
!"#$%&'#()*+,*-./%&(0!!
!!

!!

"#$!%&'()*)($!(+),-./+($+-0!+/&$!1,!,$'+/.)(#12!.)1,!),3!2/%,1(14$!3$5121(-!1,!),!),1*)&!

*/3$&!/5!*'&(1.&$!-2&$+/-1-!!!

!!

  
67!!

!!

8)*1&&$!9/:;,,$!<&$2#/=->1!!
  

!!

!!

!!

!!

;!(#$-1-!-'6*1(($3!(/!(#$!?)2'&(7!/5!@+)3')($!A('31$-!),3!B$-$)+2#!!!

1,!.)+(1)&!5'&51&&*$,(!/5!(#$!+$C'1+$*$,(-!5/+!(#$!3$%+$$!/5!!!

!!

!!

!!

D/2(/+!/5!E#1&/-/.#7!!
!!

!!

!!

!!

8$,(+$!5/+!F$'+/-21$,2$!!

!!

!!

!!

!!

!!

G8)*1&&$!9/:;,,$!<&$2#/=->1!!

, 2013 
H3*/,(/,I!;&6$+()!!

!!

!!

!!

!!

  
E$+*1--1/,!1-!#$+$67!%+),($3!(/!(#$!J,14$+-1(7!/5!;&6$+()!K16+)+1$-!(/!+$.+/3'2$!-1,%&$!2/.1$-!/5!(#1-!(#$-1-!),3!

(/!&$,3!/+!-$&&!-'2#!2/.1$-!5/+!.+14)($I!-2#/&)+&7!/+!-21$,(1512!+$-$)+2#!.'+./-$-!/,&7L!M#$+$!(#$!(#$-1-!1-!

2/,4$+($3!(/I!/+!/(#$+=1-$!*)3$!)4)1&)6&$!1,!31%1()&!5/+*I!(#$!J,14$+-1(7!/5!;&6$+()!=1&&!)341-$!./($,(1)&!'-$+-!/5!

(#$!(#$-1-!/5!(#$-$!($+*-L!!

!!

"#$!)'(#/+!+$-$+4$-!)&&!/(#$+!.'6&12)(1/,!),3!/(#$+!+1%#(-!1,!)--/21)(1/,!=1(#!(#$!2/.7+1%#(!1,!(#$!(#$-1-!),3I!

$N2$.(!)-!#$+$1,!6$5/+$!.+/413$3I!,$1(#$+!(#$!(#$-1-!,/+!),7!-'6-(),(1)&!./+(1/,!(#$+$/5!*)7!6$!.+1,($3!/+!

/(#$+=1-$!+$.+/3'2$3!1,!),7!*)($+1)&!5/+*!=#)(-/$4$+!=1(#/'(!(#$!)'(#/+O-!.+1/+!=+1(($,!.$+*1--1/,L!!

 
 



 
 
-/'(&01(**
!

P'&(1.&$!A2&$+/-1-!QPAR!1-!)!2#+/,12!31-$)-$!/5!(#$!2$,(+)&!,$+4/'-!-7-($*!

2#)+)2($+1S$3!67!3$*7$&1,)(1/,I!1,5&)**)(1/,!),3!)N/,)&!1,T'+7L!8#+/,12!.)1,!),3!

2/%,1(14$!3$5121(-!)55$2(!)!&)+%$!.$+2$,()%$!/5!PA!.)(1$,(-L!M#1&$!)!,'*6$+!/5!),1*)&!

*/3$&-!)+$!)4)1&)6&$!(/!-('37!(#$!.)(#/.#7-1/&/%7!/5!PAI!-('31$-!3$($+*1,1,%!(#$!

.+/51&$!/5!(#$!)6/4$:*$,(1/,$3!-7*.(/*-!)--/21)($3!=1(#!PA!1,!(#$-$!*/3$&-!)+$!

*1,1*)&L!!"#$!.'+./-$!/5!(#1-!(#$-1-!=)-!(/!2#)+)2($+1S$!6/(#!6$#)41/'+)&!),3!

2$&&'&)+!2#),%$-!1,!-$,-/+7!),3!2/%,1(14$!.+/2$--$-!/5!(#$!P<@UV:VV!H;H!*/'-$!

*/3$&!/5!PAL!!!

! W,!2#).($+!XI!W!2#)+)2($+1S$3!(#$!2#),%$-!1,!.)1,!-$,-1(141(7!(#)(!)+1-$-!1,!)!

2#+/,12!+$&).-1,%!*/3$&!/5!H;HL!!W!5/',3!(#)(!5$*)&$!8VYZK[\!*12$!1**',1S$3!=1(#!

*7$&1,!/&1%/3$,3+/27($!%&72/.+/($1,!QP<@UV:VVR!3$4$&/.!)!+/6'-(!)&&/37,1)!(/!6/(#!

2/&3!),3!()2(1&$!-(1*'&1!

! W,!2#).($+!UI!!=/+>!=)-!',3$+()>$,!(/!3$($+*1,$!(#$!',3$+&71,%!*$2#),1-*-!

(#)(!%$,$+)($!,$'+/.)(#12!.)1,!1,!(#$!P<@UV:VV!H;H!*/3$&L!!!;331(1/,)&&7I!W!=)-!

1,($+$-($3!1,!#/=!P<@UV:VV!H;H!*12$!+$-./,3!(/!)!.$+-1-($,(!,/N1/'-!-(1*'&'-L!!P12$!

=1(#!H;H!-#/=$3!)!-1%,1512),(!3$2+$)-$!1,!$&121($3!.)1,!6$#)41/'+-!1,!+$-./,-$!(/!

-'62'(),$/'-!1,T$2(1/,!/5!5/+*)&1,L!!W!3$*/,-(+)($3!(#)(!(#$-$!$55$2(-!)+$!*$31)($3!

67!3$2+$)-$3!%&'()*)($!(+),-./+($+!$N.+$--1/,!)--/21)($3!=1(#!(#$!31-$)-$L!!

! P7!$N.$+1*$,(-!1,!8#).($+!]!)33+$--$3!2#),%$-!1,!2/%,1(14$!)61&1(7!)2+/--!

3155$+$,(!-$4$+1(1$-!/5!H;H!(/!3$($+*1,$!15!)&($+$3!.)1,!-$,-1(141(7!1-!)&-/!)--/21)($3!

=1(#!6$#)41/'+)&!-1%,-!1,312)(14$!/5!2/%,1(14$!1*.)1+*$,(!1,!(#1-!*/3$&L!W!)&-/!'-$3!



(#$!^:&)2()*!),(161/(12!2$5(+1)N/,$I!),!)%$,(!>,/=!(/!1,2+$)-$!%&'()*)($!(+),-./+($+!

&$4$&-!!"#$!$%#(/!3$($+*1,$!15!W!2/'&3!)(($,')($!)&&/37,1)!),3!F<B!3$5121(-!67!

1,2+$)-1,%!%&'()*)($!(+),-./+($+!)2(141(7L!8$5(+1)N/,$!.+$4$,($3!()2(1&$!

#7.$+-$,-1(141(7!),3!,/+*)&1S$3!.$+5/+*),2$!1,!(#$!F<B!)--)7!1,!H;H!*12$!

! "#1-!=/+>!4)&13)($-!(#$!'-$!/5!(#$!*/'-$!P<@UV:VV!H;H!*/3$&!5/+!-('371,%!

-$,-/+7!),3!2/%,1(14$!2#),%$-!1,!)!&)6/+)(/+7!-$((1,%L!?'+(#$+*/+$I!(#$!+$-'&(-!

-'%%$-(!(#)(!(#$!%&'()*)($!(+),-./+($+!-7-($*!*)7!6$!1,!13$)&!()+%$(!5/+!(+$)(*$,(!

/5!(#$-$!2#),%$-!1,!.)(1$,(-!-'55$+1,%!5+/*!-1*1&)+!-$,-/+7!),3!2/%,1(14$!3$5121(-L!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



-12"+3.%45%6%"('**
!

W!=/'&3!51+-(!&1>$!(/!(#),>!*7!-'.$+41-/+!D+L!Z+)3&$7!_$++!5/+!)&&!/5!#1-!-'../+(!),3!

.+/4131,%!)!.+/3'2(14$!),3!-(1*'&)(1,%!$,41+/,*$,(!(/!=/+>!1,!/4$+!(#$!7$)+-L!

<(#$+!*$*6$+-!.)-(!),3!.+$-$,(!/5!(#$!_$++!&)6!=#/!#)4$!-'../+($3!*$!(#+/'%#/'(!

(#$!$,(1+$!.+/2$--!$-.$21)&&7!@'-()4/!"$,)+1/!5/+!)&&!#1-!#$&.!1,!(#$!&)6!=1(#!51%'+$-!

5/+!*),'-2+1.(-I!),3!#1-!2/,(+16'(1/,!(/!2#).($+0-!U!),3!]!1,!#$&.1,%!=1(#!(#$!

.+/2$--1,%!),3!C'),(1571,%!/5!(#$!=$-($+,!6&/(-L!!9),$(!"+'/,%!5/+!#$+!2/,(+16'(1/,!

(/!2#).($+!XI!#$&.1,%!=1(#!2$&&!-()1,1,%!),3!2/',(1,%L!!!;*612)!E)+*)+!5/+!#$+!#$&.!

=1(#!(#$!=$-($+,-!1,!2#).($+!UI!)&/,%!=1(#!9)+$3!K$1%#(/,!=1(#!#1-!#$&.!1,!(#$!2$&&!

-()1,1,%!),3!C'),(1571,%!1,!2#).($+!U!)&-/L!!"#$!*$*6$+-!/5!*7!-'.$+41-1,%!

2/**1(($$!=#/!#)4$!#$&.$3!*$!(#+/'%#/'(!(#$!$,(1+$!.+/2$--L!!P$*6$+-!/5!(#$!

E/=$+!&)6!=#/!#$&.$3!=1(#!(#$!),1*)&!*/3$&!Q_+1-!),3!?)+-#13RI!)&/,%!=1(#!A#)/,)!

),3!B)>$-#!=#/!()'%#(!*$!)6/'(!E8B-L!_)*!D#)*1!5/+!#1-!#$&.!=1(#!(#$!6+)1,!

(1--'$!=$-($+,-!1,!2#).($+!]L!!;&/,%!=1(#!D+L!A)'4$0-!2/,(+16'(1/,!(/!(#$!

-'..&$*$,()+7!3)()!),3!51%'+$-!1,!2#).($+!]L!!P7!5)*1&7!),3!5+1$,3-!5/+!(#$1+!

2/,(1,')&!-'../+(!$-.$21)&&7!"+$4/+!`)*1&(/,!5/+!#1-!1,4)&')6&$!*$,(/+-#1.!),3!

D1),$!"'+,$+!),3!8#)3!W+=1,!5/+!(#$1+!2/,-(),(!-'../+(L!!?1,)&&7!W!=/'&3!&1>$!(/!

(#),>!(#$!8$,(+$!5/+!F$'+/-21$,2$I!(#$!P'&(1.&$!A2&$+/-1-!A/21$(7!/5!8),)3)!),3!

;&6$+()!W,,/4)($-!`$)&(#!A/&'(1/,-!5/+!(#$1+!5',31,%!-'../+(!(#+/'%#/'(!*7!(#$-1-!

=/+>L!!

!

!

!

!

!



!

7-89:*;<*=;>7:>7?*
!

8#).($+!a!

!

aLb!@$,$+)&!W,(+/3'2(1/,!!

!

aLa!P'&(1.&$!A2&$+/-1-ccccccccccccccccccccccccccccccccLLLa!!

!!aLaLa"!2$&&-!1,!P'&(1.&$!A2&$+/-1-ccccccccccccccccccccccccLX!

aLaLaLa!8D]d!"!2$&&-!1,!PAcccccccccccccccccccccccccU!!

aLaLaLX 8De!"!2$&&-!1,!PAcccccccccccccccccccccccccLU!
!!!!!!!!!!!!!!!!aLaLX!!!!"#$!Z&//3!Z+)1,!Z)++1$+ccccccccccccccccccccccccLLL]!

!!!!!!!!!!!!!!!!aLaLU!!!!87(/>1,$-!),3!8#$*/>1,$-!1,!P'&(1.&$!A2&$+/-1-cccccccccccL]!

!!!!!!!!!!!!!!!!aLaL]!!!!B$)2(14$!/N7%$,!-.$21$-!QB<AR!1,!P'&(1.&$!A2&$+/-1-cccccccccLV!

!!!!!!!!!!!!!!!!aLaLV!!!!P)(+1N!P$()&&/.+/($1,)-$-!QPPE-R!1,!P'&(1.&$!A2&$+/-1-ccccccLLLV!

!!!!!!!!!!!!!!!!aLaL\!!!!WK:\cccccccccccccccccccccccccccccccccccc\!

!!!!!!!aLaLY!!!!"F?:!fccccccccccccccccccccccccccccccccccLLY!

!!!!!!!!!!!!!!!!aLaLe!!!!WK:agcccccccccccccccccccccccccccccccccccLe!

!!!!!!!!!!!!!!!!aLaLh!!!!P8E:a[88KXccccccccccccccccccccccccccccccce!

!!!!!!!!!!!!!!!!aLaLab!;N/,!E)(#/&/%7cccccccccccccccccccccccccccccLLh!!

!

!!!!!!!aLX!;,1*)&!P/3$&-!/5!P'&(1.&$!A2&$+/-1-ccccccccccccccccccccccab!!

!!!!!!!aLXLa!HN.$+1*$,()&!)'(/1**',$!$,2$.#)&/*7$&1(1-!QH;HR!*/3$&ccccLLLLab!

!!!!!!!aLXLX!"#$1&$+0-!P'+1,$!$,2$.#)&/*7$&1(1-!41+'-!Q"PHiR!*/3$&cccccLLcaa!

!!!!!!!!!!!!!!!!aLXLU!"/N1,!1,3'2$3!3$*7$&1,)(1/,!*/3$&-cccccccccccccccccLLaa!

!

!!!!!!!aLU!8/%,1(14$!3$5121(-!),3!P'&(1.&$!A2&$+/-1-cccccccccccccccccccLLaX!

!

!!!!!!!aL]!E)1,!),3!P'&(1.&$!A2&$+/-1-cccccccccccccccccccccccccccaU!

!!!!!!!!!!!!!!!aL]La!8$,(+)&!,$'+/.)(#12!.)1,!1,!PAcccccccccccccccccccccLaU!

!

!!!!!!!!aLV!F$'+/.)(#12!E)1,!%$,$+)&!*$2#),1-*-cccccccccccccccccccca]!!

!!!!!!!!!!!!!!!aLVLa!FPD;!+$2$.(/+ccccccccccccccccccccccccccccccaV!

!!!!!!!!!!!!!!!aLVLX!P@&'B!ccccccccccccccccccccccccccccccccccLLLa\!

!!!!!!!!!!!!!!!aLVLU!@&1)&!2$&&-!),3!,$'+/.)(#12!.)1,cccccccccccccccccccccaY!

!!!!!!!!!!!!!!!aLVL]!87(/>1,$-!),3!8#$*/>1,$-!1,!,$'+/.)(#12!.)1,ccccccccccccae!

aLVL]La!WK:agcccccccccccccccccccccccccccccccae!

!!!!!!!!!!!!!!!!! aLVL]LX!WK:\cccccccccccccccccccccccccccccccLLLah!

!!!!!!!!!!!!!!!! aLVL]LU!"F?:!fccccccccccccccccccccccccccccccLah!

!!!!!!!!!!!!!!!!! aLVL]L]!P8E:a[88KXcccccccccccccccccccccccccccXb!

!!!!!!!!!!!!!!!aLVLV!M)&&$+1),!3$%$,$+)(1/,cccccccccccccccccccccccccLLXa!!

!

!!!!!!!!aL\!@&'()*)($!(+),-./+($+-!ccccccccccccccccccccccccccccLXX!

aL\La!Z1/.#7-12)&!.+/.$+(1$-!/5!%&'()*)($!(+),-./+($+-cccccccccLXU!

aL\LX!@&'()*)($!(+),-./+($+-!),3!.)1,!-1%,)&1,%cccccccccccccX]!!



aL\LU!j+$4$+-$!(+),-./+(k!),3!.)1,!-$,-1(141(7ccccccccccccccLLX\!

aL\L]!@&'()*)($!(+),-./+($+-!),3!P'&(1.&$!A2&$+/-1-ccccccccccLLLX\!!

!

!!!!!!!!aLY!E'+./-$cccccccccccccccccccccccccccccccccccccLXe!!

!!!!!!!!aLe!?1%'+$-cccccccccccccccccccccccccccccccccccccLLXh!

!!!!!!!!aLh!B$5$+$,2$-cccccccccccccccccccccccccccccccccccLLUb!

!

!

8#).($+!X!

!

F$'+/.)(#12!.)1,!6$#)41/'+-!1,!)!2#+/,12:+$&).-1,%!*/3$&!/5!$N.$+1*$,()&!

)'(/1**',$!$,2$.#)&/*7$&1(1-!QH;HR!

!

XLb!W,(+/3'2(1/,ccccccccccccccccccccccccccccccccccccc]h!

!

XLa!P$(#/3-cccccccccccccccccccccccccccccccccccccccLVa!

!

!!XLaLa!W,3'2(1/,!/5!H;HcccccccccccccccccccccccccccccccccVa!!

!!XLaLX!Z$#)41/'+)&!($-(1,%cccccccccccccccccccccccccccccccLLVX!

!!XLaLU!W**',/#1-(/2#$*1-(+7ccccccccccccccccccccccccccccLLLLLV]!

!!XLaL]!A()(1-(12)&!;,)&7-1-ccccccccccccccccccccccccccccccccVV!

!!

XLX!B$-'&(-ccccccccccccccccccccccccccccccccccccccccVV!

!

!XLXLa!D1-$)-$!.+/%+$--1/,!),3!,$'+/6$#)41/'+)&!3$5121(-!1,!(#$!P<@UV:VV!*/3$&cLLVV!

!XLXLX!F/!2#),%$!1,!(#$!-$,-1(141(7!(/!,/N1/'-!#$)(!1,!(#$!P<@UV:VV!H;H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

*/3$&ccccccccccccccccccccccccccccccccccccccLLccccLVY!

!XLXLU!8/&3!),3!")2(1&$!;&&/37,1)!)+$!(#$!.+$3/*1,),(!-$,-/+7!31-('+6),2$-!1,!(#$!

!P<@UV:!VV!H;H!*/3$&ccLLLcccccccccccccccccccccccccccccccLLVe!

!XLXL]!A$,-/+7!,$'+/.$.(13$!$N.+$--1/,!1,!(#$!-.1,)&!3/+-)&!#/+,!1,!(#$!P<@UV:VV!!!!!!

!H;H!*/3$&cccccccccccccccccccccccccccccccccccccccLLL\b!

!XLXLV!W,5&)**)(1/,!),3!+$)2(14$!%&1/-1-!1,!(#$!-.1,)&!3/+-)&!#/+,!1,!!

!(#$!P<@UV:VV!H;H!*/3$&ccccLccccccccccccccccccccccccccccL\b!

! !

XLU!D1-2'--1/,cccccccccccccccccccccccccccccccccccccc\X!

!

XL]!8/,2&'-1/,-!ccccccccccccccccccccccccccccccccccccc\Y!

!

XLV!?1%'+$-cccccccccccccccccccccccccccccccccccccccc\e!

!

XL\!B$5$+$,2$-ccccccccccccccccccccccccccccccccccccccYY!

!

8#).($+!U!!

!



;!31*1,1-#$3!+$-./,-$!(/!5/+*)&1,!-(1*'&)(1/,!+$4$)&-!)!+/&$!5/+!(#$!%&'()*)($!

(+),-./+($+-!1,!(#$!)&($+$3!.)1,!-$,-1(141(7!/5!*12$!=1(#!$N.$+1*$,()&!)'(/1**',$!

$,2$.#)&/*7$&1(1-!QH;HR!

!

ULb!W,(+/3'2(1/,ccccccccccccccccccccccccccccccccccccce]!

!

ULa!P$(#/3-cccccccccccccccccccccccccccccccccccccccLe\!

!

!!ULaLa!W,3'2(1/,!/5!H;Hccccccccccccccccccccccccccccccccce\!

!!ULaLX!H;H!;--$--*$,(cccccccccccccccccccccccccccccccccLe\!!

!!ULaLU!?/+*)&1,!($-(ccccccccccccccccccccccccccccccccccceY!

!!ULaL]!D+'%!(+$)(*$,(-cccccccccccccccccccccccccccccccccLee!

!!ULaLV!W**',/#1-(/2#$*1-(+7ccccccccccccccccccccccccccccLLLee!!

!!ULaLV!M$-($+,!Z&/(-cLLLLLccccccccccccccccccccccccccccccccLeh!

!!ULaL\!A()(1-(12)&!),)&7-1-ccccccccccccccccccccccccccccccccLhb!!

!

ULX!B$-'&(-cccccccccccccccccccccccccccccccccccccccchb!

!

!!ULXLa!D1*1,1-#$3!.)1,!6$#)41/'+-!1,!+$-./,-$!(/!5/+*)&1,!-(1*'&)(1/,!1,!!

!!H;H!*12$ccccccccccccccccccccccccccccccccccccccccLha!

!!ULXLX!D1*1,1-#$3!%&'()*)($!(+),-./+($+!$N.+$--1/,!1,!H;H!*12$cccccccccLLha!

!!ULXLU!H,#),2$3!.#/-.#/+7&)(1/,!/5!FPD;!+$2$.(/+!-'6',1(-!1,!-.1,)&!2/+3-!/5!!

!!H;H!*12$ccccccccccccccccccccccccccccccccccccccccLha!

!!ULXL]!W,2+$)-$3!2$&&'&)+!)2(14)(1/,!1,!(#$!-.1,)&!2/+3-!/5!H;H!*12$ccccccccLLLhX!

!!ULXLV!8$&&'&)+!)2(14)(1/,!1,!+$-./,-$!(/!5/+*)&1,!-(1*'&)(1/,cccccccccccchU!

!!ULXL\!D$2+$)-$3!.#/-.#/+7&)(1/,!/5!FPD;!+$2$.(/+!-'6',1(-!1,!(#$!-.1,)&!2/+3!/5!!

!!H;H!*12$!1,!+$-./,-$!(/!5/+*)&1,!-(1*'&)(1/,cccccccccccccccccccchU!!

!!ULXLY!F/+*)&1S)(1/,!/5!5/+*)&1,!+$-./,-$-!1,!H;H!*12$ccccccccccccccLLLh]!

!!!!!!!!!!

ULU!D1-2'--1/,cccccccccccccccccccccccccccccccccccccchV!!

!

UL]!8/,2&'-1/,-ccccccccccccccccccccccccccccccccccccLLabb!

!

ULV!?1%'+$-cccccccccccccccccccccccccccccccccccccccab ! !

!

UL\!B$5$+$,2$-ccccccccccccccccccccccccccccccccccccca !

!

8#).($+!]!

!

8#),%$-!1,!.)1,!-$,-1(141(7!),3!2/%,1(14$!37-5',2(1/,!)+$!1,3$.$,3$,(!/5!31-$)-$!

-$4$+1(7!1,!$N.$+1*$,()&!)'(/1**',$!$,2$.#)&/*7$&1(1-!QH;HR!

!

]Lb!W,(+/3'2(1/,ccccccccccccccccccccccccccccccccccccaaY!

!

]La!P$(#/3-ccccccccccccccccccccccccccccccccccccccLLaXb!

! ]LaLa!W,3'2(1/,!/5!H;HcccccccccccccccccccccccccccccaXb!



!!!!! ]LaLX!H;H!)--$--*$,(cccccccccccccccccccccccccccccLaXa!!

! ]LaLU!Z$#)41/'+)&!"$-(1,%cccccccccccccccccccccccccccaXa!

! ]LaL]!8$5(+1)N/,$!(+$)(*$,(cccccccccccccccccccccccccLLLaXU!

! ]LaLV!B":E8BccccccccccccccccccccccccccccccccccaXU!

! ]LaL\!M$-($+,!Z&/(-ccccccccccccccccccccccccccccccLaX]!

! ]LaLY!A()(1-(12)&!;,)&7-1-cccccccccccccccccccccccccccLLLaXV!!

!

]LX!B$-'&(-cccccccccccccccccccccccccccccccccccccccLaXV!!

! ]LXLa!8#),%$-!1,!.)1,!-$,-1(141(7!1,!H;H!*12$!)+$!1,3$.$,3$,(!/5!31-$)-$!!

! -$4$+1(7cccccccccccccccccccccccccccccccccccccaXV!!

! ]LXLX!W*.)1+$3!,/4$&!/6T$2(!+$2/%,1(1/,!1,!H;H!*12$ccccccccccccLaX\!

! ]LXLU!D$2+$)-$-!1,!(#$!%$,$+)&!)2(141(7[)(($,(1/,!-2/+$!)(!31-$)-$!/,-$(!1,!!!!

!! H;H!*12$ccccccccccccccccccccccccccccccccccccLaXe!

! ]LXL]!WK:\!),3!H;;":X!*BF;!)+$!'.+$%'&)($3!1,!)&&!2/#/+(-!/5!H;HccccaXh!

! ]LXLV!D1*1,1-#$3!%&'()*($!(+),-./+($+!$N.+$--1/,!1,!(#$!-.1,)&!2/+3!/5!!

!!!!!!!!!!!!!H;H!*12$!)(!31-$)-$!/,-$(LLLccccccccccccccccccccccccccLaXh!!

! ]LXL\!8$5(+1)N/,$!)(($,')($-!()2(1&$!#7.$+-$,-1(141(7!),3!2/%,1(14$!!

!!!!!!!!!!!!!3$5121(-!1,!H;HcccLLLLLLccccccccccccccccccccccLccccccLLaUb!

]LXLY!8$5(+1)N/,$!(+$)(*$,(!1,2+$)-$!H;;":X!$N.+$--1/,!),3!+$3'2$-!FPD;!!!!!!

.#/-.#/+7&)(1/,!1,!(#$!-.1,)&!2/+3!/5!H;H!*12$ccccccccccccccLLLaUX!

!

]LU!D1-2'--1/,cccccccccccccccccccccccccccccccccccccLaUU!!

!

]L]!?1%'+$-cccccccccccccccccccccccccccccccccccccccLaUe!

!

]LV!B$5$+$,2$-cccccccccccccccccccccccccccccccccccccLa]e!

!!!!!!!!!!!!

!

8#).($+!V!

!

VLb!@$,$+)&!D1-2'--1/,ccLccccccccccccccccccccccccccccccLLaV]!!

!

VLa!?'('+$!D1+$2(1/,-cccccccccccccccccccccccccccccccccLLaVV!

!

VLX!B$5$+$,2$-cccccccccccccccccccccccccccccccccccccLa\X!

!

;..$,31Ncccccccccccccccccccccccccccccccccccccccca\V!!

!

QE'6&1-#$3!E).$+-R!!

!

!

!

!

!

!

!



9@?7*;<*<@A!B:?**
*
aLa*B$.+$-$,()(1/,!/5!(#$!1**',$!+$-./,-$!1,!P'&(1.&$!A2&$+/-1-cccccccccXh*
!

XLa!D1-$)-$!.+/%+$--1/,!1,!P<@UV:VV!H;HccccccccccccccccccccLLccLL\h!

XLX!A$,-1(141(7!(/!,/N1/'-!#$)(!1,!P<@UV:VV!H;HcccccccccccccccccccLLLYb!

XLU!A$,-1(141(7!(/!1,,/2'/'-!2/&3!1,!P<@UV:VV!H;HccccccccccccccccccLLYa!

XL]!A$,-1(141(7!(/!.',2()($!*$2#),12)&!-(1*'&1!1,!P<@UV:VV!H;HcccccccccccYX!

XLV!HN.+$--1/,!/5!-$,-/+7!,$'+/.$.(13$-!1,!(#$!-'.$+5121)&!3/+-)&!#/+,!1,!!

P<@UV:VV!H;HcccccccccccccccccccccccccccccccccccccLLLYU!

XL\!"!2$&&!$N.+$--1/,!1,!(#$!-'.$+5121)&!3/+-)&!#/+,!1,!P<@UV:VV!H;HcccccccLLLY]!

XLY!;-(+/27($!+$)2(141(7!1,!(#$!-'.$+5121)&!3/+-)&!#/+,!1,!P<@UV:VV!H;HccccccLYV!

XLe!P12+/%&1)[*)2+/.#)%$!+$)2(141(7!1,!(#$!-'.$+5121)&!3/+-)&!#/+,!1,!P<@UV:VV!!

H;HcccccccccccccccccccccccccccccccccccccccccccLY\!

ULa!B$-./,-$-!(/!5/+*)&1,!1,T$2(1/,!1,!P<@UV:VV!H;H!*12$cccccccccccccabX!

