"<<"( h3,.&,B( RQ"%1( ")( ,<@( \ff\V( F2=""%B(

/&%*:,?*(")(,<@(^ggbiB(<"1(0*?2)&*?1(2*-?&)&:"1((hY,?."j,<<"B(7,&1(")(,<@(^ggdi(*+("?2*%"(

<,(A+,<&);(.+(1*''"&<(")(<,(:&-&<,?2"(.&+%?"(h3,.&,B(RQ"%1(")(,<@(\ff\i@((

9+) @!#$!@'%C&) &C&HI%(A!--!) .!) -+) -A"%/#!) @+#) -!() $!--A-!() D+&D-%C&&+%#!() J)

"E-+&C@(%&!)%&'#%&(/GA!"!&')@KC'C(!&(%'%I!())

S"+#(1Q1)>'"1(."($=*)*.;)"2)&*?B(%"<,)&:"'"?)(&?.;$"?.,?)1(<!+?(."(<!,+)%"B(n',&1(

,:"2(."1(&?)"%,2)&*?1(2*'$<"#"1(hS,2"QB(K&,*(")(,<@(^ggbV(SW=&11&O3"?Q,=Q,B(7%*?0&"%(")(

,<@(^ggdV(7+<"%B(G2W"%(")(,<@(^ggeioB(&?)"%:&"??"?)(.,?1(<,($"%2"$)&*?(."(<,(<+'&>%"(](&i(<"1(

2N?"1(")(<"1(Ip)*??")1B(."1($=*)*%;2"$)"+%1(.+(1Q1)>'"(:&1+"<B(%;$*?."?)(C(."1(1)&'+<&(

1"?1*%&"<1( ,$$,%)"?,?)( C( +?"( <,%-"( -,''"( .!&?)"?1&);1( ."( <+'&>%"( ")( ."( .+%;"(

.!"#$*1&)&*?@( 5?"( "#$*1&)&*?( $,%0*&1( )%>1( I%>:"B( ."( <!*%.%"( ."( A+"<A+"1( '&<<&1"2*?."1B(

$"+)(,&?1&(P)%"(.;)"2);"(h9"<1*?(,?.(U,W,=,1=&(\ff\i@( &&i( ( <"1(2"<<+<"1(-,?-<&*??,&%"1(C(

';<,?*$1&?"B(&?)%&?1>A+"'"?)($=*)*1"?1&I<"1(h&?)%&?1&2,<<Q($=*)*1"?1&)&:"(%")&?,<(-,?-<&*?(

2"<<1](&$67E1i(hL%"".',?B(K+2,1(")(,<@(\fffV(/%*:"?2&*B(6*<<,-(")(,<@(^gg^i@(

K"1(&$67E1(H*+"?)(+?(%N<"(',H"+%(.,?1(<"1(0*?2)&*?1(?*?(:&1+"<<"1(."(<,( <+'&>%"(

A+&( 1*?)( ."( ."+#( )Q$"1( h3"%1*?B( S+??( ")( ,<@( ^gg^iB( ( 1*&)( &?.&%"2)"1B( :&,( <,(

%"1Q?2=%*?&1,)&*?(."( <!=*%<*-"( 2"?)%,<"( ")( <!"?)%,q?"'"?)( .+( 2Q2<"( :"&<<"`1*''"&<( 1+%( <"(

2Q2<"( ."( <+'&>%"`*I12+%&);( h6"$$"%)( ,?.( m",:"%( ^gg^iB( 1*&)( .&%"2)"1( ,-&11,?)( 1+%(

<!"#$%"11&*?( .+( 1*''"&<( ")( ."( <,( :"&<<"( ")( A+&( 1*?)( "?2*%"( ',<( 2*'$%&1"1@( K"1( "00")1(

&?.&%"2)1B(2&%2,.&"?1(."(<,(<+'&>%"(1*?)(,2)+"<<"'"?)(I&"?(2,%,2);%&1;1@(K,(<+'&>%"("1)( <"(

$<+1( $+&11,?)( 1Q?2=%*?&1"+%( ."( <!=*%<*-"( 2"?)%,<"B( <*2,<&1;"( .,?1( <"1( ?*Q,+#(

1+$%,2=&,1',)&A+"1( h9FEi@( S"( ?*'I%"+1"1( :,%&,I<"1( $=Q1&*<*-&A+"1B( =*%'*?,<"1B(

2*-?&)&:"1B( <,( )"'$;%,)+%"(2*%$*%"<<"B(")("?($,%)&2+<&"%( <"(2Q2<"(:"&<<"`1*''"&<( 1*?)(1*+1(

1*?( 2*?)%N<"( h6"$$"%)( ,?.( m",:"%( ^gg^i@( E"1( "00")1( 2&%2,.&"?1( 1*?)( %"<,Q;1(

$%&?2&$,<"'"?)( $,%( <"1( 2"<<+<"1( C( ';<,?*$1&?"B( :&,( +?"( $%*H"2)&*?( '*?*1Q?,$)&A+"(

.&1)&?2)"(."1(:*&"1(:&1+"<<"1(."$+&1(<,(%;)&?"(:"%1(<"1(9FE(h6+IQB(3%"??,?(")(,<@(^gg^i@(

K,(';<,?*$1&?"(?!"1)("#$%&';"(A+"(.,?1("?:&%*?(\O^r(."1(2"<<+<"1(-,?-<&*??,&%"1(."(<,(

%;)&?"( h7**<"QB( K+( ")( ,<@( ^gg\V( M,)),%B( K&,*( ")( ,<@( ^gg^V( 3"%1*?( ^ggdi@( J<*%1( A+"( <"1(

Ip)*??")1( 1*?)( )%>1( 1"?1&I<"1( C( ."1( <+'&?*1&);1( ."( 0,&I<"( &%%,.&,?2"B( <"1( 2N?"1(

0*?2)&*??"?)( C( ."1( ?&:",+#( ."( <+'&>%"( $<+1( ;<":;1@( J( <!*$$*1;( ."1( $=*)*%;2"$)"+%1(

2<,11&A+"1B( <,(';<,?*$1&?"("1)(+?($=*)*$&-'"?)( %=,I.*';%&A+"B(A+&($*11>."( <,(.*+I<"(

0*?2)&*?( ."( $=*)*$&-'"?)( 1"?1*%&"<( ")( ."( $=*)*&1*';%,1"( hX*Q,?,-&B( X+I*W,j,( ")( ,<@(
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^ggbV( R+%"B( 6&"+#( ")( ,<@( ^ggdi@( S"( 2"( 0,&)B( <,( ';<,?*$1&?"( %;1&1)"( C( <!;$+&1"'"?)( .+(

$=*)*$&-'"?)(1*+1( <!"00")(."( <,( <+'&>%"( hI<",2=&?-i(")(2*?1"%:"( <,(2,$,2&);(."( %;$*?1"(

$=*)&A+"(C(."1(?&:",+#(.!&%%,.&,?2"1(;<":;1(")(C(."1(.+%;"1($%*<*?-;"1(hs=,?-B(m*?-(")(

,<@( ^ggei@(E"( $=*)*$&-'"?)( C( )Q$"( .!*$1&?"( `( :&),'&?"(J( "1)( 1"?1&I<"( C( +?( 1$"2)%"( ."(

<+'&>%"( C( t',#( ,+)*+%( ."( acgOaeg?'?( ")( 1&)+;( .,?1( <"( 1$"2)%"( ."( <,( <+'&>%"( I<"+"(

h/,?.,B(F,)*(")(,<@(^gg^i@((

9L%&MC#"+'%C&) -A"%&!A(!) @#CI!&+&') .!() %@ =5() !(') '#+&("%(!) J) .!) &C",#!A(!()

('#A$'A#!()$E#E,#+-!()

K"1( &$67E1( .*?)( <"1( $%&?2&$,+#( ?"+%*)%,?1'"))"+%1( 1*?)( <"( /JEJ/( h/&)+&),%Q(

,."?Q<,)"( 2Q2<,1"O,2)&:,)&?-( $*<Q$"$)&."i( ")( <"( -<+),',)"( )%,?1'"))"?)( <!&?0*%',)&*?(

<+'&?"+1"(C(."(?*'I%"+1"1(1)%+2)+%"1(.+(2"%:",+(hL&-+%"(\i(hM,??&I,<(,?.(L,=%"?W%+-(

^ggaV(M,)),%B(X+',%(")(,<@(^ggci@((

K!"?)%,q?"'"?)( ."( <!=*%<*-"( I&*<*-&A+"( "1)( &?0<+"?2;( $,%( <"1( $%*H"2)&*?1( ."1(

&$67E1(,+(?&:",+(."1(9FE( h6+IQB(3%"??,?(")(,<@(^gg^i(")(."1( 0"+&<<")1( &?)"%-;?&2+<;1(

hM,%%&?-)*?( \ffdi@( 5?"( ,+)%"( 2&I<"( "1)( <!,&%"( $%;*$)&A+"( :"?)%*O<,);%,<"( hYK/4i( A+&(

2*?)&"?)( ."1( ?"+%*?"1( -,<,?&?"%-&A+"1( k(&?.+2)"+%1(."( 1*''"&<(l( ")( .*?)( <"( %N<"( .,?1(

<!=*';*1),1&"(.+(1*''"&<(,(;);(0*%)"'"?)(1+--;%;(hF="%&?B(F=&%*',?&(")(,<@(\ffcV(7:&<&,B(

u+(")(,<@(^ggci@(K"1($%*H"2)&*?1(1+%(<!=Q$*)=,<,'+1(,?);%&"+%($"+:"?)("#$<&A+"%(<"1("00")1(

."( <,( <+'&>%"( 1+%( <,( %;-+<,)&*?( ."( <,( )"'$;%,)+%"( 2*%$*%"<<"B( ,&?1&( A+"( <,( '*.+<,)&*?(

$=*)&A+"(."(1;2%;)&*?1(?"+%*"?.*2%&?"1(&'$<&A+;"1(.,?1(<,(0*?2)&*?(%"$%*.+2)&:"(hR**%"(

,?.( S,?2="?W*( ^gg^i@( 8<( "?( "1)( ."( 'P'"( $*+%( <"1( $%*H"2)&*?1( 1+%( <"1( ?*Q,+#(

1+$%,*$)&A+"1(hE+&B( *<<"Q(")(,<@(\ffdV(X*1)*-<*+OJ)=,?,11&*+B(U%",2="%(")(,<@(\ffei@(K"1(

,00;%"?2"1( ."1( 9FE( :"%1( <,( Z*?"( 1+I$,%,:"?)%&2+<,&%"( $,%)&2&$"?)( C( <!&?0<+"?2"(

2&%2,.&"??"(")($=*)&A+"(."(<!,2)&:&);(<*2*'*)%&2"(")(.+(1*''"&<(hX%,'"%B(T,?-(")(,<@(^gg\V(

R**%"( ,?.(S,?2="?W*( ^gg^i@( K"1( $%*H"2)&*?1( ,+( ?&:",+( .+( 2*'$<"#"( -;?&2+<;( <,);%,<(

$*+%%,&"?)(1+--;%"%(A+"( <"1( &$67E1(2*?)%&I+"?)(C(+?"(:&1&*?(2*%)&2,<"B(',&1(2"2&( %"1)"(

)%>1( =Q$*)=;)&A+"@( K"( $%;)"2)+'( "1)( 0*%)"'"?)( &??"%:;( $,%( <"1( &$67E1B( ?*),''"?)( <"(

?*Q,+(*<&:,&%"(2*?)%&I+,?)(,&?1&(C(<,(%;-+<,)&*?(.+(%;0<"#"($=*)*'*)"+%(hT*+?-(,?.(K+?.(

\ffaV(/,?.,B(/%*:"?2&*(")(,<@(^gg_i@( (J+(?&:",+(.+(2*<<&2+<+1(1+$;%&"+%B( <"1($%*H"2)&*?1(

';<,?*$1&?"%-&A+"1(?"(%"1$"2)"?)($,1(."(0%,?2="(*%-,?&1,)&*?(%;)&?*)*$&A+"B(1+--;%,?)(

$<+)N)( +?( %N<"('*.+<,)"+%( ."1( &$67E1(C( 2"(?&:",+(A+!+?( :;%&),I<"( %N<"( :&1+"<( h3,%,1=B(

R"<&WQ,?(")(,<@(\ffei@((
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(

J*%%'N*1!*%#!\*5-$%C-.:!UVV<H!/+#'('3  

 

N%DA#!)O)P)3%+D#+""!)"C&'#+&')-!()$%,-!().!)@#CQ!$'%C&).!()$!--A-!()D+&D-%C&&+%#!()

J)"E-+&C@(%&!) h/JEJ/"%-&A+"( ")( -<+),',)"%-&A+"i) ,&?1&( A+"( <"1( 2&I<"1( ."( $%*H"2)&*?(

."1( 2"<<+<"1( -,?-<&*??,&%"1( ?*?(';<,?*$1&?"%-&A+"1( h?*?(/JEJ/"%-&A+"1i@( K,(."?1&);(

."1( $%*H"2)&*?1( %;)&?&"??"1( "1)( &?.&A+;"( $,%( <!;$,&11"+%( ."1( 0<>2="1@( K"1( $%*H"2)&*?1(

%;)&?&"??"1(1*?)($%&?2&$,<"'"?)(2*?)%*<,);%,<"1(h$*+%(."1(%,&1*?1(."(2<,%);(<"1($%*H"2)&*?1(

&$1&<,);%,<"1(?"(1*?)($,1(%"$%;1"?);"1i@(

 

000F)9!)(C""!%-)

K"1( )%*+I<"1( .+( 1*''"&<( ,00"2)"?)( \br( C( _gr( ."( <,( $*$+<,)&*?( -;?;%,<"(

%"$%;1"?),?)(+?("?H"+(',H"+%(."(1,?);($+I<&A+"(h4=,Q*?B(7+&<<"'&?,+<)(")(,<@(^g\gi@(G?(

<!,I1"?2"( ."( )=;%,$"+)&A+"1( 1+00&1,''"?)( "00&2,2"1B( &<( "1)( ?;2"11,&%"( ."( '&"+#(

2*'$%"?.%"( <"+%( $=Q1&*$,)=*<*-&"( 2"( A+&( %"$*1"( 1+%( +?"( '"&<<"+%"( 2*??,&11,?2"( ."1(

';2,?&1'"1(."(%;-+<,)&*?1(.+(1*''"&<@(

9+) #EDA-+'%C&) .A) (C""!%-) $C&$!@'A+-%(E!) (CA() -+) MC#"!) .LA&) "C./-!) J) .!AB)

@#C$!((A()P)$%#$+.%!&)!')KC"EC('+(%GA!))

(

7,#EI%+'%C&())

v( MQ$*)=,<,'+1(](R9>2(h,&%"(
$%;*$)&A+"(:"?)%*<,);%,<"iB(9:(
h=Q$*)=,<,'+1(<,);%,<iB(;51(

h?*Q,+#(1+$%,2=&,1',)&A+"1iB(
;>RS(hZ*?"(1+IO(
$,%,:"?)%&2+<,&%"i(

 (

 (

 E*'$<"#"(-;?&2+<;(<,);%,<(](
R=9(h?*Q,+(-;?&2+<;(:"?)%,<iB(
0=9(h0"+&<<")(&?)"%-;?&2+<;iB(
3=9(](h?*Q,+(-;?&2+<;(.*%1,<i(
(

 /%;)"2)+'(](9>(h?*Q,+(
)=,<,'&A+"(<,);%,<($*1);%&"+%iB(
>90)h?*Q,+()=,<,'&A+"(
$*1);%&"+%(<&'&),?1i(7>*3(
h?*Q,+(,?);%&"+%($%;)"2),<B(
$,%)&"(.*%1,<"iB(2*(h?*Q,+(

$%;)"2),<(."(<,(I,?."<"))"(
*$)&A+"i(2>*(h?*Q,+(*<&:,&%"(
$%;)"2),<i(>>*(h?*Q,+(
$%;)"2,<($*1);%&"+%i(6>*(
h?*Q,+(';.&,?($%;)"2),<i(
(

 E*<<&2+<+1(1+$;%&"+%(h;5i((
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K,(%;-+<,)&*?(.+(1*''"&<(.;$"?.(."(."+#(';2,?&1'"1($%&?2&$,+#(]( <"($%*2"11+1(

2&%2,.&"?( hEi( ")( <"( $%*2"11+1( =*';*1),1&A+"( hFi( hL&-+%"( ^i( h3*%I"<Q( \fe^i@( K,(

2*'$*1,?)"( 2&%2,.&"??"B( .;0&?&"( $,%( ."1( 2Q2<"1( ."( :"&<<"( ")( ."( 1*''"&<( .!+?"( .+%;"(

.!"?:&%*?( ^a=B( .;$"?.( ."( <!=*%<*-"( 2"?)%,<"B( "?.*->?"B( 1&)+;"( .,?1( <"1( ?*Q,+#(

1+$%,2=&,1',)&A+"1( h9FEi( h6"$$"%)( ,?.(m",:"%( ^gg^i@( K"( $%*2"11+1( =*';*1),1&A+"(

2*%%"1$*?.( C( +?"( ,22+'+<,)&*?( ."( $%"11&*?( ."( 1*''"&<( "?( 0*?2)&*?( .+( )"'$1( $,11;(

;:"&<<;( ")( 1,( .&'&?+)&*?( ,:"2( <"( 1*''"&<@( E"( $%*2"11+1( "1)( ;:,<+;( "?( %;,<&1,?)( ."1(

$%&:,)&*?1(."(1*''"&<B(<,(A+,?)&);(."(1*''"&<($"%.+"(;),?)(%;2+$;%;"(<*%1(.+(%"I*?.(."(

1*''"&<@( E"))"( %;2+$;%,)&*?( "1)( 2,%,2);%&1;"( $,%( <,('"1+%"( ."( <,( $+&11,?2"( 1$"2)%,<"(

."<),(."(<!GG7(hL%,?W"?B(S&HW(")(,<@(\ff\i@(

(

(

O+-N$1D!$&!*1Y!XW]UH!/+#'('3!

N%DA#!)T)P(9+)#EDA-+'%C&).A)(C""!%-)J).!AB)@#C$!((A(F)F*+1(<!&?0<+"?2"(.+($%*2"11+1(

2&%2,.&"?( hEiB( <,($%"11&*?(.!;:"&<(,+-'"?)"($%*-%"11&:"'"?)( ,+(2*+%1(."( <,( H*+%?;"("?(

'P'"( )"'$1( A+"( <,( $%"11&*?( ."( 1*''"&<( ,+-'"?)"( 1*+1( <!&?0<+"?2"( .+( $%*2"11+1(

=*';*1),1&A+"( hFi@(J+(2*+%1(."( <,(?+&)B( <,($%"11&*?(.!;:"&<(.&'&?+"(1*+1( <!&?0<+"?2"(.+(

$%*2"11+1( E( ")( <,( $%"11&*?( ."( 1*''"&<( "1)( ;:,2+;"( ,+( 2*+%1( .+( 1*''"&<( :&,( <"(

$%*2"11+1(F@(

K"1(';2,?&1'"1(?"+%*?,+#(A+&(1*+1O)"?."?)(<"($%*2"11+1(F(%"1)"?)(,2)+"<<"'"?)(

',<(2*'$%&1(',&1(&'$<&A+"?)()%>1($%*I,I<"'"?)(<!,&%"($%;*$)&A+"(hF="%&?B(F=&%*',?&(")(,<@(

\ffci@( S&00;%"?)"1( 1+I1),?2"1( k(1*'?*->?"1(l( )"<<"1( <!,.;?*1&?"B( <!&?)"%<"+W&?"O\wB( <"(

0,2)"+%( ."( ?;2%*1"( )+'*%,<"( U9LOx( *+( <,( $%*1),-<,?.&?"( S^( $"+:"?)( '*.+<"%( <"(

$%*2"11+1(=*';*1),1&A+"(.+(1*''"&<(h4I,<(,?.(X%+"-"%(^gg_i@(K"1(."+#($%*2"11+1(E(

")( F( 0*?2)&*??"?)( "?( $,%,<<><"( ,0&?( ."( .;)"%'&?"%( <"( ?&:",+( ."( $%"11&*?( ."( 1*''"&<(

hS,,?B(3""%1',(")(,<@(\feai@((
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9!() #U'K"!() ,%C-CD%GA!(V) -!) @#C$!((A() $%#$+.%!&) !') -!() &CU+AB)

(A@#+$K%+("+'%GA!()

K,( %Q)='&2&);( "1)( +?"( ."1( $%*$%&;);1( 0*?.,'"?),<"1( .+( :&:,?)@( S"( ?*'I%"+#(

*%-,?&1'"1B(."1($<+1(1&'$<"1(,+#($<+1(2*'$<"#"1B($%;1"?)"?)(."1(%Q)='"1(I&*<*-&A+"1@(

K,($;%&*."(h&?)"%:,<<"(."()"'$1(1;$,%,?)(<"(.;I+)(."(^($=;?*'>?"1(&."?)&A+"1i($"%'")(

."( 2<,11"%( <"1( %Q)='"1( I&*<*-&A+"1( "?( _( 2,);-*%&"1( ]( h&i( <"1( %Q)='"1( +<)%,.&"?1( .!+?"(

$;%&*."( )%>1( &?0;%&"+%"( C( ^a( =( h,<)"%?,?2"( 1*''"&<( <"?)( ")( 1*''"&<( $,%,.*#,<iB( h&&i( <"1(

%Q)='"1(&?0%,.&"?1(.!+?"($;%&*."()%>1(1+$;%&"+%"(C(^a(=(h%Q)='"(.!=&I"%?,)&*?i(")(h&&&i(<"1(

%Q)='"1( 2&%2,.&"?1( .!+?"( $;%&*."( $%*2="( ."( ^a( =B( 2*''"( $,%( "#"'$<"( <"( 2Q2<"(

:"&<<"`1*''"&<@( K"1( %Q)='"1( 2&%2,.&"?1( &?0<+"?2"?)( ."( ?*'I%"+1"1( :,%&,I<"1(

2*'$*%)"'"?),<"1B( $=Q1&*<*-&A+"1( ")( I&*2=&'&A+"1( &?2<+,?)( <"( 2Q2<"( :"&<<"`1*''"&<(

h/":")( ^gggi@( 8<1( 1*?)( "?.*->?"1B( .*?2( $"%1&1)"?)( "?( <!,I1"?2"( ."( 0,2)"+%1(

"?:&%*??"'"?),+#B( 2*''"( <"( 2Q2<"( <+'&>%"`*I12+%&);B( )"1);( "?( 2*?.&)&*?( .!*I12+%&);(

2*?1),?)"@(E"))"(%Q)='&2&);(%"$*1"(1+%(<!"#&1)"?2"(.!=*%<*-"1(")(.!*12&<<,)"+%1(I&*<*-&A+"1(

2,$,I<"1(."(1Q?2=%*?&1"%(h2y"1)OCO.&%"(."(%"'"))%"(C(<!="+%"i(+?("?1"'I<"(."(0*?2)&*?1(C(

<!;2="<<"(."(^a(=(")(.!;),I<&%(+?"($=Q1&*<*-&"($%;.&2)&:"@(K!=*%<*-"(2&%2,.&"??"($%&?2&$,<"(

"1)( <*2,<&1;"( .,?1( <"1( ?*Q,+#( 1+$%,2=&,1',)&A+"1( h9FEi( ."( <!=Q$*)=,<,'+1( h/":")B(

/&)%*1WQ(")(,<@(\ffci@(K!,2)&:&);(."1(9FE("1)($%&?2&$,<"'"?)('*.+<;"($,%(."1(.*??"+%1(."(

)"'$1("#)"%?"1(h<"1(k(^$'&:$N$-(liB(<"($<+1(&'$*%),?)(;),?)(<"(2Q2<"(H*+%?,<&"%(.!,<)"%?,?2"(

<+'&>%"`*I12+%&);@(K,(<+'&>%"B($"%z+"($,%(<,(%;)&?"B("?)%,q?"(2"))"(=*%<*-"($,%(<"(I&,&1(.+(

)%,2)+1( %;)&?*=Q$*)=,<,'&A+"B(+?"(:*&"(A+&($,%)(."1(2"<<+<"1(-,?-<&*??,&%"1(."( <,( %;)&?"(

H+1A+!,+#( 9FE@( E"1( ."%?&"%1( .&1)%&I+"?)( ,<*%1( <!&?0*%',)&*?( :"%1( .&00;%"?)"1( 1)%+2)+%"1(

2"?)%,<"1( *+( $;%&$=;%&A+"1( .*?)( <"1( ,2)&:&);1( 1"%*?)( C( <"+%( )*+%( 1Q?2=%*?&1;"1( $,%(

<!&?)"%';.&,&%"(."(:*&"1(?"+%*?,<"1(")(?"+%*"?.*2%&?"1@(K,(1*%)&"($%&?2&$,<"(."(<!=*%<*-"(

"1)( <,(';<,)*?&?"B(+?"(=*%'*?"(1Q?)=;)&1;"($,%(<,(-<,?."($&?;,<"B(")(A+&("1)(1+$$%&';"(

$,%(<,(<+'&>%"(hF&'*??",+#(,?.(6&I"<,Q-,(^gg_i@(F;2%;);"(.,?1(<"(1,?-B("<<"($"%'")(."(

1Q?2=%*?&1"%( <"1( =*%<*-"1( $;%&$=;%&A+"1( ,:"2( <!=*%<*-"( 2"?)%,<"@( J$%>1( ,.'&?&1)%,)&*?(

$=,%',2*<*-&A+"B(<,(';<,)*?&?"(,(+?("00")(1*$*%&0&A+"(,+(?&:",+(."(<,(:&-&<,?2"B(',&1("1)(

;-,<"'"?)(2,$,I<"(."(.;2,<"%( <,($=,1"(."( <!=*%<*-"@(K,($<+$,%)(."1(1*+%&1(+)&<&1;"1("?(

<,I*%,)*&%"B( 2*?)%,&%"'"?)( C( <!=*''"( ")( ,+( %*?-"+%( .&+%?"( ?-G')*%&5',! *%,+-:$'B( ?!*?)(

$<+1(."(';<,)*?&?"(hX,1,=,%,B(JI"(")(,<@(^g\gi@(

E="Z( <"( ',''&0>%"B( <,( %;2"$)&*?( .+( 1&-?,<( <+'&?"+#( ,( <&"+( "#2<+1&:"'"?)( ,+(

?&:",+( ."( <,( %;)&?"( n2*?)%,&%"'"?)( $,%( "#"'$<"( C( <,( -<,?."( $&?;,<"( ,:&,&%"( A+&( "1)(
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.&%"2)"'"?)( $=*)*1"?1&I<"( hE1"%?+1( ^ggcio@( 5?"( '*.+<,)&*?( )%>1( 2*'$<"#"( .+( 1&-?,<(

<+'&?"+#(,(<&"+(,+(?&:",+(."(<,(%;)&?"(,:,?)(A+"(2"))"(&?0*%',)&*?(<+'&?"+1"B(:&1+"<<"(")(

?*?O:&1+"<<"B( ?"( 1*&)( .&1)%&I+;"(,+#(?*'I%"+1"1( 1)%+2)+%"1( 2;%;I%,<"1@(/,%( ,&<<"+%1B( <"1(

%;)&?"1(."(%*?-"+%1(1*?)(1)%+2)+%"<<"'"?)(")(0*?2)&*??"<<"'"?)(.&00;%"?)"1("?(0*?2)&*?(."(

<,(.&+%?,<&);(*+(?*2)+%?,<&);(."(<!"1$>2"(h$@"#@(__r(."1($=*)*%;2"$)"+%1(1*?)(."1(2N?"1(

2="Z( *-G')*%&5',! *%,+-:$'( :"%1+1( _r( 2="Z( <,( 1*+%&1i( h3*I+B( E%,0)( ")( ,<@( ^ggci@( E"1(

2*?1&.;%,)&*?1( 0*?)( ."( <,( %;)&?"( +?"( 2&I<"( $%&:&<;-&;"( $*+%( '*.+<"%( <"( )%,?10"%)( ."(

<!&?0*%',)&*?( <+'&?"+1"( ,+#( .&00;%"?)"1( 1)%+2)+%"1( 2;%;I%,<"1B( ")( 2"2&( ."( ',?&>%"(

.&00;%"?)"(2="Z(<"1("1$>2"1("?(0*?2)&*?(."(<"+%(.&+%?,<&);(*+(?*2)+%?,<&);@(

9!().%MME#!&'()('+.!().!)(C""!%-)!')(C&)+#$K%'!$'A#!)!&)$U$-!())

4?( .&1)&?-+"( )%*&1( 1),."1( ."( :&-&<,?2"B( <!;:"&<B( <"( 1*''"&<( <"?)( ")( <"( 1*''"&<(

$,%,.*#,<( hJJFR( Y"%1&*?( ^i@( K!"#$<*%,)&*?( .+( 1*''"&<( "1)( %;,<&1;"( $,%(

$*<Q1*'?*-%,$=&"B($"%'")),?)(."(%"2*??,q)%"(<"1(.&00;%"?)1(1),."1(."(1*''"&<(-%p2"(,+#(

"?%"-&1)%"'"?)1( ;<"2)%*"?2;$=,<*-%,$=&A+"( hGG7iB( ;<"2)%**2+<*-%,$=&A+"( hG47i( ")(

;<"2)%*'Q*-%,$=&A+"( hGR7i@( ( /"?.,?)( <!;:"&<( *?( *I1"%:"( +?"( .;1Q?2=%*?&1,)&*?( ."(

<!,2)&:&);(;<"2)%&A+"(2;%;I%,<"(,:"2(."1(*?."1(."(0,&I<"(,'$<&)+."(")(,Q,?)(."1(0%;A+"?2"1(

'&#)"1B( ,&?1&( A+!+?( )*?+1( '+12+<,&%"( ;<":;@( 5K!W) -LKC""!( <,( :"&<<"( 2,<'"( "1)(

2,%,2);%&1;"($,%( <,($%;1"?2"(.!*?."1(,<$=,(heO\^MZi(A+&(,$$,%,&11"?)(.,?1( <"1(%;-&*?1(

$*1);%&"+%"1(C(<,(0"%'")+%"($,<$;I%,<"@(K*%1(."(<!"?.*%'&11"'"?)B(*?(*I1"%:"(<!,$$,%&)&*?(

."( '*+:"'"?)1( *2+<,&%"1( <"?)1( ")( +?( %,<"?)&11"'"?)( ."( <!,2)&:&);( ;<"2)%&A+"( ,:"2(

,$$,%&)&*?(.!*?."1()=P),(h^OdMZiB(,&?1&(A+"(."1($*&?)"1O:"%)"#@(K"(1+H")("1)(,<*%1("?)%;("?(

1*''"&<(<"?)(<;-"%(,$$"<;(1),."(\@(K!,2)&:&);(;<"2)%&A+"(2*?)&?+"(C(%,<"?)&%(,:"2(,$$,%&)&*?(

."1( 0+1",+#( ."( 1*''"&<( ")( ."1( 2*'$<"#"1( XB( ."1( -%,$=*;<;'"?)1( A+&( );'*&-?"?)( .+(

1*''"&<( <"?)( <;-"%( 1),."( ^@( K"1( 0%;A+"?2"1( '&#)"1( .+( 1*''"&<( 1),."( ^( 1"%*?)(

%"'$<,2;"1( $,%( ."1( *?."1( <"?)"1B( ."<),( hgBbO^( MZi( A+&( $%;.*'&?"?)( "?( 1*''"&<( <"?)(

$%*0*?.B( "?2*%"( ,$$"<;( 1),."( _@( K"( )%,&)"'"?)( .+( 1&-?,<( ;<"2)%&A+"( .+( 1*''"&<( <"?)(

$%*0*?.( "?( ,$$<&A+,?)( +?"( U%,?10*%',)&*?( 6,$&."( ."( L*+%&"%( hLLU(]( 0,1)( L*+%&"%(

)%,?10*%'i( $"%'")( ."( .;)"%'&?"%( <,( $+&11,?2"( ."<),B( ',%A+"+%( ."( <,( $%"11&*?(

=*';*1),1&A+"( .+( 1*''"&<@( K"( %,<"?)&11"'"?)( ;<"2)%&A+"( "?%"-&1)%;( "?( 1*''"&<( <"?)(

%;1+<)"(."(<!,2)&:&);(."1(I*+2<"1(."(1Q?2=%*?&1,)&*?()=,<,'*O2*%)&2,<"1@(G?(0&?(."(2=,A+"(

2Q2<"B( <!,2)&:&);( ;<"2)%&A+"( %"$%"?.( +?( ,1$"2)( .;1Q?2=%*?&1;B( ',&1( *?( ?*)"( ;-,<"'"?)(

<!,$$,%&)&*?( ."( $*&?)"1( $*?)*O-;?&2+<;"1O*22&$&),<"1( ")( ."1( '*+:"'"?)1( *2+<,&%"1(
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1*''"&<(1+%()*+)( <"(?Q2)=;'>%"(,:"2(+?"($%;.*'&?,?2"(."(:"&<<"( <,(?+&)B( <!=*''"(,(+?(

1*''"&<(2*?1*<&.;(1+%(<,($;%&*."(.!*I12+%&);@(

(

K,(Z*?"(1+I$,%,:"?)%&2+<,&%"("1)( &'$<&A+;"(.,?1( <"1($%*2"11+1(."( <,(.&+%?,<&);( `(

?*2)+%?,<&);B( 2"$"?.,?)( <"1( ';2,?&1'"1( $%;2&1B( ,&?1&( A+"( <"1( ,+)%"1( 1)%+2)+%"1( ")(

%;1",+#( ?"+%*?,+#( &?)"%:"?,?)( .,?1( <,( .&+%?,<&);`?*2)+%?,<&);( "#$<&A+,?)( 2"))"( %;$*?1"(

&?:"%1;"(."(<,(:"&<<"(")(.+(1*''"&<(C(<,(<+'&>%"(")(C(<!*I12+%&);(%"1)"?)(&?2*??+1@((

9!)#C&D!A#).%A#&!V)!"#$%&'()$* &'*+",-$V)!(')A'%-%(E)!&)$K#C&C,%C-CD%!)@CA#))-LE'A.!)

.!)-+).%A#&+-%'EX&C$'A#&+-%'E(

J+H*+%.!=+&( ?*)%"( 2*'$%;="?1&*?( ."( <,( ?"+%*I&*<*-&"( .+( 1*''"&<( %;1+<)"(

"11"?)&"<<"'"?)( ."( .*??;"1( *I)"?+"1( 2="Z( <,( 1*+%&1( ")( <"( %,)B( 2!"1)OCO.&%"( 2="Z( ."1(

%*?-"+%1(?*2)+%?"1@(/*+%),?)B(<"1("00")1(2&%2,.&"?1(")(?*?(2&%2,.&"?1(."(<,(<+'&>%"B(,&?1&(

A+"( <!*%-,?&1,)&*?(2&%2,.&"??"(."( <,(:"&<<"(")(.+(1*''"&<(."(2"1(,?&',+#(1*?)( &?:"%1;1(

$,%(%,$$*%)(,+(%Q)='"(:"&<<"`1*''"&<(")(,+#("00")1(."(<,(<+'&>%"(*I1"%:;1(2="Z(<!=*''"@((

K,( ?"+%*I&*<*-&"( ."1( %Q)='"1( "1)( +?( ."1( ,#"1( ."( %"2="%2="( ."( <!8?1)&)+)( ."1(

9"+%*12&"?2"1(E"<<+<,&%"1(")(8?);-%,)&:"1(h89E8i@(K"(E=%*?*I&*)%*?B(<!,?&',<"%&"(%,)),2=;"(

C( <!8?1)&)+)B( "1)( +?"( $<,)"O0*%'"( .!=;I"%-"'"?)( ")( .!"#$<*%,)&*?( 0*?2)&*??"<<"( +?&A+"( "?(

G+%*$"B($"%'")),?)(.!;)+.&"%(<"1(%Q)='"1(2&%2,.&"?1(")(1,&1*??&"%1(."1(%*?-"+%1@(S"$+&1(

$<+1( .!+?"( A+&?Z,&?"( .!,??;"1B( <"( E=%*?*I&*)%*?( =;I"%-"( +?( %*?-"+%( .&+%?"( $*+%( <"1(

%"2="%2="1(1+%(<"1($=;?*'>?"1(."(<,(.&+%?,<&);@(E"(%*?-"+%($%*:"?,?)(."(<,(%;-&*?(1+IO

1,=,%&"??"(h1+.(.+(R,<&i(,$$,%)&"?)(C(<,(0,'&<<"(."1(J%:&2,?)=&1@(?-G')*%&5',!*%,+-:$'("1)(

+?('+%&.;(I&"?(2,%,2);%&1;(1+%( <"($<,?(2=%*?*I&*<*-&A+" ")( 1!"1)( %;:;<;(P)%"(+?('*.><"(

.&+%?"( $"%)&?"?)( "?( 2=%*?*I&*<*-&"@( S"( 2"( 0,&)B( ?-G')*%&5',! *%,+-:$'( 1"'I<"( P)%"( +?(

2,?.&.,)( &?);%"11,?)( $*+%( 2*'$%"?.%"( <"1( "00")1( .&%"2)1( ."( <,( <+'&>%"( 2="Z( <!"1$>2"(

.&+%?"@(E"$"?.,?)B(2*?)%,&%"'"?)(,+(%Q)='"(2&%2,.&"?(.!,2)&:&);(<*2*'*)%&2"B( <"(1*''"&<(

."1( %*?-"+%1(.&+%?"1(?!,:,&)( H,',&1(;);(1$;2&0&A+"'"?)(;)+.&;@(E,%,2);%&1"%( <"(1*''"&<(

.+(%*?-"+%(.&+%?"("1)(+?"(;),$"(0*?.,'"?),<"(,:,?)(.!"#)%,$*<"%(C(<!=*''"(h.&+%?"i(."1(

.*??;"1( &11+"1(."( <,( %"2="%2="(2="Z( <"( %*?-"+%(?*2)+%?"(2*?2"%?,?)( <"1("00")1(.&%"2)1(

."(<,(<+'&>%"(1+%(<,(:"&<<"(")(<"(1*''"&<@(
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0RF)9+)-A"%/#!)!&)+@@-%$+'%C&)$-%&%GA!)

K,( <+'&?*)=;%,$&"( "1)( .":"?+"( +?( *+)&<( &'$*%),?)( .,?1( <!,%1"?,<( )=;%,$"+)&A+"B(

A+"( 2"( 1*&)( "?( $,)=*<*-&"( .+( 1*''"&<( n&?1*'?&"( hE,'$I"<<B( S,j1*?( ")( ,<@( \ff_V(

7+&<<"'&?,+<)B(E<"%W(")(,<@(\ffbV(R+%$=Q(,?.(E,'$I"<<(\ffcV(X&%&1*-<+(,?.(7+&<<"'&?,+<)(

^ggaV( K,2WB(m%&-=)( ")( ,<@( ^ggbV(/,<<"1"?B(9*%.=+1(")( ,<@( ^ggbV( K,2W(,?.(m%&-=)( ^ggdV(

L%&".',?B( s"&)Z"%( ")( ,<@( ^ggfiB( )%*+I<"1( .+( %Q)='"( 2&%2,.&"?( hEZ"&1<"%B( X%*?,+"%( ")( ,<@(

\fefV(U"%',?(^ggdioB("?($1Q2=&,)%&"(hU"%',?B(U"%',?(")(,<@(\fefV(G:"?B(F2=%*."%(")(,<@(

^gge(V( E="<<,$$,B( 7*%.&H?( ")( ,<@( ^g\i( *+( .,?1( ."1( &?.&2,)&*?1( ?*+:"<<"1( h7%+I"%B(

7%&Z"?W*( ")( ,<@( ^ggdV( S,,?1"?( ,?.( M,00',?1( ^g\gi@( E="Z( <"( 1+H")( 1,&?B( <,( <+'&>%"(

%"?0*%2"(<,(A+,<&);(."(<!;:"&<(hE="<<,$$,B(7*%.&H?(")(,<@(^g\\i@((

K"1( "00")1( )=;%,$"+)&A+"1( ."( <!"#$*1&)&*?( C( +?"( 0*%)"( &?)"?1&);( <+'&?"+1"(

A+*)&.&"??"( h\gggg( <+#( $"?.,?)( _g('&?+)"1i( ( 1"( 0*?)( :&,( ."1(';2,?&1'"1( 2&%2,.&"?1B(

I&"?( "#$<*%;1@( K"1( )%*+I<"1( ."( <!=+'"+%( ")( $<+1( $,%)&2+<&>%"'"?)( <,( .;$%"11&*?(

1,&1*??&>%"( 1*?)( ."1( $,)=*<*-&"1( 1*+:"?)( ,11*2&;"1( C( ."1( $"%)+%I,)&*?1( .+( %Q)='"(

2&%2,.&"?(hK":&),?(^ggdi@(9;,?'*&?1B(2"1(';2,?&1'"1(2&%2,.&"?1B(&?.&%"2)1(."(<,(<+'&>%"(

?"( $"+:"?)( "#$<&A+"%( A+!+?"( $,%)&"( ."1( "00")1( ."( <,( <+'&?*)=;%,$&"( 1+%( <"1(

2*'$*%)"'"?)1B(1+--;%,?)(A+!&<1(1*?)(,+11&(<,(2*?1;A+"?2"(.!"00")1(.&%"2)1@(S"($<+1B(<"1(

1+I1)%,)1( ?"+%*?,+#( 1*+1OH,2"?)1( C( 2"1( "00")1( )=;%,$"+)&A+"1B( ?*?O2&%2,.&"?1( ."( <,(

<+'&>%"B( .*&:"?)( P)%"( '&"+#( &."?)&0&;1@( S,?1( 2"( )%,:,&<( ."( )=>1"B( H"( '!&?);%"11"( C( 2"1(

A+"1)&*?1@((

4+)%"( <!&'$<&2,)&*?(."( <,(';<,?*$1&?"(.,?1(2"1("00")1( )=;%,$"+)&A+"1(?*?(:&1+"<1(

."( <,( <+'&>%"B( <"1( ?*Q,+#( 1+$%,2=&,1',)&A+"1( A+&( 1*?)( +?"( 2&I<"( ',H"+%"( .+( )%,2)+1(

%;)&?*O=Q$*)=,<,'&A+"B( $*+%%,&"?)( P)%"( &'$<&A+;1( .,?1( 2"1( "00")1( .&%"2)1( ."( <,( <+'&>%"B(

&?.;$"?.,''"?)(."(<"+%(%N<"(.!=*%<*-"(I&*<*-&A+"@(

 

RF)9!()%&'!#+$'%C&()$C"@-!B!()!&'#!)-+)-A"%/#!)!')-!)(U('/"!)

.C@+"%&!#D%GA!)

5?("00")(I;?;0&A+"(."(<,( <+'&?*)=;%,$&"(,(;);(1+--;%;($,%(."+#(;)+."1(2<&?&A+"1(

$%;<&'&?,&%"1( .,?1( <,(',<,.&"( ."( /,%W&?1*?B( +?"( $,)=*<*-&"( "?( <&"?( ,:"2( +?( .;0&2&)( "?(

.*$,'&?"(h/,+1B(F2='&)ZOM+I12=(")(,<@(^ggdV(m&<<&1(,?.(U+%?"%(^ggdi@(S,?1(2"1()%,:,+#B(
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<!,.'&?&1)%,)&*?( ."( <+'&>%"( "?)%,q?,&)( ?*?( 1"+<"'"?)( +?"( ,';<&*%,)&*?( ."1( 1Q'$)N'"1(

'*)"+%1( 2,%,2);%&1)&A+"1( ."( <,( ',<,.&"B( ',&1( ;-,<"'"?)( +?( I;?;0&2"( 2*?2"%?,?)( <"1(

)%*+I<"1(?*?O'*)"+%1(A+&(1*?)(0%;A+"''"?)(,11*2&;1(h/,+1B(F2='&)ZOM+I12=(")(,<@(^ggdV(

m&<<&1(,?.(U+%?"%(^ggdi@(

5?( 2"%),&?( ?*'I%"( ."( .*??;"1( 1+-->%"?)( <!"#&1)"?2"( .!&?)"%,2)&*?1( 0*%)"1( ")(

2*'$<"#"1("?)%"( <"1( 1Q1)>'"1(.*$,'&?"%-&A+"(")(';<,?*$1&?"%-&A+"@(E"<<"1O2&( 1"( 0*?)(

1*&)( ,+( ?&:",+( %;)&?&"?B( *{( <,( .*$,'&?"( "1)( "11"?)&"<<"'"?)( "#$%&';"( $,%( ."1( 2"<<+<"1(

,',2%&?"1(,:"2(+?(:,1)"(1Q1)>'"(."(%,'&0&2,)&*?1B(1*&)(,+(?&:",+(.+(1Q1)>'"(?"%:"+#(

2"?)%,<(:&,(<"+%1($%*H"2)&*?1(1+%(."(?*'I%"+1"1(1)%+2)+%"1@((

7A)&%I!+A).!)-+)#E'%&!)P)-+).C@+"%&!)"C.A-!)-!)'#+&(M!#').!)-L%&MC#"+'%C&)-A"%&!A(!)

K"1( ."+#( $%&?2&$,+#( ,2)"+%1( ."( <,( )%,?1'&11&*?( <+'&?"+1"( ?*?O:&1+"<<"( ,+#(

.&00;%"?)"1(1)%+2)+%"1(2;%;I%,<"1( 1*?)( <,(';<,?*$1&?"(2*?)"?+"(.,?1( <"1( &$67E1B(")( <,(

.*$,'&?"( A+&( $%*:&"?)( .!+?( 1*+1O-%*+$"( ."( 2"<<+<"1( ,',2%&?"1B( ."1( ?"+%*?"1(

.*$,'&?"%-&A+"1(1&)+;1(.,?1(<,(2*+2="(?+2<;,&%"(&?)"%?"(."(<,(%;)&?"(hm&)W*:1WQ(^ggai@(

K,(.*$,'&?"("#"%2"(.&00;%"?)"1(0*?2)&*?1(,+(?&:",+(."( <,(%;)&?"(")($"%'")("?)%"(,+)%"1(

.!*$)&'&1"%(<,(:&1&*?(")(."(%;-+<"%(<!=*%<*-"($;%&$=;%&A+"(,+)*?*'"(hm&)W*:1WQ(^ggai@(K"1(

&$67E1( ")( <"1( 2"<<+<"1( ,',2%&?"1( .*$,'&?"%-&A+"1( $*11>."?)( ."1( 2*?),2)1( ;)%*&)1(

h3<**'0&"<.(,?.(S,2="+#(^gg\V(Y+-<"%B(6".-%,:"(")(,<@(^ggdi@(K,(<&I;%,)&*?(."(.*$,'&?"(

%;)&?&"??"(1+&)(+?(%Q)='"(2&%2,.&"?(h1,(1;2%;)&*?(%"1)"(%Q)=';"($,%(+?(2Q2<"(.!"?:&%*?(^a(

="+%"1("?(*I12+%&);(2*?1),?)"i(,:"2(+?"(1;2%;)&*?(',#&',<"($"?.,?)(<"(H*+%(1+IH"2)&0(")(

'&?&',<"( ,+( 2*+%1( ."( <,( ?+&)( 1+IH"2)&:"B( +?"( 0,&I<"( 1;2%;)&*?( ."( .*$,'&?"( $"%1&1)"(

$"?.,?)( <,( ?+&)( 1+IH"2)&:"( hS*Q<"B( R28:*%( ")( ,<@( ^gg^i@( /,%( ,&<<"+%1B( <,( %;$*?1"(

.*$,'&?"%-&A+"(C(+?"(1)&'+<,)&*?($=*)&A+"(&'$<&A+"(<,(';<,?*$1&?"B(A+&("1)(2,$,I<"(."(

2*?)%N<"%( +?"( .;$*<,%&1,)&*?( 1*+)"?+"( .,?1( +?( 1*+1O-%*+$"( ."( ?"+%*?"1(

.*$,'&?"%-&A+"1(hs=,?-B(m*?-(")(,<@(^ggei@(((

7A) &%I!+A) .A) (U('/"!) &!#I!AB) $!&'#+-) -+) -A"%/#!) #!&MC#$!) -!) 'C&A()

.C@+"%&!#D%GA!)

