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&B7&'+*&,.2! 0.! ./&! W&''+4&&! G0'-&! J,*0<! L0(+<+.5=! +.! 6);<1! ,).! /0%&! 4&&,!
7)22+4<&!6+./);.!G5,10!V)''+2/=!T';(&!:);-/.),!0,1!Y<0+,&!K/02&9!!G5,1082!(0'&!
0,1!(),(&',!3)'!./&!0,+*0<2!*01&!6)'@!6+./!./&!2/&&7!&,H)504<&!6/+<2.!T';(&82!
.&(/,+(0<!2@+<<2!0,1!&,();'0-&*&,.!+,!.&0(/+,-!*&!.)!/0,1<&!02!6&<<!02!(0,,;<0.&!
2/&&7!*01&!+.!0(.;0<<5! 3;,9! !G02.!4;.!,).! <&02.=!V0,15!K;'1!6/)!@&&72!./&!.&0*!
.)-&./&'!0,1!';,,+,-!2*))./<5=!6/0.!0!-&*Z!



!

! "[!

!
>/);-/! ./&! 7')H&(.! /02! ()*&! .)! 3';+.+),=! ./&! 7')(&22!602! ,).! -;0'0,.&&1!6+./!
*0,5! (/0<<&,-&2! 0<),-! ./&! 6059! ! >/&'&! 6&'&! 2&%&'0<! .+*&2! 6/&,! &B7&'+*&,.2!
30+<&1!*+2&'04<5! 0,1! "! (),2+1&'&1! ./&!7))'! '&,;*&'0.+),! +,! '&2&0'(/! ()*70'&1!
6+./! 6)'@+,-! 02! 0! (),2;<.0,.! 7/52+(+0,! 0,1! 2&'+);2<5! ?;&2.+),&1! 6/&./&'! "!
2/);<1! H;2.! '&.;',! .)! ./&! (<+,+(0<! 6)'<19! ! >/0,@! 5);! .)! 0<<! ./&! 2.033! *&,.+),&1!
04)%&!6/)! /0%&! 4&()*&! 3'+&,12! 02!6&<<! 02!*5! 3&<<)6! M/:! 4;11+&2! 3)'!6/+(/! "!
/0%&!.)!*&,.+),!27&(+3+(0<<5!D0*+2/!V(W+<<+0*=!A.&7/0,+&!A+**),12!0,1!A0@10!
D&60-0<0*;<0-&!3)'!5);'!2;77)'.!0,1!&,();'0-&*&,.!+,!@&&7+,-!*&!-)+,-9!!!>/+2!
+2!0<2)!.';&!)3!*5!<)%+,-!70'.,&'=!:0,+&<!K'),+,=!2+2.&'=!>0)\K/&',!0,1!4&2.!3'+&,1=!
G&)!E0,1)!6/)!0'&!<+.&'0<<5!./&!6+,1!4&,&0./!*5!6+,-29! !".!+2!,).!7)22+4<&!.)!-)!
./');-/!0!M/:!7')-'0*!6+./);.!5);!-;52!4&+,-!./&'&!3)'!*&9!!!!
!
L+,0<<5=! "!6);<1! <+@&!.)! ./0,@!V)*!0,1!:01!3)'! 3)2.&'+,-! +,!*&!0! 302(+,0.+),! 3)'!
<+3&! <),-! <&0',+,-! 0,1! 0,! +,?;+2+.+%&,&22! +,.)! ./&! ,0.;'&! )3! ./+,-29! ! ! >)! '&02),!
'0.+),0<<5!0,1!-')6!4&5),1!*5!(),1+.+),+,-!+2!6/0.!"!/)7&!7&'%01&2!,).!H;2.!*5!
6)'@! 4;.!*5! &%&'5105! <+3&9! ! ! "! '&*&*4&'! ./&! 2(+&,(&! <&22),2! 0.! /)*&! 0,1! ./&!
&,();'0-&*&,.! .)!6),1&'! 02!6&<<! 02! ./&! 20('+3+(&2! 5);!4)./!/0%&!*01&! 3)'!*5!
&1;(0.+),9! ! >/);-/! "! 1)! ,).! /0%&! ./&! )77)'.;,+.5! .)! .&<<! 5);! 7&'2),0<<5=! ./&!
-'0.+.;1&!"!/0%&!+2!4&5),1!6)'129!!>/0,@!5);9!!!!!!
!!



!

! [!

 Abbreviations, Units of Measure and Symbols 

!
J:M! J1&,)2+,&!1+7/)27/0.&!

J-EM! J-);.+!'&<0.&1!7').&+,!

J"KJE! Q\J*+,)+*+10S)<&\]\(0'4)B0*+1&!
'+4).+1&!

JVM! J1&,)2+,&!*),)7/)27/0.&!

JEK! J'(;0.&!,;(<&;2!

J>M! J1&,)2+,&!.'+7/)27/0.&!

J^! J'4+.'0'5!;,+.2!

J#M! J'-+,+,&!%02)7'&22+,!

T_V! T&.0\_!*+(')-<)4;<+,!

TJ>! T')6,!01+7)2&!.+22;&!

TV"! T)15!*022!+,1&B!

TVE! T020<!*&.04)<+(!'0.&!

TAJ! T)%+,&!2&';*!0<4;*+,!!

K0_`! K0<(+;*!+),!

(JVM! K5(<+(!01&,)2+,&!!

K>!! K)*7;.&1!0B+0<!.)*)-'07/5!a2(0,b!

KKc! K/)<&(52.)@+,+,!

(:dJ! K)*7<+*&,.0'5!:dJ!

K)J! K)&,S5*&!J!

KED! K)'.+().')7+,!'&<&02+,-!/)'*),&!

K#:! K0'1+)%02(;<0'!1+2&02&! !

:Y[J! :;0<!&,&'-5![\'05!042)'7.+)*&.'5!

:VD! :)'2)*&1+0<!/57)./0<0*;2!

:dJ! 1&)B5'+4),;(<&+(!0(+1!

YKG! Y,/0,(&1!(/&*+<;*+,&2(&,(&!

Y:>J! Y./5<&,&1+0*+,&.&.'00(&.+(!0(+1!

YG"AJ! Y,S5*&\<+,@&1! +**;,)2)'4&,.!
02205!

L:eMY>!L<;1&)B5-<;()2&!

LAD! L)<<+(<&!2.+*;<0.+,-!/)'*),&!

e:M! e;0,)2+,&!1+7/)27/0.&!

eG^>! e<;()2&!.'0,27)'.&'!.57&!

eE! e<;()()'.+()+1!E&(&7.)'!

D`! M').),!

Dc! D);2&@&&7+,-!

DMJ! D57)./0<0*+(\M+.;+.0'5\J1'&,0<!

"G! ",.&'<&;@+,!

+9%9! ",.'0%&,);2!

GDJ! G0.&'0<!/57)./0<0*+(!0'&0!

GMA! G+7)7)<520((/0'+1&!

VKD! V&<0,+,\(),(&,.'0.+,-!/)'*),&!

VKE! V&<0,)()'.+,!'&(&7.)'!

V:DP! V0<0.&!:&/51')-&,02&!

VE! V+,&'0<)()'.+()+1!E&(&7.)'!

*EdJ! V&22&,-&'!E+4),;(<&+(!0(+1!

*>$E! V0**0<+0,!.0'-&.!)3!'070*5(+,!

dJ! d)'01'&,0<+,&!

dJ:D! d+().+,0*+1&!01&,+,&!1+,;(<&).+1&!

dYJ>! d),\&B&'(+2&!0(.+%+.5!./&'*)-&,&2+2!

dYLJ! d),\&2.&'+3+&1!30..5!0(+1!

dMf! d&;')7&7.+1&!f!

$_! $B5-&,!

$#[! $%0'+&(.)*+2&1!

MTA! M/)27/0.&!4;33&'&1!20<+,&!

MK$A! M)<5(52.+(!)%0'5!25,1')*&!

MKE! M)<5*&'02&!(/0+,!'&0(.+),!



!

! PP!

MY>! M)2+.'),!&*+22+),!.)*)-'07/5!

M+! ",)'-0,+(!7/)27/0.&!

McJ! M').&+,!@+,02&!J!

M$VK! M'))7+)*&<0,)()'.+,!

MMJEg! M&')B+2)*&! 7')<+3&'0.)'\0(.+%0.&1!
'&(&7.)'!-0**0!

M#d! M0'0%&,.'+(;<0'!,;(<&;2!

MAA! M)'(+,&!A.'&22!A5,1')*&!

E$A! E&0(.+%&!)B5-&,!27&(+&2!

E>\MKE!E&0<!.+*&!M)<5*&'02&!(/0+,!'&0(.+),!

AKd! A;7'0(/+02*0.+(!,;(<&;2!

A:A! A)1+;*!1)1&(5<!2;<30.&!

AYV! A.0,10'1!&'')'!C)3!./&F!*&0,!

AYEKJ! A0'()&,1)7<02*+(! E&.+(;<;*!
K0<(+;*!J>M02&!

AE! A0'()7<02*+(!E&.+(;<;*!

>h! h=Q=hi\.'++)1)./5'),+,&!

^KM! ^,();7<+,-!7').&+,!

#Vd! #&,.')*&1+0<!,;(<&;2!

WJ>! W/+.&!01+7)2&!.+22;&!

j\VAD! J<7/0! *&<0,)(5.&! 2.+*;<0.+,-!
/)'*),&!

PP!DA:PP\4&.0\/51')B52.&')+1!
1&/51')-&,02&!



!

! P_!

!

A5*74)<2!

j! J<7/0!

k! T&.0!

g! e0**0!

l! M&'(&,.!

!

!

!

m! M<;2!)'!*+,;2!

n! :&<.0!C(/0,-&!+,F!

M! M\%0<;&!
!

^,+.2!)3!V&02;'&!

o<! V+(')<+.'&!

K!! K&<2+;2!!

e!! e0;-&!!

/!! D);'2!!

c!! P=OOO!;,+.2!

@(0<! c+<)(0<)'+&!

@-! c+<)-'0*!

G!! G+.'&!!

V!! V)<0'!!

*! V&.'&!

!

*-! V+<<+-'0*!

*+,!! V+,;.&2!

*<! V+<<+<+.'&!!

**!! V+<<+*&.'&!!

,-! d0,)-'0*!

,<!! d0,)<+.'&!!

'7*!! E&%)<;.+),2!7&'!*+,;.&!!

"^!! ",.&',0.+),0<!;,+.!!

#! #)<.!

W!! W0..2!!

W@2! W&&@2!
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Publications Arising from PhD 

!
K<0'@&!A9!:9=!G&&!c9=!J,1'&62!U9!T9=!L0/'+!L9=!Y%0,2!E9e9=!K<0'@&!"9! q9!0,1!D&,'5!T9J9!
C_OP_F!!M)2.7'0,1+0<!D&0.!M')1;(.+),!+,!A@&<&.0<!V;2(<&!+2!J22)(+0.&1!6+./!J<.&'&1!
V+.(/),1'+0<!L;,(.+),!0,1!L;.+<&!K0<(+;*!K5(<+,-9!!J*&'+(0,!q);',0<!)3!M/52+)<)-5!
hOhCPOFpEPOrP\s9!
!
>9!c&%+,!G&&=!"0+,!q9!K<0'@&=!q;2.+,!A.!q)/,=!"9!E)22!f);,-=!T'+0,!G9!G&;'5=!J<&B0,1'0!
E0)=! U0,&! T9! J,1'&62=! 0,1! T&<+,10! J9! D&,'59! C_OP]F! ! D+-/! K)'.+2)<! E&27),2&2!
"1&,.+35!M')7&,2+.5!3)'!$4&2+.5!./0.!+2!G+,@&1!.)!>/&'*)-&,&2+2!+,!A@&<&.0<!V;2(<&9!!
LJAYT!q);',0<=!Php!_hth]Q9!
!
>9! c&%+,! G&&=! "0+,! q9! K<0'@&=! e0%+,! G0*4&'.=! E)4&'.! T+2(/)3=! K0')<+,&! G&&! 0,1!
T&<+,10! J! D&,'5! C_OP]F! A.'&22\+,1;(&1! T&/0%+);'0<! 0,1! V&.04)<+(! J107.0.+),2!
G&01! .)! 0,! $4&2+.5\7'),&! M/&,).57&! +,! ",1+%+1;0<2! 6+./! Y<&%0.&1! K)'.+2)<!
E&27),2&29!!M25(/),&;')&,1)('+,)<)-5=!]rp!Puu\Prr9!!
!
!

!",M*#*,J*(6#*&*,$3$%",&(

!
G&&=!>9!c9=!K<0'@&=!"9q9=!D&,'5=!T9!J9!",,0.&!:+33&'&,(&2!+,!W&+-/.!e0+,!0,1!J22)(+0.&1!
T&/0%+);'!(0,!4&!V0'@&1!45!K)'.+2)<!E&27),2+%&,&22!.)!JK>D9!!$'0<!M'&2&,.0.+),!
C_OPhF!Y,1)('+,&!A)(+&.5!)3!J;2.'0<+0=!A51,&5=!J;2.'0<+09!
!
G&&=! >9! c9=! K<0'@&=! "9! q9=! D&,'5=! T9! J9! K)'.+2)<! E&27),2+%&,&22! .)! JK>D! M'&1+(.2!
V&.04)<+(! A&?;&<0&! .)! A.'&229! $'0<! M'&2&,.0.+),! 0.! Yd:$_OPh=! >/&! J*&'+(0,!
A)(+&.5!)3!Y,1)('+,)<)-5=!A0,!L'0,(+2()=!^9A9J9!!
!
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! P]!

G&&=!>9!c9=!K<0'@&=! "9! q9=!G&&=!K9!0,1!D&,'5=!T9!J9! ! !T&/0%+);'0<!:+33&'&,(&2! +,!A/&&7!
./0.!/0%&!&+./&'!0!D+-/!)'!G)6!K)'.+2)<!E&27),2&!.)!JK>D9!!M)2.&'!M'&2&,.0.+),!0.!
Yd:$_OPh=!>/&!J*&'+(0,!A)(+&.5!)3!Y,1)('+,)<)-5=!A0,!L'0,(+2()=!^9A9J9!
!
G&&=! >9! c9=! K<0'@&=! "9! q9=! D&,'5=! T9! J9! ! A@&<&.0<!V;2(<&! >/&'*)-&,&2+2! YB7<0+,2! ./&!
M')7&,2+.5! .)! $4&2+.5! +,! D+-/! K)'.+2)<! E&27),1&'29! ! M)2.&'! M'&2&,.0.+),! 0.!
#+(.)'+0,!$4&2+.5!K),2)'.+;*!C_OP_F=!V&<4);',&=!J;2.'0<+09!!!
!
G&&=!>9!c9=!K<0'@&=! "9! q9=!D&,'5=!T9!J9!K)'.+2)<!E&27),2+%&,&22! .)!A5,0(./&,!M'&1+(.2!
M')7&,2+.5!.)!$4&2+.59!!$'0<!M'&2&,.0.+),!0.!V),02/!$4&2+.5!0,1!:+04&.&2!",2.+.;.&!
CV$:"F!_OPP=!V&<4);',&=!J;2.'0<+09!!!
!

/E3#7&(

!
W+,,&'! )3! Y,1)('+,&! A)(+&.5! )3! J;2.'0<+0! d)%0'.+2! f);,-! A(+&,.+2.! )3! ./&! f&0'!
J60'1=!_OPh9!!
!
W+,,&'!)3!E&2&0'(/!Y2.04<+2/*&,.!e'0,.!45!:+04&.&2!J;2.'0<+0!0,1!J;2.'0<02+0,!
E)50<!K)<<&-&!)3!M/52+(+0,29!_OPh9!
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! PQ!

!

Chapter 1:  
Introduction 
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! Pu!