ULX!A.1,)&!H;;":a!),3!H;;":X!$N.+$--1/,!1,!P<@UV:VV!H;H!*12$cccccccccLabU!

ULU!E#/-.#/+7&)(1/,!/5!FBa!-'6',1(-!1,!(#$!-.1,)&!2/+3!/5!P<@UV:VV!H;H!*12$ccLab]!

UL]!?<A!$N.+$--1/,!1,!(#$!-.1,)&!3/+-)&!#/+,!/5!P<@UV:VV!H;H!*12$ccccccccLabV!

ULV!?<A!$N.+$--1/,!1,!3/+-)&!#/+,!/5!P<@UV:VV!H;H!*12$!)5($+!5/+*)&1,cccccLLLLab\!

UL\!FBa!-'6',1(!.#/-.#/+7&)(1/,!)5($+!5/+*)&1,!1,T$2(1/,cccccccccccccLabY!

ULY!B$-./,-$-!(/!5/+*)&1,!1,T$2(1/,!1,!H;H!*12$!)5($+!(+$)(*$,(!=1(#!Kl:U]a]hV!/+!

PA:aVUcccccccccccccccccccccccccccccccccccccccccabe!

]La!"#$!2#),%$-!1,!.)1,!-$,-1(141(7!1,!H;H!*12$!)(!31-$)-$!/,-$(!)+$!1,3$.$,3$,(!/5!

31-$)-$!-$4$+1(7ccccccccccccccccccccccccccccccccccccaUh!

]LX!W*.)1+*$,(!1,!(#$!,/4$&!/6T$2(!+$2/%,1(1/,!($-(!1,!H;H!*12$cccccccccLa]b!



]LU!B$3'2$3!)2(141(7[)(($,(1/,!-2/+$-!1,!H;H!*12$ccccccccccccccccca]a!

]L]!WK:\!),3!H;;":X!%$,$!$N.+$--1/,!1-!1,2+$)-$3!1,!)&&!2/#/+(-!/5!H;H!*12$!)(!

31-$)-$!/,-$(cccccccccccccccccccccccccccccccccccccLLa]X!

]LV!D$2+$)-$3!$N.+$--1/,!/5!(#$!%&'()*)($!(+),-./+($+!H;;":X!1,!-.1,)&!2/+3-!/5!

H;H!*12$cccccccccccccccccccccccccccccccccccccccca]U!!

]L\!8$5(+1)N/,$!.+$4$,(-!()2(1&$!)&&/37,1)!1,!H;H!*12$ccccccccccccccca]]!

]LY!8$5(+1)N/,$!+$-(/+$-!,/4$&!/6T$2(!+$2/%,1(1/,!1,!H;H!*12$ccccccccccLLLa]V!

]Le!8$5(+1)N/,$!3/$-!,/(!)55$2(!)2(141(7[)(($,(1/,!-2/+$-!/+!%+/--!&/2/*/(/+!)61&1(7!)(!

31-$)-$!/,-$(cccccccccccccccccccccccccccccccccccccca]\!!

]Lh!8$5(+1)N/,$!1,2+$)-$-!(#$!&$4$&!/5!H;;":X!),3!+$3'2$-!.#/-.#/+7&)(1/,!/5!FBa!

-$+1,$!eh\!1,!H;H!*12$!-.1,)&!2/+3-cccccccccccccccccccccccccLa]Y!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



!

!

9@?7*;<*-88B:C@-7@;>?**
!

-DE-!f:)*1,/:U:#73+/N7:V:*$(#7&:]:1-/N)S/&$.+/.1/,12!)213!+$2$.(/+!
->;C-!/,$!=)7!),)&7-1-!/5!4)+1),2$!!
888!6&//3!6+)1,!6)++1$+!
1!2/*.&$*$,()+7!!!
=0!2)&21'*!!
=-D'*2$&&!)3#$-1/,!*/&$2'&$-!
==9!8#$*/>1,$!Q8:8!*/(15R!&1%),3!!
=F!2&'-($+!/5!3155$+$,(1)(1/,!
=<-!2/*.&$($!5+$',30-!)3T'4),(!
=ABE*2)&21(/,1,!%$,$:+$&)($3!.$.(13$!!!
=>E!2$,(+)&!,$'+/.)(#12!.)1,!!
=>?!2$,(+)&!F$+4/'-!A7-($*!
FGH!31#73+/>)1,12!)213!
F>-!3$/N7+16/,'2&$12!)213!!
FBA!3/+-)&!+//(!%),%&1/,!!
:--7!HN21()(/+7!)*1,/:)213!(+),-./+($+!
:-:!$N.$+1*$,()&!)'(/1**',$!$,2$.#)&/*7$&1(1-!!
:=!$,3/(#$&1)&!8$&&!!
:BH!$N(+)2$&&'&)+!-1%,)&:+$%'&)($3!>1,)-$!
<;?!2:?<A!.+/($1,!!
A-EFG!%&72$+)&3$#73$!U:.#/-.#)($!3$#73+/%$,)-$!!
A<-E!%&1)&!516+1&&)+7!)21312!.+/($1,!!
@<>!1,($+5$+/,!
@9!1,($+&$'>1,!!
@E!1,(+).$+1(/,$)&!!
HI!./()--1'*!!
H-!>)1,)($!!!
9E?!&1././&7-)22#)+13$!!
6!*$--$,%$+!!
D-EH!*1(/%$,:)2(14)($3!.+/($1,!>1,)-$!
D8E**7$&1,!6)-12!.+/($1,!!
D=E!*/,27($!2#$*/()2(12!
D5JI**)%,$-1'*!!!
6A.KB!*$()6/(+/.12!%&'()*)($!+$2$.(/+-!
DDE!*)(+1N!*$()&&/.+/($1,)-$-!
D;ALMNMM!P7$&1,!<&1%/3$,3+/27($!@&72/.+/($1,!
DB@!*)%,$(12!+$-/,),2$!1*)%1,%!
D?!P'&(1.&$!A2&$+/-1-!
D?NOML!mBn:m:n:V:*$(#7&:a:,12/(1,/7&:X:.7+)S/&1,$!
>0JI*-/31'*!!
>DF-*F!:P$(#7&:!D!:)-.)+(12!)213!+$2$.(/+!!



>;B!,/4$&!/6T$2(!+$2/%,1(1/,!!
P*.#/-.#/+7&)(1/,!!
E8D=!.$+1.#$+)&!6&//3!*/,/,'2&$)+!2$&&!
E=B!./&7*$+)-$!2#)1,!+$)2(1/,!
EH!.+/($1,!>1,)-$!!
E9E!.+/($/&1.13!.+/($1,!!
E>?!.$+1.#$+)&!,$+4/'-!-7-($*!!
BD!+$.$)($3!*$)-'+$-!!
B>-!+16/,'2&$12!)213!!
B;?!+$)2(14$!/N7%$,!-.$21$-!
&P6!+/()(1/,-!.$+!*1,'($!!
?7=!-.1,/(#)&)*12!(+)2(!2$&&-!
78;-*DK:(#+$/:6$():Z$,S7&/N7)-.)+()($!!
7D:C!"#$1&$+O-!P'+1,$!H,2$.#)&/*7$&1(1-!i1+'-!
7><!('*/'+!,$2+/-1-!5)2(/+!
QF!M)&&$+1),!3$%$,$+)(1/,!!
!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



!

!

8`;E"HB!a!

@$,$+)&!W,(+/3'2(1/,!

!



 1!

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

#

!"#$%&'$()*%!+,$(-.)!/*(0)!1#0-(*2#1!'34)*54#!6-4#(.0*0!7'68!*%!9:;:!$%1!5(#0#%)4<!*)!

$//#-)0!$55(.=*>$)#4<!??@AAA!&B?@AAA!+$%$1*$%07+.>50).%!$%1!+.4#0@!CAA:@!

D*(.3$(1!$%1!6.3-<@!CA998E!F,(##!)*>#0!$0!>$%<!G.>#%!$(#!$//#-)#1!$0!>#%@!$%1!

'6!)<5*-$44<!5(#0#%)0!*%!$134)0!CA!).!H?!<#$(0!./!$I#@!>$J*%I!*)!.%#!./!),#!>.0)!

-.>>.%!%#3(.4.I*-$4!1*0.(1#(0!).!$//#-)!<.3%I!$134)076.05#1($!$%1!'$()*%@!CAA?@!

D(##(!$%1!'-+.>2#@!CA998E!K55(.=*>$)#4<!?AL!./!5$)*#%)0!G*44!(#M3*(#!,#45!

G$4J*%I!G*),*%!9?!<#$(0!$/)#(!),#!.%0#)!./!),#!1*0#$0#76.05#1($!$%1!'$()*%@!CAA?8E!!

F,#!-.3(0#!./!'6!*0!,*I,4<!N$(*$24#!$%1!3%5(#1*-)$24#!$-(.00!5$)*#%)0E!F,#!-$30#!./!

'6!*0!3%J%.G%@!$4),.3I,!*)!$55#$(0!).!*%N.4N#!$!-.>2*%$)*.%!./!2.),!I#%#)*-!/$-).(0!

7030-#5)*2*4*)<8!$%1!%.%&I#%#)*-!)(*II#(0!!7#%N*(.%>#%)$4!/$-).(0@!N*(30!#=5.03(#@!

>#)$2.4*0>876$1.N%*-J!#)!$4E@!9OO;@!D($%*#(*!$%1!+$0#))$@!9OOB@!6.)I*3!#)!$4E@!CAAH@!

K0-,#(*.!#)!$4E@!CA9A8E!!K4),.3I,!),#!-4*%*-$4!>$%*/#0)$)*.%!./!),#!1*0#$0#!*0!1*//#(#%)!

2#)G##%!5$)*#%)0@!),#!>$P.(*)<!./!5$)*#%)0!*%*)*$44<!03//#(!/(.>!$!(#4$50*%I&(#>*))*%I!

1*0#$0#!-.3(0#E!!F,#!(#4$50*%I&(#>*))*%I!-.3(0#!*0!1#/*%#1!2<!5#(*.10!./!%#G!

0<>5).>0!.(!0*I%0@!/.44.G#1!2<!$!0<>5).>Q0*I%!(#13-)*.%!.(!(#>*00*.%E!F,*0!/*(0)!

(#4$50*%I&(#>*))*%I!5,$0#!#N#%)3$44<!1#N#4.50!*%).!$!0#-.%1$(<!5(.I(#00*N#!5,$0#@!

$4),.3I,!9AL!./!'6!5$)*#%)0!1#N#4.5!*%*)*$44<!G*),!$!5(*>$(<!5(.I(#00*N#!

/.(>76.05#1($!$%1!'$()*%@!CAA?8E!R(#0#%)4<@!),#(#!*0!%.!),#($5<!),$)!-3(#0!'6E!!!

'6!*0!$!1*0.(1#(!./!),#!-#%)($4!%#(N.30!0<0)#>!7+S68!-,$($-)#(*T#1!2<!>34)*/.-$4!

*%/4$>>$)*.%@!1#><#4*%$)*.%@!(#$-)*N#!I4*.0*0!$%1!%#3(.1#I#%#($)*.%7U$(&V(@!CAA:8E!

F,#!*%/4$>>$).(<!5(.-#00!*0!-,$($-)#(*T#1!2<!$--3>34$)*.%!./!F!-#440!*%*)*$)*%I!$%!



 2!

"#$%&''&()*+!*,-.)#-,!/"*,0(,/!&1&"#-(!'+,%"#!&#/!)(2,*!0)'.)#,#(-!)$!(2,!3456!

*,-7%("#1!"#!345!/,'+,%"#&(")#85)-.,/*&!&#/!9&*("#6!:;;<6!=&*>?*6!:;;@6!A&0B,6!

:;;CDE!F*,&-!)$!/,'+,%"#&(")#!&*,!/,-0*"G,/!&-!%,-")#-E!F#!H&0("I,J!%,-")#!"-!K2,#!

(2,*,!"-!&!.*,-,#0,!)$!'+,%"#!-2,&(2-!"#!(2,!.*)0,--!)$!/"--)%7(")#!&#/!/,1*&/&(")#!

)$!.*)/70(-!)$!'+,%"#!K"(2"#!(2,!'&0*).2&1,-!"#!(2,!("--7,E!L2,*,!&*,!(K)!(+.,-!)$!

&0("I,!%,-")#-6!&#!&07(,!.%&M7,!K2,*,!(2,!,#("*,!%,-")#!"-!/,'+,%"#&(,/!

-"'7%(&#,)7-%+!&#/!02*)#"0!&0("I,!%,-")#-!K2,*,!(2,!)#!1)"#1!/,'+,%"N&(")#!"-!

*,-(*"0(,/!()!&!N)#,!&(!(2,!,/1,!)$!(2,!%,-")#83)'.-()#!&#/!3)%,-6!:;;@DE!

OP&0,*G&(")#-!)$!95!&*,!(2)712(!()!G,!*,%&(,/!()!,."-)/,-!)$!"#$%&''&(")#6!K2"%,!(2,!

$)*'&(")#!)$!&!1%"&%!-0&*!G+!&-(*)0+(,-!)*!1%")-"-!&#/!&P)#&%!%)--!&((*"G7(,/!()!

#,7*)/,1,#,*&(")#!&*,!G,%",I,/!()!*,-7%(!"#!(2,!.*)1*,--")#!)$!/"-&G"%"(+E!!

"#"#"!$%&'(()!*+!,-(.*/('!0&('12)*)!

Q,&%(2+!"#/"I"/7&%-!2&I,!'+,%"#>*,&0("I,!L!0,%%-6!&%(2)712!(2,+!/)!#)(!

02&*&0(,*"-("0&%%+!G,0)',!&0("I,!&#/!'"1*&(,!"#()!(2,!3456!,-(&G%"-2"#1!&#!

"#$%&''&()*+!*,-.)#-,E!!R&(",#(-!K"(2!95!2)K,I,*6!/)!2&I,!'+,%"#>-.,0"$"0!L!0,%%-!

(2&(!&*,!&0("I&(,/E!L2,!&0("I&(,/!L!0,%%-!"#!95!.&(",#(-!&*,!')*,!%"B,%+!()!G,!)$!(2,!

L2S!.2,#)(+.,8T*)2'&#!,(!&%E6!:;;UDE!!L2S!0,%%-!.*)/70,!"#(,*$,*)#!8VT4D>1&''&6!

"#(,*%,7B"#!8VWD>S:!&#/!(7')*!#,0*)-"-!$&0()*!8L4TD>!!0+()B"#,-!&#/!,I)B,!0,%%>

',/"&(,/!"''7#"(+!&#/!.2&1)0+(,>/,.,#/,#(!"#$%&''&(")#E!!V#!0)#(*&-(6!L2:!0,%%!

.)%&*"N&(")#!"-!02&*&0(,*"N,/!G+!(2,!.*)/70(")#!)$!VW>X6!VW><6!VW>U6!VW>C6!VW>S;6!&#/!VW>

SYE!L2"-!.*)$"%,!)$!0+()B"#,!.*)/70(")#!,I)B,-!-(*)#1!&#("G)/+!*,-.)#-,-!&#/!

,)-"#).2"%!&007'7%&(")#6!$7*(2,*')*,!L2:!0,%%-!"#2"G"(!-,I,*&%!$7#0(")#-!)$!

.2&1)0+("0!0,%%-8A)'&1#&#"6!:;;;DE!Z"$$,*,#(!-7G-,(-!)$!L!0,%%-!2&I,!G,,#!$)7#/!()!



 3!

"#$%!&$'()*+!')#,+!(-!./,!"$./)0,-,+(+!)1!234!5&(6,-7,!1)'!./(+!(-(.($##%!7$8,!1')8!

+(8(#$'(.(,+!1)*-6!9,.:,,-!23!$-6!(.+!$-(8$#!8)6,#!5;5!<+,,!+,7.()-!=4>?!<@')/8$-!

,.!$#4A!>BBCA!D)/-+)-!,.!$#4A!>BBE?4!!5;5!7$-!9,!(-6*7,6!*+(-0!F/=!GHIJ!F!

7,##+<D)/-+)-!,.!$#4A!>BBE?4!!

!"#"#"#"!$%&'!(!)*++,!-.!/0+1-2+*!3)+*45,-,!!

GHIJF!7,##+!$',!6(&(6,6!(-.)!6(+.(-7.!+*9+,.+!(-7#*6(-0!F/=!)'!F/>!7,##+!$-6!F/=E!

7,##+!:/(7/!"')6*7,!KLM=E;A!KLME@A!KLM>=!$-6!KLM>>4!N,0*#$.)'%!F!7,##+!$',!$-)./,'!

+*9+,.!:/(7/!$',!@)O"P!")+(.(&,!$-6!"')6*7,!KLM=B<N)8$0-$-(A!>BBB?4!@*'./,'!

,&(6,-7,!#(-Q(-0!F/=!GHIJ!F!7,##+!(-!./,!"$./)0,-,+(+!)1!23!:$+!./$.!(-7',$+,6!

#,&,#+!)1!KLM=>!$-6!K@RM%!:,',!1)*-6!(-!./,!GR3!)1!23!"$.(,-.+<S$#$+/)&!,.!$#4A!

=TTE?4!!;#./)*0/A!./(+!')#,!:$+!U*,+.()-,6!:/,-!(.!:$+!)9+,'&,6!./$.!8(7,!#$7Q(-0!

KLM=>!$-6!K@RM%!+(0-$#(-0!:,',!+.(##!+*+7,".(9#,!.)!5;5<V,/!,.!$#4A!>B==?4!!

N,7,-.!+.*6(,+!/$&,!-):!,+.$9#(+/,6!$-!(8")'.$-.!')#,!1)'!F/=E!7,##+!(-!8,6($.(-0!

6(+,$+,!(-6*7.()-4!!KLM=E!"')6*7(-0!GHIJF!7,##+!$',!$++)7($.,6!:(./!./,!

6,&,#)"8,-.!)1!6(+,$+,!$-6!8(7,!#$7Q(-0!1$7.)'+!(-&)#&,6!(-!F/=E!6(11,',-.($.()-!

,404!KLMC!$',!',+(+.$-.!.)!5;54!!W):,&,'A!-,*.'$#(X$.()-!)1!./,!KLM=E;!',7,".)'!6(6!-).!

"',&,-.!5;5!7)8"#,.,#%A!:/(7/!+*00,+.+!./$.!)./,'!8)#,7*#,+!7)-.'(9*.,!.)!6(+,$+,!

"$./)0,-,+(+<Y)8(%$8$!,.!$#4A!>BBC?4!!

"#"#"#6!$%7!(!$*++,!-.!/0+1-2+*!3)+*45,-,!!

;-)./,'!(88*-,!7,##!")"*#$.()-!./$.!/$+!9,,-!(8"#(7$.,6!.)!/$&,!$!')#,!(-!23!$',!

GHZJ!F!7,##+4!F/,%!$',!1)*-6!.)!9,!"')8(-,-.!(-!./,!(-1#$88$.)'%!(-1(#.'$.,!(-!23!

#,+()-+!$-6!/$&,!9,,-!',")'.,6!.)!',7)0-(X,!8%,#(-!$-.(0,-+!(-!23!"$.(,-.+A!$+!:,##!

$+!"#$%(-0!$!')#,!(-!./,!9',$Q6):-!)1!./,!9#))6!9'$(-!9$''(,'!<SSS?<D)/-+)-!,.!$#4A!



 4!

"##$%!&'()*+),-!),-!&)*./,%!"##$01!!2!'3++4!5)6!)+47!8+)6!)!*7+3!/,!&9!)4!/.!:)4!;33,!

4<==34.3-!.:).!.:36!5)6!43'*3.3!),./;7-/34!.:).!*3'7=,/>3!),-!8+)6!)!*7+3!/,!563+/,!

;*3)?-7@,AB/?;/,!3.!)+1%!"##$01!C.!/4!3D/-3,.!.:).!-/EE3*3,.!'3++4!7E!.:3!/55<,3!

464.35!8+)6!)!5)F7*!*7+3!/,!.:3!8).:7=3,34/4!7E!&9%!)+.:7<=:!8*343,.+6!,7!/,-/D/-<)+!

'3++!878<+)./7,!:)4!;33,!7;43*D3-!)4!.:3!?36!E)'.7*!/,!-3D3+7853,.!7E!&91!!

!"!"#$%&'$()**+$(,-./$(-,,.',$0(((1$$

G:3!3,.*),'3!7E!)'./D).3-!/55<,3!'3++4!E*75!.:3!83*/8:3*6!/,.7!.:3!HB9!/,!&9!/4!
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4(5C(+6*)*&7.\+#!$(5!U%(-!(&!+)DE!FGGM0D!!@#,5(+-($!XYR!45%$H,&*%#!*-!+)-%!5()+&($!&%!
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05)&@0%(.*2+!23!-*33&)&+.!5)2P*+3%(11(.2)=!,=.2Q*+&$!*+,%0-*+@!7EPR:!>CS!(+-!7EPHT!
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,&%%!-*33&)&+.*(.*2+6!7EPR!/($!(%$2!<&&+!320+-!.2!/('&!(!)2%&!*+!5)212.*+@!./&!
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-3'4+./0'1!/0-#52/0&!)3'!$(+;'!4'0)/+0'2!3$;'!(''0!2'1-%/('2!/0!#'1/+01!/0!89!

$02!3$;'!(''0!,+502!)+!('!/0-%'$1'2!/0!2/,,'%'0)!$0/4$#!4+2'#1!+,!89<!)3'!'=$-)!
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$%'$1!+,!/0,#$44$)/+0:!!K)!/1!50-#'$%!/,!$=+0$#!2$4$&'!/1!1'-+02$%*!)+!2'4*'#/0$)/+0!
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 10!

!

!"#$%&'()*$+,-.*/$,0$+1$

!

!"#"!$234.5'(.&6)*$%76,'((7&.$2&8.49)*,(:.*'6'/$$
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@c!10*.(!#$),.>!20%).0#!'&/,!-,.,!).,$),+!-&)1!2W"!N$(!$=06,P!$%+!4,.)*((&(!)0b&%!

$#0%,!N%dEcP>!!

!

"#$#0!./.!/1121132&*!

"!L&/,!-,.,!'0%&)0.,+!+$&#<!$%+!)1,!/#&%&/$#!(&Q%(!07!S"S!-,.,!Q.$+,+!0%!)1,!

70##0-&%Q!(/$#,9!3.$+,!CA!%0.'$#!'0*(,Z!3.$+,!BA!7#$//&+!0.!5$.$#<\,+!)$&#>!!"##!

,b5,.&',%)$#!5.0/,+*.,(!-,.,!/$..&,+!0*)!0%/,!'&/,!.,$/1,+!$!(/0.,!07!/#&%&/$#!
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"#$%&!'(!)&!*$+&!,*-./!0#&+1-2,34!5*$5!$5!5*1,!,5$6&!-7!5*&!%1,&$,&8!91:&!.15*!;<;!

%1,03$4!,16/,!-7!=-5*!:-3%!$/%!5$:513&!$33-%4/1$!=25!6#-,,!3-:-9-5-#!=&*$+1-2#!1,!

2/$77&:5&%!>?3&:*-.,@1!&5!$3(8!ABBCD(!E-!:-/71#9!5*$5!91:&!.15*!;<;!*$%!/-!6#-,,!

3-:-9-5-#!%&71:15,!5*$5!.-23%!1/5&#7&#&!.15*!5*&!=&*$+1-2#$3!#&,0-/,&,!5-!

,2=:25$/&-2,!7-#9$31/8!5*&4!.&#&!5&,5&%!-/!$!#-5-#-%!$5!$!71F&%!#-5$51-/$3!,0&&%!-7!

'G#09(!!H1:&!.&#&!03$:&%!-/!5*&!#-5-#-%!$/%!5*&!3$5&/:4!5-!7$33!-77!.$,!%&5&#91/&%(!

E*&!9$F1929!519&!7-#!$!5#1$3!.$,!,&5!$5!'IB,(!H1:&!.&#&!5#$1/&%!-/!5*&!#-5-#-%!7-#!

5.-!:-/,&:251+&!%$4,!0#1-#!5-!%1,&$,&!1/%2:51-/!5-!=&:-9&!7$9131$#!.15*!5*&!5$,@(!

J90$1#9&/5,!1/!6#-,,!3-:-9-5-#!72/:51-/!$#&!#&+&$3&%!.*&/!$/19$3,!:$/!/-!3-/6&#!

#&9$1/!-/!5*&!#-5-#-%!7-#!5*&!%2#$51-/!-7!5*&!5#1$3(!

!

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

K#1-#!5-!5&,51/68!&$:*!$/19$3!.$,!$33-.&%!5-!$::319$51L&!5-!5*&!5&,51/6!$00$#$52,(!

E*&!$00$#$52,!.$,!$/!-=,&#+$51-/!=-F!>AM:9!F!AN:9!F!'M:9D!9$%&!-7!:3&$#!03&F1O

63$,,!.15*!$!#$1,&%!03$57-#9!5-!$33-.!7-#!$/!2/-=,5#2:5&%!+1&.!-7!5*&!*1/%!0$.(!<75&#!

$::319$51L$51-/8!91:&!.&#&!316*534!#&,5#$1/&%!$/%!61+&/!$!NBµ3!,2=:25$/&-2,!

1/P&:51-/!-7!$!B(MQ!7-#9$3%&*4%&!1/!,$31/&!,-3251-/!1/5-!5*&!03$/5$#!,2#7$:&!-7!-/&!

*1/%!0$.(!!;$:*!9-2,&!.$,!5*&/!03$:&%!=$:@!1/5-!5*&!-=,&#+$51-/!=-F!$/%!

/-:1:&051+&!=&*$+1-2#,!.&#&!9-/15-#&%!$/%!519&%!1/!71+&O91/25&!=3-:@,!7-#!$!5*1#54O

91/25&!0&#1-%(!R-:1:&051+&!=&$*$+1-2#,!.&#&!%&71/&%!$,!31:@1/6!-#!31751/6!-7!5*&!

1/P&:5&%!0$.8!731/:*1/6!$/%!+16-#-2,!,*$@1/6(!!E*&!5-5$3!519&!>1/!,&:-/%,D!91:&!,0&/5!

&F*1=151/6!/-:1:0&51+&!=&*$+1-2#,!.$,!%&5&#91/&%!7-#!5*&!71#,5!0*$,&!>BO'M!91/25&,D!

$/%!,&:-/%!0*$,&!>'MONB!91/25&,D!-7!5*&!#&,0-/,&!>ST<!/U'VW!;<;!/UCD(!!!!!
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!

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

!"#$#%&'!#(!)*+,!-,%,!&%,.&,/!-*&$!&$,!/%01!2345254565),&$785659*+#&*9#785:5

;7%.<#8*9,!2=>56?@42A%.9!.9/!B,*1$&#9C!:DDE4C!.!+#);#09/!F9#-9!&#!;%#)#&,!

180&.).&,!&%.9';#%&,%!.+&*G*&7!2>$*)./.!,&!.8HC!6IIIC!J.F.1.-.!,&!.8HC!:DD64H!!=*+,!

-,%,!&%,.&,/!-*&$!6D)1KF1!LHMH!&-,9&7!)*90&,'!;%*#%!&#!(#%).8*9!&,'&*91!2',,!.N#G,4!

2"OP!9Q?R!SPS!9QE4H!P!',;.%.&,!+#$#%&!#(!)*+,!2"OP!9Q@R!SPS!9Q@4!-,%,!&%,.&,/!

-*&$!=>56?@!26D)1KF1!LHM4!.9/!,0&$.9*<,/!#9,!$#0%!8.&,%!-*&$#0&!.97!'&*)08.&*#9!

&#!.'',''!OT>!,U;%,''*#9!2',,!"##$%&'()*&+',#()*-.!N,8#-4H!L9!.!',;.%.&,!

,U;,%*),9&C!)*+,!2"OP!9Q?R!SPS!9QE4!-,%,!&%,.&,/!-*&$!BV5@W6WI?!2DH:?)1KF1!LHM4!

2A#+%*'4!.!',8,+&*G,!1%#0;!LL!),&.N#&%#;*+!180&.).&,!%,+,;&#%!2)X8034!.9&.1#9*'&!

2Y#9,'!,&!.8HC!:DD?4!&-,9&7!)*90&,'!;%*#%!&#!(#%).8*9!&,'&*91H!!

!

!

!"#"0%1--(.234/*253+-4/*'6"!!

L))09#$*'&#+$,)*'&%7!-.'!+.%%*,/!#0&!#9!"OP!#%!SPS!)*+,!.&!"8*9*+.8!X%./,!6H!

>;*9.8!+#%/'!-,%,!&.F,9!#9,!$#0%!.(&,%!=>56?@!&%,.&),9&!-*&$#0&!.97!(0%&$,%!

'&*)08.&*#9!#%!#9,!$#0%!.(&,%!(#%).8*9!*9Z,+&*#9H!=*+,!-,%,!,0&$.9*<,/!-*&$!$*1$!