K!,?,<Q1"(."1(;)+."1(."()%,z,-"(?"(0,&)($,1(,$$,%,q)%"(."($%*H"2)&*?1(.&%"2)"1(."1(

&$67E1(:"%1(<"1(1)%+2)+%"1(.*$,'&?"%-&A+"1(2;%;I%,<"1(hM,??&I,<(,?.(L,=%"?W%+-(^ggaV(

M,)),%B(X+',%(")(,<@(^ggci@(U*+)"0*&1B(<"1(%;1+<),)1(."(.&00;%"?)"1(;)+."1(1+-->%"?)(A+"(<,(

<+'&>%"($*+%%,&)(,:*&%(+?("00")(1+%(."1(1)%+2)+%"1(.*$,'&?"%-&A+"1B()"<1(<"(<*2+1(?&-"%(")(
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<"(1)%&,)+'B(:&,(+?"($%*H"2)&*?(&?.&%"2)"(."$+&1(<,(%;)&?"(h9&"*+<<*?B(E="%,'Q(")(,<@(\fddV(

E=&*.*B(J?)"<',?(")(,<@(\fegV(F)"&?0"<1B(M"Q'(")(,<@(\fe_V(F2=j,%ZB(F*?),-(")(,<@(\feaV(

F)%"2W"%(,?.( ,2*I1(\febi@(

K!,$$<&2,)&*?( .!+?( 1)&'+<+1( <+'&?"+#B( ;:"&<<,?)( 2="Z( <!=*''"B( $"+)( '*.+<"%(

<!,2)&:&);(."(?"+%*?"1(.*$,'&?"%-&A+"1(."( <,( 1+I1),?2"(?*&%"( hE=&*.*B(J?)"<',?(")(,<@(

\fegV( F)"&?0"<1B( M"Q'( ")( ,<@( \fe_V( F2=j,%ZB( F*?),-( ")( ,<@( \feai@( E"))"( %;,2)&:&);( "1)(

1$;2&0&A+"(,+#(?"+%*?"1(.*$,'&?"%-&A+"1(."(<,($,%1(2*'$,2),(1,?1("?)%,q?"%(.!"00")(,+(

?&:",+(."1(?"+%*?"1(?*?O.*$,'&?"%-&A+"1(."(<,($,%1(%")&2+<,),(hE=&*.*B(J?)"<',?(")(,<@(

\fegV( F2=j,%ZB( F*?),-( ")( ,<@( \feai@( F)"&?0"<1( ")( ,<B( *?)( 2,%,2);%&1;( <"1( ?"+%*?"1(

.*$,'&?"%-&A+"1(."(<,($,%1(2*'$,2),("?(0*?2)&*?(."(.&00;%"?)1(1)&'+<&(%;$;);1()*+)"1(<"1(

^(1"2*?."1B(2*'$,%,?)(."1(0<,1=1(<+'&?"+#(C(."(I%>:"1(1)&'+<,)&*?1(,+.&)&:"1(hE=&*.*B(

J?)"<',?( ")( ,<@( \fegV(F)"&?0"<1B(M"Q'(")( ,<@( \fe_V( F2=j,%ZB( F*?),-( ")( ,<@( \feai@(S"1(

"?%"-&1)%"'"?)1(+?&2"<<+<,&%"1(*?)(;);(%;,<&1;1(2="Z(<"(2=,)(,+(2*+%1(."1(.&00;%"?)1(1),."1(

."( 1*''"&<@( J+2+?"( .&00;%"?2"( "?)%"( <,( :"&<<"( 2,<'"B( <"( 1*''"&<( <"?)( ")( <"( 1*''"&<(

$%*0*?.(?!,(;);("?%"-&1)%;"B(',&1(+?(;),)(I,1,<($<+1(,2)&0("?(:"&<<"(,2)&:"(,(;);(2*?1),);(

hF)"&?0"<1B( M"Q'( ")( ,<@( \fe_i@( E"))"( ,2)&:,)&*?( $<+1( ;<":;"( "?( :"&<<"( ,2)&:"( ;),&)(

&?.;$"?.,?)"(."( <!,2)&:&);( <*2*'*)%&2"(hF)"&?0"<1B(M"Q'(")(,<@(\fe_i@(S&00;%"?)1( )Q$"1(."(

%;$*?1"(*?)(;);("?%"-&1)%;1(1+&)"(C(+?"("#$*1&)&*?(<+'&?"+1"(1+--;%,?)(.&00;%"?)1(1*+1O

)Q$"1(."(?"+%*?"1(h?!,Q,?)($,1(."($;%&*."(.!&?=&I&)&*?($*1)("#2&),)&*?B(,Q,?)(+?"(<,)"?2"(

")( +?"( .+%;"( .!"#2&),)&*?( <;->%"'"?)( $<+1( <*?-+"1B( ,Q,?)( +?"( &?=&I&)&*?( 1+&)"( C( +?"(

1)&'+<,)&*?( ,+.&)&:"B( |i( hF)"&?0"<1B( M"Q'( ")( ,<@( \fe_V( F)%"2W"%( ,?.(  ,2*I1( \febi@(

K!,$$<&2,)&*?( .+( 1)&'+<+1( ,2*+1)&A+"( ?!"?)%,&?,&)( $,1( <,( 'P'"( %;$*?1"(

;<"2)%*$=Q1&*<*-&A+"(A+"( <"(1)&'+<+1( <+'&?"+#B(?;,?'*&?1( <"1(,+)"+%1(?"($%;2&1"?)($,1(

<,( .+%;"( .+( 0<,1=( :&1+"<B( $*11&I<"'"?)( ."( .+%;"( 1+$;%&"+%"( ,+( 1)&'+<+1( ,2*+1)&A+"(

hF)"&?0"<1B( M"Q'( ")( ,<@( \fe_i@( K"1( ?"+%*?"1( 1)&'+<;1( $,%( <"( 0<,1=( <+'&?"+#( ")( $,%( <"(

1)&'+<+1( ,2*+1)&A+"( ?!;),&"?)( $,1( )*+H*+%1( <"1( 'P'"1( hF)"&?0"<1B( M"Q'( ")( ,<@( \fe_V(

F)%"2W"%(,?.( ,2*I1(\febi@(J&?1&B(A+"<A+"1(?"+%*?"1(;),&"?)(1)&'+<;1($,%(<"(0<,1=(:&1+"<(

")( &?=&I;1( $,%( <"( 2<&2W( ,+.&)&0B( ,<*%1( A+"( .!,+)%"1( 2"<<+<"1( "?%"-&1)%;"1( %;$*?.,&"?)(

1"+<"'"?)( ,+( 1)&'+<+1( <+'&?"+#B( ',&1( $,1( C( <!,$$<&2,)&*?( .+( 1)&'+<+1( ,2*+1)&A+"(

hF)"&?0"<1B(M"Q'(")(,<@(\fe_i@(

S,?1( <"+%( &?)"%$%;),)&*?( <"1( ,+)"+%1($,%<"?)( .!+?( 1)&'+<+1( :&1+"<B( 1*+1O"?)"?.,?)(

A+!&<( $,11"( $,%( <"1( :*&"1( :&1+"<<"1@( 9;,?'*&?1B( +?"( ,+)%"( 2*?.&)&*?( :&1+"<<"( 2*?1&1),?)(

.,?1( <!"#$*1&)&*?( ."( <!"#$;%&'"?),)"+%( .,?1( <"( 2=,'$(."( :&1&*?(.+( 2=,)B( "?)%,q?,&)( ."1(
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%;,2)&*?1(,.:"%1"1(,:"2(&?=&I&)&*?(."(2"1('P'"1(?"+%*?"1(hF)"&?0"<1B(M"Q'(")(,<@(\fe_i@(

S"( ',?&>%"( -<*I,<"( <"1( ,+)"+%1( *?)( &?)"%$%;);( 2"1( %;1+<),)1( "?( %"<,)&*?( ,:"2( +?( "00")(

,2)&:,)"+%(."1(1)&'+<&(1+%(<"1(?"+%*?"1(."(<,($,%1(2*'$,2),(."(<,(1+I1),?2"(?*&%"B('P'"(

1&( <"1( %;$*?1"1( ,+#( .&00;%"?)"1( 1)&'+<,)&*?1( $*+:,&"?)( .&00;%"%( .!+?( ?"+%*?"( C( <!,+)%"@(

K!,2)&:&);( ."1( ?"+%*?"1( C( .*$,'&?"( ."( <!,&%"( )"-'"?),<"( :"?)%,<"( :,%&"( "?( 0*?2)&*?( ."(

<!;),)( ."( <,( :&-&<,?2"( ,:"2( +?"( .;2=,%-"( "?( I*+00;"1( <*%1( ."( <!;:"&<( C( <,( 1+&)"( .!+?"(

2*?1*'',)&*?( ."( ?*+%%&)+%"( 1,$&."B( ,&?1&( A+!,+( 2*+%1( .+( 1*''"&<( $,%,.*#,<( hS,=,?B(

J1)&"%(")(,<@(^ggdi@((

K!"?1"'I<"( ."( 2"1( 2*?2<+1&*?1( %"1)"?)( 2"$"?.,?)( 1$;2+<,)&:"1( 2,%( &<( "1)( .&00&2&<"(

."(1,:*&%(1&( <"1("00")1(*I1"%:;1(2*%%"1$*?."?)(C(+?("00")(.&%"2)(."( <,( <+'&>%"(,:"2(+?"(

,2)&:,)&*?(.+(?"+%*?"(.*$,'&?"%-&A+"(."(<,(1+I1),?2"(?*&%"B(*+(1&(<,(%;$*?1"(?"+%*?,<"(

*I1"%:;"("1)(?*?(1$;2&0&A+"B(1"2*?.,&%"(C(+?"('*.+<,)&*?(."1($%*2"11+1(,))"?)&*??"<1@(

E"1( "#$;%&"?2"1( 1*?)( ;-,<"'"?)( <&'&);"1( $,%( <!"#$*1&)&*?( ?*?( 1*+)"?+"( )%>1( I%>:"( .+(

1)&'+<+1( <+'&?"+#( ")( ?"( $"%'"))"?)( $,1( ."( )"1)"%( .,:,?),-"( <"('*."( ."(.;2=,%-"( .+(

?"+%*?"(.*$,'&?"%-&A+"@(5?"(.;2=,%-"(k($=,1&A+"(l("?(I*+00;"(,(;);('*?)%;"(2*''"(

;),?)( $<+1( "00&2,2"( A+!+?"( .;2=,%-"( k()*?&A+"(l( A+,?)( C( <,( 1;2%;)&*?( ."( <,( .*$,'&?"(

.,?1(<,(1Q?,$1"(1)%&,),<"(.+(%,)(hL<*%"12*B(m"1)(")(,<@(^gg_i@((

G?( $<+1( ."( 2"))"( 1)&'+<,)&*?( $=*)&A+"( ,&-+}( ."1( ?"+%*?"1( .*$,'&?"%-&A+"1(

?&-%*1)%&,),+#B( +?"( %;-+<,)&*?( 2&%2,.&"??"( ."1( 1;2%;)&*?1( ."( .*$,'&?"B( ."( <!,2&."( _BaO

S&=Q.%*#Q$=;?Q<,2;)&A+"( hS4/JEi( ")( ."( <!,2&."( =*'*:,?&<<&A+"( hMYJi( '"1+%;1( $,%(

'&2%*.&,<Q1"("1)($%*$*1;"@(J+(?&:",+(.+(?*Q,+(,22+'I"?1B(<,((%Q)='&2&);(2&%2,.&"??"(,(

;);(*I1"%:;"(.,?1(<,(2*?.&)&*?(,<)"%?,?)(\^(="+%"1(."(<+'&>%"(")(\^(="+%"1(.!*I12+%&);B(

"?( 2*?.&)&*?( .!*I12+%&);( 2*?1),?)"( $"?.,?)( ^a( ="+%"1( ")( "?( 2*?.&)&*?( ."( <+'&?*1&);(

2*?1),?)"($"?.,?)(^a(="+%"1(2="Z(."1(%,)1(?*?(,?"1)=;1&;1(hE,1),?".,B(."(/%,.*(")(,<@(

^ggai@( J+( ?&:",+( .+( 1)%&,)+'B( <"1( .*??;"1( 1*?)( $<+1( ,'I&-+}1( ,:"2( $"%)"( ."( <,(

%Q)='&2&);( 2&%2,.&"??"( "?( 2*?.&)&*?( ."( ^a( ="+%"1( .!*I12+%&);( 2*?1),?)"B( ,<*%1( A+!"<<"(

%"1),&)($%;1"?)"("?(^a(="+%"1(."(<+'&>%"(2*?1),?)"(hE,1),?".,B(."(/%,.*(")(,<@(^ggai@((

L&?,<"'"?)B(")(',<-%;( <"1( <&'&),)&*?1(&?=;%"?)"1(,+#(;)+."1(2&);"1B(<!"?1"'I<"(."(

2"1(.*??;"1(%"?0*%2"?)(<!=Q$*)=>1"(A+"(<,(1;2%;)&*?(."(.*$,'&?"(,+(?&:",+(.+(1)%&,)+'(

$+&11"(P)%"(&?0<+"?2;"($,%(<,(<+'&>%"@))
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K,(',<,.&"( ."(/,%W&?1*?( &.&*$,)=&A+"( hR/8i( "1)( +?"(',<,.&"( ?"+%*.;-;?;%,)&:"(

2*?1;2+)&:"(C(."1( 0,2)"+%1(-;?;)&A+"1(")("?:&%*??"'"?),+#( hK""1B(M,%.Q(")(,<@(^ggfi@((

F,( $%;:,<"?2"( "1)( ."( \( C( ^`\ggg( "?( G+%*$"B( ")( 1*?( &?2&."?2"( "1)( ."( gB_( ~( \`bggg(

=,I&),?)1`(,?@(K,($%;:,<"?2"(,+-'"?)"(,:"2( <!p-"(")( <"(1"#(%,)&*(=*''"`0"''"("1)(."(

\Ba@( K,( .;-;?;%"12"?2"( ."1( ?"+%*?"1( .*$,'&?"%-&A+"1( ."( <,( 1+I1),?)&,( ?&-%,( %"?.(

2*'$)"(."1($%&?2&$,+#((U"@'Z"!()"C'!A#((."( <,(',<,.&"(A+&(1*?)( <"( )%"'I<"'"?)(."(

%"$*1B(<!,W&?;1&"(")(<!=Q$"%)*?&"($<,1)&A+"B(',&1(?!"#$<&A+"($,1()*+)(<"(),I<",+(2<&?&A+"(A+&(

&'$<&A+"(;-,<"'"?)(.!,+)%"1(';2,?&1'"1(hK""1B(M,%.Q(")(,<@(^ggfi@(K!,))"&?)"('*)%&2"("1)(

2<,11&A+"'"?)(,1Q';)%&A+"(,:"2(+?"(I&<,);%,<&1,)&*?(."1(1Q'$)N'"1('*)"+%1(,+(2*+%1(

."(<!;:*<+)&*?(."(<,(',<,.&"@(K"()%"'I<"'"?)(."(%"$*1(.&1$,%,q)(C(<!,2)&*?(")(2*%%"1$*?.(C(

+?( '*+:"'"?)( 1);%;*)Q$;B( %;$;)&)&0B( <"?)( haOcMZi@( 8<( "1)( ',H*%;( C( <!;'*)&*?( ")( $"+)(

$%;.*'&?"%( ,+( '"'I%"( 1+$;%&"+%B( 2<,11&A+"'"?)( .;2%&)( C( )Q$"( k(.!;'&"))"'"?)(lB( ,+(

'"'I%"( &?0;%&"+%(*+($<+1( %,%"'"?)(,+(?&:",+(.+('"?)*?@(K!,W&?;1&"( 2*%%"1$*?.(C(+?"(

%;.+2)&*?(")(C(+?"(<"?)"+%(.!&?&)&,)&*?(."1(-"1)"1(,:"2(."1('*+:"'"?)1(%,%"1B( <"?)1B(."(

0,&I<"(,'$<&)+."(:*&%"(&'$*11&I<"1("?(2,1(."(',<,.&"(;:*<+;"@(G<<"(1"(',?&0"1)"(1+%)*+)(

$*+%( ."1('*+:"'"?)1( ,+)*',)&A+"1( ,:"2( ."1( .&00&2+<);1( C( <,(',%2="( ")( +?"('&'&A+"(

%;.+&)"@( K,( %&-&.&);( *+( =Q$"%)*?&"( "#)%,O$Q%,'&.,<"( %"?2*?)%;"( .,?1( <,( ',<,.&"( ."(

/,%W&?1*?B(2*%%"1$*?.(C(+?"(%;1&1),?2"('+12+<,&%"(."1('"'I%"1(A+&(2>."($,%(CO2*+$1(

,+#( '*+:"'"?)1( $,11&01( &'$*1;1( $,%( +?( "#,'&?,)"+%@(G<<"( $"+)( P)%"( .*+<*+%"+1"( ")(

1*+%2"(."(.;0*%',)&*?1(."(',&?1(*+(.+()%*?2@(

K,( $%&1"( "?( 2=,%-"( $=,%',2*<*-&A+"( ."1( 1&-?"1('*)"+%1( ."( <,(',<,.&"( %"$*1"(

"11"?)&"<<"'"?)(1+%(<"1(';.&2,'"?)1(.*$,'&?"%-&A+"1(](KO.*$,(,11*2&;"(C(+?(&?=&I&)"+%(

."( <,( .*$,.;2,%I*#Q<,1"( $;%&$=;%&A+"B( ,-*?&1)"1( .*$,'&?"%-&A+"1B( &?=&I&)"+%( ."( <,(

'*?*,'&?"( *#Q.,1"( 3( h8RJ4( 3iB( &?=&I&)"+%1( ."( <,( E4RU( h2,)=;2*<( 4( ';)=Q<(

)%,?10;%,1"i(hT,','*)*(,?.(F2=,$&%,(^ggei@(U,?.&1(A+"($"?.,?)((<"1($%"'&>%"1(,??;"1(

.!;:*<+)&*?( 2"1( ';.&2,'"?)1( .*$,'&?"%-&A+"1( $"%'"))"?)( 1*+:"?)( +?"( ,';<&*%,)&*?(

0*?2)&*??"<<"( 1&-?&0&2,)&:"B( <!;:*<+)&*?( 1$*?),?;"( ."( <,( ',<,.&"( ?;2"11&)"( +?"(

,+-'"?),)&*?( $%*-%"11&:"( ."1( )%,&)"'"?)1( .*$,'&?"%-&A+"1B( "+#O'P'"1( C( <!*%&-&?"( ."(

2*'$<&2,)&*?1('*)%&2"1(](0<+2)+,)&*?1(.!"00&2,2&);(h%;,$$,%&)&*?(."($<+1("?($<+1(%,$&."(."1(

1&-?"1($,%W&?1*?&"?1iB(")(.Q1W&?;1&"1(I&$=,1&A+"1(*+(."($&21(."(.*1"@(K"($,11,-"(I%+),<(

.!+?( ;),)( ."( .Q1W&?;1&"1( &?:,<&.,?)"1( C( +?( ;),)( .!,W&?;1&"( $,%W&?1*?&"??"( h"00")1(
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49`4LLi( .":&"?)( ,<*%1( "#)%P'"'"?)( .&00&2&<"( C( -;%"%@( 3&"?( A+!+?( )%,&)"'"?)( 2=&%+%-&2,<(

h1)&'+<,)&*?(I&<,);%,<"(C(=,+)"(0%;A+"?2"(.+(?*Q,+(1+I)=,<,'&A+"i(.*??"(2="Z(2"%),&?1(

$,)&"?)1( 0<+2)+,?)1( ."1( %;1+<),)1( &?);%"11,?)1( h3"?,I&.B( E=,I,%."1( ")( ,<@( ^ggfiB( <"1(

&?.&2,)&*?1(."(2"()%,&)"'"?)(1*?)(<&'&);"1(")(<,($%*2;.+%"("1)(,11*2&;"(C(."1(%&1A+"1(?*?O

?;-<&-",I<"1@( L&?,<"'"?)B( <"1( .&00&2+<);1( %"?2*?)%;"1( $*+%( ;A+&<&I%"%( <"( )%,&)"'"?)(

.*$,'&?"%-&A+"( ."1( $,)&"?)1( 1+%( <,( .+%;"( 1*+<&-?"?)( <,( ?;2"11&);( ."( )%*+:"%( ."1(

)%,&)"'"?)1(,.H+:,?)1("00&2,2"1@(

J:"2(<"(.;:"<*$$"'"?)(."1()%,&)"'"?)1(.*$,'&?"%-&A+"1B(&<("1)(2<,&%"'"?)(,$$,%+(

A+"( <,( ',<,.&"( ."( /,%W&?1*?( ?!"1)( $,1( 1"+<"'"?)( +?"( ',<,.&"( ."( <,( '*)%&2&);@( ( K"1(

1Q'$)N'"1( ?*?O'*)"+%1( 1*?)( &'$*%),?)1( C( $%"?.%"( "?( 2*'$)"( ")( C( )%,&)"%B( $+&1A+!&<1(

"#"%2"?)( <"+%1($%*$%"1("00")1(.;<;)>%"1B(Q( 2*'$%&1(1+%( <,(1Q'$)*',)*<*-&"('*)%&2"(")( <"(

=,?.&2,$( h/*"j"( ^ggei@( K"1( (U"@'Z"!() &C&H"C'!A#(( &?2<+"?)( ."( ?*'I%"+#(

.*',&?"1B(?*),''"?)(."1()%*+I<"1(.+(1*''"&<B(."1()%*+I<"1(."(<!=+'"+%(,&?1&(A+"(."1(

)%*+I<"1(2*-?&)&01@(K*?-)"'$1(?;-<&-;1(C()*%)B(2"1(1Q'$)N'"1(?*?O'*)"+%1("?($,%)&2+<&"%(

?;2"11&)"?)( .!,+)%"1( ,<)"%?,)&:"1( )=;%,$"+)&A+"1( A+!+?( )%,&)"'"?)( .*$,'&?"%-&A+"B(

1*+:"?)($"+("00&2,2"(1+%(2"1(."%?&"%1(hJ%?+<0B(K"+(")(,<@(^ggeV(/,%W(,?.(F),2Q(^ggfi@(

 

 

R00F)9!)(U&.#C"!).!()Q+",!()(+&()#!@C()

K"( 1Q?.%*'"(."1( H,'I"1( 1,?1( %"$*1( hF F6i("1)( +?"($,)=*<*-&"( A+&( &'$<&A+"( <"(

1Q1)>'"( .*$,'&?"%-&A+"( 1,?1( A+"( <"( %N<"( ."( 2"( ."%?&"%( ?"( 1*&)( I&"?( 2*'$%&1( hJ<<"?B(

/&22=&"))&(")(,<@(^gg_i@(8<(1!,-&)(.!+?()%*+I<"(1"?1*%&'*)"+%B(2,%,2);%&1;($,%(."1(1"?1,)&*?1(

.;1,-%;,I<"1( .,?1( <"1( H,'I"1B( .*?)( <,( ."12%&$)&*?( ,( +?"( &'$*%),?)"( :,%&,I&<&);( .!+?(

$,)&"?)(C( <!,+)%"( hX,%%*+'B(7*<',%.(")(,<@(^g\^i@(K"1(1Q'$)N'"1(1+%:&"??"?)(,+( %"$*1(

,:"2( +?( I"1*&?( &'$;%&"+#( ."( I*+-"%( <"1( '"'I%"1( &?0;%&"+%1B( ")( <"( 1*+<,-"'"?)( ."1(

)%*+I<"1(1"?1&)&01($,%(<"('*+:"'"?)(:*<*?),&%"B()*+1(2"1(;<;'"?)1(;),?)(2,%,2);%&1)&A+"1(

."(2"))"(,00"2)&*?@(S"1('*+:"'"?)1($;%&*.&A+"1(?*2)+%?"1(1+%:"?,?)(C( <,( :"&<<"(*+(,+(

1*''"&<(1*?)(*I1"%:;1(.,?1(egr(."1(2,1(."(F F6B('*+:"'"?)1( &?:*<*?),&%"1(.!,<<+%"(

'Q*2<*?&A+"( )*+2=,?)( <"1( '"'I%"1( &?0;%&"+%1B( ")( A+&( 1*?)( ;-,<"'"?)( ,));?+;1( $,%( <"(

'*+:"'"?)( :*<*?),&%"@( K!;:*<+)&*?( ."( <,( 1Q'$)*',)*<*-&"( ,+( 2*+%1( .+( ?Q2)=;'>%"( "1)(

2,%,2);%&1)&A+"B("<<"(1!,--%,:"("?(1*&%;"(")("?(.;I+)(."(?+&)(hJ<<"?B(/&22=&"))&(")(,<@(^gg_i@(
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K"(.&,-?*1)&2(."(2"))"(,00"2)&*?("1)($+%"'"?)(2<&?&A+"B('P'"(1&( <!"?%"-&1)%"'"?)(:&.;*O

$*<Q1*'?*-%,$=&A+"($"+)(,$$*%)"%(."1(&?.&2"1(1+$$<;'"?),&%"1@(J&?1&B(*?($"+)(*I1"%:"%(

+?( $,)&"?)( A+&( $%;1"?)"( C( <!;:"&<( +?"( &'$*%),?)"( ,-&),)&*?( $%;.*'&?,?)( ,+#( '"'I%"1(

&?0;%&"+%1($*+:,?)(%"),%."%(1*?("?.*%'&11"'"?)B(*+(P)%"(1*+%2"(.!;:"&<1(&?)%,1*''"&<@(K"(

1*''"&<("1)(1*+:"?)(0%,-'"?);B(<&;(*+(?*?(C(."1('*+:"'"?)1($;%&*.&A+"1(.+(1*''"&<@((

K"(F F6(2*?1)&)+"(+?"("?)&);(,11"Z(=;);%*->?"B(,+),?)(1+%( <"($<,?($=;?*)Q$&A+"(

A+!;)&*<*-&A+"@( S,?1( <,( 2,.%"( ."('*?( ,2)&:&);( ."( %"2="%2="( 2<&?&A+"B( H!,&( $+( .;2%&%"( <,(

:,%&,?)"( .+( F F6( ,+#( '"'I%"1( 1+$;%&"+%1( nJ??"#"1( hJ%)&2<"1( b( ")( cio( ")( ."1( 0*%'"1(

1"2*?.,&%"1(C(+?(,22&."?)(&12=;'&A+"(2;%;I%,<(nJ??"#"(hJ%)&2<"1(d(")(eio@(K"1(.&00;%"?2"1(

$=;?*)Q$&A+"1( 0*?)( $%*I,I<"'"?)( 1+&)"( C( ."1( ';2,?&1'"1( $=Q1&*$,)=*<*-&A+"1(

.&00;%"?)1B( "?2*%"(',<( 2*??+1(.,?1( <"(F F6B( 2"( A+&( %"?.( .&00&2&<"( <"1( ;)+."1( 2<&?&A+"1@(

S!&'$*%),?)"1(.&00;%"?2"1(1*?)(;-,<"'"?)(*I1"%:;"1(.,?1(<"1(%;$*?1"1()=;%,$"+)&A+"1B(

$*+:,?)($"+)OP)%"(1!"#$<&A+"%($,%(."1(';2,?&1'"1(1*+1OH,2"?)1(.&00;%"?)1@(

S"+#(,:,?2;"1(',H"+%"1(*?)(;);(<,('&1"("?(;:&."?2"(."()%*+I<"1(.+(';),I*<&1'"(

.+( 0"%( &?)%,2;%;I%,<( h4yX""00"B( 7,:&?( ")( ,<@( \ffai( ")( <!"00&2,2&);( ."1( $%*.+&)1( C( :&1;"(

.*$,'&?"%-&A+"1("?($,%)&2+<&"%(."1(,-*?&1)"1(C(0,&I<"(.*1"(hM*%?Q,WB(F2=*<Z(")(,<@(^g\ai@(

/,%(,&<<"+%1B(*?(.&1)&?-+"(.,?1(<"(F F6(+?"(0*%'"(&.&*$,)=&A+"(1+%:"?,?)(1*+:"?)(C(+?(

p-"( H"+?"( ")( ,11*2&;"( C( +?"( =&1)*&%"( 0,'&<&,<"B( ,<*%1( A+"( <,( 0*%'"( 1"2*?.,&%"( 1+%:&"?)(

=,I&)+"<<"'"?)( $<+1( ),%.&:"'"?)@( S,?1( 2"( 2,1( <"( F F6( $"+)( P)%"( ,11*2&;( C( +?"(

?"+%*$,)=&"B( C( +?"( &?1+00&1,?2"( %;?,<"B(C( +?"( 2,%"?2"(',%)&,<"B( C( +?"(-%*11"11"B(C( <,(

$%&1"(."(';.&2,'"?)1( )"<1( <"1(?"+%*<"$)&A+"1(*+( <"1(,?)&.;$%"11"+%1( h)%&2Q2<&A+"1(*+( <,(

0,'&<<"( ."1( &?=&I&)"+%1( ."( <,( %"2,$)+%"( ."( <,( 1;%*)*?&?"i@( G?( *+)%"B( <"1( ,?,<Q1"1(

-;?;)&A+"1( *?)( $"%'&1( ."( '"))%"( "?( ;:&."?2"( .&00;%"?)1( $*<Q'*%$=&1'"1( ,11*2&;1( ,+(

F F6(hU%"?Wj,<."%B(M*-<(")(,<@(^ggfi@((

E"))"($,)=*<*-&"("1)(%"<,)&:"'"?)(0%;A+"?)"B($*+:,?)()*+2="%("?)%"(_Bf(")(dBf(r(."(

<,( $*$+<,)&*?( h4=,Q*?B( 7+&<<"'&?,+<)( ")( ,<@( ^g\gi@( F&( <"1( 0*%'"1( $"+( 1;:>%"1( 1*?)(

$%;.*'&?,?)"1B( <,( $%&1"( "?( 2=,%-"( ."1( 0*%'"1( 1;:>%"1( $*1"( 1*+:"?)( $%*I<>'"@( K"1(

)%,&)"'"?)1( $"+:"?)( P)%"( &?1+00&1,?)1B( ',<( )*<;%;1( *+( "?2*%"( "?-"?.%"%( +?( 1Q?.%*'"(

.!,+-'"?),)&*?( ,:"2( %"2%+."12"?2"( $,%,.*#,<"( ."1( 1Q'$)N'"1( 1*+1( )%,&)"'"?)(

h7,%2&,O3*%%"-+"%*B(J<<"?(")(,<@(^ggdi@(K"1(2*?1;A+"?2"1(."(<,(',<,.&"(1*?)('+<)&$<"1(](

<"( 1*''"&<( "1)( =,I&)+"<<"'"?)( ,<);%;B( A+,?)&),)&:"'"?)( ")( A+,<&),)&:"'"?)B( <"1(

%;$"%2+11&*?1( .&+%?"1( "?)%,q?"?)( 1*+:"?)( 1*'?*<"?2"B( )%*+I<"1( ."( <!=+'"+%B( ,1)=;?&"B(
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,<);%,)&*?1(."1(0*?2)&*?1("#;2+)&:"1(")(."(<,(A+,<&);(."(:&"@(K"1()%*+I<"1(."(<!=+'"+%(1*?)(

$,%)&2+<&>%"'"?)(.&00&2&<"1(C()%,&)"%B(+?"(',H*%,)&*?(&,)%*->?"(.+(F F6(;),?)(0%;A+"''"?)(

*I1"%:;"(,:"2(<,($<+$,%)(."1(,?)&.;$%"11"+%1(h/&22=&"))&(,?.(m&?W"<',?(^ggbi@(

)

)

R000F):U@C'K/(!).!)'#+I+%-)X)2,Q!$'%M()

K!*IH"2)&0(."(2"()%,:,&<(."()=>1"(,(;);(."('&"+#(2,%,2);%&1"%(<"1("00")1(?*?O2&%2,.&"?1(."(

<,( <+'&>%"( 1+%( <"1( 2*'$*%)"'"?)1( ,:"2( +?"( ,$$%*2="( )%,?1<,)&*??"<<"( ."( <!,?&',<( C(

<!=*''"( "?( $,11,?)( $,%( <"( %*?-"+%( .&+%?"B( $"%'")),?)( .!*+:%&%( ."1( $"%1$"2)&:"1( "?(

,$$<&2,)&*?(2<&?&A+"(C($,%)&%(."1(.*??;"1(&11+"1(."(<,(%"2="%2="(0*?.,'"?),<"@(J<*%1(A+"(

<"1(1+I1)%,)1(?"+%*?,+#(&'$<&A+;1(.,?1(<"1("00")1(.&%"2)1(."(<,(<+'&>%"(1+%(<,(:"&<<"(")(<"(

1*''"&<(2="Z(<"(%*?-"+%(0"%*?)(<!*IH")(."1($%"'&>%"(")(."+#&>'"($,%)&"1(."(2"()%,:,&<B(<,(

)%*&1&>'"( $,%)&"( $*%)"( 1+%( <!,$$<&2,)&*?( 2<&?&A+"( ."( <,( <+'&>%"( .,?1( ."+#( $,)=*<*-&"1(

.*$,'&?"%-&A+"1B(<,(',<,.&"(."(/,%W&?1*?(&.&*$,)=&A+"(")(<"(1Q?.%*'"(."1(H,'I"1(1,?1(

%"$*1@)

/<+1(1$;2&0&A+"'"?)B(<"1()%*&1(:*<")1(1+&:,?)1((1*?)(,I*%.;1(.,?1(',()=>1"]((

T-$/'4-$!0*-&'$!9!

J1$"2)(0*?.,'"?),<](8."?)&0&2,)&*?(."1(1)%+2)+%"1(&'$<&A+;"1(.,?1(<"1("00")1(?*?O

2&%2,.&"?1( .&%"2)1( ."( <,( <+'&>%"( 1+%( <"( 1*''"&<( ")( 1+%( <,( :"&<<"( 2="Z( <"( %*?-"+%(

?*2)+%?"(

( &i(%N<"(."(<,(';<,?*$1&?"(

&&i( &?0<+"?2"( ."( <,( <+'&>%"( 1+%( <"1( ?"+%*?"1( -,<,?&?"%-&A+"1( ."( <!,&%"(

$%;*$)&A+"(:"?)%*<,);%,<"(

&&&i(%N<"(."1(?*Q,+#(1+$%,2=&,1',)&A+"1((

_$.R'4/$!0*-&'$!9!!

J$$%*2="( )%,?1<,)&*??"<<"(."( <!,?&',<(C( <!=*''"( ](E,%,2);%&1,)&*?(.+(1*''"&<( ")(

."(1,(%;-+<,)&*?(.,?1(+?('*.><"(."(%*?-"+%(.&+%?"B(?-G')*%&5',!*%,+-:$'@((

!
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Q-+','4/$!0*-&'$!9!!

J1$"2)( 2<&?&A+"(]( J$$<&2,)&*?( ."1( "00")1( ?*?O2&%2,.&"?1( .&%"2)1( h."1&-?(

"#$;%&'"?),<( $"%'")),?)( ."( 2*?)%N<"%( <!,I1"?2"( .!"00")( 1+%( <,( $=,1"( 2&%2,.&"??"((

$,%(<!,$$<&2,)&*?(."(<,(<+'&?*)=;%,$&"i(."(<,(<+'&>%"("?($,)=*<*-&"(.*$,'&?"%-&A+"((

&i( <"1( "00")1( .&%"2)1( ."( <,( <+'&>%"( h+)&<&1,?)( +?"( <+'&?*)=;%,$&"i( 1+%( <"1(

1Q'$)N'"1('*)"+%1(")(?*?O'*)"+%1(."(<,(',<,.&"(."(/,%W&?1*?(

&&i( <"1( "00")1( .&%"2)1( ."( <,( <+'&>%"( 1+%( <"1( 1Q'$)N'"1( 1"?1*%&O'*)"+%1( .+(

1Q?.%*'"(."1(H,'I"1(1,?1(%"$*1(

J1$"2)(2<&?&A+"(](G)+."(.+(1Q1)>'"(.*$,'&?"%-&A+"(,:"2(+?"(,$$%*2="("?(?"+%*O

&',-"%&"( 2="Z( ."1( $,)&"?)1( ,))"&?)1( .!+?( F F6( .,?1( <"1( 1+&)"1( .!+?( ,22&."?)(

&12=;'&A+"(2;%;I%,<(.,?1(<"()"%%&)*&%"(<"?)&2+<*O1)%&;(

(

)
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6+'E#%!-)!')6E'KC.!()

K"1( ';)=*."1( +)&<&1;"1( .,?1( 2"( )%,:,&<( ."( )=>1"( 1"%*?)( ,$$%*0*?.&"1( .,?1( <"1(

%+I%&A+"1(%"1$"2)&:"1(."1(.&00;%"?)1(,%)&2<"1@(

6C./-!()+&%"+AB)

/*+%(%;,<&1"%(2"()%,:,&<B(?*+1(,:*?1(+)&<&1;(<"1('*.><"1(1+&:,?)1(]((

 ( ;CA#%()(+&()"E-+&C@(%&!)[./'0121\)[ A,UV)<#!&&+&)!')+-F)T]]T\)

!( R"<,?*$1&?(,1(,(1<""$('*.+<,)*%](2&%2,.&,?(-,)&?-(*0( )="(.&%"2)("00"2)1(*0( <&-=)(*?(

1<""$(,?.(,<)"%".(1<""$(=*'"*1),1&1(&?(;0%<
=>=
('&2"@(T1+,!O'+1+:D!UVVW@(h$,-"(cgi(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( K&-=)( &%%,.&,?2"( $*1&)&:"<Q( &?0<+"?2"1( 1<""$( =*'"*1),1&1( )=%*+-=( '"<,?*$1&?O

I,1"".($=*)*)%,?1.+2)&*?@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\ai(

!( 4$?aOI,1".( .*1"O."$"?."?)( .&%"2)( '**.( &'$%*:"'"?)( IQ( <&-=)@( F%! 0-30*-*&'+%@(

hJ??"#"(V($,-"(\\ci(

 ( ;CA#%()(+&()@+$!"+Y!#)$%#$+.%!&(*I)"?+"1B(1*&)($,%(

o( <;1&*?(;<"2)%*<Q)&A+"(."1(9FE(hG,1)*?B(R""%<*(")(,<@(^ggai(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( U="( 1<""$Oj,W"( ."$"?."?)( 2=,?-"1( &?( 2<*2W( -"?"( "#$%"11&*?( ,?.( &?( GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\bi(

o( &?:,<&.,)&*?(."(<!=*%<*-"($,%()%,?1-;?>1"(hFQ?,$)*),-'&?\g(E%"`E%"(

3',<\0<`Oi(hM+11"B(s=*+(")(,<@(^g\\i(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

 ( 7#I%$+&'K%()7&(C#D!%)[5K+--!'V)>%'#C(YU)!')+-F)T]]T\F)

!( J%:&2,?)=&1( ,?1*%-"&B( ,( ?*:"<('*."<( 0*%( )="( 1)+.Q( *0( 1<""$(,?.(j,W&?-( &?( .&+%?,<(

%*."?)1@(L1$$0H!*))$0&3@(h$,-"(cbi(

(
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7$GA%(%'%C&).!().C&&E!().L+$'%I%'E)-C$C"C'#%$!)[+$'%"E'#%!\)

K!,2)&:&);(<*2*'*)%&2"("1)("?%"-&1)%;"(1*&)($,%(](

o( +?"(2,-"(;A+&$;"(.!+?"(%*+"((

!( J%:&2,?)=&1( ,?1*%-"&B( ,( ?*:"<('*."<( 0*%( )="( 1)+.Q( *0( 1<""$(,?.(j,W&?-( &?( .&+%?,<(

%*."?)1@(L1$$0H!*))$0&3@(h$,-"(cbi(

!( U="( 1<""$Oj,W"( ."$"?."?)( 2=,?-"1( &?( 2<*2W( -"?"( "#$%"11&*?( ,?.( &?( GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\bi(

o( +?(2,$)"+%(."(.;)"2)&*?(&?0%,O%*+-"(."(<!,2)&:&);(<*2*'*)%&2"(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( K&-=)( &%%,.&,?2"( $*1&)&:"<Q( &?0<+"?2"1( 1<""$( =*'"*1),1&1( )=%*+-=( '"<,?*$1&?O

I,1"".($=*)*)%,?1.+2)&*?@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\ai(

!( 4$?aOI,1".( .*1"O."$"?."?)( .&%"2)( '**.( &'$%*:"'"?)( IQ( <&-=)@( F%! 0-30*-*&'+%@(

hJ??"#"(V($,-"(\\ci(

(

8B@-C#+'%C&().A)(C""!%-)%&)I%IC)

 ( $K!W)-L+&%"+-)

!( R"<,?*$1&?(,1(,(1<""$('*.+<,)*%](2&%2,.&,?(-,)&?-(*0( )="(.&%"2)("00"2)1(*0( <&-=)(*?(

1<""$(,?.(,<)"%".(1<""$(=*'"*1),1&1(&?(;0%<
=>=
('&2"@(T1+,!O'+1+:D!UVVW@(h$,-"(cgi(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( J%:&2,?)=&1( ,?1*%-"&B( ,( ?*:"<('*."<( 0*%( )="( 1)+.Q( *0( 1<""$(,?.(j,W&?-( &?( .&+%?,<(

%*."?)1@(L1$$0H!*))$0&3@(h$,-"(cbi(

!( K&-=)( &%%,.&,?2"( $*1&)&:"<Q( &?0<+"?2"1( 1<""$( =*'"*1),1&1( )=%*+-=( '"<,?*$1&?O

I,1"".($=*)*)%,?1.+2)&*?@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\ai(

!( U="( 1<""$Oj,W"( ."$"?."?)( 2=,?-"1( &?( 2<*2W( -"?"( "#$%"11&*?( ,?.( &?( GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\bi(
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 ( $K!W)-LKC""!)P)

!( 3".)&'"O%"<,)".( H"%W1( &?()="(+$$"%( <&'I1(,11*2&,)".(j&)=(%"1)<"11(,%'1(1Q?.%*'"@(

M$.-+1+:DB(,22"$);@(hJ??"#"V($,-"(\\gi(

!( E=,%,2)"%&Z,)&*?( *0( $"%&*.&2( +$$"%( <&'I( '*:"'"?)( .&1*%."%( &?( ,( $,)&"?)( j&)=(

%"1)<"11(,%'1(1Q?.%*'"@(8+G$/$%&!#',+-#$-,!^g\^@(hJ??"#"V($,-"(\gfi(

!( 6"1)<"11( <"-1( 1Q?.%*'"( ,1( ,( 0&%1)(',?&0"1),)&*?( *0( ,( 2"%"I%,<( &?0,%2)@( [+.-%*1! +(!

E1'%')*1!L1$$0!8$#')'%$B(^g\a@(hJ??"#"V($,-"(\\\i(

!( 3%,&?1)"'( 1)%*W"O%"<,)".( %"1)<"11( <"-1( 1Q?.%*'"]( 0%"A+"?2Q( ,?.( ,?,)*'&2,<(

2*?1&."%,)&*?1@(F.-+0$*%!M$.-+1+:DB(,22"$);@(hJ??"#"V($,-"(\\^i(

!( MQ$"%.*$,'&?"%-&1'( &?( <"?)&2+<*1)%&,)"( 1)%*W"O&?.+2".( %"1)<"11( <"-1( 1Q?.%*'"]( ,(

?"+%*(&',-&?-(1)+.Q@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\_i(

5C&.%'%C&()!B@E#%"!&'+-!())

!( R"<,?*$1&?(,1(,(1<""$('*.+<,)*%](2&%2,.&,?(-,)&?-(*0( )="(.&%"2)("00"2)1(*0( <&-=)(*?(

1<""$(,?.(,<)"%".(1<""$(=*'"*1),1&1(&?(;0%<
=>=
('&2"@(T1+,!O'+1+:D!UVVW@(h$,-"(cgi(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( J%:&2,?)=&1( ,?1*%-"&B( ,( ?*:"<('*."<( 0*%( )="( 1)+.Q( *0( 1<""$(,?.(j,W&?-( &?( .&+%?,<(

%*."?)1@(L1$$0H!*))$0&3@(h$,-"(cbi(

!( K&-=)( &%%,.&,?2"( $*1&)&:"<Q( &?0<+"?2"1( 1<""$( =*'"*1),1&1( )=%*+-=( '"<,?*$1&?O

I,1"".($=*)*)%,?1.+2)&*?@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\ai(

!( U="( 1<""$Oj,W"( ."$"?."?)( 2=,?-"1( &?( 2<*2W( -"?"( "#$%"11&*?( ,?.( &?( GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\bi(

!( 4$?aOI,1".( .*1"O."$"?."?)( .&%"2)( '**.( &'$%*:"'"?)( IQ( <&-=)@(F%! 0-30*-*&'+%@(

hJ??"#"(V($,-"(\\ci(

(
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"?(2*?.&)&*?("#$;%&'"?),<"(1"()%*+:"($,%("#"'$<"("?(<+'&>%"(2*?1),?)"(*+("#$*1;(C(."1(

2Q2<"1(+<)%,.&"?1(,<)"%?,?)(."1(2%;?",+#(."(<+'&>%"(")(.!*I12+%&);@(((

7&+-U(!).!()E'+'().!)-+)I%D%-+&$!)h3*+%-&?B(L,I%"(")(,<@(^ggdV(J'"%&2,?(

J2,."'Q(*0(F<""$(R".&2&?"B(^ggbi(

 ( $K!W)-L+&%"+-)P)

!( R"<,?*$1&?(,1(,(1<""$('*.+<,)*%](2&%2,.&,?(-,)&?-(*0( )="(.&%"2)("00"2)1(*0( <&-=)(*?(

1<""$(,?.(,<)"%".(1<""$(=*'"*1),1&1(&?(;0%<
=>=
('&2"@(T1+,!O'+1+:D!UVVW@(h$,-"(cgi(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( J%:&2,?)=&1( ,?1*%-"&B( ,( ?*:"<('*."<( 0*%( )="( 1)+.Q( *0( 1<""$(,?.(j,W&?-( &?( .&+%?,<(

%*."?)1@(L1$$0H!*))$0&3@(h$,-"(cbi(

!( K&-=)( &%%,.&,?2"( $*1&)&:"<Q( &?0<+"?2"1( 1<""$( =*'"*1),1&1( )=%*+-=( '"<,?*$1&?O

I,1"".($=*)*)%,?1.+2)&*?@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\ai(

!( U="( 1<""$Oj,W"( ."$"?."?)( 2=,?-"1( &?( 2<*2W( -"?"( "#$%"11&*?( ,?.( &?( GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\bi(

(

 ( $K!W)-LKC""!)P)

!( E=,%,2)"%&Z,)&*?( *0( $"%&*.&2( +$$"%( <&'I( '*:"'"?)( .&1*%."%( &?( ,( $,)&"?)( j&)=(

%"1)<"11(,%'1(1Q?.%*'"@(8+G$/$%&!#',+-#$-,!^g\^@(hJ??"#"V($,-"(\gfi(

!( 3".)&'"O%"<,)".( H"%W1( &?()="(+$$"%( <&'I1(,11*2&,)".(j&)=(%"1)<"11(,%'1(1Q?.%*'"@(

M$.-+1+:DB(,22"$);@(hJ??"#"V($,-"(\\gi(

!( 6"1)<"11( <"-1( 1Q?.%*'"( ,1( ,( 0&%1)(',?&0"1),)&*?( *0( ,( 2"%"I%,<( &?0,%2)@( [+.-%*1! +(!