 

0;*(89*&%$.(=+%7*>%J(

!
>/&! +,(+1&,(&! )3! )4&2+.5! +2! '07+1<5! &2(0<0.+,-! 0,1! 7')H&(.+),! 0,0<52&2! 3')*! ./&!
J;2:+04!2.;15!+,1+(0.&!./0.!./&!,;*4&'!)3!)4&2&!2;4H&(.2!+2!<+@&<5!.)!&B(&&1!uQl!
6+./+,!./&!01;<.!7)7;<0.+),!)3!J;2.'0<+0!45!_O_QP9!!!$4&2+.5!+2!0!2.'),-!7'&1+(.)'!)3!
*)'.0<+.5! 4)./! 1+'&(.<5! 0,1! +,1+'&(.<5! ./');-/! +.2! 022)(+0.+),! 6+./! *&.04)<+(!
25,1')*&! 02!6&<<! 02! +.2! <+,@2! .)! (&'.0+,! (0,(&'2! 0,1! +,3&(.+),2! <+@&! (&<<;<+.+2! 0,1!
7,&;*),+0_9! ! W/+<2.! ./&'&! /02! 4&&,! (),2+1&'04<&! &*7/02+2! 7<0(&1! ;7),!
7)7;<0.+),!077')0(/&2! .)! .0(@<&! ./&! +22;&=!6/+(/!/0%&!011'&22&1! ./&!0&.+)<)-+(0<!
(),.'+4;.)'2!+,(<;1+,-!<+3&2.5<&!0,1!033<;&,(&=!+.!+2!?;+.&!(<&0'!./0.!,).!0<<!6/)!<+%&!
+,!033<;&,.!0,1!(0<)'+(0<<5!7<&,.+3;<!3+'2.!6)'<1!();,.'+&2!2;((;*4!.)!./&!&7+1&*+(!
0,1!&%&,!./)2&!6/)!1)!2;((;*4!1)!2)!.)!%0'5+,-!&B.&,.9!!!
!
J,+*0<! 0,1! .6+,! 2.;1+&2! 2/)6! ./0.! 0');,1! ]Ol! )3! %0'+04<+<+.5! +,! /;*0,! 4)15!
6&+-/.!*05!4&!1;&!.)!-&,&.+(!30(.)'2h9!!!".!+2!./&!/)7&!./0.!./&!&<;(+10.+),!)3!./&2&!
-&,&.+(!30(.)'2!6+<<!0<<)6!;2!.)!.'&0.!)4&2+.5!+,!0!4&..&'!605!0,1!.)!3;<<5!;,1&'2.0,1!
),&! )3! ./&! *)2.! 3;,10*&,.0<! )3! 4+)<)-+(0<! 7')(&22&2! 3)'! 2;'%+%0<=! ,0*&<5! 3))1!
+,.0@&! 0,1! &,&'-5! &B7&,1+.;'&9! ! J! ()*7<&.&! ;,1&'2.0,1+,-! )3! ./&! &.+)<)-5! )3!
)4&2+.5=! 3')*! 0!*)<&(;<0'! 2.0,17)+,.=! +2! %&'5! ()*7<&B9! >/+2! +,%)<%&2! 0! ./)');-/!
@,)6<&1-&! )3! ./&! ,&;')&,1)('+,)<)-5! )3! 077&.+.&! 02!6&<<! 02! ./&! 4+)(/&*+2.'5! )3!
*&.04)<+2*9!>/&! ')<&! ./0.!-&,&.+(2!0,1!&7+-&,&.+(2!7<05! +,! ./&!1&.&'*+,0,.2!)3! 0!
,0.;'0<!2&.!7)+,.!+,!./&2&!%0'+);2!70'0*&.&'2!0,1!4)15!6&+-/.=!/02!4&()*&!('+.+(0<!
+3!6&!0'&!.)!()*40.!./&!7')4<&*9!!!
!
$4&2+.5!<&012!.)!2&?;0<0&!25,),5*);2!6+./!./&!*&.04)<+(!25,1')*&=!6/+(/!2/0'&2!
*0,5! )3! +.2! (/0'0(.&'+2.+(2! 6+./! /57&'()'.+2)<&*+(! (),1+.+),2! 2;(/! 02! K;2/+,-82!
25,1')*&]9!!",!4)./!(),1+.+),2=!&<&%0.&1!(+'(;<0.+,-!<&%&<2!)3!()'.+2)<!0'&!1+27<05&1=!
6+./! 022)(+0.&1! 041)*+,0<! 01+7)2+.5=! /57&'(/)<&2.&')<0&*+0=! /57&'.&,2+),=!
/57&';'+(0&*+0! 0,1! /57&'-<5(0&*+0Q9! ! ! ! Y7+1&*+)<)-+(0<! 10.0! +,1+(0.&2! 0! ')<&! )3!
725(/)2)(+0<! 2.'&22! +,! 6&+-/.! -0+,u! 0,1! &*&'-+,-! 10.0! /0%&! '&%&0<&1! /)6!
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/57&'0(.+%+.5!)3!./&!/57)./0<0*+(\7+.;+.0'5\01'&,0<!CDMJF!0B+2!+2!<+,@&1!.)!70.+&,.2!
6+./!)4&2+.5!0,1!*&.04)<+(! 25,1')*&9! !$4&2+.5! +,!0,+*0<2! 2;(/!02! 2/&&7r!0,1! +,!
/;*0,2t! +2! 2+*+<0'<5! 022)(+0.&1! 6+./! +,('&02&1! 2.'&22\'&27),2+%&,&22! )'!
&B0(&'40.&1!2&('&.+),!)3!()'.+2)<!+,!'&27),2&!.)!0!2.'&22)'9!!E&*0'@04<5=!./+2!+2!./&!
(02&=! &%&,! ./);-/! ./&! 2/&&7! +2! 0! ';*+,0,.9!>)!10.&=!/)6&%&'=!6/&./&'! +,('&02&1!
2.'&22\'&27),2+%&,&22! '&2;<.2! 3')*! ./&! )4&2&! 7/&,).57&! )'! 6/&./&'! 2.'&22\
'&27),2+%&,&22! (0,! 4&! (0;20<<5! <+,@&1! .)! ./&!*0,+3&2.0.+),! )3! )4&2+.5! '&*0+,2! 0!
.)7+(!)3!1&40.&9!!
!
!

0;*(1.+"$;3'3>"D6%$B%$3#.(/7#*,3'(/Z%&(H16/I(

!
>/&! DMJ! 0B+2! +2! 1'+%&,! 45! ./&! 7')1;(.+),! )3! ()'.+().')7/+,! '&<&02+,-! /)'*),&!
CKEDF! 0,1! 0'-+,+,&! %02)7'&22+,! CJ#MF! +,! ./&! 70'%)(&<<;<0'! ,&;'),2! )3! ./&!
/57)./0<0*+(! 70'0%&,.'+(;<0'! ,;(<&;2! CM#dF9! ! ! >/&! ()*4+,&1! 0(.+),! )3! KED! 0,1!
J#M!2.+*;<0.&!./&!7+.;+.0'5!()'.+().')7/2!.)!'&<&02&!)3!7&7.+1&2!1&'+%&1!3')*!7')\
)7+)*&<0,)()'.+,! CM$VKF! <+@&! ./&! )7+)+1! 7&7.+1&! !\&,1)'7/+,=! "\*&<0,)(5.&!
2.+*;<0.+,-!/)'*),&!0,1!01'&,)()'.+().')7+,!CJK>DF9! !JK>D!+2!'&<&02&1!+,.)!./&!
(+'(;<0.+),! 0,1! 0(.2! 0.! ./&! *&<0,)()'.+,! _! '&(&7.)'2! +,! ./&! 01'&,0<! -<0,1! .)!
2.+*;<0.&! -<;()()'.+()+1! 2&('&.+),9! ! ",! 2/&&7! 0,1! /;*0,2! ./&! 7'&1)*+,0,.!
-<;()()'.+()+1!+2!()'.+2)<!6/&'&02=!+,!')1&,.2=!+.!+2!()'.+()2.&'),&s9!
!
K)'.+2)<=!'&<&02&1!45!./&!01'&,0<!-<0,12=!0(.2!%+0!./&!-<;()()'.+()+1!'&(&7.)'!CeEF!
0,1! ./&! *+,&'0<)()'.+()+1! '&(&7.)'! CVEF9! ! K)'.+2)<! (0,=! /)6&%&'=! 4&! '&,1&'&1!
+,0(.+%&!45! (),%&'2+),! +,.)! ()'.+2),&!45!7&'+7/&'0<! .+22;&2! ./');-/! ./&!0(.+),!)3!
./&!&,S5*&!PP4&.0\/51')B52.&')+1!1&/51')-&,02&!.57&!""!CPP!DA:!.57&!_F9! !>/+2!
&,S5*&! +2! 7'&1)*+,0,.<5! 3);,1! +,! ./&! @+1,&5! 0,1! 7'&%&,.2! ./&! 6&0@!
*+,&'0<)()'.+()+1!'&(&7.)'!0-),+2*=!6/+(/!(0,!<&01!.)!0!/57&'.&,2+%&!2.0.&!02!2&&,!
+,!&(.)7+(!JK>D!25,1')*&9!!!>/&!+,0(.+%&!3)'*!)3!-<;()()'.+()+1=!()'.+2),&=!(0,!0<2)!
4&!(),%&'.&1!40(@!.)!()'.+2)<!45!PP!DA:!.57&!"=! 3);,1!7'&1)*+,0,.<5!+,!./&!<+%&'!
4;.! 0<2)! +,! 01+7)2&! .+22;&POR! 0,! +,('&02&! +,! 0(.+%&! -<;()()'.+()+1! ()''&<0.&2! 6+./!
+,('&02&1!PP!DA:!.57&!"!0(.+%+.5!+,!01+7)2&!.+22;&!PP9!!
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! Pt!

!
J2!*&,.+),&1!&0'<+&'=!-<;()()'.+()+12!0(.!%+0!4+,1+,-!.)!.6)!.57&2!)3! +,.'0(&<<;<0'!
,;(<&0'!'&(&7.)'2=!./&!eE!0,1!./&!VEP_9!!^7),!4+,1+,-=!./&!'&(&7.)'2!.'0,2<)(0.&!.)!
./&! ,;(<&;2! 6/&'&! ./&5! 0(.! 02! .'0,2('+7.+),! 30(.)'2! 3)'! 27&(+3+(! .0'-&.! -&,&29!!
>/&'&3)'&=!-<;()()'.+()+1!'&27),2+%&,&22!(0,!4&!'&-;<0.&1!45!eE!()0(.+%0.)'2!0,1!
()'&7'&22)'2Ph=!eE!7)<5*)'7/+2*2P]=! 27<+(&!%0'+0,.2!0,1! +2)3)'*2PQ=! Pu=! 02!6&<<!02!
./&! '&-;<0.+),! )3! -<;()()'.+()+1! '&.')-'01&! .'0,27)'.! .)! ./&! ,;(<&;2Pr! 0,1! *)2.!
'&(&,.<5=! *+(')\EdJ2! ./0.! +,%)<%&! ,),\()1+,-! EdJ! 2.04+<+S+,-! 0,1! +,3<;&,(+,-!
.'0,2<0.+),!)3!*EdJ=!27&(+3+(0<<5!*+(')EdJ!Pt!0,1!P_]0!6/+(/!1)6,!'&-;<0.&!./&!
eEPt9!!!!!
!
!
J2! 6+./! 0<<! &,1)('+,&! 252.&*2=! ./&! DMJ! 0B+2! +2! 0! (<)2&1! <))79! ! >/;2=! ,&-0.+%&!
3&&140(@!45!()'.+2)<!'&-;<0.&2!KED=!J#M!0,1!JK>D!7')1;(.+),!0,1!2&('&.+),9!!>/&!
2&('&.+),!)3!./&2&!/)'*),&2!+2!7;<20.+<&!0.!0<<!<&%&<2=!6+./!KEDvJ#M!7;<2&2!2&('&.&1!
+,.)! ./&! /57)7/52+0<! 7)'.0<! 252.&*!1'+%+,-! 7;<20.+<&! 2&('&.+),! )3! JK>D! 3')*! ./&!
7+.;+.0'5!()'.+().')7&2Ps9!>/&!7;<20.+<&!2&('&.+),!)3!./&!/57)./0<0*+(!/)'*),&2!+2!
*)1;<0.&1!45!0!6+1&!'0,-&!)3!,&;'0<! 30(.)'2!02!&%+1&,(&1!45!2.;1+&2!?;0,.+35+,-!
./&! &33&(.2! )3! +,.'0(&'&4')%&,.'+(;<0'! 01*+,2.'0.+),! )3! ,)'&7+,&7/'+,&! )'! ./&!
/;,-&'!/)'*),&=!,&;')7&7.+1&!f=!4)./!)3!6/+(/!/0%&!4&&,!2/)6,! .)!&<+(+.! 0(;.&!
0,1!2;2.0+,&1! +,('&02&2! +,!*&0,!7<0*0!JK>D!0,1!()'.+2)<Ps9! !>/+2!&33&(.!602!,).!
2&&,! +,! (;<.;'&1! 0,.&'+)'! 7+.;+.0'5! (&<<2! &B7)2&1! .)! dMf! )'! ,)'&7+,&7/'+,&=!
2;--&2.+,-! ./0.! ;7'&-;<0.+),! )3! ./&! DMJ! 0B+2! 45! ./&2&! 30(.)'2! +2! *&1+0.&1! %+0!
(&,.'0<!70./60529!!!
!
J2! +,! 0<<! /)'*),0<! 0B&2=! ./&! DMJ! 0B+2! +2! 0<2)! 2;4H&(.! .)! 1+;',0<! %0'+0.+),9! ! ",!
/;*0,2=!DMJ!0(.+%+.5!7&0@2!+,!./&!&0'<5!/);'2!)3!./&!*)',+,-!0');,1!hO!*+,;.&2!
03.&'!060@&,+,-!3)<<)6&1!45!0!.');-/!+,!./&!<0.&!&%&,+,-9!!K/0,-&2!+,!./+2!1+;',0<!
%0'+0.+),! /0%&! 4&&,! 1&*),2.'0.&1! +,! <0'-&! ()/)'.! 2.;1+&2! <+@&! ./&! W/+.&/0<<! ""!
2.;15! 6/&,! 2<&&7! 1+2.;'40,(&2! 0'&! &,();,.&'&1_O! 0,1! 0<2)! 0..'+4;.04<&! .)! ./&!
1&%&<)7*&,.! )3! >57&! _!:+04&.&2_P9! ! ",.&'&2.+,-<5=! ()'.+2),&=! ./&! +,0(.+%&! 3)'*! )3!
()'.+2)<=! (+'(;<0.&2!0.!uO,*)<vG=! 2/)6+,-! <+..<&!1+;',0<!%0'+0.+),__9! ! ",!011+.+),! .)!
(+'(01+0,!'/5./*2=!./&'&!+2!0<2)!0!*+,;.&!.)!*+,;.&!3<;(.;0.+),!+,!7<02*0!()'.+2)<!
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! Ps!

(),(&,.'0.+),2!./0.!(0,!4&!(/0'0(.&'+S&1!;2+,-!3'&?;&,.!4<))1!20*7<+,-!'&-+*&,29!!
"3!4<))1!+2!20*7<&1!&%&'5!PO!*+,;.&2=!7;<2&2!)3!()'.+2)<!C077')B+*0.&<5!Ps!7&'!105F!
%0'5+,-!+,!0*7<+.;1&!0,1!1;'0.+),!0'&!2&&,!+,!/;*0,2!CL+-;'&!PF_h9!!!!
!
!
!

!
!

!
!
L+-;'&!P! K+'(01+0,!70..&',2!)3!()'.+2)<!2&('&.+),9!>/&!;77&'!.6)!70,&<2!2/)6!
./&! (+'(01+0,! 70..&',! )3! 2&';*! ()'.+2)<! (),(&,.'0.+),29! >/&! <)6&'! 70,&<2!
1&*),2.'0.&!2&('&.)'5!4;'2.2!)3!()'.+2)<!7')1;(.+),!03.&'!1&(),%)<;.+),!0,0<52&2!
'&%&0<+,-!./&!;<.'01+0,!70..&',!CW+,1<&!&.!0<9=!PsstF_]9!!!
!
!
(

!
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! _O!