/#',!;,9&#N.%N*&.8!2S0&$.978[!:WD)1K)84!.9/!&%.9'+.%/*.+!;,%(0',/!-*&$!W\!

;.%.(#%).8/,$7/,!*9!DH6=!;$#';$.&,!N0((,%!2M]4H!A$,!80)N.%!,98.%1,),9&!#(!&$,!

';*9.8!+#%/!-.'!%,)#G,/C!;#'&5(*U,/!(#%!@5W!$#0%'!.9/!&$,9!&%.9'(,%%,/!&#!.!@D\!

'0+%#',!'#80&*#9!*9!DH6!=!M]H!>;*9.8!+#%/'!-,%,!,)N,//,/!*9!A*''0,!A,F!!TH"HA!

2T;&*).8!"0&&*91!A,);,%.&0%,4!+#);#09/!2O*'$,%!>+*,9&*(*+C!S/)#9&#9C!P]4C!(%#<,9!

#9!8*^0*/!9*&%#1,9!.9/!;%#+,'',/!(#%!+%7#'&.&!',+&*#9*91!2:Dµ)4H!A$,!;%*).%7!
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"#$%&'()!*+,(!-"+!."&&%$/"#$%!0/123!45657778!9,::!3%;#":%#;8!<"#=,.+8!>?@A!BC,!

D.%E".)!"#$%&'()!-"+!=%+*":%F,(!*+%#;!;'"$!"#$%/."&&%$!?:,G"!1:*'.!HIJ!+,0'#(".)!

"#$%&'(%,+!456K778!>':,0*:".!L.'&,+8!M*;,#,8!2N@A!!!!

!
!"#$#%!&'()*+,+-(*+.)!.,!+//').0+1*.-02/+1*34#!

!!OE";,+!-,.,!0"D$*.,(!-%$C!"!P,%++!?G%'0"E!>NE!0"E,."!49".:!P,%++8!2&,.Q'0C,#8!

R,.E"#)@!*+%#;!"!P,%++!2&+,.=,.AP5!%#=,.$,(!S:*'.,+0,#0,!E%0.'+0'D,!49".:!P,%++8!

2&,.Q'0C,#8!R,.E"#)@A!?::!%E";,!"#":)+%+!"#(!0,::!0'*#$%#;!-,.,!0"..%,(!'*$!&)!"#!

'&+,.=,.!&:%#(!$'!$C,!+D,0%S%0!,GD,.%E,#$":!0'#(%$%'#+!'S!$C,!$%++*,!&,%#;!"#":)F,(A!

123!D'+%$%=,!0,::+!-,.,!%(,#$%S%,(!%#!$C,!+*D,.S%0%":!('.+":!C'.#!4:"E%",!O/OOO@A!9,::+!

-,.,!0'*#$,(!S.'E!('.+":!C'.#+!%D+%:"$,.":!"#(!0'#$.":"$,.":!$'!$C,!%#T,0$%'#A!1'.!

123!U*"#$%S%0"$%'#!S.'E!*#+$%E*:"$,(!E%0,8!123!D'+%$%=,!0,::+!-,.,!0'*#$,(!S.'E!

&'$C!('.+":!C'.#+8!D'':,(!"#(!$C,#!"=,.";,(A!V!+,0$%'#+!D,.!+:%(,8!K!+:%(,+!D,.!

"#%E":!-,.,!"#":)F,(A!

!
!
"#$#5!621*23)!78.*1#!!

L.'$,%#!+"ED:,+!4K7!µ;@!-,.,!+,D"."$,(!'#!"!57W!3<3!;,:A!BC,!+"ED:,+!-,.,!

$."#+S,..,(!'#$'!LX<1!E,E&."#,+!4Y%'."(@A!!BC,!E,E&."#,+!-,.,!&:'0Q,(!%#!HW!

E%:Q!%#!LY3/B-,,#/K7!4LY3/B@!47A7HW@8!"#(!$C,#!%#0*&"$,(!'=,.#%;C$!"$!J!°!9!%#!

D.%E".)!"#$%&'(%,+!M??B/5!"#(!M??B/K!456!H778!3"#$"!9.*F!Y%'$,0C#':';)@8!

DZN53,.[I\8!DZN53,.[I]!45657778!9,(".:"#,!^"&'."$'.%,+@!"#(!ZN5!45657778!3%;E"@8!

(%:*$,(!%#!LY3/BA!!BC,!E,E&."#,+!-,.,!$C,#!-"+C,(!%#!LY3/B!"#(!%#0*&"$,(!-%$C!

C'.+,."(%+C!D,.'G%("+,!4_NL@/0'#T*;"$,(!+,0'#(".)!"#$%&'(%,+!4;'"$!"#$%!."&&%$`!
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"#$%&'(!)**+(',-&-#.$/0!123+4-1!#4!56789888:!;/-!*-*<.#(-&!=-.-!=#&/-1!#(1!

<2(12(>!'?!@,AB$'(C+>#4-1!&-$'(1#.D!#(42<'12-&!1-4-$4-1!+&2(>!

$/-*23+*2(-&$-($-:!EF-&4-.(!G2>/4(2(>!H/-*23+*2(-&$-($-!,-#>-(4!A3+&9!A-.%2(B

I3*-.0:!J-*<.#(-&!=-.-!.-BK.'<-1!=24/!*'('$3'(#3!*'+&-!#(42B!B#$42(!E56L8889!

M2>*#0!4'!-(&+.-!-N+#3!3'#12(>!'?!&#*K3-&:!;/-!?23*&!=-.-!&$#((-1!#(1!4/-!$/#(>-&!

2(!K.'4-2(!-OK.-&&2'(!3-P-3&!<-4=--(!HQR!#(1!IRI!*2$-!#&!#!.#42'!=-.-!N+#(42?2-1!

+&2(>!)*#>-"!&'?4=#.-:!!

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

M4#42&42$#3!#(#3D&2&!=#&!$#..2-1!'+4!+&2(>!4/-!M4+1-(4S&!4B4-&4!#(1!'(-B=#D!RTUVR!

=24/!;+%-D!K'&4!/'$!4-&4&:!!M2>(2?2$#($-!=#&!&-4!#4!AW8:87:%

%
%
%
!"/%01*2,'*%%
%
!"/"#%3)4)-)*516%7()-%815(9):2;*%)-%;1*7:-*1%':%<:;4(,)-%*')42,('):-%)-%=>=%

4)+1%

;'!1-4-.*2(-!/'=!*2$-!=24/!IRI!.-&K'(1!4'!#!K-.&2&4-(4!('O2'+&!&42*+3+&!=-!

#&&-&&-1!4/-2.!<-/#P2'+.!2(!4/-!?'.*#32(!4-&4!EH'1-..-!-4!#3:9!5XXY0:!!A.2'.!4'!4-&42(>9!

*2$-!=24/!IRI!E$32(2$#3!>.#1-!50!=-.-!#&&-&&-1!?'.!>.'&&!3'$'*'4'.!?+($42'(!+&2(>!

4/-!.'4'.'1!4-&4:!T'!&2>(2?2$#(4!1-?2$24&!2(!>.'&&!3'$'*'4'.!?+($42'(!'.!$''.12(#42'(!

=-.-!'<&-.P-1!2(!4/-&-!#(2*#3&!#4!4/2&!&4#>-!'?!4/-!12&-#&-!EQ2>:!Y:5R9!#3&'!&--!

EU3-$/'=&%2!-4!#3:9!L88X00:!Q'33'=2(>!?'.*#32(!2(C-$42'(9!*2$-!=24/!IRI!&/'=-1!

&2>(2?2$#(43D!.-1+$-1!K#2(!<-/#P2'+.&!=/-(!$'*K#.-1!4'!4/-!HQR!$'(4.'3!*2$-:!

Z-$.-#&-1!('$2$-K42P-!<-/#P2'+.&!=-.-!-P21-(4!2(!<'4/!K/#&-!5!EA[8:8859!4B
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"#$"%&'()*!+*,-%!./0!#1#/!234#!$"4(5(/)67!(/!89.$#!:!3;!"9#!;342.6(/!4#$83/$#!

&<=>*>>,?!"@"#$"%&'()*!+*,A%*!!!

!

!"#"#$%&'&(&)*+,$-./01'10+$021()3420+2$+532+))&4($&($676$'&8+!

B#C3/0!89.$#!/3C(C#8"(1#!D#9.1(3E4$!(/!"9#!;342.6(/!"#$"!.4#!4#6."#0!"3!.C"(1("7!."!

)6E".2."#!4#C#8"34$!&F.$98.6!#"!.6*?!:>>,%*!!G#!"9#4#;34#!#H.2(/#0!"9#!#H84#$$(3/!

3;!5#7!4#)E6."34$!3;!)6E".2."#!4#C#8"34!.C"(1("7?!"9#!)6E".2."#!"4./$834"#4$!

&I./D36"?!:>>,%!(/!2(C#!J("9!KLK*!G#!D#)./!D7!#H.2(/(/)!)6E".2."#!"4./$834"#4!

#H84#$$(3/!(/!"9#!$8(/.6!C340!3;!KLK!2(C#!(/!"9#!.D$#/C#!3;!./7!/3H(3E$!$"(2E6."(3/*!!

G#$"#4/!D63"$!0#"#42(/#0!"9."!(/!"9#!$8(/.6!C340$!3;!2(C#!J("9!KLK!."!C6(/(C.6!)4.0#!

,?!"9#4#!($!.!$()/(;(C./"!4#0EC"(3/!3;!KLLM@,!&<N>*>>,?!"@"#$"%!&'()*!+*:L@-%*!!M9#4#!($!

./!#1#/!234#!04.2."(C!4#0EC"(3/!(/!KLLM@:!#H84#$$(3/?!J9(C9!($!0#C4#.$#0!"3!

.8843H(2."#67!O>P!3;!"9#!6#1#6$!$##/!(/!A'L!C3/"436!2(C#!&<=>*>>,?!"@"#$"%!&'()*!

+*:A@I%*!!

!

!"#"!$6(*1(8+,$3*4)3*429.10&4($4:$;<%7$2+8+3042$)/=/(&0)$&($)3&(1.$842,)$4:$

676$'&8+$

Q(1#/!"9#!03J/!4#)E6."(3/!3;!)6E".2."#!"4./$834"#4$!(/!KLK!2(C#!J#!/#H"!J./"#0!"3!

.$$#$$!93J!"9($!2()9"!.;;#C"!.C"(1("7!."!)6E".2."#!4#C#8"34$*!<93$893476."(3/!3;!"9#!

RS,!$EDE/("!3;!"9#!RTIL!4#C#8"34!($!5/3J/!"3!C344#6."#!J("9!C9./)#$!(/!

/3C(C#8"(1#!D#9.1(3E4$!&U3E!#"!.6*?!:>>>%*!!V/!"9#!.D$#/C#!3;!./7!/3H(3E$!$"(2E6."(3/?!

893$893476."(3/!3;!"9#!RS,!$EDE/("!."!D3"9!"9#!$#4(/#!WXY!./0!$#4(/#!WXZ!$("#$!($!

$()/(;(C./"67!)4#."#4!(/!"9#!$8(/.6!C340!3;!2(C#!J("9!KLK!C328.4#0!"3!A'L!C3/"436$*!!
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"#$!%&'(%&')*+,-.'/!,-!(0)./0!123!4,(!5'6/7!-'!80!9:;!&.<&0)!./!=>=!(%./,+!?')7(!

?'@%,)07!-'!AB>!?'/-)'+!@.?0!CDEFGFF$H!-I-0(-JCB.<G!KGK>HLJ!4&.+0!%&'(%&')*+,-.'/!

,-!-&0!(0)./0!129!(.-0!4,(!0+0M,-07!8*!3N;!CDEFGFF$H!-I-0(-JCB.<G!KGKOH=JG!!P&0!+0M0+(!

'5!-'-,+!"#$!%)'-0./!40)0!(+.<&-+*!)076?07!./!-&0!(%./,+!?')7!'5!=>=!@.?0!86-!-&0(0!

7.550)0/?0(!40)0!/'-!(.</.5.?,/-!CB.<G!KGKAH!BJG!

!

!"#"$%&'()*+,*-%(*../.+)%+(012+013'%1'%04*%,51'+.%(3)-,%36%787%91(*%%

P'!70-0)@./0!4&,-!@.<&-!,??'6/-!5')!-&0!./?)0,(07!%&'(%&')*+,-.'/!'5!"QL>!

)0?0%-')(!./!-&0!6/(-.@6+,-07!=>=!(%./,+!?')7H!40!,((0((07!-&0!%,--0)/(!'5!'/<'./<!

?0++6+,)!,?-.M.-*!./!-&0!(6%0)5.?.,+!7')(,+!&')/!'5!@.?0!4.-&!=>=!,/7!AB>!?'/-)'+(G!!

R(./<!-&0!%)'-0./!%)'76?-!'5!-&0!.@@07.,-0!0,)+*!<0/0!!"#$%!,(!,!@,)S0)!5')!?0++6+,)!

,?-.M.-*!CT6/-!0-!,+GH!$219JH!40!5./7!-&,-!./!-&0!,8(0/?0(!'5!,/*!/'U.'6(!(-.@6+,-.'/H!

BVW!0U%)0((.'/!.(!(.</.5.?,/-+*!&.<&0)!-&)'6<&'6-!-&0!7')(,+!&')/!'5!@.?0!4.-&!=>=!

?'@%,)07!-'!AB>!?'/-)'+(!C@0,/!=>=!BVWX!?0++(Y!$$:!±!2!M(G!AB>!BVWX!?0++(Y!:F±!3H!

DEFGFF$H!'/0I4,*!>"VZ>H!P6S0*!%'(-!&'?!-0(-J!CB.<G!KG[>IOH=JG!!!

P'!0(-,8+.(&!.5!,!+'((!'5!<+6-,@,-0!6%-,S0!?,%,?.-*!@.<&-!,??'6/-!5')!-&.(!

./?)0,(0!./!?0++6+,)!,?-.M,-.'/!./!-&0!7')(,+!&')/!'5!=>=!@.?0!40!,((0((07!BVW&

0U%)0((.'/!,5-0)!-)0,-./<!@.?0!4.-&!QWI$NKH!,!?'@%'6/7!-&,-!%)'@'-0(!<+6-,@,-0!

-),/(%')-0)!,?-.M.-*!CW&.@,7,!0-!,+GH!$222H!",S,<,4,!0-!,+GH!:FF$JG!\/!=>=!@.?0H!QWI

$NK!-)0,-@0/-!+0,7(!-'!,!(.</.5.?,/-!)076?-.'/!./!BVW!%'(.-.M0!?0++(!./!-&0!7')(,+!&')/!

?'@%,)07!-'!-&0!6/-)0,-07!=>=!(%./,+!?')7!C=>=!BVWX!?0++(Y!$$:!±!2!M(G!=>=]QW$NK!

BVWX!?0++(Y!99!±!1H!D^FGF[H!'/0I4,*!>"VZ>H!P6S0*!%'(-!&'?!-0(-J!CB.<G!KG[AILH=JG!BVW!

0U%)0((.'/!7'0(!&'40M0)H!)0@,./!(.</.5.?,/-+*!&.<&0)!./!-&0(0!@.?0!?'@%,)07!-'!
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"#$!%&'()&*+!,-$-./0123!4+5!"#$6!7895993:!-$-./0123!4+5!"#$./01236!7895916!

&';<=>?!$@AB$6!CDE;?!F&+(!G&%!(;+(H!,#IJ5!35K-H!+DJJ;+(I'J!(G>(!>LLI(I&'>*!M>%(&)+!

>*+&!%&'()IND(;!(&!(G;!;'G>'%;L!N>+>*!>%(I4>(I&'!&M!%;**+!I'!(G;!L&)+>*!G&)'!&M!-$-!

OI%;5!

!

"#$#%!&'(()(*+!*,-./*-.01!.1!+'23012'!-0!40+5*(.1!2-.5)(*-.01!

P;!';Q(!>++;++;L!G&=!%;**+!I'!(G;!L&)+>*!G&)'!&M!-$-!OI%;!);+F&'L!(&!I'(;'+;!

'&QI&D+!+(IOD*>(I&'!=I(G!M&)O>*I'5!!$+!;QF;%(;L6!"#$!%&'()&*!OI%;!+G&=!>!L)>O>(I%!

,>FF)&QIO>(;*?!K<M&*LH!I'%);>+;!I'!(G;!'DON;)!#A0!F&+I(I4;!%;**+!I'!(G;!+DF;)MI%I>*!

L&)+>*!G&)'!IF+I*>(;)>*!(&!M&)O>*I'!+(IOD*>(I&'!,#IJ5!352$6!%&OF>);!(&!#IJ5!35K$H5!R'!

%&'()>+(6!M&)O>*I'!+(IOD*>(I&'!()IJJ;)+!*I((*;!%G>'J;!I'!(G;!>%(I4>(I&'!&M!%;**+!I'!(G;!

L&)+>*!G&)'!&M!-$-!OI%;5!CG;);!I+!4I)(D>**?!'&!%G>'J;!I'!#A0!;QF);++I&'!%&OF>);L!(&!

N>+;*I';!*;4;*+!,#IJ5!352S6!%&OF>);!(&!#IJ5!35KSH5!CGD+6!I'!>J);;O;'(!=I(G!(G;I)!

N;G>4I&D)>*!FG;'&(?F;+6!"#$!%&'()&*!OI%;!>);!+IJ'IMI%>'(*?!O&);!);+F&'+I4;!>(!(G;!

%;**D*>)!*;4;*!>M(;)!M&)O>*I'!+(IOD*>(I&'!(G>'!OI%;!=I(G!-$-!,78959916!(<(;+(H!,#IJ5!

352"H5!!

!
"#$#6!7',+'*2'8!3902390+:(*-.01!04!;<7=!+','3-0+!2)>)1.-2!.1!-9'!23.1*(!

,0+8!04!?=?!5.,'!.1!+'23012'!-0!40+5*(.1!2-.5)(*-.01!

R'!(G;!>N+;'%;!&M!+(IOD*>(I&'6!-$-!OI%;!LI+F*>?!;'G>'%;L!%;**D*>)!>%(I4>(I&'!>'L!

FG&+FG&)?*>(I&'!&M!@T1!+DND'I(+5!!#&**&=I'J!M&)O>*I'!+(IOD*>(I&'!(G;?!N;%&O;!

G?F&);+F&'+I4;!N;G>4I&D)>**?!>'L!G>4;!*I((*;!%G>'J;!I'!(G;I)!F>((;)'+!&M!%;**D*>)!

>%(I4>(I&'5!CG;);M&);6!=;!';Q(!>++;++;L!G&=!FG&+FG&)?*>(I&'!&M!@/U$!);%;F(&)!

+DND'I(+!I+!>MM;%(;L!N?!M&)O>*I'!+(IOD*>(I&'!I'!-$-!OI%;5!!#&**&=I'J!M&)O>*I'!
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"#$%&'"(#!')%*%!"+!,!+"-#"."&,#'!/%&*%,+%!"#!')%!0)(+0)(*12,'"(#!,'!')%!+%*"#%!345!+"'%!

(.!')%!678!+9:9#"'!"#!')%!+0"#,2!&(*/+!(.!;<;!="&%!&(=0,*%/!'(!>?<!&(#'*(2+!

@ABCDCEFG!'H'%+'I!@?"-D!ED5<G>ID!A)(+0)(*12,'"(#!,'!')%!+%*"#%!34J!+"'%!(.!')%!678!

+9:9#"'!*%=,"#+!%2%K,'%/!"#!')%!;<;!+0"#,2!&(*/!,.'%*!.(*=,2"#!+'"=92,'"(#!:9'!"+!#(!

2(#-%*!+"-#"."&,#'21!/"..%*%#'!.*(=!')%!2%K%2+!+%%#!"#!>?<!&(#'*(2!="&%!@ABCD5CJG!'!

'%+'I!@?"-D!ED5L!,#/!ED5MID!N,O%#!'(-%')%*G!')%+%!*%+92'+!+9--%+'!'),'!"#!*%+0(#+%!'(!

"#'%#+%!#(P"(9+!+'"=92,'"(#G!"#)":"'(*1!+"-#,2"#-!0,')Q,1+!=,1!:%!%#-,-%/!=(*%!

*%,/"21!"#!;<;!="&%D!!!

!

!"#"$%&'()*+,-*.,'/%'0%0'()*+,/%(123'/212%,/%454%),61%%

M%&*%,+%/!-29',=,'%!'*,#+0(*'%*!%P0*%++"(#!&,#!:%!,++(&",'%/!Q"')!+"-#"."&,#'!

"#&*%,+%+!"#!,=:"%#'!-29',=,'%!2%K%2+!"#!')%!+0"#,2!&(*/!@R9#-!%'!,2DG!SCCEG!T",Q!%'!

,2DG!SCCFID!U"K%#!')%!*%/9&%/!2%K%2+!(.!-29',=,'%!'*,#+0(*'%*+!"#!;<;!="&%G!Q%!

)10(')%+"V%/!'),'!.(22(Q"#-!.(*=,2"#!+'"=92,'"(#G!2%K%2+!(.!%P'*,&%2292,*!-29',=,'%!

="-)'!:%!%2%K,'%/!+9.."&"%#'21!+(!'),'!0*%+1#,0'"&!"#)":"'(*1!=U297+!:%&(=%!

,&'"K,'%/!=(*%!*%,/"21!@W,=,=('(!%'!,2DG!SCCXG!Y(#%+!%'!,2DG!SCCFID!Z#&*%,+%/!

,&'"K,'"(#!(.!')%+%!"#)":"'(*1!0,')Q,1+!"#!;<;!="&%!&(92/!')%#!,&&(9#'!.(*!')%!2,&O!

(.!*%+0(#+"K%#%++!'(!.(*=,2"#!+'"=92,'"(#D!N(!"#K%+'"-,'%!')"+G!Q%!'*%,'%/!="&%!Q"')!

,#!=U297S[E!,#',-(#"+'G!TWHEX8X4F!0*"(*!'(!.(*=,2"#!"#$%&'"(#D!!N)%!#(&"&%0'"K%!

*%+0(#+%+!'(!.(*=,2"#!"#$%&'"(#!"#!;<;!="&%!*%&%"K"#-!TWHEX8X4F!Q%*%!

"#/"+'"#-9"+),:2%!.*(=!>?<!'*%,'%/!&(#'*(2+D!6(&"&%0'"K%!:%),K"(9*+!Q%*%!

#(*=,2"V%/!"#!;<;!="&%!&(=0,*%/!'(!>?<!&(#'*(2+!"#!:(')!0),+%+!(.!')%!.(*=,2"#!

*%+0(#+%!@A),+%!8\!ABCD83EG!'H'%+'I@A),+%!S\!ABCDE3JG!'H'%+'I!@?"-D!EDJ<HLID!
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"#!$%&'()!*+,*!*+%-%!%((%.*-!,&%!/%0',*%0!1)!,!0)-&%234,*'#5!#(!243*,/,*%!

*&,5-6#&*%&-!'5!7879!:%!,--%--%0!(#&/,4'5!&%-6#5-%-!,(*%&!*&%,*/%5*!:'*+!*+%!0&32!

;<=>?@A!B'C%!BD=@E>EF?9!*&%,*/%5*!:'*+!;<=>?@!:,-!(#350!*#!5#&/,4'G%!*+%!

1%+,$'#3&,4!&%-6#5-%!*#!(#&/,4'5!*#!*+,*!#(!HI8!.#5*&#4-!JK+,-%!>L!KMNA>?O9!*=*%-*P!

JK+,-%!QL!KMNAOOR9!*=*%-*P!JI'2A!@ASH=TPA!"+%-%!&%-34*-!0%/#5-*&,*%!*+,*!*+%!

0'/'5'-+%0!&%-6#5-'$%5%--!*#!(#&/,4'5!-*'/34,*'#5!'5!787!.,5!1%!,..#35*%0!(#&!1)!,!

0'-*3&1,5.%!'5!*+%!243*,/,*%!36*,C%!-)-*%/A!!!!

!

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

K&%$'#3-4)9!:%!+,$%!-+#:5!*+,*!/'.%!:'*+!787!%U+'1'*!,!&#13-*!,44#0)5',!'5!

&%-6#5-%!*#!,.3*%!,664'.,*'#5!#(!'55#.3#3-!.#40!,50!/%.+,5'.,4!-*'/34'!JV4%.+#:-C'!

%*!,4A9!QNNFPA!W%!+,$%!5#:!%U,/'5%0!+#:!*+%-%!/'.%!&%-6#50!*#!,!/#&%!6%&-'-*%5*!

,50!'5*%5-%!5#U'#3-!-*'/343-!3-'52!*+%!(#&/,4'5!/#0%4!#(!'5X3&)='503.%0!

-%5-'*'G,*'#5!JH#0%&&%!%*!,4A9!>FF@PA!Y5%U6%.*%04)9!/'.%!:'*+!787!:%&%!+)6#=

&%-6#5-'$%!'5!*+'-!/#0%49!%U+'1'*'52!-'25'('.,5*4)!4%--!5#.'.%6*'$%!1%+,$'#3&-!03&'52!

1#*+!6+,-%-!#(!*+%!&%-6#5-%A!W%!-+#:!*+,*!*+%!4,.C!#(!1%+,$'#3&,4!&%-6#5-%!*#!

(#&/,4'5!-*'/34,*'#5!'5!*+%-%!/'.%!.,5!1%!,..#35*%0!(#&!1)!,!0%.&%,-%0!%U6&%--'#5!

#(!*+%!243*,/,*%!*&,5-6#&*%&-9!788"=>!,50!788"=Q!'5!*+%!-6'5,4!.#&0A!!T%('.'*-!'5!

243*,/,*%!36*,C%!,&'-'52!(&#/!*+%!0#:5&%234,*'#5!#(!788"=>!,50!788"=Q!'5!787!

/'.%!:,-!6&%0'.*%0!*#!,44#:!%U.%--'$%!,/#35*-!#(!%U*&,.%4434,&!243*,/,*%!*#!

,..3/34,*%!,50!%52,2%!6&%-)5,6*'.!'5+'1'*#&)!/Z43[-!/#&%!&%,0'4)!,(*%&!(#&/,4'5!

-*'/34,*'#5A!\)!*&%,*'52!787!/'.%!:'*+!BD=@E>EF?9!,5!,5*,2#5'-*!(#&!'5+'1'*#&)!

2&#36!]]!/Z43[-9!#&!1)!6&#/#*'52!243*,/,*%!*&,5-6#&*%&!,.*'$'*)!:'*+!*+%!0&32!;<=
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"#$%!&'!&'('!)*+'!,-!.-(/)+01'!,2'!3-(/)+0.!('45-.4'!0.!676!/08'9!:/5-(,).,+;%!&'!

)+4-!42-&!,2),!0.!,2'!)*4'.8'!-3!.-<0-=4!4,0/=+),0-.%!,2'!450.)+!8-(>4!-3!676!/08'!

>045+);!40?.4!-3!-.?-0.?!8'++=+)(!)8,0@),0-.!).>!2;5'('<80,)*0+0,;!,2),!04!/'>0),'>!0.!

5)(,!*;!,2'!>'8(')4'>!+'@'+4!-3!677AB"!).>!677ABC9!A2'4'!30.>0.?4!2)@'!>0('8,!

0/5+08),0-.4!3-(!,2'!=.>'(+;0.?!8)=4'4!-3!.'=(-5),208!5)0.!0.!DE9!!!

A2'!?+=,)/),'!,().45-(,'(4!)('!0/5-(,).,!3-(!('?=+),0.?!,2'!+'@'+4!-3!

'<,()8'++=+)(!?+=,)/),'!),!,2'!4;.)54'9!F'8(')4'>!'<5('440-.!-3!,2'!?+=,)/),'!

,().45-(,'(4!2)4!*''.!-*4'(@'>!0.!5-4,!/-(,'/!4)/5+'4!3(-/!5),0'.,4!&0,2!DE!).>!

(),4!&0,2!676!GH2?-2!',!)+9%!CIIC%!J'(8'++0.-!',!)+9%!CIIK%!L)/5+0'?)!',!)+9%!CIIMN9!

O+=,)/),'!,().45-(,'(4!2)@'!)+4-!*''.!3-=.>!,-!*'!>'8(')4'>!0.!-,2'(!5),2-+-?0'4!

,2),!)('!)44-80),'>!&0,2!.'=(-5),208!5)0.!4=82!)4!)3,'(!450.)+!8-(>!).>!5'(052'()+!

.'(@'!0.P=(;!GA)-!',!)+9%!CII#N9!!E50.)+!8-(>!0.P=(;%!DE!).>!5'(052'()+!.'(@'!0.P=(;!

)('!)++!5),2-+-?0'4!)44-80),'>!&0,2!).!0.8(')4'>!0.3+)//),-(;!('45-.4'!0.!,2'!QRE9!