E1'%')*1!L1$$0!8$#')'%$B(^g\a@(hJ??"#"V($,-"(\\\i(

!( 3%,&?1)"'( 1)%*W"O%"<,)".( %"1)<"11( <"-1( 1Q?.%*'"]( 0%"A+"?2Q( ,?.( ,?,)*'&2,<(

2*?1&."%,)&*?1@(F.-+0$*%!M$.-+1+:DB(,22"$);@(hJ??"#"V($,-"(\\^i(

!( MQ$"%.*$,'&?"%-&1'( &?( <"?)&2+<*1)%&,)"( 1)%*W"O&?.+2".( %"1)<"11( <"-1( 1Q?.%*'"]( ,(

?"+%*(&',-&?-(1)+.Q@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\_i(

)
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)

7&+'C"%!)

o( 8?H"2)&*?(."(<,()*#&?"(2=*<;%&A+"B(1*+1O+?&);(3((

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

o( 8''+?*',%A+,-"1(

!( R"<,?*$1&?(,1(,(1<""$('*.+<,)*%](2&%2,.&,?(-,)&?-(*0( )="(.&%"2)("00"2)1(*0( <&-=)(*?(

1<""$(,?.(,<)"%".(1<""$(=*'"*1),1&1(&?(;0%<
=>=
('&2"@(T1+,!O'+1+:D!UVVW@(h$,-"(cgi(

!( J('*."<( )*( $%".&2)( =*j( h'"<,?*$1&?O."$"?."?)i( <&-=)&?-( 1=,$"1( )="( 1<""$Oj,W"(

2Q2<"@(F%!0-30*-*&'+%@(h$,-"(c\i(

!( U="( 1<""$Oj,W"( ."$"?."?)( 2=,?-"1( &?( 2<*2W( -"?"( "#$%"11&*?( ,?.( &?( GG7(."<),(

$*j"%(.*(?*)(."$"?.(*?(,?(&?),2)(FE9@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\bi(

8B@E#%!&$!()$-%&%GA!()

K"1( .*??;"1( 2<&?&A+"1( 2*?2"%?,?)( <"( 1Q?.%*'"( ."1( H,'I"1( 1,?1( %"$*1( *?)( ;);(

%"2+"&<<&"1( <*%1( ."( <,( $%&1"( "?( 2=,%-"( =,I&)+"<<"( ."1( $,)&"?)1B( ")( +?( ,:&1( 0,:*%,I<"( .+(

E*'&);( .!G)=&A+"( ,( ;);( *I)"?+( ,+( $%;,<,I<"( $*+%( <"1( %;1+<),)1( &11+1( ."1( "#$;%&"?2"1(

+)&<&1,?)(<!&',-"%&"(?+2<;,&%"@((

!( 3".)&'"O%"<,)".( H"%W1( &?()="(+$$"%( <&'I1(,11*2&,)".(j&)=(%"1)<"11(,%'1(1Q?.%*'"@(

M$.-+1+:DB(,22"$);@(hJ??"#"V($,-"(\\gi(

!( E=,%,2)"%&Z,)&*?( *0( $"%&*.&2( +$$"%( <&'I( '*:"'"?)( .&1*%."%( &?( ,( $,)&"?)( j&)=(

%"1)<"11(,%'1(1Q?.%*'"@(8+G$/$%&!#',+-#$-,!^g\^@(hJ??"#"V($,-"(\gfi(

!( 6"1)<"11( <"-1( 1Q?.%*'"( ,1( ,( 0&%1)(',?&0"1),)&*?( *0( ,( 2"%"I%,<( &?0,%2)@( [+.-%*1! +(!

E1'%')*1!L1$$0!8$#')'%$B(^g\a@(hJ??"#"V($,-"(\\\i(

!( 3%,&?1)"'( 1)%*W"O%"<,)".( %"1)<"11( <"-1( 1Q?.%*'"]( 0%"A+"?2Q( ,?.( ,?,)*'&2,<(

2*?1&."%,)&*?1@(F.-+0$*%!M$.-+1+:DB(,22"$);@(hJ??"#"V($,-"(\\^i(

!( MQ$"%.*$,'&?"%-&1'( &?( <"?)&2+<*1)%&,)"( 1)%*W"O&?.+2".( %"1)<"11( <"-1( 1Q?.%*'"]( ,(

?"+%*(&',-&?-(1)+.Q@(F%!0-30*-*&'+%@(hJ??"#"V($,-"(\\_i(

)
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/%"'&>%"($,%)&"](8?)%*.+2)&*?(

?-* *("7%(7"-* -( #+$-* '-7"+'&9-* $8/9$:7;-* 5&'* 9-* -66-(* %$"%&5$-'* 5- 9& 

978$<"- 

K"1("00")1(2&%2,.&"?1(."(<,(<+'&>%"(1+%(<"(2Q2<"(:"&<<"O1*''"&<(1*?)(I&"?(2*??+1(")(

$,11"?)( $,%( ."1( ';2,?&1'"1( ."( %"1Q?2=%*?&1,)&*?( ."( ?*)%"( =*%<*-"( $%&?2&$,<"( 1&)+;"(

.,?1(<"1(?*Q,+#(1+$%,2=&,1',)&A+"1(h9FEi@(K"(1&-?,<(<+'&?"+#("1)(.;)"2);(,+(?&:",+(."(

<,( %;)&?"( $,%( <"1( $=*)*%;2"$)"+%1( 2<,11&A+"1B( <"1( 2N?"1( ")( <"1( Ip)*??")1B( ',&1( 2!"1)(

$%&?2&$,<"'"?)( <,( ';<,?*$1&?"B( +?( $=*)*$&-'"?)( 2*?)"?+( .,?1( +?( 1*+1O-%*+$"( ."(

2"<<+<"1(-,?-<&*??,&%"1(."( <,( %;)&?"( h&$67Fi(A+&(.;)"2)"( <!&?0*%',)&*?(?*?(:&1+"<<"(."( <,(

<+'&>%"@(/,%(,&<<"+%1B(<"1(&$67E(:;=&2+<"?)(;-,<"'"?)(<!&?0*%',)&*?(<+'&?"+1"($%*:"?,?)(

."1(2N?"1(")(."1(Ip)*??")1(h7*ZB(F)+.=*<'"(")(,<@(^ggeV(7+<"%B(G2W"%(")(,<@(^ggeV(M,)*%&B(

K"(")(,<@(^ggei@(K"1($%*H"2)&*?1(."1(&$67E1(1"(0*?)($,%(<"()%,2)+1(%;)&?*=Q$*)=,<,'&A+"B(

A+&( "1)( /JEJ/"%-&A+"( h/&)+&),%Q( ,."?Q<,)"( 2Q2<,1"O,2)&:,)&?-( $*<Q$"$)&."i( ")(

-<+),',)"%-&A+"B(1+%(<,($,%)&"(%;)&?*%;2&$&"?)"(."1(9FE@(S,?1(<!*%-,?&1,)&*?(."1(9FE(*?(

.&1)&?-+"( <"( 2"?)%"( h*+( k(2*%"(li( ."1( 9FEB( $,%)&"( %;)&?*%;2&$&"?)"B( ,?);%&"+%"( ")(

:"?)%*<,);%,<"@( E"))"( $,%)&"( "1)( $,%)&2+<&>%"'"?)( %&2="( "?( Y8/( hY,1*$%"11&:"( 8?)"1)&?,<(

/"$)&."iB(,<*%1(A+"(<"1(?"+%*?"1(2*?)"?,?)(<"(?"+%*$"$)&."(JY/(h,%-&?&?"(:,1*$%"11&?"i(

0*%'"?)(<,($,%)&"(.*%1*';.&,?"(."1(9FEB(<!"?:"<*$$"(h*+(k(1="<<(li(hR**%"B(F$"=(")(,<@(

^gg^i@(hL&-+%"(bi(((

E"$"?.,?)B(<"1("00")1(2&%2,.&"?1(."(<,(<+'&>%"(?"(.;$"?."?)($,1(+?&A+"'"?)(."(<,(

';<,?*$1&?"@(E"2&("1)(&<<+1)%;($,%(+?(%Q)='"(2&%2,.&"?(A+&(%"1)"("?)%,q?;(2="Z(<"1(1*+%&1(

,Q,?)("+(+?"( &?:,<&.,)&*?(.+(->?"(."( <,(';<,?*$1&?"( h6+IQB(3%"??,?(")( ,<@( ^gg^i@(G?(

."=*%1(."1($%*H"2)&*?1(."1(&$67E(1+%(<"1(9FEB(."1($%*H"2)&*?1(?*?O';<,?*$1&?"%-&A+"1(

`(/JEJ/"%-&A+"1($"%'"))"?)(;-,<"'"?)(."( )%,?1'"))%"( <"(1&-?,<( <+'&?"+#(1+%( <"1(9FE(

hM,??&I,<( ,?.( L,=%"?W%+-( ^ggai@( 8<( "#&1)"( ,+11&( ."1( $%*H"2)&*?1( &?.&%"2)"1@( J&?1&B( <"(

)%,2)+1( -;?&2+<*=Q$*)=,<,'&A+"( )%,?1'")( ,+#(9FE( <!&?0*%',)&*?( <+'&?"+1"B(?*),''"?)(

2"<<"(%"z+"($,%(<"1(0"+&<<")1(&?)"%-;?&2+<;1(hR*%&?(^g\_i@(

J+(?&:",+(."1(9FEB(<"(1&-?,<(<+'&?"+#($"%'")(."(1Q?2=%*?&1"%(<!=*%<*-"($%&?2&$,<"(

1+%( <"( %Q)='"( H*+%`?+&)( ")( 2"))"( &?0*%',)&*?( "1)( .&1)%&I+;"( ,+( 2*%$1( "?)&"%( -%p2"( C( <,(

';<,)*?&?"(1;2%;);"($,%(."(<,(-<,?."($&?;,<"@(U*+)"0*&1B(<,(1;2%;)&*?(."(<,(';<,)*?&?"("1)(

;-,<"'"?)( 1*+1( +?( 2*?)%N<"( $=*)&A+"( .&%"2)@( E="Z( <"( ',''&0>%"B( n2*?)%,&%"'"?)( $,%(
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"#"'$<"(C( <,(-<,?."($&?;,<"(,:&,&%"(A+&("1)(.&%"2)"'"?)($=*)*1"?1&I<"( hE1"%?+1(^ggcioB(

<,( %;2"$)&*?( .+( 1&-?,<( <+'&?"+#( ,+( ?&:",+( ."( <,( %;)&?"( ,I*+)&)( C( <,( 1+$$%"11&*?( ."( <,(

1;2%;)&*?(."(<,(';<,)*?&?"B(2"))"(."%?&>%"(?!,Q,?)(<&"+(A+"(.,?1(<"(?*&%@((

(

(

N%DA#!)^F)RA!)D-C,+-!).!()1;5@(K,(1)&'+<,)&*?(<+'&?"+1"(&?.+&)(,+(?&:",+(."(<,(

$,%)&"(%;)&?*%;2&$"?)"(<!"#$%"11&*?(."(2OL*1(h%*+-"iB(+?(',%A+"+%(.!,2)&:,)&*?(?"+%*?,<"@(

K"1(?"+%*?"1(:,1*$%"11&?"%-&A+"1B(2*?1)&)+,?)( <!"?:"<*$$"( h*+(k(1="<<(li(."1(9FE(*?)(

;);(',%A+;1($,%(&''+?*0<+*%"12"?2"("?(:"%)@(

@A/+()<*-* %+'%-"'&'( 9-* *("7%(7"-* -( #+$-* '-7"+'&9-* $8/9$:7;-* 5&'* 9-* 

-66-(* '+'1%$"%&5$-'*B 5$"-%(* 5- 9& 978$<"- 

K"1( "00")1( ?*?O2&%2,.&"?1( .&%"2)1( ."( <,( <+'&>%"( %"1)"?)( I",+2*+$( '*&?1(

,$$%;="?.;1@( K"1( "00")1( .&%"2)1( ."( <,( <+'&>%"( *?)( +?"( )%,.+2)&*?( 2*'$*%)"'"?),<"(

%,$&."B(2*?)%,&%"'"?)(,+#("00")1(2&%2,.&"?1(A+&(?;2"11&)"?)(+?(.;<,&(.!"?:&%*?(^a(="+%"1@(

K,( ';<,)*?&?"B( .*?)( <,( 1;2%;)&*?( $,%( <,( -<,?."( $&?;,<"( "1)( 1+$$%&';"( 1+&)"( C( +?"(

"#$*1&)&*?( <+'&?"+1"B( ?"( $"+)( P)%"( +?( 2,?.&.,)( ',H"+%@( R,<-%;( <!,I1"?2"( ."( 2"))"(
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=*%'*?"( 2="Z( <,( $<+$,%)( ."1( 1*+2="1(."( 1*+%&1(',&?)"?+"1("?( <,I*%,)*&%"( hX,1,=,%,B(

JI"(")(,<@(^g\giB(<"1("00")1(.&%"2)1(."(<,(<+'&>%"($"%1&1)"?)@(

J(2"( H*+%B( <,( )%,.+2)&*?(2<&?&A+"(."1("00")1(.&%"2)1(."( <,( <+'&>%"( <,('&"+#(;)+.&;"(

"1)( <"(%;0<"#"($=*)*'*)"+%@(K,(';<,?*$1&?"B(."($,%(1"1($%*H"2)&*?1(,+(?&:",+(.+(?*Q,+(

*<&:,&%"(.+($%;)"2)+'B("?("1)(+?(,2)"+%($%&?2&$,<@(F*?(%N<"(.,?1(<,(%;$*?1"($+$&<<,&%"(C(<,(

<+'&>%"( "1)( I&"?( &."?)&0&;( ,:"2( +?"( 2*'$*1,?)"( .;$"?.,?)"( ."( <,( ';<,?*$1&?"(

'"1+%,I<"(h3%*j?B(J<<"?(")(,<@(^g\_V(3,%%&*?+":*B(9&2,?.%*(")(,<@(^g\ai@(((
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."( <,( <+'&>%"( 1+%( <"( 1*''"&<( %"1)"?)( &?2*??+"1@( J+( ?&:",+( %;)&?&"?B( <!&'$<&2,)&*?( ."( <,(

';<,?*$1&?"B( ."( $,%( 1"1( $%*$%&;);1( ."( $=*)*$&-'"?)( &?)%&?1>A+"'"?)( $=*)*1"?1&I<"(

hR+%"B(6&"+#(")(,<@(^ggdV(s=,?-B(m*?-(")(,<@(^ggeV(E="?B(3,.",(")(,<@(^g\\V(F2='&.)B(
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L,=%"?W%+-(^ggaV(M,)),%B(X+',%(")(,<@(^ggciB(1"'I<"(+?(2,?.&.,)(;:&."?)@((

J+( ?&:",+( 2;%;I%,<B( ."+#( 1)%+2)+%"1( 1"'I<"?)( $,%)&2+<&>%"'"?)( &?);%"11,?)"1(](

<!,&%"($%;*$)&A+"(:"?)%*<,);%,<"(hYK/4i(")(<"1(?*Q,+#(1+$%,2=&,1',)&A+"1(h9FEi@((

K"(%N<"(.+(YK/4(.,?1( <,(%;-+<,)&*?(1*''"&<("1)(I&"?(;),I<&@(E"(1*?)(?*),''"?)(

<"1(?"+%*?"1(-,<,?&?"%-&A+"1(")(7J3J"%-&A+"1(.&)1(k(&?.+2)"+%1(."(1*''"&<(l(A+&(1*?)(

2*?1&.;%;1(2*''"(+?(;<;'"?)(2<"0(.,?1(<!&?.+2)&*?(")(<!=*';*1),1&"(.+(1*''"&<(h7:&<&,B(

u+( ")( ,<@( ^ggci@( E"1( ?"+%*?"1( ."?1;'"?)( *%-,?&1;1( "?( -%,$$"( h*+k(2<+1)"%(li( 1*?)(

1&)+;1(.,?1(<,($*%)&*?(<,($<+1(:"?)%,<"(."(<!,&%"($%;*$)&A+"(")(<,);%,<"'"?)($,%(%,$$*%)(,+(

2=&,1',(*$)&A+"(hL&-+%"(ci@(8<1(1*?)(,2)&:;1("?(1*''"&<(<"?)B(")(&?=&I;1($,%(<,($<+$,%)(."1(

?"+%*)%,?1'"))"+%1( &'$<&A+;1( .,?1( <!;:"&<( h7,<<*$&?B( L*%)( ")( ,<@( ^gggi@( K"1( ?"+%*?"1(

-,<,?&?"%-&A+"1( .+( YK/4( ;)"?.+( h*+( k("#)"?.".(liB( ?*?( %"-%*+$;1( ")( ."( <*2,<&1,)&*?(

$<+1(.*%1,<"B(1*?)(,2)&01("?(1*''"&<($,%,.*#,<(hF="%&?B(F=&%*',?&(")(,<@(\ffcV(K+B(7%"2*(

")(,<@(^gggi@(5?"(<;1&*?(I&<,);%,<"(."1(YK/4("?)%,q?"(+?"(&?1*'?&"($%*<*?-;"(hK+B(7%"2*(

")( ,<@( ^gggi@(E"1(.*??;"1(;:*A+"?)( A+"( <!&?.+2)&*?(.+( 1*''"&<( *+(."( <,( :"&<<"( %;1+<)"(

.!+?"( &?)"%,2)&*?( &?=&I&)%&2"( %;2&$%*A+"( "?)%"( <"1( 1)%+2)+%"1( ."( <!;:"&<( ")( <"1( ?"+%*?"1(
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1"+<"'"?)( .,?1( <"+%( 0*?2)&*?( .!=;I"%-"'"?)( ."( <!=*%<*-"( I&*<*-&A+"( $%&?2&$,<"@((

U*+)"0*&1B(&<("#&1)"(+?(%;1",+(.!,00;%"?2"1(")(.!"00;%"?2"1($,%)&2+<&>%"'"?)(%&2="("?)%"(<"1(

9FE(")( <"1( ,+)%"1( 1)%+2)+%"1( =Q$*)=,<,'&A+"1B( :*&%"( 2;%;I%,<"1( hR*%&?( ^g\_i@(E*'$)"(

)"?+( ."( 2"1( 2*?1&.;%,)&*?1B( <"1( 9FEB( "?( ."=*%1( ."( <"+%( %N<"( .!=*%<*-"B( $*+%%,&"?)(

;-,<"'"?)(P)%"(+?"(1)%+2)+%"(."(%"<,&(.,?1(<"1("00")1(.&%"2)1(."(<,(<+'&>%"(1+%(<"(1*''"&<@((

(

( (
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K"1(.&00;%"?)1(,%)&2<"1(,+#A+"<1(2"( )%,:,&<(."( )=>1"(,(,I*+)&B(?"(1*?)($,1(%;.&-;1(

$*+%(1"(1+&:%"(1"<*?(<,(A+"1)&*?(?"+%*,?,)*'&A+"($*1;"@(J&?1&B(.,?1(+?(1*+2&(."(2<,%);(

")(."(2*?)&?+&);(."1(=Q$*)=>1"1(."()%,:,&<(."(2"))"()=>1"B('"1($%&?2&$,+#(%;1+<),)1(1*?)(

%"$%&1(.,?1(2"))"(1"2)&*?@(K"1(,%)&2<"1(A+&(1!Q(%;0;%"?)(1*?)(&?1;%;1(C(<,(0&?(."(2"(2=,$&)%"@((

?& 8;9&'+/*$'- -*( $8/9$:7;- 5&'* 9-* -66-(* 5$"-%(* 5- 9& 978$<"- *7" 9- *+88-$9C 

K!,$$%*2="(+)&<&1;"($*+%('&"+#(&."?)&0&"%(<"(%N<"(."(<,(';<,?*$1&?"(.,?1(<"1("00")1(

.&%"2)1(."(<,(<+'&>%"("1)(<!;)+."(.+($=;?*)Q$"(2*'$*%)"'"?),<(."1(1*+%&1()%,?1-;?&A+"1(

,Q,?)( "+( +?"( &?:,<&.,)&*?( .+( ->?"( ."( <,(';<,?*$1&?"( h;0%<=>=i( ")( ."( <"1( 2*'$,%"%( ,+(

-%*+$"(."(1*+%&1( 2="Z( <"1A+"<1( 2"(-P?"("1)($%;1"%:;B( 1*+%&1(.&)"1(."( )Q$"k(1,+:,-"(l(

h;0%<`>`i@(K"+%(1*''"&<("1)(;)+.&;("?(0*?2)&*?(."(.&00;%"?)"1(2*?.&)&*?1(<+'&?"+1"1@(

G?( <!,I1"?2"( ."( ';<,?*$1&?"B( <"1( 1*+%&1( $"%."?)( +?"( ="+%"( ."( 1*''"&<( $"?.,?)( <,(

$;%&*."(<+'&?"+1"("?(2*?.&)&*?(."(I,1"(h\^=K]\^=Si@(

(

N%DA#!) `F) 3%MME#!&$!) $A"A-E!) !&) (C""!%-) -!&') !&) $C&.%'%C&) OTK9)P) OTK3F)

5*'$,%;"1(,+#(1*+%&1(;0%<`>`B( <"1(1*+%&1(;0%<=>=($"%."?)(."(',?&>%"(2+'+<;"($"?.,?)(

<,($;%&*."( <+'&?"+1"("?:&%*?(+?"(="+%"(."(1*''"&<B(,<*%1(A+!&<(?!Q(,($,1(."(.&00;%"?2"(

$"?.,?)(<,($;%&*."(.!*I12+%&);(@(

G?(2*?.&)&*?(."(I,1"(1*+1(+?(%;-&'"(1&'+<,?)(<"(H*+%(")( <,(?+&)("?(,<)"%?,?)((+?"(

$;%&*."( ."( <+'&?*1&);( ."( \^( ="+%"1( 1+&:&"( .!+?"( $;%&*."( ."( \^( ="+%"1( .!*I12+%&);(

h\^=K]\^=S(V( K�( k(<&-=)(l(")( S�( k(.,%W(liB( *?( *I1"%:"( 2="Z( <"1( 1*+%&1(;0%<=>=( <,( $"%)"(
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.!+?"(="+%"(."(<+'&>%"("?($;%&*."(.!*I12+%&);("1)($<+1($%*?*?2;"(2*'$,%;"1(,+#(1*+%&1(

;0%<=>=!0,&1,?)(;:*A+"%(+?"(&'$<&2,)&*?(."(<,(';<,?*$1&?"(.,?1(2"))"(%;$*?1"($=*)&A+"@((

K,( %;-+<,)&*?( $=*)&A+"( .+( 1*''"&<( &'$<&A+"( <,( ';<,?*$1&?"( ")( .;$"?.( .+( '*'"?)(

2&%2,.&"?(

(

N%DA#!)aF)9!)"C"!&').!)-+)QCA#&E!)%&M-A!&$!)-!()!MM!'().%#!$'().!)-+)-A"%/#!)(A#)-!)

(C""!%-F( 8<<+1)%,)&*?( ."1( .&00;%"?2"1( "?)%"( <"1( $;%&*."1( ."( <+'&>%"( ")( .!*I12+%&);( "?(

2*?.&)&*?( +<)%,.&"??"( ,<)"%?,?)( ."1( 2Q2<"1( .!+?"( ="+%"( ."( <+'&>%"( ")( .!+?"( ="+%"(

.!*I12+%&);( $"?.,?)( ^a( ="+%"1( 2="Z( ."1( 1*+%&1( ;0%<`>`( ")( ;0%<=>=! @( K"1( .*??;"1(

%"$%;1"?)"?)( <"1( :,%&,)&*?1( 2*?2"%?,?)( <"( )"'$1( $,11;( ;:"&<<;( h"?( '&?+)"1i( "?)%"( <"1(

$+<1"1(.!*I12+%&);(")(."( <+'&>%"($*+%(2=,A+"(2Q2<"@(K"1(I,%%"1(:"%)&2,<"1( %"$%;1"?)"?)(

<!"%%"+%(1),?.,%.@(K"1(,?,<Q1"1(."( <,(:,%&,?2"(hJ94YJi('*?)%"?)(."1(.&00;%"?2"1("?)%"(

$+<1"(.!*I12+%&);(O(<+'&>%"($<+1(&'$*%),?)"(2="Z(<"1(1*+%&1(;0%<`>`(2*'$,%;"1(,+#(1*+%&1(

;0%<=>=( h0�gBgbi@( K!,1);%&1A+"( '*?)%"( ."1( .&00;%"?2"1( -;?*)Q$&A+"1( 1&-?&0&2,)&:"1(

h0�gBgb(V($*1)(=*2(&O)"1)1i@ 

(
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2*?.&)&*?( +<)%,.&"??"( ,( ;);( ,$$<&A+;"( ,<)"%?,?)( ."1( 2Q2<"1( .!+?"( ="+%"( ."( <+'&>%"( ")(

.!+?"(="+%"(.!*I12+%&);()*+)(,+(<*?-(."(^a(="+%"1@(E"))"(2*?.&)&*?($"%'")(."(.&1)&?-+"%(
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(
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(C""!%-)-!&'F)K,(.&00;%"?2"($*+%(<"(1*''"&<(<"?)("?)%"(<"1($;%&*."1(<+'&?"+1"(1+IH"2)&:"(

")( .!*I12+%&);( 1+IH"2)&:"( "?( 2*?.&)&*?( .!*I12+%&);( 2*?1),?)"( ?!"1)( $,1( .&00;%"?)"(

1&-?&0&2,)&:"'"?)("?)%"(<"1(."+#(-;?*)Q$"1@(

J0&?(."()"1)"%(1&(<,($"%)"(."(1*''"&<(*I1"%:;"($"?.,?)(<,($;%&*."(<+'&?"+1"(2="Z(

<"1(1*+%&1(;0%<=>=(;),&)("?( <&"?(,:"2(+?"(%;-+<,)&*?($=*)&A+"(.&%"2)"(*+(1"2*?.,&%"(C(+?(

$,2"',W"%( 2&%2,.&"?( ,00,&I<&B( <"1( 1*+%&1( *?)( ;);( "?%"-&1)%;"1( "?( 2*?.&)&*?( .!*I12+%&);(

2*?1),?)"@(K"1(%;1+<),)1('*?)%"?)(A+"(<,(.&00;%"?2"($*+%(<"(1*''"&<(<"?)("?)%"(<,($;%&*."(

<+'&?"+1"( 1+IH"2)&:"( ")( .!*I12+%&);( 1+IH"2)&:"( "?( 2*?.&)&*?( .!*I12+%&);( 2*?1),?)"( ?!"1)(

$,1(.&00;%"?)"("?)%"(<"1(."+#(-;?*)Q$"1@(K,($"%)"(."(1*''"&<(<"?)("?($;%&*."(<+'&?"+1"(

"1)( .*?2( "?( <&"?( ,:"2( <"1( "00")1( .&%"2)1( ."( <,( <+'&>%"( ")( ?*?( $,1( 1"2*?.,&%"( C( +?(

$,2"',W"%(2&%2,.&"?(,00,&I<&@(E"(%;1+<),)("1)(2*=;%"?)(,:"2(."1(.*??;"1(."(<,(<&));%,)+%"(

?"( '")),?)( $,1( "?( ;:&."?2"( .!,<);%,)&*?( .+( %Q)='"( 2&%2,.&"?( ."( <!,2)&:&);( <*2*'*)%&2"(

h6+IQB(3%"??,?(")(,<@(^gg^i@(
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-"?*)Q$"(](0�gBgg\i@((

(

(

N%DA#!)ObF)7$'%I+'%C&)@KC'%GA!).!()&!A#C&!()c)%&.A$'!A#().!)(C""!%-)d).A)

R9>2F(K!,$$<&2,)&*?(.!+?($+<1"(.!\="+%"(."(<+'&>%"(n�K/(hEBSiV(2*?)%N<"(1,?1(<+'&>%"(](O

K/(hJB(3io("?)%"(sU\b(")(sU\c($"%'")( <!&?.+2)&*?(."(2OL*1(h%*+-"i(,+(?&:",+(.+(2<+1)"%(

."1(?"+%*?"1(-,<,?&?"%-&A+"1(h:"%)i(.+(YK/4(hEBSB(=&1)*-%,''"1i(,:"2(+?"(,2)&:,)&*?(

?"+%*?,<"(.&'&?+;"("?(2,1(."(.;0&2&"?2"("?(';<,?*$1&?"( hSB(=&1)*-%,''"1i@(K,(I,%%"(

.!;2="<<"(&?.&A+"(\gg�'@(K"1(I,%%"1(=*%&Z*?),<"1(2*%%"1$*?."?)(,+#(:,<"+%1('*Q"??"1(�(

FGR@(5?"(J94YJ(C(."+#(0,2)"+%1B(<&-=)($+<1"(]($�gBgb(V((K&-=)($+<1"(#(-"?*)Q$"(](0�gBgb(

h;)*&<"i(V(,1);%&1A+"(&?.&A+"($*1)(=*2(L&1="%(/KFS(]!0�gBgbi(h3i@(

K,( A+,?)&0&2,)&*?( .+( 2*',%A+,-"( ."( <!J69'( ."( <,( -,<,?&?"( h"?( :"%)i( "?(

=QI%&.,)&*?( '%! ,'&.( ")( ."( <,( $%*);&?"( .!,2)&:,)&*?( ?"+%*?,<"( 2OL*1( h"?( %*+-"i( "?(

&''+?*=&1)*2=&'&"( '")( "?( ;:&."?2"( +?"( ,+-'"?),)&*?( ."( 2OL*1( .,?1( <"1( ?"+%*?"1(

-,<,?&?"%-&A+"1( k(&?.+2)"+%1( ."( 1*''"&<(l( C( <,( 1+&)"( ."( <,( 1)&'+<,)&*?( $=*)&A+"@(E"))"(

,+-'"?),)&*?("1)(.;$"?.,?)"(."(<,(';<,?*$1&?"@(

)
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'*.><"1( ."( 1*+%&1B( <"( $,2"',W"%( 2&%2,.&"?( ?!;),&)( $<+1( 0*?2)&*??"<( ,:"2( +?"(,%%Q)='&"(
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2*%*?,<"1(C(=,+)"+%(."1(9FE(.,?1(<"+%($,%)&"('*Q"??"(h,B(2i(")($*1);%&"+%"(hIB(.i(.,?1(

+?"(1*+%&1(k(F=,'(l(,:"2(."1(9FE(&?),2)1(h,BIi(")(+?"(1*+%&1(<;1;"(h2B.i(,+(?&:",+(."1(

9FE( h0<>2="1i( 1,?1("?.*'',-"%( <"1( 1)%+2)+%"1( ,.H,2"?)"1@( K,(I,%%"( .!;2="<<"( &?.&A+"(

bgg�'(V(/Y9(](?*Q,+#($,%,:"?)%&2+<,&%"1(V(_Y(]()%*&1&>'"(:"?)%&2+<"@(

S,?1( <"( '*.><"( <;1&*??"<B( ,0&?( ."( :;%&0&"%( <!"00&2,2&);( ."1( <;1&*?1B( +?"( ,?,<Q1"(

1)%+2)+%"<<"(,(;);(%;,<&1;"(,:"2(+?(',%A+,-"(."(<!JY/(h"?(:"%)i(*+("?(SJ/8(h?*?(&<<+1)%;i@(

K"1( <;1&*?1( 1*?)( 2*'$<>)"1( ")( %"1)"?)( <&'&);"1( ,+#( 9FEB( <,&11,?)( <"1( 1)%+2)+%"1(
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(

N%DA#!) O^F) 9!() M%,#!() @#CI!&+&') .!() %@ =5) (C&') #!('E!() %&'+$'(F( E*+$"1(

2*%*?,<"1(.!+?(2"%:",+(<;1;(."(1*+%&1(,+(?&:",+(."1(9FE(")(&?H"2);"($%;,<,I<"'"?)(,+(

1,2%&0&2"( $,%( <,( )*#&?"( .+( 2=*<;%,( h1*+1O+?&);( 3i( $*+%( )%,2"%( <"1( 0&I%"1( ."1( &$67E( h"?(

%*+-"i(%"1);"1(&?),2)"1@(2=&,1',(*$)&A+"(h*2i(V((YK/4(n2*%%"1$*?.(C(+?(,-%,?.&11"'"?)(

."( <,( Z*?"(',%A+;"( $,%( +?( ,1);%&1A+"( .,?1( <,( $=*)*( "?( =,+)( C( -,+2="o(V( ?*Q,+#( .+(

$%;)"2)+'( h4/UB( //Ui( ")( 2*'$<"#"( -;?&2+<;( hS7KB( 87KB( Y7Ki(V( 2*<<&2+<+1( 1+$;%&"+%1(

h12i(V_&>'"(:"?)%&2+<"(h_YiB(2,?,<(."(<!,A+".+2(hJAi@(K,(I,%%"(.!;2="<<"(%"$%;1"?)"(bgg�'((

")(^g�'(.,?1(<,(Z*?"(,-%,?.&"(h"?(=,+)(C(.%*&)"i@(

S,?1(<"('*.><"(<;1&*??"<B(,0&?(."(:;%&0&"%(<!,I1"?2"(.!,))"&?)"(."1(0&I%"1(.+()%,2)+1(

%;)&?*=Q$*)=,<,'&A+"( C( $%*#&'&);( ."1( 9FE( <;1;1B( <"1( 1*+%&1( *?)( ;);( &?H"2);"1( ,:"2( <,(

1*+1O+?&);(3(."(<,()*#&?"(.+(2=*<;%,(h%*+-"iB(+?(',%A+"+%(."()%,z,-"(,?);%*-%,."B(")(<"1(

2"%:",+#( *?)( ;);( ,?,<Q1;1( "?( $*1)'*%)"'@( E="Z( <"1( ,?&',+#( <;1;1B( <"( ',%A+,-"( .+(

)%,2"+%("1)(2*'$,%,I<"(C(2"<+&(."1(,?&',+#(2*?)%N<"1B(?*?(<;1;1(h*+(k(1=,'(li(,:"2(."1(

0&I%"1(I&"?($%;1"?)"1(,+(?&:",+(.+(2=&,1',(*$)&A+"B(.+(YK/4B(.+(2*'$<"#"(-;?&2+<;B(.+(

$%;)"2)+'(")(.+(2*<<&2+<+1(1+$;%&"+%@(G?(I<"+B(<"1(?*Q,+#(2"<<+<,&%"1(1*?)(',%A+;1($,%(<"(

SJ/8@(
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E"1( %;1+<),)1( );'*&-?"?)( A+"( <"1( <;1&*?1( 1*?)( 2*'$<>)"1( ")( A+"( <"1( 0&I%"1( "?(

."=*%1(."1(9FG(1*?)(%"1);"1(&?),2)"1@(K"1("00")1(*I1"%:;1("?(;<"2)%*$=Q1&*<*-&"($"+:"?)(

.*?2( P)%"( &?)"%$%;);1( "?( <&"?( ,:"2( <,( <;1&*?( ")( ?"( 1*?)( $,1( .+1( C( +?"( &?)"%%+$)&*?( ."1(

0&I%"1(*+(C(+?"(<;1&*?(."1(1)%+2)+%"1(,:*&1&?,?)"1@(

Y,<&.,)&*?(=&1)*<*-&A+"(")('*%$=*0*?2)&*??"<<"(."(<!,I*<&)&*?(.+($,2"',W"%($,%(,$$%*2="(

)%,?1-;?&A+"((

(

N%DA#!)O_F)9!()1;5).!()(CA#%()FA'GHI"-2I"-J8&9G6921)(C&')&C&)MC&$'%C&&!-()!')

('#A$'A#!--!"!&')%&'+$'(F(JI1"?2"(.!"#$%"11&*?(."(<!JY/(h:"%)i(.,?1(<"1(9FE(2="Z(<"1(

1*+%&1( LD%XVE-$>E-$O/*1X(1>=hIiB( ,<*%1( A+!"<<"( %"1)"( "#$%&';"( .,?1( <"1( 1)%+2)+%"1(

,:*&1&?,?)"1( hIi( ")( 2="Z( <,( 1*+%&1( ."( 2*?)%N<"( h,i@(9FE( 1)%+2)+%"<<"'"?)( &?),2)1( hSJ/8B(

-%&1i@(K,(I,%%"(.!;2="<<"(%"$%;1"?)"(bgg�'(h,B(IB(2i@(

S,?1(<"('*.><"()%,?1-;?&A+"B(,0&?(."(:;%&0&"%( <!,I1"?2"(.!=*%<*-"(0*?2)&*??"<<"(")(

."1(9FE( 1)%+2)+%"<<"'"?)( &?),2)1B( +?( .*+I<"(',%A+,-"( ,( ;);( %;,<&1;@( K!JY/( h:"%)i( "1)(

,I1"?)( ,+( ?&:",+( ."1( 9FE( 2="Z( <,( 1*+%&1( )%,?1-;?&A+"@( E"( ?"+%*$"$)&."( .*?)( <,(

%;-+<,)&*?( "1)( 1*+1( <"( 2*?)%N<"( 2&%2,.&"?( %"1)"( I&"?( "#$%&';( .,?1( <"1( 1)%+2)+%"1(

,:*&1&?,?)"1( ")( 2="Z( <"1( 1*+%&1( 2*?)%N<"1@( K"( ',%A+,-"( "?( SJ/8( h-%&1i( $"%'")( ."(

:&1+,<&1"%(<"1(9FE(1)%+2)+%"<<"'"?)(&?),2)1(2="Z(<"1(1*+%&1()%,?1-;?&A+"1@(

(
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(

N%DA#!) O`F) 9L+$'%I+'%C&) @KC'%GA!) .!() 1;5) !(') .%"%&AE!) $K!W) -!() (CA#%()

FA'GHI"-2I"-J8&9G6921F)K*%1(.!+?"(1)&'+<,)&*?($,%(\(="+%"(."(<+'&>%"("?)%"(sU\b(")(sU\c(

n�K/(h,B2i(V(OK/(h2*?)%N<"ihIB.io(B(*?(*I1"%:"(+?"('*&?.%"(&?.+2)&*?(."(2OL*1(h%*+-"i(2="Z(

<"1( 1*+%&1( LD%XVE-$>E-$O/*1X(1>=h2B( =&1)*-%,''"1i(2*'$,%;"1( ,+#( 1*+%&1( 2*?)%N<"1( h,B(

=&1)*-%,''"1i(.,?1( <"1(9FE(hJY/B("?(:"%)i@( h=&1)*-%,''"1i(J94YJ(C(."+#( 0,2)"+%1V(

<&-=)($+<1"(](0�g@gg\V(-"?*)Q$"(](0�g@gg\B(h�i($*1)O=*2()O)"1)](0�g@gb@(

S,?1(<"('*.><"()%,?1-;?&A+"B(,0&?(."(:;%&0&"%(<,($"%2"$)&*?(.+(1&-?,<(<+'&?"+#B(+?(

$+<1"( .!+?"( ="+%"( ."( <+'&>%"( ,( ;);( ,$$<&A+;( "?)%"( sU\b( ")( sU\c@( K"1( 1*+%&1(

)%,?1-;?&A+"1(-,%."?)( +?"( &?.+2)&*?(."( 2OL*1( 1+&)"( C( <!,$$<&2,)&*?( <+'&?"+1"B(',&1( ."(

',?&>%"( 1&-?&0&2,)&:"'"?)( %;.+&)"( 2*'$,%;"( C( 2"<<"( *I)"?+"( 2="Z( <"1( 1*+%&1( 2*?)%N<"1@(

K"1(9FEB(I&"?(A+!&<1(,&"?)($"%.+(<"+%(0*?2)&*?(."($,2"',W"%(2&%2,.&"?B(-,%."?)(+?"(0,&I<"(

,2)&:,)&*?(C(<,(<+'&>%"(,+(?&:",+(."(<,($,%)&"(%;)&?*%;2&$&"?)"@((

E"1(.&00;%"?)"1("#$;%&"?2"1(?*+1($"%'"))"?)(."(2*?2<+%"(A+"(<"1(9FE(."1(1*+%&1(

)%,?1-;?&A+"1( 1*?)( 1)%+2)+%"<<"'"?)( &?),2)1B( ',&1( ?*?O0*?2)&*??"<1( 2*?2"%?,?)( <"(

$,2"',W"%( 2&%2,.&"?( ")( ?"( $%;1"%:"?)( A+"( $,%)&"<<"'"?)( <"+%( 0*?2)&*?( ."( %"2":*&%(

<!&?0*%',)&*?( <+'&?"+1"( 2,$,I<"( .!&?.+&%"( +?"( ,2)&:,)&*?( ?"+%*?,<"( .,?1( <,( $,%)&"(

%;)&?*%;2&$&"?)"@(K"1(%;1+<),)1(*I1"%:;1("?(;<"2)%*$=Q1&*<*-&"(1*?)(.*?2("#$<&A+;1($,%(<,(

2*?.&)&*?()"1);"B(")(?*?($,1($,%(+?(I&,&1(.+('*.><"(,?&',<(+)&<&1;@(
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N%DA#!) OaF) 9!() !MM!'() .%#!$'() .!) -+) -A"%/#!) (C&') $+@+,-!() .!)"+%&'!&%#) A&)

$U$-!) I!%--!X(C""!%-) !&) $C&.%'%C&) OTK9)POTK3) $K!W) .!() (CA#%() +#U'K"%GA!(F)

�+,?)&0&2,)&*?( .+( 1*''"&<( <"?)( ,+( 2*+%1( ."( ae( ="+%"1( 2="Z( ."1( 1*+%&1( ?*?( <;1;"1(

k(F=,'(l( ."1( ."+#( -;?*)Q$"1( h2*+%I"1( I<"+"( ")( *%,?-"iB( 1*+%&1( <;1;"1( ."1( 9FE( :&,(

<;1&*?(;<"2)%*<Q)&A+"(."1(."+#(-;?*)Q$"1(h2*+%I"1(:"%)"(")(:&*<"))"iB(1*+%&1()%,?1-;?&A+"1(

,Q,?)( ."1( 9FE( ?*?( 0*?2)&*??"<1( h2*+%I"1( %*+-"( ")( -%&1"i( ")( 1*+%&1( ."( )Q$"( 1,+:,-"(

h2*+%I"( I<"+"i@( G?( =,+)]( F=,'( :1@( FE9O<"1&*?".( '&2"( h)=%""Oj,Q( J94YJB(

T-"?*)Q$"�g@g\V( T-"?*)Q$"( #( )&'"O2*+%1"�g@g\iB( FE9O<"1&*?".( hTFE9O

2*?.&)&*?�g@gg\i@( G?( I,1]( LD%XVE-$>E-$O/*1X(1>=! :1@( 2*?)%*<1( h)j*Oj,Q( J94YJB(

T-"?*)Q$"�g@ggdi@( K"1( .&00;%"?2"1( "?)%"( <,( :"&<<"( ")( <"( 1*''"&<( 1*?)( ,I*<&"1( "?( 2,1(

.!,I1"?2"( ."( ';<,?*$1&?"( ")( ."( 9FE( hFE9#( ;0%<a>ab! TFE9O2*?.&)&*?( #(

-"?*)Q$"�g@ggai(

G?( <!,I1"?2"( ."( $,2"',W"%( 2&%2,.&"?B( I&"?( A+"( <!,?&',<( 1*&)( ,%Q)='&A+"( 1+%( <"(

$<,?(2=%*?*I&*<*-&A+"B(")(A+"(1*?(2Q2<"(:"&<<"`1*''"&<(1*&)(0*%)"'"?)($"%)+%I;(2*'$,%;(C(

2"<+&( ."1( 1*+%&1( 2*?)%N<"1B( &<( $"%1&1)"( +?"( *%-,?&1,)&*?( ."( <,( :"&<<"( ")( .+( 1*''"&<( "?(

0*?2)&*?(."(<,( <+'&>%"(")(."(<!*I12+%&);@(F"+<"1( <"1(1*+%&1(.;0&2&"?)"1("?(';<,?*$1&?"(")(

<;1;"1(,+(?&:",+(."1(9FE(?"($%;1"?)"?)($<+1(."(%;,2)&:&);(C(<,(<+'&>%"@((

8'$*%),?2"(."1(.&00;%"?)"1(2*'$*1,?)"1(.,?1(<,(%;-+<,)&*?(.+(2Q2<"(:"&<<"`1*''"&<(

8<("#&1)"(+?"(&'$*%),?)"(%;-+<,)&*?($=*)&A+"(,&-+}(1+%(<"(1*''"&<(*I1"%:;"()*+)(,+(

<*?-( ."1( 2Q2<"1( +<)%,.&"?1( ,<)"%?,?)( +?"( ="+%"( ."( <+'&>%"( ")( +?"( ="+%"( .!*I12+%&);@(

K!,'$<&)+."( ."( <,( %;,2)&:&);( C( <,( <+'&>%"( .;$"?.( .+('*.><"( ,?&',<( ,:"2( +?"('*&?.%"(

%;$*?1"(2="Z( <"1(1*+%&1(.;0&2&"?)"1("?(';<,?*$1&?"(")(,Q,?)(;);( <;1;"1(,+(?&:",+(."1(

9FE(2*'$,%;"1(,+#(1*+%&1(2*?)%N<"1@(

E"))"( %;,2)&:&);( .+( 1*''"&<( C( <,( <+'&>%"( ?!"1)( $,1( 1"+<"'"?)( ,&-+}B( ',&1(

;-,<"'"?)( 1*+)"?+"@( J&?1&B( "<<"( "1)( $%;1"?)"( )*+)( ,+( <*?-( ."( <,( $;%&*."( <+'&?"+1"( "?(

2*?.&)&*?( 1),?.,%.( ,<)"%?,?)( \^( ="+%"1( ."( <+'&>%"( ")( \^( ="+%"1( .!*I12+%&);( ,:"2( ."1(

,'$<&)+."1( A+&( :,%&"?)( "?( 0*?2)&*?( ."( <,( 2*'$*1,?)"( ;)+.&;"@( J0&?( ."( .;)"%'&?"%(

<!&'$*%),?2"(."(2=,A+"(2*'$*1,?)"(.,?1(<!,'$<&)+."(."(2"))"(%;$*?1"(.+(1*''"&<(,+#(

"00")1(.&%"2)1(."(<,(<+'&>%"B(H!,&(%;,<&1;(."1(,?,<Q1"1(."(1*+1)%,2)&*?(C($,%)&%(."1(.&00;%"?)1(

%;1+<),)1("?(2*?.&)&*?(\^=K(]\^=S(")(^a=(]SS@(
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N%DA#!)TOF)6C./-!).!()$+-$A-(F((K"1(2,<2+<1(%;,<&1;1($*+%(<"1(1*+1)%,2)&*?1($"%'")),?)(