>/&! DMJ! 0B+2! +2! 0<2)! '&-;<0.&1! 0.! 0<<! <&%&<2! 45! /)'*),&2! 3')*! )./&'! &,1)('+,&!
252.&*29!!>/&!7/52+)<)-+(0<!(/0,-&2!./0.!)((;'!*05!4&!2&(),10'5!.)!(+'(01+0,!(<)(@!
1+2';7.+),2! )3! 0! ,;*4&'! )3! /)'*),&2=! ,).! H;2.! ()'.+2)<! 0<),&=! 0,1! /02! 2.'),-!
+*7<+(0.+),!3)'!)4&2+.5!02!'&%+&6&1!45!L')5_Q9!!$3!70'.+(;<0'!+,.&'&2.!0'&!.6)!)3!./&!
*)2.!7&'.+,&,.!*&.04)<+(!'&-;<0.)'2=!<&7.+,!0,1!+,2;<+,9!
!
",2;<+,! +2! 0,! 0,04)<+(! /)'*),&! 2&('&.&1! 3')*! 70,('&0.+(! 4&.0! +2<&.! (&<<29!
e<;()()'.+()+12! 2.+*;<0.&! ./&! 2&('&.+),! )3! +,2;<+,! 0,1! ./;2! 7')*).&! 7&'+7/&'0<!
.+22;&! -<;()2&! ;.+<+S0.+),9! ",2;<+,! 0<2)! 0(.2! (&,.'0<<5! .)! '&1;(&! 3))1! +,.0@&=!
27&(+3+(0<<5! .0'-&.+,-! ./&!,&;')7&7.+1&!f! CdMfF!(&<<2!)3! ./&!/57)./0<0*+(!0'(;0.&!
,;(<&;2!CJEKF!_u9!!",!'0.2=!+,2;<+,!7')*).&2!0!7'&3&'&,(&!3)'!0!30..5!*0('),;.'+&,.!
2&<&(.+),!)%&'!2.0,10'1!(/)6_r9!!!G0!L<&;'!&.!0<9!2.;1+&1!'0.2!+,!6/+(/!1+04&.&2!602!
+,1;(&1! 45! 2.'&7.)S)(+,! .'&0.*&,.! 0,1! 3);,1! 0! 1)2&\1&7&,1&,.! '&<0.+),2/+7! )3!
30..5!*0('),;.'+&,.!2&<&(.+),!)%&'!2.0,10'1!(/)6!6+./!+,2;<+,!'&\01*+,+2.'0.+),_t9!!!
>/&! *&(/0,+2*! 45! 6/+(/! ./+2! )((;'2! +2! ,).! 5&.! @,)6,=! 4;.! ./&'&! +2! 0! -')6+,-!
060'&,&22!)3!/)6!)'&B+-&,+(!0,1!0,)'&B+-&,+(!30(.)'2!0'&!04<&!.)!*)1;<0.&!26&&.!!
)'! 30..5! .02.&!2&,2+.+%+.5!45!0(.+,-!1+'&(.<5!),!.02.&!'&(&7.)'2!0,1!.02.&!,&;'),2_s!
6/+(/!6+<<!,).!4&!'&%+&6&1!/&'&9!!!!
!
G&7.+,!+2!7')1;(&1!45!6/+.&!01+7)(5.&2!0,1!+2!2&('&.&1!+,.)!./&!4<))12.'&0*!.)!0(.!
),!./&!4'0+,!.)!'&1;(&!3))1!+,.0@&!0,1!+,('&02&!./&'*)-&,&2+2!%+0!0(.+%0.+),!)3!./&!
25*70./&.+(!,&'%);2!252.&*hO9!!G&7.+,!(0,!0<2)!'&-;<0.&!./&!./&!DMJ!0B+2=!0<./);-/!
2.;1+&2!./0.!011'&22!./+2!+,.&'0(.+),!0'&!2)*&6/0.!(),3<+(.&19!!",!*+(&=!D&+*0,!&.!
0<9!hP!3);,1!./0.!+,.'07&'+.),&0<!+,H&(.+),!)3!<&7.+,!<&1!.)!+,/+4+.+),!)3!./&!DMJ!0B+2!
+,! 0,+*0<2! &B7)2&1! .)! '&2.'0+,.! 2.'&22=! 6/&'&02! #0,! :+H@! &.! 0<9h_! '&7)'.&1! 0!
2.+*;<0.+),!)3! ./&!DMJ!0B+2!6/&,! <&7.+,!602!-+%&,! +,.'0(&'&4')%&,.'+(;<0'<59! ! ! ".!
*05!4&!./0.!./&!4020<!)'!2.'&22!2.0.&!)3!./&!)'-0,+2*!+2!+*7)'.0,.!+,!;,1&'2.0,1+,-!
./&! '&<0.+),2/+7! 4&.6&&,! <&7.+,! 0,1! ./&! DMJ! 0B+29! ! A.;1+&2! )3! <&7.+,! 1&3+(+&,.!
/;*0,2!2/)6!./0.!03.&'!u!*),./2!)3!<&7.+,!'&7<0(&*&,.=!/+-/&'!_]/!*&0,!()'.+2)<2!
<&%&<2! )((;'=! 6/+(/! +2! 022)(+0.&1! 6+./! 3&6&'! 7;<2&2! 4;.! -'&0.&'! 7&0@! /&+-/.! )3!
+,1+%+1;0<! 2&('&.)'5! &7+2)1&2! )3! ()'.+2)<! 2&('&.+),R! ./;2! .'&0.*&,.! 6+./! <&7.+,!
'&2.)'&2! ./&! ;<.'01+0,! 70..&',! )3! ()'.+2)<! 2&('&.+),hh9! ! ! >/&! '&<0.+),2/+7! 4&.6&&,!
<&7.+,!0,1!./&!DMJ!0B+2!+2!3;'./&'!()*7<+(0.&1=!02!./&'&!+2!0!'&(+7')(0<!'&<0.+),2/+7!
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! _P!

6/&'&!()'.+2)<!+2!0<2)!04<&!.)!'&-;<0.&!<&7.+,!7')1;(.+),9!!G03&''&'&!&.!0<9!7')7)2&1!
./0.! ()'.+2)<! 0(.;0<<5! 1'+%&2! ./&! 1+;',0<! 70..&',! )3! <&7.+,! 2&('&.+),=! 6/+(/! 7&0@2!
<0.&! +,! ./&!&%&,+,-h]9! ! ! !>/;2=! .'&0.*&,.!6+./!*&.5'07),&=!0,! +,/+4+.)'!)3!()'.+2)<!
7')1;(.+),=!4<;,.&1!./&!*&0<\&,.'0+,&1!'+2&!+,!2&';*!<&7.+,!<&%&<29!J(()'1+,-<5=!+.!
*+-/.! 4&! (),2+1&'&1! ./0.! ./&'&! +2! 0! X(/+(@&,\0,1\&--8! '&<0.+),2/+7! 4&.6&&,! ./&!
<&7.+,!252.&*!0,1!./&!DMJ!0B+2=!2;(/!./0.!),&!*)1;<0.&2!./&!)./&'!0,1!%+(&!%&'209!!!!!!
!
!J! 2+*+<0'! '&(+7')(0<! '&<0.+),2/+7! +2! 0<2)! 2&&,! 4&.6&&,! ./&! DMJ! 0B+2! 0,1! ./&!
/57)./0<0*+(\7+.;+.0'5\-),010<!CDMeF!0B+2!6+./!2.'&22\'&<0.&1!/)'*),&2!-&,&'0<<5!
2;77'&22! 7;<20.+<&! '&<&02&! )3! e,ED! 3')*! ./&! /57)./0<0*;2! 0,1! 7+.;+.0'5! GD!
2&('&.+),!6+./!<&22&'!1+'&(.!&33&(.!),!./&!-),012!hQ9!!$,!./&!)./&'!/0,1=!(+'(;<0.+,-!
-),010<! 2.&')+12! /0%&!*+B&1! &33&(.2! ),! ./&! DMJ! 0B+2=! 6+./! 1+33&'&,.+0<! &33&(.2! )3!
*0<&!)'!3&*0<&!2.&')+129!!",!&6&2=!0,!&,/0,(&1!()'.+2)<!'&27),2&!.)!25,./&.+(!JK>D!
+2! 2&&,! +,! -),010<<5! +,.0(.! 3&*0<&2!6/+<&! 2;77'&22+),! )3! ./&!DMJ! 0B+2! +2! 2&&,! +,!
-),010<<5! +,.0(.! *0<&2hu9! ! ",.&'&2.+,-<5=! )B5.)(+,=! 0,)./&'! /)'*),&! '&<0.&1! .)!
'&7')1;(.+),!./0.!+2!7')1;(&1!+,!./&!(&<<2!)3!./&!M#d=!+2!0<2)!04<&!.)!*)1;<0.&!DMJ!
0(.+%+.5! 45! 0..&,;0.+,-! '&27),2&! )3! ()'.+2)<! .)! JK>D! 0,1! 0<2)! '&1;(+,-! 0,B+&.5!
4&/0%+);'hr9!
!
!

?$#*&&()*&+",&%-*,*&&(3,7(89*&%$.(

(

>/&! DMJ! 0B+2! +2! '&27),2+%&! .)! 0! %0'+&.5! )3! 2.'&22)'2=! ./0.! (0,! 4&! *&.04)<+(=!
725(/)<)-+(0<!)'!7/52+(0<ht!0,1!)3.&,=!./&!()**;,+(0.+),!4&.6&&,!2.'&22)'!0,1!./&!
DMJ!0B+2!+2!4+\1+'&(.+),0<9! !J,!&B0*7<&!)3!./+2!(0,!4&!3);,1!+,!./&!'&27),2&!.)!0,!
+**;,&! (/0<<&,-&=! 2;(/! 02! 01*+,+2.'0.+),!)3! 40(.&'+0<! &,1).)B+,9! >/+2! &<+(+.2! ./&!
'&<&02&!)3!7')\+,3<0**0.)'5! (5.)@+,&2! ./0.! 2;42&?;&,.<5! 0(.+%0.&! ./&!DMJ!0B+2hs9!!
>/&! DMJ! 0B+2! ./&,! 10*7&,2! ./&! +**;,&! '&27),2&! 45! +,('&02+,-! -<;()()'.+()+1!
2&('&.+),! 3')*! ./&! 01'&,0<! -<0,1! .)! &33&(.! 0,! 0,.+\+,3<0**0.)'5! '&27),2&9!!!
J(()'1+,-<5=! +.! +2! 7)22+4<&! .)! +1&,.+35! /+-/! 0,1! <)6! ()'.+2)<! '&27),1&'2! 402&1! ),!
+**;,&!(/0<<&,-&!6+./!<+7)7)<520((/0'+1&!CGMAF]O9!!>/&!X2&.\7)+,.8!)3!./&!DMJ!0B+2!
+2! *0+,.0+,&1! ./');-/);.! <+3&! \! /+-/! '&27),1&'2! CDEF! 0,1! <)6! '&27),1&'2! CGEF!
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! __!

1+27<05&1! ./&! 1+270'0.&! 2.'&22! '&27),2&2! 0(')22! ./&+'! <+3&270,! +,! ')1&,.2]P9! ! >/&!
*&(/0,+2*!45!6/+(/! ./+2!602!*&1+0.&1!1+1!,).!077&0'! .)!4&!'&<0.&1! .)!(5.)@+,&!
<&%&<2=! 2+,(&! 7<02*0! (),(&,.'0.+),2! )3! "G\P! 0,1! "G\u! *&02;'&1! 3);'! /);'2! 03.&'!
2.+*;<0.+,-!./&!DMJ!0B+2!6&'&!,).!1+33&'&,.!4&.6&&,!./&!-');729!>/+2!1+270'+.5!602!
2;42.0,.+0.&1! 45!*+(')0''05! 0,0<52&2! )3! ./&! .6)! -');72! CGE! 0,1!DEF! )3! /&70.+(!
.+22;&2! 3')*! ./&! 2/&&7! 03.&'! ./&5! /01! 4&&,! .'&0.&1! 6+./! GMA9! ! >/&! 0;./)'2!
27&(;<0.&1! 0,1! 2/)6&1! +,! 0! 2;42&?;&,.! 707&'! ./0.! 1+33&'&,(&2! +,! -&,&.+(! 0,1!
&7+-&,&.+(! +,3<;&,(&2! (),.'+4;.&! .)! DMJ! '&27),2+%&,&22]_! 6/+(/! <&1! ./&*! .)!
(),(<;1&!./0.!./&!<&%&<!)3!()'.+2)<!'&27),2&!.)!GMA!602!*0+,.0+,&1!./');-/);.!<+3&!
0,1!./0.!./&!20*&!-');7+,-2!)3!'&27),2+%&,&22=!4&!./0.!DE!)'!GE=!602!)42&'%04<&!
6+./!KED=!J#M!)'!JK>D!(/0<<&,-&9!(
!
J,)./&'! 605! .)! &B0*+,&! ./&! 3;,(.+),! )3! ./&! DMJ! 0B+2! +2! .)! &*7<)5! ./&!
1&B0*&./02),&! 2;77'&22+),! .&2.9! ! :&B0*&./02),&! +2! 0! 25,./&.+(! -<;()()'.+()+1!
./0.!7'&3&'&,.+0<<5!4+,12!.)!./&!>57&!""!-<;()()'.+()+1!'&(&7.)'2!CeEF]h9!!",!0!(<+,+(0<!
2&..+,-=! 1&B0*&./02),&! 2;77'&22+),! .&2.+,-! C:A>F! +2! ()**),<5! ;2&1! +,! ./&!
1+0-,)2+2! )3! )%&'! 0(.+%&!DMJ! 3;,(.+),! 02! +,! 1+2&02&! 2.0.&2! <+@&! K;2/+,-82!:+2&02&!
0,1! %0'+04<&! 2;77'&2204+<+.5! )3! ()'.+2)<! <&%&<2! 6+./! 01*+,+2.'0.+),! )3! O9_Q*-!
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The earliest human trials that correlated stress responsivity to eating behavior were 

those of Epel et al.64 Here it was shown that subjects with high cortisol response to 

psychological stress consumed more calories and ate significantly more sweet food after 

the stressful episode. This study included fifty-nine healthy premenopausal women; to 

control for the effect of the menstrual cycle (ovarian steroids) on appetite women were 

selected to be within the first five days of the follicular stage of their menstrual cycle.  

Cortisol reactivity was assessed by median split of AUC, categorizing women as high 

reactors, above the median or low cortisol reactors, below the median after 

psychological stress (Trier social stress test). Interestingly, food intake was similar 

between both groups on non-stress (control) days but diverged only after stress where 

high cortisol responders ate more compared to the control period and low cortisol 
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responders ate less after the Trier social stress test. Thus, low cortisol responders tended 

to reduce food intake in response to stress compared to the high cortisol responders.  To 

test whether this relationship was maintained during daily life stress outside the 

laboratory, Newman et al.65 correlated a daily hassles questionaire and snack intake 

diary to the cortisol responsiveness. The authors found a consistent association with 

increased snack intake in high cortisol responders than in low cortisol responders.  More 

recently, George et al.66 demonstrated that CRH stimulation could increase food intake, 

relative to placebo treatment, and that the higher the peak cortisol response to CRH, the 

greater the caloric consumption.  In this study, fourteen non-obese subjects (8 females, 

6 males) were stimulated with CRH at 1500h, followed by blood sampling (for cortisol 

measurements) and food was offered at 1730h.  Once again, subjects were blinded to 

the fact that intake was monitored and a variety of snacks were offered, including salty 

and sweet high fat snacks as well as salty and sweet low fat snacks.  These studies 

attempted to show prospectively that high stress reactivity leads to increased caloric 

intake but they lacked morphometric data with no follow up on weight or adiposity.   

 

The only study that has included morphometric data is that of Roberts et al. 67.  In this 

case, 71 healthy women volunteers enrolled in a university based nurse practitioner 

program.  Salivary cotisol measurements were taken at 2-hourly intervals from 8am to 

8pm prior to and at week 12 of the study semester. Those individuals with a greater 

increase in salivary cortisol concentration after the end of year examination period had a 

greater BMI increase over the study period. In terms of body weight, those with the 

greatest increase in cortisol levels averaged a weight gain of 5 pounds greater than those 

who did not display an increase in cortisol at the end of follow-up.  The initial BMI and 

initial cortisol level (as measured by area under the curve-AUC) was similar in the two 

groups.  Aside from being a longer term prospective longitudinal study, one of the 

strengths of this study was that the stressor used was in the context of an exam and 

therefore has high societal validity.  Nevertheless, it is uncertain whether the increase in 

cortisol levels was a direct result of weight gain over the 12 week period or whether 

there was an intrinsically higher cortisol responsiveness in the group that gained weight.  

Ideally, the study would have included a stressor at the outset of the investigation, 

allowing the ranking of the individuals in terms of innate differences in cortisol 

responses.  This could have then been correlated with morphometric assessment at the 

end of the study with another stress responsiveness assessment.   This study, like all 



K/07.&'!Pp!",.')1;(.+),!

! _u!

previous human studies detailing the effects of stress on body weight, examined food 

intake but did not quantify energy expenditure, which is a vital half of the energy 

balance equation.    

!
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In summary, cortisol responsiveness to a defined hormonal stimulus (Synacthen) or to 

stress has been proposed as a marker of the susceptibility to become obese as well as a 

marker of the obese state. To date, however, there is no study that has directly addressed 

this. Furthermore, to my knowledge, there has been no published information that 

relates stress responsiveness to energy expenditure in either animal models or humans64, 

65, 68. Furthermore, studies to date consistently correlate increased stress responsiveness 

with increased caloric intake, with no prospective studies showing increased adiposity 

in humans 27, 65, 66, 73.  

 

=,*#<.(=Z+*,7%$B#*(

 

The metabolic state of an individual is dictated by the balance between the energy 

consumed and the energy expended. When the latter exceeds the former, obesity ensues.  

Thus weight gain results when energy expenditure is inappropriately low for the caloric 

intake of an individual.  There has been significant focus on ways to control energy 

consumption as a means of controlling the obesity epidemic, but the role of energy 

expenditure has been less well studied.   !
!
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Humans show considerable inter-individual variation in susceptibility to weight gain in 

response to overeating. The physiological basis of this variation was investigated by 

measuring changes in energy storage and expenditure in non-obese volunteers who were 

fed 1000 kilocalories per day in excess of weight-maintenance requirements for 8 

weeks80.  This resulted in an increase in total energy expenditure with two-thirds of this 

increase  attributed to  NEAT.  In short, changes in NEAT predicted resistance to fat 

gain with overfeeding suggesting that, as humans overeat, activation of NEAT 

dissipates excess energy to preserve leanness.  In other words, failure to activate NEAT 

may result in fat gain.  

 

A smaller but still significant contributor to total energy expenditure is adaptive 

thermogenesis, thermogenesis induced in response to either cold exposure or diet74.  

Thermogenesis in this category can be increased by a drop in ambient temperature or by 

feeding in order to protect the organism from cold exposure or to regulate energy 

balance after changes in diet. Historically, adaptive thermogenesis is well known to 

occur in specialized tissues, such as brown adipose tissue (BAT). In BAT, 

thermogenesis is defined as the dissipation of energy via the production of heat and 

occurs through the process of ‘uncoupling’. Typically, within the mitochondria of 

brown adipocytes, ATP is synthesized via the process of oxidative phosphorylation. 