:.3+)//),0-.!).>!(')8,0@'!?+0-404!)('!('8-?.01'>!)4!0.,'?()+!5(-8'44'4!0.!,(0??'(0.?!

8'.,()+!4'.40,01),0-.!).>!.'=(-5),208!5)0.!GS),T0.4!',!)+9%!CII"%!D-)+'/!).>!

A()8';%!CIIU%!E82-+1!).>!S--+3%!CIIKN9!:.3+)//),-(;!8;,-T0.'4!)('!)+4-!T.-&.!,-!

0.3+='.8'!?+=,)/),'!,().45-(,'(!'<5('440-.!!"#$!%&'!GA0++'=<!).>!V'(/).4%!CIIKN9!

L('@0-=4+;%!&'!2)@'!>'/-.4,(),'>!,2),!/08'!&0,2!676!42-&!40?.0308).,!0.8(')4'4!0.!

,2'!(')8,0@0,;!-3!/08(-?+0)W/)8(-52)?'4!)+-.?!&0,2!20?2!.=/*'(4!-3!AB8'++4!0.!,2'!

>-(4)+!2-(.!-3!,2'!450.)+!8-(>!'@'.!),!,2'!')(+0'4,!4,)?'4!-3!>04')4'!GH+'82-&4T0!',!

)+9%!CIIXN9!O0@'.!,2),!,2'4'!8'++!,;5'4!)('!)!/)P-(!4-=(8'!3-(!/).;!-3!,2'!8;,-T0.'4!

T.-&.!,-!0.3+='.8'!,().45-(,'(!'<5('440-.!).>!,()3308T0.?%!0,!04!)+4-!+0T'+;!,2),!,204!
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"#$%&!'()%#**#+,$&!$"-.,(-"!'(!+/"!0,$-#%!/,$(!1#(!#11,2(+!),$!+/"!0,3($"42%#+',(!

,)!566789!#(0!56678:!,;-"$<"0!/"$"=!!

6!./&-',%,4'1#%!1,(-">2"(1"!,)!0"1$"#-"0!4%2+#*#+"!+$#(-.,$+"$!"?.$"--',(!

'(!565!*'1"!3,2%0!;"!#(!"%"<#+',(!'(!#*;'"(+!"?+$#1"%%2%#$!4%2+#*#+"!%"<"%-!#+!+/"!

-&(#.-"=!@,--!,)!+/"-"!+$#(-.,$+"$-!1,2%0!#%-,!%"#0!+,!A-.'%%,<"$B!,)!4%2+#*#+"!'(+,!

("#$;&!,$!#0C#1"(+!-&(#.-"-!#(0!+/"!#1+'<#+',(!,)!0'-+#(+!1"%%-=!D-'(4!EFG!#-!#!

*#$H"$!,)!1"%%2%#$!#1+'<#+',(I!3"!)'(0!+/#+I!"<"(!'(!+/"!#;-"(1"!,)!(,?',2-!

-+'*2%#+',(I!*'1"!3'+/!565!/#<"!#!/'4/!%"<"%!,)!,(4,'(4!1"%%2%#$!#1+'<'+&!+/#+!'-!

0'-+$';2+"0!+/$,24/,2+!+/"!0,$-#%!/,$(!,)!+/"!-.'(#%!1,$0=!7/'-!.#++"$(!,)!#1+'<'+&!

1,2%0!;"!-'4(')'1#(+%&!$"021"0!),%%,3'(4!+$"#+*"(+!3'+/!JG89KLI!#!1,*.,2(0!+/#+!

.$,*,+"-!4%2+#*#+"!2.+#H"!#1+'<'+&!MG/'*#0#!"+!#%=I!9NNNI!O#H#4#3#!"+!#%=I!:PP9Q=!

R/'%"!JG89KL!1,2%0!$"021"!+/"!%"<"%-!,)!EFG!"?.$"--',(!1,*.#$"0!+,!2(+$"#+"0!565!

*'1"I!EFG!"?.$"--',(!3#-!-+'%%!-'4(')'1#(+%&!"%"<#+"0!'(!565!*'1"!+$"#+"0!3'+/!JG8

9KL!1,*.#$"0!+,!SE6!1,(+$,%-=!7/'-!-244"-+-!+/#+!#00'+',(#%!)#1+,$-!#%-,!1,(+$';2+"!

+,!+/"!,(4,'(4!1"%%2%#$!#1+'<#+',(!'(!+/"!0,$-#%!/,$(!,)!565!*'1"=!7/"!*,-+!%'H"%&!

-,2$1"!),$!+/"-"!-'4(#%-!'-!+/"!/'4/!%"<"%!,)!$"#1+'<"!4%',-'-!#(0!'()%#**#+',(!),2(0!

'(!+/"!-2."$)'1'#%!0,$-#%!/,$(!,)!565!*'1"=!T"#1+'<"!4%'#!#(0!'()%#**#+,$&!1"%%-!1#(!

$"%"#-"!#!(2*;"$!,)!*"0'#+,$-I!'(1%20'(4!4%2+#*#+"I!3/'1/!1,2%0!'(1$"#-"!+/"!

"?1'+#;'%'+&!#(0!#1+'<#+',(!,)!("2$,(-!'(!+/"!-.'(#%!1,$0!MR#+H'(-!"+!#%=I!:PP9I!7'%%"2?!

#(0!U"$*#(-I!:PPVQ=!7/"!/'4/!0"4$""!,)!;#-#%!#1+'<'+&!*'4/+!#%-,!#11,2(+!),$!+/"!

"(/#(1"0!./,-./,$&%#+',(!,)!OJW6!$"1".+,$!-2;2('+-!-""(!'(!+/"-"!*'1"!.$',$!+,!

(,?',2-!-+'*2%#+',(=!7/'-!/'4/!0"4$""!,)!"?1'+#;'%'+&!#(0!#1+'<#+',(!-244"-+-!#!%'H"%&!

*"1/#('-*!),$!+/"!/&."$-"(-'+'<'+&X#%%,0&('#!,;-"$<"0!'(!+/"-"!#('*#%-!'(!
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"#$%&'$#!(&!)*+(#,-!.#,/0#"#.!/''&*+&+$!$(/1+,/!23,#*4&5$6/!#(!),78!9::;<7!!=4/,#!

*4)'>#$!/'!(4#!$#'$/(/0/(-!&?!%#"/%4#"),!'&*/*#%(&"$!*)'!'&(!@#!#A*,+.#.!)$!)!

%&(#'(/),!1#*4)'/$1!1#./)(/'>!(4#$#!#??#*($8!5#!4)0#!%"#0/&+$,-!$4&5'!(4)(!)(!(4/$!

#)",-!$()>#!&?!(4#!./$#)$#!(4#"#!)"#!'&!$/>'/?/*)'(!*4)'>#$!/'!(4#!,#0#,$!&?!)??#"#'(!

.#"/0#.!BCDE!&"!>),)'/'!/'!(4#!.&"$),!4&"'!23,#*4&5$6/!#(!),78!9::;<7!F(!/$!(4#"#?&"#!

+',/6#,-!(4)(!),(#")(/&'$!/'!(4#!*&'(#'(!&?!%#"/%4#"),,-!.#"/0#.!'#+"&1&.+,)(&"$!)"#!

1#./)(/'>!(4#$#!#??#*($7!

F'!*&'(")$(8!1/*#!5/(4!GHG!)"#!4-%&"#$%&'$/0#!?&,,&5/'>!%#"$/$(#'(8!/'(#'$#!

'&A/&+$!$(/1+,)(/&'!5/(4!?&"1),/'7!F'(#"#$(/'>,-8!(4/$!@#4)0/&+"),!%"&?/,#!1/>4(!),$&!

@#!)**&+'(#.!?&"!@-!(4#!,&$$!&?!>,+()1)(#!(")'$%&"(#"!#A%"#$$/&'!/'!(4#$#!1/*#7!

I(+./#$!+$/'>!')J0#8!).+,(!")($!4)0#!$4&5'!(4)(!?&"1),/'!"#$%&'$#$!*)'!@#!

$/>'/?/*)'(,-!)((#'+)(#.!?&,,&5/'>!)'(/$#'$#!6'&*6.&5'!&?!GHHKL9!2M/#.#"@#">#"!#(!

),78!9::N<7!F(!4)$!@##'!%&$(+,)(#.!(4)(!+'.#"!*&'./(/&'$!)$$&*/)(#.!5/(4!)!")%/.!

/'*"#)$#!/'!>,+()1)(#!"#,#)$#!?"&1!%"/1)"-!)??#"#'($!2$+*4!)$!)?(#"!?&"1),/'!

$(/1+,)(/&'<8!(4)(!@,&*6).#!&"!,&$$!&?!(")'$%&"(#"!#A%"#$$/&'!1)-!"#$+,(!/'!)'!

#,#0)(/&'!/'!(4#!,#0#,$!&?!#A(")*#,,+,)"!>,+()1)(#!$+??/*/#'(,-!$&!(4)(!/(!@#>/'$!(&!)*(!

+%&'!/'4/@/(&"-!%"#$-')%(/*!1C,+D$!2O)6/!#(!),78!P;;Q8!M/#.#"@#">#"!#(!),78!9::N<7!F(!

/$!5#,,!#$()@,/$4#.!(4)(!)>&'/$($!?&"!%"#L$-')%(/*8!/'4/@/(&"-!1C,+D9RN!"#*#%(&"$!

*)'!$+%%"#$$!?&"1),/'!"#$%&'$#$!)'.!(4#$#!#??#*($!*)'!@#!"#0#"$#.!@-!(4#!)'()>&'/$(!

STLNQPQ;U!2I/11&'$!#(!),78!9::98!V&'#$!#(!),78!9::U<7!F'!GHG!1/*#8!(4#!,&$$!&?!

>,+()1)(#!(")'$%&"(#"!#A%"#$$/&'!*&+%,#.!5/(4!(4#!$+">#!&?!)??#"#'(!.#"/0#.!

>,+()1)(#!?&,,&5/'>!?&"1),/'!1/>4(!,#).!(&!#,#0)(/&'$!/'!(4#!,#0#,$!&?!#A(")*#,,+,)"!

>,+()1)(#!$+*4!(4)(!(4#$#!/'4/@/(&"-!"#*#%(&"$!)"#!#'>)>#.!1&"#!"#)./,-7!K4#$#!
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/*0(!X*2?!(=>(-*/($2#'!#.2&*//.$(!($0(>?#'&/@('*2*)!5YLY9B!J-#*$!J(?#;!

Z//.$!6FA8]^^G8]SSB!

".):-#;(!I,!V'(0?&X)Q*!1\,!O(--!J\!56788T9!M(#-$*$:!$(X!2-*0Q)!<-&/!#$!&'%!%&:A!

.)*$:!(=>(-*/($2#'!#.2&*//.$(!($0(>?#'&/@('*2*)!2&!)2.%@!0&/&-T*%!

)@/>2&/)!*$!/.'2*>'(!)0'(-&)*)B!U#*$!"#$#:(/($2!8AF^8GF^]B!

VQ#%#!O,!_#/#)?*2#!`,!I).a*!D!5677F9!"&%.'#2*&$!&<!C#5b9G%(>($%($2!:'.2#/#2(!

2-#$)>&-2(-!&<!/.-*$(!#)2-&0@2()!T@!*$<'#//#2&-@!/(%*#2&-)B!\!`&(?!6^A8]8G

8^7B!

V'(0?&X)Q*!1\,!U#-/#-!L,!"*''(-!J,!D2(>?#$!\,!I($&-*&!+,!I-#$!O,!M(*:?2&$!\,!O(--!J\!

567879!L!%*/*$*)?(%!-()>&$)(!2&!<&-/#'*$!)2*/.'#2*&$!-(;(#')!#!-&'(!<&-!2?(!
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"#$%&'&%(!%)&*+,-)%()+!.*!%/(!&#%()(0!,&.*!+(*+.%.1.%2!-3!'.4(!5.%/!

(6,().'(*%&#!&$%-.''$*(!(*4(,/&#-'2(#.%.+!7898:;!<&.*!=>?@ABACADE;!

F#(4/-5+G.!HIJ!K)$-*"!IIJ!L())!MI!7ENN?:!O($)-,&%/.4!,&.*!P(/&1.-$)+!.*!&!4/)-*.4C

)(#&,+.*"!'-0(#!-3!(6,().'(*%&#!&$%-.''$*(!(*4(,/&#-'2(#.%.+!7898:;!<&.*!

=>=@=ABC=B>;!

F+%()P()"!9J!M-.1.(!IJ!K/$-'&+!L9!7ENNA:!H(*%)&#!,&.*!.*!'$#%.,#(!+4#()-+.+CC

,)(1&#(*4(!&*0!4#.*.4&#!4/&)&4%().+%.4+;!8$)!I!<&.*!?@AQ=CA>E;!

F5(*+!KJ!R).)&'!R!7=??A:!K/(!.''$*-#-"2!-3!'$#%.,#(!+4#()-+.+!&*0!.%+!&*.'&#!

'-0(#J!(6,().'(*%&#!&##()".4!(*4(,/&#-'2(#.%.+;!O($)-#!H#.*!=Q@A=CDQ;!

<&',#.("&!FJ!S-'()4T!UJ!V.##-+#&0&!<J!R(,$#4)(!IJ!W-0)."$(XC9*%."$(0&0!9J!U&%$%(!H!

7ENNY:!9++-4.&%.-*!-3!&*!899KE!,-#2'-),/.+'!5.%/!/."/()!"#$%&'&%(!

4-*4(*%)&%.-*!.*!)(#&,+.*"!'$#%.,#(!+4#()-+.+;!I!O($)-.''$*-#!=?A@=?>C=?Y;!

<-##&G!ZJ!F).-*!8J![-+/(*!\J!F1&0.&!]J!Z.)'.2&!W!7ENNE:!86,().'(*%&#!&$%-.''$*(!

(*4(,/&#-'2(#.%.+C&++-4.&%(0!P(/&1.-)&#!+2*0)-'(!&+!&!'-0(#!-3!^0(,)(++.-*!

0$(!%-!'$#%.,#(!+4#()-+.+^;!M)&.*!M(/&1!\''$*!=B@AQQCA>Q;!

<-##&G!ZJ!F1&0.&!]J!F).-*!8J!_(.0(*3(#0!IJ!Z.)'.2&!W!7ENNQ:!K/(!898C&++-4.&%(0!

P(/&1.-)&#!+2*0)-'(@!\;!K(',-)&#!4-))(#&%.-*!5.%/!.*3#&''&%-)2!'(0.&%-)+;!I!

O($)-.''$*-#!=QD@?>C??;!

W&'-+!LUJ!`(5.+!UKJ!U-)"&*!LOJ!H)2+0&#(!OZJ!L)-##!I`J!K&2#-)!aWJ!]&)).+-*!I9J!

R#-&*(!8UJ!U&.()!RaJ!_&%G.*+!`W!7EN=N:!R,.*&#!$,)("$#&%.-*!-3!"#$%&'&%(!

%)&*+,-)%()![`KC=!P2!4(3%).&6-*(@!%/()&,($%.4!(33.4&42!.*!&!)&*"(!-3!

(6,().'(*%&#!*()1-$+!+2+%('!0.+-)0()+;!O($)-+4.(*4(!=B?@=YYYC=?NN;!
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"#$%&$'()!*+,!-.$'/!0,!"'1.)!2",!3.')11'/(!4,!35.)1!63,!7'81/'&!+9,!*()!:,!+;<'&!

3#='81!2,!>(?')&<;!0,!4%5)1!+0,!@#.)!0>,!785(A)!:B,!05!CC,!D5E$.!-,!F(&%'8!-7!

GHIIJK!7'$.L/.M$.N!.)$(=(#$(M&!#OO'8!)'58#E8#$'M$(#)!=;!()M8'.&()1!1/5$.N.$'!

$8.)&E#8$'8!'PE8'&&(#)Q!R.$58'!STTUVTLVVQ!

0.5W'!6,!D.(//.8?!F!GXYYJK!"'1')'8.$(#)!()!$%'!>(&5./!0;&$'N!#O!Z?5/$!2.NN./&Q!B)U!

['=W(&(#)U!@%'!\81.)(].$(#)!#O!$%'!"'$().!.)?!>(&5./!0;&$'NG^#/=,!3Q!'$!./Q,!

'?&K!0./$!:.<'!4($;!G_@KQ!

0#/.8#!4,!_MM'//(!22!GHIXXK!2.).1'N')$!#O!E.()!()!N5/$(E/'!&M/'8#&(&U!.!

E%.8N.M#/#1(M./!.EE8#.M%Q!R.$!"'W!R'58#/!VUJXYLJHVQ!

05/<#`&<(!D,!+.=8#`&<.L7#5$.!7,!^`(.$<#`&<.L-.$]'8!7,!0$85];)&<.!:!GHIIYK!

Z/$'8.$(#)&!()!1/5$.N.$'!$8.)&E#8$!.)?!18#5E!B!N'$.=#$8#E(M!1/5$.N.$'!

8'M'E$#8&!()!$%'!8.$!=8.()!?58()1!.M5$'!E%.&'!#O!'PE'8(N')$./!.5$#(NN5)'!

')M'E%./#N;'/($(&Q!F#/(.!R'58#E.$%#/!SVUTHYLTTVQ!

05)1!7,!:(N!D,!2.#!*!GHIITK!Z/$'8'?!'PE8'&&(#)!.)?!5E$.<'!.M$(W($;!#O!&E()./!

1/5$.N.$'!$8.)&E#8$'8&!.O$'8!)'8W'!()A58;!M#)$8(=5$'!$#!$%'!E.$%#1')'&(&!#O!

)'58#E.$%(M!E.()!()!8.$&Q!*!R'58#&M(!HTUHaYYLHYXIQ!

0W')?&')!^7,!*')&')!@0,!3.)&')!3*,!7.M%!F[!GHIIJK!0')&#8;!O5)M$(#)!.)?!b5./($;!#O!

/(O'!()!E.$(')$&!`($%!N5/$(E/'!&M/'8#&(&!.)?!E.()Q!-.()!XXSUSVTLSaXQ!

0W')?&')!^7,!*')&')!@0,!\W'8W.?!^,!3.)&')!3*,!^#M%L3')8(<&')!R,!7.M%!F[!GHIITK!

-.()!()!E.$(')$&!`($%!N5/$(E/'!&M/'8#&(&U!.!E#E5/.$(#)L=.&'?!&$5?;Q!Z8M%!

R'58#/!cIUXIaYLXIYSQ!
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"#$!%&'!()!*'!+,-./-01!23'!*45!67889:!2$;-!$<!1.=0#;!>$4?!@;),#A#,-!,4#01.$4,-4!

?)4=0@!0$4A#;!1-01$4B!,4#01A=11=$0!#0?!.#,/$;$@=>#;!.#=0!1,#,-15!C$;!D#=0!

EFG85!

H-4>-;;=0$!C'!C-4$;#!I'!D=#>-0,=0$!J'!H$,,#!K'!J#.-;;$!L'!C#0>#4?=!(3'!C),#0=!2'!

(=$4?#0#!C"'!J#M#;;#!D!6788N:!I;,-4-?!@;),#A#,-!4-).,#O-!=0!4-;#.1=0@P

4-A=,,=0@!#0?!1->$0?#4B!.4$@4-11=M-!A);,=.;-!1>;-4$1=1!>$4,-QF!>$44-;#,=$0!

R=,/!A=>4$@;=#!=0<=;,4#,=$0'!?-AB-;=0#,=$0'!#0?!0-)4$0#;!#0?!1B0#.,=>!

?#A#@-5!*!S-)4$.#,/$;!LQ.!S-)4$;!TTFNG7PNGU5!

V#0@!"'!S#@#=!W'!K$)?#!X'!C#,1))4#!+'!"#O#$O#!%'!S=R#!+'!W$AA#!"'!"#0#O#!W'!

+/)?$!X!67888:!L<<->,!$<!1-;->,=M-!Y3PT!=0/=Z=,$4!IAP[8!$0!-Q.-4=A-0,#;!

#),$=AA)0-!-0>-./#;$AB-;=,=1!=0!\I!4#,15!I>,#!D/#4A#>$;!+=0!7EFUTNPUNT5!

]=-/0!C^'!IM-?=1=#0!II'!"=R#4=PV$$?4)<<!+'!H$1O)/;!22!678E8:!W=..$>#A.#;!JIE!

#,4$./B!#0?!1B0#.,=>!;$11!?)4=0@!-Q.-4=A-0,#;!#),$=AA)0-!

-0>-./#;$AB-;=,=1'!LIL5!3#Z!Y0M-1,!U8FNN_PN[T5!

]$)!&'!3=0!`'!V=;;=1!V\!67888:!L0/#0>-?!./$1./$4B;#,=$0!$<!SC\I!4->-.,$4!E!

1)Z)0=,1!=0!1.=0#;!>$4?!?$41#;!/$40!#0?!1.=0$,/#;#A=>!,4#>,!0-)4$01!#<,-4!

=0,4#?-4A#;!=0a->,=$0!$<!>#.1#=>=0!=0!4#,15!*!S-)4$1>=!78FTU[UPTUUN5!
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!"#$%&'&()*$+,-./--,0'$$

"#$%&'(!)*'&!'&!+,-.')-/!0(-/$%1'1!2+03!'1!&%4!$/(%5&'6/7!*1!*!8*9%$!1:8).%8!%;!

.#/!7'1/*1/!20</&71/&!/.!*-=>!?@@A>!0</&71/&!/.!*-=>!?@@B3=!C-.#%,5#!.#/$/!*$/!*!

<*$'/.:!%;!)*'&!(%&7'.'%&1!*11%('*./7!4'.#!+0>!&/,$%)*.#'(!)*'&!'1!.#/!-/*1.!

,&7/$1.%%7!*&7!.#/!8%1.!7';;'(,-.!.%!.$/*.!20</&71/&!/.!*-=>!?@@B3=!C-%&5!4'.#!

&/,$%)*.#'(!)*'&!1:8).%81>!(%5&'.'</!7:1;,&(.'%&!'1!*-1%!'7/&.';'/7!*1!*!8*9%$!

1:8).%8!%;!+0!2D/$$/'$*>!?@E@3=!!F#/!8/(#*&'181!G/#'&7!G%.#!&/,$%)*.#'(!)*'&!

1.*./1!*&7!(%5&'.'</!7:1;,&(.'%&!'&!+0!*$/!G%.#!*$/*1!4#/$/!G*1'(!$/1/*$(#!*&7!

'&;%$8*.'%&!'1!8'&'8*-=!!F#/!(,$$/&.!/H)/$'8/&.1!;%(,1/7!%&!(#*$*(./$'6'&5!

&/,$%)*.#'(!)*'&!G/#*<'%,$1!*&7!(%5&'.'</!7:1;,&(.'%&!'&!*&!*((/)./7!8%,1/!8%7/-!

%;!+0!+IJABKBB!LCL=!0'8'-*$!.%!)*'&!1/&1'.'<'.:!2*--%7:&'*3!.#*.!*$/!$/)%$./7!'&!+0!

)*.'/&.1!20</&71/&>!M/&1/&!/.!*-=!?@@B3>!'.!4*1!%G1/$</7!.#*.!.#/!+IJABKBB!*&'8*-!

8%7/-!%;!LCL!7%/1!$/1,-.!'&!1/&1%$:!)$%(/11'&5!*G&%$8*-'.'/1!9,1.!)$'%$!.%!*&7!*.!

7'1/*1/!%&1/.!2"#*)./$!?3=!!N.!4*1!*-1%!;%,&7!.#*.!.#/!+IJABKBB!8%7/-!%;!LCL!

)$%7,(/1!(%5&'.'</!7/;'('.1!*1!'&7'(*./7!G:!.#/!OIP!./1.!.#*.!*$/!)$/1/&.!9,1.!G/;%$/!

*&7!*.!7'1/*1/!%&1/.!2"#*)./$!Q3=!!F#/!%G1/$</7!(#*&5/1!'&!1/&1%$:!*&7!(%5&'.'</!

G/#*<'%,$!4/$/!%G1/$</7!4#/&!(#*&5'&5!.#/!*79,<*&.!(%&(/&.$*.'%&1!.#*.!'&!.,$&!

)$%7,(/7!.#$//!7';;/$/&.!1/</$'.'/1!%;!.#/!7'1/*1/>!1,55/1.'&5!.#*.!.#/!1/&1%$:!*&7!

(%5&'.'</!(#*&5/1!*$/!'&7/)/&7/&.!%;!7'1/*1/!1/</$'.:!2"#*)./$!Q3=!D,$.#/$!

/H)/$'8/&.1!4/$/!)/$;%$8/7!.%!7/./$8'&/!.#/!8/(#*&'181!G/#'&7!.#/!%G1/$</7!

(#*&5/1!'&!1/&1%$:!*&7!(%5&'.'</!;,&(.'%&!'&(-,7'&5!'&</1.'5*.'&5!.#/!$%-/!%;!.#/!

5-,.*8*./!.$*&1)%$./$1=!!N.!4*1!7/./$8'&/7!.#*.!*!7/($/*1/!'&!5-,.*8*./!.$*&1)%$./$!

*(.'<'.:!(%&.$'G,./1!.%!7:1;,&(.'%&*-!1/&1%$:!)$%(/11'&5!'&!.#/!8%,1/!+IJABKBB!LCL!
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"#$%&!'()*+,%-!./0!1*-2%,342!*4$!345-%*6342!,)%!*5,373,8!#9!2&:,*"*,%!,-*46+#-,%-!

*5,373,8!34!,)%6%!"35%!:6342!,)%!$-:2!5%9,-3*;#4%!-%6:&,%$!34!,)%!4#-"*&3<*,3#4!#9!

6%46#-8!*4$!5#243,37%!5)*42%6!34!,)36!$36%*6%!"#$%&!*,!$36%*6%!#46%,!'()*+,%-!=/0!

1)%!-%6:&,6!9-#"!,)%6%!%;+%-3"%4,6!7*&3$*,%!,)%!:6%!#9!,)%!"#:6%!>?@.ABAA!CDC!

"#$%&!,#!:6%!9#-!6,:$8342!6%46#-8!*4$!5#243,37%!5)*42%6!34!*!&*E#-*,#-8!6%,,3420!

F:-,)%-"#-%G!,)%!-%6:&,6!6:22%6,!,)*,!,)%!2&:,*"*,%!,-*46+#-,%-!686,%"!"*8!E%!*4!

3$%*&!,*-2%,!9#-!,-%*,"%4,!#9!,)%6%!5)*42%6!34!+*,3%4,6!6:99%-342!9-#"!63"3&*-!6%46#-8!

*4$!5#243,37%!$%9353,60!!

 

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

1)%!#E6%-7*,3#46!34!,)36!,)%636!H3&&!5#4,-3E:,%!,#!,)%!:4$%-6,*4$342!#9!,)%!

"%5)*436"6!E%)34$!6%46#-8!5)*42%6!*4$!5#243,37%!$%9353,6!34!,)%!CDC!"#$%&!#9!>I0!

J#H%7%-G!":5)!-%"*346!,#!E%!$365#7%-%$0!1)%!5)*42%6!34!6%46#-8!+-#5%66342!H%-%!

5)*-*5,%-3<%$!:6342!5&*6635G!H%&&B%6,*E&36)%$!,%6,6!#9!4#535%+,37%!9:45,3#43420!!?,)%-!

2-#:+6!)*7%!&##K%$!*,!6%46#-8!5)*42%6!34!,)%!CDC!"#$%&!:6342!,)%!6*"%!,%6,6!*4$!

H3,)!63"3&*-!934$3426!34!E#,)!-*,6!*4$!"35%!'L*"#6!%,!*&0G!MNONG!1)3E*:&,!%,!*&0G!MNOOG!

P:!%,!*&0G!MNOM/0!!1)%!CDC!$36%*6%!+-#93&%6!E%,H%%4!,)%!2-#:+6!H%-%!$399%-%4,!*6!*!

-%6:&,!#9!5)*42%6!34!5#45%4,-*,3#4!#9!,)%!>?@!+-#,%34!:6%$!,#!34$:5%!,)%!$36%*6%G!

*48H)%-%!E%,H%%4!AN!,#!MNN!Q20!D4!345-%*6%!34!>?@!2%4%-*&&8!-%6:&,6!34!*!"#-%!

6%7%-%!$36%*6%!+-#93&%0!R,!H*6!34,%-%6,342!,#!6%%!,)*,!,)%!$36%*6%!6%7%-3,8!$3$!4#,!

%99%5,!,)%!#46%,!#9!*&&#$843*!34!,)%!CDC!"#$%&!E%,H%%4!$399%-%4,!6,:$3%60!!1)36!

6:++#-,6!,)%!934$3426!,)*,!,)%!$%7%&#+"%4,!#9!+*34!E%)*73#:-6!*-%!34$%+%4$%4,!#9!
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;8;!0#:%<!&1),./9,!./(!1&=!+&$!-.)!&=1%!).!(%41#:&)%!),%$%!>#-"#-9$!28#:,%(!%)!&17<!