.!*I)"?&%(<"1(.&00;%"?2"1($*+%(<"(1*''"&<(<"?)("?)%"(<"1($;%&*."1(<+'&?"+1"(")(.!*I12+%&);B(

*IH"2)&:"1( *+( 1+IH"2)&:"1B( "?( 2*?.&)&*?( \^=K(]\^=S( ")( ^a=(]SS( 1"<*?( <,( 0&-+%"( ^g( 2&O

."11+1(

[+\(K,(2*?)%&I+)&*?(."(EK("1)(*I)"?+"(C($,%)&%(."1(.&00;%"?2"1(*I)"?+"1("?(<!,I1"?2"(."(

<+'&>%"B(2@(C(.@("?(2*?.&)&*?(.!*I12+%&);(2*?1),?)"(,+$%>1(."1(1*+%&1(k(F=,'(l(;0%!<`>`(@(

[,\( K,( 2*?)%&I+)&*?( )*),<"( ."( SK( "1)( %"$%;1"?);"( $,%( <,( .&00;%"?2"( "?)%"( <,( 2*?.&)&*?(

\^=K(]\^=S(")(h,i@(

[$\(K"($*+%2"?),-"(."1("00")1($,11,?)($,%( <"1(9FE("1)(*I)"?+(C($,%)&%(."1(.&00;%"?2"1(

"?)%"( <"1( ."+#(-%*+$"1(."( 1*+%&1(;0%!<`>`B( ,:"2(")( 1,?1(9FE( hFE9#(;0%!<`>`!V!F=,'(

;0%! <`>`i@( /,%( ,&<<"+%1B( <"( $*+%2"?),-"( *I)"?+( C( $,%)&%( .+('*.><"( ."( 1*+%&1( ,Q,?)( ."1(

9FE( ?*?( 0*?2)&*??"<1( )%,?1-;?&A+"1( hLD%XVE-$>E-$O/*1X`>=V( LD%XVE-$>E-$O/*1X(1>=i( "1)(

&."?)&A+"@(

[.\(K"($*+%2"?),-"(."(SK($,11,?)(C( <!"#);%&"+%(."1(9FE("1)(*I)"?+(C($,%)&%(."( <!;)+."(

."1( .&00;%"?2"1( "?)%"( <"1( ."+#( -;?*)Q$"1( ."( 1*+%&1( ,Q,?)( "+( +?"( <;1&*?( ;<"2)%*<Q)&A+"(

."1(9FE(hFE9#(;0%!<`>`!V!FE9#(;0%!<=>=i@((

[!\(K"($*+%2"?),-"(."(SK(&?2%&'&?;(,+#(2N?"1(")(,+#(Ip)*??")1("1)(*I)"?+(C($,%)&%(."(<,(

.&00;%"?2"( "?( 2*?.&)&*?( \^=K(]\^=S( 2="Z( <"1( 1*+%&1( .;0&2&"?)"1( "?( ';<,?*$1&?"( ")( "?(

9FE(hFE9#(;0%!<=>=i((

[M\((J+2+?"(.&00;%"?2"(?!"1)(*I1"%:;"("?)%"(<"1(."+#(-;?*)Q$"1(2="Z(<"1(1*+%&1(,Q,?)(."1(

9FE(&?),2)1(hF=,'(;0%!<`>`V(F=,'(;0%!<=>=i("?( <!,I1"?2"(."( <+'&>%"B(2*%%"1$*?.,?)(C(

EK@((

[D\( K"1( .&00;%"?2"1( 2+'+<;"1( hEK( ")( SKi( "?( <&"?( ,:"2( <,( ';<,?*$1&?"( %;1+<)"?)(

+?&A+"'"?)(."(SK(h0i(")(?"(1*?)($,1(1*+1(&?0<+"?2"(2&%2,.&"??"@((

[K\(K,(.&00;%"?2"(*I1"%:;"("?)%"(<"1(1*+%&1(;0%<`>`(,:"2(")(1,?1(<;1&*?(."1(9FE(hF=,'(

;0%! <`>`( O( FE9#(;0%! <`>`(i( '*&?1( <,( .&00;%"?2"( *I1"%:;"( "?)%"( <"1( 1*+%&1( <;1;"1( ,+(

?&:",+(."1(9FE(."1(."+#(-;?*)Q$"1(hFE9#(;0%!<`>`(O(FE9#(;0%!<=>=i(?*+1(&?0*%'"(."(

<,(2*?)%&I+)&*?(."(<,(';<,?*$1&?"($,11,?)($,%(<"1(9FE@(

(
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K,( 1Q?)=>1"( ."1( %;1+<),)1( *I)"?+1( C( $,%)&%( ."1( 2,<2+<1( ."( 1*+1)%,2)&*?( "?)%"( <"1(

.&00;%"?)"1( 2*?.&)&*?1( $"%'")( ."('"))%"( "?( ;:&."?2"( A+"( bbr( ."( <!,'$<&)+."( .+( 2Q2<"(

:"&<<"`1*''"&<( "1)( "#$<&A+;( $,%( <"1( "00")1( 2&%2,.&"?1( ."( <,( <+'&>%"( ")( abr( .+( 2Q2<"(

:"&<<"`1*''"&<("1)("#$<&A+;($,%(<"1("00")1(.&%"2)1(."(<,(<+'&>%"@(J&?1&(<"1("00")1(.&%"2)1(."(

<,( <+'&>%"("#$<&A+"?)($*+%( $<+1( .!+?( )&"%1( h$%"1A+"($*+%( <,('*&)&;i( <!,'$<&)+."(.+( 2Q2<"(

:"&<<"`1*''"&<@(/,%(,&<<"+%1(^^r(."1("00")1(."(<,( <+'&>%"($,11"?)($,%( <"1(9FEB(A+&(1*?)(

;-,<"'"?)( +?"( 1)%+2)+%"( ."( %"<,&( $*+%( <"1( "00")1( ."( <,( <+'&>%"( ,+O."<C( ."( <"+%( %N<"(

.!=*%<*-"@(K,(';<,?*$1&?"("#$<&A+"($*+%(_cr(<"1("00")1(.&%"2)1(."( <,( <+'&>%"@(K"1(car(

%"1),?)1B(?*?O';<,?*$1&?"%-&A+"1B(1*?)($%;1+';1(P)%"(1*+1(<"(2*?)%N<"(."1(2N?"1(")(."1(

Ip)*??")1@(((

( (
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K,(.;',%2="(."(2"($%"'&"%(:*<")(."( )=>1"(;),&)(.!&."?)&0&"%( <"1(1)%+2)+%"1(")(:*&"1(

?"+%*?,<"1( &'$<&A+;"1(.,?1( <"1("00")1(.&%"2)1(."( <,( <+'&>%"@( 8<(1!,-&)(.!+?( )%,:,&<(A+&("1)(

)%,?1:"%1,<(1+%( <"1(.&00;%"?)1($%*H")1(."(<!;A+&$"@(S":,?)( <!&'$*11&I&<&);(."(.&11*2&"%('"1(

%;1+<),)1( &11+1( ."1( "#$;%&"?2"1( ,?,)*'&A+"1( ")( &'$<&A+,?)( <"1( %;1",+#( ?"+%*?,+#B( ."(

2"+#( ."1( ,+)%"1( '"'I%"1( ."( <!;A+&$"B( H!,&( $%;0;%;( &?2<+%"( <"1( ,%)&2<"1( ,+#A+"<1( H!,&(

2*?)%&I+;( .&%"2)"'"?)( :&,( '"1( .*??;"1( .!,?,)*'&"@( K"1( $+I<&2,)&*?1( ,+#A+"<<"1( H!,&(

$,%)&2&$;( $*+%( <,( %;,<&1,)&*?( ."( <!"#$;%&"?2"( h1,?1( "?( P)%"( %"1$*?1,I<"iB( ")`*+( $*+%( <,(

%;0<"#&*?(")(<,(%;.,2)&*?(."(<!,%)&2<"(1*?)(,??"#;"1(,+(',?+12%&)@(K"1(%;1+<),)1(2*?2"%?,?)(

<"1( 1)%+2)+%"1( ,?,)*'&A+"1( ")( <"1( :*&"1( ?"+%*?,<"1( 1*?)( %;$,%)&1( .,?1( .&00;%"?)"1(

$+I<&2,)&*?1B( 2"$"?.,?)( <"+%( 1Q?)=>1"(")( <,(.;',%2="( 1*+1OH,2"?)"($"%'"))"?)(."( 0,&%"(

;:*<+"%(?*)%"(2*'$%;="?1&*?(."1(k($,)=j,Q1(l(A+!+)&<&1"(<,(<+'&>%"(h")(<!*I12+%&);i(.,?1(

1"1("00")1(.&%"2)1(1+%(<"(1*''"&<(")(<,(A+,<&);(."(<!;:"&<@(

E*'$)"( )"?+(.+(:*<+'"( &'$*%),?)(."1(.*??;"1($%;1"?);"1(")(,0&?(.!;:&)"%( )*+)"(

2*?0+1&*?B( H"( )&"?1(C( $%;2&1"%( $*+%( 2"1( .&00;%"?)"1( $+I<&2,)&*?1(',($,%)( ."( 2*?)%&I+)&*?(

.,?1( 2"1( )%,:,+#( A+&( 1*?)( 2"+#( ."( ?*)%"( ;A+&$"@( /,%( ,&<<"+%1B( '*?( )%,:,&<( ."( )=>1"( ,(
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the Direct Effects of Light on Sleep and Altered Sleep
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Abstract

Light influences sleep and alertness either indirectly through a well-characterized circadian pathway or directly through yet
poorly understood mechanisms. Melanopsin (Opn4) is a retinal photopigment crucial for conveying nonvisual light
information to the brain. Through extensive characterization of sleep and the electrocorticogram (ECoG) in melanopsin-
deficient (Opn42/2) mice under various light–dark (LD) schedules, we assessed the role of melanopsin in mediating the
effects of light on sleep and ECoG activity. In control mice, a light pulse given during the habitual dark period readily
induced sleep, whereas a dark pulse given during the habitual light period induced waking with pronounced theta (7–
10 Hz) and gamma (40–70 Hz) activity, the ECoG correlates of alertness. In contrast, light failed to induce sleep in Opn42/2

mice, and the dark-pulse-induced increase in theta and gamma activity was delayed. A 24-h recording under a LD 1-h:1-h
schedule revealed that the failure to respond to light in Opn42/2 mice was restricted to the subjective dark period. Light
induced c-Fos immunoreactivity in the suprachiasmatic nuclei (SCN) and in sleep-active ventrolateral preoptic (VLPO)
neurons was importantly reduced in Opn42/2 mice, implicating both sleep-regulatory structures in the melanopsin-
mediated effects of light. In addition to these acute light effects, Opn42/2 mice slept 1 h less during the 12-h light period of
a LD 12:12 schedule owing to a lengthening of waking bouts. Despite this reduction in sleep time, ECoG delta power, a
marker of sleep need, was decreased in Opn42/2 mice for most of the (subjective) dark period. Delta power reached after a
6-h sleep deprivation was similarly reduced in Opn42/2mice. In mice, melanopsin’s contribution to the direct effects of light
on sleep is limited to the dark or active period, suggesting that at this circadian phase, melanopsin compensates for
circadian variations in the photo sensitivity of other light-encoding pathways such as rod and cones. Our study, furthermore,
demonstrates that lack of melanopsin alters sleep homeostasis. These findings call for a reevaluation of the role of light on
mammalian physiology and behavior.
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Introduction

Light exerts strong effects on human physiology and behavior,

including entrainment of circadian rhythms [1–3], suppression of

melatonin release [4], regulation of heart rate and body

temperature [5], alertness [6], and cognition [7]. The effects of

light on behavior have been classified either as indirect, shifting the

phase of the circadian rhythm (photic entrainment), or as direct,

affecting behavior in a circadian-independent fashion, such as

occurs in light avoidance in nocturnal species (masking). Processing

of photic information has been studied extensively in the context of

circadian biology with an emphasis on the nonvisual effects of light

[8–10] mediated by melanopsin, a photopigment involved in

irradiance level detection [11–13]. In mammals, melanopsin is

exclusively expressed in retinal ganglion cells (RGCs) [14] and

retinal pigment epithelium [15]. Melanopsin plays a major role in

the photic phase shifting of circadian rhythms [16,17]. The role of

light in the circadian regulation of sleep and wakefulness and the

pathways by which melanopsin-containing RGCs influence the

circadian system, particularly the suprachiasmatic nuclei (SCN), are

well documented [18,19]. In contrast, the noncircadian, direct

effects of light on sleep and wakefulness as well as the pathways

relaying these effects remain poorly understood. Direct effects of

light are difficult to distinguish from visual and circadian influences.

Such effects are mainly known to acutely promote alertness in day-

active species and sleep in night-active species.
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The purpose of this study was to take advantage of mice lacking

melanopsin (Opn42/2) to provide an in-depth analysis of the direct

effects of light on sleep, wakefulness, and the electrocorticogram

(ECoG) and how these effects are modulated by time of day under

various light–dark (LD) regimes. Two recent studies [20,21],

performed concomitantly to ours, confirmed that in the absence of

melanopsin a single light pulse, presented during the dark period,

failed to induce sleep. This led to the conclusion that melanopsin

mediates the direct effects of light on sleep [20,21]. By probing the

effects of light on sleep across the 24-h day, we demonstrate here

that the failure to respond to light in Opn42/2 mice was restricted

to the dark period, implicating other light-encoding pathways in

mediating the direct effects of light at other times of day. Another

novel aspect of our study is the finding that melanopsin plays a role

in shaping rhythmic ECoG activity. In particular, the amplitude of

the sleep-wake–dependent changes in ECoG delta power, a

marker of sleep need, was reduced in Opn42/2 mice compared to

that of wild-type littermate controls. Finally, to gain insight into

the pathways relaying these direct effects, we used c-Fos

immunohistochemistry in SCN neurons and in galaninergic

‘‘sleep-active neurons’’ of the ventrolateral preoptic (VLPO) area:

key circadian and sleep-promoting structures in the hypothalamus,

respectively. The VLPO receives direct projections from mela-

nopsin-containing RGCs [22–24] and thus represents a candidate

brain area to mediate the direct effects of light on sleep.

Results

We compared the direct effects of light between mice carrying a

targeted disruption of the melanopsin gene (Opn42/2; see [17] and

Text S1 for details) and their wild-type, littermate controls (Opn4+/+).

We used various lighting schedules to evaluate the effect of light on

sleep and the ECoG (for an overview, see Figure S1). Among these

schedules were the standard baseline LD 12-h:12-h (12:12) schedule

the mice were kept under, a single 1-h light and a single 1-h dark

pulse given during the habitual 12-h dark and light periods,

respectively, and 24 h under a LD 1-h:1-h (1:1) cycle.

Melanopsin Modulates the Direct Effects of Light on
Sleep and the ECoG
In a first set of experiments, the acute effects of light and

darkness on sleep and the ECoG were investigated by exposing

mice of both genotypes to a single, 1-h pulse of light administered

3 h after the habitual LD transitions; i.e., Zeitgeber time (ZT)15–

16 (with ZT0 referring to the time of light onset) and to a 1-h dark

pulse given 3 h after light onset (i.e., ZT3–4). Mice were otherwise

kept under LD 12:12 conditions, and at least 14 d separated any

two recording conditions.

In Opn4+/+ mice, the light pulse readily increased the amounts

of both rapid eye movement (REM) and non-REM (NREM) sleep

at the cost of wakefulness, whereas the same light pulse in Opn42/2

mice failed to affect time spent in either behavioral state for the

duration of the light pulse (Figure 1A). This lack of a response

demonstrates that, at least at this time of day (see LD 1:1 results

below), melanopsin contributes significantly to the acute effect of

light on sleep.

Light-to-dark transitions induce waking and alertness in

nocturnal rodents. Accordingly, in Opn4+/+ mice, a 1-h dark pulse

induced an immediate increase in time spent awake (Figure 1B),

and the ECoG during wakefulness showed a rapid and prolonged

induction in ECoG theta (7–10 Hz) and gamma (40–70 Hz)

activity (Figure 1C and 1D), the ECoG correlates of exploratory

behavior and alertness in rodents [25,26]. The dark pulse also

induced waking in Opn42/2 mice. Although their immediate

response was somewhat delayed (compare genotypes for the

increase in waking in the 5 min before and after dark onset in

Figure 1B), the hourly amount of waking (and sleep) did not differ

between genotypes (unpublished data). The changes in ECoG

theta and gamma activity that follow the transition into darkness

seemed, however, to be modulated by melanopsin because they

were delayed by ca. 25 min (Figure 1C and 1D). Upon restoring

the normal light condition 1 h later, Opn42/2 mice stayed awake

longer, consistent with the light-pulse results (Figure 1B and 1A).

The Effects of Light and Dark Pulses on Sleep and Waking
Vary with Time of Day
The single pulses of light and darkness probed their effects on

sleep and waking at specific times of day only. To obtain a more

complete account of the genotype differences of these interven-

tions, we maintained mice under a short, 1-h LD cycle (LD 1:1) for

a 24-h period. This lighting schedule was used first in the rat to

investigate the direct effects of light on sleep across the circadian

cycle [27]. Also under these conditions, 1-h periods of light

induced sleep, and 1-h periods of darkness favored wakefulness.

Irrespective of the effect of this ultradian LD cycle on sleep and

wakefulness, a circadian modulation of the average levels of sleep

and waking reached within the subjective 12-h light period and

subjective 12-h dark period is preserved in wild-type mice

(Figure 2A; Table 1). The protocol has the potential drawbacks

that light given at any one hour might influence its effects during

subsequent hours and that animals could entrain their ultradian

sleep–wake organization to this schedule. We did not see evidence

of the former effect as the relative effect of the LD alteration on

Author Summary

Light affects sleep in two ways: indirectly through the
phase adjustment of circadian rhythms and directly
through nonvisual mechanisms that are independent of
the circadian system. The direct effects of light include the
promotion of sleep in night-active animals and of alertness
in diurnal species. We analyzed sleep and the electroen-
cephalogram (EEG) under various light–dark regimens in
mice lacking melanopsin (Opn42/2), a retinal photopig-
ment crucial for conveying light-level information to the
brain, to determine the role of melanopsin, as opposed to
rod and cones, in mediating these direct effects of light.
We show that melanopsin mediates the direct effects of
light during the subjective dark period, whereas rods and
cones contribute to these effects in the light period. Our
finding that ‘‘sleep-active’’ (i.e., galanin-positive) neurons
of the anterior hypothalamus are not activated by light in
Opn4

2/2 mice suggests that these neurons are part of the
circuitry whereby light promotes sleep. Also, the alerting
effects of transitions into darkness were less pronounced in
Opn4

2/2 mice judged on the reduced increase in EEG theta
and gamma activity. Finally, and unexpectedly, the rate at
which the need for sleep, quantified as EEG delta power,
accumulated during wakefulness was found to be reduced
inOpn4

2/2mice both during baseline and sleep deprivation
conditions, implicating a photopigment in the homeostatic
regulation of sleep. We conclude that melanopsin contrib-
utes to the direct effects of light and darkness, and in
interaction with circadian and homeostatic drive, deter-
mines the occurrence and quality of both sleep and waking.
If confirmed in humans, our observations will have
applications for the clinical use of light as well as for societal
lighting conditions.

Melanopsin as a Sleep Modulator
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Figure 1. Direct effects of a 1-h light (L) and a 1-h dark (D) pulse on the sleep–wake distribution (A and B) and the waking ECoG
(during the 1-h D pulse; panels [C and D]) under an LD 12:12 schedule. (A) The L pulse, administered during the habitual dark period (ZT 15–
16), induced NREM (N) and REM (R) sleep at the expense of wakefulness (W) in Opn4

+/+ mice (p,0.05; post hoc paired t-tests). No response was
observed in Opn4

2/2 mice. Values during the 1-h L pulse were compared to baseline values obtained in a 3-h window centered around the time of
the pulse (ZT 14–17). (B) Time course of time spent awake across the 1-h D pulse, administered during the habitual light period (ZT3–4). Waking
values (waking minutes/5-min intervals) over 3 h (1-h light before and 1-h light after D pulse) and centered on the D pulse (ZT3–4; grey area). Note
the delayed response in Opn4

2/2 mice after the D pulse when light is applied again. Melanopsin-deficient mice stay awake and return to sleep only
after 35 min. Red asterisks (*) denote 5-min intervals with significant genotype effects (p,0.05; post hoc t-tests). (C) Heat map of the time course of
spectral changes in the waking ECoG during the 1-h D pulse. ECoG power density was expressed as percentage of individual waking ECoG spectra
obtained during the baseline light period ( = 100%). Warmer colors denote relative increases, colder colors, decreases versus baseline ECoG activity.
Relative spectral profiles were calculated over 10 min of waking at 5-min increments (i.e., 13 spectra/hour). (D) as in (C) but summarized for the theta
(7–10 Hz) and gamma (40–70 Hz) frequency bands. Note the smaller and delayed activation in Opn4

2/2 mice. Asterisks indicate significant genotype
differences (p,0.05; post hoc t-tests); red-filled circles indicate significant differences from baseline (p,0.05; post hoc paired t-tests). Values represent
means6SEM (n= 6 and 7, for Opn4+/+ and Opn4

2/2, respectively).
doi:10.1371/journal.pbio.1000125.g001
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time spent awake did not vary with time of day in wild-type mice

(Figure 2A–2C), but after the initial three cycles (i.e., after ZT6),

wild-type mice seemed capable of anticipating dark onset, because

increases in wakefulness started preceding it (Figures 2B and S2).

Visual inspection of the hourly values of wakefulness reached

under the LD 1:1 protocol suggests that Opn42/2 mice have a

reduced response to light in the (subjective) dark period

(Figure 2A); i.e., the time at which we and others [20,21]

administered the single 1-h light pulse (see above). This reduction

was, however, not observed at other times of day, and the LD-

induced changes in time spent awake did not differ from wild-type

mice during the subjective light period (Figure 2A–2C). The

capacity of the 1-h LD cycles to alter the sleep–wake distribution

was further analyzed by aligning the subsequent 1:1-h LD cycles

(Figures 2B and S2). This time course analysis revealed that, as was

observed after the single dark-pulse experiment (Figure 1B),

Opn42/2 mice were again slower in initiating sleep after light onset

(Figure 2B). Analyses of variance confirmed that the time course of

the LD-induced changes in wakefulness and NREM sleep varied

significantly according to genotype and time of day (i.e., 12-h

subjective light period versus 12-h subjective dark period;

Figure 2B). Changes in the time course observed in Figure 2B

were summarized by estimating the amplitude of sine waves of best

fit for individual mice (Figure 2C; see Text S1 for details). This

analysis also confirmed that genotype affected the light-induced

changes in wakefulness only during the subjective dark period

(Figure 2C). Especially between ZT15–21, the increase of

wakefulness during the 1-h dark intervals compared to the 1-h

mean value in the preceding light intervals was no longer

significant in Opn42/2 mice (+4.264.1 min; p=0.38 and

+26.265.3 min; p=0.038; for Opn42/2 and Opn4+/+ mice,

respectively; paired t-tests), and this increase differed between

genotypes (one-way ANOVA; p=0.020). It thus seems that only

during this time melanopsin contributed significantly to the direct

effects of light on wake and sleep duration.

Light-Induced c-Fos Expression in SCN Neurons and
Galaninergic Neurons of the VLPO
As expected from our previous work and that of others [16,17],

a 1-h light pulse administered during the dark period induced c-

Fos immunoreactivity in the SCN in both genotypes (two-way-

ANOVA, light-pulse effect: p,0.001, followed by post hoc Fisher

protected least significant difference [PLSD]: p,0,05); however,

the induction was half that observed in Opn4+/+ mice (two-way

ANOVA, light6genotype interaction: p,0,001; light-pulse effect:

Figure 2. Direct effects of 1-h light (L) and 1-h dark (D) pulses on the sleep–wake distribution under a LD 1:1 schedule. (A) Hourly
mean values of wakefulness during the LD 1:1 cycle. Hourly L pulses suppressed wakefulness, but this effect seemed to vary with time of day in
Opn4

2/2mice and was especially small between ZT15 and ZT21. Grey horizontal bars mark the subjective dark period (i.e., the 12-h dark period of the
preceding days under LD 12:12). (B) Average time course of the LD-induced changes in wakefulness (W; upper), NREM sleep (N; middle), and REM
sleep (R; lower panels) during the 12-h subjective light (left) and subjective dark (right) period. Values represent means (6SEM) over 5-min intervals in
the hour preceding, during, and following the six 1-h dark pulses in the subjective light and dark periods, respectively. A three-way ANOVA with
factors ‘‘genotype,’’ ‘‘time of day’’ (subjective light versus subjective dark period), and ‘‘time course’’ (5-min values) revealed that for W and N, time
course was significantly affected by time of day and genotype (interactions: genotype6time of day: W and N: p,0.0001; R: p=0.017; genotype6time
course: W and N: p,0.0001; R: p=0.14; time of day6time course: W: p= 0.019; N: p=0.048; R: p= 0.18). Red filled circles denote 5-min intervals with
significant genotype effects (p,0.05; post hoc t-tests). Black (Opn42/2) and grey (Opn4+/+) sine waves represent best fits to the data points. (C)
Changes in the time course observed in (B) were summarized and quantified by determining the amplitude of sine waves of best fit for each
individual mouse (see Text S1 for details). The thus estimated amplitude of the LD-induced changes in wakefulness was affected by time of day (two-
way ANOVA interaction genotype6time of day p=0.033) and was significantly smaller in Opn4

2/2 mice during the subjective dark period compared
to the subjective light period and compared to the values obtained in wild-type mice in both conditions (red asterisk; post hoc t-tests; p,0.05).
doi:10.1371/journal.pbio.1000125.g002
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Opn4+/+ vs. Opn42/2, post hoc Fisher PLSD, p,0,05) (Figure 3).

This reduction in c-Fos immunoreactivity has been functionally

linked to the reduced ability to phase shift circadian rhythms in

these mice. This does not, however, rule out the possibility that the

reduced activation of SCN neurons could also contribute to the

reduced direct effects of light on sleep and waking described here.

We further determined whether melanopsin conveys light

information to the VLPO, in particular to the galaninergic

sleep-active neurons, using double staining for c-FOS protein

(immunohistochemistry) and for galanin mRNA (in situ hybrid-

ization). Whereas overall c-Fos immunoreactivity in the VLPO

area was not significantly affected by the light pulse, in Opn4+/+

mice, the percentage of galanin-containing (GAL) neurons

coexpressing c-Fos did significantly increase compared to the

control condition (i.e., darkness) (Figure 4). In contrast, in Opn42/2

mice, GAL c-Fos-costained neurons were present at low levels in

both lighting schedules (2%), and no induction of c-Fos in GAL

neurons was observed, suggesting that at least at this time of day,

melanopsin-containing RGCs contribute significantly to the effects

of light on the activity of these sleep-active VLPO neurons (two-way

ANOVA, light-pulse effect: p,0.05, light6genotype interaction:

p,0,05; light-pulse effect: Opn4+/+: p,0,05; Opn42/2: p=0,23, post

hoc Fisher PLSD).

Sleep and Quantitative ECoG Analyses under Standard
Light–Dark Conditions
The mouse is a nocturnal species that avoids light of higher

intensity. Opn42/2 mice are no exception and, similar to their

littermate wild-type controls (Opn4+/+), mostly sleep during the

light period and are awake during the dark period of the LD 12:12

cycle (Figure 5A; Table 1). Nevertheless, Opn42/2 mice lose ca.

1 h of NREM sleep per day relative to Opn4+/+ mice. This marked

loss of sleep occurred during the 12-h light period exclusively

(Figure 5B) and resulted in an attenuation of the diurnal

distribution of sleep and waking (Table 1). This genotype

difference could be due to a reduced capacity of light to induce

sleep or to suppress wakefulness, an interpretation underscored by

the results of the light- and dark-pulse experiments (Figure 1A and

1B) and the LD 1:1 experiment (Figure 2A). Indeed, for both

genotypes, the levels of sleep reached during the 1-h light intervals

during the subjective light period of the LD 1:1 schedule were

similar to those reached during the light period of the LD 12:12

schedule; i.e., Opn42/2 mice slept less when light was present

during the (subjective) light period of both the LD 1:1 and LD

12:12 (Table 1). Moreover, the sleep loss observed in Opn42/2

mice was associated with an overall deficit in ECoG delta power

during NREM sleep (see below).

The wakefulness present during the light period is organized in

more or less regularly occurring bouts lasting on average about 20–

25 min [28] (Figure S1; Table S1). To examine in more detail the

mechanism underlying the differences in sleep time during the light

period, we analyzed these spontaneous waking bouts. In Opn4+/+

mice, after 20 min of sustained wakefulness, waking values reverted

quickly to the low values characteristic of the light period (Figure 5C).

In contrast, in Opn42/2 mice, these waking bouts lasted on average

11 min longer (Table S1), and values remained above wild-type

levels for 30 min (Figure 5C). The similarity between these results

and the results observed after the single dark pulse (Figure 1B)

Table 1. Time spent asleep and awake under the LD 12:12 and LD 1:1 schedules.

Schedule Time spent Opn4 Genotype Waking (h) NREMS (h) REMS (min)

LD12:12 12-h light period 2/2 4.8060.21a 5.9260.18a 77.162.6

+/+ 3.7460.17 6.9560.17 77.8611.1

12-h dark period 2/2 6.5960.20b 4.5660.18b 50.862.3b

+/+ 6.7960.37b 4.5160.33b 41.966.5b

LD difference 2/2 1.8060.17a 1.3660.14a 26.363.2

+/+ 3.0460.34 2.4460.29 35.966.6

24 h 2/2 11.3960.37 10.4860.33 127.963.6

+/+ 10.5360.47 11.4760.44 119.7616.9

LD1:1 Subjective 12-h light period 2/2 6.9660.34a 4.1960.29a 50.863.8a

+/+ 5.1560.48 5.6660.40 71.365.1

Subjective 12-h dark period 2/2 6.4460.26 4.7160.21 51.264.7

+/+ 6.4860.18b 4.6960.16 49.961.7b

24 h 2/2 13.4060.36a 8.960.34 101.963.4a

+/+ 11.6360.65 10.3560.56 121.266.7

12 1-h light periods 2/2 5.5160.29a 5.4760.23a 61.365.2a

+/+ 3.5360.36 7.1360.29 80.564.2

12 1-h dark periods 2/2 7.8960.25b 3.4460.23b 40.663.6b

+/+ 8.1060.87b 3.2260.76b 40.767.1b

Under both schedules, Opn42/2 mice displayed significantly less NREM sleep (NREMS; and were awake more) than Opn4+/+ mice during the (subjective) 12-h light (L)
periods. This resulted in a significantly decreased amplitude of the circadian distribution (LD difference) of NREMS time (and waking) in Opn42/2 mice. Under the LD 1:1
schedule, Opn42/2 mice slept less compared to Opn4+/+ mice during all 12 1-h L pulses of the entire 24-h d. Also under the LD1:1 schedule, the circadian distribution of
sleep and waking observed under the LD 12:12 condition is maintained only in Opn4+/+ mice (subjective 12-h L period, ZT0–12, compared to the. subjective 12-h dark
(D) period, ZT12–24).
aIndicates significant genotype differences.
bThe difference between (subjective) 12-h D and L periods for each lighting schedule and genotype (p,0.05; post hoc t-test). Values represent means6SEM (LD 12:12
n=9/genotype; LD 1:1 n= 3 and 4, for Opn4+/+ and Opn42/2, respectively).
doi:10.1371/journal.pbio.1000125.t001
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suggest that the reduced capacity of light to suppress wakefulness and

to induce sleep in Opn42/2 mice also contributed to an overall

reduction in sleep time during the light period.

Quantitative analysis of the ECoG during the three behavioral

states revealed an increase in ECoG power density in the theta and

gamma frequency bands in Opn42/2mice compared to in Opn4+/+

mice (Figure 6). These differences were present both during the

light and dark periods of LD 12:12 (unpublished data). Such

ECoG changes during NREM sleep are typically associated with

reduced sleep quality [29], whereas during wakefulness, ECoG

activity in these bands is associated with exploratory behavior,

alertness, and cognition [25,26,30], and is thus markedly increased

during waking compared to NREM sleep [31]. Genotype effects

on theta activity could be analyzed in more detail in REM sleep

because theta oscillations are especially prevalent and regular

during this state [32]. Theta peak power during both REM sleep

and wakefulness was nearly doubled in Opn42/2 mice compared

to controls (Figure 6; Table S2). The frequency of the theta

oscillation during REM sleep was faster in Opn42/2 mice

compared to Opn4+/+ mice during the light period, but not during

the dark period. In mice, theta frequency during REM sleep is

usually slower in the light compared to the dark period [32] (Table

S2). In Opn42/2 mice, no evidence for such dark–light slowing

was, however, found (Table S2), suggesting that the melanopsin

pathway can directly or indirectly modulate hippocampal activity.

Altered Homeostatic Regulation of Sleep in Opn42/2

Mice
Curtailing sleep time usually results in an increased need for

sleep. It is therefore surprising that in Opn42/2 mice, levels of

ECoG delta power during NREM sleep, a reliable correlate of

sleep need, were generally lower while less time was spent in

NREM sleep compared to Opn4+/+ mice. This reduction in delta

power was especially pronounced in the dark periods of the LD

12:12 schedule (Figure 7A). The same difference was observed

during the subjective dark period under the LD 1:1 schedule

(Figure 7B) and thus did not depend on the presence or absence of

light. Moreover, this reduction was not associated with an

increased fragmentation of sleep (Figure S3) that could have

interfered with the expression of delta oscillations.

The unexpected reduction of delta oscillations observed in

melanopsin-deficient mice might result from alterations in the

properties of the sleep homeostat. We tested the possibility that the

build-up of a pressure for sleep when animals are awake occurs at

a slower rate in a sleep deprivation experiment. Mice of both

genotypes were kept awake by gentle handling for 6 h starting at

light onset (ZT0–6). The level of delta power reached during

NREM sleep immediately following the sleep deprivation was

significantly lower in Opn42/2 mice as compared to wild-type

animals (Figure 7C), suggesting that in the absence of melanopsin,

the dynamics of the sleep homeostat are altered.

Figure 3. Effects of a 1-h light (L) pulse on c-Fos immunoreactivity in the SCN. (A–D) Effects of the L pulse administered during the habitual
dark period (ZT15–16) on c-Fos immunoreactivity in the SCN of Opn4+/+ and Opn42/2mice. Few c-Fos immunoreactive cells (labeled red) are found in
the dorsomedial (arginine-vasopressin [AVP]-containing) SCN (labeled green) in control (no L pulse) animals (A and B). Light induced c-Fos in the
retino-recipient zone of the SCN in Opn4+/+ (C) and to a lesser extend in Opn42/2 mice (D). oc; optic chiasm. Scale bars in (A–D) indicate 75 mm. (E)
Number of c-Fos immunoreactive neurons in the SCN. The L pulse induced c-Fos in the retino-recipient part of the SCN in both genotypes (two-way
ANOVA, light pulse effect: p,0,001; an asterisk (*) indicates post hoc Fisher PLSD: p,0.05), but this light induced c-Fos immunoreactivity is
significantly reduced in Opn42/2 mice (two-way ANOVA, the star indicates light pulse6genotype interaction: p,0,001).
doi:10.1371/journal.pbio.1000125.g003
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Figure 4. Effects of a 1-h light (L) pulse on c-Fos immunoreactivity in the VLPO. (A) ‘‘Sleep-active neurons’’ of the VLPO identified by ISH
contain galanin mRNA (labeled green). (B) Top: histograms represent the number of VLPO neurons expressing galanin mRNA or c-FOS protein per
section (mean6SEM). Bottom: VLPO costained (galanin+c-Fos) neurons expressed as a percentage of the total number of galanin mRNA-positive
neurons (mean6SEM). A two-way ANOVA (with factors light pulse and genotype) revealed that the L pulse induced an increase in VLPO costained
cells in Opn4

+/+, but not in Opn4
2/2 mice (Two-way ANOVA, L-pulse effect: p,0,05; L pulse6genotype interaction: a star indicates p,0.05; the

asterisk [*] indicates post hoc Fisher PLSD: p,0.05). The light-induced immunoreactivity in VLPO in wild-type animals is specific to galaninergic
neurons and of a large magnitude; however, the proportion of c-Fos-stained galanin neurons is low (e.g., Opn4+/+: +L pulse: 9% of total number of
galanin mRNA-containing cells). (C) In the absence of a L pulse (control condition at ZT16), c-Fos immunoreactivity was found in nongalanin mRNA-
containing neurons in the VLPO of Opn4+/+. (D) The L-pulse-induced c-Fos expression (labeled red) in some of the galanin mRNA-positive (green)
neurons of the VLPO in Opn4

+/+ (indicated by arrows). (E and F) In Opn4
2/2 mice, the same low number of galanin mRNA-positive neurons express c-

Fos in both conditions, without (E) or with (F) light pulse. 3v, third ventricle; LP, L pulse administered during the habitual dark period (ZT15–16); MPO,
medial preoptic area; oc, optic chiasm. Scale bars in (A) and (C–F) indicate 100 mm.
doi:10.1371/journal.pbio.1000125.g004

Melanopsin as a Sleep Modulator

PLoS Biology | www.plosbiology.org 7 June 2009 | Volume 7 | Issue 6 | e1000125



Discussion

Melanopsin-containing RGCs modulate a broad range of

physiological responses to light, ranging from pupil constriction to

circadian phase shifting. Here, we demonstrate that melanopsin-

containing RGCs can also contribute to the acute light induction of

sleep. Previously, it was assumed that only the rod–cone system was

involved in these direct effects of light through conscious alerting. In

humans, a role for melanopsin in the direct effects of light has already

been suggested [33,34] because the sensitivity of sleep–wake to acute

light exposure is at a maximum at short wavelengths (460–480 nm),

corresponding to melanopsin’s peak light sensitivity at 480 nm. The

application of blue light in normal subjects has been reported to

activate multiple brain areas within seconds [35], and the observed

responses to 1-h light or dark pulses quantified here in mice occur

quickly as well (within minutes).

Circadian Gating of the Direct Effects of Light
A main finding of our study is the result of the LD 1:1

experiment that revealed that time of day modulated the acute

effects of light and dark only in Opn42/2 mice. During a 7-h

period of the subjective dark period, Opn42/2 mice did not

respond to the ongoing LD alterations with respect to sleep–wake

induction. During this time, we and others [20,21] applied the

single 1-h light pulse that has led to the conclusion that melanopsin

mediates the direct effects of light. Our data show that at other

times of day, melanopsin is not necessary for mediating these acute

light effects on sleep duration.

Because light perception in Opn42/2 mice depends solely on

rod–cone photoreception, it can be argued that the inability to

respond to light at specific times of day results from circadian

changes in rod–cone sensitivity. In intact mice, no time-of-day

effect was observed in the response to the LD 1:1 schedule,

suggesting that melanopsin compensates for circadian changes in

rod–cone sensitivity. Such interaction between the two photosen-

sitive systems could take place in melanopsin-containing RCGs

since these cells integrate rod–cone input important for mediating

nonvisual light information to the brain [10]. Circadian modula-

tion of retinal output has been described, and for example,

variations in rod–cone electrical coupling were shown to lead to

higher rod–cone photosensitivity during the dark period [36]. In

contrast, another study showed higher cone sensitivity during the

Figure 5. Time course of NREM sleep time and wake distribution under a standard LD 12:12 schedule. (A) Despite a similar time course,
NREM sleep levels attained during the 12-h light period were generally lower in Opn4

2/2 mice. (B) Dynamics of the accumulated differences
demonstrate that Opn42/2 mice lose 1 h of NREM sleep per day, a loss incurred during the light period exclusively (average of the two baseline days;
see also Table 1). (C) Sustained waking bouts in Opn4

2/2 are longer than in wild-type animals. See Table S1 for details on the definition of a sustained
bout. Red-filled circles denote significant genotype differences (p,0.05; post hoc t-tests). Values represent mean6SEM (both days n=9/genotype; for
some mice the first or second day could not be included; Opn4+/+: day 1 n=7, day 2 n=5; Opn42/2 day 1 n= 9, day 2 n= 6).
doi:10.1371/journal.pbio.1000125.g005
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(subjective) light period, a circadian difference that required the

presence of melanopsin [37]. It is unknown whether such effects

exist also for the nonvisual, acute effects of light on sleep.

Melanopsin protein levels are also known to vary across the day

due to both circadian- and light-dependent influences reaching

their highest levels during the light period and lowest during the

dark period [38]. Assuming that differences in protein levels

translate into differences in (blue) light sensitivity further

complicates the issue and calls for further investigation.

We want to emphasize here that the above-described effects

concern the acute effects of light observed at the transitions

between lighting conditions. We presented evidence that mela-

nopsin also affects several aspects of sleep during the sustained 12-

h light period of the LD 12:12 schedule, including the spectral

composition of the ECoG, the frequency of theta oscillations

during REM sleep, and waking bout duration. The genotype

differences in the ECoG activation during the 1-h dark pulse was

also observed during this period of the day.

Neuronal Pathways Relaying the Direct Effects of Light
on Sleep
Although circadian gating already occurs at the level of the

retina [36,39,40], the 50% reduction in the activation of SCN

neuronal activity after a light pulse in Opn42/2 mice may also be

relevant for the circadian variation of the direct effects of light in

these mice. As SCN functionality is conserved in the absence of

melanopsin [9], a potential role of the SCN in also mediating the

acute, noncircadian effects of light could explain the time-of-day-

Figure 6. Average ECoG spectral profiles for each behavioral state recorded during 2 d under standard LD 12:12 conditions. Power
density in the theta and gamma frequency ranges was generally higher and in the delta frequencies lower (during NREM sleep) in Opn4

2/2 mice. Insets:
relative spectral changes quantified as log2 of the ratio between Opn4

2/2 (KO) and Opn4
+/+ (WT) power density values (e.g., 1 signifies a two-fold increase).

Line segments in red denote significant genotype differences (p,0.05; post hoc t-tests; n=9/genotype). N, NREM sleep; R, REM sleep; W, wakfulness.
doi:10.1371/journal.pbio.1000125.g006
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dependent variation in light sensitivity. The SCN is well placed to

relay such activation since it influences key areas for sleep–wake

control, such as the VLPO.

Besides the SCN, other anatomical targets of melanopsin-

containing RGCs have been identified [22,24,41]. Among the

various projection areas, the VLPO is a good candidate for

relaying light information to sleep–wake neuronal networks. The

VLPO has been implicated in the induction of NREM sleep [42],

and galanin- and GABA-releasing neurons within the VLPO have

been functionally characterized as a cluster of sleep-active

neurons. These sleep-active neurons are thought to actively

promote sleep by inhibiting the ascending arousal systems

[43,44]. A regional analysis of c-Fos expression within the VLPO

area was conducted by Lupi et al., 2008, by real time PCR from

punched tissues [21]. This analysis revealed a 2-fold increase in c-

Fos following a 1-h light pulse in wild-type mice that was absent in

Opn42/2 mice. Using a different method (i.e., counting the

number of c-FOS immunoreactive cells in the VLPO), we found

little evidence for a light-induced general activation of the VLPO

area. Only the costaining of galanin and c-Fos used in our study

allows for an evaluation of transcriptional changes specific to those

VLPO neurons that could mediate the sleep-promoting effects of

light. Here, we provide the first evidence that light indeed activates

galanin-containing cells in the VLPO. This light-induced c-Fos

immunoreactivity was absent in Opn42/2 mice. This anatomical

result is consistent with the complete absence of sleep–wake

changes during the 1-h light pulse at this time of day, suggesting

that the VLPO might play a role in mediating these effects of light

on sleep. Our findings thus suggest that light directly impinges on

VLPO sleep-active neurons thereby shifting the balance of the

reciprocal inhibitory interaction towards sleep promotion and

arousal inhibition.

Figure 7. Time course of ECoG delta power (1–4 Hz) during NREM sleep under a standard LD 12:12 cycle, a LD 1:1 cycle, and during
recovery sleep after sleep deprivation. (A and B) Time course analyses of ECoG delta power revealed that both under LD 12:12 (A) and LD 1:1 (B)
schedules values were generally lower in Opn4

2/2 mice during the (subjective) dark periods. (C) Level of delta power reached after 6 h of sleep
deprivation (starting at light onset; ZT0–6) was lower in Opn4

2/2 mice. Mean values (6SEM) were expressed as percentage of level reached during
ZT8–12 of a preceding baseline day. Red filled circles and asterisk denote significant genotype differences (p,0.05; post hoc t-tests; (A) n= 9/
genotype; (B) n= 4/3 for Opn42/2 and Opn4

+/+ mice, respectively; (C) n= 4/genotype).
doi:10.1371/journal.pbio.1000125.g007
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Melanopsin Modulates the Induction of the ECoG
Correlates of Alertness and Cognition
The rapid induction of ECoG activity in both the theta and

gamma frequency bands during the dark pulse in Opn+/+ mice is

consistent with the alerting effects of light-to-dark transitions in

a nocturnal species. Theta oscillations accompany exploratory

behavior [45] and are also involved in long-term potentiation

(LTP) and learning [46–48]. Gamma activity accompanies a

wide variety of cognitive processes, including perceptual

processing, attention, arousal, object recognition, and in

humans, language perception [49]. As in the present study,

gamma activity is often associated with the presence of theta

oscillation in rodents [50]. The downstream events initiated by

melanopsin have been suggested to affect LTP as well as

performance in learning and memory tasks [51]. In humans,

nonvisual responses related to alertness and cognition are

associated with changes in regional brain activity detected by

positron emission tomography (PET) or functional magnetic

resonance imaging (fMRI) [52,53]. Application of blue light

during a working memory task induces specific brain activity

changes within a time frame of seconds [7].

A Role for Melanopsin in Sleep Homeostasis?
ECoG delta power is widely used to reflect a sleep homeostatic

process because its level monotonically increases with wake

duration and decreases during NREM sleep [54]. The reduction

of ECoG delta power in Opn42/2 mice was pronounced and

present during both the LD 12:12 and LD 1:1 schedules. This

reduction was all the more surprising because NREM sleep time

was reduced in these mice, and reduced sleep time is usually

associated with increased delta power. The unexpected reduction

of delta oscillations in melanopsin-deficient mice might result from

alterations in the properties of the sleep homeostat. One possibility

is that NREM sleep may have been more efficient in reducing

sleep need in Opn42/2 mice. However, by comparing the ECoG

spectral profiles during NREMS, evidence to the contrary was

found; the increase in theta and gamma activity combined with

reduction of delta activity in Opn42/2 mice indicate that NREM

sleep seems less profound and, if anything, likely to be less efficient

in reducing sleep need and ECoG delta power [55]. The other

possibility is that the buildup of a pressure for sleep when animals

are awake occurs at a slower rate. We confirmed this possibility in

a sleep-deprivation experiment; the level of delta power reached

during NREM sleep immediately following the sleep deprivation

was significantly lower in Opn42/2 mice as compared to wild-type

animals. In fact, delta power levels reached after sleep deprivation

in Opn42/2 mice were as low as the lowest levels observed in a

panel of six inbred strains of mice [56]. This reduced

compensatory response to sleep loss suggests that indeed the need

for sleep increases at a slower rate in Opn42/2 mice. The

experiment also demonstrates that the reduced delta power is not

specific to lighting condition or time of day.