Activation of uncoupling proteins (UCP), and in particular UCP1 in brown adipocytes 

leads to uncoupled respiration, by causing a proton leak across the inner mitochondrial 

membrane. This leak, ‘steals’ protons away from ATPsynthase, diverting energy from 

the production of ATP to heat production. This process will be discussed in detail 

below. In terms of feeding, this process is believed to serve the process of acquiring 

enough substrate to sustain protein biosynthesis whilst fending off weight gain during 

this pursuit.  If a diet is low in protein, then food intake needs be increased and adaptive 

thermogenesis ‘wastes’ excess calories for the purposes of further food ingestion.  This 
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is apparent in the fact that the thermic effect of food is the greatest during ingestion of 

diets that are low in protein81, 82.   

 

The process of adaptive thermogenesis, be it to cold or food, is regulated by the brain 

through sympathetic outflow. The hypothalamus is essential in the control of adaptive 

thermogenesis as shown by injecting the polysynaptic tracers pseudorabies virus83 and 

herpes simplex virus84 into BAT and then retrogradely tracing the innervation from the 

hypothalamus to BAT. The characterzation of different nuclei projecting to different 

depots of fat have been characterized but is beyond the scope of this thesis and have 

been examined extensively in the literature85 86 87 but it must be recognized that these 

hypothalamic nuclei and the associated neuropeptides (e.g. neuropeptide Y (NPY), ! 

melanocyte stimulating hormone ("MSH), orexin and melanin concentrating hormone 

(MCH)) regulate not only food intake but also energy expenditure. Indeed, dogma 

dictates that factors that increase food intake typically inhibit thermogenesis and vice 

versa88.  

 

Caloric intake and energy expenditure constitute opposite arms of the energy equation, 

so it is logical that the factors that regulate one also regulate the other.  Thus, in addition 

to the neuropeptides mentioned above, circulating factors such as leptin, 

cholecystokinin and ghrelin exert dual effects on food intake and energy expenditure89.  

Leptin, for example, not only reduces food intake in ob/ob mice but also increases 

spontaneous physical activity, energy expenditure and body temperature to the level of 

non-obese wild-type controls90, 91.  The energy expenditure induced by leptin is due to 

action on the brain, as demonstrated in transgenic mice lacking leptin-receptor-STAT3 

signaling92. Normalization of reduced spontaneous physical activity is demonstrated in 

the transgenic mice lacking leptin-receptor-STAT3 upon restoration of the inducible 

transgene for leptin-receptor-STAT3 in the ARC.   In humans, however, there are no 

studies in which an infusion of leptin has been performed to measure spontaneous 

physical activity or NEAT. In a human study by Levin et al93 however, they showed a 

positive correlation of leptin levels with weight gain by overfeeding and this correlation 

was stronger than the correlation of leptin in the same individuals with changes in 

NEAT potentially highlighting a role of leptin resistance which is a topic reviewed 

extensively elsewhere94.    
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There is good evidence that leptin is a factor that regulates adaptive thermogenesis in 

brown fat, however, the evidence for this in relation to the thermic effect of food comes 

predominantly from rodent models that have shown that during starvation, leptin 

secretion and consequently sympathetic activation to brown fat declines95, 96.  The 

molecule responsible for brown fat thermogenesis mentioned earlier are the uncoupling 

proteins capapble of dissipating the mitochondrial transmembrane proton gradient and 

generating heat.  This process is shown to be mediated centrally by leptin via 

sympathetic activation97 and indeed in rodents, central administration of a leptin 

agntagonist has been shown to inhibit diet-induced thermogenesis 98.    

 

The evidence of BAT thermogenesis being significant in humans in the pathogenesis of 

obesity is beginning to gain traction since the detection of brown adipose tissue in 

adults using PET-CT imaging techniques combined with tissue bopsies and histology99.  

Cold exposure activates BAT in essentially all lean individuals, but this also highlights 

the discrepant brown fat activation between obese and lean individuals100. Obese 

individuals consistently show reduced BAT activity. Unlike rodents where brown 

adipocytes are located in the interscapular fat pad, the brown adipocytes in humans have 

been shown to be dispersed throughout white adipose tissue within the neck, 

supraclavicular, paraarotic, paravertebral and suprarenal regions101.  In terms of 

adaptive thermogenesis in humans and animals, focus has primarily been in relation to 

cold induced thermogenesis and the role of BAT not the thermic effect of food nor the 

role of other tissues like skeletal muscle in adaptive thermogenesis (which will be 

discussed in detail below). 
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Upon activation of the sympathetic nervous system by leptin,  noradrenaline is released 

from the nerve endings of postganglionic fibres to act primarly at !3 adrenoreceptors on 

the brown adipocytes74, fundamental to the activation of BAT thermogenesis.  This in 

turn increases the expression and function of UCP1 in mitochondria and causes the 

disassociation of the innermembrane proton gradient resulting in the generation of heat.  

In addition to UCP1, there are a number of UCP homologues including UCP2 and 

UCP3. The role of UCPs in adaptive thermogenesis is reviewed here with discussion of 

the role of various homologues of UCP1.  An increasing body of work has examined the 

role of muscle tissue in adaptive thermogenesis and possible molecular mechanisms 

involved in thermogenesis in this tissue will also be discussed. 
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The archetypal UCP is UCP-1.  It is found primarily in brown adipocytes and is known 

to be positively regulated by !-adrenergic stimulation, cold exposure and fatty acids74.   

Homologues of UCP-1, namely UCP-2 and UCP-3, have also been identified, but their 

role in mediating adaptive thermogenesis has been contentious and this is summarized 

in Table 1.   
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Among the factors that lead to the stimulation of UCP-1 in brown adipocytes, 

noradrenaline via its action on !3 adrenoceptor is perhaps the most important and is 

widely studied.   Lipolysis and the release of fatty acids provides a thermogenic 

substrate required to generate acetyl CoA moieties, so that the electron transport chain 

can generate a proton gradient.  Another stimulus of UCP-1 mediated uncoupled 

respiration is cold exposure and its role in adaptive thermogenesis has recently assumed 

importance because of the link to the etiology of obesity118, 119.   Mice with deletion of 

the UCP-1 gene, for example, have lower body temperature during cold exposure than 

normal mice120.  The effects of UCP-1 deficiency on thermogenesis in these mice was 

assessed by exposure to 5°C and measuring the time it took to lose 10°C of their body 

heat.  In the experiment by Enerback et al.120, a higher proportion of UCP-1 knockout 
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animals were considered to be cold sensitive after 24h of cold exposure.  In the animals 

with a deficiency of UCP-1, no obese phenotype was apparent on either a standard or 

high fat diet because animals were housed at normal laboratory temperatures however 

the animal house temperatures are not thermoneutral and this leads to the comfounding 

the true phenotypes.  For mice, Cannon and Nedergaard noted that normal animal 

housed at laboratory temperatures of 22 degrees celsius are markedly below 

thermoneutrality which for mice is 30 degrees celsius, and the mice therefore have a 

metabolic rate and food consumption about 1.5 times higher than their intrinsic 

requirements in most studies, which confound the effects of UCP1 deletion on body 

weight and thermogenesis121.   Nonetheless, in the UCP-1 knockouts mentioned above 

by Enerback et al.120 which were housed unknowlingly below thermoneutrality, 

demonstrated UCP-2 expression increasing 5-fold, suggesting a role of other UCP 

homologues in adaptive thermogenesis. 

 

UCP-2 has approximately 66% sequence homology to UCP-1, but UCP-2 is not 

specifically localised to BAT. In fact, it is ubiquitously expressed, with significant 

levels found in white adipose tissue, muscle, pancreatic beta islet cells, immune cells, 

spleen lung and stomach cells122.   Several theories have been advanced regarding the 

role of UCP-2, including the following.  In the process of oxidative phosphorylation, 

mitochondria generate reactive oxygen species (ROS), such as superoxides at complex 

I. This process is highly sensitive to the transmembrane proton motive force.  

Uncoupling of the proton motive force would decrease mitochondrial-derived ROS, 

reducing damage to cell constituents as is shown in studies that acutely overexpress 

UCP-2 in cell types like beta-islets and neurons123, 124.  The transcription of UCP-2 itself 

is highly inducible under conditions of oxidative stress, for example by exposure to 

agents such as lipopolysaccharide125 and TNF"126 as well as a high fat diet challenge127.   

Most recently, Pi et al.128 have shown that UCP-2 knockout mice have impaired 

glucose-stimulated insulin secretion in the presence of oxidative stress.  Thus, although 

initial studies suggested that UCP-2 may be thermogenic due to it’s ability to uncouple 

oxidative phosphorylation in yeast cells, this notion has now been dispelled and it’s 

primary function appears to be the buffering of reactive oxygen species. 

!
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(),2;*7.+),=! (0'4),! 1+)B+1&! 7')1;(.+),! 0,1! ;'+,&! ,+.')-&,! &B('&.+),9! ! V;2(<&!
4+)72+&2! 6&'&! )4.0+,&1! 0.! ./&! &,1! )3! ./&! 7&'+)1! .)! *&02;'&! *+.)(/),1'+0<!
'&27+'0.)'5!3;,(.+),9! ! ! "*7)'.0,.<5=! ./&5!3);,1!./0.!2.0.&!]!;,();7<&1!'&27+'0.+),!
602!+,('&02&1!02!0!'&2;<.!)3!()<1!&B7)2;'&=!<&,1+,-!('&1&,(&!.)!./&!')<&!)3!*;2(<&!
+,! ()<1! +,1;(&1! ./&'*)-&,&2+29! >/+2! 6);<1! 4&! 1;&! .)! 1+22+70.+),! )3! ./&! 7').),!
-'01+&,.! +,! *+.)(/),1'+0! 45! ^KM\h9! ! ^,3)'.;,0.&<5=! ,&+./&'! ^KM\h! *EdJ! ,)'!
7').&+,! <&%&<2!6&'&!*&02;'&19! !T5!(),.'02.=! A/040<+,0!&.!0<9P]s!7&'3)'*&1!2+*+<0'!
2.;1+&2!+,!^KM\P!@,)(@);.!*+(&!0,1!6&'&!04<&!.)!1&*),2.'0.&!./0.!()<1!&B7)2;'&!
1+1! +,1;(&! +,('&02&1! &B7'&22+),! )3! ^KM\h! 7').&+,9! ! ! >/&!*+.)(/),1'+0<! 0,0<52&2!
./0.!6&'&!7&'3)'*&1!+,!./+2!2.;15=!/)6&%&'=!1+1!,).!2/)6!+,('&02&1!;,();7<+,-!02!
602! )42&'%&1! ./&! /;*0,! 2.;15! 45! W+H&'2! &.! 0<9P]t! ! ! ",.&'&2.+,-<5=! W+H&'2! &.! 0<9!
01*+,+2.&'&1!0!,),\2&<&(.+%&!01'&,)(&7.)'!4<)(@&'!.)!./&+'!/;*0,!2;4H&(.2!6/+(/!
1+1!,).!+*70+'!()<1\+,1;(&1!./&'*)-&,&2+2!4;.!602!04<&!.)!2.)7!2.0.&!]!'&27+'0.+),!
+,!*;2(<&9!!>/&!0;./)'2!/57)./&2+S&1!./0.!7')7'0,)<)<=!4&+,-!*)'&!2&<&(.+%&!3)'!!P!
0,1!!_!01'&,)(&7.)'2!6/+(/!0'&! 3);,1! +,!*;2(<&=!1)6,\'&-;<0.&1! ./&'*)-&,&2+2!
+,!./&!*;2(<&!0,1!0<<)6&1!0!26+.(/!.)!TJ>!./&'*)-&,&2+2=!,)'*0<<5!+,1;(&1!%+0!!h!



K/07.&'!Pp!",.')1;(.+),!

! ]P!

01'&,)(&7.)'29! ! >/+2! '&(&7.)'! 2;4.57&! +2! POO\POOO! .+*&2! <&22! 2&,2+.+%&! .)!
7')7'0,)<)<9!!".!();<1!,).!4&!7')%&,=!/)6&%&'=!2+,(&!*&02;'&*&,.!)3!TJ>!0(.+%+.5!
+,!./&!7'&2&,(&!)3!7')70,)<)<!+2!;,'&<+04<&PQO=!PQP!!
!
M&'/072!+.!2/);<1!()*&!02!,)!2;'7'+2&!./0.!*;2(<&!0,1!TJ>!/0%&!2+*+<0'!')<&2!0,1!
(/0'0(.&'+2.+(2=! -+%&,! ./0.! '&(&,.! 2.;1+&2! +,1+(0.&! 4')6,! 01+7)(5.&2! 0'&! 1&'+%&1!
3')*!0!*5)-&,+(!<+,&0-&=!6/+(/!+2!1+2.+,(.!3')*!./&!6/+.&!01+7)(5.&!<+,&0-&PQ_=!PQh9!!!
^2+,-!*+(')0''05!0,0<52+2=!>+**),2!&.!0<9!PQ_!'&%&0<&1!./0.!4')6,!7'&\01+7)(5.&2!
2/0'&!./&!20*&!.'0,2('+7.+),0<!2+-,0.;'&!02!*5)(5.&2=!6/+<&!A&0<&!&.!0<9PQh!2/)6&1!
./0.!ME:VPu!3;,(.+),2=!+,!70'.=!02!0!26+.(/!3)'!7'&(;'2)'!(&<<2!.)!1+33&'&,.+0.&!+,.)!
&+./&'!4')6,!01+7)(5.&2!)'!*5)(5.&29! !V)'&!'&(&,.<5=!./+2!()**),!7'&(;'2)'!/02!
4&&,!+1&,.+3+&1!+,!(&<<2!./0.!&B7'&22!V53QP]t9!!".!+2!,).!.))!*;(/!)3!0,!&B.&,2+),!.)!
/57)./&2+S&! ./0.! ./&! ')<&! )3! 0107.+%&! ./&'*)-&,&2+2! (0,! 4&! 2;77)'.&1! 45! &+./&'!
4')6,! 01+7)2&! .+22;&! 0,1! )'!*;2(<&9! ! ",! 30(.=! ./&! '&(&,.! 1+2()%&'5! )3! 0!*5)@+,&!
(0<<&1! +'+2+,! +,1+(0.&2! ./0.! *;2(<&! '&-;<0.&2! 4')6,\<+@&! (&<<! 1+33&'&,.+0.+),! +,!
2;4(;.0,&);2!01+7)(5.&2PQ]9! !>/&! 3;,(.+),!)3! ./+2!*5)@+,&! +2!*)2.! <+@&<5! +,1;(&1!
45! MeKP\"=! 0(.+,-! %+0! MMJE#! 2+-,0<+,-! 70./6052! ./0.! 0'&! 0(.+%0.&1! ./');-/!
&B&'(+2&9! ! ".! /02! 4&&,! 2/)6,! ./0.! ,&;.'0<+S0.+),! )3! +'+2+,! 6+./! 0,.+4)1+&2!
0*&<+)'0.&2! ./&! &33&(.! )3! ./+2! 30(.)'! .)! +,1;(&! ^KM\P! &B7'&22+),=! 6/+<&!
)%&'&B7'&22+),!)3!./&!*5)@+,&!6+./!0,!01&,)%+'0<!%&(.)'!+2!04<&!.)!+,1;(&!6&+-/.!
<)22!+,!/+-/!30.!1+&.!3&1!*+(&!02!6&<<!02!+*7')%&!+,2;<+,!2&,2+.+%+.5PQ]9!>/+2!6)'@!/02!
7'+*0'+<5!4&&,!(0''+&1!);.!+,!')1&,.2=!0,1!./&!3;,(.+),0<!')<&!)3!+'+2+,!+,!/;*0,2!+2!
<&22!(<&0'9!#0'+);2!(<+,+(0<!2.;1+&2!/0%&!30+<&1!.)!2/)6!0,!+,('&02&!+,!+'+2+,!2&('&.+),!
7)2.\&B&'(+2&PQQ=! PQu=! 0<4&+.! 0! '&(&,.! 2.;15! /02! &%)@&1! 0! ')<&! 3)'! +'+2+,! +,! ()<1\
+,1;(&1!./&'*)-&,&2+2!+,!/;*0,2PQu9!
!
E&-;<0.+),!)3!./&'*)-&,+(!.+22;&!+2!0<2)!2&&,!+,!TJ>!45!./&!+,3<0**0.)'5!7')(&22!
<+,@+,-! ./&! +**;,&! 252.&*! 6+./! &,&'-5! /)*&)2.02+29! ! ! d-;5&,! &.! 0<9! PQr! /0%&!
'&7)'.&1!./0.!TJ>!0(.+%0.+),!1;'+,-!()<1!&B7)2;'&!+2!2;4H&(.!.)!'&-;<0.+),!./');-/!
*0(')7/0-&!2.+*;<0.+),9! !K<022+(0<<5=!*0(')7/0-&2!0'&!0(.+%0.&1!45!"Ld#!2&('&.&1!
45! >! (&<<2! 4;.! 0,! 0<.&',0.+%&! 0(.+%0.+),! )3! *0(')7/0-&2! /02! 4&&,! 1&*),2.'0.&1!
6+./!"G\]!0,1!"G\Ph9!!>/+2!*&0,2!)3!*0(')7/0-&!0(.+%0.+),!+2!@,)6,!02!X0<.&',0.+%&!
0(.+%0.+),8!)3!*0(')7/0-&2PQt9!!T5!()*70'+,-!6+<1!.57&!*+(&!.)!"G\]\v\v"G\Ph\v\!0,1!
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A.0.! u\v\! @,)(@);.!*+(&! 6/+(/! <0(@! ./&! 04+<+.5! .)! 7')1;(&! "G\]! 0,1! "G\Ph=! +.! 602!
1&*),2.'0.&1!./0.!./&!@,)(@);.2!<0(@&1!./&!04+<+.5!.)!'&27),1!.)!()<1!C]°KFPQr!0,1!
./0.! ./+2! 602! 1;&! .)! '&1;(&1! ./&'*)-&,+(! (070(+.5! )3! TJ>9! ! ".! 602! 3;'./&'!
1&*),2.'0.&1!./0.!"G\]!602!*0,10.)'5!3)'!2.+*;<0.+),!)3!*0(')7/0-&!2&('&.+),!)3!
(0.&(/)<0*+,&2! ./0.=! +,! .;',=! 26+.(/&1! ),! TJ>! ./&'*)-&,&2+2PQr9! ! ! ! e+%&,! ./0.!
-<;()()'.+()+12! 0'&! @,)6,! .)! +,.&'0(.!6+./! "G\]! +,! 0! 25,&'-+2.+(! 302/+),!6+./! ./&!
()*4+,0.+),! )3! 2.+*;<+! +,1;(+,-! 27&(+0<! 3&0.;'&2! +,! '&<0.+),! .)! '&(&7.)'!
&B7'&22+),PQs!0,1!2+-,0<+,-PuO=!./+2!+2!0!7).&,.+0<!*&(/0,+2*!45!6/+(/!./&!()'.+2)<!
'&27),2&! .)! 25,0(./&,! +,! 2/&&7!*+-/.! 4&! <+,@&1! .)! ./&'*)-&,&2+29! ! ! >/&! ')<&! )3!
*;2(<&!+,!'&<0.+),!.)!2.+*;<0.+),!45!(5.)@+,&2!+,!0107.+%&!./&'*)-&,&2+2!6);<1!4&!
0!<)-+(0<!&B.&,2+),!)3!./+2!6)'@9!
!