?@@5<!A/!%)!&17<!?@B?67!C-%!"#>>%(%-:%!+&$!),&)!+%!.-1*!1..D%"!>.(!:,&-9%$!#-!

(%$4.-$%!).!,%&)!&441#:&)#.-!#-!),%!,#-"!4&+<!+,%(%&$!.),%(!9(./4$!),&)!>./-"!&-!

#-:(%&$%!#-!,%&)!$%-$#)#'#)*!(%4.()%"!#)!#-!),%!)&#1!28#:,%(!%)!&17<!?@@567!E%:%-)1*!&!

9(./4!4/=1#$,%"!>#-"#-9$!),&)!#-!),%!;8;!0."%1!),%(%!+&$!.-$%)!.>!),%(0&1!

,*4%(&19%$#&!#-!),%!,#-"4&+!.'%(!),%!"#$%&$%!:./($%!2A/!%)!&17<!?@B?67!!F,%-!;8;!

+&$!#-"/:%"!#-!GHAIH!0#:%<!,*4%(&1%9%$#&!+&$!4(%$%-)!&)!"#$%&$%!.-$%)!),(./9,!4%&D!

.>!),%!"#$%&$%<!+,%(%&$!+,%-!#-"/:#-9!;8;!#-!3JKILAIM!0#:%!#)!+&$!.-1*!4(%$%-)!&)!

),%!:,(.-#:!4,&$%!.>!),%!"#$%&$%7!!N,#$!#$!#-)%(%$)#-9!=%:&/$%!+%!"#"!-.)!4#:D!/4!

),%$%!:,&-9%$!#-!./(!3JKILAIM!0#:%7!N,#$!:./1"!=%!=%:&/$%!),%!>/(),%$)!+%!>.11.+%"!

./(!0#:%!+&$!?O!"&*$!4.$)!"#$%&$%!#-"/:)#.-!&-"!),#$!9(./4!$&+!),%!"%'%1.40%-)!.>!

&=-.(0&1!(%$4.-$%$!).!,%&)!&441#:&)#.-!=%9#--#-9!&)!),%!P@!"&*!0&(D7!!Q)!+./1"!=%!

#-)%(%$)#-9!).!>.11.+!./(!;8;!:.,.()$!>.(!&!1.-9%(!)#0%!4%(#."!).!$%%!#>!&-*!:,&-9%$!

#-!),%(0&1!$%-$#)#'#)*!"%'%1.47!!

3,&-9%$!#-!$%-$.(*!>/-:)#.-!,&'%!=%%-!1..D%"!&)!#-!),%!NR;S!0."%1!.>!RG7!

C-$%)!.>!0%:,&-#:&1!&11."*-#&!&-"!.-$%)!.>!),%(0&1!,*4%(&19%$#&!+%(%!(%4.()%"7!

F,&)!#$!#-)%(%$)#-9!&=./)!),#$!$)/"*!#$!),&)!),%*!>./-"!&!"#>>%(%-:%!#-!),%!

"%'%1.40%-)!.>!4&#-!=%,&'#./($!=%)+%%-!0&1%!&-"!>%0&1%!0#:%!2A*-:,!%)!&17<!?@@O67!!

N,%!:,&-9%$!#-!$%-$.(*!>/-:)#.-!#-!&-#0&1!0."%1$!.>!RG!&44%&(!).!,&'%!"#>>%(%-)!

4(.>#1%$!"%4%-"#-9!.-!+,#:,!0."%1!#$!/$%"!&-"!+,&)!)*4%!.>!9%-%)#:!=&:D9(./-"!),%!

0#:%!&(%7!T/(),%(!(%$%&(:,!-%%"$!).!=%!".-%!).!:,&(&:)%(#U%!),%!$%-$.(*!:,&-9%$!
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a b s t r a c t

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS).
While the primary symptoms of MS are losses of sensory and motor functions, it is now recognized that
chronic pain is also a major concern affecting between 50% and 80% of MS patients. To date, however, few
studies have examined the underlying mechanisms of chronic pain in MS or in the animal model, exper-
imental autoimmune encephalomyelitis (EAE), which shares many features of MS pathology. We, there-
fore, set out to characterize the changes in pain sensitivity that arises in a chronic-relapsing model of
EAE. We show here that female C57BL/6 mice immunized with myelin oligodendrocyte glycoprotein
(MOG35–55) develop a robust allodynia to both cold and tactile stimuli. Allodynia emerges early in the
disease process, often before any signs of neurological deficit and is independent of the overall symptom
severity in these mice. ‘‘Classical” cellular substrates for neuropathic pain and allodynia such as altered
expression of sensory neuropeptides in the dorsal horn of the spinal do not appear to underlie these
changes in sensory function. There is, however, a significant influx of CD3+ T cells and increased astrocyte
and microglia/macrophage reactivity in the superficial dorsal horn of mice with MOG35–55 EAE. This sug-
gests that inflammation and reactive gliosis may be key mediators of allodynia in MOG35–55 EAE similar
to peripheral nerve and spinal cord injury models. Taken together, our results show that the MOG35–55

EAE model is a useful tool to study neuropathic pain in MS.
! 2008 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Chronic pain is a common, but little understood symptom asso-
ciated with the autoimmune disease Multiple Sclerosis (MS)
[2,6,29,37]. It has been estimated that approximately 50–80% of
MS sufferers experience clinically significant pain at some point
in the course of their disease [31]. Neuropathic pain, which arises
due to lesions or dysfunction in the central nervous system
(CNS), is the most prevalent and difficult to treat pain syndrome
seen in MS patients [36]. However, studies focused on identifying
the underlying mechanisms of neuropathic pain associated with
MS are lacking.

Experimental autoimmune encephalomyelitis (EAE) is an ac-
cepted animal model of MS that shares many features of the
pathology seen in MS patients, including widespread CNS inflam-
mation, demyelination and locomotor impairments [3,32,35]. EAE
can be induced in genetically susceptible mouse strains by immu-
nization with small fragments of myelin antigens such as myelin

basic protein 84–104 (MBP84–104); proteolipid protein 139–151
(PLP139–151); or myelin oligodendrocyte glycoprotein 35–55
(MOG35–55) [5]. Depending on the strain of mouse and myelin anti-
gen used, different disease courses can be modeled that reflect the
differences in symptom progression often observed in human MS.
While EAE has been used effectively to study the classical neuro-
logical deficits associated with MS such as locomotor dysfunction
and paralysis, there is limited data on the specific changes in
somatosensory processing that occur in the model.

A recent study has described altered pain behaviours in a
relapsing–remitting form of EAE in the SJL/J strain of mice after
immunization with PLP131–151 [1]. These mice show signs of ther-
mal hyperalgesia (an increased sensitivity to noxious heat) that
develops at the peak of neurological deficits and persists through-
out the course of the disease [1]. While these findings are an
important validation of using the EAE model to study MS-related
pain, only one sensory parameter (i.e., hyperalgesia) has been pub-
lished thus far. Cold and tactile allodynia (painful responses to
non-painful stimuli) are also often reported from MS patients with
neuropathic pain [31,36].

To address this, we have used a chronic-relapsing model of EAE
in female C57BL/6 mice immunized with MOG35–55 and assessed
changes in sensitivity to noxious heat, innocuous cold and
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mechanical stimuli. In addition, because inflammatory processes
and reactive gliosis in the spinal cord are known to contribute to
neuropathic pain behaviours in peripheral nerve and spinal cord
injury models [7,9,12,39] we have also examined these responses
in the superficial dorsal horn in mice with MOG35–55 EAE.

2. Materials and methods

2.1. Induction of EAE

A total of 39, 10–12 weeks old female C57BL/6 mice were used.
Mice were purchased from Charles River Canada (Saint-Constant,
Quebec), housed in standard laboratory cages and had free access
to food and water throughout the study period. All animal proce-
dures and experiments were approved by the University of Alberta
Health Sciences Laboratory Animal Services. The course and sever-
ity of symptoms in EAE are often variable between different
laboratories even when using the same antigen, doses and induc-
tion protocols. Although a number of factors can account for these
variations, differences in the source of where MOG35–55 is obtained
from can be a major factor. Therefore, we induced EAE in mice
with myelin oligodendrocyte glycoprotein 35–55 (MEVG-
WYRSPFSRVVHLYRNGK; MOG35–55) obtained from two different
sources to determine whether this would generate differences in
disease course and symptom severity and if so, if this has any effect
on pain behaviours. MOG35–55 peptide was obtained from the Pep-
tide Synthesis Facility, University of Calgary (Calgary, AB) (a gener-
ous gift from Dr. Chris Power, University of Alberta) and also from
AnaSpec Inc (San Jose, CA). EAE was induced by subcutaneous
immunization with 50 lg of MOG35–55 from either source (grouped
as EAE ‘‘A” n = 10 or EAE ‘‘B” n = 10, respectively) emulsified in
complete Freund’s adjuvant (CFA) (1 mg/ml to a final concentra-
tion of 0.5 mg/ml CFA, Sigma–Aldrich, Oakville, ON). An intraperi-
toneal injection of 300 ng Pertussis toxin (Sigma–Aldrich, Oakville,
ON) was administered at the time of induction and again 48 h later.
Control mice were treated with CFA (0.5 mg/ml) and Pertussis tox-
in alone (n = 10).

2.1.1. EAE assessment
Mice were monitored daily and the clinical signs of EAE were

graded on the following scale: Grade 0, normal mouse; Grade 1,
flaccid tail; Grade 2, mild hindlimb weakness with quick righting
reflex; Grade 3, severe hindlimb weakness with slow righting re-
flex; Grade 4, hindlimb paralysis in one hindlimb or both [15].

2.2. Behavioural testing

All behavioural testing was carried out by an experimenter
blinded to the specific treatment groups. Mice were given 15–
20 min to acclimatize to the testing apparatus for a given assay be-
fore the testing began.

2.2.1. Rotorod test
As a test of gross locomotor ability and coordination, mice were

placed on a rotorod at a fixed rotational speed of 16 rpm. Mice
were placed on the rotorod and the latency to falloff was deter-
mined. The maximum time for a trial was set at 180 s. Mice were
trained on the rotorod for two consecutive days prior to disease
induction to become familiar with the task. After disease induction,
mice were tested on alternate days. Each mouse had three trials
and the mean latency to fall per trial was calculated.

2.2.2. Thermal hyperalgesia
After disease induction, mice were tested on alternate days

using the Hargreaves test [13]. This test measures the latency to

withdrawal from a noxious heat source applied to the plantar sur-
face of the hindpaws. To prevent tissue damage, a cutoff score of
20 s of applied heat was used. Withdrawal latencies were recorded
three separate times for each paw, and the average withdrawal la-
tency was calculated.

2.2.3. Cold allodynia
A single drop of acetone was applied to the dorsal surface of

each hindpaw in turn and the duration of response (lifting, guard-
ing, licking or biting) was recorded. On a test day, each paw was
tested once separated by at least 5 min between tests. The average
duration of response from the two hindpaws was then calculated.

2.2.4. Mechanical allodynia
A set of calibrated von Frey hair monofilaments were used to as-

sess the sensitivity to punctate mechanical stimuli. Mice were
placed in clear pexiglass chambers on an elevated wire mesh
screen. Calibrated von Frey hair filaments were applied to the plan-
tar surface of each hindpaw in the ascending order of bending force
(range: 0.04–2.0 g). Each hair was applied 5 times per paw, and the
number of nocifensive responses (vigourous shaking, prolonged
lifting, licking or biting of the stimulated paw) was recorded. The
monofilament which produced nocifensive responses greater than
60% of the time was taken as the ‘‘threshold”.

2.3. Immunocytochemistry

Immunocytochemistry was carried out on EAE tissue taken at
three different time points after disease induction. ‘‘Onset”: lumbar
spinal cords taken from mice at clinical grade 1 (n = 4); ‘‘Peak”:
lumbar spinal cords taken from mice at clinical grade 3 or 4
(n = 5); ‘‘Chronic”: lumbar spinal cords taken 4 weeks after EAE
induction (n = 3). Lumbar spinal cords frommice that only received
the CFA and pertussis treatments served as controls (n = 3). Mice
were anesthetized and sacrificed by transcardiac perfusion with
4% paraformaldehyde in 0.1 M phosphate buffer (PB). The lumbar
enlargement of the spinal cord was removed, post-fixed for 3–4 h
and then transferred to a 30% sucrose solution in 0.1 M PB. Spinal
cords were embedded in Tissue Tek! O.C.T (Optimal Cutting Tem-
perature) compound (Fisher Scientific, Edmonton, AB), frozen on li-
quid nitrogen and processed for cryostat sectioning (20 lm). The
following antibodies were used: (i) rabbit anti-CGRP (1:4000,
Chemicon, Temecula, CA), (ii) rabbit anti-galanin (1:4000, Chem-
icon, Temecula, CA), (iii) rat anti-CD3 (1:200, Serotec, Oxford,
UK), (iv) rabbit anti-GFAP (1:1000, Dako, Mississauga, ON), (v) rat
anti-F4/80 (1:200, Serotec, Oxford, UK). Primary antibodies were
visualized using goat anti-rabbit Alexa Fluor!594 secondary anti-
bodies (1:200, Molecular Probes, Eugene, OR).

2.4. Quantification of immunocytochemistry

Images were captured with a Hamamatsu Orca ER camera
(Hamamatsu Photonics, Hamamatsu, Japan) using a Leica
DMI6000 B inverted fluorescence microscope (Leica Microsystems,
Wetzlar, Germany). All image analysis and cell counting were car-
ried out by an observer blind to the specific experimental condi-
tions of the tissue that was analyzed. The innervation density of
CGRP, galanin, GFAP and F4/80 in cross-sections of the lumbar
spinal cord from L4 and L5 segments was measured using NIH Im-
ageJ software. Optical density of CGRP, galanin, GFAP and F4/80
immunoreactivity was examined specifically in a standardized re-
gion that encompassed the superficial laminae (I–II) of the dorsal
horn (three sections per slide, two slides per animal). The level of
background staining was determined for each section and sub-
tracted for all optical density measurements. The number of
CD3+ positive cells within the grey matter of the superficial dorsal
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horn (laminae I–II) was counted in spinal segments from L4 and L5.
Left and right dorsal horns were quantified, and an average was
calculated per section (three sections per slide, two slides per
animal).

2.5. Statistical analysis

Statistical analysis was carried out using Student’s t-test and
two-way repeated measures (RM) ANOVA with Tukey post hoc
tests. Significance was set at P < 0.05.

3. Results

3.1. Disease progression and neurobehavioural deficits in the
MOG35–55 model

We first assessed whether there are any observable differences
in the disease course of mice with EAE induced with MOG35–55

from different sources. Both cohorts of mice showed characteristic
clinical deficits that developed between days 13 and 19 post induc-
tion. Symptoms began as paralysis in the tail (clinical grade (1) and
progressed to more severe clinical deficits corresponding to clinical
grade 3 (severe hindlimb weakness with slow righting reflex) or
clinical grade 4 (hindlimb paralysis in one hindlimb or both) by
day 21. Overall, there was a significant difference in these clinical
deficits over the course of the disease between the two groups
(P = 0.02, two-way RM ANOVA) (Fig. 1A). The mean day of symp-
tom onset was slightly earlier in mice in the EAE ‘‘A” cohort (day
15 vs. days 16.5, respectively) and symptom severity was greater
in these mice between days 16 and 19 post induction compared
to those in the EAE ‘‘B” cohort. While clinical deficits tended to
diminish in the later stages of the disease in the EAE ‘‘B” cohort
(mean clinical score of 2.1 between days 24 and 28), they remained
severe in mice in the EAE ‘‘A” cohort during this phase of the dis-
ease (mean clinical score of 2.95 between days 24 and 28)
(P < 0.05, Tukey post hoc test) (Fig. 1A).

As an adjunct measure of neurological function, we also as-
sessed these mice using the rotorod assay. Mice were trained to
walk on the rotorod at a fixed rotational speed (16 rpm) prior to
disease induction. All mice tested can carry out this task without
any difficulty and can remain on the rotorod for the full duration
of the test (180 s). Impairments in gross locomotor ability can
therefore be easily detected by a failure to complete this task. Per-

formance on the rototrod test was equally affected in mice from
the EAE ‘‘A” and EAE ‘‘B” cohorts compared to CFA-treated controls
(CFA vs. EAE ‘‘A” and CFA vs. EAE ‘‘B”; P < 0.001, two-way RM AN-
OVA). Deficits in rotorod performance emerged slightly earlier and
were more severe in the EAE ‘‘A” cohort, but there was no statisti-
cal difference between the overall performance of these two
groups over time (EAE ‘‘A” vs. EAE ‘‘B”; P = 0.38, two-way RM
ANOVA).

Additionally, we analyzed the rotorod performance data be-
tween the EAE ‘‘A” and EAE ‘‘B” cohorts at specific clinical grades
over the course of the disease. Overall, rotorod performance was
not significantly different between the two cohorts of mice at
any specific clinical grades (P = 0.155, two-Way RM ANOVA)
(Fig. 1C). Deficits in rotorod performance were, however, slightly
more pronounced in the EAE ‘‘A” cohort at the early stages of dis-
ease progression (clinical grades 1 and 2). Rotorod performance be-
came increasingly impaired as these mice progressed to more
severe clinical grades 3 and 4 (Fig. 1C). In contrast, in the EAE
‘‘B” cohort, rotorod performance was only affected at the more se-
vere clinical grades 3 and 4 compared to their baseline activity
(Fig. 1C). These findings demonstrate that subtle differences in
neurological impairments can be detected in mice with EAE
depending on the source of the antigen (i.e., MOG35–55) used to in-
duce the disease. Therefore, we next asked whether these differ-
ences in disease symptoms have any effects on pain behaviours
in these mice.

3.2. No change in the sensitivity to noxious heat in the MOG35–55 EAE
model

We first assessed whether there were any changes in the sensi-
tivity to noxious heat in the hindpaws of mice with EAE. Collec-
tively, mice with EAE (both EAE ‘‘A” and EAE ‘‘B” groups) showed
no significant differences in their withdrawal latencies compared
to CFA controls over the majority of the testing period (P = 0.55,
two-way RM ANOVA) (Fig. 2A). At later stages of the disease (days
19–25), withdrawal latencies began to increase significantly com-
pared to controls (P < 0.05, Tukey post hoc test) (Fig. 2A). This
hyposensitivity is most likely explained by the significant impair-
ments in gross locomotor ability seen in these mice at this stage
of the disease (Fig. 1B and C).

In addition, we analyzed how the specific cohorts of EAE mice
responded in this assay at specific stages of disease progression.
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Fig. 1. Disease progression in MOG35–55 EAE. (A) Progression of clinical deficits in the EAE ‘‘A” and EAE ‘‘B” cohorts of mice. Treatments are significantly different (*P < 0.05,
two-way RM ANOVA, Tukey post hoc test). (B) Rotorod performance is significantly impaired over time in mice with MOG35–55 EAE. Both cohorts are significantly impaired
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Responses were assessed at ‘‘Baseline” (mean responses prior to
disease induction); ‘‘Pre-symptomatic” (mean responses from the
first day post induction up the first sign of clinical deficit); ‘‘Onset”
(mean responses from mice at clinical grade 1); ‘‘Peak” (mean re-
sponses from mice at clinical grades 3 and 4); and in the ‘‘Chronic”
(the mean responses from mice at clinical grade 2 or lower after
having reached clinical grade 3 or 4) phase of the disease. There
were no significant differences in the withdrawal latencies to nox-
ious heat between the two cohorts of EAE mice at any stage of dis-
ease progression (P = 0.127, two-way RM ANOVA) (Fig. 2B).
Similarly, withdrawal latencies were not significantly affected at
any stage of disease progression within each of the respective co-
horts relative to their own baseline responses. These findings sug-
gest that thermal hyperalgesia in the hindpaws is not a major
symptom in the MOG35–55 EAE model.

3.3. Cold and tactile allodynia are the predominant sensory
disturbances in the MOG35–55 EAE model

Cold and tactile allodynia are often reported sensory distur-
bances in patients with MS [36]. We therefore assessed whether

similar symptoms can be detected in mice with MOG35–55 EAE.
Using the acetone test to detect changes in the sensitivity to innoc-
uous cold stimuli, we find a significant difference in the duration of
response to acetone application in mice with MOG35–55 EAE com-
pared to CFA-treated controls over the testing period (P = 0.019,
two-way RM ANOVA) (Fig. 3A). Indicative of cold allodynia, re-
sponses in EAE mice become significantly prolonged compared to
controls early in the course of the disease and persist for several
days until severe clinical symptoms appear (Fig 3A). When we as-
sess acetone responses in each EAE cohort separately and at spe-
cific stages in the disease, we detect no significant differences in
response duration between the two cohorts at any stage of the dis-
ease (P = 0.141, two-way RM ANOVA). Cold allodynia was equally
evident in mice from the EAE ‘‘A” and ‘‘B” cohorts with significantly
prolonged responses in the earliest stages of the disease at the
‘‘Pre-symptomatic” and ‘‘Onset” phases relative to their respective
baseline responses (P < 0.05, Tukey post hoc test) (Fig. 3B).

Similarly, MOG35–55 EAE mice show a robust tactile allodynia
that also becomes apparent prior to any signs of neurological def-
icit. Withdrawal thresholds to von Frey hair monofilaments drop
significantly in mice with EAE compared to CFA-treated controls
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beginning by day 5 post induction and persisting until major clin-
ical deficits emerge in most mice by day 15 (P = 0.004, two-way RM
ANOVA) (Fig. 4A). Like cold allodynia, tactile hypersensitivity was
equally evident in both cohorts of mice with EAE. There are no sig-
nificant differences in withdrawal thresholds between the two co-
horts at different stages of the disease (P = 0.75, two-way RM
ANOVA) (Fig. 4B). Mice in both the EAE ‘‘A” and ‘‘B” cohorts had
similar reductions in their withdrawal thresholds relative to their
baseline responses at the ‘‘Pre-symptomatic” stage and at disease
‘‘Onset” stage (P < 0.05, Tukey post hoc test). At the ‘‘Peak” stage
of disease, allodynia could no longer be detected and withdrawal

thresholds were actually elevated compared to baseline responses
in both the ‘‘A” and ‘‘B” groups (Fig. 4B). Again, this is most likely a
reflection of the significant impairments in gross locomotor func-
tion seen in these mice that hinders proper hindlimb function
and makes withdrawal responses difficult to carry out. As clinical
symptoms abate in some mice in the ‘‘Chronic” phase of the dis-
ease, we find that withdrawal thresholds tend to decrease below
those seen in the baseline condition (Fig. 4B). Taken together, these
findings illustrate that both cold and tactile allodynia are major
sensory disturbances that can be detected early in the disease
course of the MOG35–55 model of EAE. This behavioural hypersen-
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There are no significant differences in withdrawal thresholds between the two cohorts at any stage. Withdrawal thresholds are significantly diminished in both cohorts at the
‘‘Pre-symptomatic” and ‘‘Onset” stages relative to baseline responses. Thresholds in the EAE ‘‘A” cohort are elevated relative to baseline at the ‘‘Peak” stage of disease
(*P < 0.05, two-way RM ANOVA, Tukey post hoc test).

Fig. 5. Expression of sensory neuropeptides in the superficial dorsal horn in MOG35–55 EAE. (A and B) Examples of CGRP expression in the superficial dorsal horn from a CFA-
treated control (A) and a MOG35–55 EAE mouse taken from the chronic phase of the disease (B). (C) There is no significant difference in CGRP expression between the two
groups. (D and E) Examples of galanin expression in the superficial dorsal horn from a CFA-treated control (D) and a MOG35–55 EAE mouse taken from the chronic phase of the
disease (E). (F) There is no significant difference in galanin expression between the two groups. Scale bar in E = 100 lm and applies throughout.
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sitivity to both innocuous cold and tactile stimuli is independent of
the specific degree of neurological deficits that arise in the disease.

3.4. Sensory neuropeptide expression in the spinal dorsal horn in the
MOG35–55 EAE model

Having established that sensory processing is significantly af-
fected in the MOG35–55 EAE model, we next examined potential
cellular mechanisms that may underlie these changes. Since there
were no significant differences in pain behaviours between the two
groups, tissues from EAE ‘‘A” and ‘‘B” cohorts were pooled for this
analysis. We began by examining the expression patterns of two

sensory neuropeptides, calcitonin gene-related peptide (CGRP)
and galanin, in the superficial dorsal horn from mice with
MOG35–55 EAE and CFA-treated controls. The expression of these
neuropeptides is significantly upregulated in the dorsal horn in
conditions associated with neuropathic pain and allodynia
[4,19,20,30]. To determine whether similar changes arise in a dis-
ease model such as EAE, we used immunocytochemistry and quan-
tified the density of staining for CGRP and galanin in laminae I–II of
the superficial dorsal horn of mice with EAE and CFA-treated con-
trols. Neither CGRP nor galanin staining density changed signifi-
cantly with EAE at any time point during disease progression
compared to the expression seen in CFA controls (Fig. 5A–F).

Fig. 6. T cell expression in the superficial dorsal horn in MOG35–55 EAE. (A–D) Expression of CD3+ T cells in the superficial dorsal horn from a CFA-treated control (A) and
MOG35–55 EAE mice at disease ‘‘Onset” (B), ‘‘Peak” (C) and ‘‘Chronic” (D) phases of the disease. CD3+ cells were never observed in this region in CFA-treated mice. (E)
Quantification of CD3+ cells in the superficial dorsal horn. Significant numbers of CD3+ cells are found in this region at all stages of the disease compared to CFA-treated
controls (*P < 0.05, t-test). Scale bar in D = 100 lm and applies throughout.

Fig. 7. Astrocyte reactivity in the superficial dorsal horn in MOG35–55 EAE. (A–D) GFAP expression in the superficial dorsal horn from a CFA-treated control (A) and MOG35–55

EAE mice at disease ‘‘Onset” (B), ‘‘Peak” (C) and ‘‘Chronic” (D) phases of the disease. (E) There is a slight but significant increase in GFAP expression at all stages of the disease
compared to CFA-treated controls (*P < 0.05, t-test). Scale bar in D = 100 lm and applies throughout.
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3.5. Inflammation and reactive gliosis in the spinal dorsal horn in the
MOG35–55 EAE model

Mounting evidence suggests that inflammation and changes in
glial cell reactivity in the spinal cord can significantly influence
pain sensitivity in a variety of injury models [9,33,41]. While it is
well established that the characteristic features of EAE models
are inflammation and reactive gliosis in the CNS, little attention
has been paid to how these reactions proceed in regions of the
spinal cord dedicated to processing sensory inputs. We therefore
examined the number of T cells present in the superficial dorsal
horn as well as astrocyte and microglia/macrophage reactivity in
this region at different stages of EAE disease progression.

Using a CD3 antibody (that detects both CD4+ and CD8+ subsets
of T cells), we found significant numbers of T cells in the superficial
dorsal horn over the course of the disease (Fig. 6B–D). In contrast,
virtually no CD3+ cells were found in the superficial dorsal horn of
CFA-treated control mice (Fig. 6A). The mean number of T cells
present in the superficial dorsal horn was significantly greater in
EAE mice at all disease stages compared to CFA-treated controls
(CFA: 0.16 ± 0.1 vs. ‘‘Onset”: 87.6 ± 23.6; vs. ‘‘Peak”: 95 ± 23.3; vs.
‘‘Chronic”: 15.3 ± 3, P < 0.05, t-test) (Fig. 6E).

Astrocyte reactivity was also significantly enhanced in mice
with EAE compared to CFA controls (Fig. 7A–D). The staining den-
sity of GFAP in the superficial dorsal horn was significantly greater
in EAE mice at all stages of disease progression but was most evi-
dent during the ‘‘Peak” phase of the disease (P < 0.05, t-test)
(Fig. 7E). Similarly, when we analyzed the expression of F4/80 to
assess microglia/macrophage reactivity, we found a significant in-
crease in staining density in this region at all stages of disease pro-
gression in EAE mice (Fig. 8A–E) (P < 0.05, t-test). Unlike T cell and
astrocyte responses, however, enhanced microglia/macrophage
reactivity was most pronounced in the ‘‘Chronic” phase of the dis-
ease (Fig. 8D and E). These findings suggest that, similar to other
injury models associated with neuropathic pain behaviours,
inflammation and reactive gliosis in the spinal dorsal horn may
also be a critical mechanism underlying the behavioural hypersen-
sitivity observed in the MOG35–55 EAE model.