Although a role for melanopsin in sleep homeostasis is

unexpected and not easily reconciled with current hypotheses on

sleep homeostasis, the modulation of VLPO sleep-active neurons

by melanopsin-containing RGCs could hint to a possible

mechanism. Sleep-active neurons in the VLPO are thought to

be a neuronal substrate of sleep homeostasis because more than

50% of galanin-containing neurons express c-Fos during recovery

sleep after a sleep deprivation [57]. A final consideration that

applies to all studies using noninducible loss-of-function mutants is

that the altered relationship between the sleep–wake distribution

and ECoG delta power reflects a developmental effect.

Conclusions
Our results provide evidence that melanopsin-containing RGCs

contribute to the noncircadian, nonvisual direct effects of light on

sleep and the ECoG correlates of alertness and cognition.

Melanopsin’s contribution to the acute affects of light on sleep

duration was however limited to a ca. 7-h time window. Our

findings suggest that the acute photic sleep promotion stems, at

least partly, from a stimulation of VLPO sleep-active neurons,

which in return, would lead to an inhibition of the arousal systems.

Apart from these direct effects of light observed at the transitions

between lighting conditions, the daily loss of NREM sleep over the

12-h light period in Opn42/2 mice provides evidence that

melanopsin also modulates the expression of sleep under sustained

periods of light exposure. If confirmed in humans, our observa-

tions concerning the time-dependent effects of melanopsin’s

contribution to the acute effects of (blue) light as well as the

effects of sustained light exposure will have applications for the

clinical use of light therapy as well as for 24-h patterns in

luminance [58]. Finally, the discovery that the homeostatic

regulation of sleep need can be affected by a photopigment is

intriguing and represents a novel concept in the field of sleep

regulation.

Materials and Methods

Animals
All experiments were performed on adult male Opn42/2 mice

and wild-type littermates (as controls), and carried out in

accordance with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals as well as local veterinary

office and use committees at Stanford University (for details and

genotyping, see Text S1 and Ruby et al. (2002) [17]).

ECoG Recordings and Analyses
The methods concerning the recording and analysis of the

ECoG in mice are described in detail in Text S1 and elsewhere

[32,59]. Briefly, ECoG and electromyogram (EMG) recordings

from mice implanted with a classical set of electrodes, were

collected (using commercial hardware, EMBLA, and software,

Somnologica-3) for the following conditions: (1) two continuous

baseline days under LD 12:12 cycle; (2) a 1-h light pulse (white

fluorescent tubes, Philips F32T8/TL741 Hi-Vision 40 W,

4,100 K [Philips Lighting], broad spectrum, mainly 400–

800 nm) administered 3 h after dark onset (ZT 15), (3) 1-h dark

pulse administered 3 h after light onset (ZT 3), (4) a 1:1 LD cycle

for 24 h, and (5) 6-h sleep deprivation starting at light onset. The

behavior in each 4-s epoch was classified as waking, REM sleep, or

NREM sleep based on the ECoG and EMG signals according to

standard criteria [32]. The ECoG signal (analog-to-digital

converted) was subjected to discrete Fourier transform (DFT)

yielding power spectra at 0.25-Hz resolution. For each state, an

ECoG spectral profile (0 to 90 Hz) was constructed by averaging

all 4-s epochs scored as that state.

In Situ Hybridization (ISH) and Immunohistochemistry
(IHC)
Galanin ISH and c-Fos immunostaining on frozen sections with

or without (control condition) a prior 1-h light exposure was

carried out as described previously [60,61] and are detailed in

Text S1. Staining of GAL mRNA was chosen instead of staining

the protein because it has been shown in mice that cell body

staining of galanin-containing neurons by IHC is only reliable in

colchicine-treated animals. In Opn4+/+ and Opn42/2 mice (n=6 of

each genotype), identification of c-Fos immunoreactive cells and
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sacrifice of animals occurred at the conclusion of a 1-h light pulse

as well as without a light pulse as a negative control. Sleep was

recorded in these animals, several weeks before, under a light pulse

identical to the light pulse administered the day of the perfusion to

confirm that their response to light was similar to those of the

whole group. Before ISH series of 18-mm-thick sections were

pretreated by an antigen retrieval procedure [62]. The mouse

galanin probe (National Center for Biotechnology Information

[NCBI] BC044055, covering a 716-base sequence of the GAL

prepro-mRNA) was used in a dilution of 1:500. The ISH protocol

preceding the immunohistochemical protocol was identical to the

procedure described previously [60,61]. GAL mRNA was

visualized using a horse radish peroxidase (POD)-labeled sheep-

anti-digoxiginin antibody (Roche 1207733, diluted 1:200), and

Alexa-tyramide 488 (Molecular Probe; diluted 1:100). Hereafter,

sections were incubated with a rabbit anti-c-Fos antiserum (c-Fos

antibody dilution: 1:500; code no: 9412, [23] and visualized by

Alexa568-conjugated goat anti-rabbit antibody (Molecular Probe;

diluted 1:1,000). Counting of GAL- and c-Fos-expressing neurons

in the VLPO and SCN was conducted using a confocal

microscope (Zeiss LSM 510; Brock and Michelsen) equipped with

appropriate filter settings for detecting Alexa488 and Alexa568

was used. The quantification method is detailed in Text S1.

Statistical Analysis
Differences in sleep amounts and quantitative EEG variables

were determined by single- or multiple-way ANOVAs, followed by

post hoc t-tests if 5% significance levels were reached. The

differences in number of c-Fos, Gal; or c-Fos+Gal neurons were

assessed by two-way (light and genotype conditions) ANOVA,

followed by post hoc Fisher PLSD.

Supporting Information

Figure S1 Overview of wakefulness expressed per 5-min

intervals in one Opn42/2 (left) and one wild-type (right)

animal. Shown are the various LD regimens used, including two

consecutive days of baseline (top), 1-h dark pulse administered at

ZT3 and 1-h light pulse administered at ZT15 (middle) and a 24-h

d under a 1-h:1-h LD cycle (bottom). A minimum of 10 d was

allowed between each experimental condition. Recordings started

1 d prior to each condition to verify that sleep–wake amounts and

architecture returned to baseline values.

Found at: doi:10.1371/journal.pbio.1000067.s001 (1.08 MB TIF)

Figure S2 Heat map of the light (L) and dark (D) and

time-of-day-dependent changes in time spent awake

under the LD 1:1 schedule (see Figure 2B). Waking values

(waking minutes/5-min intervals; warmer colors correspond to

more waking/5 min) over 3 h were aligned according to the onset

(0 h; grey horizontal bars) of the 1-h dark periods. Only in Opn42/2

mice does the capacity of the light and dark pulses to shape the

sleep–wake distribution vary with time of day. This is especially

clear between ZT15 and ZT21 during the subjective dark period

(ZT12–24; grey vertical bars). Note that values depicted between

time 1 and 2 at one ZT corresponds to the values between21 and 0

of the subsequent ZT interval. Also note that Opn4+/+ mice learn to

anticipate dark-period onset as the day progresses.

Found at: doi:10.1371/journal.pbio.1000067.s002 (4.02 MB TIF)

Figure S3 Relative frequency distribution of episode

duration of NREM sleep (N), REM sleep (R), and waking

(W) episodes under standard LD 12:12 conditions.

Vertical bars represent the number of episodes (mean6standard

error of the mean [SEM]) expressed per hour of time spent in each

state for nine categories of episode duration. For none of the

behavioral states did genotype affect the distribution.

Found at: doi:10.1371/journal.pbio.1000067.s003 (0.55 MB TIF)

Table S1 Duration and number of sustained waking

bouts during baseline recordings under a LD 12:12

schedule. Sustained waking bouts in Opn42/2 are longer than in

wild-type animals (Opn4+/+) during the 12-h light period (p,0.05;

post hoc t-tests). See Text S1 below for selection criteria of

sustained waking bouts. All values represent means61 SEM (both

days n=9/genotype; for some mice the first or second day could

not be included; Opn4+/+: day 1 n=7, day 2 n=5; Opn42/2 day 1

n=9, day 2 n=6).

Found at: doi:10.1371/journal.pbio.1000067.s004 (0.03 MB

DOC)

Table S2 ECoG theta activity during REMS differed

between genotypes. ECoG power density at peak frequency

was higher both in absolute and relative terms (not shown, but see

Figure 6) in Opn42/2 mice. In the light period, theta oscillated at a

higher frequency in Opn42/2 mice, reaching values normally

attained during the dark period. As a result, the normal LD

difference in theta peak frequency was absent in Opn42/2 mice.

An asterisk (*) indicates significant genotype differences; a section

mark (1) indicates significant LD differences (p,0.03; post hoc t-

test). Values represent mean6SEM (light period: n=8 and 9; dark

period: n=7 and 7, for Opn42/2 and Opn4+/+, respectively).

Found at: doi:10.1371/journal.pbio.1000067.s005 (0.03 MB

DOC)

Text S1 Supplemental experimental procedures: de-

tailed procedures.

Found at: doi:10.1371/journal.pbio.1000067.s006 (0.04 MB

DOC)
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:X9H<HVZ9:RWDSVY 

SY B()""#+ %6 @,+*.3e> K6 !,')*1 K6 7)")/ E6 @#C#+ @Y B,*')1,)/ .*J)/,-)+,./ ,/ ) 1,2*/)" 
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/#2*.+*)/3F,++#*3 *(>+(F3Z '.F$)*,3./ 4#+c##/ 1,2*/)" )/1 /.'+2*/)" *)+ 3$#',#3Y ?.*F 

K#()C :XX`<SSZHH\DRWY 

\Y B)"1#")3 O6 @.,*#" G=6 !,')*1 K6 @#C#+ @6 B()""#+ %Y B,*')1,)/ $*.0,"# )/1 $(.+,' 
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J)/J",./ '#""3 ,/ +(# 1,2*/)" *.1#/+6 E*C,')/+(,3 )/3.*J#,Y @A.! a/# :X9H<\Z#WHHRHY 
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;C/!0"#)'&#)*&''H'&)'Q2'"#=A''

T*+)9*&=' 47&3$!0=+/#'U' X*;=&#$&' 470#' =D#4*/,&' 4;,&#)+&!' 8=$/*&' EEV' ZKH.' /0'

470#&' 4;:*&==+/#' =;C9*&' 8^_L>LLU' =$/*&' 6!/ "!' Z' N2' /0' =$/*&' R' !7+)&,' `' Z' K.A' X")+&#)'

#7"D"#)':"='0#&',;4+$")+/#'=)" !&':&#4"#)'!&',/+=':*;$;4&#)'!7+#$!0=+/#'&)':&#4"#)'!&='H'

=&,"+#&='4&'40*;&'4&'!7;)04&A'X")%/!/6+&'+#)&*$0**&#)&'=;C9*&'/0')*/0 !&'*&=:+*")/+*&'"0'

$/0*=' 40' =/,,&+!' =;C9*&A' X*;=&#$&' 4&' :")%/!/6+&=' /:%)"!,/!/6+?0&=' 8$")"*"$)&' "C&$'

+#4+$")+/#'/:;*")/+*&('6!"0$/,&'('*;)+#/:")%+&='=;C9*&=.'

'

G)")'a$)0&!'4&'!7G)04&''

B7;)04&'&=)'"$)0&!!&,&#)'&#'$/0*=A'X/0*' !7+#=)"#)<',/+#='470#'?0"*)'4&=':")+&#)='/#)';);'

+#$!0=A'B&=':*&,+9*&='"#"!D=&='=&*/#)'*;"!+=;&='49='?0&'!"',/+)+;'4&='+#$!0=+/#='"0*"';);'
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_"#=' !&' =D#4*/,&'4&=' W", &='="#=' *&:/=<' +!' #7&3+=)&':"='4&' -*"#$' "*60,&#)'&#'
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$&!!&'470#'&--&)' ;#;-+?0&'4&'!"' !0,+#/)%;*":+&'=0*' !"'=;C;*+);'=0 W&$)+C&'&)'/ W&$)+C&'40'
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/0':*;=&#)"#)'0#')*/0 !&'4&'!7%0,&0*A'

'

;$,/%9"(%'& 2# 313(<$- 2',"$%&-+=%>#- 2"&3 /- 31&2+'$- 2-3 ?"$5-3 3"&3 +-,'3 

,'3( "99%2-&( @"39#/"%+- 9*+*5+"/ 2-3 ="&=/%'&3 2- /" 5"3- 
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"*)+$!&'"'4; 0);'&#'4; 0)'47"##;&'K2QNA'B&'4&*#+&*':")+&#)'+#$!0='4"#='$&))&';)04&'"'&0'

=/#' +,"6&*+&' "0' $/0*=' 4&' !7"##;&'K2QHA' B&' *&$*0)&,&#)' 4&=':")+&#)='"' &0' !+&0' C+"',"'

$/#=0!)")+/#'"0'$&#)*&'4&=')*/0 !&='40'=/,,&+!'&#'$/!!" /*")+/#'"C&$',&='$/#-*9*&='40'

=&*C+$&' 4&' #&0*/C"=$0!"+*&A' B7"#"!D=&' 4&=' 4/##;&=<' !&0*' +#)&*:*;)")+/#' &)' !7;$*+)0*&' 4&'

!7"*)+$!&'/#)';);'*;"!+=;&='"0'-0*'&)'R',&=0*&'4&'!"'$/!!&$)&'4&='4/##;&=A'

' '



81 

 

'

'

'

'

'

'

'

a*)+$!&'H'U A B1,-+2',"$%&-+=%3$ %& /-&(%9#/'3(+%"(- 

3(+'C-.%&2#9-2 6!0D " &-#+' %$"=%&= 3(#21E 
 

F& ,+*,"+"(%'& 

 

a*)+$!&U':"6&='Q>h'

i+60*&'U':"6&='`>Q2'

c;-;*&#$&='U':"6&='QQ>QN'

'



1 

 

 !"#$%&'(#)*+(, !"#$%&' ()*+&&'" ,%-.' ,#/0$',1#

!# -.&%/'(# &%&'(0# 23.'"0-.+*$4'"5$,* $4 &'4#$%/&-,#"$+#' ,#"-6'7"'&+#'0 "',#&',, &'5, 

,340"-*'8 +4 $*+5$45 ,#/03#

1# 23.4# /356&0 !"#$ %&'% ( ))*) +,-./0 12/%-"3% ( 4*5 +,-./0 6#%7&8 9: 3;"-"3%&-/0 

-&<&-&$3&/8 )=0 <#>?-&/8 4@ 

7#-5&83.9:#6*;(9#*64#*<<%'%*&%3690#A7#/"2&%; B?CC&-% !DE F;D
)E4E*

E !"-3 G"%"#77"-. !D
)E4E*

E 

HII#& J"3K?&/ L"M&- !DE F;D
4E:E5

E N"?-&$% 6"%? !DE F;D
OEP

E 1?-Q7#&$ R"3K?"-.
)
E N"?-&$3& 

R?>?&$S GT
)E4E*

E J&<<-&S R?22"-. F;D
)E4E*

E U7V&- W#7#3XR?3V !D
)E4E*

E Y"7Q-#& Z,7<< !DE 

F;D
4E5E[

E F"%-#3& G,?->#$ !DE F;D
)E4E* 

)
 D&C"-%M&$% ,< L&?-,7,>SE T7&&C D#/,-.&-/ \&$%&-E R]C#%"?' U$#^&-/#%"#-&/ .& T%-"/2,?->E 

_-"$3& 

4
 _Q.Q-"%#,$ .& !Q.&3#$& 6-"$/7"%#,$$&77& .& T%-"/2,?-> `_!6TaE U$#^&-/#%S ,< T%-"/2,?->E 

_-"$
* 

H$/%#%?%& <,- \&77?7"- "$. H$%&>-"%#^& L&?-,/3#&$3&/E \LBT X UFB *4)4E OP=[: 

T%-"/2,?->E _-"$3& 

:
 D&C"-%M&$% ,< G#,C;S/#3/ "$. L?37&"- !&.#3#$&E R]C#%"?' U$#^&-/#%"#-&/ .& T%-"/2,?->E 

_-"$3& 

5 
H\?2&E U$#^&-/#%S ,< T%-"/2,?->b\LBTE U!B P4*PE _-"$3& 

O 
D&C"-%M&$% ,< 1$"%,MSE U_B T3#&$3&/ !Q.#3"7&/ &% F;"-M"3&?%#K?&/E U$#^&-/#%S ,< 

_-"$3;&X\,M%QE G&/"$c,$E _-"$3& 

P
 D&C"-%M&$% ,< L&?-,M?/3?7"- D#/&"/&/E \RU G&/"$c,$E _-"$3& "$. D&C"-%M&$% ,< 

1$"%,MSE U$#^&-/#%S ,< _-"$3;&X\,M%QE G&/"$c,$E _-"$3& 

[ 
D&C"-%M&$% ,< L&?-,7,>SE T%-,V& U$#%E R]C#%"?' U$#^&-/#%"#-&/ .& T%-"/2,?->E _-"$3& 

=#>3..(9)364%6+# *44.(990# A7#/"2&%; B?CC&-% 0 \&$%-& .&/ 6-,?27&/ .? T,MM&#7 X R]C#%"7 

\#^#7E )E C7"3& .& 7dR]C#%"7E GF :4OE \&.&'E OP=9) T%-"/2,?->E _-"$3& 0 F;,$&8 e** * [[ )) 

O: *= 0 _"'8 e** * [[ )) 5) 5* 0  AM"#78 &7#/"2&%;@-?CC&-%f3;-?X/%-"/2,?->@<- 

?# -5&83.:9# (;*%'# *44.(99(90&7#/"2&%;@-?CC&-%f3;-?X/%-"/2,?->@<-0 M"-3@2"%"#77"-.f3;-?X

/%-"/2,?->@<-0 #II#&@g"3K?&/@$"M&-f3;-?X/%-"/2,?->@<-0 7"?-&$%@%"%?f?$#^X<3,M%&@<-0 



2 

 

"?-&7h[9h)f;,%M"#7@<-0 7"?-&$3&@;?>?&$Sf3;-?X/%-"/2,?->@<-0 ;?22"-.f#$3#X3$-/@?$#/%-"@<-0 

?7V&-@V#7#3f3;-?X/%-"/2,?->@<-0 ^"7&-#&@+,7<<f3;-?X/%-"/2,?->@<-0 C2,?->#$f?$#/%-"@<- 

@#A(*./8#&(.;90i4:9j -&/%7&// 7&>/ /S$.-,M&0 i)44j FA60 i)4*j TFA\60 i*)*j 2"/"7 >"$>7#"E 

i4j 177 3&-&2-,^"/3?7"- .#/&"/& b T%-,V& 

#

 1"#B*+(#1#

C#-5&83.9:#D3'(90 

ABE !GE HJL "$. FG .#. %;& 3,$3&C%#,$ "$. %;& .&/#>$ ,< %;& /%?.S0 ABE !GE HJLE N6E 1RE 

NRE UWR +&-& #$^,7^&. #$ %;& "3K?#/#%#,$ ,< ."%"0 ABE !GE HJLE N6E 1RE NRE UWRE YZ 

"$. FG .#. %;& "$"7S/#/ "$. #$%&-C-&%"%#,$ ,< %;& ."%"0 ABE !G "$. JR .#. %;& .-"<%#$> ,< %;& 

/?2M#%%&. M"%&-#"7E FG .#. " 3-#%#3"7 -&^#/#,$ ,< %;& /?2M#%%&. M"%&-#"7@ 

E# F%6*6/%*'# G%9/'395.(# H# >36<'%/&# 3<# %6&(.(9&# /36/(.6%6+# &8(# .(9(*./8# .('*&(4# &3# &8(#

;*659/.%)&0#6;#/ /%?.S .#. $,% 2&$&<#% <-,M <#$"$3#"7 /?CC,-% b 6;& "?%;,-/ ;"^& $, 3,$<7#3% 

,< #$%&-&/% ,- <#$"$3#"7 .#/37,/?-&/ %, .&37"-&@ 

I#F564%6+#935./(9#<3.#&8(#9&54J0#6;#/ /%?.S .#. $,% 2&$&<#% <-,M <#$"$3#"7 /?CC,-%  

 

# #
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 7"#-K9&.*/&8  

k2g&3%#^&/8 B&/%7&// 7&>/ /S$.-,M& `BNTa #/ " 3,MM,$ .#/,-.&- +;,/& C"%;,C;S/#,7,>S 

#$^,7^&/ " C,,-7S ?$.&-/%,,. .,C"M#$&->#3 .S/-&>?7"%#,$@ T%-,V&X-&7"%&. BNT C-#M"-#7S 

#$^,7^&/ %;& 2"/"7 >"$>7#"E %;& C"-"M&.#"$ C,$/ "$. %;& %;"7"M?/@ 6, <?-%;&- #$^&/%#>"%& %;& 

.,C"M#$&->#3 /S/%&M #$ C"%#&$%/ +#%; /%-,V&X-&7"%&. BNTE +& C&-<,-M&. #/,%,C#3 &'C7,-"%#,$/ 

,< 2,%; >7?3,/& 3,$/?MC%#,$ "$. $#>-,/%-#"%"7 .,C"M#$& %&-M#$"7 <?$3%#,$#$>@ 

!&%;,./8 _,?- C"%#&$%/ C-&/&$%#$> +#%; BNT /SMC%,M"%#3 ,< 7&$%#3?7,/%-#"%& #$<"-3%E &#%;&- .& 

$,^, BNT ,- &'"3&-2"%#,$ ,< BNT &'#/%#$> C-#,- %, /%-,V& +&-& #$37?.&.@ T%-?3%?-"7 #M">#$> 

+"/ C&-<,-M&. ?/#$> 2-"#$ !BH "$. %;& /%-,V&X#$.?3&. M&%"2,7#3 M,.#<#3"%#,$/ +&-& 

"//&//&. 2S 
)[

_X_Dl FA6@ D,C"M#$& -&?C%"V& ^#" D16 +"/ &'C7,-&. ?/#$> 
)4*

HX_FX\H6 

TFA\6@ FA6 +#%; 
)[

_X_XDkF1 &^"7?"%&. %;& <?$3%#,$"7 #$%&>-#%S ,< %;& C-&/S$"C%#3 

.,C"M#$&->#3 /S$%;&/#/@ 

B&/?7%/8 6;& 2,.S ,< %;& 3"?."%& $?37&?/ +"/ %;& ,$7S /%-?3%?-& ."M">&. #$ "77 C"%#&$%/ ?/#$> 

!BH@ 
)[

_X_Dl FA6 /;,+&. " ;SC,M&%"2,7#/M #$ %;& #$<"-3%#,$ "-&"E %;& #C/#7"%&-"7 %;"7"M?/ 

"$. %;& 3,$%-"7"%&-"7 3&-&2&77?M@ 6;-&& C"%#&$%/ .#/C7"S&. .&3-&"/&. .,C"M#$& %-"$/C,-%&- 

2#$.#$> #$ %;& #C/#7"%&-"7 C?%"M&$E +#%; ,$& C"%#&$% ;"^#$> $,-M"7 7&^&7/@ !,-&,^&- 
)[

_X_X

DkF1 ?C%"V& +"/ #$3-&"/&. #$ %;& #C/#7"%&-"7 C?%"M&$ ,< "77 C"%#&$%/@  

\,$37?/#,$/8 6;& C-&/&$% <#$.#$>/ /?>>&/% "$ #C/#7"%&-"7 /%-#"%"7 /S$"C%#3 ;SC&-.,C"M#$&->#/M 

"/ " 3,MC&$/"%,-S M&3;"$#/M #$ -&/C,$/& %, %;& /%-,V&X#$.?3&. $&?-,$"7 7,//@ 6;#/ 

M&3;"$#/M M#>;% C"-%#3#C"%& %, BNT C"%;,>&$&/#/ "$. /;,?7. &$3,?-">& <?-%;&- -&/&"-3; ,$ 

.,C"M#$&->#3 .S/-&>?7"%#,$ "//,3#"%&. +#%; BNT@ 6;& /%?.S ,< +&77X.&<#$&. 7&/#,$/ 

"//,3#"%&. +#%; BNT M"S 3,$%-#2?%& %, 3,MC-&;&$.#$> %;& C"%;,C;S/#,7,>#3"7 M&3;"$#/M/ 

?$.&-7S#$> %;#/ 3,$.#%#,$@ 

# #
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 ="#L*%6#;*659/.%)&##

#

M6&.345/&%360  

B&/%7&// 7&>/ /S$.-,M& `BNTa #/ " 3,MM,$ /&$/,-SXM,%,- .#/,-.&- 3;"-"3%&-#I&. 2S "$ ?->& 

%, M,^& 7#M2/ .?& %, ?$C7&"/"$% ,- ?$3,M<,-%"27& <&&7#$>/ #$ %;& 7,+&- 7#M2/@ TSMC%,M/ 

,33?- "% -&/%E "-& -&7#&^&. 2S M,%,- "3%#^#%SE "$. "-& +,-/&$&. #$ %;& &^&$#$> ,- "% $#>;%@
)
 

T&^&-& BNT ;"/ $,% ,$7S " /%-,$> #MC"3% ,$ /7&&C "$. K?"7#%S ,< 7#<&E 2?% "7/, ,$ M,-%"7#%S@
4
 

C,#$%#$> <,- %;& $&&. %, 2&%%&- ?$.&-/%"$. #%/ C"%;,C;S/#,7,>S@ D-"M"%#3 2&$&<#%/ <-,M 

.,C"M#$& ">,$#/%/ /%-,$>7S /?>>&/% #$^,7^&M&$% ,< .,C"M#$&->#3 /S/%&M@
*
 B&>"-.#$> %;& %SC& 

,< .,C"M#$& .S/-&>?7"%#,$ #$ BNT /,M& 3,$%-,^&-/#&/ C&-/#/%@ H$ C-#M"-S BNTE #MC,-%"$% 

.#<<&-&$3&/ +&-& /&&$ 2&%+&&$ /%?.#&/ +;&-& .,C"M#$& %-"$/C,-%&- .&$/#%S #$ %;& /%-#"%?M +"/ 

<,?$. %, 2& $,-M"7E #$3-&"/&. ,- .&3-&"/&.@ _XDkF1 FA6 /%?.#&/ /;,+&. &#%;&- $, 

"2$,-M"7#%#&/ ,- #$ /,M& 3"/&/ " /7#>;% 2?% /#>$#<#3"$% .&3-&"/& #$ C-&/S$"C%#3 $#>-,/%-#"%"7 

.,C"M#$&->#3 C-,g&3%#,$/ "M,$> BNT C"%#&$%/E "/ 3,MC"-&. %, 3,$%-,7/@
:
 R,+&^&-E #< 

.,C"M#$&->#3 .S/-&>?7"%#,$ ?$.&-7S#$> C"%;,7,>S #/ ;#>;7S /?>>&/%&.E #% -&M"#$/ %, 2& 

3;"-"3%&-#I&.@  

6;& /%?.S ,< <,3"7 7&/#,$/ "//,3#"%&. +#%; BNT #/ "$,%;&- "CC-,"3; %, #$^&/%#>"%& BNT 

C"%;,>&$&/#/@ k$7S " <&+ 3"/&/ ,< /%-,V&X-&7"%&. BNT ;"^& 2&&$ -&C,-%&. "$. 7&/#,$ 

7,3"7#I"%#,$/ +&-& ,^&-"77 3,MM,$ /?>>&/%#^& ,< <?$3%#,$"7 "$"%,MS ?$.&-7S#$> /%-,V&X

-&7"%&. BNT@
5EOEP

 6;?/E 2S &'"M#$#$> /M"77 +&77X.&<#$&. 7&/#,$/ "//,3#"%&. +#%; %;& C"%;,7,>S 

M,-& 37,/&7S ?/#$> 2,%; /%-?3%?-"7 "$. M&%"2,7#3 &'C7,-"%#,$/ +#%; "CC-,C-#"%& -".#,%-"3&-/E 

.#//&3%#,$ ,< #$.#^#.?"7 3#-3?#%/ C,%&$%#"77S "33,?$%#$> <,- #%/ &M&->&$3& M"S 2& C,//#27&@ Z& 

C&-<,-M&. #/,%,C#3 &'C7,-"%#,$/ ,< 2,%; >7?3,/& 3,$/?MC%#,$ "$. %;& .,C"M#$&->#3 C"%;+"S/E 

#$ <,?- #$.#^#.?"7/ +#%; /%-,V&X-&7"%&. BNT #$^,7^#$> %;& 2"/"7 >"$>7#"@ 

#

L(&8349##

Z& C-,/C&3%#^&7S #$37?.&. "77 C"%#&$%/ -&<&--&. %, ,?- /7&&C .#/,-.&-/ 3&$%&- <-,M D&3&M2&- 

4=)4 %, D&3&M2&- 4=)*E +;, C-&/&$%&. +#%; /%-,V&X-&7"%&. BNT "<%&- #$<"-3%#,$ ,< %;& 2"/"7 

>"$>7#"@ F"%#&$%/ +&-& %;&$ "//&//&. <,- /&^&-#%S ?/#$> %;& B&/%7&// N&>/ /3,-& H$%&-$"%#,$"7 

T3"7& `HBNTaE "$. +&-& #$37?.&. 2"/&. ,$ +;&%;&- /?<<#3#&$% 3-#%&-#" +&-& M&%
)
E "<%&- +;#3; 
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%;&S +&-& >#^&$ " C,7S/,M$,>-"C;#3 &'"M#$"%#,$@ 1 %,%"7 ,< <,?- C"%#&$%/ +&-& #$37?.&.@ 177 

C"%#&$%/ ?$.&-+&$% " /%"$."-. 2-"#$ !BH .?-#$> %;& #$#%#"7 C;"/& ,< %;&#- /%-,V&@ 6;& #M">&/ 

+&-& %;&$ "$"7SI&. +#%; %;& ;&7C ,< "$ &'C&-#&$3&. $&?-,"$"%,M#/% `N6a %, /C&3#<S %;& 

#$g?-&. "$"%,M#3"7 /%-?3%?-&/ <,- &"3; C"%#&$%@ 6, "$"7SI& %;& $&?-"7 "$. 2-"#$ .,C"M#$& 

M&%"2,7#/ME %;& C"%#&$%/ -&3&#^&. %+, FA6 +#%; 
)[

_X_Dl `4X.&,'SX4Xi<7?,-#$&X)[j<7?,-,X DX

>7?3,/&a "$. 
)[

_X_XDkF1 `*E:X.#;S.-,'SXOXi)[j_X<7?,-,X7XC;&$S7"7"$#$&aE "$. " TFA\6 +#%; 

)4*
HX_FX\H6 `i)4*jHX42&%"X3"-2,M&%,'SX*2&%"Xi:X#,.,C;&$S7jXLXi*X<7?,-,C-,CS7j$,-%-,C"$&a@ 

D,C"M#M&%#3/ +&-& .#/3,$%#$?&. "% 7&"/% P ."S/ C-#,- %, #/,%,C#3 &'C7,-"%#,$/@ 177 %;&/& 

&'"M#$"%#,$/ +&-& C&-<,-M&. #$ %;& .&C"-%M&$% ,< $?37&"- M&.#3#$& "$. #$%&-C-&%&. 2S %;& 

/"M& ,C&-"%,- `HJLa@  

6;#/ /%?.S +"/ "CC-,^&. 2S %;& A%;#3/ \,MM#%%&& ,< %;& _"3?7%S ,< !&.#3#$&E T%-"/2,?->@ 

F"%#&$%d/ 3,$/&$% +"/ ,2%"#$&. <,- "77 <,?- C"%#&$%/@ 

 

D(95'&9#

 !"#"$%!&'"()*+,-  

177 C"%#&$%/ C-&/&$%&. #$<"-3% #$ %;& .&&C %&--#%,-S ,< %;& M#..7& 3&-&2-"7 "-%&-S `!\1aE -#>;%X

/#.&. <,- C"%#&$%/ Lm)E 4 "$. : "$. 7&<%X/#.&. <,- C"%#&$% Lm* `_#>?-& )a@ A'"3&-2"%#,$ ,< BNT 

&'#/%#$> C-#,- %, %;& /%-,V&E "CC&"-&. &#%;&- "2-?C%7S ,$ %;& /&3,$. ."S `C"%#&$% Lm4aE ,- * 

+&&V/ `C"%#&$% Lm*a "<%&-@ H$ %+, 3"/&/ +;&-& BNT +"/ $,% C-&/&$% 2&<,-&E #% "CC&"-&. ,$ 

&#%;&- ."S [ `C"%#&$% Lm)a ,- ."S : `C"%#&$% Lm:a <,77,+#$> /%-,V& +#%; "$ #$.&C&$.&$% 

&^,7?%#,$ <-,M #$#%#"7 /%-,V& /SMC%,M/@ TSMC%,M/ +&-& ,^&-"77 /#M#7"- %, %;,/& .&/3-#2&. #$ 

#.#,C"%;#3 BNT@ 6-&"%M&$% +#%; 7,+ .,/&/ ,< C-"M#C&',7& `=@=9X=@)[ M> ."#7Sa +"/ 

#MM&.#"%&7S &<<#3#&$% #$ "77 C"%#&$%/@ !&%"2,7#3 2-"#$ #M">#$> +"/ C&-<,-M&. "% /#' ,- &#>;% 

+&&V/ `C"%#&$%/ Lm) "$. 4aE "$. %;-&& ,- $#$& M,$%;/ `C"%#&$%/ Lm* "$. :aE "<%&- /%-,V&@ 

.)+/$)/+%!&%#0&1/#$)"*#%!&"2%3"#3-&

6;& 2,.S ,< %;& 3"?."%& $?37&?/ +"/ %;& ,$7S 2-"#$ /%-?3%?-& %;"% +"/ 7&/#,$&. #$ "77 C"%#&$%/ 

"/ #77?/%-"%&. 2S !BH #$ _7"#- `Lm)E *E :a ,- .#<<?/#,$ `Lm4a /&K?&$3&/ `_#>?-& )a@ H$ "..#%#,$ 

%, " C-,$,?$3&. ;SC,M&%"2,7#/M #$ %;& #$<"-3%#,$ "-&" /;,+$ 2S 
)[

_X_Dl FA6 `_#>?-& )a %;& 

<,?- C"%#&$%/ .#/C7"S&. "$ ;SC,M&%"2,7#/M #$ %;& #C/#7"%&-"7 %;"7"M?/ `_#>?-& )a "$. #$ %;& 
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3,$%-"7"%&-"7 3&-&2&77?M `_#>?-& 4aE %;&/& 7"%%&- 2&#$> /%-?3%?-"77S #$%"3% "33,-.#$> %, %;& !BH 

`_#>?-& 4a@ 

6;& 
)[

_X_XDkF1 FA6 /;,+&. #$ "77 C"%#&$%/ "$ #$3-&"/&. &'C-&//#,$ ,< .,C"M#$& C-&3?-/,- 

#$ %;& C?%"M&$E #C/#7"%&-"77S %, %;& #$<"-3% `_#>?-& )a@ H$ %;-&& C"%#&$%/E /%-#"%"7 D16 

"^"#7"2#7#%S +"/ .&3-&"/&. #C/#7"%&-"77S %, %;& 7&/#,$E "/ "//&//&. 2S TFA\6 +#%; 
)4*

HX_FX\H6 

+;&-&"/ #% +"/ $,-M"7 #$ C"%#&$% Lm: `_#>?-& )a@  

#

G%9/599%36#

R&-&E +& -&C,-% <,?- C"%#&$%/ +#%; BNT /SMC%,M"%#3 ,< 7&$%#3?7,/%-#"%& #$<"-3%#,$@ Z& <,?$. 

%;"% 3,-C?/ ,< 3"?."%& $?37&?/ +"/ %;& 3,MM,$ 7&/#,$&. /%-?3%?-& 2?% M,-& /%-#V#$>7SE 

#/,%,C#3 #M">#$>/ /?>>&/% ;SC&-.,C"M#$&->#3 /%"%& ,< #C/#7"%&-"7 C?%"M&$ #$ "77 C"%#&$%/@  

BNT /SMC%,M"%#3 ,< <,3"7 7&/#,$/ >#^& ,CC,-%?$#%S %, #.&$%#<S $&?-"7 C"%;+"S/ ?$.&-7S#$> 

C"%;,>&$&/#/@ H$ ,?- C"%#&$%/ 
)[

_X_Dl FA6 /;,+/ %;"7"M#3 "$. 3&-&2&77"- .#"/3;#/#/@ G,%;E 

%;& %;"7"M?/ "$. %;& 3&-&2&77?M M"S 2& #$^,7^&. #$ %;& C"%;,C;S/#,7,>S ,< BNT@
5 

_?-%;&-M,-&E /%-,V&X-&7"%&. BNT "<%&- %;"7"M#3 #$<"-3% ;"^& 2&&$ -&C,-%&.E
5EOEP

 "$. %;& 

#$^,7^&M&$% ,< C,$%,3&-&2&77"- <#2&-/ ;"/ 2&&$ /?>>&/%&. #$ %;& C"%;,C;S/#,7,>S ,< %;& 

.#/&"/&@
O
 R,+&^&-E #% /;,?7. 2& &MC;"/#I&. %;"% %;"7"M#3 "$. 3&-&2&77"- .#"/3;#/#/ #/ " $,$X

/C&3#<#3 +&77 &/%"27#/;&. <#$.#$> "<%&- M#..7& 3&-&2-"7 "-%&-S #$<"-3%#,$@  

!,-& #$%&-&/%#$>7SE +& ;". ,CC,-%?$#%S %, /%?.S ;,+ " <,3"7 7&/#,$ "<<&3%/ #C/#7"%&-"7 

.,C"M#$& <?$3%#,$#$> #$ 3,MC"-#/,$ %, %;& ,%;&- ;&M#/C;&-&E +#%; %;& ;SC,%;&/#/ %;"% 

#C/#7"%&-"7 .,C"M#$& 3;"$>&/ +,?7. 2& -&/C,$/#27& <,- ,33?--&$3& ,< BNT /SMC%,M/@ 6;?/E 

;&"7%;S 3,$%-,7/ "-& $,% $&&.&. <,- %;#/ 3,MC"-#/,$ 2&%+&&$ ;&M#/C;&-&/@ T%-,V&X-&7"%&. BNT 

#/ " -"-& 3,M,-2#.#%SE "$. 7#V&7S C-&.#/C,/#$> <"3%,-/ "-& -&K?#-&.@ 6;#/ -"#/&/ %;& K?&/%#,$ 

+;&%;&- .,C"M#$& 3;"$>&/ #$.?3&. 2S " <,3"7 7&/#,$ "-& /#M#7"- %, %;& .,C"M#$& 

.S/-&>?7"%#,$ -&/C,$/#27& <,- %;& #.#,C"%;#3 <,-M ,< BNT@  

Z& <,?$. ;SC&-.,C"M#$&->#/M #$ 3,MC"-#/,$ %, %;& $,$X7&/#,$&. /#.&@ 6;& ;SC,%;&/#/ ,< "$ 

#$3-&"/& #$ /S$"C%#3 .,C"M#$& #$ /?2g&3%/ +#%; C-#M"-S BNT #/ "7/, /?CC,-%&. 2S " -&3&$% 

#/,%,C#3 /%?.S ,$ %;& /%-#"%"7 .,C"M#$&X4 `D4a -&3&C%,- 2#$.#$> C,%&$%#"7/@
[
 6;& /"M& >-,?C 

<,?$. %;"% .,C"M#$& %-"$/C,-%&- +"/ .&3-&"/&. #$ /-#"%?M ,< #.#,C"%;#3 BNT C"%#&$%/@
9
 _?-%;&- 

&^#.&$3& ,< " ;SC&-.,C"M#$&->#3 /%"%& #$ BNT ;"/ &M&->&. /;,+#$> %;"% .,C"M#$& 



7 

 

M&%"2,7#%&/ `*X,-%;,XM&%;S7.,C" "$. ;,M,^"$#77#3 "3#.a #$ %;& \T_ ,< %;&/& C"%#&$%/ +&-& 

#$3-&"/&.E "/ +&77 "/ C,/%XM,-%&M %S-,/#$& ;S.-,'S7"/& #$ %;& /?2/%"$%#" $#>-"@
)=

 H$ -&<&-&$3& 

%, %;& ;SC,%;&/#/ ,< " ;SC&-.,C"M#$&->#3 %,$&E &<<#3"3S +#%; 7,+ .,/&/ ,< .,C"M#M&%#3/ #$ 

BNT 3,?7. 2& &'C7"#$&. 2S /%#M?7"%#,$ ,< #$;#2#%,-S D4X7#V& "?%,-&3&C%,-/@  

 

6;& C-&/&$% <#$.#$>/ /?>>&/% "$ #C/#7"%&-"7 /%-#"%"7 /S$"C%#3 ;SC&-.,C"M#$&->#/M "/ " 

3,MC&$/"%,-S M&3;"$#/M #$ -&/C,$/& %, %;& /%-,V&X#$.?3&. $&?-,$"7 7,//@ 6;#/ M&3;"$#/M 

M#>;% C"-%#3#C"%& %, BNT C"%;,>&$&/#/ "$. /;,?7. &$3,?-">& <?-%;&- -&/&"-3; ,$ 

.,C"M#$&->#3 .S/-&>?7"%#,$ "//,3#"%&. +#%; BNT@  

#

#

 ?"#-/N63O'(4+;(6&0#

Z& %;"$V %;& /7&&C %&3;$#3#"$/ +;, ;&7C&. +#%; /3,-#$> %;& C,7S/,M$,>-"C;S@ 

 

 @"#-5&83.9:#D3'(90#

ABE !GE HJL "$. FG .#. %;& 3,$3&C%#,$ "$. %;& .&/#>$ ,< %;& /%?.S0 ABE !GE HJLE N6E 1RE 

NRE UWR +&-& #$^,7^&. #$ %;& "3K?#/#%#,$ ,< ."%"0 ABE !GE HJLE N6E 1RE NRE UWRE YZ 

"$. FG .#. %;& "$"7S/#/ "$. #$%&-C-&%"%#,$ ,< %;& ."%"0 ABE !G "$. JR .#. %;& .-"<%#$> ,< %;& 

/?2M#%%&. M"%&-#"7E FG .#. " 3-#%#3"7 -&^#/#,$ ,< %;& /?2M#%%&. M"%&-#"7@ 

#

 C"#F%6*6/%*'#G%9/'395.(9#3<#*''#*5&83.9# <3.#&8(#).(/(4%6+#!1#;36&89"0#P36(#

#

 E"##

D(<(.(6/(9##

)@ 177&$ BFE F#33;#&%%# DNE l"-3#"XG,--&>?&-, DE &% "7@B&/%7&// 7&>/ /S$.-,M&bZ#77#/X

AV2,M .#/&"/& .#">$,/%#3 3-#%&-#"8 ?C."%&. H$%&-$"%#,$"7 B&/%7&// N&>/ TS$.-,M& 

T%?.S l-,?C `HBNTTla 3,$/&$/?/ 3-#%&-#"XX;#/%,-SE -"%#,$"7&E .&/3-#C%#,$E "$. 

/#>$#<#3"$3&@ T7&&C !&. 4=):0)58[O=X[P*@  
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4@ N# nE Z"$> ZE Z#$V&7M"$ JZE !"7;,%-" 1E !" JE l", o@ F-,/C&3%#^& /%?.S ,< 

-&/%7&// 7&>/ /S$.-,M& "$. M,-%"7#%S "M,$> M&$@ L&?-,7,>S@ 4=)*0[)854X59@ 

*@ R,-$S"V !E T3;,7I RE W,;$&$ BE G&$>&7 JE W"//?2&V JE 6-&$V+"7.&- \,# Z;"% 

%-&"%M&$% +,-V/ 2&/% <,- -&/%7&// 7&>/ /S$.-,M&p !&%"X"$"7S/&/ ,< .,C"M#$&->#3 "$. 

$,$X.,C"M#$&->#3 M&.#3"%#,$/@ T7&&C !&. B&^ 4=):0)[8)5*X)O:@  

:@ Z&%%&- 6\@ _?$3%#,$"7 $&?-,#M">#$> ,< .,C"M#$&E #-,$E "$. ,C#"%&/ #$ -&/%7&// 7&>/ 

/S$.-,M&@ H$8 L,<I#$>&- AE !"K?&% FE !#3;"&7 J6E &.#%,-/@ L&?-,#M">#$> ,< /7&&C "$. 

/7&&C .#/,-.&-/@ \"M2-#.>&8U$#^&-/#%S F-&//04=)*8*O*X*P:@ 

5@ A%>&$ 6@ T%-?3%?-"7 "$. <?$3%#,$"7 $&?-,#M">#$> ,< -&/%7&// 7&>/ /S$.-,M& "$. 

C&-#,.#3 7#M2 M,^&M&$%/ #$ /7&&C@ H$8 L,<I#$>&- AE !"K?&% FE !#3;"&7 J6E &.#%,-/@ 

L&?-,#M">#$> ,< /7&&C "$. /7&&C .#/,-.&-/@ \"M2-#.>&8U$#^&-/#%S F-&//04=)*8*55X

*O4@ 

O@ B?CC&-% AE W#7#3XR?3V UE Z,7<< YE 6"%? NE l;,2".# !E G"%"#77"-. !E G,?->#$F@#

B&/%7&// 7&>/ /S$.-,M& "/ " <#-/% M"$#<&/%"%#,$ ,< " 3&-&2-"7 #$<"-3%@ J \7#$ T7&&C !&. 