!3'J%B>(!.J'%,<(0;*#>"<*,*&%&(

!
J2+1&! 3')*! ;,();7<+,-! 7').&+,2=! /&0.! (0,! 0<2)! 4&! -&,&'0.&1! %+0! 0<.&',0.+%&!
70./6052! 6+./+,! 2@&<&.0<! *;2(<&! .+22;&9! V;2(<&! (0,! -&,&'0.&! /&0.! %+0! )./&'!
;,();7<&1! 7')(&22&2! 2;(/! 02! <&0@0-&! )3! +),2! ./');-/! (/0,,&<2! 0<),-! (0<(+;*!
(/&*+(0<! -'01+&,.2! @,)6,! 02! 3;.+<&! (0<(+;*! (5(<+,-! ./&'*)-&,&2+29! PuP9! ",! ./+2!
7')(&22=! (0<(+;*! 3<;B&2! +,.)! ./&! (5.)7<02*!)3!*5)(5.&2=!4&! +.! 3')*!&+./&'!);.2+1&!
./&! (&<<! %+0! ./&! )7&,+,-! )3! ,&;.').'0,2*+..&'\*&1+0.&1! d0_`! (/0,,&<2! )'! %+0! ./&!
(0<(+;*!2.)'+,-!)'-0,&<<&=!./&!20'()7<02*+(!'&.+(;<;*!CAEF!%+0!0!'&(&7.)'!@,)6,!02!
'50,)1+,&! '&(&7.)'! CE5EF9! !>/&!(0<(+;*! +2! ./&,!7;*7&1!40(@! +,.)! ./&!AE!%+0! ./&!
A0'()!Y,1)(7<02*+(!E&2.+(;<;*!K0<(+;*!J>M02&!)'!AYEKJ9!!>/&!/51')<52+2!)3!J>M!
45! AYEKJ! +2! ,&&1&1! +,! )'1&'! .)! 7;*7! ./&! (0<(+;*! 0-0+,2.! ./&! (),(&,.'0.+),!
-'01+&,.! 40(@! +,.)! ./&! AE=! 0! 7')(&22! ./0.! '&<&02&2! 70'.! )3! ./&! &,&'-5! 3')*! ./&!
/51')<52+2!)3!J>M!02!/&0.!&,&'-59!!G+,@2!4&.6&&,!0!2.'&22!'&27),2&!0,1!*;.0.+),2!
+,! ./&! E5E! <&01+,-! .)! ./&'*)-&,&2+2! /02! 4&&,! &B0*+,&1! +,! 7)'(+,&! *)1&<2! +,!
'&<0.+),! .)! ./&! *0<+-,0,.! /57&'./&'*+0! ./0.! '&2;<.2! +,! 0! 2*0<<! 4;.! 077'&(+04<&!
,;*4&'! CO9rlF! )3! 7+-2! 2;33&'+,-! 3')*! 7)'(+,&! 2.'&22! 25,1')*&! CMAAF9! ! ! ^7),!
2<0;-/.&'=! 7+-2! 6+./! ./+2! (),1+.+),! &B/+4+.! 0! '07+1! 1&('&02&! +,! *;2(<&! 7D! 0,1!
&<&%0.+),!+,!*;2(<&!.&*7&'0.;'&!'&2;<.+,-!+,!1&,0.;'0.+),!)3!*;2(<&!7').&+,29!!>/&!
*&0.! 3')*! ./&2&! 7+-2! /02! 0! 70<&=! 2)3.=! &B;10.+%&! 077&0'0,(&! 0,1! '&1;(&2! ./&!
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()**&'(+0<!%0<;&9Pu_!!!!MAA!'&2;<.2!3')*!0!2+,-<&!,;(<&).+1&!2;42.+.;.+),!+,!./&!-&,&!
&,()1+,-! ./&! 2@&<&.0<!*;2(<&! '50,)1+,&! '&(&7.)'9! !>/&!7'&2&,(&!)3! ./+2!*;.0.+),!
4&()*&2! &%+1&,.! 1;'+,-! ./&! 2.'&22! )3! 2<0;-/.&'9! J(()'1+,-<5=! '&2&0'(/&'2! /0%&!
&B0*+,&1!./&!')<&!)3!./&!DMJ!0B+2!+,!./+2!./&'*)-&,+(!7')(&229!!G)6&'!4020<!<&%&<2!
)3! ()'.+2)<! 0,1! <0(@! )3! 1+;',0<! %0'+0.+),! +,! ()'.+2)<! <&%&<2! /0%&! 4&&,! +1&,.+3+&1! +,!
/&.&')S5-).&2! 3)'! ./+2! *;.0.+),! C()*70'&1! 6+./! 6+<1! .57&F! 0,1! ./&2&!
/&.&')S5-).&2! 0'&! 0<2)! <&0,&'! /0%&! /+-/&'! *;2(<&! .&*7&'0.;'&! 0.! ./&! .+*&! )3!!!
2<0;-/.&'Puh9! ! ! ",.&'&2.+,-<5=! /)6&%&'=! ./&! 0;./)'2! 1+1! ,).! '&7)'.! +,('&02&1! DMJ!
'&27),2&! .)! ./&! 2.'&22)'! 6/+(/! (),2+2.&1! )3! '&2.'0+,.! 6+./! 0! ,)2&! 2,0'&! 3)'! Q!
*+,;.&29!!>)!10.&=!,)!2+-,+3+(0,.!2.'&22)'!/02!4&&,!077<+&1!.)!7+-2!./0.!/0%&!MAA!,)'!
/02!0!25,0(./&,!(/0<<&,-&!4&&,!01*+,+2.&'&19!!!!
!
>/&2&! 3+,1+,-2! /0%&! 1+'&(.! ()''&<0.&2! .)! /;*0,29! >/+2! +2! 0*7<5! 1&*),2.'0.&1! +,!
+,1+%+1;0<2! 6/)! 2;33&'! 3')*! ./&! 7).&,.+0<<5! 30.0<! 7/0'*0()-&,&.+(! 1+2)'1&'! )3!
*0<+-,0,.! /57&'./&'*+0! CVDF=! 2&(),10'5! .)! ./&! '&27),2&! .)! %)<0.+<&! 0,0&2./&.+(!
0-&,.2! C&-! +2)3<;'0,&=! /0<)./0,&! 0,1! 2&%)3<;)'0,&F! 0,1! 1&7)<0'+S+,-! *;2(<&!
'&<0B0,.2! C&-! 2;((+,<(/)<+,&F9! ! >/+2! )((;'2! +,! ;7! .)! P! +,! P_=OOO! +,1+%+1;0<2Pu]9!!!
:;'+,-! 0,! &7+2)1&! )3! VD! ./&'&! +2! 0! '07+1! 0,1! 2;2.0+,&1! &<&%0.+),! )3! 4)15!
.&*7&'0.;'&!45!02!*;(/!02!),&!1&-'&&!7&'!Q!*+,;.&2!0,1!()'&!4)15!.&*7&'0.;'&!
(0,!&B(&&1!]h°K9!",!011+.+),=!.0(/5(0'1+0=!<0(.+(!0(+1)2+2!0,1!&<&%0.&1!0'.&'+0<!K$_!
)((;'2=!+,1+(0.+,-!+,('&02&1!0&')4+(!0,1!0,0&')4+(!*&.04)<+2*!0<),-!6+./!*;2(<&!
(),.'0(.;'&! 0,1! 4'&0@1)6,9! ! >/&'&! 0'&! '&7)'.2! )3! 7/52+(0<! )'! &*).+),0<! 2.'&22=!
0,B+&.5! 0,1! )'! 2;11&,! (/0,-&2! +,! &,%+'),*&,.! ./0.! (0,! +,+.+0.&! VD! +,! 2)*&!
70.+&,.2PuQ!6+./! 0! 7')7)2&1! /;*0,! 2.'&22! 25,1')*&! 402&1! ),! )42&'%0.+),2! )3! 0!
,;*4&'! )3! 30*+<+&2!6+./! 0! /+2.)'5! )3!VDPuu9! ! >/);-/! ./&!*&(/0,+2*! )3! /)6! ./&!
DMJ! 0B+2! 0(.+%0.&2! ./&! (0<(+;*! (5(<+,-! 7')(&22! 3)'! /&0.! 7')1;(.+),! +2! ,).! 3;<<5!
;,1&'2.))1=!./&2&!)42&'%0.+),2!+*7<5!2+-,0<+,-!70./6052!&B+2.2!<+,@+,-!2.'&22!0,1!
./&'*)-&,&2+2!%+0!./&!(0<(+;*!(5(<+,-!70./6059!
!
>/&2&! 2+-,0<+,-! 70./6052! +2! <+@&<5! .)! +,%)<%&! 7').&+,2! <+@&! 20'()<+7+,! 0,1!
7/)27/)<0*40,! ./0.! (0,!4+,1! .)!1+33&'&,.! (),3)'*0.+),2!)3! AYEKJ=! (/0,-+,-! ./&!
&B.&,.!.)!6/+(/!/&0.!7')1;(.+),!+2!'&-;<0.&1Pur9!!!!>/&!'&-;<0.+),!)3!./&2&!7').&+,2!
+2! ,).! '&%+&6&1! /&'&! 4;.! +*7)'.0,(&! )3! ./&2&! 7').&+,2! 2/);<1! ,).! 4&!
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;,1&'&2.+*0.&1!+,!.&'*2!)3!0107.+%&!./&'*)-&,&2+2!-+%&,!./0.!20'()<+7+,!,;<<!*+(&!
/0%&!4&&,!1&*),2.'0.&1! .)! 4&!7'),&! .)!1+&.! +,1;(&1!)4&2+.5! 0,1! ./0.! 20'()<+7+,!
(0,!()*7&,20.&! 3)'! '&1;(&1!TJ>! 3;,(.+),!),!()<1!&B7)2;'&Put9! !d),&./&<&22=! ./&!
*)2.! +*7)'.0,.! 3&0.;'&! )3! /&0.! 7')1;(.+),! '&<0.&2! .)! +,.'0(5.)7<02*+(! (0<(+;*!
<&%&<2!0,1!./&!'+2&!+,!(0<(+;*!'&?;+'&1!3)'!*5)(5.&!(),.'0(.+),!+2!7')%+1&1!45!./&!
0(.+%0.+),! )3! ./&! E5E! .)! 6/+(/! *;.0.+),2! (0,! 033&(.! /&0.! 7')1;(.+),! +,! (0<(+;*!
(5(<+,-9Pus!!K0<(+;*!+2!'&<&02&1!3')*!./&!AE!%+0!./&!E5E!0,1!7;*7&1!40(@!+,.)!./&!
AE!./');-/!(0<(+;*!J>M02&!+,!)'1&'!.)!*0+,.0+,!0!<)6!<&%&<!)3!(5.)2)<+(!(0<(+;*!2)!
+.!2&'%&2!.)!'&02),!./0.!./&!*;.0.+),2!)3!./&!E5E!./0.!0<<)6!-'&0.&'!3<;B!)3!(0<(+;*!
0'&!0<2)!*)'&!<+@&<5!.)!+,1;(&!./&'*)-&,&2+2!02!./+2!6);<1!./&,!+,1;(&!AYEKJ!.)!
/51')<52&!*)'&!J>M!.)!7;*7!(0<(+;*!0-0+,2.!0!(),(&,.'0.+),!-'01+&,.!+,.)!./&!AE!
0,1!-&,&'0.&!/&0.9!!!!",!2;**0'5=!./&!/+-/&'!./&!'0.&!)3!(0<(+;*!(5(<+,-=!./&!-'&0.&'!
./&!'0.&!)3!J>M!/51')<52+2!45!AYEKJ!0,1!./&! <0'-&'! ./&!0*);,.!)3!/&0.!'&<&02&19!!
$,&!6);<1! 0<2)! &B7&(.! ./0.=! +,! )'1&'! .)!*0+,.0+,! ./&! (&<<;<0'! <&%&<! )3! J>M! ;2&1=!
*+.)(/),1'+0<!'&27+'0.+),!'0.&!6);<1!+,('&02&!02!6&<<9!!
!

?=)!/(3,7().)(

!
AYEKJ! +2! 0! PPO@:0! .'0,2*&*4'0,&! 7').&+,! ./0.! +2! 3);,1! +,! 0<<! <+%+,-! )'-0,+2*2!
3')*!5&02.!.)!*0**0<29!!",!%&'.&4'0.&2=!./&'&!0'&!h!1+2.+,(.!3)'*2!)3!./&!'&(&7.)'!
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+,1;(&1! +,! '0.2!6+./! 0,! 0(;.&! +,('&02&! +,! -<;()()'.+()+12! %+0! 0! 302.! 3&&1\3)'60'1!
*&(/0,+2*_OO9!!!!!
!
e+%&,! ./&! ;,+%&'20<+.5! )3! ./&! ()''&<0.+),! 4&.6&&,! ,&;')&,1)('+,&! '&27),2&! 0,1!
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K/07.&'!Pp!",.')1;(.+),!

! Qh!
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3);,1! ./0.! ./)2&! 6/)! /01! 0..&*7.&1! 2;+(+1&! 6&'&! h! .+*&2! *)'&! <+@&<5! ,).! .)!
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!
J2!+,!0,+*0<!2.;1+&2=!./&!&B.&,.!.)!6/+(/!2.'&22\'&27),2+%&,&22!*0'@2!4&/0%+);'0<!
1+33&'&,(&2! +,! ./&!-&,&'0<!7)7;<0.+),! +2!;,@,)6,9! !>/&'&!/02!4&&,!,)!252.&*0.+(!
&B0*+,0.+),! )3! 6/&./&'! ./&! (<;2.&'+,-! )3! ()7+,-! 2.5<&2! .)! 2.'&22! +2! ./0.! 2&&,! +,!
0,+*0<2=! 2;(/! 02! ./&! 1+33&'&,.! 7+-! 4'&&12! )'! 2&<&(.&1! <+,&2! )3! 2/&&7! C*&,.+),&1!
04)%&F!*05!0<2)!7&'.0+,!.)!/;*0,29!J!725(/)<)-+(0<!022&22*&,.!)3!)%&'!0!/;,1'&1!
*)'4+1<5!)4&2&!6)*&,!<&1!.)!./&!&*&'-&,(&!)3!.6)!7&'2),0<+.5!2;4.57&29!_PO9!!$,&!
602! 0! '&2+<+&,.! 2;4.57&!6+./! 0! X,)'*0<8! 7&'2),0<+.5!7')3+<&!6/+<&! 0,)./&'!602! 0,!
&*).+),0<<5! 152'&-;<0.&1! 2;4.57&! (/0'0(.&'+S&1! 45! <)6! &B.'0%&'2+),! 0,1! /+-/!
,&;').+(+2*9!!>/&!<0..&'!/01!0,!0%)+10,.!.'0+.!./0.!+2!2+*+<0'!.)!./0.!+,!./&!GJ!2/&&7!
2.;1+&1!45!T&0;2)<+&<!&.!0<9Pts!!>/+2!*05!+,1+(0.&!./0.!./&!.6)!-');72!*05!,&&1!.)!
4&!*0,0-&1!1+33&'&,.<5!6+./!'&-0'1!.)!()*7<+0,(&!.)!./&'075!3)'!6&+-/.!'&1;(.+),9!!
!
!