4. Discussion

It is now recognized that chronic pain is a major symptom asso-
ciated with MS [2,6,29,31,37]. To date, however, few studies have
examined pain-related behaviours in the animal model most com-
monly used to study the pathophysiology of MS, EAE. We have now
characterized the behavioural changes in sensitivity to noxious
heat and mechanical stimuli as well as innocuous cold in mice with
a chronic-relapsing form of EAE. Using MOG35–55 in female C57BL/
6 mice, we demonstrate that mice with this form of EAE develop
both cold and tactile allodynia early in the disease process, prior
to any overt neurological deficits, similar to some patients with
MS [31,36]. However, increased sensitivity to noxious heat (ther-
mal hyperalgesia) in the hindpaws does not appear to be a major
symptom in this particular EAE model. At the cellular level, we
have identified significant changes in glial reactivity and an in-
creased presence of T cells in the superficial dorsal horn as poten-
tial underlying mechanisms for the allodynia observed in these
mice.

4.1. Using EAE models to study neuropathic pain in MS

Similar to MS, clinical deficits in EAE models can follow either a
relapsing–remitting, or a chronic-relapsing, disease course. To
date, however, changes in pain sensitivity have only been exam-
ined in one type of EAE model [1]. Aicher and colleagues used
PLP131–155 to induce a relapsing–remitting form of EAE in the SJL/
J strain of mice and found that mice with this form of the disease
develop a thermal hyperalgesia in the clinically affected body re-
gions (i.e., the tail), which emerges at the peak of neurological def-
icits and persists for several weeks. In contrast, we found no
significant changes in the sensitivity to noxious heat in the hind-
paws of mice with MOG35–55 EAE. The observed differences in heat
sensitivity between the PLP131–155 model and the MOG35–55 EAE
model used here may be accounted for by the different assays used
(tail-flick vs. ‘‘Hargreaves” plantar test) or they may reflect inher-
ent differences in heat sensitivity between the different mouse
strains used in these two models (SJL/J vs. C57BL/6) [28]. However,

Fig. 8. Microglia/macrophage reactivity in the superficial dorsal horn in MOG35–55 EAE. (A–D) F4/80 expression in the superficial dorsal horn from a CFA-treated control (A)
and MOG35–55 EAE mice at disease ‘‘Onset” (B), ‘‘Peak” (C) and ‘‘Chronic” (D) phases of the disease. (E) There are significant increases in F4/80 expression at all stages of the
disease compared to CFA-treated controls (*P < 0.05, t-test). Scale bar in D = 100 lm and applies throughout.
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a recent clinical report examining pain in MS has highlighted a
strong association between the type and severity of pain experi-
enced with MS subtype [11]. In addition, recent data from animal
studies using a viral model of MS have shown that SJL/J mice in-
fected with Theiler’s murine encephalomyelitis virus (TMEV) exhi-
bit distinct changes in pain sensitivity to both thermal and
mechanical stimuli that are influenced by gender [23]. Therefore,
it cannot be ruled out that different animal models used to study
MS (i.e., PLP131–155 EAE vs. MOG35–55 EAE; EAE vs. TMEV) may gen-
erate their own distinct pain ‘‘phenotype”.

Interestingly, we observed differences in disease course and
symptom severity in different cohorts of animals immunized with
MOG35–55. Even with these differences in the clinical manifesta-
tions of the disease, pain behaviours were affected equally in the
two cohorts of mice. This suggests that, in the MOG35–55 EAE mod-
el, changes in sensory function and the development of neuro-
pathic pain behaviours are independent of symptom severity and
the clinical course of the disease.

Allodynia to cold and tactile stimuli was also evident in mice
with MOG35–55 EAE. The most striking observation from these
experiments was the development of these symptoms prior to
any signs of overt neurological dysfunction. It has been noted that
in a large proportion of MS patients with neuropathic pain, that
pain can be a major symptom just prior to or immediately at the
onset of clinical deficits in the disease [31]. These similarities high-
light the usefulness of using the MOG35–55 EAE model to study neu-
ropathic pain in MS.

4.2. Potential cellular mechanisms for neuropathic pain in EAE-sensory
neuropeptides

To assess the underlying mechanisms that mediate the develop-
ment of cold and tactile allodynia in the MOG35–55 EAE model, we
examined the innervation patterns of two sensory neuropeptides
commonly associated with pain processing, CGRP and galanin, in
the spinal dorsal horn. Enhanced expression or sprouting of CGRP+

axons in the dorsal horn has been identified as an important ana-
tomic substrate for allodynia and autonomic dysreflexia in spinal
cord injury models [4,19,30]. Similarly, neuropathic pain in periph-
eral nerve injury models is associated with significant alteration in
the expression of galanin in the superficial dorsal horn [20]. How-
ever, in mice with MOG35–55 EAE we found no changes in CGRP or
galanin expression in this region. Therefore, alterations in sensory
processing in the MOG35–55 EAE model cannot be accounted for by
differences in the expression patterns of these ‘‘classical” sensory
neuropeptides at the spinal level.

4.3. Potential cellular mechanisms for neuropathic pain in EAE
inflammation and reactive gliosis

Although we found no changes in sensory neuropeptide expres-
sion in the superficial dorsal horn, we did observe significant num-
bers of T cells and enhanced reactivity of astrocytes and microglia/
macrophages in this region at every stage of the disease (‘‘Onset”,
‘‘Peak” and ‘‘Chronic” phases). Non-neuronal cells such as microg-
lia/macrophages, astrocytes and T cells are now recognized to be
integral for the generation and maintenance of central sensitiza-
tion and neuropathic pain [26,33,41].

T cells are known to traffic into the superficial dorsal horn
after peripheral nerve injury [38] and mice lacking mature T cells
(athymic ‘‘nude” mice) do not develop neuropathic pain after
peripheral nerve injury [27]. Endoneurial T cells have also been
implicated as a potential underlying mechanism of neuritic pain
[10]. In MOG35–55 EAE mice, CD3+ T cells are abundant in the
superficial dorsal horn early in the disease correlating with the
development of allodynia. T cells most likely affect sensory pro-

cessing through their release of pro-inflammatory cytokines that
can directly sensitize dorsal horn neurons [16]. There is also
increasing evidence that T cells can produce and secrete neuro-
trophic factors such as brain-derived neurotrophic factor (BDNF)
[18,34]. While this suggests that some infiltrating leukocytes in
MS may have a neuroprotective role, BDNF is also known to
modulate synaptic transmission and neuronal excitability
[14,21] and is a key mediator in the genesis of central sensitiza-
tion and pain hypersensitivity [8,17,22,24]. Whether specific sub-
sets of T cells (i.e., CD4+ vs. CD8+; Th1 vs. Th2) differentially
affect pain processing in EAE models is an important question
that remains to be addressed.

Reactive gliosis in the superficial dorsal horn was also a prom-
inent feature of mice with MOG35–55 EAE. Increased reactivity of
astrocytes and microglia/macrophages was evident at disease on-
set and, particularly for microglia, remained significantly elevated
into the chronic stages of the disease. Much like T cells, reactive
glial cells can modulate spinal excitability and mediate pain hyper-
sensitivity through their production and release of cytokines and
growth factors such as BDNF [8,9]. Similar to the neuropathic pain
that arises as a result of peripheral nerve lesions, sensitization of
spinal pain pathways and the consequent allodynia observed in
the MOG35–55 EAE model may be triggered by increased activity
in these non-neuronal cells in the superficial dorsal horn [7,12].
In the case of peripheral nerve injury, it has been suggested that in-
jury in the periphery triggers the neuronal production of mediators
such as ATP, the chemokines CCL2 (MCP-1) or fractalkine that di-
rectly activate spinal microglia [25,39,40,42]. Whether similar
mechanisms are engaged in EAE models needs to be determined.
Given that there is little evidence for direct injury to the peripheral
nervous system in the MOG35–55 EAE model, the most likely source
of spinal glial activation in the disease is from the initial trafficking
of T cells into the CNS. These early inflammatory events may then
set off the cascade of responses from astrocytes and microglia that
leads the observed behavioural hypersensitivities.

5. Conclusions

Taken together, our results demonstrate that the MOG35–55 EAE
model is a useful tool to study neuropathic pain in MS. Future stud-
ies will now be aimed at addressing the specific signaling path-
ways and cellular mechanisms that mediate the changes in
sensory function observed in the disease. A better understanding
of these mechanisms will help to tailor future therapies to treat
the often neglected symptoms of neuropathic pain in MS.

Acknowledgments

This work was supported by a Pilot Research Grant from the
Multiple Sclerosis Society of Canada. We thank Dr. C. Power, F.
Noorbakhsh and K. Ellestad for supplying key reagents and techni-
cal assistance. The authors have no competing interests to declare.

References

[1] Aicher SA, Silverman MB, Winkler CW, Bebo Jr BF. Hyperalgesia in an animal
model of multiple sclerosis. Pain 2004;110:560–70.

[2] Archibald CJ, McGrath PJ, Ritvo PG, Fisk JD, Bhan V, Maxner CE, et al. Pain
prevalence, severity and impact in a clinic sample of multiple sclerosis
patients. Pain 1994;58:89–93.

[3] Baxter AG. The origin and application of experimental autoimmune
encephalomyelitis. Nat Rev Immunol 2007;7:904–12.

[4] Bennett AD, Chastain KM, Hulsebosch CE. Alleviation of mechanical and
thermal allodynia by CGRP(8–37) in a rodent model of chronic central pain.
Pain 2000;86:163–75.

[5] Bradl M, Hohlfeld R. Molecular pathogenesis of neuroinflammation. J Neurol
Neurosurg Psychiatry 2003;74:1364–70.

[6] Clifford DB, Trotter JL. Pain in multiple sclerosis. Arch Neurol 1984;41:1270–2.

C.J. Olechowski et al. / PAIN 141 (2009) 156–164 163



[7] Colburn RW, Rickman AJ, DeLeo JA. The effect of site and type of nerve injury
on spinal glial activation and neuropathic pain behavior. Exp Neurol
1999;157:289–304.

[8] Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, Inoue K, et al. BDNF from
microglia causes the shift in neuronal anion gradient underlying neuropathic
pain. Nature 2005;438:1017–21.

[9] DeLeo JA, Yezierski RP. The role of neuroinflammation and neuroimmune
activation in persistent pain. Pain 2001;90:1–6.

[10] Eliav E, Herzberg U, Ruda MA, Bennett GJ. Neuropathic pain from an
experimental neuritis of the rat sciatic nerve. Pain 1999;83:169–82.

[11] Hadjimichael O, Kerns RD, Rizzo MA, Cutter G, Vollmer T. Persistent pain and
uncomfortable sensations in persons with multiple sclerosis. Pain
2007;127:35–41.

[12] Hains BC, Waxman SG. Activated microglia contribute to the maintenance of
chronic pain after spinal cord injury. J Neurosci 2006;26:4308–17.

[13] Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and sensitive method
for measuring thermal nociception in cutaneous hyperalgesia. Pain
1988;32:77–88.

[14] Kafitz KW, Rose CR, Thoenen H, Konnerth A. Neurotrophin-evoked rapid
excitation through TrkB receptors. Nature 1999;401:918–21.

[15] Kalyvas A, David S. Cytosolic phospholipase A2 plays a key role in the
pathogenesis of multiple sclerosis-like disease. Neuron 2004;41:323–35.

[16] Kawasaki Y, Zhang L, Cheng JK, Ji RR. Cytokine mechanisms of central
sensitization: distinct and overlapping role of interleukin-1beta, interleukin-6,
and tumor necrosis factor-alpha in regulating synaptic and neuronal activity in
the superficial spinal cord. J Neurosci 2008;28:5189–94.

[17] Kerr BJ, Bradbury EJ, Bennett DL, Trivedi PM, Dassan P, et al. Brain-derived
neurotrophic factor modulates nociceptive sensory inputs and NMDA-evoked
responses in the rat spinal cord. J Neurosci 1999;19:5138–48.

[18] Kerschensteiner M, Gallmeier E, Behrens L, Leal VV, Misgeld T, Klinkert WE,
et al. Activated human T cells, B cells, and monocytes produce brain-derived
neurotrophic factor in vitro and in inflammatory brain lesions: a
neuroprotective role of inflammation? J Exp Med 1999;189:865–70.

[19] Krenz NR, Weaver LC. Sprouting of primary afferent fibers after spinal cord
transection in the rat. Neuroscience 1998;85:443–58.

[20] Liu HX, Hokfelt T. The participation of galanin in pain processing at the spinal
level. Trends Pharmacol Sci 2002;23:468–74.

[21] Lu B. BDNF and activity-dependent synaptic modulation. Learn Mem
2003;10:86–98.

[22] Lu VB, Ballanyi K, Colmers WF, Smith PA. Neuron type-specific effects of brain-
derived neurotrophic factor in rat superficial dorsal horn and their relevance to
‘central sensitization’. J Physiol 2007;584:543–63.

[23] Lynch JL, Gallus NJ, Ericson ME, Beitz AJ. Analysis of nociception, sex and
peripheral nerve innervation in the TMEV animal model of multiple sclerosis.
Pain 2008;136:293–304.

[24] Mannion RJ, Costigan M, Decosterd I, Amaya F, Ma QP, Holstege JC, et al.
Neurotrophins: peripherally and centrally acting modulators of tactile
stimulus-induced inflammatory pain hypersensitivity. Proc Natl Acad Sci
USA 1999;96:9385–90.

[25] Milligan ED, Zapata V, Chacur M, Schoeniger D, Biedenkapp J, O’Connor KA,
et al. Evidence that exogenous and endogenous fractalkine can induce spinal
nociceptive facilitation in rats. Eur J Neurosci 2004;20:2294–302.

[26] Moalem G, Tracey DJ. Immune and inflammatory mechanisms in neuropathic
pain. Brain Res Rev 2006;51:240–64.

[27] Moalem G, Xu K, Yu L. T lymphocytes play a role in neuropathic pain following
peripheral nerve injury in rats. Neuroscience 2004;129:767–77.

[28] Mogil JS, Wilson SG, Bon K, Lee SE, Chung K, Raber P, et al. Heritability of
nociception I: responses of 11 inbred mouse strains on 12 measures of
nociception. Pain 1999;80:67–82.

[29] Moulin DE, Foley KM, Ebers GC. Pain syndromes in multiple sclerosis.
Neurology 1988;38:1830–4.

[30] Ondarza AB, Ye Z, Hulsebosch CE. Direct evidence of primary afferent
sprouting in distant segments following spinal cord injury in the rat:
colocalization of GAP-43 and CGRP. Exp Neurol 2003;184:373–80.

[31] Osterberg A, Boivie J, Thuomas KA. Central pain in multiple sclerosis –
prevalence and clinical characteristics. Eur J Pain 2005;9:531–42.

[32] Owens T, Sriram S. The immunology of multiple sclerosis and its animal model,
experimental allergic encephalomyelitis. Neurol Clin 1995;13:51–73.

[33] Scholz J, Woolf CJ. The neuropathic pain triad: neurons, immune cells and glia.
Nat Neurosci 2007;10:1361–8.

[34] Stadelmann C, Kerschensteiner M, Misgeld T, Bruck W, Hohlfeld R,
Lassmann H. BDNF and gp145trkB in multiple sclerosis brain lesions:
neuroprotective interactions between immune and neuronal cells? Brain
2002;125:75–85.

[35] Steinman L, Zamvil SS. How to successfully apply animal studies in
experimental allergic encephalomyelitis to research on multiple sclerosis.
Ann Neurol 2006;60:12–21.

[36] Svendsen KB, Jensen TS, Hansen HJ, Bach FW. Sensory function and
quality of life in patients with multiple sclerosis and pain. Pain 2005;
114:473–81.

[37] Svendsen KB, Jensen TS, Overvad K, Hansen HJ, Koch-Henriksen N, Bach FW.
Pain in patients with multiple sclerosis: a population-based study. Arch Neurol
2003;60:1089–94.

[38] Sweitzer SM, Hickey WF, Rutkowski MD, Pahl JL, DeLeo JA. Focal peripheral
nerve injury induces leukocyte trafficking into the central nervous system:
potential relationship to neuropathic pain. Pain 2002;100:163–70.

[39] Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S, Salter
MW, et al. P2X4 receptors induced in spinal microglia gate tactile allodynia
after nerve injury. Nature 2003;424:778–83.

[40] Verge GM, Milligan ED, Maier SF, Watkins LR, Naeve GS, Foster AC. Fractalkine
(CX3CL1) and fractalkine receptor (CX3CR1) distribution in spinal cord and
dorsal root ganglia under basal and neuropathic pain conditions. Eur J
Neurosci 2004;20:1150–60.

[41] Watkins LR, Milligan ED, Maier SF. Glial activation: a driving force for
pathological pain. Trends Neurosci 2001;24:450–5.

[42] Zhang J, De Koninck Y. Spatial and temporal relationship between monocyte
chemoattractant protein-1 expression and spinal glial activation following
peripheral nerve injury. J Neurochem 2006;97:772–83.

164 C.J. Olechowski et al. / PAIN 141 (2009) 156–164



A diminished response to formalin stimulation reveals a role for the glutamate
transporters in the altered pain sensitivity of mice with experimental
autoimmune encephalomyelitis (EAE)

Camille Joanne Olechowski b, Ambica Parmar b, Brooke Miller b, Jared Stephan a, Gustavo Tenorio a,
Kristy Tran c, James Leighton c, Bradley James Kerr a,b,*
aDepartment of Anesthesiology and Pain Medicine, University of Alberta, Edmonton, Alta., Canada
bCentre for Neuroscience, University of Alberta, Edmonton, Alta., Canada
cDepartment of Chemistry, Columbia University, New York, NY, USA

a r t i c l e i n f o

Article history:
Received 8 January 2010
Received in revised form 22 February 2010
Accepted 26 March 2010

Keywords:
EAE
Formalin
Glutamate
Glutamate transporter
Pain

a b s t r a c t

Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS) in
which neuropathic pain is now recognized as a major symptom. To date, few studies have examined the
underlying mechanisms of neuropathic pain in MS. Recently we showed that in a chronic-relapsing ani-
mal model of MS, experimental autoimmune encephalomyelitis (EAE), characteristic neuropathic behav-
iours develop. However, responses to persistent noxious stimuli in EAE remain unexplored. We, therefore
set out to characterize the changes in pain sensitivity in our EAE model to subcutaneous injection of for-
malin. We show here that female C57BL/6 mice immunized with myelin oligodendrocyte glycoprotein
(MOG35–55) display a significant decrease in elicited pain behaviours in response to formalin injection.
These effects were found to involve dysregulation of the glutamatergic system in EAE. We show here that
these effects are mediated by decreased glutamate transporter expression associated with EAE. Our find-
ings demonstrate that dysregulation of glutamate transporter function in EAE mice is an important mech-
anism underlying the abnormal pain sensitivity in response to persistent noxious stimulation of mice
with EAE and also sheds light on a potential mechanism underlying neuropathic pain behaviours in this
model.

! 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Chronic pain is now recognized as a major symptom associated
with the autoimmune demyelinating disease Multiple Sclerosis
(MS) [2,3,35]. Common pain syndromes in MS patients include tri-
geminal neuralgia, musculoskeletal and neuropathic pain [19]. Of
these pain syndromes, neuropathic pain is the least understood
and most difficult to treat [34]. Neuropathic pain states are thought
to arise from the process of central sensitization in the spinal cord
[41]. Central sensitization is triggered by inputs from nociceptive
afferents and is associated with a reduced threshold for activation
of dorsal horn neurons to noxious stimulation [27].

The activation of glutamate receptors has been strongly impli-
cated in the generation of central sensitization [5]. Glutamate
receptor activation can be regulated by a family of Na+ dependent
high affinity glutamate transporters [7,10,11]. In the spinal cord,

three isoforms of glutamate transporters have been described
(EAAT-1, EAAT-2 and EAAT-3). EAAT-1 and EAAT-2 are present in
glial cells at perisynaptic sites and carry out the majority of gluta-
mate uptake activity [7]. In the spinal cord, these transporters are
concentrated in the superficial dorsal horn [36] an area important
for sensory input and pain processing. Dysregulation of glutamate
transporter activity is associated with a persistent elevation in
ambient glutamate and has been implicated as a potential mecha-
nism for central sensitization and neuropathic pain following
peripheral nerve injury [33].

Recently, neuropathic pain behaviours have been described and
characterized in two commonly used animal models to study MS,
experimental autoimmune encephalomyelitis (EAE) and the Theil-
er’s murine encephalomyelitis virus (TMEV) model [1,15,24]. Mice
with EAE and TMEV display characteristic neuropathic pain
behaviours such as hyperalgesia to noxious heat and allodynia to
cold and mechanical stimuli [1,15,23]. However, the underlying
mechanisms that generate neuropathic pain in these models re-
main unknown. In addition, it remains unclear how the responses
to more persistent noxious stimuli are affected in these animals.
Given that mice with EAE exhibit a robust allodynia to both cold
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and mechanical stimulation [24], we predicted that they would
show a similar hypersensitivity in response to more intense nox-
ious stimulation. To our surprise, mice with EAE showed a signifi-
cant decrease in elicited pain behaviours in response to
subcutaneous injection of formalin, a behavioural model of in-
jury-induced central sensitization [6]. We show here that these ef-
fects are mediated by decreased glutamate transporter expression
associated with the disease. Our findings demonstrate that dysreg-
ulation of glutamate transporter function is an important mecha-
nism underlying the abnormal pain sensitivity of mice with EAE.

2. Methods

All animal studies were conducted in accordance with the Cana-
dian Council on Animal Care Guidelines and Policies with the ap-
proval from the Animal Care and Use Committee: Health
Sciences for the University of Alberta.

2.1. Induction of EAE

A total of 54, 10–12 weeks old female C57BL/6 mice were used.
Mice were purchased from Charles River Canada (Saint-Constant,
Quebec), housed in standard laboratory cages and had free access
to food and water throughout the study period. We induced EAE
in mice with myelin oligodendrocyte glycoprotein 35–55 (MEVG-
WYRSPFSRVVHLYRNGK; MOG35–55) obtained from the Peptide
Synthesis Facility, University of Calgary (Calgary, AB). EAE was in-
duced by subcutaneous immunization with 50 lg of MOG35–55

emulsified in complete Freund’s adjuvant (CFA), (Sigma–Aldrich,
Oakville, ON). The CFA was supplemented with an additional 4-
mg/ml heat killed Mycobacterium tuberculosis H37Ra (Difco Labo-
ratories) to a final concentration of 5 mg/mL. An intraperitoneal
injection of 300 ng Pertussis toxin (Sigma–Aldrich, Oakville, ON)
was administered at the time of induction and again 48 h later.
Control mice were treated with CFA (as above) and Pertussis toxin
alone (n = 28).

2.2. EAE assessment

Mice were monitored daily and the clinical signs of EAE were
graded on the following scale: Grade 0, normal mouse; Grade 1,
flaccid or paralyzed tail. All experimental procedures were carried
out once mice reached a score of clinical Grade 1. We have shown
previously that at this stage of the disease, mice with EAE display
signs of both cold and tactile allodynia but gross locomotor behav-
iour is unaffected [24]. To confirm that mice with EAE had no gross
locomotor deficits that would interfere with the behavioural re-
sponses to subcutaneous formalin, they were tested on a rotorod
at a fixed rotational speed of 16 rpm. Mice were placed on the roto-
rod and the latency to fall off was determined. The maximum time
for a trial was set at 180 s. Mice were trained on the rotorod for
two consecutive days prior to disease induction to become familiar
with the task. Impairments in gross locomotor function are re-
vealed when animals can no longer remain on the rotorod for the
duration of the trial.

2.3. Formalin test

Prior to testing, each animal was allowed to acclimatize to the
testing apparatus. The apparatus was an observation box
(25 cm ! 23 cm ! 15 cm) made of clear plexi-glass with a raised
platform to allow for an unobstructed view of the hind paw. After
acclimatization, mice were lightly restrained and given a 30 ll sub-
cutaneous injection of a 0.5% formaldehyde in saline solution into
the plantar surface of one hind paw. Each mouse was then placed

back into the observation box and nociceptive behaviours were
monitored and timed in 5-min blocks for a 30-min period. Noci-
ceptive behaviours were defined as licking or lifting of the injected
paw, flinching and vigorous shaking. The total time (in seconds)
mice spent exhibiting nociceptive behaviours was determined for
the first phase (0–15 min) and second phase (15–30 min) of the re-
sponse (CFA n = 14; EAE n = 9).

2.4. Drug treatments

Cohorts of mice were treated with the drug (R)-(")-1-methyl-1-
nicotinoyl-2-pyrazoline (MS-153) [38], a compound known to pro-
mote glutamate transporter activity [20,31]. Mice were treated
with 10 mg/kg I.P. 20 min prior to formalin testing (see above)
(CFA n = 5; EAE n = 6). A separate cohort of mice (CFA n = 3; EAE
n = 3) were treated with MS-153 (10 mg/kg I.P.) and euthanized
1 h later without any stimulation to assess FOS expression (see
Section 2.5 below). In a separate experiment, mice (CFA n = 5;
EAE n = 6) were treated with LY-341495 (0.25 mg/kg I.P.) (Tocris)
a selective group II metabotropic glutamate receptor (mGluR)
antagonist [13] 20 min prior to formalin testing.

2.5. Immunocytochemistry

Immunocytochemistry was carried out on CFA or EAE mice at
Clinical Grade 1. Spinal cords were taken 1 h after MS-153 treat-
ment without any further stimulation or 1 h after formalin injec-
tion. Mice were euthanized with high dose pentobarbital
(Euthanyl: 240 mg/ml) and transcardiac perfused with 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB). The lumbar enlarge-
ment of the spinal cord was removed, post-fixed for 3–4 h and
then transferred to a 30% sucrose solution in 0.1 M PB. Spinal cords
were embedded in Tissue Tek! O.C.T (Optimal Cutting Tempera-
ture) compound (Fisher Scientific, Edmonton, AB), frozen on liquid
nitrogen and processed for cryostat sectioning (20 lm). The pri-
mary antibody used was goat anti-rabbit c-fos (1:1000, Cell Signal-
ing, Danvers, MA). The primary antibody was visualized using goat
anti-rabbit Alexa Fluor!594 secondary antibodies (1:200, Molecu-
lar Probes, Eugene, OR).

2.6. Quantification of immunocytochemistry

Images were captured with a Zeiss Axiocam MRm camera (Carl
Zeiss, Oberkochen, Germany) using a Zeiss Observer.Z1 inverted
fluorescence microscope (Carl Zeiss, Oberkochen, Germany). All
image analysis and cell counting were carried out by an observer
blind to the specific experimental conditions of the tissue being
analyzed. FOS positive cells were identified in the superficial dorsal
horn (lamiae I–III). Cells were counted from dorsal horns ipsilateral
and contralateral to the injection. For FOS quantification from un-
stimulated mice, FOS positive cells were counted from both dorsal
horns, pooled and then averaged. Three sections per slide, 2 slides
per animal were analyzed.

2.7. Western blots

Protein samples (20 lg) were separated on a 10% SDS gel. The
samples were transferred onto PVDF membranes (Bio-Rad). The
membranes were blocked in 5% milk in PBS–Tween 20 (PBS-T)
(0.05%), and then incubated overnight at 4 "C in primary antibodies
EAAT-1 and EAAT-2 (1:500, Santa Cruz Biotechnology), pNR1Ser896,
pNR1Ser897 (1:1000, Cedarlane Laboratories) and NR1 (1:1000, Sig-
ma), diluted in PBS-T. The membranes were then washed in PBS-T
and incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (goat anti-rabbit; Jackson ImmunoResearch) di-
luted at 1:50,000. The membranes were washed and binding of
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HRP-conjugated secondary antibodies detected using chemilumi-
nescence. (Western Lightning Chemiluminescence Reagent Plus,
Perkin-Elmer.) Membranes were re-probed with monoclonal
mouse anti-b-actin (1:2000, Sigma) to ensure equal loading of
samples. The films were scanned and the changes in protein
expression levels between CFA and EAE mice as a ratio were quan-
tified using ImageJ software.

2.8. Statistical analysis

Statistical analysis was carried out using the Student’s t-test
and one-way ANOVA with Tukey post hoc tests. Significance was
set at P < 0.05.

3. Results

3.1. Diminished pain behaviours in response to formalin stimulation in
EAE mice

To determine how mice with EAE respond to a persistent nox-
ious stimulus we assessed their behaviour in the formalin test
[4]. Prior to testing, mice with EAE (clinical Grade 1) were assessed
for gross locomotor function using the rotorod test. No significant
deficits in gross locomotor function or coordination were observed
in these animals at this stage of the disease (Fig. 1A, also see [24]).
Following formalin injection, mice with EAE showed significantly
reduced pain behaviours when compared to the CFA control mice.
Decreased nociceptive behaviours were evident in both Phase 1
(P = 0.001, t-test) (Fig. 1B) and even more strikingly in Phase 2 of
the formalin response (P < 0.001, t-test) (Fig. 1C).