4=):0)=8)=*PX)=*[@ 

P@ B?CC&-% AE W#7#3XR?3V UE Z,7<< YE &% "7@# G-"#$/%&M /%-,V&X-&7"%&. -&/%7&// 7&>/ 

/S$.-,M&8 <-&K?&$3S "$. "$"%,M#3"7 3,$/#.&-"%#,$/@ A?-,C&"$ L&?-,7,>S 4=):0 

))8))*X))[@ 

[@ A"-7&S \JE W?+"2"-" RE Z,$> D_E &% "7@ H$3-&"/&. /S$"C%#3 .,C"M#$& #$ %;& C?%"M&$ 

#$ -&/%7&// 7&>/ /S$.-,M&@ T7&&C 4=)*0*O85)X5P@ 

9@ A"-7&S \JE W?+"2"-" RE Z,$> D_E l"M"7., \E T"7"/ BE G-"/#3 JE B"^&-% R6E D"$$"7/ 

B_E 177&$ BF@ 6;& .,C"M#$& %-"$/C,-%&- #/ .&3-&"/&. #$ %;& /%-#"%?M ,< /?2g&3%/ +#%; 

-&/%7&// 7&>/ /S$.-,M&@ T7&&C@ 4=)) !"- )0*:`*a8*:)XP@ 

)=@ 177&$ BFE \,$$,- JBE RS7"$. WE A"-7&S \J,# 12$,-M"77S #$3-&"/&. \T_ *Xk-%;,X

M&%;S7.,C" `*Xk!Da #$ ?$%-&"%&. -&/%7&// 7&>/ /S$.-,M& `BNTa C"%#&$%/ #$.#3"%&/ 

M,-& /&^&-& .#/&"/& "$. C,//#27S "2$,-M"77S #$3-&"/&. .,C"M#$& /S$%;&/#/@ T7&&C 

!&. 4==90)=8)4*X)4[@ 

#

 

# #
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# I",#F%+5.(9#

F%+5.(#!##

A&.5/&5.*'#*64#<56/&%36*'#K.*%6#%;*+%6+#3<#&8(#43)*;%6(.+%/#9J9&(;#

#

#

Q(+(64#&3#F%+5.(#!,##

1--,+/8 3"?."%& $?37&?/ `2,.Sa`)/% 3,7?M$a0 7&$%#3?7"- $?37&?/ ?/#$> `Lm)E *a C-,%,$ .&$/#%S 

+&#>;%&. ,- `Lm4E *a .#<<?/#,$ /&K?&$3&/ `4$. 3,7?M$a0 #$3-&"/&. .,C"M#$& C-&3?-/,- ?/#$> 

FA6 +#%; 
)[

_X_XDkF1 `*-. 3,7?M$a "$. .&3-&"/&. .,C"M#$& %-"$/C,-%&- ?/#$> TFA\6 +#%; 

)4*
HX_FX\H6 #$ C?%"M&$ `:%; 3,7?M$a0 ;SC,M&%"2,7#/M #$ #$<"-3%#,$ "-&" ?/#$> FA6 +#%; FA6 

+#%; 
)[

_X_Dl `5%; 3,7?M$/a@ 

#

#
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F%+5.(#1##

A&.5/&5.*'#*64#<56/&%36*'#K.*%6#%;*+%6+#3<#&8(#/(.(K(''5;#

#

#

Q(+(64#&3#F%+5.(#1,#

_-,M 7&<% %, -#>;%8 %-"$/^&-/"7 /&3%#,$/ ,< /%-?3%?-"77S #$%"3% 3&-&2&77?M #$  _7"#- /&K?&$3&/ `)/% 

3,7?M$a "$. ;SC,M&%"2,7#/M ?/#$>  FA6 +#%; )[_X_Dl #$ 3&-&2&77?M 3,$%-"7"%&-"7 %, /%-,V& 

`4$. 3,7?M$a ,- <?/#,$&. !BH b )[_X_Dl FA6 #M">#$> `*-. 3,7?M$a@  



82 

 

&

6789:887;<&

 

 

 

' '



83 

 

6!,=#,,!3>&&

!- +:/- 9+#9%"/ 2-3 -GG-(3 2%+-9(3 2- /" /#$%<+- 3#+ /- 919/- @-%//-H3'$$-%/ 

V&!/#'!&',/49!&'$!"==+?0&<'!"'*;60!")+/#'40'=/,,&+!'&=)'4;$*+)&'$/,,&';)"#)'=/0='

!7+#-!0&#$&'4&'4&03':*/$&==0='U'$+*$"4+&#'&)'%/,;/=)"=+?0&'8^/* &!D'Q`hK.A'B"':*&==+/#'

%/,;/=)"=+?0&' 40' =/,,&+!' &#' $/#4+)+/#' =)"#4"*4' 4&' !" /*")/+*&' $%&f' 4&=' =/0*+='

,"+#)&#0&='&#'$D$!&'"!)&*#"#)'QK'%&0*&='4&'!0,+9*&'&)'QK'%&0*&='47/ =$0*+);'"C&$'"$$9='

R'!"'#/0**+)0*&'!" #$%$"&''&=)'-"+ !&A'B7"#+,"!'#7"D"#)'"0$0#&'$/#)*"+#)&'&3)&*#&'=&')*/0C&'

&#'$/#4+)+/#'4&'*/0)+#&'$/#=)"#)&'!0+':&*,&))"#)'47;C"$0&*'!"':*&==+/#'4&'=/,,&+!'"0'-0*'

&)'R',&=0*&'4&'=/#'"$$0,0!")+/#'"0'$/0*='40')&,:=':"==;'&#';)")'47;C&+!A''

B&=' *;=0!)")=' / )&#0='"0:*9='4&=' =/0*+=' )*"#=6;#+?0&='/#)' :&*,+=' 4&',&))*&' &#'

;C+4&#$&'0#'*S!&'$*0$+"!'4&='&--&)='4+*&$)='4&'!"' !0,+9*&'=0*' !&'$D$!&'C&+!!&F=/,,&+!A'X"*'

"+!!&0*=<' +!=' +,:!+?0&#)' -/*)&,&#)' !"' ,;!"#/:=+#&<' #/)",,&#)' :&#4"#)' !"' :;*+/4&'

47/ =$0*+);'=0 W&$)+C&A'G#':;*+/4&'!0,+#&0=&'=0 W&$)+C&'!&='$S#&='&)'!&=' P)/##&)='W/0&#)'

;6"!&,&#)'0#' *S!&' +,:/*)"#)A'G#-+#<' !&='jVT'=/#)'0#&'=)*0$)0*&'4&' *&!"+':/0*' !&='&--&)='

4+*&$)='4&'!"'!0,+9*&<'"0>4&!R'4&'!&0*'-/#$)+/#'47%/*!/6&' +/!/6+?0&':*+#$+:"!&A''

_"#=' !&='&--&)='4&' !"' !0,+9*&'=0*' !&'=/,,&+!<' !"':%/)/)*"#=40$)+/#':"==&':"*' !&='

+:ckT'8=/+)'C+"'!"',;!"#/:=+#&<'=/+)'&#'*&!"D"#)'!7+#-/*,")+/#':*/C&#"#)'4&='$S#&='&)'4&='

 P)/##&)=.<',"+=';6"!&,&#)'4+*&$)&,&#)'C+"' !&='$S#&='&)' !&=' P)/##&)=A'X"*' !"'=0+)&<' !&'

=+6#"!' !0,+#&03' :"==&' R' 11l' :"*' !&=' jVT' 4/#)' MMl' -/#)' +#)&*C&#+*' !&' :*/$&==0='

$+*$"4+&#'&)'KKl'=/#)' !+;='R'4&='&--&)='4+*&$)='4&' !"' !0,+9*&A'G#':!0=<'HMl'40'=/,,&+!'

=/#)' &3:!+?0;=' :"*' 4&=' &--&)=' 4+*&$)=' 4&' !"' !0,+9*&' &)' :/0*' !&=?0&!=' N@l' +,:!+?0&#)' !"'

,;!"#/:=+#&A''

B&=' &--&)=' 4+*&$)=' 4&' !"' !0,+9*&' $/#=)+)0&#)' 4/#$' 0#' ,;$"#+=,&' ,"W&0*' 4&'

*;60!")+/#'40'$D$!&'C&+!!&F=/,,&+!'&#'$/#4+)+/#'=)"#4"*4'"!)&*#"#)'QK'%&0*&='4&'!0,+9*&'

&)'QK'%&0*&='47/ =$0*+);A'_"#='$&='$/#4+)+/#=<'!&='&--&)='4+*&$)='4&'!"'!0,+9*&'&3:!+?0&#)'

:/0*' :*&=?0&' !"',/+)+;' 8HMl.' !&' $D$!&' C&+!!&>=/,,&+!<' !&' *&=)"#)' ;)"#)' &3:!+?0;' :"*' !&='

&--&)='$+*$"4+&#='4&'!"'!0,+9*&'8MMl.A'

T&='4+--;*&#)=' *;=0!)")='#/0=':&*,&))&#)'4&'$/#$!0*&'?0&' !&='&--&)='4+*&$)='4&' !"'

!0,+9*&' =/#)' 0#' ,;$"#+=,&' ,"W&0*' 4&' *;60!")+/#' 40' =/,,&+!A' a+#=+<' !7;C/!0)+/#' 40'



84 

 

,/49!&' $!"==+?0&' R' 4&03' :*/$&==0=' C&*=' 0#' ,/49!&' :!0=' $/,:!&)' R' )*/+=' :*/$&==0=<'

;!"*6+'"03'&--&)='4+*&$)='4&'!"'!0,+9*&<'&=)':*/:/=;A'

'

 !"#$%&'?&@&A0&$+"#/01!3>&.#&,3--%!/&=3>=%B1#0/!,+%&,3#,&/0&C3$-%&.4#>&

-3.D/%&E&1$3!,&B$3=%,,#,)&&

!-3 %&(-+"9(%'&3 9'$,/-I-3 -&(+- /-3 2%GG*+-&(3 ,+'9-33#3 2- +*=#/"(%'& 2# 

3'$$-%/ 

L!' &3+=)&' 0#&' +#)&*"$)+/#' +,:/*)"#)&' &#)*&' !&=' &--&)=' 4+*&$)=' 4&' !"' !0,+9*&' &)' !&'

:*/$&==0='%/,;/=)"=+?0&'40'=/,,&+!A'B"',;!"#/:=+#&<'/0)*&'=/#'*S!&'4&':%/)/:+6,&#)'

&=)';6"!&,&#)'0#'-"$)&0*'%/,;/=)"=+?0&'40'=/,,&+!A'B&='=/0*+='"D"#)'0#&'+#C"!+4")+/#'

40'69#&'4&'!"',;!"#/:=+#&'/#)'0#&':*&==+/#'%/,;/=)"=+?0&'40'=/,,&+!'"!);*;&<'?0&'$&'

=/+)'&#'$/#4+)+/#'%" +)0&!!&'/0'":*9='0#&':*+C")+/#'4&'=/,,&+!A''

B&'*S!&'4&'!"',;!"#/:=+#&'4"#='!7+#)&*"$)+/#'&#)*&'!&='&--&)='4+*&$)='#/#'$+*$"4+&#='

4&'!"'!0,+9*&'&)'!&':*/$&==0='%/,;/=)"=+?0&'40'=/,,&+!'"';);':*;$+=;'4"C"#)"6&A'B/*='

4&='&3:;*+&#$&='=0::!;,&#)"+*&=<'4&='=/0*+='4&='4&03'6;#/)D:&='8()*+,-,<'()*+.-./'/#)'

;);'&#*&6+=)*;&=':/0*'!&'=/,,&+!'4"#='4&='$/#4+)+/#='4&'!0,+#/=+);'4+--;*&#)&='8ZQ2'!03'('

QM2'!03'('@22'!03.'"C&$',+=&'"0'4;-+'4&'!&0*'%/,;/=)")':"*'4&=':*+C")+/#='4&'@'%&0*&='4&'

=/,,&+!A' B&=' *;=0!)")=' 8a##&3&'Q.',/#)*&#)' ?0&' !"',;!"#/:=+#&' +,:"$)&' !&' :*/$&==0='
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%/,;/=)"=+?0&'40'=/,,&+!A'm'!7+#C&*=&<'+!'*&=)&'+#$/##0'=+'!"'=;$*;)+/#'4&'!"',;!"#/:=+#&'

&=)' +#-!0&#$;&' :"*' !7%/,;/=)"=+&' 40' =/,,&+!A' _&=' &3:;*+&#$&=' =/#)' "$)0&!!&,&#)' &#'

$/0*=' 4"#=' #/)*&' ;?0+:&' "-+#' 4&' *;:/#4*&' R' $&))&' ?0&=)+/#A' V&!/#' !&=' 4/##;&='

;!&$)*/:%D=+/!/6+?0&=<' !"' ,;!"#/:=+#&' #7+#-!0&#$&' :"=' !"' *;60!")+/#' $+*$"4+&##&' 40'

=/,,&+!A' B"' =;$*;)+/#' 4&' !"',;!"#/:=+#&' &=)' $/#)*S!;&' :"*' !&' :*/$&==0=' $+*$"4+&#<' &#'

:!0='470#&'*;60!")+/#':%/)+?0&'

_"#='$&'W&03'47+#)&*"$)+/#='$/,:!&3&=<'!7+,:!+$")+/#'4&='jVT'4"#='!7%/,;/=)"=+&'

40'=/,,&+!'"';);';)04+;&'&#' *;"!+="#)'4&='&3:;*+&#$&='4&':*+C")+/#='4&'=/,,&+!' $%&f'

4&=' =/0*+=' !;=;&=' 8$/,:!9)&,&#)' /0' :"*)+&!!&,&#).' "0' #+C&"0' 4&=' jVT' "C&$' "#"!D=&'

;!&$)*/:%D=+/!/6+?0&' 40' =/,,&+!' &)' ;)04&=',/!;$0!"+*&=' 4&' 4+--;*&#)=' 69#&=' +,:!+?0;='

4"#='!&=':*/$&==0='$+*$"4+&#='&)'%/,;/=)"=+?0&='40'=/,,&+!'8a##&3&'K.A'B&='*;=0!)")='

,&))&#)' &#' ;C+4&#$&<' ?0&' !&=' jVT' =/#)' ;6"!&,&#)' +,:!+?0;=' 4"#=' !&' :*/$&==0='

%/,;/=)"=+?0&'40'=/,,&+!<'&#':!0='4&'!&0*'*S!&'4"#='!&':*/$&==0='$+*$"4+&#'&)'4"#='!&='

&--&)='4+*&$)='4&'!"'!0,+9*&'=0*'!&'=/,,&+!A''

 

!-3 3(+#9(#+-3 %$,/%>#*-3 2"&3 /-3 -GG-(3 2%+-9(3 2- /" /#$%<+- 3#+ /- 919/- 

@-%//-H3'$$-%/ 

B"'4;,"*$%&'4&',"')%9=&';)"+)'47+4&#)+-+&*'!&='=)*0$)0*&='"#")/,+?0&='&)'!&='C/+&='

#&0*/#"!&=' +,:!+?0;&=' 4"#=' !&=' &--&)=' 4+*&$)=' 4&' !"' !0,+9*&A' T&=' 4&*#+&*=' 4;:&#4&#)'

,"W/*+)"+*&,&#)' 4&' !"' ,;!"#/:=+#&<' ,"+=' !&=' $S#&=' &)' !&='  P)/##&)=' =/#)' ;6"!&,&#)'

+,:!+?0;=A'B&='jVT<'&#'4&%/*='4&'!&0*'*S!&'47%/*!/6&'=/#)';6"!&,&#)'0#&'=)*0$)0*&'$!&-'
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THEORETICAL REVIEW

Non-circadian direct effects of light on sleep and alertness: Lessons
from transgenic mouse models
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s u m m a r y

Light exerts a strong non-visual influence on humanphysiology and behavior. Additionally light is known to

affect sleep indirectly through the phase shifting of circadian rhythms, and directly, promoting alertness in

humans and sleep in nocturnal species. Little attention has been paid to the direct non-image-forming

influence of light until recently with the discovery and emerging knowledge on melanopsin, a photopig-

ment which is maximally sensitive to the blue spectrum of light and expressed in a subset of intrinsically

photosensitive retinal ganglion cells. Indeed, the development of transgenic mouse models targeting dif-

ferent phototransduction pathways has allowed researchers to decipher the mechanisms by which mam-

mals adapt sleep to their light environment. This review summarizes the novel concepts and discrepancies

from recent publications relating to the non-circadian effects of light on sleep and waking. Specifically, we

discuss whether darkness, in addition to light, affects their quality. Furthermore, we seek to understand

whether longer sustained periods of light exposure can influence sleep, if the direct photic regulation de-

pends on time of day, and whether this affects the homeostatic sleep process. Moreover, the neural path-

ways by which light exerts a direct influence on sleep will be discussed including the respective role of

rods/cones andmelanopsin. Finally, we suggest that light weighs on the components of the flip-flop switch

model to induce respectively sleep or waking, in nocturnal and diurnal animals. Taking these data into

account we therefore propose a novel model of sleep regulation based on three processes; the direct photic

regulation interacting with the circadian and homeostatic drives to determine the timing and quality of

sleep and waking. An outlook of promising clinical and non-clinical applications of these findings will be

considered as well as directions for future animal and human research.

� 2013 Elsevier Ltd. All rights reserved.

Introduction

Exposed to the terrestrial lightedark cycle and required to

adapt to permanent changes in ambient light, all human beings

experience the powerful influence of light. Since the emergence of

our self-awareness, the relationship between mankind and light

has always been prevalent, and the sun, our principal source, has

become a major component of our shared cultural history. In

numerous societies the deification of the sun is evident: from the

Mayan pyramids of Mesoamerica, to the cathedrals of medieval

Europe, deliberately constructed to bathe their worshipers in light.

In fact, religious iconography often involves reference to the di-

vinity of light. It has become a symbol of knowledge, the root of

the word “enlightenment”, and a way of describing intelligence

(bright). In its absence we believe we are lost; sightless from

awareness and development. Light thus simultaneously serves as

our agent of progress and our continued emancipation as

a species.

Light affects a broad range of physiological parameters and

behavior,1 including sleep and alertness,2 mood,3,4 and cognition,5,6

both indirectly, through the phase shifting of circadian rhythms,

and directly, in a circadian independent fashion. Therefore, in addi-

tion to aligning sleep and waking with time of day, light also acutely

promotes alertness in humans, and sleep in nocturnal species.7e9

Whereas the indirect influence through the entrainment of the cir-

cadian timekeeping system to the ambient lightedark cycle was the

main focus for the last several decades, the direct effects of light have

received little attention from chronobiologists, who commonly

referred to it as a “masking effect”,10,11 shrouding it in the evaluation

of circadian rhythms.

Light enters the organism through the eyes and characterization

over the last two decades of the pathways by which photic
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information is conveyed to the brainwas crucial for understanding its

non-visual effects. Rods and cones are essential for animals to gen-

erate an image of theworld, yet vision is not their only function. They

also provide ameasurement of light irradiance and contribute to non-

visual functions such as photoentrainment and pupillary con-

striction.12,13 As early as 1984, Takahashi and colleagues noted the

presence of an unusual spectral sensitivity in the photoreceptive cells

of hamsters, which affected circadian rhythms and seemed separate

from the visual system.14 The first evidence of a non-visual light

system impacting physiology in humans was shown in blind patients

wherein suppression of melatonin was seen following exposure to

light,15 later confirmed by others.16e18 This observation that photo-

entrainment persists in the absence of rods and cones, was further

demonstrated in animals and served as a critical step toward the

discovery of a third component, melanopsin.19,20 Melanopsin

(Opn4)21 is a photopigment crucial for irradiance detection and par-

ticularly sensitive to the blue spectrumof light (peak at 460e480nm).

This protein is expressed in a subset (1e2%) of retinal ganglion cells

termed intrinsically photosensitive (ipRGCs), and is tightly linked to

the non-visual functions of light.22e24 These ipRGCs integrate the

irradiance signal from both rods and cones and melanopsin-based

pathways, transferring light information to various areas of the

brain and representing the essential conduit for non-visual func-

tions.25,26 However, as previously stated most characterization of the

non-visual functions of light has focused on output, such as circadian

entrainment or constriction of the pupil.12,13 In humans the direct

(non-circadian non-image-forming, referred to subsequently as

“direct”) effects of light when administered at night, especially short

wavelengths, have been shown to affect vigilance, attention, and

waking electroencephalogram (EEG),27 suggesting that the visual

photopic system is not the primary photoreceptor system mediating

these responses to light. Until recently, little was known about the

significance of photoreceptors in regard to their mediation of the

direct effects of light on sleep, in part because these photic inputs

were difficult to distinguish from the influencing effects of the visual

or circadian processes. Over the last few years, the discovery of mel-

anopsin and subsequent development of transgenic models targeting

the phototransduction pathways has allowed researchers to revisit

the effects of light on behavior. Several groups28e30 recently dem-

onstrated that alteration of the light input to the brain by genetic

ablation or inhibition of phototransduction components (rods and

cones, Opn4, or ipRGCs) severely affects both sleep andwaking. These

data not only reveal a deeper andmore complex role of light thanwas

previously thought, but raise critical questions on how the direct ef-

fects of light interact with the circadian and homeostatic processes to

determine the timing and quality of sleep and waking.

The mirrored effects of light and darkness are mediated

through melanopsin and rod/cone-based phototransduction:

a proof of concept

In order to quantify the acute sleep photic regulation and to

determine the respective contribution of rods/cones and

melanopsin-based pathways, three teams independently analyzed

sleep in response to a light or dark pulse using different transgenic

mouse models. To compare the results between studies, we nor-

malized the data by setting the sleep response to a light pulse at

100% for the respective controls (wild type; WT) of each of the

different transgenic mouse models, and by analyzing the same

duration of pulse (only the first hour; Fig. 1). This assessment is

appropriate given the comparable parameters of the light pulses

used by each of the groups. All three studies used similar lighting

Abbreviations
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ANOVA analysis of variance

CNGA3 cyclic nucleotide-gated channel alpha 3
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Fig. 1. Differences between studies in wake amounts during a 1-h light pulse adminis-

tered at the same zeitgeiber time (ZT) (early part of the dark phase). Effect of a 1-h light

pulse administered at ZT14, ZT15, or ZT16 on wake suppression in different transgenic

mouse models (maintained under 12-h:12-h lightedark cycle; 12 hL:12 hD). The data

were extrapolated from different studies28e30 and expressed as a deviation from their

respective controls (symbols, a, b, g, indicate the genetic background used in each of the

studies) that are normalized to 100%. No s.e.m. is given nor statistics done due to the

availability of the data extrapolated. Opn4þ/þ represents the wild-type (WT) control

against Opn4�/�, however Lupi et al. used heterozygous Opn4þ/� animals as controls.

Opn4�/�melanopsin knockout; rd/rd cl: rodless coneless;Gnat1�/�; Cnga3�/�: mutations

in the rod transducin gene (Gnat1) and the cone cyclic nucleotide-gated channel gene

(Cnga3) resulting in intact melanopsin-based photoreception but lack of ability of both

rods and cones to detect light.12Wakewas chosen as the outputmeasure as Altimus et al.

categorized sleep as a whole and did not distinguish between NREM and REM sleep, and

though a 3-h light pulse was given during this experiment, only data from the first hour

were used so as to comparewith theother two studies. Percentages forAltimus havebeen

converted into minutes/hours.
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intensities and spectral compositions and administered the light

pulse at approximately the same zeitgeiber time (ZT).

Acute influence of light on sleep and waking

Lupi and coll.29 and Tsai and coll.30 used identical lengths for the

pulse though with a different starting point, ZT 16 versus ZT 15

respectively, as compared to Altimus and coll.,28who used a slightly

longer pulse beginning at ZT 14, exposing the mice for 3 h. A light

pulse given during the habitual dark period readily induces sleep at

the expense of wakefulness. These increases concern both non-

rapid eyemovement (NREM) and rapid eyemovement (REM) sleep,

although it is difficult to determine to what extent this is the case in

Altimus and coll., as they opted to include NREM and REM sleep

together rather than separately. In all three studies the light pulse

failed to induce either NREM or REM sleep in melanopsin deficient

mice (Opn4�/�), a finding consistent with the lack of sleep induc-

tion observed in animals lacking ipRGCs.28 The ipRGCs in these

mice are selectively ablated using specific expression of an atte-

nuated version of the diphtheria toxin-A (aDTA) subunit, under the

control of the melanopsin locus (Opn4aDTA/aDTA).25 Whether the

photo-induced REM sleep promotion results from the activation of

REM-on neuronal networks by light and ipRGCs, or from an ultra-

dian regulation31 as a consequence of an increase in NREM sleep

remains however to be determined.

The Opn4-based pathways are mediating the direct photic

input to sleep but can the visual photopic system also contribute to

this photic regulation? Altimus and coll.28 reported an attenuated

sleep-promoting effect of light in mice expressing rods and cones

which lack the ability to detect light due to mutations in both the

rod transducin gene (Gnat1�/�) and the cone cyclic nucleotide-

gated channel gene (Cnga3�/�). The time-course analysis of these

mice indicates that rods/cones might also play a role in the initial

response of this effect. However, when the sleep amounts during

the light pulse are compared to baseline values using a larger

window centered around this ZT, our group observed a complete

lack of response in Opn4�/�.30 This is in line with the conservation

of the light pulse-induced NREMeREM sleep promotion observed

in rodless/coneless (rd/rd cl) mice.29 This latter model was kept on

a C3H genetic strain which produces melatonin, a sleep-promoting

hormone released by the pineal gland, contrary to the majority of

laboratory mice strains. The observation in both melatonin profi-

cient and deficient mice, suggests that the direct effects of light are

not only a mechanism counteracting the lack of melatonin, but

also a significant mechanism conserved across a large range of

species.

Finally, while it was previously assumed that only the rodecone

system was mediating these direct effects of light, overall the data

from these transgenic mouse models provide a proof of concept

that melanopsin plays a major role, at least at the time of the day

studied (early part of the dark phase). Both input from Opn4 and

rods and cones are mediated by the ipRGCs that represent the

principle conduit in mediating the photic input to sleep and wak-

ing. The influence of the time of day on the respective contribution

of rod/cone- and Opn4-based photic regulation will be discussed in

a subsequent section.

Dark versus light:dark exerts an alerting effect

Historically, night and darkness in general were negatively

characterized; times without sunlight during which humans and

animals remained in their homes, waiting for sunrise. For example

Akhenaten states that light makes life possible whilst darkness

symbolizes death. Light gives rise to vision and is positively

rewarding in humans. Thus, themajority of research has focused on

the effect of light, with less attention paid to the exploration of

a possible role for darkness. However, a large number of animal

species spend as much time under darkness as under sunlight, and

for numerous scientific fields, consequences arising from the

absence of a stimulus remain as pertinent as what comes from its

presence. Nocturnal rodents such as the rats are awoken by dark-

ness, stirring them from sleep, to forage for food.7 Similarly, in mice

the administration of a dark pulse during early daytime awakens

the animal at the cost of sleep. Both Tsai and colleagues30 and

Altimus and colleagues28 found the wake-promoting effect of the

dark pulse to not be significant in the absence of melanopsin,

although it tended to be slightly attenuated. Conversely, the dark-

induced waking response was decreased in mice lacking efficient

rod/cone phototransduction, and abolished in ipRGC-deficient

mice, suggesting that wake promotion is preferentially mediated

by the classical photoreceptors at this time of the day (ZT2-5). Tsai

and coll.30 evaluated the response of EEG rhythms to dark pulses,

examining spectral bands known to be specific rodent correlates of

exploratory behavior and alertness.32,33 Concomitant to wake in-

duction, light-to-dark transitions induced a rapid and prolonged

induction in EEG theta (7e10 Hz) and gamma (40e70 Hz) activity

that were delayed and reduced in the absence of melanopsin,

although not completely suppressed. Altogether, these data dem-

onstrate that the ipRGCs can mediate an OFF signal to the brain and

convey a light OFF response coming from rods/cones and mela-

nopsin at early daytime (i.e., at a time when both the circadian and

homeostatic sleep pressure is high in mice). These findings also

suggest that rods and cones are primarily involved in promoting the

wake state, whereas melanopsin might be preferentially mediating

the EEG correlates of cognitive processes associated to waking,

suggesting a higher level of alertness. Thus, the direction of future

research should include examination of the influence of darkness

on cognitive processes with the potential for translation to human

research and clinical practice, further deciphering the mechanisms

underlying the alerting effect of light.

The non-circadian effects of light and darkness depend on

time of day

Spontaneously the three teams previously mentioned,28e30

applied light or dark pulses in mice at similar ZTs because, without

consulting one another, they believed certain hours during the day

would exist when the effect of these respective pulses would be

maximum. However, what would have been their conclusion if they

had applied the pulses at other times of day? To address this ques-

tion Altimus et al.28 and Tsai et al.30 applied repetitive, consecutive,

and short lightedark pulses, creating an ultradian cycle and likely

the most appropriate way of assessing this question.28,30

In animals, most ultradian studies have used a 3.5 hL:3.5 hD

cycle though at varying lengths. However, others have found

3 hL:3 hD to be effective as well, though this will eventually entrain

to a 24-h clock.34 Regarding the effect of the ultradian cycle on

sleep in nocturnal rodents, though the dark-induced wake and

light-induced sleep was shown to be effective on a repetitive

schedule at early stages,35 little research has been conducted until

recently due to the lack of appropriate models to study this photic

regulation.

Both Hattar’s group and ours attempt to answer this question

through use of an ultradian lightedark cycle. The first group uses

an alternating period of 3.5 h of light followed by 3.5 h of dark,

repeating 12 times for a total of 84 h.28 The advantage of this

protocol is that it fits to 21 or 28 h, and is misaligned with the

endogenous period of the clock, close to 24 h, inevitably forcing

the animal out of its normal circadian rhythm. Under this condi-

tion, the chronic light pulses consistently decreased the wheel-

J. Hubbard et al. / Sleep Medicine Reviews 17 (2013) 445e452 447



running activity during dark-to-light transitions, demonstrating

that activity can be recurrently suppressed by light. In contrast,

once the first two cycles had passed, there were no significant

increases in the amount of sleep as a result of lightedark transi-

tions. Altimus and colleagues suggested that the threshold for

sleep induction by light is higher than the inhibition of wheel-

running activity.28 One explanation proposed by the authors is

that sleep control centers, such as the ventrolateral preoptic nu-

cleus (VLPO), receive weaker input from the ipRGCs during light

activation, in contrast with circadian centers (suprachiasmatic

nucleus; SCN).36 However, this 3.5 hL:3.5 hD cycle creates repet-

itive conflict between direct photic regulation and the circadian

drive making interpretation of this effect difficult. Thus it is more

probable that the direct effect of light needs to overcome radically

different thresholds from one cycle to the next, of the circadian

and homeostatic drives.

This limit was overcome by our group30 who opted for

a repeating cycle of 1-h light and dark pulses over 24-h respecting

the endogenous period of the animal (i.e., rhythmicity with a min-

imum of phase delay), in order to examine the interaction between

the circadian drive and the acute effects of light. In WT mice under

these conditions, 1-h pulses of light and darkness strongly induced

sleep and wakefulness, respectively, with slight modulations across

the day. After the first three lightedark (LD) cycles, mice appeared

capable of anticipating dark onset, evidenced by increases in

wakefulness preceding the pulse. One could question the efficacy

and appropriateness of this protocol as light given at a particular

hour might affect subsequent responses and that animals could

entrain their sleep-wake organization to this ultradian schedule.

This important question should be addressed in the future, apply-

ing ultradian cycles for longer periods of time (i.e., several days),

and should be evaluated additionally in humans. The light-induced

sleep response was abolished during the dark phase in Opn4�/�

mice, although under the light phase the response was unattenu-

ated. Therefore, it seems that the direct photic regulation of sleep

depends on a balance between melanopsin that appears to be most

prominent mediator during the subjective dark phase (biological

night; second 12-h of the 1 hL:1 hD cycle), whereas during the

subjective light phase (biological day; first 12-h of the 1 hL:1 hD

cycle) rods and cones contribute largely to this effect. This is clearly

illustrated when the differences between dark and light pulses are

examined across this 1 hL:1 hD cycle (as shown in Fig. 2). These

findings should be confirmed by applying this protocol to the

transgenic mouse models mentioned above.

Previously modulation of the retinal output was studied, spe-

cifically the differences in the electrical coupling between rods and

cones, which in these structures created higher photosensitivity to

darkness.37 Conversely, Barnard et al. found that higher cone sen-

sitivity was present in the (subjective) light period, owing this to

a circadian mediated change requiring melanopsin to be present.38

Measurement of Opn4mRNA levels have been shown to vary across

the day as a consequence of both light- and circadian-dependent

modulation, with the highest expression at the transition from

light to dark [39,40; personal data not shown]. Further investigation

into these results is necessary as differences in the levels of protein

may indicate an altered sensitivity to light. In essence, this may

demonstrate a circadian gating function of the SCN for the direct

photic regulation of sleep and waking, opening new avenues in

both human and fundamental animal research, already underway

at several laboratories.

A sustained role for the direct effects of light

The direct effects of light are continuously referred to as acute.

However, when examining the effect of longer pulses as in Altimus

et al.,28 the photic regulation of sleep is conserved during the

second and third hour, clearly suggesting the existence of a sus-

tained effect of light or dark over time. When these results are

studied in more detail, the last 2 h of the dark or light pulses across

the different transgenic models used, we can observe an attenu-

ation of the light/dark effects (in Opn4�/�) or their absence (in

aDTA), indicating that the acute effects of light and dark would be

sustained by Opn4 and rod/cone-mediated, and relayed solely by

ipRGCs.

However, if the photic regulation of sleep can be sustained for

longer periods of time, sleep and waking under normal exposure of

light and dark should be affected in mice with genetic alteration of

their photoreception components. Thus with these models the

sustained effects of light should be revealed. Lupi et al.,29 as well as

Altimus et al.28 found no significant genotype differences between

any of their groups, something they anticipated. However, when

analyzing inmore detail the 12-h light and dark periods, Tsai et al.30

observed that Opn4�/� mice display an accumulated 1-h loss of

NREM sleep during the light period, not observed during the dark

phase. This loss was due to shortened waking bouts suggesting

a similar mechanism to the acute effect of light (i.e., an inability of

the mice lacking melanopsin to return to sleep in the presence of

light). Using a similar type of analysis in these other transgenic

models may clearly illustrate the underlying process. As it stands it

is still unknownwhether this direct effect of light might contribute

to the partitioning of sleep and waking within the light and dark

periods under normal conditions.With these initial data from these

studies it is evident that the sustained direct effects need to be

researched further in order to provide greater comprehension of

the mechanisms at work. This relationship of sustained exposure of

light and dark to sleep and wake has numerous applications, not

the least of which is theway inwhichwe adhere to artificial societal

lighting conditions.

Direct effects of light and darkness rather than masking effect

of light

For a number of years the direct influence of light on sleep and

alertness was poorly understood and considered minor by most

Fig. 2. Time of day influence on the direct photic input to sleep and waking. Dark-light

difference in Opn4�/� and Opn4þ/þ under a 1 hL:1 hD cycle for 24-h. Data represent

the change in wake amounts (min) between 1 h dark and 1 h light pulses for each cycle

across the 24-h of the 1 hL:1 hD ultradian cycle. Vertical lines represent s.e.m. Data were

extrapolated from Tsai et al.30 Analysis of variance (ANOVA) denotes higher DeL differ-

ences in Opn4þ/þ than inmice lackingmelanopsin (p< 0.05), asterisks denote significant

genotype differences (p < 0.05; post hoc t-tests).
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researchers. Chronobiologists referred to it as a “masking” effect,

wherein the locomotor activity in a nocturnal laboratory rodent,

such as the mouse or rat, was suppressed under light, which hid

underlying changes in their circadian rhythm.11,41 The masking

effect is defined as a change in the normal rhythm of the animal

due to environmental stimuli which persists solely during expo-

sure to these stimuli. If a stimulus is given when an animal is at

rest, causing awakening with high activity, it is thought of as

“positive” masking. Conversely, “negative” masking refers to

a stimulus that causes the animal to cease its activity, such as

shifting the onset of darkness forward artificially.10,11 For these

researchers the masking effect is specifically considered to be an

expression of changes in circadian rhythm, taking into account

only locomotor activity or its cessation, and rarely sleep and wake,

as measured with EEG. It is known that light is able to acutely

affect a variety of physiological mechanisms.1 Animal studies on

the direct effects of light, as described previously, clearly and

consistently demonstrate acute sleep promotion by light, and an

acute waking (or alerting) induction by darkness. Moreover, the

observation that a lack of melanopsin induces a sleep loss during

the light phase reveals that the direct effects of light contribute to

the sleep-wake organization without affecting the circadian sleep-

wake rhythm. Thus, this process should not be restrictively

referred to as “masking” but considered rather as an independent

regulatory mechanism more appropriately termed the “direct ef-

fects” of light and darkness.

The unexpected discovery that a photopigment can affect

sleep homeostasis

In the model of sleep regulation established by Borbely and

Achermann42,43 it is well understood that two-processes (circa-

dian and homeostatic) influence the regulation of sleep. The ho-

meostatic process monitors sleep need which increases as

a function of time spent awake and decreases exponentially dur-

ing sleep.44 In order to determine sleep need, researchers examine

slow wave activity or delta power (0.5e4.5 Hz) through power

spectrum analysis.44 Rationally the link between light and sleep

homeostasis has never been established, however a surprise

finding by Tsai et al.30 demonstrated that Opn4�/� mice showed

lower levels of delta power compared to Opn4þ/þ mice even

though Opn4�/� mice slept 1 h less over 24 h.30 Delta power was

especially reduced in the initial part of the dark phase of the

12 hL:12 hD schedule with an exponential decrease after activity

peak which corresponds to the time when mice are most active

and therefore show an increase of homeostatic pressure. Under

the 1 hL:1 hD schedule the same difference between the subjec-

tive light and dark phase was observed and thus cannot be

explained by light influence. The influence of melanopsin on the

sleep homeostat was confirmed by a sleep deprivation experi-

ment. After a 6-h sleep deprivation Opn4�/� mice showed sig-

nificantly lower levels of delta power during NREM sleep

following the sleep deprivation in comparison to Opn4þ/þ mice.

Without melanopsin, the amount of sleep pressure, as measured

by NREM sleep delta power, reached after sleep deprivation is

significantly lower as compared to their wild-type littermates.

Indeed, the decrease of delta power seems to be greater than in

a panel of six inbred strains of mice tested,44 indicating the

importance of melanopsin in the homeostatic process. These

findings give rise to many questions as to the interactions with ZT

or different lighting conditions, the influence of rods and cones on

the process, or the physiological mechanisms behind the trans-

mission of photic information. Continued studies in other models

such as rodless/coneless mice and in mice without melanop-

sinergic cells (aDTA) might lead to a better understanding of this

process. A confirmation of this experiment in a backcross strain

will also be needed. In human beings it is speculated that the

highest point of homeostatic sleep pressure is also the peak where

the alerting effects of light are strongest.2 However, recently it has

been shown that both the efficacy of the acute effects of light is

dependent on the circadian rhythm of the individual6 and the

phase shifting effect may depend on sleep pressure.45 Fur-

thermore, relationships between polymorphisms in the period

circadian protein homolog 3 (Per3) gene and sleep need suggest

another potential impact on the relationship between light and

sleep homeostasis.46 Given the nature of these findings, it is

therefore essential that this underlying relationship be examined

more thoroughly; hence the continued research underway at

several laboratories.

Neuronal pathways relaying non-circadian light information

The neurophysiological underpinnings that account for the

light-induced response are not yet fully comprehended. The find-

ings we have previously discussed confirmed that the ipRGCs

convey non-visual direct light information, transmitted by

the classical photoreceptors, as well as melanopsin to the

brain.25,26,28e30 The ipRGCs send monosynaptic projections to the

suprachiasmatic nucleus (SCN) and the intergeniculate leaflet (IGL)

for entraining circadian rhythm and to the olivary pretectal nucleus

(OPT) for influencing the pupillary light reflex.47 In addition, these

cells also project to the VLPO (as well as having indirect secondary

afferents from the SCN), the lateral hypothalamus (LH), the sub-

paraventricular zone (SPVZ), and the superior colliculus (SC).36,48

The role of the VLPO in sleep is well established through a cluster

of galaninergic neurons characterized as “sleep-promoting neu-

rons”.49 The SC-pretectum has been suggested tomediate the direct

effects of light, yet the assumption is based on larger lesioning

experiments50,51 and this structure has not proven to be so crucial

for sleep regulation.52e54

To assess whether some of these structures might be the

anatomical targets by which ipRGCs interact with the sleep-wake

regulatory systems, Tsai et al.,30 and Lupi et al.,29 compared

neuronal activation of the VLPO, the SC, and the SCN in response

to nocturnal light exposure in Opn4�/� and Opn4þ/� mice. To

accomplish this c-Fos was used as a marker of neuronal activity in

response to the administration of a light pulse administered at

a ZT demonstrated to have a light-induced promotion mediated

by melanopsin. Fos activation in the SCN was attenuated as pre-

viously described55,56 but not absent.29,30 This has been asso-

ciated to a reduction in circadian rhythms phase shifting but does

not exclude the possibility that this diminished activation of SCN

neurons might also lessen the direct effects of light on sleep and

waking in Opn4�/� mice. Studies using mice with invalidation of

the central clock should further determine whether the SCN

might be a relay for the direct photic regulation of sleep and

waking. Tsai et al. and Lupi et al. also reported a photic activation

of the SC, the VLPO29 and even more specifically of the “sleep-

promoting galaninergic neurons” it contains.30 This question was

also addressed in human studies using functional magnetic res-

onance imaging (fMRI) and light57e60 reporting alerting effects of

blue light pulses on cognitive task performance in lab studies.58,61

Interestingly there were region-specific time courses, such as

enhanced responses in the posterior thalamus including the

pulvinar nucleus, implicated in the regulation of visual attention

and alertness. This suggests that light may modulate activity of

subcortical structures involved in alertness, thereby promoting

cortical activity in networks involved in ongoing non-visual

cognitive processes. Moreover, Perrin and coll., reported

a decreased response to light in the hypothalamic region in
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proportion to previous exposure to light.57 As spatial resolution of

positron emission tomography (PET) scanning does not allow the

authors to specify the nuclei in the deactivated area, they sur-

mised that the latter correspond to the SCN and other hypotha-

lamic structures involved in the non-image-forming responses in

rodents, such as the subparaventricular zone or the VLPO. In

a latter study they observed a blue light-induced increased

response in a bilateral area of the brainstem consistent with

activation of the locus coeruleus, a key structure for waking

containing noradrenergic neurons.59 These observations, inversed

to Lupi et al. and ours,29,30 are altogether coherent given the

nocturnality of mice and diurnality of humans.

The current model proposed for sleep and wake transitions is

based on a reciprocal inhibitory interaction of two neuronal as-

semblies. The VLPO inhibits the ascending arousal regions and is in

turn inhibited by them, referred to as “flip-flop switch”.62 Based

on all the available data, from both animal and human research,

we propose a model wherein light directly impinges on the bal-

ance of the flip-flop switch on VLPO sleep-active neurons in

nocturnal animals, shifting the reciprocal inhibitory interaction

toward sleep promotion. Conversely, a lack of VLPO activation

possibly associated with light-induced activation of the locus

coeruleus (LC)57 and hypothetically other wake-promoting sys-

tems (raphe nuclei-5-HT; tuberomamillary nucleusehistamine)

shift toward arousal in diurnal species (Fig. 3). Finally, it remains

to be determined whether the SCN, beyond its clock function, may

also influence sleep and waking through relaying these direct ef-

fects of light.

Conclusion: toward a three-process model?

The data examined in this review, principally from the findings

in transgenic mouse models, present a strong foundation for the

introduction of a new key regulatory mechanism of sleep and

alertness. This suggests that darkness exerts a similar function in

night active species as the alerting effect of light observed in

diurnal species. These inverted effects of light and dark between

diurnal and nocturnal species might represent a necessary system

of evolution that allows animals to be awake at appropriate times

to search for food and avoid predators. These data have changed

the way in which we view the role of light and darkness, estab-

lishing that light/dark inputs continuously (acute and sustained

effects) shapes the temporal organization of sleep and waking

through an interaction with the circadian and homeostatic pro-

cesses, and possibly by impinging on the flip-flop switch. In

essence, this represents a movement away from the classical two-

process model, to one including a more complex role for photic

regulation. With this consideration we can therefore propose

a theoretical three-process model of sleep regulation which takes

into account these novel concepts (Fig. 4). Accordingly in our

proposed model, the direct photic regulation of sleep interacts

with the circadian and homeostatic processes to determine the

timing and quality of sleep and alertness. These data urge for

a strong reexamination on the role of light in mammalian physi-

ology and behavior. If confirmed in humans, this three-process

model would provide a useful framework to further understand

sleep disorders and sleep disturbances associated with neuro-

psychiatric disorders. Moreover, it will encourage the reassess-

ment for the possible applications of light therapy, beyond their

current use. The implications are far-reaching and may help us

eventually with improving light implementation within our

society.

Fig. 3. A model in which the direct effects of light and darkness impinge on the

balance of the flip-flop switch to promote sleep or waking. Here, the model is

described for nocturnal rodents, with the influence of light and darkness on the flip-

flop switch being reversed in diurnal species. The flip-flop switch corresponds to

a reciprocal inhibitory interaction between sleep- (VLPO) and wake-promoting brain

regions. Light activates the “sleep-promoting neurons” (GABAergic and galaninergic)

of the VLPO that in turn inhibits the amine-mediated arousal systems. In darkness, the

lack of activation of the VLPO disinhibits the arousal-promoting regions. It remains to

be determined whether light and darkness might influence the wake-promoting

systems, as previously suggested in humans.57 Furthermore, it is not yet known

whether the SCN, beyond its role as a clock, might also relay the direct non-circadian

effects of light and darkness, transferring this information to neuronal networks

controlling sleep and waking, such as the VLPO. Full arrows: active interactions,

dashed arrows: inactive interactions. Abbreviations: LC: locus coeruleus (noradrena-

line); DR: dorsal raphe (5-HT); SCN: suprachiasmatic nucleus; TMN: tuber-

omammillary nucleus (histamine).

Fig. 4. Schema proposing a three-process model for sleep and wake regulation. Light

and darkness exert a more complex role through a direct acute and sustained influ-

ence on the expression of sleep and waking as well as indirectly through the

entrainment of the circadian timing system. Additionally, the photopigment mela-

nopsin influences the sleep homeostatic drive. During the light phase the direct photic

input to sleep and waking is primarily mediated by rods and cones and to a lesser

extent by melanopsin. Conversely during the dark phase, melanopsin is the main

mediator of the direct effects exerted by light and dark on sleep and waking. Opn4

and rods/cones compensate for one another to maintain a powerful direct non-

circadian influence of light and dark across the daily cycle of 24 h. The way in

which the circadian, homeostatic, and direct photic regulatory mechanisms interact to

determine the timing and quality of sleep and alertness, needs to be more fully

understood.
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Research agenda

Future studies need to more comprehensively:

1) identify the mechanisms and neurobiological network
underlying these non-circadian direct effects of light
and darkness.

2) use clock-disabled animals to determine the more pre-
cise contribution of the direct effects of light/dark to the
daily sleep-wake cycle in the absence of a circadian
drive.

3) revisit the possible role of light on sleep homeostasis
through melanopsin.

4) validate the proposed three-process model in humans.

Practice points

Transgenic models have identified that:

1) light and dark actively exert direct non-circadian effects
in mirror between nocturnal and diurnal species.

2) these effects depend on time of day, mainly
melanopsin-based phototransduction during the dark
phase and rods/cones pathways during the light phase
(daytime).

3) melanopsin-based phototransduction exerts a sus-
tained continuous effect on sleep and waking.

4) light and dark, through ipRGCs, influence several brains
areas, including some involved in the flip-flop switch
model.

5) melanopsin affects the sleep homeostat providing
a biological link between light and sleep homeostasis.