!",J'B&%",(

!
>/&!)4&2+.5!&7+1&*+(!./;2!30'!.&<<2!;2!./0.!./&!+,,0.&!1&.&'*+,0,.2!)3!4)15!6&+-/.!
0'&! 3)'*+104<&!0,1!(<&0'<5!'&?;+'&!*)'&!./0,! H;2.! .&<<+,-!70.+&,.2!.)!&0.!6&<<!0,1!
&B&'(+2&9! ! >/&! 0&.+)<)-5! +2!*;<.+30(.)'+0<=!6+./! +,,0.&! 0,1! &,%+'),*&,.0<! 30(.)'2=!
6+./!+,,0.&!30(.)'2!4&+,-!7)<5-&,+(!0,1!;,1&'!./&!+,3<;&,(&!)3!&7+-&,&.+(!(/0,-&9!!!
A.'&22! '&27),2+%&,&22! +2! 0,! +,,0.&! 3&0.;'&=! ),&! )3! 2&%&'0<! 30(.)'2! ./0.! /0%&! ,).!
4&&,!6&<<!(/0'0(.&'+S&1!+,!.&'*2!)3!/)6!+.!+,.&'0(.2!+,!0!2)(+0<!&,%+'),*&,.!./0.!+2!
7'&2&,.!.)1059!!
!
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A.'&22!7<052!0,! +,2.';*&,.0<!70'.! +,! '&-;<0.+,-!);'!1&2+'&! 3)'! 3))1!0,1!2&B=!)'! +,!
7/52+)<)-+(0<!.&'*2=!&,&'-5!/)*&)2.02+2!0,1!'&7')1;(.+),9!!A.'&22!'&27),2+%&,&22!
(0,!4&!1&.&'*+,&1!45!*&02;'+,-!./&!2.'&22!/)'*),&=!()'.+2)<9!!J2!'&%+&6&1!04)%&=!
./&'&! 0'&! +,1+%+1;0<2! ./0.! .&,1! .)! <)2&! 6&+-/.! +,! '&<0.+),! .)! %0'+);2! 3)'*2! )3!
2.'&22)'2! 6/+<&! 0! *0H)'+.5! .&,1! .)! -0+,! 6&+-/.! )'! 1&*),2.'0.&! 7)2+.+%&! &,&'-5!
40<0,(&!+,!'&<0.+),!.)!./&!20*&!2.'&22)'2!0,1!./)2&!./0.!-0+,!.&,1!.)!4&!+,1+%+1;0<2!
./0.!/0%&!0!-'&0.&'!()'.+2)<!'&27),2&9!
!
",!./&!0,+*0<!*)1&<!;2&1!+,!./&!7'&2&,.!2.;1+&2=!/+-/!2.'&22!'&27),1&'2!CDEF!0,1!
<)6!2.'&22!'&27),1&'2!CGEF!0'&! +1&,.+3+&1! 3')*!7)7;<0.+),2!)3!);.4'&1!2/&&7!0,1!
./&!0+*2!6&'&!.)!1&.&'*+,&!+3!DE!/0%&!0!-'&0.&'!.&,1&,(5!.)!4&()*&!)4&2&!6/&,!
&B7)2&1! .)!0!/+-/!&,&'-5!1+&.!()*70'&1!6+./!GE9!D0%+,-!1&*),2.'0.&1! ./+2=! ! ./&!
*&(/0,+2*! +,! .&'*2! )3! &,&'-5! 40<0,(&! 602! +,%&2.+-0.&1=! +,! )'1&'! .)! -0+,!
+,3)'*0.+),!),!./&!4+)<)-+(0<!*&(/0,+2*!3)'!./+2!1+33&'&,(&9!
!
>/&! 2&(),1! 0+*! 602! .)! 1&.&'*+,&! +3! &,&'-5! /)*&)2.02+2! (/0,-&2! +,! '&<0.+),! .)!
2.'&22! 602! 1+33&'&,.+,! GE! 0,1! DE9! ! ",! 70'.+(;<0'=! ./&! ?;&2.+),! 602! 02@&1! 02! .)!
6/&./&'! 1+33&'&,(&2! +,! 3))1! +,.0@&! 0,1! &,&'-5! &B7&,1+.;'&! 4&.6&&,!DE! 0,1! GE!!
6);<1!<&01!.)!0!*)'&!7)2+.+%&!&,&'-5!40<0,(&!+,!DE!./0,!./&!GE=!6/&,!2;4H&(.&1!.)!
*&.04)<+(!2.'&22!45!+,2;<+,!+,1;(&1!/57)-<5(0&*+0=!725(/)2)(+0<!2.'&22!+,!./&!3)'*!
)3! 0! 40'@+,-! 1)-! 0,1! +**;,&! 2.'&22! +,! ./&! 3)'*! )3! <+7)7)<520((/0'+1&! CGMAF!
+,3;2+),9!!!
!
>/&!3+,0<!0+*!602!.)!(/0'0(.&'+S&!./&!4&/0%+);'0<!1+33&'&,(&2!+,!DE!0,1!GE!0,+*0<2!
0,1!+.!602!/57)./&2+S&1!./0.!./&!+,,0.&!()7+,-!2.5<&2!0'&!1+33&'&,.!+,!DE!0,1!GE9!!!".!
602! 3;'./&'! /57)./&2+S&! ./0.! GE! 1&*),2.'0.&! 0! *)'&! 7')0(.+%&! ()7+,-! 2.5<&!
6/&'&02!DE!&B/+4+.!0!'&<0.+%&<5!'&0(.+%&!2&'+&2!)3!()7+,-!2.'0.&-+&29!!
!
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!

Chapter 2 
General Materials and Methods 

!
!
!
>/+2! (/07.&'! 1&.0+<2! ./&! *0.&'+0<2! ;2&1! 0,1! *&./)12! &*7<)5&1! 6/+(/! 0'&!
()**),!.)!K/07.&'2!h=!]!0,1!Q9!!V&./)1)<)-5!27&(+3+(!.)!+,1+%+1;0<!(/07.&'2!6+<<!
4&! 3);,1! 6+./+,! ./&! '&27&(.+%&! (/07.&'2! 6+./+,! ./&! *&./)12! 2&(.+),! )3! ./&!
7;4<+2/&1!*0,;2('+7.29!
!
!
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! Qu!

!

/,%>3'(=$;%J&(

!
YB7&'+*&,.2!0,1!7')(&1;'&2!),!0<<! 0,+*0<!6&'&! (),1;(.&1! +,!0(()'10,(&!6+./!
./&!J;2.'0<+0,!M'&%&,.+),!)3!K';&<.5!.)!J,+*0<2!J(.!Pstu!0,1!./&!d0.+),0<!D&0<./!
0,1!V&1+(0<!E&2&0'(/!K);,(+<vK)**),6&0<./!A(+&,.+3+(!0,1!",1;2.'+0<!E&2&0'(/!
$'-0,+20.+),vJ;2.'0<+0,!J,+*0<!K)**+22+),!yJ;2.'0<+0,!()1&!)3!7'0(.+(&!3)'!./&!
(0'&!0,1!;2&!)3!0,+*0<2! 3)'!2(+&,.+3+(!7;'7)2&2z9!J<<!7')(&1;'&2!6&'&!077')%&1!
45! ./&! A(/))<! )3! T+)*&1+(0<! A(+&,(&2! J,+*0<! Y./+(2! K)**+..&&! 0.! V),02/!
^,+%&'2+.5=!J;2.'0<+0!!
!

/,%>3'(23,3<*>*,$(

!
J1;<.!K)''+&10<&!&6&2!6&'&!0((<+*0.&1!.)!2+,-<&!7&,!/);2+,-!3)'!&B7&'+*&,.2!2&.!
);.! +,! K/07.&'! h=! ]! 0,1!Q!6/&'&!,)! 2+-,+3+(0,.!*)%&*&,.! 02+1&! 3')*! 2.0,1+,-!
0,1!2+..+,-!6&'&!7)22+4<&9!J,+*0<2!6&'&!/&<1! +,!2+,-<&!7&,2!./0.!0<<)6&1!%+2;0<!
(),.0(.!6+./! ./&+'! 3<)(@*0.&2! ;,<&22! )./&'6+2&! 2.+7;<0.&19! ! ",! 0<<! &B7&'+*&,.2=!
0,+*0<2!6&'&! @&7.! 0.! ./&!V),02/! G0'-&!J,+*0<! E&2&0'(/! L0(+<+.5! +,!W&''+4&&=!
#+(.)'+0=!J;2.'0<+0!C<0.+.;1&!ht{AF!6+./!&B7)2;'&!.)!,0.;'0<!%0'+0.+),2!+,!<+-/.!0,1!
0*4+&,.!.&*7&'0.;'&29!!
!
!

/,%>3'(?B#<*#.(

!
J<<! 2;'-+(0<! 7')(&1;'&2! 6&'&! 7&'3)'*&1! ;,1&'! 2.&'+<&! (),1+.+),2! ),! 302.&1!
0,+*0<2! 45! V'9! T';(&! :);-/.),=! :'! E)22! f);,-! 0,1! V'9! J<&B! A0.'0-,)9!!
J,0&2./&2+0! 7'+)'! .)! 2;'-&'5! 602! 7&'3)'*&1! 6+./! 0,! +,.'0%&,);2! +,H&(.+),! )3!
>/+)40'4+.),&!2)1+;*!CPO*-v@-R!G5770'1=!c&524)');-/=!#+(9=!J;2.'0<+0F9! ! !$,(&!
0,0&2./&2+0! /01! .0@&,! &33&(.=! 0,+*0<2! 6&'&! <0+1! ),! ./&+'! 40(@! 0,1! 0,!
&,1).'0(/&0<!.;4&!602!+,.')1;(&19!>/&!0,+*0<2!602!./&,!7<0(&1!),!0,!)7&'0.+,-!
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.04<&! 0,1! (),,&(.&1! .)! 0,! 0,0&2./&.+(! -02! +,! )'1&'! .)! *0+,.0+,! 0,0&2./&2+0!

./');-/);.!2;'-&'5=!./+2!(),2+2.&1!)3!0!h\Ql!-02&);2!3<;)./0,&!CE/),&!V&'+&;B!
J;2.'0<+0=!W&2.!L)).2('05=!#"K=!J;2.'0<+0F! +,!)B5-&,9! !d+.');2!)B+1&!602!;2&1!.)!
1&&7&,!0,0&2./&2+0!6/&,!'&?;+'&19!!
!
>/&!0,+*0<2!6&'&!7'&70'&1!3)'!2;'-&'5!2;42&?;&,.<5!45!(<+77+,-!./&!6))<!)%&'!
./&! )7&'0.+),! 2+.&9! >/&! 2@+,! 602! ./&,! 2/0%&1! 0,1! 2(';44&1! 6+./! T&.01+,&!
A;'-+(0<!A(';4!Cr9Ql!6v%!7')%+1),&!I!+)1+,&R!L0;<1+,-2!w!K)9!G.19=!J1&<0+1&=!AJ=!
J;2.'0<+0F! 0,1! 27'05&1! 6+./! rOl! 0<()/)<! Cf0''0%+<<&! :+2.+<<&'5=! f0''0%+<<&=! #+(=!
J;2.'0<+0F9! !J! 2;'-+(0<! 2<+.! 1'07&!602!;2&1=! 4;.! ./&! '&-+),!)3! +,(+2+),! '&*0+,&1!
&B7)2&19!!
!

N3$3'"<<*#(5,&*#$%",(

!
:0.0<)--&'2!CA;4K;&=!K0<-0'5=!J<4&'.0=!K0,010F!0'&!+*7<0,.04<&!1&%+(&2!;2&1!3)'!
2+.&\27&(+3+(! '&()'1+,-2! )3! .+22;&! .&*7&'0.;'&29! :0.0<)--&'2! 6&'&! +*7<0,.&1!
+,.)2@&<&.0<!*;2(<&!)3!./&!/+,1!<+*4!0,1!'&.')7&'+.),&0<!30.9!!!>/&!10.0<)--&'2!0'&!
2.&'+<+2&1!)%&',+-/.!+,!rOl!&./0,)<!./&!'&()'1+,-!/&01!C_(*!1+0*&.&'!0,1!O9Q(*!
1&&7F!&*4&11&1!+,!./&!.+22;&!0,1!./&!1)6,<)01!<&01!CPO(*!<),-F!&B.&'+)'+S&19!
>/+2!0<<)6&1!()<<&(.+),!)3!10.0!3')*!./&!10.0<)--&'2!0.!0,5!.+*&=!45!(),,&(.+),!.)!
0!()*7;.&'!6+./!./&!'&<&%0,.!7')-'0*!C2;77<+&1!45!./&!*0,030(.;'&'2F9!!
!
L)'!+*7<0,.0.+),!+,.)!2@&<&.0<!*;2(<&=!0!2*0<<!+,(+2+),!CQ(*F!602!*01&!0<),-!./&!
<+*4! 3)<<)6&1! 45! 4<;,.! 1+22&(.+),! C6+./! ');,1! &,1&1! 2;'-+(0<! 2(+22)'2F! .)!
2&70'0.&!./&!%02.;2!<0.&'0<+2!0,1!4+(&7!3&*)'+2!*;2(<&!*+,+*+S+,-!10*0-&!.)!./&!
*;2(<&9! >/&! 10.0<)--&'! 602! +*7<0,.&1! 4&.6&&,! ./&! .6)! *;2(<&2=! 6+./! ./&!
'&()'1+,-! 2+1&! 30(+,-! %02.;2! <0.&'0<+2! 0,1! 0,(/)'&1! +,! 7)2+.+),!6+./! ./&! ;2&! )3!
(/')*+(!-;.!2;.;'&9!>/&!2@+,!602!(<)2&1!6+./!2;.;'&9!
!!
L)'! +*7<0,.0.+),! +,!'&.')7&'+.),&0<!'&-+),=!0,! +,(+2+),!602!*01&!4&<)6!./&!'+4!
(0-&! 45! *0,;0<! 7')4+,-! .)! +1&,.+35! ./&! <)6&'! '&-+),! )3! ./&! 27+,0<! ()'19! ! J,!
+,(+2+),! CPO(*F! 602! *01&! 0,1! ./&! 041)*+,0<! (0%+.5! 602! 0((&22&1! 45! 4<;,.!
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! Qt!

1+22&(.+),!./');-/!./&!041)*+,0<!60<<!0,1!0!2*0<<!7)(@&.!602!*01&!+,!./&!30.!I!
6/&'&!./&!10.0<)--&'!602!0,(/)'&1!6+./+,!./+2!7)(@&.!6+./!(/')*+(!-;.!2;.;'&9!
K0'&! 602! .0@&,! .)! &,2;'&! ./0.! ./&! 10.0<)--&'! 602! +*7<0,.&1! +,! ./&! 30.!
2;'');,1+,-! ./&! @+1,&5! 0,1! ,).! +,! 7')B+*+.5! .)! ./&! @+1,&5! +.2&<3! .)! &,2;'&!
0((;'0.&!.&*7&'0.;'&!'&()'1+,-2!)3!./&!30.9!>/&!6);,1!602!(<)2&1!6+./!.6)!2&.2!
)3!2;.;'&2=!3+'2.!.)!(<)2&!./&!041)*+,0<!60<<!0,1!./&,!.)!(<)2&!./&!2@+,9!
!
L)<<)6+,-!2;.;'+,-=! ./&! 2;'-+(0<! 2+.&2!6&'&!27'05&1!6+./!0,!0,.+4+).+(! CM+,@&5&!
0&')2)<=!)B5.&.'0(5(<+,&!/51')(/<)'+1&!_9O*-v-R!M3+S&'!J,+*0<!D&0./=!W&2.!E51&=!
dAW=! J;2.'0<+0F9! ! J<<! 0,+*0<2! 6&'&! -+%&,! 0! ');.+,&! +,.'0*;2(;<0'! 0,.+4+).+(!
+,H&(.+),!)3!>&''0*5(+,!C)B5.&.'0(5(<+,&!/51')(/<)'+1&!_OO!*-v*<=!P!*<vPO!@-!
4)15! 6&+-/.R! M3+S&'! J,+*0<! D&0<./=! W&2.! E51&=! dAW=! J;2.'0<+0F9! ! L)<<)6+,-!
(&220.+),!)3!0,0&2./&2+0!./&!0,+*0<2!6&'&!*),+.)'&1!3)'!'&()%&'5=!27&(+3+(0<<5!45!
)42&'%0.+),! 3)'! 01&?;0.&! 4'&0./+,-=! &5&! '&3<&B=! 260<<)6+,-! 0,1! (/&6+,-9! >/&!
&,1).'0(/&0<!.;4&!602!'&*)%&1!),(&!./&!0,+*0<!/01!'&-0+,&1!(),2(+);2,&229!!
!
J3.&'! 2;'-&'5! ./&! 0,+*0<2! 6&'&! +**&1+0.&<5! )33&'&1! 3))1! 0,1! ),(&! ./&5! /01!
0(/+&%&1!0!2.04<&!2.0,1+,-!7)2+.+),!6&'&!0<<)6&1!0((&22!.)!60.&'9!J,+*0<2!6&'&!
*),+.)'&1!3)'!2+-,2!)3!1+2.'&22=!70+,!)'!+,3&(.+),!1;'+,-!./&!7)2.\2;'-+(0<!7&'+)19!!
!
!