3.2. Diminished glutamate transporter expression in EAE mice

Second phase nociceptive behaviours in the formalin test are re-
lated to activity at glutamate receptors [43]. We therefore exam-
ined the expression of key regulators of glutamate receptor
activity, the glutamate transporters [7] in mice with EAE. We be-
gan by examining glutamate transporter expression in the spinal
cord of EAE mice in the absence of any noxious stimulation. Wes-
tern blots determined that in the spinal cords of mice with EAE at
clinical Grade 1, there is a significant reduction of EAAT-1
(P = 0.001, t-test) (Fig. 2A and B). There is an even more dramatic
reduction in EAAT-2 expression, which is decreased to approxi-
mately 50% of the levels seen in CFA control mice (P < 0.001, t-test)
(Fig. 2C and D).

3.3. Enhanced phosphorylation of NMDA receptor subunits in spinal
cords of EAE mice

Given the down regulation of glutamate transporters in EAE
mice we next wanted to assess how this might affect activity at
glutamate receptors. Phosphorylation of the NR1 subunit of the
NMDA receptor is known to correlate with changes in nociceptive
behaviours [44]. In the absence of any noxious stimulation, phos-
phorylation of the NR1 subunit at both the serine 896 and serine

Fig. 1. Responses to formalin injection in MOG35–55 EAE mice. (A) Gross locomotor behaviour is not affected in EAE mice at clinical Grade 1. Mice with EAE show no
impairments in the rotorod test at this stage of the disease. (B) Duration of nociceptive responses for Phase 1 (0–15 min after formalin injection). The response to formalin is
significantly decreased in EAE mice compared to CFA-treated controls (*P = 0.001, t-test). (C) Duration of formalin responses in Phase 2 (15–30 min after formalin injection).
Responses are significantly decreased in EAE mice compared to CFA control mice (*P < 0.001, t-test).

Fig. 2. Spinal EAAT-1 and EAAT-2 expression in MOG35–55 EAE mice. (A) There is
significantly diminished expression of EAAT-1 in the spinal cord of EAE mice at
disease onset compared to CFA controls mice. (B) Quantification of the Western
blots for EAAT-1 (*P = 0.001, t-test). (C) EAAT-2 glutamate transporter expression is
also significantly diminished in the spinal cord of EAE mice at disease onset when
compared to CFA controls. (D) Quantification of the Western blots for EAAT-2
(*P < 0.001, t-test).
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897 sites is significantly greater in the spinal cord of mice with EAE
compared to CFA controls. NR1 phosphorylation at serine 896 was
found to be 72% higher in EAE spinal cords compared to CFA con-
trol mice (P < 0.001, t-test) (Fig. 3A and D) while phosphorylation
at the serine 897 site was elevated by 65% (P < 0.001, t-test)
(Fig. 3B and E). The levels of total NR1 protein were slightly re-
duced in the spinal cord of EAE mice but these differences were
not significant (Fig. 3C and F).

3.4. Increased cellular activation in the spinal cords of EAE mice

To determine what might account for the increased phosphor-
ylation of NMDA receptors in the un-stimulated EAE spinal cord,
we assessed the patterns of ongoing cellular activity in the
superficial dorsal horn of mice with EAE and CFA controls. Using
the protein product of the immediate early gene c-fos as a mar-
ker for cellular activity [12], we find that in the absences of any
noxious stimulation, FOS expression is significantly higher
throughout the dorsal horn of mice with EAE compared to CFA
controls (mean EAE FOS+ cells: 112 ± 9 vs. CFA FOS+ cells:
20 ± 6, P < 0.001, one-way ANOVA, Tukey post hoc test)
(Fig. 4A, B and E).

To establish if a loss of glutamate uptake capacity might ac-
count for this increase in cellular activation in the dorsal horn
of EAE mice we assessed FOS expression after treating mice with
MS-153, a compound that promotes glutamate transporter activ-
ity [20,31]. In EAE mice, MS-153 treatment leads to a significant
reduction in FOS positive cells in the dorsal horn compared to
the untreated EAE spinal cord (EAE FOS+ cells: 112 ± 9 vs. EAE/
MS-153 FOS+ cells: 77 ± 8, P = 0.04, one-way ANOVA, Tukey post
hoc test) (Fig. 4C–E). FOS expression does however, remain sig-
nificantly higher in these mice compared to CFA controls
(EAE + MS-153 vs. CFA, P = 0.003; EAE + MS-153 vs. CFA + MS-
153, P = 0.01, one-way ANOVA, Tukey post hoc test) (Fig. 4E) sug-

gesting that additional factors also contribute to the enhanced
basal activation of cells in the dorsal horn of EAE mice.

3.5. Cellular activation in response to formalin stimulation

We next assessed how cells in the dorsal horn of EAE mice re-
spond to intense noxious stimulation with formalin. As expected,
CFA control mice show a dramatic (approximately fourfold) in-
crease in the number FOS positive cells in the superficial dorsal
horn ipsilateral to formalin stimulation (Fig. 5A, compare to
Fig. 4A). In contrast, formalin stimulation triggers little change in
the activation of cells in the dorsal horn of EAE mice. There is vir-
tually no change in FOS expression compared to baseline levels
(Fig. 5B, compare to Fig. 4B). Thus, in agreement with their behav-
ioural phenotypes, CFA control mice are significantly more respon-
sive at the cellular level after formalin stimulation than mice with
EAE (P = 0.001, t-test) (Fig. 5C).

3.6. Decreased phosphorylation of NMDA receptor subunits in the
spinal cord of EAE mice in response to formalin stimulation

In the absence of stimulation, EAE mice display enhanced cellu-
lar activation and phosphorylation of NR1 subunits. Following for-
malin stimulation they become hypo-responsive behaviourally and
have little change in their patterns of cellular activation. Therefore,
we next assessed how phosphorylation of NMDA receptor subunits
is affected by formalin stimulation in EAE mice. Following formalin
injection there is a significant decrease in the phosphorylation at
the serine 896 site of the NR1 subunit in the spinal cords of EAE
mice compared to CFA controls (P = 0.035, t-test) (Fig. 6A and C).
Phosphorylation at the serine 897 site of the NR1 subunit remains
elevated in the EAE spinal cord after formalin stimulation but is no
longer significantly different from the levels seen in CFA control
mice (P = 0.607, t-test) (Fig. 6B and D). Taken together, these results

Fig. 3. Phosphorylation of NR1 subunits in the spinal cord of MOG35–55 EAE mice. (A) There is a significant increase in the phosphorylation of NR1 at Ser896 in EAE mice at
disease onset when compared to CFA controls. (B) Phosphorylation of NR1 at Ser897 is significantly increased in EAE mice at disease onset when compared to CFA controls. (C)
Total NR1 expression is relatively unaffected in EAE spinal cords compared CFA controls. (D) Quantification of the Western blots for NR1Ser896 phosphorylation (*P < 0.001, t-
test). (E) Quantification of the Western blots for NR1Ser897 phosphorylation (*P < 0.001, t-test). (F) Quantification of the Western blots for NR1. There is no significant different
between the groups (P > 0.05, t-test).
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suggest that in response to intense noxious stimulation, inhibitory
signaling pathways may be engaged more readily in EAE mice.

3.7. Normalization of formalin responses in EAE mice

Decreased glutamate transporter expression can be associated
with significant increases in ambient glutamate levels in the spinal
cord [14,33]. Given the reduced levels of glutamate transporters in
EAE mice, we hypothesized that following formalin stimulation,
levels of extracellular glutamate might be elevated sufficiently so
that pre-synaptic inhibitory mGluRs become activated more read-
ily [13,42]. Increased activation of these inhibitory pathways in
EAE mice could then account for the lack of responsiveness to for-
malin stimulation. To investigate this, we treated mice with an
mGluR2/3 antagonist, LY-341495 prior to formalin injection. The
nociceptive responses to formalin injection in EAE mice receiving
LY-341495 were indistinguishable from CFA-treated controls.
Nociceptive behaviours were normalized in EAE mice compared
to CFA controls in both phases of the formalin response (Phase 1:
P = 0.183, t-test) (Phase 2: P = 0.387, t-test) (Fig. 7A and B).

To verify that these effects are mediated by a dysregulation of
glutamate transporters in EAE, we assessed formalin responses
after treatment with the drug MS-153. Like LY-341495, treatment
with MS-153 was found to normalize the behavioural response to
formalin to that of CFA controls (Phase 1: P = 0.156, t-test) (Phase
2: P = 0.668, t-test) (Fig. 7C and D). These results demonstrate that
the diminished responsiveness to formalin stimulation in EAE can
be accounted for by a disturbance in the glutamate uptake system.

4. Discussion

Previously, we have shown that mice with EAE exhibit a robust
allodynia in response to acute application of innocuous cold and
mechanical stimuli [24]. We have now examined how these mice
respond to a more persistent and intense noxious stimulus using
the formalin model of injury-induced sensitization [4]. Unexpect-
edly, mice with EAE were hypo-responsive in this model, exhibit-
ing significantly less nociceptive behaviours during both phases
of the response. We show that the lack of behavioural response
to formalin stimulation in these mice can be accounted for by a de-

Fig. 4. FOS expression in the spinal dorsal horn of MOG35–55 EAE mice. (A and B) Representative images of FOS expression in the superficial dorsal horn from CFA (A) and EAE
(B) mice in the absence of stimulation. (C and D) Representative images of FOS expression in the superficial dorsal horn from CFA (C) and EAE (D) mice after treatment with
MS-153 treatment in the absence of stimulation. (E) Quantification of FOS positive cells in the superficial dorsal horn. There is a significant increase in FOS expression in the
dorsal horn of EAE mice compared to CFA controls. FOS expression is significantly decreased in EAE mice treated with MS-153 when compared to EAE mice without MS-153
treatment. FOS expression is still significantly higher in EAE + MS-153 mice compared CFA controls (*P = 0.01, one-way ANOVA, Tukey post hoc test, #P = 0.01, one-way
ANOVA, Tukey post hoc test). Scale bar in D = 200 lm and applies throughout.

Fig. 5. FOS expression in dorsal horn of MOG35–55 EAE mice after formalin. (A and B) Representative images of FOS expression in the ipsilateral superficial dorsal horn from
CFA (A) and EAE (B) mice after formalin injection. (C) Relative to the un-stimulated condition there is a fourfold increase in FOS expression in CFA mice after formalin
injection. Relative to the un-stimulated condition, FOS expression remains unchanged in the EAE spinal cord after formalin injection (*P = 0.001, t-test).
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creased expression of the glutamate transporters, EAAT-1 and
EAAT-2 in the spinal cord. Deficits in glutamate uptake arising
from the downregulation of EAAT-1 and EAAT-2 in EAE mice was
predicted to allow excessive amounts of extracellular glutamate
to accumulate and engage pre-synaptic inhibitory mGluRs more
readily after formalin stimulation. By treating EAE mice with LY-
341495, an antagonist for inhibitory group II mGluRs, or by pro-
moting glutamate transporter activity with the drug MS-153, we
were able to normalize the formalin response in EAE mice. Impor-
tantly, we also show that in the absence of noxious stimulation, the
spinal cords of EAE mice display signs of ongoing cellular activation
and hyperexcitability that is mediated in part by the decreased lev-
els of EAAT-1 and EAAT-2. These findings have direct implications
for the underlying causes of neuropathic pain in MS.

The glutamate transporters are important for regulating the lev-
els of extracellular glutamate at the synapse. Decreased expression
of the glutamate transporters has been observed in post mortem
samples from patients with MS and rats with EAE [22,25,39]. Glu-
tamate transporters have also been found to be decreased in other
pathologies that are associated with neuropathic pain such as after
spinal cord and peripheral nerve injury [36]. Spinal cord injury, MS
and peripheral nerve injury are all pathologies associated with an
increased inflammatory response in the CNS. Inflammation and
reactive gliosis are recognized as integral processes in triggering
central sensitization and neuropathic pain [18,30,40]. Inflamma-
tory cytokines are also known to influence glutamate transporter
expression in vitro [37]. Previously, we have demonstrated that
mice with EAE show significant increases in the reactivity of
microglia/macrophages along with high numbers of T-cells in the
dorsal horn of the spinal cord even at the earliest stages of disease
[24]. Given that these cell types are a major source for many of the
cytokines known to influence transporter expression and traffick-
ing, it is also likely that this early inflammatory response in the
dorsal horn can account for the downregulation of EAAT-1 and
EAAT-2 observed here.

A physiological consequence of decreased glutamate trans-
porter expression in EAE mice would be an elevation in ambient

extracellular glutamate levels at the synapse. Loss of these trans-
porters could also lead to ‘‘spillover” of glutamate into nearby or
adjacent synapses and the activation of distant cells. Using FOS
as a marker of cellular activation, we find that, even in the absence
of noxious stimulation, mice with EAE have a high level of ongoing
cellular activity that is distributed throughout the dorsal horn of
the spinal cord. This pattern of activity could be significantly re-
duced following treatment with MS-153, a compound that pro-
motes glutamate uptake activity [20,31]. While MS-153 could
reduce the levels of FOS expression compared to untreated EAE
mice, FOS expression was still significantly elevated in EAE mice
treated with MS-153 compared to CFA controls. This suggests that
additional factors also contribute to the ongoing cellular activation
in the dorsal horn of EAE mice. The most likely source for these sig-
nals is the high level of reactive gliosis and inflammation found in
the superficial dorsal horn of EAE mice. Reactive glia and inflam-
matory cells can release a number of mediators, including gluta-
mate, which could increase the excitability and activation of
neurons in the spinal cord [37,40]. The high degree of basal activity
might also account for the enhanced phosphorylation of NMDA
receptor subunits seen in these mice prior to noxious stimulation.
This high degree of excitability and activation suggests a likely
mechanism for the hypersensitivity/allodynia observed in these
animals in response to acutely delivered innocuous stimuli [24].

Fig. 6. NR1 subunit phosphorylation after formalin injection. (A) There is a
significant decrease in NR1Ser896 phosphorylation after formalin injection in EAE
mice when compared to spinal cords from CFA controls. (B) Phosphorylation of
NR1Ser897 is not significantly different between CFA and EAE spinal cords after
formalin injection. (C) Quantification of the Western blots for NR1Ser896 phosphor-
ylation (*P = 0.035, t-test). (D) Quantification of the Western blots for NR1Ser897

phosphorylation (P = 0.607). NS = not significant.

Fig. 7. Responses to formalin injection in EAE mice after treatment with LY-341495
or MS-153. (A) Duration of nociceptive responses in Phase 1 of the formalin test
after LY-341495 treatment. There is no significant difference in displayed pain
behaviours between the CFA control and EAE mice (P = 0.183). (B) Duration of
nociceptive responses in Phase 2 of the formalin test after LY-341495 treatment.
There is no significant difference in displayed pain behaviours between the two
groups (P = 0.387). (C) Duration of nociceptive responses in Phase 1 of the formalin
test with MS-153 treatment. There is no significant difference in nociceptive
responses between CFA and EAE mice (P = 0.156). (D) Duration of nociceptive
responses in Phase 2 of the formalin test with MS-153 treatment. There is no
significant difference in nociceptive responses between CFA and EAE mice
(P = 0.668). NS = not significant.
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While changes in the sensitivity of peripheral nociceptors can not
be excluded as a potential mechanism mediating these effects,
we have previously shown that at this early stage of the disease
there are no significant changes in the levels of afferent derived
CGRP or galanin in the dorsal horn [24]. It is therefore unlikely that
alterations in the content of peripherally derived neuromodulators
are mediating these effects.

In contrast, mice with EAE are hypo-responsive following per-
sistent, intense noxious stimulation with formalin. Interestingly,
this behavioural profile might also be accounted for by the loss
of glutamate transporter expression in these mice. Studies using
naïve, adult rats have shown that formalin responses can be signif-
icantly attenuated following antisense knockdown of EAAT-2 [21].
It has been postulated that under conditions associated with a ra-
pid increase in glutamate release from primary afferents (such as
after formalin stimulation), that blockade or loss of transporter
expression may result in an elevation in the levels of extracellular
glutamate sufficiently so that it begins to act upon inhibitory pre-
synaptic mGluRs [16,21]. It is well established that agonists for
pre-synaptic, inhibitory mGluR2/3 receptors can suppress formalin
responses and these effects can be reversed by the antagonist LY-
341495 [13,32]. In EAE mice, the loss of glutamate transporter
expression coupled with the surge of afferent derived glutamate
following formalin might lead to elevations in the levels of extra-
cellular glutamate such that these inhibitory receptors are engaged
more readily. These processes would suppress glutamate release,
decrease spinal activation and inhibit pain processing.

The idea that there is greater engagement of pre-synaptic inhib-
itory pathways in EAE mice after intense noxious stimulation is
supported by our observations that the cellular activation of dorsal
horn neurons in response to formalin is unaffected in mice with
EAE compared to CFA controls. Additionally, formalin stimulation
leads to a significant decrease in the phosphorylation of the NR1
subunit on EAE mice, particularly at the serine 896 site, suggesting
that inhibitory mechanisms are being engaged under these condi-
tions. By treating EAE mice with the selective group II mGluR
antagonist, LY-341495 prior to formalin stimulation, we were able
to restore formalin responses back to control levels. Furthermore,
by promoting glutamate transporter activity in EAE mice with
MS-153 we find a similar normalization of behaviours. This resto-
ration of pain behaviours suggests that the initial lack of respon-
siveness to formalin in EAE mice does not arise due to a specific
deficit in peripheral afferent input but instead highlights the role
of central inhibitory mechanisms in these processes.

Alternatively, the diminished pain behaviours in EAE mice after
formalin stimulation may be accounted for by a process of ‘‘reverse
transport” by the glutamate transporters themselves [26,28]. The
proper functioning of the glutamate transporters is dependent on
membrane potential and specific transmembrane ion gradients
[8,29]. Under pathological conditions, metabolic insults can disrupt
intracellular energy stores and perturb ionic gradients such that
the transporters begin to ‘‘reverse transport” glutamate out into
the extracellular space [28]. Instead of absorbing excess extracellu-
lar glutamate, the transporters can become a primary source for
elevating ambient glutamate levels. This phenomenon has been
documented in cases of brain ischemia and in the acute phase after
spinal cord injury [17,28]. Interestingly, it has been observed that
the inflammatory insults that are the hallmarks of MS and EAE
are also associated with mitochondrial dysfunction, energy failure
and altered ion exchange mechanisms [9]. These metabolic insults
may therefore trigger a similar inverse operation of the transport-
ers in MS and EAE. If ambient glutamate levels were elevated
through these processes this could account for the allodynia and
ongoing cellular activity observed in EAE mice in the absence of
intense noxious stimulation. On the other hand, formalin injection
itself may also be capable of triggering ‘‘reverse transport” of

glutamate [36]. In EAE mice, this could have an additive effect
and elevate glutamate levels beyond a threshold that results in
the recruitment of pre-synaptic inhibitory mGluRs and thus an
attenuation of pain behaviours.

5. Conclusions

In summary, we now provide evidence that decreased expres-
sion of spinal glutamate transporters is an important mechanism
contributing to the altered pain sensitivity of mice with EAE. Dys-
regulated glutamate transporter function in these mice can ac-
count for the impaired behavioural responses to formalin
stimulation and also sheds light on a potential mechanism mediat-
ing the allodynia observed in this model. Given the importance of
glutamate in pain processing, the glutamate transporters may rep-
resent a novel pathway in which to manipulate activity at gluta-
mate receptor complexes, control spinal excitability and manage
neuropathic pain.
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Multiple sclerosis is associated with a high incidence of depression, cognitive impairments and neuropathic
pain. Previously, we demonstrated that tactile allodynia is present at disease onset in an animal model of
MS, experimental autoimmune encephalomyelitis (EAE). We have now monitored changes in object recog-
nition in mice with EAE to determine if altered nociceptive sensitivity is also associated with behavioral
signs indicative of cognitive impairment in this model. At the onset of clinical signs, mice with EAE showed
impairments in the novel object recognition (NOR) assay, indicative of deficits in cognitive functioning
early in the disease course. At the spinal level, we found increased gene expression for the cytokines IL-1β,
IL-6 and the glutamate transporter EAAT-2 that coincide with increased nociceptive sensitivity and deficits
in object recognition. Increased levels of EAAT-2 mRNA appear to be a response to perturbed protein levels
of the transporter as we found a loss of EAAT-2 protein levels in the spinal cord of EAE mice. To determine
if changes in the levels of EAAT-2 were responsible for the observed changes in nociceptive sensitivity and
cognitive deficits, we treated EAE mice with the β-lactam antibiotic ceftriaxone, an agent known to increase
glutamate transporter levels in vivo. Ceftriaxone prevented tactile hypersensitivity and normalized perfor-
mance in the NOR assay in EAE mice. These findings highlight the important interrelationship between
pain and cognitive function in the disease and suggest that targeting spinally mediated pain hypersensitivity
is a novel therapeutic avenue to treat impairments in other higher order cortical processes.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the central nervous system (CNS) that leads to severe neurological
disabilities. MS is also associated with a high incidence of cognitive
impairments and neuropathic pain (He et al., 2011; Osterberg et al.,
2005). Central neuropathic pain (CNP), which is thought to arise
from lesions or a dysfunction in the CNS, affects an estimated one
third of MS patients who report pain as a major symptom of the
disease(Svendsen et al., 2003, 2005). An estimated 40% to 60% of
MS patients also have cognitive deficits, the most frequent being dis-
orders of memory (He et al., 2000; Jongen et al., 2012). Disturbed
memory processing can be detected in the early stages of MS and
has been found to progress over time in all disease subtypes (He et
al., 2011; Mandolesi et al., 2010). Although both CNP and cognitive
impairments are identified in the literature as prominent symptoms
reported by MS patients, little is understood about their underlying

cellular mechanisms. Currently, effective treatment options are not
readily available for these aspects of the disease.

The animal model experimental autoimmune encephalomyelitis
(EAE) is a well-establishedmodel that has been used to study the path-
ophysiology of MS for over fifty years (Owens and Sriram, 1995). De-
spite this, it has only been recently that the model has been used to
characterize changes in pain sensitivity in the disease (Musgrave et
al., 2011a, 2011b; Olechowski et al., 2009). Previously, we have demon-
strated that neuropathic pain behaviors are present before and at dis-
ease onset in the MOG35–55 mouse model of EAE (Olechowski et al.,
2009). We have also reported that changes in pain sensitivity to a per-
sistent noxious stimulus are a result of decreased expression of the
EAAT-2 glutamate transporter (Olechowski et al., 2010). Changes in
acute pain behaviors in an EAE rat model have also been shown to be
associated with decreased glutamate transporter expression (Ramos
et al., 2010). Dysregulation of glutamate transporter activity is associated
with a persistent elevation in ambient glutamate and has been impli-
cated as a potential mechanism for central sensitization and neuro-
pathic pain following peripheral nerve injury (Sung et al., 2003).

In clinical populations, there is a strong association between chronic
pain and cognitive dysfunction. However, studies using the EAE model
to examine changes in cognitive function are lacking. To address this,

Experimental Neurology 241 (2013) 113–121

⁎ Corresponding author at: Dept. of Anesthesiology and PainMedicine, Clinical Sciences
Building, 8-120, University of Alberta, Edmonton, AB, Canada, T6G-2G3. Fax: +1 780 407
3200.

E-mail address: bradley.kerr@ualberta.ca (B.J. Kerr).

0014-4886/$ – see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.expneurol.2012.12.012

Contents lists available at SciVerse ScienceDirect

Experimental Neurology

j ourna l homepage: www.e lsev ie r .com/ locate /yexnr

http://dx.doi.org/10.1016/j.expneurol.2012.12.012
mailto:bradley.kerr@ualberta.ca
http://dx.doi.org/10.1016/j.expneurol.2012.12.012
http://www.sciencedirect.com/science/journal/00144886


we have carried out a series of experiments to further explore the rela-
tionship between changes in nociceptive sensitivity and cognitive func-
tion in mice with EAE. We have monitored changes in cognitive ability
using a standard behavioral assay for object recognition to determine
if altered pain sensitivity is also associated with behavioral signs indic-
ative of cognitive impairment in EAE. In addition, we sought to deter-
mine whether a common underlying mechanism could mediate these
changes in behavior inmice with EAE. We show here that dysregulated
expression at the spinal level of the glutamate transporter subtype
EAAT-2 is a key mechanism mediating these changes and that pro-
moting EAAT-2 expression using the β-lactam antibiotic ceftriaxone
(Rothstein et al., 2005) can normalize nociceptive sensitivity and object
recognition in EAE.

Methods

All animal studies were conducted in accordance with the Canadian
Council on Animal Care Guidelines and Policies with the approval from
the Animal Care and Use Committee: Health Sciences for the University
of Alberta.

Induction of EAE

A total of 50, 10–12 week old female C57BL/6 mice were used.
Mice were purchased from Charles River Canada (Saint-Constant,

Quebec), housed in standard laboratory cages and had free access
to food and water throughout the study period. We induced
EAE in mice with myelin oligodendrocyte glycoprotein 35–55.
(MEVGWYRSPFSRVVHLYRNGK; MOG35–55) obtained from the
Peptide Synthesis Facility, University of Calgary (Calgary, AB).
EAE was induced by subcutaneous immunization with 50 μg of
MOG35–55 emulsified in complete Freund's adjuvant (CFA), (Sigma-
Aldrich, Oakville, ON). CFA was supplemented with an additional
5-mg/ml heat killed Mycobacterium tuberculosis H37Ra (Difco Lab-
oratories, BD Biosciences) to a final concentration of 6 mg/ml. The
final concentration of CFA in the emulsion was 1.5 mg/ml. An intraper-
itoneal (I.P.) injection of 300 ng Pertussis toxin (Bordatella pertussis)
(Sigma-Aldrich, Oakville, ON)was administered at the timeof induction
and again 48 h later (n=30). Control mice were treated with CFA as
above and Pertussis toxin alone (n=20).

EAE assessment

All behavioral assessment was conducted by an experimenter who
was blind to the experimental grouping. As reported previously
(Olechowski et al., 2009, 2010)miceweremonitored daily and the clin-
ical signs of EAE were graded on the following scale: Grade 0, normal
mouse; Grade 1 (disease onset), flaccid tail; Grade 2, mild hindlimb
weakness with quick righting reflex; Grade 3, severe hindlimb weak-
ness with slow righting reflex; and Grade 4, hindlimb paralysis in one
hindlimb or both.

Behavioral testing

Mechanical allodynia
A set of calibrated von Frey hair monofilaments were used to as-

sess the sensitivity to punctate mechanical stimuli. Mice were placed
in clear plexiglass chambers on an elevated wire mesh screen. Cali-
brated von Frey hair filaments were applied to the plantar surface
of each hindpaw in the ascending order of bending force (range:
0.04–2.0 g). Each hair was applied 5 times per paw, and the number
of nociceptive responses (vigorous shaking, prolonged lifting, licking
or biting of the stimulated paw) was recorded. The monofilament
which produced nociceptive responses greater than 60% of the time
was taken as the “threshold”.

Novel object recognition (NOR) test
Mice are first presented with two identical objects (test 1) in

an open field (width: 29 cm; length: 44 cm; height: 17 cm); time
spent exploring each object was monitored over 5 min using a stan-
dard stopwatch. A second test (test 2) was conducted 4 h later where
one object was replaced with a novel object. The time spent explor-
ing each object was observed and recorded for 5 min. The difference
in time between the two objects was calculated and then averaged
for test (i.e. test 1: A–A; test 2 B–A). As a measure of total exploratory
activity, the percent of time the mice spent interacting with the ob-
jects was calculated. The total amount of time spent with either of
the objects over the course of the observation period in each test
was divided by the total time of the observation period.

General activity/attention score
Mice were observed in the open field (width: 29 cm; length:

44 cm; height: 17 cm) for a period of 4 min. The activity/attention
score is a categorical score given each minute to a mouse based on
the duration it spends in a specific sedentary posture. This posture
is defined as having both forepaws on the ground and with the
head being relatively still with a steady gaze directed below the hor-
izontal (i.e., a head position with the nose pointing towards the floor
of the observation box). As previously reported, this score was devel-
oped because, while all mice spend considerable amounts of time in
one quadrant of the open field, EAE mice were often observed to
adopt this posture (Musgrave et al., 2011a, 2011b). These postures
are never observed in naive animals and only rarely in control mice
immunized with CFA alone. The total duration spent in this posture
was measured using a standard stopwatch and scores were given
each minute according to the following criteria: 0, mouse is still and
with a floor-directed gaze for 45 or more seconds in 1 min; 1, mouse
is still and with a floor-directed gaze for 30–45 s in 1 min; 2, mouse is
still and with a floor-directed gaze for 15–30 s in 1 min; 3, mouse is
still and with a floor-directed gaze for 0–15 s in 1 min. These scores
were totaled for each mouse at the end of the 4-min open field trial.
Timing was stopped if the mouse interrupted this posture for any
reason, including extensions of the head/neck forward or upward
(usually to sniff at the air); large, lateral investigatory headmovements,
or initiation of grooming. A score of 12 is representative of maximal
activity/attention during the test period.