6) the direct effects of light represent a third key regulatory
mechanism interacting with the circadian and homeo-
static drive to shape the temporal organization of sleep
and waking (three-process model).
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"&0-& 9$) #)- )..)/- ,&()+/- ,) #" #$%&'(): P0 3()%&)( 3(1=)/ 3)(%)//"0/ ,) +"("+/4(&-)( 

+5)6 #) -$=)/ -"&0 #)- /(1&- 3(1+)--$- ,) (47$#"/&10 ,$ -1%%)&# +&(+",&)0< 51%41-/"-&9$) 

)/ )..)/- ,&()+/- ,) #" #$%&'()< )-/ 3(48$: H0 3)(-3)+/&8)< #)$( (G#) )0 3"/51#17&) ,$ 

-1%%)&# )/ )0 0)$(13->+5&"/(&) -)(" "0"#>-4:  

H0.&0< #" #$%&'() "(/&.&+&)##) )-/ 1%0&3(4-)0/): X#1(- 9$@$0) )*31-&/&10 "33(13(&4) F 

#" #$%&'() )-/ 2404.&9$) 31$( #)- ,&..4()0/- 3"("%'/()- 35>-&1#17&9$)- )/ 

+1%31(/)%)0/-< $0) )*31-&/&10 &0"33(13(&4) 3)$/ M/() ,4#4/'(): Y&)$* +1%3()0,() #)- 

)..)/- ,&()+/- ,) #" #$%&'() 3)(%)//(" $0) %)&##)$() $/&#&-"/&10 ,) #@4+#"&("7) "(/&.&+&)#< 9$) 

+) -1&/ "$ ,1%&+&#)< "$ #&)$ ,) /("8"&# 1$ ,"0- ,)- +10,&/&10- 3"(/&+$#&'()- /)#- #) /("8"&# 

31-/4 1$ #) I =)/ #"7 J: 
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167689)*9- 

X##)0 RB< B&++5&)//& ;< S)0&07 ZX< [()0\]"#,)( ?< Z"#/)(- XD< Y10/3#"&-& ^: R)-/#)-- 
#)7- ->0,(1%)_ ,&"701-/&+ +(&/)(&"< -3)+&"# +10-&,)("/&10-< "0, )3&,)%&1#17>: X ()31(/ 
.(1% /5) ()-/#)-- #)7- ->0,(1%) ,&"701-&- "0, )3&,)%&1#17> ]1(\-513 "/ /5) C"/&10"# 
Q0-/&/$/)- 1. S)"#/5: /0--1*2-3: TUU` Y"(aWNTO_VUVEVb: 

X%)(&+"0 X+",)%> 1. D#))3 Y),&+&0) NXXDYO: Q0/)(0"/&10"# ?#"--&.&+"/&101. D#))3 
;&-1(,)(-< ;&"701-/&+ "0, ?1,&07 Y"0$"#< T0, ),: Z)-/+5)-/)(< Q!_ XXDYa TUUc: 

X0"+#)/ ?< d)(("(& !< X((&710& H< e"-- ?H< D"3)( ?e< !$ ^< )/ "#: [5) fXeX)(7&+ 
3"("."+&"# 610) &- " %),$##"(> -#1] ]"8) -#))3E3(1%1/&07 +)0/)(: 4%'*4-5!+)$#. TUVW 
D)3aVgNbO_VTVgETW: 

X(0$#. Q< !)$ D< L$,&)//) ;: X201(%"# -#))3 "0, -#))3&0)-- &0 B"(\&0-10h- ,&-)"-): 65!!*
71#&*4-5!+0.*TUUi X$7aTVNWO_WgTEg: 

e",&" B< Y>)(- e< e1)+\)( Y< ?$#3)33)( ^< S"(-5 ^R: e(&75/ #&75/ )..)+/- 10 21,> 
/)%3)("/$()< "#)(/0)--< HHf "0, 2)5"8&1(: 8(9)#+0*:-(%". VbbV D)3acUN`O_ci`Ei: 

e"("-5 D< Y)#&\>"0 X< D&8"\18 X< ["$2)( Y: D5&./ 1. 8&-$"# .&*"/&10 ,)3)0,)0/ 10 
2"+\7(1$0, &##$%&0"/&10: ;*4-5!+1(9)#+0: Vbbi Y">agbNcO_TgjjEiV: 

e"((&10$)81 BX< C&+"0,(1 C< Y+X0"0> ^^< k)#) X^< f"%#&0 B< ?"1 ;: X--)--&07 (1,< 
+10)< "0, %)#"013-&0 +10/(&2$/&10- /1 5$%"0 3$3&# .#&+\)( ()-310-)-: <&"-)'*71('(%0=+0*
>#)*/$#. TUVW d)2accNTO_gVbETg: 

e)0"2&, X!< ?5"2"(,)- D< Y&/(1."0&- ^< B1##"\ B: ;))3 2("&0 -/&%$#"/&10 1. /5) 
-$2/5"#"%&+ 0$+#)$- .1( /5) /()"/%)0/ 1. B"(\&0-10h- ,&-)"-): ?%&$-'* 4-5!+0: TUUb 
^"0aiNVO_jgEiV: 

e)(-10 ;Y< ;$00 dX< ["\"1 Y: B51/1/("0-,$+/&10 2> ()/&0"# 7"07#&10 +)##- /5"/ -)/ /5) 
+&(+",&"0 +#1+\: /$#-&$-: TUUT d)2 iaTbcNcccgO_VUgUE`: 

e)(-10 ;Y: B51/1/("0-,$+/&10 &0 7"07#&10E+)## 351/1()+)3/1(-: 8@05,-!)*  !$(: TUUg 
X$7aWcWNcO_iWbEcc: 

e#11%.&)#, DX< ;"+5)$* Rd: R1, 8&-&10_ 3"/5]">- "0, 3(1+)--&07 &0 /5) %"%%"#&"0 
()/&0": 8!+,*A-'#&*B9-*A-): TUUV Y">aTUN`O_`cVEiW: 

e12$ ?< ?("./ ?Y< Y"--10EB)8)/ Y< S&+\- ;: B51/1()+)3/1( 1(7"0&6"/&10 "0, (5>/5%&+ 
35"71+>/1-&- &0 /5) 0&#) ("/ X(8&+"0/5&- "0-1(7)&_ " 018)# ,&$(0"# (1,)0/ %1,)# .1( /5) 
-/$,> 1. +10) 3"/5135>-&1#17>: <&"-)'*71('(%0=+0*>#)*/$#: TUUj ^$#aWgNgO_`VUbEVi: 

e1(2)#> XX: X /]1 3(1+)-- %1,)# 1. -#))3 ()7$#"/&10: C5=*4-5!+D#+0: VbiTaVN`O_VbcE
TUW: 

e1(,)/ R< ;)81- ;< e(&9$) D< [1$&/1$ l< f$&)$ ^;< !&2)(-" ?< )/ "#: D/$,> 1. +&(+",&"0 
%)#"/10&0 -)+()/&10 3"//)(0 "/ ,&..)()0/ -/"7)- 1. B"(\&0-10h- ,&-)"-): 60#&*
4-5!+1(%!=%$+0. TUU` Y"(EX3(aTjNTO_jcEgT: 
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e1$(7&0 B< S$&/(m0ER4-)0,&6 D< D3&)( X;< d"2() K< Y1(/) e< ?(&",1 ^R< D$/+#&..) ^f< 
S)0(&\-)0 D^< ,) !)+)" !: S>31+()/&0EV %1,$#"/)- ("3&, )>) %18)%)0/ -#))3 /5(1$75 
"+/&8"/&10 1. #1+$- +1)($#)$- 0)$(10-: ;*4-5!+)$#: TUUU L+/ VcaTUNTUO_ggjUEc: 

e1$(7&0 B< d"2() K< S$&/(10ER)-)0,&6 D< S)0(&\-)0 D^< B(1-3)(1Ef"(+&" L< ?(&",1 ^R< )/ 
"#: ?1(/&-/"/&0 3(1%1/)- "0, 0)7"/&8)#> +1(()#"/)- ]&/5 -#1]E]"8) -#))3: B5!*;*4-5!+)$#: 
TUUg X$7aTjN`O_gTbE`i: 

e1$(7&0 B< k)&/6)( ^Y< Y&701/ H: ?Dd 5>31+()/&0EV "--)--%)0/ &0 -#))3 "0, 0)$(1#17&+"# 
,&-1(,)(-: ?%&$-'*4-5!+0: TUUi ^$#agNgO_jWbEjT: 

e(1]0 [Y< X##)0 XH< "#EH0)6& ^< Z>00) ^< D+5#"07)0 !< S1%%)- K< )/ "#: [5) %)#"013&+ 
-)0-&/&8&/> .$0+/&10 "++1$0/- .1( %)#"013-&0E,(&8)0 ()-310-)- &0 %&+) $0,)( ,&8)(-) 
#&75/&07 +10,&/&10-: 8?+/*7&-: TUV`aiNVO_)c`ci`: 

?"#,)#"- Q< B1&()# K^< D&+"(, e< B)8)/ B< ?5"##)/ H: ?&(+",&"0 3(1.&#) "0, 351/&+ ()7$#"/&10 
1. +#1+\ 7)0)- &0 /5) -$3("+5&"-%"/&+ 0$+#)$- 1. " ,&$(0"# %"%%"# X(8&+"0/5&- "0-1(7)&: 
4-5!+)$#-&$-: TUU`aVVjNTO_ci`EbV: 

?"%32)## DD< ;"]-10 ;< X0,)(-10 YZ: X##)8&"/&10 1. -#))3 %"&0/)0"0+) &0-1%0&" ]&/5 
/&%), )*31-$() /1 2(&75/ #&75/: ;* =*E-!#%'!*/+$: Vbb` X$7aWVNiO_iTbE`j: 

?"3&/)##& ?< D)()0&\& X< !&%" YY< R)\-&,#)( Xe< [$.&\ D< K&/"# YX: Y)#"/10&0 "//)0$"/)- 
/>(1-&0) 5>,(1*>#"-) #1-- "0, 5>31#1+1%1/&10 &0 YB[BE#)-&10), ("/-: B5!*;*8(%!=%$+0: 
TUUi L+/ VUacbWNVE`O_VUVEi: 

?"-/"0)," [R< ,) B(",1 eY< B(&)/1 ;< Y1(" d: ?&(+",&"0 (5>/5%- 1. ,13"%&0)< 
7#$/"%"/) "0, fXeX &0 /5) -/(&"/$% "0, 0$+#)$- "++$%2)0- 1. /5) "]"\) ("/_ 
%1,$#"/&10 2> #&75/: ;*8#&-%0*A-): TUUW X3(a`jN`O_VggEic: 

?5"##)/ H< B&/(1-\> e< D&+"(, e< Y"#"0 X< B)8)/ B: ?&(+",&"0 1(7"0&6"/&10 &0 " ,&$(0"# 
(1,)0/< X(8&+"0/5&- "0-1(7)& [51%"- VbVU_ +5(101/>3)-< ()-310-)- /1 +10-/"0/ #&75/&07 
+10,&/&10-< "0, 351/13)(&1,&+ +5"07)-: ;*:#+0*A(9'(=): TUUT d)2aVgNVO_cTEjW: 

?5)##"33" D!< f1(,&=0 Y?< ?"=1+5)0 ?: ?"0 #&75/ %"\) $- 2(&75/n H..)+/- 1. #&75/ 10 
+170&/&10 "0, -#))3: 8!+,*:!%#&*A-): TUVVaVbU_VVbE``: 

?5)0 Do< e",)" [?< S"//"( D: B51/1)0/("&0%)0/ "0, 3$3&##"(> #&75/ ().#)* "() %),&"/), 
2> ,&-/&0+/ 313$#"/&10- 1. &3Rf?-: 4%'5!-: TUVV X$7 WaWgjNg`ciO_bTEc: 

?5&1,1 !X< X0/)#%"0 DY< ?"77&$#" XR< !&0)2)((> ?f: D)0-1(> -/&%$#& "#/)( /5) 
,&-+5"(7) ("/) 1. ,13"%&0) N;XO 0)$(10-_ )8&,)0+) .1( /]1 .$0+/&10"# />3)- 1. ;X +)##- &0 
/5) -$2-/"0/&" 0&7(": :!%#&*A-): VbiU Y"> VTaVibNTO_cWWEb: 

?-)(0$- K^: [5) "8&"0 3&0)"# 7#"0,: 6(!+&+D#+0*<&': TUUjaT`NVETO_`TbE`b: 

?$)-/" Y< ?#)--) ;< B)8)/ B< ?5"##)/ H: d(1% ,"&#> 2)5"8&1( /1 51(%10"# "0, 
0)$(1/("0-%&//)(- (5>/5%-_ +1%3"(&-10 2)/]))0 ,&$(0"# "0, 01+/$(0"# ("/ -3)+&)-: C+!=*
:-(%": TUUb d)2accNTO_``iEWg: 

?$& !C< ^1##)> ?^< ;>2"## RH: H#)+/(135>-&1#17&+"# )8&,)0+) .1( ()/&0"# 3(1=)+/&10- /1 /5) 
5>31/5"#"%&+ -$3("13/&+ 0$+#)$- "0, &/- 3)(&0$+#)"( 610).* ;* 4-5!+-&3+$!#&+0: Vbbg 
Y">abNcO_`WgEc`: 
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?6)&-#)( ?X< o(10"$)( RH< X##"0 ^D< ;$..> ^d< ^)])// YH< e(1]0 HC< )/ "#: e(&75/ #&75/ 
&0,$+/&10 1. -/(107 N/>3) UO ()-)//&07 1. /5) 5$%"0 +&(+",&"0 3"+)%"\)(: /$#-&$-: Vbib 
^$0 VjaTWWNWbVUO_V`TiE``: 

?6)&-#)( ?X< D5"0"5"0 [!< o#)(%"0 He< Y"(/)0- S< e(1/%"0 ;^< H%)0- ^D< )/ "#: 
D$33()--&10 1. %)#"/10&0 -)+()/&10 &0 -1%) 2#&0, 3"/&)0/- 2> )*31-$() /1 2(&75/ #&75/.*4*
B&,0*;*2-3: Vbbc ^"0 ca``TNVO_jEVV: 

;""0 D< e))(-%" ;f< e1(2)#> XX: [&%&07 1. 5$%"0 -#))3_ ()+18)(> 3(1+)-- 7"/), 2> " 
+&(+",&"0 3"+)%"\)(:  =*;*8(9)#+0: VbiW d)2aTWjNT B/ TO_RVjVEi`: 

;""0-)0 B^< S"..%"0- ^: R),$+&07 ->%3/1%- &0 ]1%)0 ]&/5 +5(10&+ "01()*&" 0)(81-": 
X 3&#1/ -/$,> 10 /5) )..)+/- 1. 2(&75/ #&75/ /5)("3>: 4-5!+*B&3+$!#&+0*?-''. TUVUa`VN`O_TbUE
j: 

;"+)> ;Y< !&"1 SZ< B)/)(-10 ee< R12&0-10 dR< D%&/5 K?< B1\1(0> ^< )/ "#: 
Y)#"013-&0E)*3()--&07 7"07#&10 +)##- &0 3(&%"/) ()/&0" -&70"# +1#1$( "0, &((",&"0+) "0, 
3(1=)+/ /1 /5) !fC: 4%'5!-: TUUc d)2 VgaW``NgUTgO_gWbEcW: 

;"5"0 !< X-/&)( e< K"$/()##) C< P(2"&0 C< o1+-&- e< ?51$8)/ f: B(1%&0)0/ 2$(-/ .&(&07 1. 
,13"%&0)(7&+ 0)$(10- &0 /5) 8)0/("# /)7%)0/"# "()" ,$(&07 3"(",1*&+"# -#))3: 
4-5!+1)9$(+1(%!=%$+0+,9: TUUg ^$0a`TNjO_VT`TEWV: 

;"(,)0/) S< Y)0)/ ^D< ?5"##)/ H< [1$(0&)( ee< B)8)/ B< Y"--10EB)8)/ Y: ;"&#> "0, 
+&(+",&"0 )*3()--&10 1. 0)$(13)3/&,)- &0 /5) -$3("+5&"-%"/&+ 0$+#)& 1. 01+/$(0"# "0, 
,&$(0"# (1,)0/-: :!%#&*A-)*2+0*:!%#&*A-). TUUW Y"> VbaVTWNTO_VW`EcV: 

;\5&--&Ee)0>"5>" L< f(10.&)( ?< ;) K"0--"> Z< d#"%"0/ d< ?113)( SY: Y1,)#&07 /5) 
(1#) 1. %&,E]"8)#)07/5 +10)- &0 +&(+",&"0 ()-310-)- /1 #&75/: 4-5!+&: TUUg Y"( 
Vac`NcO_jggEig: 

;1]#&07 fX< Y"-/&+\ ^< ?1##&07 H< ?"(/)( ^S< D&07)( ?Y< X%&01.. Y^: Y)#"/10&0 .1( -#))3 
,&-/$(2"0+)- &0 B"(\&0-10h- ,&-)"-): /0--1*2-3: TUUc D)3ajNcO_WcbEjj: 

;1>#) DH< Y+Q81( ZH< Y)0"\)( Y: ?&(+",&"0 (5>/5%&+&/> &0 ,13"%&0) +10/)0/ 1. 
%"%%"#&"0 ()/&0"_ (1#) 1. /5) 351/1()+)3/1(-: ;*4-5!+$(-=: TUUT L+/ai`NVO_TVVEb: 

H"-/10 X< Y))(#1 B< e)(7%"00 e< [$()\ dZ: [5) -$3("+5&"-%"/&+ 0$+#)$- ()7$#"/)- 
-#))3 /&%&07 "0, "%1$0/ &0 %&+): /0--1: TUUW C18 VaTgNgO_V`UgEVi: 

H-3"0" RX< D+"%%)## [H: D#))3 0)$(12&1#17> .(1% " +#&0&+"# 3)(-3)+/&8): /0--1: TUVV 
^$#a`WNgO_iWcEci: 

H8)0 ?< D+5(1,)( ?Y< d(&),%"0 D< R1$&##10 d: H..&+"+> 1. #&75/ /5)("3> &0 010-)"-10"# 
,)3()--&10_ " ->-/)%"/&+ ()8&)]: ;* @@-$'*F#)+!3: TUUi Y">aVUiNVETO_VVET`: 

d&.)# o< K)61#& ^< ;6"5&0& o< ?#"$-/("/ e< !)8&)# K< o)00),> S< )/ "#: X#/)("/&10 1. ,"&#> "0, 
+&(+",&"0 (5>/5%- .1##1]&07 ,13"%&0) ,)3#)/&10 &0 YB[B /()"/), 010E5$%"0 3(&%"/)-: 
8?+/*7&-. TUVWabNVO_)ijTWU: 

d#1()-+1 De< Z)-/ XR< X-5 e< Y11() S< f("+) XX: X..)()0/ %1,$#"/&10 1. ,13"%&0) 
0)$(10 .&(&07 ,&..)()0/&"##> ()7$#"/)- /10&+ "0, 35"-&+ ,13"%&0) /("0-%&--&10: 4%'*
4-5!+)$#: TUU` D)3ajNbO_bjiEg`: 
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d("0\)0 B< ;&=\ ;^< [12#)( Q< e1(2)#> XX: D#))3 ,)3(&8"/&10 &0 ("/-_ )..)+/- 10 HHf 31])( 
-3)+/("< 8&7&#"0+) -/"/)-< "0, +1(/&+"# /)%3)("/$():  =* ;* 8(9)#+0: VbbV ^$#aTjVNV B/ 
TO_RVbiETUi: 

d()),%"0 YD< !$+"- R^< D10& e< 810 D+5"0/6 Y< Y$016 Y< ;"8&,Ef("> k< )/ "#: 
R)7$#"/&10 1. %"%%"#&"0 +&(+",&"0 2)5"8&1( 2> 010E(1,< 010E+10)< 1+$#"( 
351/1()+)3/1(-: /$#-&$-: Vbbb X3( VjaTiWNcWV`O_cUTEW: 

d(&),%"0 !< k)&/6)( ^Y< o$-5&," ?< k5,"018" Q< C1," X< !)) [< )/ "#: D+5),$#), 2(&75/ 
#&75/ .1( /()"/%)0/ 1. &0-1%0&" &0 1#,)( ",$#/-: ;* =*E-!#%'!*/+$: TUUb Y"(acgN`O_WWVEcT: 

f"##13&0 [< d1(/ B< H77)(%"00 H< ?"$#& e< !$33& BS< R1--&)( ^< )/ "#: Q,)0/&.&+"/&10 1. 
-#))3E3(1%1/&07 0)$(10- &0 8&/(1: 4%'5!-: TUUU X3( TgaWUWNjgiVO_bbTEc: 

f"(+&"Ee1(()7$)(1 ;< X##)0 RB< o150)0 R< S17# e< [()0\]"#,)( ?< L)(/)# Z< )/ "#: 
;&"701-/&+ -/"0,"(,- .1( ,13"%&0)(7&+ "$7%)0/"/&10 1. ()-/#)-- #)7- ->0,(1%)_ ()31(/ 
.(1% " Z1(#, X--1+&"/&10 1. D#))3 Y),&+&0)EQ0/)(0"/&10"# R)-/#)-- !)7- D>0,(1%) D/$,> 
f(1$3 +10-)0-$- +10.)()0+) "/ /5) Y"* B#"0+\ Q0-/&/$/): /0--1* 2-3: TUUg 
X$7aiNcO_cTUE`U: 

f"(&,1$ Y!< f"$)( d< K&8&)0ER1)#- e< D&+"(, e< B)8)/ B< D&%100)"$* K: B&0)"# 
"(>#"#\>#"%&0) CE"+)/>#/("0-.)("-) 7)0) )*3()--&10 &- 5&75#> -/&%$#"/), "/ 0&75/ &0 /5) 
,&$(0"# (1,)0/< X(8&+"0/5&- "0-1(7)&: B5!*;*4-5!+)$#: TUUT Y">aVcNVUO_Vj`TEWU: 

f11#)> ^^< !$ ^< ?51$ [?< D+"%%)## [H< D"3)( ?e: Y)#"013-&0 &0 +)##- 1. 1(&7&0 1. /5) 
()/&015>31/5"#"%&+ /("+/: 4%'*4-5!+)$#: TUUV ;)+aWNVTO_VVjc: 

f16 ;< D/$,51#%) o< !"33& ;X< R1##"7 Y;< B(18)0+&1 Q< Y1(&0 !B: ["(7)/), ,)-/($+/&10 
1. 351/1-)0-&/&8) ()/&0"# 7"07#&10 +)##- ]&/5 " -"31(&0 +10=$7"/) "#/)(- /5) )..)+/- 1. #&75/ 
10 %1$-) +&(+",&"0 (5>/5%-: 8?+/*7&-: TUUia`NbO_)`Vc`: 

f($2)( R< f(&6)0\1 C< ^112)( R: ;)#">), -#))3 35"-) ->0,(1%)< X;S;< "0, 2(&75/ #&75/ 
/5)("3>: ;*60#&*8)9$(#%'!9: TUUg d)2ajiNTO_``gEi: 

f$&##)%&0"$#/ ?< ?#)(\ X< e#"+\ ^< !"2"01]-\& Y< B)#">1 R< ?#"%"0 ;: C10,($7 
/()"/%)0/ /(&"#- &0 3->+5135>-&1#17&+ &0-1%0&":  !$(*<&'-!&*2-3: Vbbc X3( TWaVccNiO_i`iE
WW: 

f$#)( X;< H+\)( ^!< !"## fD< S"9 D< X#/&%$- ?Y< !&"1 SZ< )/ "#: Y)#"013-&0 +)##- "() /5) 
3(&0+&3"# +10,$&/- .1( (1,E+10) &03$/ /1 010E&%"7)E.1(%&07 8&-&10: 4%'5!-: TUUi Y"> 
VaWc`NgVbVO_VUTEc: 

f8&#&" Q< p$ d< Y+f&0/> ;< D6>%$-&"\ R: S1%)1-/"/&+ ()7$#"/&10 1. -#))3_ " (1#) .1( 
3()13/&+ "()" 0)$(10-: ;*4-5!+)$#: TUUj D)3 V`aTjN`gO_bWTjE``: 

S"00&2"# ^< d"5()0\($7 ^: C)$(10"# &03$/ 3"/5]">- /1 /5) 2("&0h- 2&1#17&+"# +#1+\ "0, 
/5)&( .$0+/&10"# -&70&.&+"0+):  3"* &%'*B=D!9+0*6-00*:#+0: TUUjaViT_VEgV: 

S"00&2"# ^< d"5()0\($7 ^: ["(7)/ "()"- &00)(8"/), 2> BX?XBE&%%$01()"+/&8) ()/&0"# 
7"07#&10 +)##-: 6-00*G#))5-*A-): TUUW X3(a`VjNVO_bbEVV`: 

S"00&2"# ^< f)1(7 e< d"5()0\($7 ^: ;&..)()0/&"# )*3()--&10 1. %)#"013-&0 %RCX "0, 
3(1/)&0 &0 e(1]0 C1(])7&"0 ("/-: BH1*B9-*A-): TUV` ^"0aVUj_ccEj`: 
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S"00&2"# ^< f)1(7 e< S&0,)(--10 B< d"5()0\($7 ^: !&75/ "0, ,"(\0)-- ()7$#"/) 
%)#"013-&0 &0 /5) ()/&0"# 7"07#&10 +)##- 1. /5) "#2&01 Z&-/"( ("/: ;* 2+0* 4-5!+)$#: 
TUUcaTgNTO_VWgEcc: 

S"(01&- ?< ;& B"1#1 [: ;)+()"-), ,13"%&0) &0 /5) ()/&0"- 1. 3"/&)0/- ]&/5 B"(\&0-10h- 
,&-)"-): <&"-)'*71('(%0=+0*>#)*/$#: VbbU C18a`VNVVO_TWg`Ec: 

S"((&07/10 YH: [5) 8)0/("# #"/)("# 7)0&+$#"/) 0$+#)$- "0, /5) &0/)(7)0&+$#"/) #)".#)/_ 
&0/)(()#"/), -/($+/$()- &0 /5) 8&-$"# "0, +&(+",&"0 ->-/)%-: 4-5!+)$#*:#+D-(%"*A-": Vbbg 
D)3aTVNcO_gUcETg: 

S"/1(& Y< !) S< K1##%)(- ?< o),&07 DR< ["0"\" C< e$+5 [< )/ "#: Q0,$+&2#) "2#"/&10 1. 
%)#"013-&0E)*3()--&07 ()/&0"# 7"07#&10 +)##- ()8)"#- /5)&( +)0/("# (1#) &0 010E&%"7) 
.1(%&07 8&-$"# ()-310-)-: 8?+/*7&-: TUUia`NjO_)TWcV: 

S"//"( D< o$%"( Y< B"(\ X< [107 B< [$07 ^< l"$ oZ< )/ "#: ?)0/("# 3(1=)+/&10- 1. 
%)#"013-&0E)*3()--&07 ()/&0"# 7"07#&10 +)##- &0 /5) %1$-): ;* 6+=1* 4-5!+0: TUUj ^$# 
TUaWbgN`O_`TjEWb: 

S"//"( D< !&"1 SZ< ["\"1 Y< e)(-10 ;Y< l"$ oZ: Y)#"013-&0E+10/"&0&07 ()/&0"# 
7"07#&10 +)##-_ "(+5&/)+/$()< 3(1=)+/&10-< "0, &0/(&0-&+ 351/1-)0-&/&8&/>: /$#-&$-: TUUT d)2 
iaTbcNcccgO_VUjcEgU: 

S12-10 ^X< B"+)ED+51// Hd: [5) +170&/&8) 0)$(1-+&)0+) 1. -#))3_ 0)$(10"# ->-/)%-< 
+10-+&1$-0)-- "0, #)"(0&07: 4%'*A-"*4-5!+)$#: TUUT D)3a`NbO_jgbEb`: 

S1(0>"\ Y< D+51#6 S< o150)0 R< e)07)# ^< o"--$2)\ ^< [()0\]"#,)( ?: Z5"/ /()"/%)0/ 
]1(\- 2)-/ .1( ()-/#)-- #)7- ->0,(1%)n Y)/"E"0"#>-)- 1. ,13"%&0)(7&+ "0, 010E
,13"%&0)(7&+ %),&+"/&10-: /0--1*2-3*A-": TUVW X3(aViNTO_Vc`EjW: 

S$--) ^< k51$ p< D51-/"\ X< L-/)( S< H&+5)#) f: D>0"3/1/"7%&0VUE?()< " ,(&8)( /1 
,&-($3/ +#1+\ 7)0)- &0 /5) D?C: ;*:#+0*A(9'(=): TUVV L+/aTjNcO_`gbEib: 

o"((1$% Hf< f1#%"(, ^!< !)$ED)%)0)-+$ D< X(0$#. Q: D)0-"/&10- &0 ()-/#)-- #)7- 
->0,(1%): /0--1*2-3. TUVT X3(aV`NWO_WUTEi: 

o"-"5"(" [< X2) o< Y)\"," o< l1-5&\& X< o"/1 [: f)0)/&+ 8"(&"/&10 1. %)#"/10&0 
3(1,$+/&8&/> &0 #"21("/1(> %&+) $0,)( ,1%)-/&+"/&10: 8!+$*4%'0* $%3*/$#*I*/* : TUVU X3( 
jaVUgNVWO_jWVTEg: 

o&#,$.. [D< ?"$#& e< f)("-5+5)0\1 ;: X+/&8"/&10 1. +1(/&+"# &0/)(0)$(10- ,$(&07 -#))3_ "0 
"0"/1%&+"# #&0\ /1 51%)1-/"/&+ -#))3 ()7$#"/&10n G!-&3)*4-5!+)$#: TUVV ^"0 `WNVO_ VUEb: 

o&(&-17#$ ?< f$&##)%&0"$#/ ?: [])0/> %&0$/)- 8)(-$- .1(/>E.&8) %&0$/)- %1(0&07 2(&75/ 
#&75/ /()"/%)0/ 10 -#))3 10-)/ &0-1%0&" &0 )#,)(#> -$2=)+/-.* ;* 8)9$(+)+=* A-): TUUW 
Y">acjNcO_c`gEWT: 

o1-/17#1$EX/5"0"--&1$ Q< [()"+5)( ;d< Z5))#)( Y^< d1(-#&07 Y!: e(&75/ #&75/ )*31-$() 
"0, 3&/$&/"(> 51(%10) -)+()/&10: 60#&*B&3+$!#&+0*J7H@O: Vbbi ^"0aWiNVO_g`Eb: 

o1>"0"7& Y< o$21\"]" o< [-$\"%1/1 S< D5&+5&," l< [)("\&/" X: ?)35"#1+51(,"/) 
%)#"013-&0_ )81#$/&10"(> #&0\"7) 2)/]))0 &08)(/)2("/) 8&-$"# +)##- "0, 8)(/)2("/) 
351/1-)0-&/&8) ()/&0"# 7"07#&10 +)##-: 65!!*:#+0. TUUc ^$0 gaVcNVVO_VUjcEb: 
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o("%)( X< l"07 d?< D01,7("-- B< !& p< D+"%%)## [H< ;"8&- d?< )/ "#: R)7$#"/&10 1. 
,"&#> #1+1%1/1( "+/&8&/> "0, -#))3 2> 5>31/5"#"%&+ Hfd ()+)3/1( -&70"#&07: /$#-&$-: 
TUUV ;)+ TVaTbWNcccVO_TcVVEc: 

o$06 ;< Y"5#2)(7 R: X /]1E3"(/< ,1$2#)E2#&0,< 3#"+)21E+10/(1##), /(&"# 1. )*17)01$- 
%)#"/10&0 &0 RHY -#))3 2)5"8&1$( ,&-1(,)(: ;*/0--1*A-): TUVU ;)+aVbNWO_cbVEj: 

!"+\ !< Z(&75/ S< o)%3 o< f&2210 D: [5) /()"/%)0/ 1. )"(#>E%1(0&07 "]"\)0&07 
&0-1%0&" ]&/5 T )8)0&07- 1. 2(&75/ #&75/: /0--1: TUUc Y">aTiNcO_jVjET`: 

!"+\ !?< Z(&75/ SR: [()"/&07 +5(1012&1#17&+"# +1%310)0/- 1. +5(10&+ &0-1%0&": /0--1*
2-3: TUUg D)3aiNjO_j`gEWW: 

!))- X^< S"(,> ^< R)8)-6 [: B"(\&0-10h- ,&-)"-): ?%&$-': TUUb ^$0 V`a`g`NbjiUO_TUccE
jj: 

!)f"/)- [X< X#/&%$- ?Y< Z"07 S< !)) So< l"07 D< k5"1 S< )/ "#: X2)(("0/ #&75/ ,&()+/#> 
&%3"&(- %11, "0, #)"(0&07 /5(1$75 %)#"013-&0E)*3()--&07 0)$(10-: 4%'5!-: TUVT C18 
TTaWbVNgWTcO_cbWEi: 

!)f"/)- [X< d)(0"0,)6 ;?< S"//"( D: !&75/ "- " +)0/("# %1,$#"/1( 1. +&(+",&"0 (5>/5%-< 
-#))3 "0, "..)+/: 4%'*A-"*4-5!+)$#: TUVW ^$#aVcNgO_WW`EcW: 

!)8&/"0 R;: [5) +5(1012&1#17> "0, 0)$(12&1#17> 1. ]&0/)( -)"-10"# "..)+/&8) ,&-1(,)(: 
F#%0+,5-)*60#&*4-5!+)$#: TUUgabN`O_`VcETW: 

!)]> X^< Z)5( [X< f11,]&0 do< C)]-1%) ;X< Y"(\)> DB: !&75/ -$33()--)- %)#"/10&0 
-)+()/&10 &0 5$%"0-: /$#-&$-: VbiU ;)+ VTaTVUNWWgcO_VTjgEb: 

!&0 !< ;$ l< l$"0 D< D5)0 ^< !&0 p< k5)07 k: D)($% %)#"/10&0 &- "0 "#/)(0"/&8) &0,)* 1. 
B"(\&0-10h- ,&-)"-) -)8)(&/>: :!%#&*A-). TUVW d)2 VWaVcWg_W`Ei: 

!#&0"- R< P(2"01 d^< !)60&\ H< R"%&()6 RR< 8"0 Y"(#) S^: R5>/5%&+ "0, ,>-(5>/5%&+ 
/5"#"%1+1(/&+"# ,>0"%&+-_ fXeX ->-/)%- "0, /5) ),7) )..)+/: G!-&3)*4-5!+)$#: TUUc 
^$0aTiNjO_`TcE``: 

!$ ^< f()+1 YX< D5&(1%"0& B< D"3)( ?e: H..)+/ 1. #)-&10- 1. /5) 8)0/(1#"/)("# 3()13/&+ 
0$+#)$- 10 CRHY "0, RHY -#))3: ;*4-5!+)$#: TUUU Y"> VcaTUNVUO_`i`UEWT: 

!$ ^< D5)(%"0 ;< ;)81( Y< D"3)( ?e: X 3$/"/&8) .#&3E.#13 -]&/+5 .1( +10/(1# 1. RHY -#))3: 
4%'5!-: TUUj ^$0 VaWWVNgUb`O_cibEbW: 

!$33& BS< ?#)%)0/ L< D"3&0 H< f)(8"-10& ;< B)>(10 ?< !)7)( !< )/ "#: [5) 0)$(10"# 
0)/]1(\ ()-310-&2#) .1( 3"(",1*&+"# -#))3 "0, &/- ,>-.$0+/&10- +"$-&07 0"(+1#)3-> "0, 
("3&, )>) %18)%)0/ NRHYO 2)5"8&1( ,&-1(,)(: /0--1*2-3*A-": TUVV ^$0aVcN`O_Vc`Ej`: 

Y" ^< D5"] KH< Y&/(1."0&- ^: ;1)- %)#"/10&0 5)#3 -"8) ,13"%&0)(7&+ +)##- &0 YB[BE
/()"/), %&+)n 8%!K#&)+&#)=*A-0%'*F#)+!3: TUUb Y">aVcNWO_`UgEVW: 

Y+?#$07 ?X: ?&(+",&"0 7)0)-< (5>/5%- "0, /5) 2&1#17> 1. %11, ,&-1(,)(-: 8(%!=%$+0*
G(-!.*TUUg Y">aVVWNTO_TTTE`T: 
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Y),)&(1- ?X< ?"(8"#5),1 ,) e($&0 Bd< !13)- !X< Y"7"#5")- Y?< ,) !1$(,)- D)"2(" Y< 
,) e($&0 KY: H..)+/ 1. )*17)01$- %)#"/10&0 10 -#))3 "0, %1/1( ,>-.$0+/&10 &0 
B"(\&0-10h- ,&-)"-): X ("0,1%&6),< ,1$2#) 2#&0,< 3#"+)21E+10/(1##), -/$,>: ;* 4-5!+0: 
TUUg X3(aTcWNWO_WcbEjW: 

Y&+5"$, Y< ;$%10/ Y< D)#%"1$& e< B"9$)/ ^< d"0/&0& Y!< Y10/3#"&-&( ^: ?&(+",&"0 
(5>/5% 1. ()-/#)-- #)7- ->0,(1%)_ ()#"/&10-5&3 ]&/5 2&1#17&+"# %"(\)(-:  &&*4-5!+0: TUUW 
Y"(accN`O_`gTEiU: 

Y11() Rl< ;"0+5)0\1 R!: B"("8)0/(&+$#"(E-$23"("8)0/(&+$#"( 5>31/5"#"%&+ #)-&10- 
-)#)+/&8)#> "..)+/ +&(+",&"0 .$0+/&10: 6(!+&+D#+0*<&': TUUT Y"(aVbNTO_`WcEjU: 

Y11() Rl< D3)5 ^?< !)"\ Ro: D$3("+5&"-%"/&+ 0$+#)$- 1(7"0&6"/&10: 6-00*G#))5-*A-): 
TUUT ^$#a`UbNVO_ibEbi: 

Y1(&0 !B: C)$(1"0"/1%> 1. /5) )*/)0,), +&(+",&"0 (5>/5% ->-/)%: BH1*4-5!+0: TUV` 
Y">aTW`_WETU: 

Y$() !D< R&)$* ?< S"//"( D< ?113)( SY: Y)#"013-&0E,)3)0,)0/ 0108&-$"# ()-310-)-_ 
)8&,)0+) .1( 351/13&7%)0/ 2&-/"2&#&/> &0 8&81: ;*:#+0*A(9'(=): TUUg L+/aTTNcO_WVVETW: 

Y$(35> B^< ?"%32)## DD: H05"0+), 3)(.1(%"0+) &0 )#,)(#> -$2=)+/- .1##1]&07 2(&75/ #&75/ 
/()"/%)0/ 1. -#))3 %"&0/)0"0+) &0-1%0&": ;*/0--1*A-): Vbbj D)3acN`O_VjcEgT: 

C&)1$##10 X< ?5)("%> X< f#1]&0-\& ^: C&7("# "0, -/(&"/"# ,13"%&0) ()#)"-) $0,)( -)0-1(> 
-/&%$#&: 4%'5!-: Vbgg D)3 TTaTjbNcjTjO_`WUET: 

L2"# d< ^(:< o($)7)( ^Y: e&1+5)%&+"# ()7$#"/&10 1. 010E("3&,E)>)E%18)%)0/ -#))3: L!+&'*
:#+)$#: TUU` Y"> Vai_,cTUEcU: 

L5">10 YY< f$&##)%&0"$#/ ?< ?51\(18)(/> D: D#))3 )3&,)%&1#17> `U >)"(- #"/)(_ ]5)() 
"() ])n /0--1*2-3: TUVU ;)+aVVNVUO_bjVET: 

Lho))..) D[< f"8&0 o< !"8"0 ^C: Q(10 -/"/$- "0, ()-/#)-- #)7- ->0,(1%) &0 /5) )#,)(#>: 
 ,-* ,-#&,: VbbW Y">aT`N`O_TUUE`: 

B"##)-)0 D< C1(,5$- QS< D\)#/10 DS< e=1(8"/0 e< D\=)(8) X: e(&75/ #&75/ /()"/%)0/ 5"- 
#&%&/), )..)+/ &0 -$2=)+/- 18)( cc >)"(- ]&/5 %&#, )"(#> %1(0&07 "]"\)0&07: B)!$-1'*2+'*
/K#00). TUUc ;)+aVUVN`O_gcbEgU: 

B"0," D< B(18)0+&1 Q< [$ ;?< B&()- DD< R1##"7 Y;< ?"-/($++& XY< )/ "#: Y)#"013-&0 &- 
()9$&(), .1( 010E&%"7)E.1(%&07 351/&+ ()-310-)- &0 2#&0, %&+): /$#-&$-: TUU` ^$# 
Tca`UVNcj`TO_cTcEg: 

B"0," D< D"/1 [o< ?"-/($++& XY< R1##"7 Y;< ;)f(&3 Z^< S17)0)-+5 ^e< )/ "#: 
Y)#"013-&0 NL30WO ()9$&()%)0/ .1( 01(%"# #&75/E&0,$+), +&(+",&"0 35"-) -5&./&07: 
/$#-&$-: TUUT ;)+ V`aTbiNcjUVO_TTV`Ej: 

B"(\ X< D/"+> Y: C10E%1/1( ->%3/1%- &0 B"(\&0-10h- ,&-)"-): ;*4-5!+0: TUUb X$7aTcj 
D$33# `_Tb`Ei: 

B"$- D< D+5%&/6ES$2-+5 [< Z$##0)( P< K17)# X< o#1+\7)/5)( [< X2)#) Y: e(&75/ #&75/ 
/5)("3> &0 B"(\&0-10h- ,&-)"-)_ " 3&#1/ -/$,>: 2+"*F#)+!3: TUUg ^$# `UaTTNVUO_VWbcEi: 
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B)8)/ B< B&/(1-\> e< K$&##)6 B< ^"+12 C< [)+#)%"(&"%EY)-2"5 R< o&(-+5 R< )/ "#: [5) 
-$3("+5&"-%"-/&+ 0$+#)$-_ /5) 2&1#17&+"# +#1+\ 1. "## -)"-10-: 8!+,* :!%#&* A-): 
VbbjaVVV_`jbEiW: 

B)8)/ B: Y)#"/10&0 "0, 2&1#17&+"# (5>/5%-: :#+0* /#,&%0)* A-$-1': TUUU Y">EX$7abN`E
WO_TU`EVT: 

B)>(10 ?< d"("+1 ^< R17)(- Z< R&3#)> e< L8)())% D< ?5"(0"> l< )/ "#: X %$/"/&10 &0 " 
+"-) 1. )"(#> 10-)/ 0"(+1#)3-> "0, " 7)0)("#&6), "2-)0+) 1. 5>31+()/&0 3)3/&,)- &0 
5$%"0 0"(+1#)3/&+ 2("&0-: 4%'*2-3: TUUU D)3ajNbO_bbVEg: 

B)>(10 ?< D"3&0 H< !)7)( !< !$33& BS< d1(/ B: R1#) 1. /5) %)#"0&0E+10+)0/("/&07 
51(%10) 0)$(13)3/&,) &0 -#))3 ()7$#"/&10: 8-1'#3-): TUUb C18a`UNVVO_TUcTEb: 

B&++5&)//& ;< Z&0\)#%"0 ^Z: R)-/#)-- #)7- ->0,(1%)< 3)(&1,&+ #&%2 %18)%)0/- &0 -#))3< 
"0, ,)3()--&10: /0--1: TUUc ^$#aTiNgO_ibVEi: 

B1)]) Z: C10E%1/1( ->%3/1%- &0 B"(\&0-10h- ,&-)"-): B5!*;*4-5!+0: TUUi X3(aVc D$33# 
V_VWETU: 

B(18)0+&1 Q< R1##"7 Y;< ?"-/($++& XY: B51/1()+)3/&8) 0)/ &0 /5) %"%%"#&"0 ()/&0": [5&- 
%)-5 1. +)##- %"> )*3#"&0 51] -1%) 2#&0, %&+) +"0 -/&## /)## ,"> .(1% 0&75/: 4%'5!-: TUUT 
^"0 `VaWVcNjigVO_Wb`: 

q$ D< !) Z< k5"07 p< p&) Z< k5"07 X< L0,1 Zf: !1+1%1/&10 &- &0+()"-), &0 "VVE
#)-&10), %&+) ]&/5 &(10 ,)3(&8"/&10_ " 31--&2#) "0&%"# %1,)# .1( ()-/#)-- #)7- ->0,(1%): ;*
4-5!+1%'(+0*BH1*4-5!+0: TUUg Y">ajjNcO_`i`Ei:  

R"//)021(7 C?< K1&(&0 e< K>--1/-\& X!< o">- RZ< D31)#-/(" o< o$)%%)/5 d< )/ "#: 
D#))3&07 1$/-&,) /5) 21*_ )#)+/(1)0+)35"#17("35&+ %)"-$()- 1. -#))3 &0 -#1/5- &05"2&/&07 
" ("&0.1()-/: :#+0*?-'': TUUi X$7 T`aWNWO_WUTEc: 

R)33)(/ DY< Z)"8)( ;R: ?11(,&0"/&10 1. +&(+",&"0 /&%&07 &0 %"%%"#-: 4%'5!-: TUUT 
X$7 TbaWViNjbUVO_b`cEWV: 

R$2> Cd< e()00"0 [^< p&) p< ?"1 K< d("0\)0 B< S)##)( S?< )/ "#: R1#) 1. %)#"013-&0 &0 
+&(+",&"0 ()-310-)- /1 #&75/: /$#-&$-: TUUT ;)+ V`aTbiNcjUVO_TTVVE`: 

R$//)0 D< K(&)0, ?< 8"0 ,)0 S)$8)# LX< D%&/ ^S< e)()0,-) SZ< 8"0 ,)( Z)(. l;: e(&75/ 
#&75/ /5)("3> &0 B"(\&0-10h- ,&-)"-)_ "0 18)(8&)] 1. /5) 2"+\7(1$0, "0, )8&,)0+): 
8%!K#&)+&)*F#): TUVTaTUVT_gjgVUc: 

D"\"%1/1 o< !&$ ?< o"-"%"/-$ Y< B16,)>)8 CK< Q$810) BY< [1-&0& f: ;13"%&0) 
()7$#"/)- %)#"013-&0 %RCX )*3()--&10 &0 &0/(&0-&+"##> 351/1-)0-&/&8) ()/&0"# 7"07#&10 
+)##-: B5!*;*4-5!+)$#: TUUc ;)+aTTNVTO_`VTbE`j: 

D"3)( ?e< D+"%%)## [H< !$ ^: S>31/5"#"%&+ ()7$#"/&10 1. -#))3 "0, +&(+",&"0 (5>/5%-: 
4%'5!-: TUUc L+/ TgaW`gNgUj`O_VTcgEj`: 

D+5))( dX< o"#-2))\ X< e$&=- RY: ?"(,&18"-+$#"( +10/(1# 2> /5) -$3("+5&"-%"/&+ 
0$+#)$-_ 0)$("# "0, 0)$(1)0,1+(&0) %)+5"0&-%- &0 5$%"0 "0, ("/: :#+0* 6(-=: TUU` 
Y">a`iWNcO_jbgEgUb: 
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D+5))( dX< B&(18"01 ?< K"0 D1%)()0 H^< e$&=- RY: H08&(10%)0/"# #&75/ "0, 
-$3("+5&"-%"/&+ 0$+#)$- &0/)("+/ &0 /5) ()7$#"/&10 1. 21,> /)%3)("/$(): 4-5!+)$#-&$-: 
TUUcaV`TNTO_WjcEgg: 

D+5%&,/ [Y< ?5)0 Do< S"//"( D: Q0/(&0-&+"##> 351/1-)0-&/&8) ()/&0"# 7"07#&10 +)##-_ %"0> 
-$2/>3)-< ,&8)(-) .$0+/&10-: G!-&3)*4-5!+)$#: TUVV C18a`WNVVO_cgTEiU: 

D+5]"(6 Y< D10/"7 oS< Z"0, B: D)0-1(>E%1/1( 3(1+)--&07 &0 -$2-/"0/&" 0&7(" 3"(- 
()/&+$#"/" &0 +10-+&1$- +"/-: ;*8(9)#+0: VbiW d)2a`Wg_VTbEWg: 

D5)(&0 ^H< D5&(1%"0& B^< Y+?"(#)> RZ< D"3)( ?e: X+/&8"/&10 1. 8)0/(1#"/)("# 3()13/&+ 
0)$(10- ,$(&07 -#))3: /$#-&$-: Vbbj ^"0 VTaTgVNcTWjO_TVjEb: 

D&%100)"$* K< R&2)#">7" ?: f)0)("/&10 1. /5) %)#"/10&0 )0,1+(&0) %)--"7) &0 
%"%%"#-_ " ()8&)] 1. /5) +1%3#)* ()7$#"/&10 1. %)#"/10&0 ->0/5)-&- 2> 01()3&0)35(&0)< 
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ABSTRACT

Background: Restless legs syndrome (RLS) and the

frequently associated periodic limb movements (PLM)

are common neurological disorders whose pathophysi-

ology remains elusive. We report on the case of a 40-

year-old patient presenting with severe restlessness in

the upper limbs, a poorly known variant of RLS.