!3,,B'3$%",(3,7(A'""7(?3>+'%,<(

!
q;-;<0'! %&+,! (0,,;<0.+),2! 6&'&! (0''+&1! );.! ;2+,-! P_e! +,16&<<+,-! %&,);2!
(0,,;<0&! C>&3<),! :6&<<(0./=! >;.0! G04)'0.)'+&2! J;2.'0<+0! M.59! G.19=! G0,&! K)%&=!
dAW=!J;2.'0<+0F9!",!&0(/!(02&=!./&!(0,,;<0!602!+,2&'.&1!0.!<&02.!),&!105!7'+)'!.)!
./&!),2&.!)3!&B7&'+*&,.0.+),!6/&'&!4<))1!20*7<+,-!602!,&(&220'59!>/&!&B.&',0<!
H;-;<0'! %&+,! 602! (0,,;<0.&1! 0,1! (),,&(.&1! .)! 0! *0,)*&.&'! <+,&! CM)'.&B! G.19=!
D5./&=! c&,.=! ^cF! 3)<<)6&1! 45! (<)2;'&! 6+./! 0! h\605! G;&'\<)(@! .07! CT0B.&'!
>'0%&,)<!G04)'0.)'+&2!",(9=!:&&'3+&<1=!"<<+,)+2=!^AJF9!G+,&2!6&'&!@&7.!70.&,.!6+./!
/&70'+,+2&1!CPOO!)'!QO!;,+.2v*<R!L+2),2!M.5=!G.19=!A51,&5=!dAW=!J;2.'0<+0F!20<+,&9!
!
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A&'+0<! 4<))1! 20*7<&2! Cu*<F! 6&'&! .0@&,! 0.! '&-;<0'! +,.&'%0<2! ./');-/);.! ./&!
20*7<+,-! 7&'+)12! CA&&! K/07.&'2! h=! ]! 0,1! Q! 3)'! 27&(+3+(! .+*&! 7)+,.2F9! M'+)'! .)!
20*7<+,-! ./&! /&70'+,+2&1! 20<+,&! 602! '&*)%&1! 3')*! ./&! <+,&! 6+./! 0! 3<;2/+,-!
25'+,-&!45!1'06+,-!]*<=!0!4<))1!20*7<&!602! ./&,! .0@&,!6+./!0!20*7<&!25'+,-&!
0,1!3'&2/!/&70'+,+2&1!20<+,&!;2&1!.)!'&\3+<<!./&!*0,)*&.&'!<+,&9!!^,<&22!)./&'6+2&!
2.0.&1! +,! K/07.&'! ]! 0,1! Q=! 20*7<&2! 6&'&! 7<0(&1! +,.)! .;4&2! (),.0+,+,-! 0,.+\
()0-;<0,.! <+./+;*!/&70'+,!CA0'2&1.!J;2.'0<+0=!V062),!G0@&2=!AJ=!J;2.'0<+0F!0,1!
(&,.'+3;-&1!3)'!PO*+,!0.!hOOO-!03.&'!6/+(/!./&!7<02*0!602!1&(0,.&1!+,.)!%+0<2!
0,1!2.)'&1!0.!\_O{K!;,.+<!02205&19!
!

?*'*J$%",("M(/,%>3'&(

!
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ABSTRACT Subjects characterized as cortisol high
responders (HRs) consume more calories after stress,
but it is unknown whether cortisol responsiveness pre-
dicts a propensity for obesity. Female sheep with either
high or low cortisol responses to adrenocorticotropin
(ACTH) were identified. Body composition was similar
in HRs and cortisol low responders (LRs), but the HRs
had greater (P<0.01) adiposity than did the LRs
(40.5�0.7 vs. 35.8�1.4%) after high-energy feeding,
despite comparable food intake. Postprandial thermo-
genesis in muscle temperature was 0.8 � 0.08°C higher
in the LRs than in the HRs (P<0.01), whereas feeding-
induced changes in fat temperature were similar. Lep-
tin and insulin sensitivity were similar in the HRs and
LRs. Feeding lowered (P<0.001) the respiratory con-
trol ratio in muscle (HRs 9.2�0.8–5.2�1.2; LRs
8.4�0.5–5.2�0.7), indicative of increased uncoupled
respiration. Also in muscle, the feeding-induced in-
creases in uncoupling protein (UCP)-3 (fold increase:
HRs, 2.4; LRs, 2.0), ryanodine 1 receptor (RyR1; fold
increase: HRs 3.1; LRs 2.1), and sarcoendoplasmic
reticulum Ca2�-dependent ATPase (fold increase: HRs
1.5; LRs 1.6) were equivalent in the HRs and LRs.
Sequencing of mitochondrial DNA revealed no haplo-
typic differences between the 2 groups. We conclude
that predisposition to obesity can be predicted by
cortisol responsiveness to an ACTH challenge and that
the response is due to innate differences in muscle
thermogenesis.—Lee, T. K., Clarke, I. J., St. John, J.,
Young, I. R., Leury, B. L., Rao, A., Andrews, Z. B.,
Henry, B. A. High cortisol responses identify propen-
sity to obesity that is linked to thermogenesis in skeletal
muscle. FASEB J. 28, 35–44 (2014). www.fasebj.org

Key Words: stress � energy expenditure � hypothalamic-pituitary-
adrenal axis � postprandial

The epidemic of obesity and type 2 diabetes in the
world is growing unimpeded, with most current strate-
gies for prevention and treatment being ineffective.
Currently, the only effective treatment for morbid
obesity is surgical intervention. Efforts to curtail food
intake by pharmacological means have failed, but rela-
tively little attention has been paid to the other arm of
the energy equation—energy expenditure. Targeting
energy expenditure for therapeutic intervention may
provide a solution to the escalating problem. In this
study, we identified a means by which propensity to
become obese can be predicted—in essence, the corti-
sol response of sheep to a Synacthen [adrenocortico-
tropin (ACTH)] challenge. The method identifies high
responders (HRs) and low responders (LRs), with the
former showing a relatively greater gain in adiposity on
a high-energy diet. This predictor of the propensity to
become obese may be a useful tool in managing
obesity.

A relationship between the set point of the stress axis
and the tendency to become obese has been suggested
in various studies. A classic example is that of Cushing’s
syndrome, in which elevated cortisol levels are associ-
ated with an obese phenotype. In obese, non-Cushing’s
patients, a high cortisol response to either corticotrop-
in-releasing hormone (CRH) or ACTH (1, 2) is also
associated with elevated visceral adiposity. Various ro-
dent models of obesity, such as ob/ob mice and fatty
Zucker rats, have elevated glucocorticoid levels (3–5),
and the obese phenotype is attenuated by adrenalec-
tomy (5). Although glucocorticoid levels are associated
with obesity, it is not known whether individuals with a
relatively higher activity within the hypothalamic-pitu-
itary-adrenal (HPA) axis have a greater propensity to
become obese. An important question, therefore, is
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whether up-regulation of the HPA axis is a cause or a
consequence of obesity.

In humans, prednisolone treatment increases food
intake in postmenopausal women (6), and, in female
sheep, chronic elevation in cortisol increases food
intake (7). Clinical studies have shown that most sub-
jects increase food intake in response to stress, but
there is a small subpopulation (�15%) in which food
intake is reduced (8). Furthermore, cortisol and stress
responsiveness may predict the metabolic effects of
glucocorticoids. Thus, subjects characterized as HRs
tend to eat more in response to stress or after cortico-
tropin-releasing factor (CRF) challenge than do those
classified as LRs (8–10). Furthermore, male sheep with
high responsiveness to ACTH eat beyond their pre-
dicted requirement, whereas those with low responsive-
ness do not (11).These findings indicate that stress and
innate differences in cortisol responsiveness may have
an effect on predictive adiposity; however, this possibil-
ity has not been directly addressed.

We sought to determine whether differences in cor-
tisol responsiveness predict the propensity for obesity
and to identify the possible mechanisms, particularly
with regard to energy expenditure. Energy expenditure
comprises basal metabolism, physical activity, and ther-
mogenesis. Dissipation of energy through the produc-
tion of heat (thermogenesis) is well characterized in
brown adipose tissue (12, 13), but we, and others, have
shown that skeletal muscle also exhibits thermogenic
properties (14–20). In sheep, postprandial muscle ther-
mogenesis coincides with an increase in the expression of
ryanodine 1 receptor (RyR1) and sarcoplasmic Ca2�-
dependent ATPase (SERCA)-2a, as well as altered mito-
chondrial function, which is indicative of adaptive ther-
mogenesis (21). It is not known whether innate
differences in skeletal muscle thermogenesis alter the
predisposition to obesity. The present studies were
undertaken in animals derived from an outbred popu-
lation, in which we identified ewes at the extreme ends
(high and low) of the cortisol response to ACTH. High
cortisol responsiveness, in the presence of lowered
thermogenesis in skeletal muscle, predicted the pro-
pensity to become obese.

METHODS AND MATERIALS

Selection of HRs and LRs

We used an outbred population (n�100) of sheep to identify
HRs and LRs. We challenged animals with synthetic ACTH
(Synacthen, 0.2 �g/kg body weight; Novartis Pharmaceuticals,
North Ryde, NSW, Australia). During the breeding season,
ovarian cycles were first synchronized by i.m. injection of 125 �g
prostaglandin [cloprostenol (Estrumate); Pitman-Moore, Syd-
ney, NSW, Australia], and the ACTH challenge was conducted 1
wk later, during the luteal phase of the estrous cycle. Blood
samples (6 ml) were collected by venipuncture at �30, 0, 30, 60,
and 90 min from injection, and the plasma was stored at �20°C
until assayed for cortisol.

The animals underwent an initial screening and were
characterized as either HRs or LRs on the basis of cortisol

response, as determined by the area under the curve (AUC).
The selected animals classified as HRs or LRs were subjected
to a second Synacthen challenge, to confirm the initial
results.

Cortisol levels were determined by the radioimmunoassay
method of Bocking et al. (22). Assay sensitivity was 0.4 � 0.02
ng/ml, the intra-assay coefficient of variation (CV) was 8%,
and the interassay CV was 10%.

Experiment 1: effects of a high-energy diet on body weight
and body composition in LRs and HRs

Subsets of selected animals were subjected to a high-energy
diet (n�5). The animals were held in pasture and fed a
supplemented diet of lupin grain and oats for 16 wk (23, 24).
This diet causes an increase in adiposity (23, 24). Body weight
was monitored weekly, and body composition was determined
by dual energy X-ray absorptiometry (DXA) before the start
of the high-energy diet and after 8 and 16 wk of dietary
manipulation.

Food intake was measured at 2 time points. To account for
seasonal changes in feeding (25–27), food intake was mea-
sured in January (when voluntary food intake is high) and
June (when food intake is at the nadir). Animals were housed
in single pens and offered lucerne chaff (2 kg/d) or a
high-energy diet (1 kg/d), and refusals were measured; food
intake was monitored for 4 d.

Experiment 2: effects of meal feeding and central leptin
infusion on thermogenesis in LRs and HRs

This work was carried out in HRs and LR animals (n�5) fed
a normal diet, when body weight and lean body mass were
similar. Silastic cannulae were implanted into the lateral
ventricles for infusion of either artificial cerebrospinal fluid
(aCSF; 150 mM NaCl, 1.2 mM CaCl, 1 mM MgCl, and 2.8 mM
KCl) or recombinant human leptin (15). Intracerebroventric-
ular (i.c.v.) infusion lines were connected to a microinfusion
pump (Graseby Medical Ltd., Gold Coast, QLD, Australia),
and infusions (110 �l/h) were performed between 09:00 and
15:00. A crossover design was used, wherein all animals
received both vehicle and leptin treatments, with 1 wk be-
tween treatments.

Leptin was synthesized and purified, and efficacy was tested
in a cell proliferation bioassay (28). Temperature recordings
were made as an index of thermogenic output (14, 15, 29).
Dataloggers (SubCue, Calgary, AB, Canada) were surgically
implanted into the retroperitoneal fat and skeletal muscle of
the hind limb (vastus lateralis) and were set to record
temperature at 15-min intervals.

The experiment was conducted during the late breeding
season, and ovarian cyclicity was synchronized by an injection of
cloprostenol (125 �g i.m.) 1 wk before the temperature record-
ings. At 2 wk before the recordings, the animals were brought
into a shed and placed in single pens with natural light and
ambient temperature. A programmed meal-feeding regimen
(access to food between 11:00 and 16:00 daily) was applied,
commencing 2 wk before the experiment. This feeding regimen
entrains a postprandial elevation in peripheral heat production
in fat and muscle (14, 15, 29, 30). Food intake was measured.
Serial blood samples (6 ml) were collected at 30-min intervals
across the feeding period, via an indwelling cannula inserted
into a jugular vein, extended by a manometer line, and closed
with a 3-way tap. Samples were collected into heparinized tubes
and centrifuged, and the plasma was harvested. Plasma samples
were stored at �20°C until assayed for metabolites and insulin.

On the day of experimentation, the animals received an
infusion of either leptin (10 �g/h) or aCSF (110 �l/h) between
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0900 and 1500. Blood samples were collected every 30 min
between 08:00 and 16:00 and used to measure glucose, lactate,
insulin, and nonesterified fatty acids (NEFAs). Skeletal muscle
and retroperitoneal fat temperatures were recorded across
the experimental period. Insulin was measured with a vali-
dated kit (Linco, St. Louis, MO, USA; ref. 29). Assay sensitivity
was 0.1 ng/ml, intra-assay CV was 9%, and interassay CV was
7%. Plasma glucose and lactate concentrations were mea-
sured with a YSI2300 STAT glucose/lactate analyzer (Yellow
Springs Instrument Co., Yellow Springs, OH, USA). Plasma
NEFAs were analyzed with an enzymatic kit assay (Wako,
Dallas, TX, USA; ref. 31), with inter- and intra-assay CVs of 10
and 7%, respectively.

In addition to characterizing the effects of leptin, insulin
sensitivity was assessed by a glucose tolerance test (GTT).
Intravenous GTTs were performed in unfed (24 h) sheep
during the nonbreeding season and analyzed with minimal
model (MINMOD) computer software (32). MINMOD was
developed by Bergman et al. (33) and is used to assess
parameters of glucose and insulin metabolism. The animals
received a bolus injection of glucose (0.25 g/kg body weight).
Blood samples were collected at �10, �5, 0, 2, 5, 10, 15, 20,
25, 30, 40, 50, 60, 70, 80, 90, 100, 120, 150 and 180 min
relative to injection and were used to measure glucose and
insulin levels.

Experiment 3: measurement of mitochondrial function and
futile calcium cycling in skeletal muscle

Real-time PCR

Animals (n�4–7/group) were program fed for 2 wk before
the experiment, and biopsies of skeletal muscle were col-
lected before (10:00) and during (14:00) the feeding window.
Expression of uncoupling protein (UCP)-1, UCP-2, and UCP-3, as
well the futile calcium cycling genes RyR, SERCA1a, and
SERCA2a, were quantified by real-time PCR (14). The sequences
for the primers (not previously described) were RyR: forward
5=-GGGATATGGGTGACACGAC-3=, reverse 3=-TCTCAGCAT-
CAGCTTTCTCC-5=; SERCA1: forward 5=-ATCCGCCAGCTAAT-
GAAGAA-3=, reverse 3=-GAGACGCTGGAATCCGAGTA-5=; and
SERCA2a: forward 5=-GTACACCAAACAAACCAAGTCG-3=, re-
verse 3=-TCTGTGAAGCTGTGCCGG-5=.

The quantified RNA was then normalized against the
geometric mean of the 3 most stable reference genes deter-
mined by geNorm analysis (http://medgen.ugent.be/
�jvdesomp/genorm/) from a panel of 7 possible reference
genes. We used �-actin, cyclophilin, and malate dehydrogenase I.

Western blot analysis

Protein levels of SERCA1 and SERCA2a were quantified. In
brief, 60 �g of protein was loaded onto a precast gel (Mini-
Proteans; Bio-Rad, Hercules, CA, USA), and the gel was run at
150 V for 1 h. Following transfer to a nitrocellulose mem-
brane, the reaction was blocked overnight in skim milk.
SERCA1 and SERCA2a levels were measured by using the
mouse monoclonal primary antibodies anti-SERCA1 (clone
VE121GI, 1:2500; Sigma-Aldrich, Castle Hill, NSW, Australia)
and anti-SERCA2 (clone 2A7-A1, 1:1000; Sigma-Aldrich), and
the membranes were probed at 4°C overnight. The secondary
antibody was goat anti-mouse IgG horseradish peroxidase
(HRP) conjugate (Antibodies Australia, Melbourne, VIC,
Australia), used at a dilution of 1:2000 and applied for 1 h at
room temperature. The bands were visualized by enhanced
chemiluminescence (ECL; Amersham, Amersham, UK) with
30 s exposure. The membrane was then stripped and re-
blocked, followed by incubation in rabbit polyclonal total

actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at a dilution of 1:2000 for 2 h and then in goat
anti-rabbit antibody HRP at a dilution of 1:2000 (Antibodies
Australia) for 1 h at room temperature. Detection was by ECL,
and the X-ray films were exposed for 1 min.