Rotarod assay
As a test of gross locomotor ability and coordination, mice were

placed on a rotarod at a fixed rotational speed of 16 rpm. Mice were
placed on the rotarod and the latency to fall off was determined.
The maximum time for a trial was set at 180 s. Mice were trained
on the rotarod for two consecutive days prior to disease induction
to become familiar with the task. After disease induction, mice were
tested on alternate days. Each mouse had three trials and the mean
latency to fall per trial was calculated.

Ceftriaxone treatment

Cohorts ofmicewere treatedwith theβ-lactamantibiotic ceftriaxone
(Sigma-Aldrich, Oakville, ON), a compound known to be capable of
upregulating glutamate transporter expression in the CNS (Rothstein
et al., 2005). Mice were treated with 200 mg/kg I.P. daily starting
7 days after EAE induction (CFA+ceftriaxone n=5, EAE+ceftriaxone
n=10). Vehicle controls received daily injections of saline starting at
7 days after EAE induction (CFA+vehicle n=5, EAE+vehicle n=10).

Real-time RT-PCR

RNA was isolated from spinal cords using the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA) after lysis with TRIzol (Invitrogen)
using the manufacturer's guidelines. RNA dissolved in deionized,
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diethylpyrocarbonate-treated water was used for cDNA synthesis.
The primers used in real-time PCR were: EAAT-2 fwd 5′-TGA ACG
AGG CCC CTG AAG AAA CTA-3′ rev 5′-ATG CCC CCG TGA ATG ATG
AGG-3′, IL-6 fwd 5′-ATG GAT GCT ACC AAA CTG GAT-3′ rev 5′-TGA
AGG ACT CTG GCT TTG TCT-3′, IL-1β fwd 5′-ACA GAT GAA GTG CTC
CTT CCA-3′ rev 5′-GTC GGA GAT TCG TAG CTG GAT-3′, and GAPDH
fwd 5′-AGC CTT CTC CAT GGT GGT GAA GAC-3′ rev 5′-CGG AGT
CAA CGG ATT TGG TCG-3′. Semiquantitative analyses were performed
by monitoring the increase in the fluorescence of the SYBR-green dye
(Invitrogen) in real time on a Bio-Rad (Hercules, CA, USA) i-Cycler.
Real-time fluorescence measurements were performed, and at thresh-
old cycle value for each gene of interest. All data were normalized to
GAPDH mRNA levels for mice.

Western blots

Mice were anesthetized and euthanized by transcardiac perfusion
with 0.9% saline. The brain and lumbar enlargement of the spinal cord
were removed and frozen on liquid nitrogen. The brain was further
subdivided into a section for the brain that contained the hippocampus
with some overlying cortex.

Spinal cord samples
Protein samples (20 μl) were separated on a 10% SDS gel. The

samples were transferred onto PVDF membranes (Bio-Rad). The
membranes were blocked in 5% milk in PBS-Tween 20 (PBS-T)

(0.05%), and then incubated overnight at 4 °C in primary antibodies
EAAT-2 (1:500, Santa Cruz Biotechnology), pNR1Ser896 (1:1000,
Cedarlane Laboratories) diluted in PBS-T. The membranes were
then washed in PBS-T and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (goat anti-rabbit; Jackson
ImmunoResearch) diluted at 1:50,000. The membranes were washed
and binding of HRP-conjugated secondary antibodies detected using
chemiluminescence (Western Lightning Chemiluminescence Reagent
Plus, Perkin-Elmer). Membranes were re-probed with monoclonal
mouse anti-β-actin (1:2000, Sigma) to ensure equal loading of samples.
The films were scanned and the changes in protein expression levels
between CFA and EAE mice as a ratio were quantified using ImageJ
software.

Brain samples
Protein samples (37 μl) were separated on a 10% SDS gel. The

samples were transferred onto PVDF membranes (Bio-Rad) over-
night at 4 °C. The membranes were blocked in 10% milk in TTBS and
incubated overnight at 4 °C in primary antibody EAAT-2 (1:1000,
Santa Cruz Biotechnology) in diluted TTBS. The membranes were
then washed in TTBS and incubated with HRP-conjugated secondary
antibodies (goat anti-rabbit: Jackson ImmunoResearch) diluted at
1:2000. The membranes, similar to spinal cord samples, were washed
and binding of HRP-conjugated secondary antibodies detected using
chemiluminescence (Amersham ECLWestern Blotting Analysis System,
GE Heathcare). Membranes were re-probed with monoclonal mouse

Fig. 1. The changes in nociceptive sensitivity and impairment in the novel object recognition test in EAE mice at disease onset. (A) EAE mice exhibit a significant increase in the sensitivity
to mechanical force (tactile allodynia) at disease onset (clinical grade 1) when compared to baseline threshold responses (*Pb0.01, t-test. n=10). (B) All mice at baseline (prior to
disease induction) spend a greater amount of time with the novel object in test 2. (C) CFA control mice matched for day of disease onset with EAE spend a greater amount of time
with the novel object, similar to mice at baseline (n=15). (D) EAE mice do not show a preference for the novel object during test 2 (n=10). Inset graphs in B–D represent the
percentage of total time spent with either object during each test. This is a measure of exploratory behavior. Mice with EAE mice have a slight reduction in their exploratory
behavior. (E) The activity/attention score (left panel), which measures howmice attend and interact with their surroundings is significantly reduced in EAE mice compared to base-
line measures at disease onset (clinical grade 1) (*Pb0.001, Mann–Whitney Rank Sum Test, n=10). Line crossing in the open field (right hand panel) is also significantly reduced in
EAE mice compared to baseline values (*Pb0.001, t-test, n=10). (F) Gross locomotor ability in the rotarod assay at disease onset (clinical grade 1) is not impaired in any cohort of
EAE mice compared to CFA control mice (P>0.05, t-test).
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anti-β-actin (1:2000, Sigma) to ensure equal loading of samples. The
films were scanned and the changes in protein expression levels
between CFA and EAE mice as a ratio were quantified using ImageJ
software.

Statistical analysis

Statistical analysis was carried out using the Student's t-test and
one-way ANOVA with Tukey and Dunnett's post hoc tests. Mann–
Whitney rank Sum test and Kruskall–Wallis ANOVA on ranks were
used for nonparametric data sets. Significance was set at Pb0.05.

Results

Changes in nociceptive sensitivity are associated with impaired object
recognition in EAE mice

We have previously reported that mice with EAE develop a robust
mechanical allodynia prior to and at the onset of neurological deficits
(Olechowski et al., 2009). We replicated this finding by assessing me-
chanical sensitivity in mice with EAE at disease onset (clinical grade 1).
EAE mice exhibit a significant decrease in withdrawal thresholds to
punctate mechanical stimulation when compared to baseline measures
(Fig. 1A) (Pb0.01, t-test).

Fig. 2. IL-1β, IL-6 and EAAT-2 gene expression is increased in EAE mice at disease onset. (A) IL-1β mRNA levels are upregulated in the spinal cords of EAE mice compared to controls
treated with CFA alone (*P=0.03, t-test). (B) IL-6 mRNA levels are upregulated in the spinal cord of EAE mice when compared to control levels from CFA treated mice (Pb0.001,
t-test). (C) EAAT-2 mRNA levels are significantly increased in all EAE cohorts when compared to CFA controls (*P=0.01, t-test) (CFA n=6, EAE n=5).

Fig. 3. Decreased expression of the glutamate transporter EAAT-2 in spinal cords of EAE mice. (A) There is a significant decrease in the levels of spinal EAAT-2 mice with EAE when
compared to CFA. All samples are taken at disease onset (clinical grade 1). (B) There is no difference in EAAT-2 levels (multimer or monomer) in the brains of EAE mice when com-
pared to CFA controls. (C) Quantification of Western blots from the spinal cord for EAAT-2 normalized to beta actin and expressed as a percentage of CFA control levels (*P=0.01,
t-test). (D and E) Quantification of the brain EAAT-2 multimer and monomer expression in Western blots normalized to beta actin and expressed as a percent of CFA control levels
(P>0.05, t-test) (CFA n=3; EAE n=3) (NS=non-significant).
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In addition to the changes in pain sensitivity, deficits in cognitive
function, particularly memory, are common in patients with multiple
sclerosis (MS) (He et al., 2011). Using the novel object recognition
(NOR) assay as a test of cognitive ability, we next determined if
similar symptoms could be detected in mice with MOG35–55 EAE.
Prior to disease induction, all mice could discriminate a novel object
presented to them in the open field. In ‘test 1’, the mice are presented
with two identical objects and the difference in time spent with each
object is around zero seconds. In ‘test 2’, one of the objects is replaced by
a novel object of distinct shape and size and themice spend greater time
exploring and interacting with the novel object (Fig. 1B). Mice immu-
nized with the CFA adjuvant alone show no impairments in the assay
(Fig. 1C). For CFA treated mice, the difference in time spent with the
novel object compared to the familiar object in test 2 is similar to the
baseline condition. In contrast, novel object recognitionwas significantly
impaired in mice with EAE at the onset of disease (clinical grade 1). EAE
mice did not show signs of discrimination between the novel and famil-
iar object in test 2 (test 2 mean difference scores: baseline: 5.1±0.84 s;
CFA: 7.1±2.4 s; EAE: −0.2±0.32 s) (Figs. 1B, C and D).

To determine if the observed deficits in the NOR assay are due to
motivational factors such as reduced overall exploratory behaviors,
we calculated the percentage of time the mice spent interacting
with the objects during each test. In general, mice with EAE spend
slightly less overall time interacting and exploring the objects in
test 1 and test 2 compared to baseline levels and CFA treated mice
(Fig. 1, inset graphs B–D). Given this decrease in exploratory behavior
in the NOR assay, we also assessed signs of sickness behavior in
EAE mice at disease onset using a general activity/attention score
(Musgrave et al., 2011a, 2011b). Measuring discrete postural changes
can serve as adjunct measures for how the mice attend to and interact
with their environment. Decreased interaction and/or attention to
the surrounding environment is a characteristic feature of sickness
behavior. As previously reported, prior to disease induction, healthy
mice rarely score below 10–11 using this rating system, meaning that
they are consistently paying attention to their surrounding environment
(Musgrave et al., 2011a, 2011b). At disease onset (clinical grade 1),
EAE mice had significantly lower activity/attention scores compared
to baseline measures (baseline median activity/attention score: 12;
EAE ‘onset’: 8) (Pb0.001, Mann–Whitney Rank Sum Test) (Fig. 1E,
left panel). We also monitored exploratory behavior by monitoring
the number of line crosses the mice made during the open field obser-
vation period. EAE mice at the onset of the disease (clinical grade 1)
made significantly fewer line crosses compared to their baseline values
prior to disease induction (baseline line crosses: 47±3.3; EAE ‘onset’:
18±4.9) (Pb0.001, t-test) (Fig. 1E, right panel).

To determine if the reductions in the general activity/attention score
and the lack of exploratory behavior was due to impairments in locomo-
tor function inmicewith EAEat the onset of the disease (clinical grade 1),
gross locomotor ability was assessed using a fixed-speed rotarod assay.
At disease onset, when the NOR assay and open field behaviors were
assessed, rotarod abilitywas not significantly affected in EAEmice at clin-
ical grade 1 compared to CFA treated controls (CFA: 174±3s; EAE onset:
163±17s) (P>0.05 t-test) (Fig. 1F).

IL-1β, IL-6 and EAAT-2 mRNA are upregulated in the spinal cord
during EAE

To determine themolecularmechanisms thatmediate these changes
in behavior in EAE mice, we began by looking at mRNA levels of the
pro-inflammatory cytokines interleukin-1 beta (IL-1β), interleukin-6
(IL-6) and the glutamate transporter EAAT-2. We have previously
shown that altered levels of EAAT-2 protein in the spinal cord of mice
with EAE can affect pain behaviors (Olechowski et al., 2010) and other
groups have implicated the involvement of glutamate transporter
dysfunction in the generation of pain hypersensitivity in rat models of
EAE (Ramos et al., 2010). Both IL-1β and IL-6 can regulate EAAT-2 levels

(Okada et al., 2005; Sulkowski et al., 2009) and increased levels of IL-6
and EAAT-2 mRNA have been reported in other EAE models (Mitosek-
Szewczyk et al., 2008; Wang et al., 2000). We found that the levels
of IL-1β mRNA were elevated in EAE mice at disease onset (Fig. 2A)
(P=0.03, t-test). In addition, both IL-6 and EAAT-2 also showed an
increase in mRNA levels in EAE mice at disease onset when compared
to CFA control spinal cord samples (Figs. 2B and C) (Pb0.001; P=0.01,
t-tests).

Diminished glutamate transporter expression in the spinal cord of EAE
mice at disease onset

Given the importance of the glutamate transporters (especially
EAAT-2) in regulating excitatory signaling in the CNS (Danbolt, 2001),
we next assessed the levels of the EAAT-2 protein in the spinal cord
from EAE mice using Western blots. As we have demonstrated previ-
ously (Olechowski et al., 2010), compared to CFA controls, mice with
EAE mice have reduced levels of the major glutamate transporter
EAAT-2 at disease onset (P=0.01, t-test) (Figs. 3A and C). However,
given the deficits in the ability of EAE mice to identify a novel ob-
ject in the NOR assay, we also assessed the levels of EAAT-2 in the
hippocampus/forebrain as a potential mechanism contributing to
this decrease in cognitive ability. At this early stage of the disease
however, we could not detect significant changes in the levels of
EAAT-2 in the brains of mice with EAE when compared to controls
treated with CFA alone (P>0.05, t-test) (Figs. 3B, D and E).

Fig. 4. Ceftriaxone prevents tactile allodynia in EAE mice. (A) Daily treatment with
ceftriaxone (200 mg/kg) starting at day 7 after EAE induction does not change the
disease course of EAE when compared to vehicle treated controls. (B) Ceftriaxone
treatment prevents tactile allodynia at disease onset (clinical grade 1) in EAE mice
when compared to vehicle treated EAE mice. von Frey thresholds in EAE-vehicle
mice are significantly reduced compared to baseline (*Pb0.05 one-way ANOVA on
ranks, Dunn's post hoc test) (EAE+vehicle n=10; EAE+ceftriaxone n=10).
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Ceftriaxone attenuates tactile hypersensitivity and cognitive deficits
in EAE

To determine whether decreased levels of spinal EAAT-2 are
involved in generating nociceptive hypersensitivity and cognitive
deficits in the MOG35–55 EAE model, we treated EAE mice with ceftri-
axone, a β-lactam antibiotic that has the ability to upregulate EAAT-2
in the CNS (Ramos et al., 2010; Rothstein et al., 2005). We first
assessed how ceftriaxone treatment affected the clinical signs of the
disease. Daily treatment with ceftriaxone (200 mg/kg) (Melzer et al.,
2008) beginning seven days after disease induction had no effect on
the disease course compared to vehicle treated EAE mice (Fig. 4A).
However, daily treatmentwith ceftriaxone attenuated the tactile hyper-
sensitivity that is present at disease onset (Pb0.05 one-way ANOVA on
ranks, Dunn's post hoc test) (Fig. 4B).

Daily ceftriaxone treatment also improved performance in the
NOR assay. Prior to the start of treatment with either ceftriaxone
or vehicle, all mice induced with EAE had impaired novel object
recognition in test 2 compared to controls treated with CFA alone
(test 2 mean difference scores: baseline: 9.1±0.32 s; CFA day 7:
13.2±4.1 s; EAE day 7: 2.5±0.9 s) (Fig. 5A, i, ii and iii). EAE
mice then began daily treatment with either ceftriaxone or vehicle
and were re-assessed in the NOR assay when the first clinical signs
of the disease appeared (‘onset’, clinical grade 1). Object recogni-
tion remained impaired in vehicle treated EAE mice compared to
CFA treated mice tested on the same day (test 2 mean difference scores:
CFAmatched for ‘onset’: 17.5±2.8 s; EAE+vehicle at ‘onset’: 1.2±0.7 s)
(Fig. 5B, i and ii). In contrast, EAEmice treated with daily ceftriaxone had

improved discrimination of the novel object in test 2 with perfor-
mance approaching pre-disease levels (test 2 mean difference score:
EAE+ceftriaxone at ‘onset’: 9.4±3.7) (Fig. 5B iii). Interestingly, explor-
atory behavior remained significantly lower in both groups of EAEmice
compared to CFA controls (inset graphs Fig. 5B). In addition, we found
that the activity/attention scores of EAE mice treated with daily ceftri-
axone were not significantly different from vehicle treated controls.
Compared to baseline values, both groups of EAE mice had significantly
reduced activity/attention scores at disease onset (baseline median
activity/attention score: 12; EAE+vehicle ‘onset’: 5; EAE+ceftriaxone
‘onset’: 5) (P=0.001, Kruskal–Wallis One Way ANOVA on ranks,
Dunn's method) (Fig. 6A). However, gross locomotor ability was not
affected at this stage of the disease. As shown previously, rotarod per-
formance is not significantly affected in either group of EAE mice at
the onset of disease (clinical grade 1) when testing takes place (Fig. 6B).

Ceftriaxone treatment increases EAAT-2 expression and reduces NMDA
receptor phosphorylation in the spinal cord of mice EAE

To determine if ceftriaxone was increasing the levels of spinal
EAAT-2 in mice with EAE, EAAT-2 levels were assessed using Western
blots at disease onset. The significant reduction in spinal EAAT-2 levels
in vehicle treated EAE mice was prevented in mice treated with daily
ceftriaxone (Figs. 7A and C). A consequence of dysregulated EAAT-2 ex-
pression is an increased activation of excitatory glutamate receptors.
We have previously shown that EAEmice have an increase in the levels
of phosphorylated NR1 NMDA receptor subunits at the spinal level
(Olechowski et al., 2010). Increased phosphorylation of NR1 (pNR1)

Fig. 5. Ceftriaxone treatment restores novel object recognition in EAE mice. (A) (i) At baseline prior to disease induction, all mice spend a greater amount of time with the novel object
during test 2. (ii) At day 7 after disease induction, CFA control mice spend a greater amount of time with the novel object during test 2. (iii) At day 7 after disease induction and prior
to starting treatment, all EAE mice fail to show a preference for the novel object during test 2. (B) (i) CFA control mice spend a greater amount of time with the novel object during
test 2 when tested at matched timepoints with EAE mice that reach the onset of disease (clinical grade 1). (ii) At disease onset (clinical grade 1), vehicle treated EAE mice continue
to show impairments in their ability to distinguish the novel object during test 2. (iii) At disease onset (clinical grade 1), ceftriaxone treated EAE mice spend a greater amount of
time with the novel object during test 2. Inset graphs in (A and B) represent the percentage of total time spent with the objects in each test as a measure of exploratory behavior.
Exploratory behavior remains decreased in EAE mice relative to CFA control mice regardless of treatment (CFA n=10; EAE+vehicle n=10; EAE+ceftriaxone n=10).
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has been implicated in the generation of nociceptive hypersensitivity
(Olechowski et al., 2010). We therefore examined the levels of pNR1
at serine 896 (pNR1896) at disease onset (clinical grade 1) in EAE mice
treated with the vehicle or ceftriaxone. Increased levels of spinal
pNR1896 were seen in both groups of EAE mice compared to controls
treated with CFA alone (Fig. 7B). However, pNR1896 levels were signifi-
cantly higher in EAEmice treated with vehicle compared to ceftriaxone
treated EAE mice (Pb0.05, one-way ANOVA, Tukey post hoc test)
(Fig. 7D).

Discussion

Chronic pain and cognitive deficits are now recognized as major
symptoms associated with MS (Jongen et al., 2012; Svendsen et al.,
2003, 2005). To date however, few studies have examined the under-
lying causes of these features of the disease, or the relationship
between the two using the widely accepted animal model EAE. We
have previously reported that nociceptive hypersensitivity develops
in the MOG35–55 EAE mouse model prior to and at disease onset
(Olechowski et al., 2009). We have now characterized nociceptive hy-
persensitivity in mice with MOG35–55 EAE and also examined cogni-
tive function in this model using the novel object recognition assay.
Our findings demonstrate that nociceptive hypersensitivity to tactile
stimuli and deficits in object recognition occur in tandem and can
be observed very early in the disease course. Interestingly, normal-
izing nociceptive sensitivity in mice with EAE leads to improved

performance in the NOR assay, illustrating the important interrela-
tionship between these two variables.

A common feature of bothMS and the EAEmodels is the decrease in
the protein levels of the dominant glutamate transporter EAAT-2
(Olechowski et al., 2010; Pampliega et al., 2008; Vercellino et al.,
2007). Decreased levels of spinal glutamate transporters are associated
with changes in nociceptive thresholds in a variety of peripheral nerve
and spinal cord injury models (Tao et al., 2005). This appears to be a
common feature of theMOG34–55 EAEmodel as well. Using quantitative
RT-PCR, we find that gene expression of the cytokines Il-1β and IL-6 are
upregulated in the spinal cord of EAE mice. An ‘IL-6 amplifier mecha-
nism’ in the lumbar spinal cord has been characterized as amajormedi-
ator of EAE disease progression (Arima et al., 2012). Interestingly, IL-6 is
also known to be a major factor triggering the downregulation of
EAAT-2 (Sulkowski et al., 2009). The observed changes in tactile sensi-
tivity in EAE mice may therefore be accounted for by lumbar IL-6
upregulation and subsequent decreases in the levels EAAT-2 protein
in the spinal cord.

In a rat model of EAE, upregulating the levels of EAAT-2 using the
β-lactam antibiotic ceftriaxone, reduces the nociceptive hypersensi-
tivity associated with EAE (Ramos et al., 2010). We found that in
the MOG35–55 mouse EAE model, ceftriaxone is equally effective at
normalizing tactile withdrawal thresholds. Ceftriaxone's effects ap-
pear to be mediated primarily by changes in EAAT-2 levels in the spi-
nal cord as we found no significant changes in EAAT-2 levels in the
brains of EAE mice at the early stages of disease progression when
tactile hypersensitivity was most pronounced. By stabilizing EAAT-2
levels in the spinal cord, ceftriaxone treatment is also able to reduce
the levels of phosphorylation at the NR1 NMDA receptor subunit, a
well established pathway leading to pain hypersensitivity in a num-
ber of animal models including EAE (Olechowski et al., 2010; Zou et
al., 2000). These results confirm ceftriaxone's ability to upregulate
or stabilize the levels of EAAT-2 in the spinal cord of the MOG35–55

EAE model and suggest that the decreased pain hypersensitivity and
concomitant improvement in the NOR assay in ceftriaxone treated
mice may arise as a result of reduced excitatory drive to spinal gluta-
mate receptors.

Interestingly, we find that deficits in object recognition are also
present in mice with MOG35–55 induced EAE. One of the most com-
mon cognitive deficits assessed in the MS patient population are
problems with memory retention (He et al., 2011). Previous studies
in both rat and mouse models of EAE reported deficits in spatial rec-
ognition using the Morris water maze (D'Intino et al., 2005; Ziehn et
al., 2010). In addition, there is evidence that long-term potentiation,
a cellular substrate for learning and memory, is impaired in EAE
models (Mandolesi et al., 2010). Importantly, the observed deficits
of mice with MOG35–55 EAE in the NOR assay cannot be accounted
for by any significant impairment of gross locomotor ability. At this
stage of the disease, performance in the fixed speed rotarod assay is
unchanged in EAE mice when NOR testing occurs (disease onset,
clinical grade 1). Although deficits in gross locomotor ability do not
appear to be a factor for the impaired performance of MOG35–55 EAE
mice in the NOR assay, a recent study has shown anatomical evidence
of neurodegeneration in the visual system of a rat model of EAE prior
to the onset of optic neuritis (Fairless et al., 2012). It is unlikely
however that the deficits in object recognition behavior in MOG35–55

EAE mice can be accounted for by these potential early impairments
of visual function as could be inferred from the latter anatomical obser-
vations of early onset retinal ganglion cell loss andmicroglial cell activa-
tion in this latter EAE rat model (Fairless et al., 2012). Although the
timing of these neurodegenerative events in the retina coincides with
the onset of the behavioral deficits reported in MOG35–55 EAE mice
(Fairless et al., 2012) there are two critical elements that rebut this
possibility: 1) we show here that treating mice with ceftriaxone can
reverse the changes in NOR performance in EAE mice; and 2) retinal
ganglion cell death is irreversible, and this applies to any other

Fig. 6. Ceftriaxone treatment does not affect activity/attention scores or gross locomotor
ability at disease onset. (A) The activity/attention score is significantly decreased in
both the ceftriaxone and vehicle treated EAE mice at disease onset when compared
to baseline (*P=0.001, Kruskal–Wallis One Way ANOVA on ranks, Dunn's method).
(B) Locomotor ability as measured with the rotarod test at disease onset (clinical
grade 1) is not different from baseline in both EAE groups (P>0.05, One Way ANOVA).
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neurodegenerative events in the retina and optic nerve of adult
mammals (Sauve and Gaillard, 1995). Furthermore, we have recently
begun studies using electrophysiological parameters to assess visually-
evoked retinal and cortical responses in mice with MOG35–55 EAE two
weeks after the onset of clinical signs in the disease (a time point that
is much later in the disease progression than we have tested in the
current studies). Preliminary results from these studies of visually-
evoked retinal and cortical responses indicate that there are no func-
tional visual deficits in EAEmice at all clinical grades (from 1 to 4) com-
pared to CFA treated control mice (Supplemental Fig. 1). This is not
surprising given that C57BL/6 mice induced with MOG35–55 EAE only
begin to show signs of retinal ganglion cell (RGC) death much later
in the disease course (Quinn et al., 2011). Therefore, it is implausible
that the therapeutic effects of ceftriaxone treatment are the result of
neuroprotective or regenerative responses in the retina.

We did however, observe significant reductions in the total ex-
ploratory behavior of EAE mice during the NOR testing sessions. The
absence of gross locomotor deficits in EAE mice at this early stage of
the disease suggests that the decrease in general activity/attention
scores and reduced exploratory behavior in the NOR assay are not a
consequence of impaired locomotor ability. Instead, these reductions
in exploration are likely related to the sickness-like behavior that are
well documented in EAE mice (Musgrave et al., 2011a, 2011b; Pollak
et al., 2002, 2003). Decreased motivation to explore and interact with
the objects due to sickness or pain is therefore more likely the cause
for the poor performance in this assay. Indeed, the importance of
nociceptive hypersensitivity as a mediator of the deficits in object
recognition EAE mice is highlighted by our observations that normal-
izing tactile withdrawal thresholds in the disease can restore object

recognition without any significant change in total exploratory be-
havior in the test. Taken together, these findings suggest that the
beneficial effects of ceftriaxone in the NOR assay are not due to a gener-
alized anti-depressant effect or through improvements in locomotor
ability but are likely due to a generalized reduction in nociceptive
hypersensitivity.

Conclusions

Taken together our results demonstrate that the MOG35–55 EAE
model can be a useful tool for studying the mechanisms leading to
pain hypersensitivity and cognitive deficits seen in the early stages
of MS. We show here that changes in nociceptive sensitivity and def-
icits in object recognition in the MOG35–55 EAE model develop very
early in the disease course, even before the emergence of clinical
signs. Changes in pro-inflammatory cytokine expression and the con-
comitant decrease in spinal EAAT-2 expression is a key underlying
mechanism mediating these changes in behavior. Our data suggest
that effective control of nociceptive sensitivity can have a broad im-
pact on other higher order behaviors such as object recognition.
Targeting the glutamate transporter system may represent an impor-
tant avenue as a potential treatment option for not only abnormal
pain sensitivity but also the cognitive deficits associated with the
disease.
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Fig. 7. Ceftriaxone increases the levels of EAAT-2 and reduces phosphorylation of NR1 serine 896 in EAE mice spinal cords. (A) EAAT-2 levels are significantly decreased in the spinal cord
of vehicle treated EAE mice at disease onset but are normalized in EAE mice treated with ceftriaxone. (B) The levels of pNR1 serine 896 are significantly higher in both groups of EAE
mice compared to the levels in CFA controls. However, the levels of pNR1896 are significantly lower in the ceftriaxone treated EAE mice when compared to the vehicle treated EAE
mice. (C–D) Quantification of the spinal cord Western blots for EAAT-2 (C) and pNR1 serine 896 (D) normalized to beta actin and expressed as a percent of CFA control levels
(*Pb0.05, one-way ANOVA, Dunnett's post hoc test, C) (***Pb0.05, one-way ANOVA, Dunnett's post hoc test, *Pb0.05, t-test, EAE vehicle vs. EAE ceftriaxone, D) (CFA n=3;
EAE+vehicle n=4; EAE+ceftriaxone n=4).

120 C.J. Olechowski et al. / Experimental Neurology 241 (2013) 113–121



Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.expneurol.2012.12.012.
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