Case Report: Video-polysomnography was performed

because of the associated poor sleep quality and day-

time sleepiness evocative of PLM. An electromyogram of

the extensor carpi radialis muscle was added. Remark-

ably, our patient had movements of repeated extension

of the small finger that contrasted with the extension of

the hallux, characteristic for PLM. Pramipexol was an

effective treatment relieving the patient’s upper limbs of

discomfort and ameliorating her restless sleep.

Conclusions: Involvement of the upper limbs in RLS is rel-

atively common, but restlessness may be located on the

upper limbs solely. One should be aware of the upper limb

variant, and that treatment by dopaminergic agonists proves

to be very efficient.VC 2012Movement Disorder Society

Key Words: periodic limb movement; restless arms

syndrome; restlessness of upper limbs; restless limbs

disorder; periodic arm movements

Restless legs syndrome (RLS) and the frequently
associated periodic limb movements (PLM) are highly
prevalent neurological disorders whose pathophysiol-
ogy remains elusive.1 We report on the case of a
patient presenting with restlessness in the upper limbs,
a poorly known variant of RLS.2–4 Remarkably, our
patient had movements of extension of the small finger
that, in a way, mimic periodic movements of the legs,
but also contrast with it because PLM are character-
ized by the extension of the hallux, and not of the lit-
tle toe.

Case Report
A 40-year-old woman complained of major upper

limb discomfort and poor sleep quality that had
appeared 5 years earlier. She suffered from pins and
needles in her arms, predominantly distal, causing a
severe discomfort with an urge to move her upper
limbs, which gave her relief. These symptoms
appeared at rest and evolved with a striking circadian
rhythmicity, fulfilling the criteria for restless ‘‘arms’’
syndrome. Symptoms remained isolated to the upper
limbs for 3.5 years before involving the lower limbs,
causing minor discomfort in the legs. Iron supplemen-
tation and dopaminergic agonist treatment (prami-
pexol: 0.27 mg/day) relieved the patient’s upper limb
discomfort and the associated insomnia, which con-
sisted of delayed sleep onset and nocturnal awaken-
ings. Because she continued complaining of restless
sleep and daytime sleepiness, arousal-associated PLM
were suspected.
The patient’s medical history revealed a status of

focal epilepsy with periventricular lesions resulting
from perinatal complications. Epilepsy was well con-
trolled with low doses of oxcarbazepine (600 mg/day).
On examination, she presented a mild right
hemiparesis.
Three nights of video-polysomnography (VPSG)

were conducted to characterize the patient’s sleep
architecture and record limb movements: 1 night with
the patient already treated with dopaminergic agonist;
1 night after treatment withdrawal; and, last, 1 night
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after reintroduction of the dopaminergic agonist com-
pound. The patient had a clear benefit from prami-
pexol, then a major recrudescence of restlessness in
both arms subsequent to pramipexol withdrawal, and
was relieved again when the molecule was adminis-
trated at 12 p.m. on the following day. VPSG, as well
as an electromyogram (EMG) on the extensor carpi
radialis (ECR) muscle were performed to record peri-
odic movements of the upper limbs.5 Surprisingly, a
repeated extension of the small finger was observed,
especially during pramipexol withdrawal (Fig. 1A,
insert 1b,c; or see Video). The upper limb movements
could occur unilaterally (right or left), bilaterally, or
extend to the lower limbs and were observed during
periods of wakefulness and non-REM sleep. EMG ac-
tivity of the ECR (Fig. 1, part 2; or see Video) fulfils
the American Academy of Sleep Medicine criteria for
PLM disorder, 6 apart from for their localization.

Discussion and Conclusions
Involvement of upper limbs in RLS, although poorly

known, is relatively frequent.7 We report on a case
that confirms that RLS can be limited only to the
arms. Remarkably, a repeated extension of the small
finger, mimicking the typical extension of the hallux,
characteristic of PLM, was noticed. One should be
aware of the upper limb variant of this syndrome, and
that treatment by dopaminergic agonists proves to be
very efficient.

Legends to the Video
Video 1. Video montage illustrates periodic upper limb

movements and is taken directly from the video capture
during PSG. Insert shown is an enlargement of the original
video of the whole body, explaining the low resolution.
EEG recording: F, frontal; C, central; P, parietal; T, tem-
poral; O, occipital; uneven numbers, left. EOGD G2 and
EOGG G2: electrooculogram. MentþMent�: chin EMG.
JbGþJbG�; JbDþJbD�: left and right anterior tibialis
EMG. DelDþDelD�; DelGþDelG�: right and left del-
toid muscle EMG. DphDþDphD�; DphGþDphG�:
right and left extensor carpi radialis EMG.
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Bedtime-related jerks in the upper limbs
associated with restless arms syndrome

A 73-year-old man complained at bedtime of “electric shock” sensations, corresponding to myoclonic-like

jerks, observed solely in both arms, causing severe insomnia. These involuntary movements appeared at rest,

and were accompanied by an urge to move that relieved symptoms (video on the Neurology® Web site at

Neurology.org). To date, few observations have been reported on arm restlessness and periodic movements of

the upper limbs.1,2 This variant shares common features with restless legs syndrome and periodic limb move-

ment disorder, such as therapeutic response to dopaminergic agonists. Clinicians should be aware of restlessness

of the upper limbs, which likely remains underdiagnosed and requires appropriate therapeutic management.
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The onset of restless legs syndrome (RLS) is usually 

progressive and the neural substrates underlying its 
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Restless legs syndrome (RLS) is a common neurological dis-

order whose symptoms develop progressively.1 The neural 

substrates underlying RLS pathophysiology remain to be iden-
1 Here, we report an exceptional case of a patient who 

tation of a right anteromedial pontine infarction. Additionally, 

we analyzed, using millimetric MRI sections, the structures af-

fected by the lesion.

REPORT OF CASE

A 64-year-old patient presented a severe RLS characterized 

urge to move the legs with paresthesia, worsened during rest 

and as he lay down. The symptoms were relieved by mobiliza-

diagnosis of RLS, and caused unusual and severe sleep-onset 

insomnia. The following morning the patient presented addi-

tionally with dysarthria-clumsy hand syndrome. He was a for-

mer smoker and was previously diagnosed with hypertension. 

Upon admission, MRI scans revealed a recent right anterome-

dial pontine infarction.

Investigations were otherwise unremarkable, and the stroke 

was presumed to be atherothrombotic. Treatment consisted of 

aspirin, atorvastatin and nebivolol. Ten days after RLS onset, 

the neurological examination was normal, yet RLS persisted 

and was evaluated as severe (24/40) using the International 

Restless Legs Syndrome Severity Scale. Biological assess-

ment of the patient�s body iron status was within the normal 

Restless Legs Syndrome as a First Manifestation of a 
Cerebral Infarct
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range, with ferritin at 118  g/L (N: 58-319), transferrin satura-

tion at 0.44 (N: 0.20-0.40), transferrin at 2.00 (1.73-2.77), and 

TIBC at 46 (N: 45-90). Polysomnography was performed and 

scored manually according to the AASM 2007 criteria. Sleep 

was highly fragmented (arousal index: 35.62/h), mainly due to 

a high index of periodic leg movements during sleep ([PLMS] 

total PLMS index: 95.8/h; right PLMS: 54.3; left PLMs: 54.3; 

PLMS associated with arousal: 31.26/h). Pramipexole was 

introduced, and improvement of RLS and sleep quality was 

prompt and substantial. After 3 months, RLS improved from 

severe to mild, based on the IRLS severity scale (8/40), and 

total PLMS index decreased to 4.51/h. After 16 months, the 

patient continued responding positively to a pramipexole dos-

age of 0.27 mg.

DISCUSSION

We describe the case of a patient presenting with RLS and 

presumably PLMSs whose onset was coincident with a clas-

sic lacunar stroke syndrome (i.e., clumsy-hand dysarthria 

syndrome). The neural substrate and the generator(s) respon-

sible for RLS and PLMS remain unknown. Stroke-related RLS 

ing �inhibitory� pathways causing a supraspinal disinhibition. 

How can lesions of the paramedian pons be responsible for 

RLS occurrence? Using MRI with millimetric sections, we an-

alyzed, in reference to the Duvernoy brain atlas, the structures 

that might be involved. Firstly, the reticular formation located 

in the tegmentum was spared, in contrast to previously reported 
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brainstem stroke-related RLS.2 Lesioning was observed in the 

corticospinal tract, the pontine nuclei, and the pontocerebellar 

Figure 1). The involvement of the latter is especially 

may imply opioid receptors in the human cerebellum,3 has 

been suggested in the pathophysiology of RLS.4 Functional 

MRI studies conducted during RLS symptoms and periodic leg 

movements show an activation of several structures, including 

bilateral cerebellum.5-7 This neural network may be affected in 

the present case. Finally dopaminergic agonists have a thera-

peutic effect, and the dopaminergic neurons of the A11 area are 

thought to be implicated in RLS pathogenesis.8 In our patient, it 

remains unclear whether the diencephalospinal tract conveying 

-

nal cord was damaged by the infarction.8 Additionally, the oc-

currence of RLS related to stroke may also require predisposing 

genetic risk factors.9 Given the improvement of neuroimaging 

techniques including spatial resolution, a systematic study of 

small lesions associated with RLS may contribute to improv-

ing our understanding of the pathophysiological mechanisms 

underlying this condition.

Although this is uncommon, clinicians should be aware that 

sudden onset RLS can be a clinical manifestation revealing a 

brainstem stroke.
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Statistical analyses used the Bayesian paradigm.  Results:  

Thirty patients have been included, and RLS was observed 

in three patients (10%). Two patients suffered from an exac-

erbation of symptoms anterior to the stroke, and the other 

patient a de novo, but transient, RLS. Patients with stroke-

induced sensory symptoms have a higher risk to develop 

brainstem stroke-related RLS as compared to patients with-

out sensory symptoms.  Conclusion:  The results suggest that 

RLS should be systematically screened in patients affected 

with brainstem stroke, especially in the case of stroke-in-

duced sensory symptoms. Clinicians should be aware of this 

association, especially as efficient treatments are available 

and allow improving the management of patients affected 

with stroke.  © 2014 S. Karger AG, Basel 
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  Background:  Given the discordant results of studies that 

have reported cases of RLS associated with brainstem stroke 

and the absence of RLS in large series describing the clinical 
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in all patients admitted for brainstem stroke.  Methods:  All 
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 Introduction 

 Restless legs syndrome (RLS) is a common disorder 
characterized by an urge to move limbs due to unpleasant 
or uncomfortable feelings in the legs. Symptoms occur at 
rest, are relieved by motor activity and are worsened in 
the evening or at night  [1] . The prevalence is higher in 
women than in men and ranged from 3.9 to 14.3% in 
community-based surveys  [2] . When the frequency/se-
verity is taken into account, the prevalence ranged from 
2.2 to 7.9%, and when differential diagnosis is applied, the 
prevalence estimates are between 1.9 and 4.6%  [2] . The 
pathophysiology of RLS remains poorly understood  [3] . 
Two major findings concern the impaired metabolism of 
intracerebral iron  [4]  and the therapeutic effect of dopa-
minergic agonists  [5] . One distinguishes an idiopathic 
form with early-onset and frequent family history from a 
late-onset secondary form. The latter is commonly asso-
ciated with neuropathy, renal failure, pregnancy or med-
ication such as neuroleptics and antidepressants (tricyclic 
or SSRI)  [3] . Cases of secondary RLS related to stroke 
have been reported  [6] , but the frequency of this associa-
tion remains unclear. Considering brainstem stroke, only 
a few cases have been reported  [7–9] , contrasting with 
17.4% of brainstem-stroke induced RLS in the series of 
Lee et al.  [10] . Given the discordant results of these obser-
vations, and the absence of RLS in a large series describing 
the clinical spectrum of brainstem infarctions  [11–13] , 
we decided to prospectively investigate for RLS all pa-
tients admitted for brainstem stroke. The objective of this 
study is both, to establish the frequency of RLS associated 
with brainstem stroke, and to identify brainstem infarc-
tion territories as well as clinical signs that might be pre-
dictive of RLS.

  Methods 

 All patients consecutively referred to the stroke unit for brain-
stem infarction over a year, between January 31st 2012 and January 
31st 2013, were assessed for RLS symptoms, according to the In-
ternational Restless Legs Syndrome Study Group  [1] , within 48 h 
after stroke onset. When IRLS criteria were met, the patient was 
additionally evaluated by a sleep specialist.

  Infarction territory was determined using MRI, including dif-
fusion, T2   , FLAIR and TOF sequences and involved arterial ter-
ritories were defined according to the human brain atlas of arte-
rial territories of the brainstem and the cerebellum  [14] .

  The different parameters analyzed were the topography of the 
ischemic lesions, the different symptoms (sensory, motor, cerebel-
lar, cranial nerves, dysarthria) and the NIH stroke scale.

  Statistics have been carried out using the Bayesian paradigm. Re-
sults of the quantitative variables are expressed as mean ± standard 

error of the mean (SEM) and results of the qualitative variables are 
expressed as proportions and credibility intervals. Comparisons of 
proportions were made with logistic regressions using uninforma-
tive priors for betas (N(0,10)) and comparisons of means were made 
with linear regressions using uninformative priors for betas 
(N(0,10)). All the analyses were made with R 3.0.2 and WinBUGS 
software.

  Results 

 During the study period, 30 patients were admitted for 
brainstem infarction. Data on demographics of the popu-
lation and infarction localization are shown in  table  1 . 
The mean age of the population was 62.8 ± 3.01 with 60% 
[95% credibility interval (CrI) 42.19–75.45%] male pa-
tients (18/30). Nine patients presented with an infarction 
of the medulla (30%) [95% CrI 16.68–48.04%], seventeen 
patients presented with an infarction of the pons (57%) 
[95% CrI 39.08–72.68%] and four patients with an infarc-
tion of the midbrain (13%) [95% CrI 5.45–29.83%] ( fig. 1 ).

  Three patients (10%) [95% CrI 3.63–25.75%] met the 
RLS criteria. Two patients had exacerbation of preexist-
ing RLS (Patients 14 and 22) and one patient had symp-
toms that regressed within three days and did not need 
medication (Patient 26). All patients complained of typi-
cal RLS with symptoms in both legs evaluated as moder-
ate or severe. No patient had previously diagnosed, but 
unchanged RLS symptoms.

  The implicated territories in all three patients that pre-
sented with RLS after brainstem stroke were right-sided 
and consisted of anteromedial pontine infarction (Patient 
26), of anteromedial and anterolateral pontine infarction 
(Patient 14) and of anteromedial medullary infarction 
(Patient 22) ( fig. 2 ).

  Brainstem stroke-related RLS was 17-fold higher when 
the patient had poststroke-sensory symptoms, as com-
pared to patients without sensory symptoms. The credi-
bility interval was at 95% comprised between 1.389 and 
330.773. The probability that sensory symptoms (inde-
pendent of RLS) influence RLS was of 98.8%. Conversely, 
the presence of dysarthria, motor or cerebellar symptoms 
or dysfunction of cranial nerve did not increase the risk 
for stroke-associated RLS. Neither the topography of the 
ischemic lesion nor the NIH stroke scale were associated 
with a higher risk for brainstem stroke-related RLS.

  Patient 14 

 Patient 14 described a very mild and intermittent form 
of RLS that had appeared about 5 years earlier. She had 
been asymptomatic for at least six months. Symptoms 
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had reappeared in the evening following stroke and were 
described as very severe when compared to the earlier 
symptoms severity. The IRLS-scale, validated to evaluate 
symptoms severity for time periods of a week, was used 
after four days with a score of 27/40, corresponding to 
severe RLS  [15] . Upon admission, the NIH score was at 6 
and neurological examination showed dysarthria – clum-
sy hand syndrome, a left central facial paresis, mild pare-
sis and hypoesthesia of the left limbs as well as instability 
with the Romberg test. MRI showed a right anteromedial 
and anterolateral pontine infarction ( fig. 2 ). Video-poly-
somnography was performed and PLMS index was evalu-
ated at 40.0/h (PLMS associated with arousal: 6.67/h; 
PLMS not associated with arousal: 19.20/h; PLMS associ-
ated with a respiratory event: 14.13/h). The patient also 

had a moderate obstructive sleep apnea syndrome (Ap-
nea-Hypopnea Index: 21.3/h). As the patient had never 
previously undergone polysomnography, we do not know 
if PLMS were already present before stroke. Pramipexole 
was efficient and the follow-up IRLS score under treat-
ment was moderate (12/40).

  Patient 22 

 Patient 22 complained of an RLS that had worsened 
after an anteromedial medullary infarction ( fig. 2 ), and 
was evaluated as moderate at IRLS (16/40). At neurologi-
cal examination he presented with a transient paresis and 
a persistent hypoesthesia of the left limbs. He had an anx-
iety disorder and was chronically treated with benzodiaz-
epine, which had possibly a beneficial effect on the RLS.

Table 1.  Characteristics and clinical symptoms of the patients admitted for brainstem infarction

N° Sex Age Localization of infarction NIH S M C CN D RLS

1 F 81 L AM + AL pontine 9 No Yes No No Yes No
2 M 61 R AM pontine 10 No Yes Yes No Yes No
3 M 71 L P medullary 9 Yes No Yes Yes Yes No
4 M 69 R Lat + P medullary 3 No No No Yes Yes No
5 M 85 R AM pontine 4 No Yes No No Yes No
6 M 37 R AM midbrain 2 No No No Yes No No
7 F 59 R AM + AL + Lat and L AM + AL pontine 13 Yes Yes No No Yes No
8 F 78 R AM + AL pontine 7 No Yes Yes No Yes No
9 F 75 L AM pontine (tegmentum) 1 No No Yes Yes No No

10 M 52 R AM + AL pontine 5 No Yes No No Yes No
11 M 48 R P medullary 3 Yes Yes No No Yes No
12 M 60 L AL pontine 2 No Yes No No Yes No
13 F 29 L AM pontine 3 Yes Yes Yes Yes No No
14 F 58 R AM + AL pontine 6 Yes Yes Yes No Yes Yes 
15 M 50 R Lat medullary 0 No No No No No No
16 M 66 L AM midbrain 5 No No No Yes Yes No
17 F 90 R Lat pontine 6 No No Yes No Yes No
18 F 52 R AM pontine 7 No No Yes Yes Yes No
19 M 76 R AM pontine 2 No Yes No No Yes No
20 M 57 R AM midbrain 1 No No No Yes No No
21 M 26 L P medullary 0 No No No No No No
22 M 59 R AM medullary 1 Yes No No No No Yes 
23 M 79 L Lat + P medullary 4 No No Yes No No No
24 F 50 L AL + Lat + P medullary 5 Yes No Yes Yes Yes Non
25 M 64 L AM pontine (tegmentum) 4 Yes No No No No No
26 M 49 R AM pontine 5 Yes Yes Yes No Yes Yes  
27 F 77 L AM pontine + R Lat pontine 15 No Yes Yes No No No
28 F 86 L AM pontine 2 No Yes No No No No
29 F 85 R AM pontine (tegmentum) 3 No No Yes Yes No No
30 M 51 L AM midbrain 11 Yes Yes No Yes Yes No

 S = Sensory; M = motor; C = cerebellar; D = dysarthria; CN = cranial nerves; L = left; R = right; AM = anteromedial; AL = anterolat-
eral; Lat = lateral; P = posterior.   Exacerbation of previous symptoms.    Transient symptoms.
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  Fig. 2.  Diffusion sequences of brain MRI 
realized upon admission in the three pa-
tients that presented stroke-induced RLS. 
Arrows point to the infarction area (axial 
views). 

  Fig. 1.  Diffusion sequences of brain MRI realized upon admission in all of the 30 patients included in the study. Arrows point to the in-
farction area (axial views). 
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  Patient 26 

 Patient 26 had a right anteromedial pontine infarction 
( fig. 2 ) revealed by dysarthria, regressive paresthesia of 
the left side, paresis of the left limbs and instability. The 
NIH score at admission was at 5. He complained of a tran-
sient RLS during the three first nights following stroke.

  Discussion 

 In this prospective cohort, the frequency of RLS in pa-
tients with brainstem infarction was 10%, either de novo, 
or as a clear exacerbation of earlier present symptoms. 
This is slightly less than previously reported by Lee et al. 
(4/23; 17.4%), but confirms that the association between 
the two disorders is not exceptional  [10] . Similarly, Kim 
et al. reported two cases of pontine infarction associated 
with periodic limb movements during sleep  [7] . The fre-
quency of brainstem stroke-related RLS reported in our 
study and by Lee et al.  [10]  are discordant with the absence 
of RLS reported in a large series describing the clinical 
spectrum of brainstem infarctions  [11–13] . Different hy-
potheses could be proposed to explain these discordances. 
First, the overall relatively high prevalence of RLS could 
mask the diagnosis of stroke-related RLS  [2] . Addition-
ally, the presence of RLS complaints might be mistaken 
for poststroke-sensory symptoms as our results show that 
RLS develops more likely in patients with sensory symp-
toms. Finally, since RLS is a purely clinical diagnosis, it 
might be difficult to assess the symptoms in patients hav-
ing stroke-induced communication problems.

  The presence of poststroke-sensory symptoms in-
creases the risk for brainstem stroke-related RLS in our 
monocentric case series. Whether specific arterial territo-
ries responsible for ischemic damages augment this risk 
as well remains elusive. Strikingly, in the present cohort, 
as well as in the study by Lee et al., all patients with RLS 
had an anteromedial pontine infarction except one who 
had an anteromedial medullary stroke  [10] . Given the im-
provement of neuroimaging techniques including spatial 
resolution and functional neuroimaging of the dopami-
nergic system, a systematic study of small lesions associ-
ated with RLS may contribute to improving our under-
standing of the pathophysiological mechanisms underly-
ing this condition.

  The pathophysiology of RLS needs to be further clari-
fied, but it is likely, that predisposing genetic factors are 
required to develop brainstem stroke-related RLS  [16] . 
This could explain the poststroke exacerbation of idio-
pathic RLS in our patients.

  Conclusion 

 Our series has limitations and, given the limited num-
ber of patients with RLS after brainstem stroke, a multi-
centric study with a larger cohort and an adequate control 
group is needed to further characterize the relation be-
tween brainstem stroke and RLS. However, to our knowl-
edge, this is the largest cohort studying the frequency of 
RLS symptoms in patients with brainstem stroke. These 
results that came forth from our routine clinical practice 
indicate that an RLS complaint after brainstem stroke is 
not exceptional. We suggest that RLS be systematically 
screened in patients affected with brainstem stroke, espe-
cially in the case of stroke-associated sensory symptoms 
and of anteromedial pontine or medullary infarction. Cli-
nicians should be aware of this association, especially as 
efficient treatments are available and allow improving the 
management of patients affected with stroke.
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#

#

 ;:<=>:#

#

$ $ #*2)$1')$3.24&'317$13*/17%$130$45&%$1')$/1*378$124*6)$0&'*3($45)$3*(54$130$)%,)2*1778$

45)$-*'%4$,1'4$.-$45)$3*(54$:YK?XIYK?AB$130$1')$)%%)34*1778$1%7)),$0&'*3($45)$018$:YKJIYK?XB>$

[5)3$/*2)$ 1')$,712)0$&30)'$ 2.3%4134$01'<3)%%=$ 45)8$ %41'4$ 4.$ -'))I'&3$ :U&,,7)/)3417$;*(&')$

?NB>$N4$45)$.,,.%*4)=$4.417$UR\I7)%*.3)0$/*2)$:')-)'')0$4.$1%$lUR\D$1''5845/*2mB$4514$516)$

3.$ 4'12)%$ .-$ ,.%*4*6)$ \*%%7I%41*3)0$ 2)77%$ *3$ 45)$ UR\$ :U&,,7)/)3417$ ;*(&')$ XRB$ 9)2./)$

1''5845/*2$ 2.3-*'/*3($ 45)$ ,'*/.'0*17$ '.7)$ .-$ 45)$ UR\$ *3$ ()3)'14*3($ '5845/*2$ 7.2./.4.'$

124*6*48$:U&,,7)/)3417$;*(&')$?RB>$C)4+))3$45)%)$4+.$)D4')/)%=$+)$17%.$3.4*2)0$4514$,1'4*17$

UR\I7)%*.3)0$/*2)$:')-)'')0$4.$1%$lUR\D$'5845/*2mB$+5*25$510$.378$13$19%)32)$.-$1$,1'4$.-$

45)$UR\$ :U&,,7)/)3417$ ;*(&')$ XCB$<),4$ '5845/*2$ 7.2./.4.'$ 124*6*48$ :U&,,7)/)3417$ ;*(&')$

?CB>$K5*%$/)13%$4514$)6)3$*-$45)')$1')$-)+$3)&'.3%$*3$45)$UR\=$45*%$*%$)3.&(5$-.'$()3)'14*3($

'5845/*2$2*'210*13$7.2./.4.'$124*6*48=$1745.&(5$45)$124*6*48$.-$45)%)$UR\D$'5845/*2$13*/17%$

%))/%$7)%%$5*(5$4513$*3$%51/$13*/17%$9&4$.6)'177=$45)%)$13*/17%$1')$%4*77$'5845/*2$&30)'$TV$

2827)$130$-'))$'&3$&30)'$2./,7)4)$01'<3)%%$:U&,,7)/)3417$;*(&')$?CB>$$

>?$#(85$,)$#+@# &?$#:2!#*,@3/$,)$5#&?$# 3$0$3#+@# &?$#;;A#-$3&(#B+C$'# *,#&?$#53$$BDC(E$#

-*5&'*8/&*+,F$

$ V&'*3($ 4+.$ 91%)7*3)$ 018%$ :OA$ 5.&'%B=$ 45)$ 48,*217$ %7)),"+1<)$ 0*%4'*9&4*.3$ .-$ U51/$/*2)$

+1%$.9%)'6)0$+*45$1$27)1'$,')-)')32)$-.'$%7)),$0&'*3($45)$7*(54$,)'*.0%$:YKJI?XB=$7.+)%4$7)6)7%$

*3$ 45)$ -*'%4$517-$.-$ 45)$01'<$,)'*.0%$ :YK?XI?AB=$ 130$1$ 4'13%*)34$ *32')1%)$ *3$ %7)),$ 4*/)$ *3$ 45)$

%)2.30$517-$.-$45)$01'<$,)'*.0$:YK?AIXOB$:;*(&')$?CB>$K5)$0*%4'*9&4*.3$.-$%7)),$(16)$'*%)$4.$

45)$ )]&1778$ 48,*217$ 0831/*2%$ .-$   !$ 0)741$ ,.+)'$ ')125*3($ 5*(5)%4$ 7)6)7%$ 0&'*3($ %7)),$

*//)0*14)78$-.77.+*3($45)$*3*4*17$,)'*.0$.-$%&%41*3)0$+1<)-&73)%%$*3$45)$01'<$,)'*.0=$-.77.+)0$
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98$1$('10&17$0)27*3)$*3$-&324*.3$.-$45)$,')%)32)$.-$\S #$%7)),=$130$')125*3($7.+)%4$7)6)7%$*3$

45)$71%4$O5$.-$45)$7*(54$,)'*.0%$2.'')714*3($+*45$,')6*.&%$7*4)'14&')$:;*(&')$?RB$:K%1*=$Z133*917$

)4$17>$XJJ@B>$$

$ R.34'1'*78$ 4.$ '5845/*2$ 7.2./.4.'$ 124*6*48=$ 45)$ 01*78$ %7)),"+1<)$ 0*%4'*9&4*.3$ .-$ UR\D$

'5845/*2$13*/17%$+1%$2./,1'197)$4.$+514$+1%$.9%)'6)0$*3$45)$UR\D$1''5845/*2$/*2)$:;*(&')$

?CB>$^3$9.45$('.&,%=$UR\D$1''5845/*2$130$UR\D$'5845/*2$/*2)=$45)$%7)),I+1<)$0*%4'*9&4*.3$

0&'*3($45)$OA$5.&'%$.-$91%)7*3)$+1%$2.3%*0)'1978$144)3&14)0$130$45)*'$\S #$%7)),$7)6)7$+1%$

5*(5)'$0&'*3($45)$3*(54$,)'*.0=$1%$2./,1')0$4.$45)$U51/$/*2)$:;*(&')$?N=CB>$$

$ ;&'45)'=$+5)3$2.3%*0)'*3($0)741$,.+)'$&30)'$91%)7*3)$7*(54"01'<$2827)$*3$UR\D$'5845/*2$

13*/17%=$ *4%$ 0*&'317$ 61'*14*.3$ +1%$ .-$ %*/*71'78$ 0)2')1%)0$ 1/,7*4&0)$ 1%$ 2./,1')0$ 4.$ 45)$

1''5845/*2$UR\D$/*2)=$130$2.34'1%4)0$+*45$U51/$/*2)$)D5*9*4*3($%4'.3($0*&'317$61'*14*.3$*3$

\S #$%7)),$0)741$,.+)'$:;*(&')$?RB>$^3$UR\D$/*2)$0*%4'*9&4*.3$.-$\S #$%7)),$130$.-$0)741$

,.+)'=$ ')/1*3)0$ %7*(5478$ 5*(5)'$ 1%$ 2./,1')0$ 4.$ 45)$ 01'<$ ,51%)$ :;*(&')$ ?C=$ RB>$ ^3$ U51/$

13*/17%=$\S #$130$ R.!$0)741$,.+)'$+1%$%4'.3(78$0)2')1%)0$14$45)$4'13%*4*.3$.-$45)$7*(54I

01'<$ 2827)=$ 130$ 4.$ 1$ 7)%%)'$ )D4)30$ *32')1%)0$ 14$ 45)$ 01'<I7*(54$ 4'13%*4*.3>$ K5)%)$ 2513()%$

,)'%*%4)0$ *3$ 45)$ UR\D$/*2)$ 1745.&(5$ 45)$ ')124*6*48$+1%$ 71'()78$ 144)3&14)0$ *3$ 21%)$ .-$ UR\$

7)%*.3%$:;*(&')$?C=$RB>$Z.+)6)'=$UV$'1*%)0$  !$0)741$,.+)'$19.6)$45)$5*(5)%4$7)6)7%$')125)0$

0&'*3($91%)7*3)$ *3$ 177$ 45)$ 45'))$ 2.3%*0)')0$ ('.&,%$ :;*(&')$?RB$130$ 45)')$+1%$3.$ %*(3*-*2134$

0*--)')32)$9)4+))3$45)$45'))$('.&,%$*3$19%.7&4)$617&)%>$$

$

$ ^34)')%4*3(78=$ +5)3$ +)$ 2./,1')0$ 4.417$ UR\I7)%*.3)0$ 130$ ,1'4*17$ UR\I7)%*.3)0$ /*2)=$

1745.&(5=$ ,1'4*17$ UR\I7)%*.3)0$/*2)$ 516)$ %4*77$ '5845/*2$ 7.2./.4.'$ 124*6*48$ &30)'$TV=$ 45)*'$

\S #$ %7)),$ +1%$ %*/*71'$ 1%$ 2./,1')0$ 4.$ UR\D$ 1''5845/*2$ /*2)$ :;*(&')$ ?N=$ CB>$ K5)%)$

-*30*3(%$%&(()%4$4514$45)$*34)('*48$.-$45)$UR\$*%$3)2)%%1'8$-.'$1$3.'/17$0*%4'*9&4*.3$.-$\S #$

%7)),$.6)'$45)$018>$$

>?$#:GH*,-/)$-#0('*(&*+,5#*,#)3+)E#I$,$#$%B'$55*+,#('$#'$-/)$-#*,#:2!H3$5*+,$-#J*)$F#$

$ $ ^3$ 2.34'.7$ 2.30*4*.3%=$ )D2),4$ -.'$?#$@=$ :;*(&')$XV=$QV=$Q B$+)$0*0$3.4$ .9%)'6)$ 138$

%414*%4*217$ 0*--)')32)%$ 14$ YKP$ 9)4+))3$ UR\I7)%*.3)0$ /*2)$ +5*25$ +)')$ 1''5845/*2$ :UR\D$

1''5845/*2B$ 130$U51/$/*2)$ :%414*%4*217$ 4)%4%$&%*3($ 1$ (:4)%4$ 130$1$?I617&)$nJ=JHB$ :;*(&')$XB>$

K5)$0*--)')32)$.9%)'6)0$*3$?#$@$213$9)$)D,71*3)0$14$7)1%4$*3$,1'4$98$45)$/.0)7$+)$0)%2'*9)0$

,')6*.&%78$:R&'*)=$#.3('1*3$)4$17>$XJ?QB>$$

$ $ N-4)'$P5'%IUV$:YKJIPB=$U51/$/*2)$510$1$%*(3*-*2134$*32')1%)$*3$?#$*):;*(&')$XR=$QCB=$

?#$@) :;*(&')$ XV=$ QV=$ Q B<)130$;1&#$*0) :;*(&')$ XNB$ :-.70$ 2513()$ .-$ ?=QAM$ ?=AQ$ 130$X$ -.'$
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?#$*=$?#$@$130$;1&#$*0$ ')%,)24*6)78B)130$1$%*(3*-*2134$0)2')1%)$-.'$=>"$ :;*(&')$XCB$()3)$

)D,')%%*.3$ :-.70$ 2513()$ .-$ J=GX$ -.'$ =>"B=$ 2.'')714*3($ +*45$ ,')6*.&%$ 7*4)'14&')$ :;'13<)3=$

K5./1%.3$ )4$ 17>$ XJJGM$ R&'*)=$ #.3('1*3$ )4$ 17>$ XJ?QB>$ K5*%$ .9%)'6)0$ 2513()$ +1%$ %4*77$

%*(3*-*2134$*3$UR\D$1''5845/*2$/*2)$:(:(#6($130$1$?I617&)$nJ=JHB$-.'$?#$*):;*(&')$XR=$QCB)=$

=>"$:;*(&')$XCB$130$;1&#$*0$:;*(&')$XNB$:-.70$2513()$.-$?=?HM$?=HQ$130$X=XQ$-.'$?#$*=$=>"$

130$;1&#$*0$')%,)24*6)78B>$UVI*30&2)0$2513()$+1%$%*(3*-*2134$-.'$?#$@$*3$9.45$45)$,*'*-.'/$

:`RB$130$45)$0.'%17$2.'4)D$:VRB$:;*(&')$QV=$Q B$1%$/)1%&')0$98$^UZ=$9&4$3.4$*3$45)$-'.3417$

-.')9'1*3$ &%*3($ ]`RS$ :;*(&')$ XVB>$ K5)$ -.70I2513()$ .9%)'6)0$ *3$ 1''5845/*2$ /*2)$ :UR\D$

1''58B$ +1%$ %7*(578$ ')0&2)0$ -.'$ ?#$*=$ ?#$@=$ 130$ 3.4$ /.0*-*)0$ *3$ 45)$ 21%)$ .-$ ;1&#$*0>$

Z.+)6)'=$45*%$2513()$+1%$71'()78$*32')1%)0$*3$45)$21%)$.-$=>"$:-.70$2513()$.-$J=GX$*3$U51/$

/*2)$6)'%&%$?=HQ$ *3$UR\D$1''5845/*2$/*2)B>$N4$ 45)$.,,.%*4)=$;1&#$*0$ 4'13%2'*,4$ 7)6)7$+1%$

17+18%$%*(3*-*213478$ *32')1%)0$1-4)'$P5'%IUV$*30),)30)3478$.-$45)$7)%*.3$.-$45)$UR\$:;*(&')$

XNB$130$1745.&(5$45*%$*32')1%)$*%$%7*(5478$5*(5)'$ *3$45)$U51/$1%$2./,1')0$4.$45)$1''5845/*2$

/*2)$:UR\D$1''58B$:-.70$2513()$.-$X=XQ$*3$U51/$/*2)$1%$2./,1')0$4.$X$*3$UR\D$1''5845/*2$

/*2)B$:;*(&')$XNB>$;.77.+*3($P5'%IUV=$UR\D$'5845/*2$/*2)$9)516)0$%*/*71'78$1%$U51/$/*2)$

-.'$27.2<$130$27.2<I2.34'.77)0$()3)%$:;*(&')$XC=$R=$VB=$+5)')1%$UVI*30&2)0$;1&#$)*0$()3)$

)D,')%%*.3$+1%$1%$ %4'.3(78$174)')0$1%$ *3$UR\D$1''5845/*2$13*/17%$ :;*(&')$XNB>$ $S)(1'0*3($

?#$*=$ 3.$ %*(3*-*2134$ UVI*30&2)0$ 1&(/)3414*.3$+1%$ .9%)'6)0$ *3$ 45)$ ,*'*-.'/$2.'4)D$ :;*(&')$

QNB>$

$ $ ;&'45)'/.')=$?#$*$ 130$?#$@$/S\N$ 7)6)7%$ *3$ 45)$UR\$0*0$3.4$ %5.+$138$ %*(3*-*2134$

61'*14*.3%$ 1-4)'$ 45)$ PI5'%$ UV$ 1%$ 2./,1')0$ 4.$ 45)$ 2.34'.7$ 2.30*4*.3$ *3$ *34124$ /*2)$

:U&,,7)/)3417$;*(&')$OB>$

$ # >?$# *,@3/$,)$# +@# 3*I?&*,I# )+,-*&*+,# C(5# $5&*J(&$-# 84# B$'@+'J*,I# :G# /,-$'#

)+,5&(,&#-('E,$55F#$

$ [)$13178E)0$ 27.2<$()3)%$ *3$ 1$ 01'<3)%%$ 2.30*4*.3$ 4.$0)4)'/*3)$+5)45)'$ 45)$UVI*30&2)0$

()3)$)D,')%%*.3$.9%)'6)0$&30)'$1$%41301'0$?XL?X$TV$2827)$+1%$')(&714)0$98$1$27.2<I0'*6)3$

/)2513*%/$130".'$0&)$ 4.$ 45)$0*')24$ *3-7&)32)$.-$ 7*(54$ .3$ %7)),$ :K%1*=$Z133*917$ )4$ 17>$ XJJ@B$

:Z&991'0=$S&,,)'4$)4$17>$%&9/*44)0B>$N$PI5'%$UV$+1%$,)'-.'/)0$*3$*34124$/*2)$%41'4*3($-'./$

R*'210*13$K*/)$:RKB$J$4.$RKP$*3$01'<3)%%$:+*45.&4$%+*425*3($7*(54%$.3$14$RKJB$-.'$%4&08$.-$

?#$*<$ ?#$@) 130$ =>"$ ()3)$ )D,')%%*.3$ 7)6)7%$ :;*(&')$ HB>$ N%$ 1$ ')%&74=$ +)$ %4*77$ .9%)'6)0$ 1$

%*(3*-*2134$ *32')1%)$ -.'$ ?#$*$ 130$ ?#$@$ 130$ 1$ %*(3*-*2134$ 0)2')1%)$ -.'$=>"$ :(:(#6(=$ ?I617&)$

nJ=JJJ?B$:;*(&')$HB>$;.77.+*3($PI5'%$UV=$ 45)')$+)')$3.$0*--)')32)%$ *3$)D,')%%*.3$ 7)6)7%$ -.'$

?#$*$ 130$ ?#$@$ *3$ 13*/17%$ &30)'$ 3.'/17$ 7*(54"01'<$ 2827)$ 1%$ 2./,1')0$ 4.$ 45)$ 01'<3)%%$
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2.30*4*.3$ :;*(&')$ H=$ XR=$ XVB>$ Z.+)6)'=$ 45)$ 0)2')1%)$ .-$ 45)$ =>"$ )D,')%%*.3$ 7)6)7$ +1%$

*32')1%)0$*3$45)$19%)32)$.-$7*(54$:')0&24*.3$.-$?=H$-.70$4*/)$&30)'$01'<3)%%$2./,1')0$4.$J=GX$

-.70$ 4*/)$ *3$ *34124$ 13*/17%$ &30)'$ T"V$ :;*(&')$ H=$ ;*(&')$ XCB=$ )6)3$ *-$+)$ 516)$ 4.$ 41<)$ *34.$

122.&34$4514$9.45$)D,)'*/)34%$+)')$0.3)$+*45$4+.$0*--)')34$130$%),1'14)$('.&,%$.-$/*2)>$K5*%$

%&(()%4%$4514$)D2),4$-.'$=>"=$45)$19%)32)$.-$7*(54$0.)%$3.4$/.0*-8$45)$)--)24$.-$45)$UV$*3$45)$

?#$*=$?#$@$()3)$)D,')%%*.3$7)6)7$*3$45)$-.')9'1*3>$

$

$ $ N77$ 45)%)$ ')%&74%$ %&,,.'4$ 45)$ *0)1$ 4514$ 45)$ )D,')%%*.3$ .-$ 45)$ ?#$@$ 2*'210*13$ ()3)$

*34)('14)%$ 9.45$ 4*/)I.-I018$ :2*'210*13B$ 130$ %7)),I+1<)$ 0),)30)34$ :5./).%414*2B$ *3-7&)32)%$

2./,1')0$4.$;1&#$*0$+5*25$*%$/1*378$124*6*48$:.'$+1<*3(B$*30&2)0>$$

$

$

GK:2<::KL!#

#

$ S)2)34$0141$%5.+)0$4514=$2.34'1'8$4.$+514$+1%$2.//.378$1%%&/)0$2*'210*13$-124.'%$/*(54$

2.34'*9&4)$ 4.$ 45)$ 5./).%414*2$ 0831/*2%$ 130$ )D,')%%*.3$ .-$ 45)$   !$ 0)741$ ,.+)'$ :R&'*)=$

#.3('1*3$)4$17>$XJ?QB>$;&'45)'=$45)$UR\=$9)8.30$45)*'$'.7)$1%$1$2)34'17$9*.7.(*217$27.2<$,718$1$

2'&2*17$ '.7)$ *3$ 45)$ 0*')24$ )--)24%$ .-$ 7*(54$ /)0*14*3($ /)713.,%*3I0),)30)34$ 130$ '.0"2.3)I

0),)30134$3.3I6*%&17$7*(54$*3-.'/14*.3$4.$%4'&24&')%$')(&714*3($%7)),$130$17)'43)%%$:Z&991'0=$

S&,,)'4$ )4$ 17>$ %&9/*44)0B>$ [)$ *36)%4*(14)0$ 45)$ '.7)$ .-$ 45)$ UR\$ *3$ 45)$ %7)),$ 5./).%41%*%$

,'.2)%%$98$1$9)516*.'17$130$1$/.7)2&71'$1,,'.125$&%*3($UR\I7)%*.3)0$/*2)>$

>?$#*,&$I'*&4#+@#&?$#:2!#*5#$55$,&*(3#@+'#&?$#-(*34#53$$BDC(E$#-*5&'*8/&*+,$

$ U&','*%*3(78=$.&'$')%&74%$%5.+)0$4514$*3$,1'4*17$UR\I7)%*.3)0$/*2)$45)$2*'210*13$'5845/$.-$

')%4"7.2./.4.'$124*6*48$+1%$,')%)'6)0=$+5*7)$ 45)$2*'210*13$,'.2)%%$.-$\S #$')(&714*.3$+1%$

3.$/.')$ -&324*.317>$ S)(1'0*3($ %7)),=$ ,1'4*17$ UR\I7)%*.3)0$/*2)$ 9)516)0$ %*/*71'78$ 1%$ 4.417$

UR\I7)%*.3)0$ 1''5845/*2$/*2)=$ 2.34'1'8$ 4.$ 45)*'$ 7.2./.4.'$ 124*6*48=$ /)13*3($ 4514$ 1745.&(5$

45)$124*6*48$*%$'5845/*2=$45)$*34)('*48$.-$45)$UR\$*%$3)2)%%1'8$-.'$516*3($3.'/17$0*%4'*9&4*.3$

.-$ \S #$ %7)),$ .6)'$ 45)$ 018>$ K5*%$ +1%$ -&'45)'$ &30)'7*3)0$ 98$ UVI*30&2)0$ ;1&#$) *0$

)D,')%%*.3$ 7)6)7$ +5*25$ +1%$ %*/*71'78$ 0)2')1%)0$ *3$ ,1'4*17$ 130$ 4.417$ UR\I7)%*.3)0$ /*2)$ 1%$

2./,1')0$4.$U51/$13*/17%>$K5*%$+1%$3.4$45)$21%)$-.'$9.45$27.2<$130$27.2<I2.34'.77)0$()3)%=$

+5)')$UR\$'5845/*2$/*2)$9)516)0$.6)'177$%*/*71'78$1%$U51/$/*2)$-.77.+*3($UV>$
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$ S)124*6*48$ 4.$ 7*(54I01'<I7*(54$ 4'13%*4*.3%$ &30)'$ ?XL?X$ TV$ 91%)7*3)$ 2.30*4*.3$ +)')$

,')%)'6)0=$179)*4$')0&2)0$*3$9.45$4.417$130$,1'4*17$UR\I7)%*.3)0$/*2)>$K5)8$17%.$<),4$1$%7*(578$

5*(5)'$ )D,')%%*.3$ .-$ \S #$ 0&'*3($ 45)$ 7*(54$ ,)'*.0=$ 0&)$ 4.$ 45)$ 0*')24$ )--)24%$ .-$ 7*(54$ %4*77$

%51,*3($1$01*78$%7)),"+1<)$2827)$1%$,')0*24)0$98$.&'$,')6*.&%78$,&97*%5)0$/.0)7$:Z&991'0=$

S&,,)'4$)4$17>=$%&9/*44)0B>$K5)%)$0141$%&(()%4$4514$-.77.+*3($,1'4*17$UR\$7)%*.3%=$+)$.9%)'6)$

45)$2*'210*13$&32.&,7*3($.-$\S #$%7)),$-'./$7.2./.4.'$124*6*48>$c30)'$?XL?X$TV$91%)7*3)$

2.30*4*.3=$45)$UR\$1')$3)2)%%1'8$4.$<)),$1$%4'.3($01*78$61'*14*.3$.-$45)$%7)),$5./).%41%*%$1%$

%5.+3$98$45)$3)1'78$19.7*%5)0$61'*14*.3$.-$ R.!$0)741$,.+)'$*3$UR\D$/*2)>$o3$45)$.,,.%*4)=$

45)$%7)),$5./).%41%*%$%8%4)/$1%$25177)3()0$45'.&(5$1$PI5.&'$%7)),$0),'*614*.3$2.30*4*.3$+1%$

2./,7)4)78$3.'/17$*3$45)$19%)32)$.-$45)$UR\>$K5)%)$')%&74%$%&(()%4$4514$45)$UR\$*%$*36.76)0$

*3$45)$*34)'124*.3$9)4+))3$,'.2)%%)%$R$130$U=$9.45$4.()45)'$0)4)'/*3)$45)$4*/*3(=$45)$0&'14*.3$

130$45)$]&17*48$.-$%7)),$130$+1<)-&73)%%>$o3$45)$.45)'$5130=$1%$,')6*.&%78$%5.+3=$45)$UR\$

1')$ 3.4$ 3)2)%%1'8$ -.'$ 45)$ %7)),$ 5./).%41%*%$ ,'.2)%%$ 25177)3()0$ 45'.&(5$ %7)),$ 0),'*614*.3$
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