Mitochondrial respiration

Respiratory capacity was measured in isolated mitochondria
(14) with a Clark electrode (Hansatech Instruments, King’s
Lynn, UK). Respiration was measured at 37°C in 250 �g of
mitochondrial protein. Mitochondria were stimulated with 5
mM pyruvate and 2.5 mM malate, to determine substrate-
driven respiration. Coupled or state 3 respiration was assessed
on the addition of 150 �M ADP. To characterize uncoupled
or state 4 respiration, ATP synthase was blocked by oligomy-
cin (1 �M), and maximum respiratory capacity was deter-
mined by the addition of 1 �M carbonyl cyanide-p-trifluoro-
methoxyphenylhydrazone (FCCP). The respiratory control
ratio (RCR) was calculated as a measure of mitochondrial
uncoupling, by determining the ratio of state 3 to state 4
respiration.

Mitochondrial DNA sequencing

DNA was obtained from lymphocytes according to a cell
culture DNA isolation protocol, with the Puregene DNA
isolation kit (Qiagen, Chadstone, VIC, Australia). PCR
amplification of 895 bp of the D-loop region of the ovine
mtDNA D-loop region (15,532–16,427; GenBank accession
no. NC001941) was performed in 50 �l reactions. The
reaction consisted of 200 ng of total DNA, 1� PCR buffer
(BioLine, Alexandria, NSW, Australia), 1.5 mM MgCl2 (Bio-
Line), 200 �M dNTPs (BioLine), 0.5 �M of the forward
(15,532–15,550: CTTCCCACTCCACAAGCC) and reverse
(16,399–16,427: CATTAATTATATTATGCCCATGCTTACC)
primers of the ovine mtDNA genome (GenBank accession
no. NC001941), and 2.5 U BioTaq DNA polymerase (Bio-
Line). Reaction conditions were 95°C for 5 min, followed by
35 cycles of 94°C for 45 s, 56°C for 30 s, and 72°C for 60 s and
then 72°C for 3 min. The reactions were run in a PTC-200
DNA engine (MJ Research, Waltham, MA, USA). The PCR
products were resolved on 2% agarose gels (BioLine) at 100
V for 1 h against a 100-bp DNA ladder (Hyperladder; Bio-
Line), excised from the agarose gels, and purified for DNA
sequencing with the QIAquick gel extraction kit (Qiagen), as
described in the manufacturer’s protocol,. The purified
mtDNA was then sequenced according to the automated
direct-sequencing protocol (34), with a GeneAmp Veriti
96-well Thermal Cycler and the ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA, USA), with both the respective forward and
reverse primers. Electrophoresis of cycle-sequencing products
was performed on a 16-capillary 3130xl Genetic Analyzer
(Applied Biosystems). Sequences were aligned and phylo-
grams produced with ClustalW2 [European Microbiology
Laboratory-European Bioinformatics Institute (EMBL-EBI),
Hinxton, UK; http://www.ebi.ac.uk/Tools/msa/clustalw2/].

Statistical analyses

All data were analyzed by repeated-measures ANOVA, and
post hoc analyses were carried out using a least significant
difference test, where appropriate.
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RESULTS

Selection of HRs and LRs

From 100 sheep, 10 HRs and 10 LRs were identified by
Synacthen challenge (Fig. 1). Before injection of Syn-
acthen, plasma cortisol levels were equivalent in HRs

and LRs. Cortisol responsiveness, as determined by the
AUC, was greater (P	0.001) in HRs compared to LRs.

Experiment 1: a high-energy diet unmasks
predisposition to obesity in HRs

At baseline, without dietary intervention, body composi-
tion was similar in HRs and LRs (Fig. 2A). High-energy
feeding unmasked differences in the propensity for obe-
sity between the two groups, such that HRs had a greater
gain in percentage of adiposity than LRs. After 16 wk of
high-energy feeding, the percentage of adiposity was
4.6 � 1.4% greater (P	0.01) in HRs than LRs (Fig. 2B).
To further analyze the effects of the high-energy diet on
body composition, we performed a correlation analysis to
determine the relationship between cortisol responsive-
ness and percentage of adiposity. At baseline, there was no
significant relationship between the AUC of cortisol re-
sponse and the degree of adiposity (Fig. 2C). During
high-energy feeding, cortisol responsiveness and percent-
age of adiposity at both 8 and 16 wk of dietary manipula-
tion showed a strong correlation (P	0.01). Thus, HRs
exhibited an increased propensity for obesity that was
unmasked by the high-energy diet.

Experiment 2: increased susceptibility to obesity is
underpinned by a reduction in thermogenesis

To determine the physiological mechanisms that un-
derpin the differing susceptibility to obesity in HRs and
LRs, we measured food intake and thermogenic out-

Figure 1. Cortisol profiles in HRs (solid circles and bars) and
LRs (open circles and bars) using a Synacthen challenge. Top
panels: representative profiles of an HR and an LR animal.
Bottom panels: baseline cortisol levels were similar in HRs and
LRs. Approximately 10% of animals segregated as either LRs or
HRs based on measurement of the area under the cortisol
concentration � time curve (n�10/group). ***P 	 0.001.

Figure 2. Body composition in HRs and LRs
before (A) and during (B) consumption of a
high-energy diet. A) Before dietary manipula-
tion, body composition was similar in the 2
groups. B) Body weight and percentage of
adiposity increased in HR and LR animals after
8–16 wk of high-energy feeding. At 16 wk,
percentage of adiposity was greater in HRs
(solid bars) than LRs (open bars). C) Feeding of
a high-energy diet (solid circles, HR group; open
circles, LR group) revealed a correlation between
cortisol responsiveness and percentage of adipos-
ity (n�4–5/group). aP 	 0.05, aaP 	 0.01, aaaP 	
0.001 vs. control; **P 	 0.01 vs. LRs.
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put. Food intake was measured at 2 times of the year,
since sheep are known to exhibit a circannual feeding
pattern and response to leptin (26, 27, 35). Intake of
either chaff or high-energy pellets was similar in HRs
and LRs, but the LRs exhibited a small increase
(P	0.05) in lucerne chaff intake in January. Also, in
LRs, intake of high-energy pellets was higher (P	0.05)
in June (Fig. 3A).

Temperature profiling in skeletal muscle and retro-
peritoneal adipose tissue was undertaken to assess
thermogenesis in HRs and LRs, during programmed
feeding with a normal diet (Lucerne chaff) and when
body weights and body composition were similar. Con-
sistent with increased adiposity on the high-energy diet,
the feeding-induced thermogenic responses in the
muscle were lower (P	0.01) in HRs than LRs (Fig. 3B,
top panels). This difference was enhanced during i.c.v.
infusion of leptin (P	0.01; Fig. 3B, bottom panels).
Leptin treatment increased (P	0.01) the temperature
(treatment�time interaction) in adipose tissue, but the
effect was similar in HRs and LRs (Fig. 3B, right
panels). As expected, leptin reduced (P	0.001) food
intake, but the effect was equivalent in both groups
(Fig. 4A).

We also measured plasma metabolites and insulin
concentrations in HRs and LRs before and after feed-
ing. Levels of glucose, lactate, and NEFAs were similar
in both groups. Plasma concentrations of insulin were
higher (P	0.05) in LRs. There was no effect of i.c.v.
leptin treatment on plasma metabolites or insulin levels
(Fig. 4B–E). To determine whether the elevated levels
of insulin conferred differences in insulin sensitivity
and glucose metabolism, we used MINMOD to conduct
a GTT (Fig. 5 and Table 1). The GTT was conducted
when animals were at a similar body weight, had similar
body composition, and were consuming a normal diet.

Basal levels of insulin and glucose were similar in HRs
and LRs, as were insulin sensitivity, glucose effective-
ness, acute insulin response to glucose, and indices of
�-cell function and insulin resistance. Insulin sensitivity
and glucose metabolism were similar in HRs and LRs
when body weights and percentage of adiposity were
similar between the groups.

Experiment 3: no difference in mitochondrial
function and futile calcium cycling in cortisol HRs
and LRs

To characterize the cellular mechanisms that are re-
sponsible for divergent muscle thermogenesis in the
HRs and LRs, we measured mitochondrial function
(mitochondrial respiratory capacity and expression of
UCP-1, UCP-2, and UCP-3) and indices of calcium
cycling (expression of RyR1, SERCA1, and SERCA2a),
before and during the feeding window. We aimed to
determine whether there are functional disparities that
explain the differences in propensity to become obese
on a high-energy diet. In isolated mitochondria, feed-
ing did not affect substrate-driven respiration (Fig. 6A),
but reduced both state 3 respiration (P	0.05) and total
respiratory capacity (P	0.001) (Fig. 6B, D) in both HR
and LR animals. In addition, state 4 respiration in-
creased (P	0.05) during feeding, indicating a switch
toward uncoupled respiration, and there was an atten-
dant reduction (P	0.01) in RCR (Fig. 6C, E). Feeding-
induced changes in mitochondrial function were simi-
lar in HRs and LRs.

Expression of UCP-1, UCP-2, and UCP-3 in skeletal
muscle was similar in HRs and LRs. There was no effect
of feeding on the levels of UCP-1 or UCP-2 mRNA, but
UCP-3 expression increased (P	0.05) during the feed-
ing window (Fig. 7). Analysis of the mitochondrial

Figure 3. A) Food intake (left panels) and thermogenesis (right panels) in HRs and LRs. Food intake was measured at 2 different
times of the year, because of the circannual rhythm (27, 46). Food intake was similar in LRs and HRs. B) Longitudinal
temperature recordings provided an index of thermogenic output in skeletal muscle and retroperitoneal adipose tissue. Skeletal
muscle temperature was higher in LRs than HRs in response to both feeding (aCSF infusion) and i.c.v. leptin infusion (overall
group effect). Retroperitoneal fat temperature was similar in HRs and LRs (n�4/group). *P 	 0.05, **P 	 0.01 for HRs vs. LRs.
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genome by DNA sequencing demonstrated that there
was no haplotypic variation or clustering between the
HRs and LRs, based on the genetic distance across the
2 groups, which suggests that innate differences in
mitochondrial function do not determine the thermo-
genic phenotype within skeletal muscle. Accordingly,
we measured the expression of RyR1, SERCA1, and
SERCA2a in skeletal muscle as an index of calcium
cycling. Feeding increased RyR1 (P	0.001) and
SERCA1 (P	0.05) mRNA levels in HRs and LRs without
an associated effect on SERCA2a mRNA levels (Fig. 8).
In contrast, feeding did not alter SERCA1 protein
levels, but increased (P	0.05) SERCA2a protein. As
with mitochondrial respiration, up-regulation of the
indices of calcium cycling during feeding was similar in
HRs and LRs. Thus, feeding altered mitochondrial
function as well as the expression of factors that medi-

ate calcium cycling in muscle, but these changes do not
account for the differences in muscle thermogenesis in
HR and LR animals.

DISCUSSION

In our study, the 10% extremes in an outbred popula-
tion of animals were identified as cortisol HRs and LRs
after ACTH challenge, and HR animals had an in-
creased propensity to preferentially gain adipose tissue
on an obesogenic diet. Innate differences in cortisol
responsiveness have been shown in several species (8,
11, 36, 37), but the current study is the first to indicate
a direct link between cortisol responsiveness in the
propensity to become obese. Without dietary manipu-
lation, HR and LR animals have similar body composi-
tion, but, when fed a high-energy diet, HR animals
become relatively more obese. HR animals preferen-
tially gained adipose tissue, whereas LR animals gained
lean body mass on the high-energy diet. Food intake
was essentially similar in HRs and LRs, suggesting that
the observed differences in those on a high-energy diet
were due to innate differences in energy expenditure.
We found that differences in susceptibility to obesity
were underpinned by innate differences (measured on
a normal diet) in muscle thermogenesis. This differ-
ence was confined to skeletal muscle, which represents
40% of body mass. Thus, in the current study, cortisol
responses to ACTH predicted the propensity to become
obese, and the effect was explained by differences in
muscle thermogenesis.

Studies in humans have shown that altered thermo-
genic function in skeletal muscle determines the ability
to successfully lose and maintain weight loss in obese
individuals. Harper et al. (20) linked reduced expres-

Figure 5. Plasma insulin and glucose responses to a glucose
challenge in HRs and LRs. Analyses were performed with
MINMOD software (millennium edition). Representative in-
sulin and glucose profiles are shown (n�5/group). There
were no significant differences in any of the metabolic
parameters assessed during the GTT (Table 1).

Figure 4. Effect of i.c.v. leptin infusion on food intake and
plasma metabolites in HRs and LRs. A) Food intake was
similar in both groups. B–E) Plasma levels of glucose (B),
lactate (D), and NEFAs (E) were similar in HR and LR
animals before and during leptin treatment; plasma insulin
levels (C) were higher in LRs, irrespective of treatment
(overall group effect; n�4/group). *P 	 0.05 for HRs vs. LRs;
***P 	 0.001 for leptin vs. control.
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sion of UCP-3 in muscle to a reduction in mitochon-
drial proton leak and impaired ability to lose weight. In
our study, lowered muscle thermogenesis was evident
before weight gain in HRs and was therefore likely to be
an important determinant of susceptibility to obesity.
To define the mechanism that underpins differences
between LRs and HRs in skeletal muscle thermogene-
sis, we measured mitochondrial function and indices of

calcium cycling. Consistent with our previous work, we
showed that postprandial thermogenesis in skeletal
muscle was associated with increased UCP-3 mRNA
levels (29) and an increase in uncoupled mitochondrial
respiration (21). Changes in UCP-3 expression and
mitochondrial respiration, however, were equivalent in
HRs and LRs. To further investigate a possible link
between mitochondrial function and muscle thermo-
genesis in HR and LR animals, we sequenced the
mitochondrial genome. Mitochondrial DNA encodes
key genes of the electron transport chain. Haplotypic
variation in mitochondria DNA sequences suggest vari-
ation in the generation of ATP and have been linked to
innate differences in reproductive function as well as
cold tolerance (38). There was no apparent haplotypic
segregation between the HR and LR groups, which
suggests that the differences in thermogenic capacity
between HR and LR animals were not determined by
maternal inheritance and further substantiates the no-
tion that the divergence in thermogenesis in LRs and
HRs was not due to altered mitochondrial capacity or
function. It seems, therefore, that the disparity was the
result of an innate difference in muscle thermogenesis,
especially in response to feeding cues.

In addition to mitochondrial function, futile calcium
cycling has been linked to muscle thermogenesis and
energy expenditure. Calcium cycling occurs across the
sarcoplasmic reticulum (SR), whereby it is expelled via
the RyR1. Increased cytosolic calcium concentrations
activate SERCA1 and SERCA2a in skeletal muscles, and
they propel the calcium back into the SR through the
hydrolysis of ATP. A recent study has shown that
genetic deletion of sarcolipin (an endogenous activator
of SERCA) impairs cold tolerance and predisposes
animals to diet-induced obesity (19). In our study,
postprandial thermogenesis coincided with increased
RyR1 and SERCA levels in skeletal muscle (21). Activat-
ing mutations in RyR1 cause malignant hyperthermia
(18, 39) and have been linked to stress responsiveness
and aggressive behavior in pigs (40). Mutations that
lead to malignant hyperthermia are also linked to
lower cortisol levels (40), which is consistent with our
present data indicating that LRs have relatively
higher muscle thermogenesis. Despite this, postpran-
dial levels of RyR1 and SERCA were similar in HRs

TABLE 1. Plasma insulin and glucose responses to a glucose challenge in HRs and LRs

Parameter HRs LRs P

Basal glucose (mg/dl) 53.2 � 1.2 55.5 � 0.3 0.4
Basal insulin (mU/L) 16.7 � 4.5 24 � 8.4 0.4
Si (mU/L/min) 0.7 � 0.1 2.4 � 1 0.09
Sg (min�1) 0.01 � 0.002 0.02 � 0.001 0.1
AIRg (mU/L/min) 511.3 � 73 734.7 � 147.2 0.3
�-cell function (mU/mM) �1119.4 � 363.8 �1778.6 � 1358.3 0.7
HOMA-IR (mU/mM/min2) 3.3 � 1.1 2.4 � 0.7 0.5

Analyses were performed with MINMOD software (millennium edition). There were no significant
differences in any of the metabolic parameters assessed (P�0.05; n�5/group). Si, insulin sensitivity; Sg,
glucose effectiveness; AIRg, acute insulin response to glucose; HOMA-IR, homeostasis model of
assessment-insulin resistance.

Figure 6. Mitochondrial respiration was measured in isolated
skeletal muscle mitochondria taken before the feeding win-
dow (pre) and during the feeding window (post). There was
no effect of feeding on substrate-driven (pyruvate and
malate) respiration (A). Coupled respiration (ADP, B) and
total respiratory capacity (FCCP, D) were reduced after
feeding. Uncoupled respiration (oligomycin, C) increased
after feeding in both the HRs and LRs and produced an
overall reduction in the RCR (E). Thus, during feeding,
mitochondria displayed increased uncoupled respiration. Al-
though there were effects of feeding on respiratory function,
there were no apparent differences between HRs and LRs
(n�5/group). *P 	 0.05, **P 	 0.01 ***P 	 0.001.
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and LRs. Thus, although postprandial thermogenesis
in skeletal muscle is associated with up-regulation of
markers of futile calcium cycling, it does not appear
to account for differences in the propensity to obesity
in HR and LR animals.

We assessed leptin and insulin sensitivity to deter-
mine whether altered responsiveness to either hor-
mone could account for differences in muscle heat
production in LRs and HRs. In earlier studies, we
showed that central leptin treatment increases post-
prandial thermogenesis in adipose tissue and skeletal
muscle (14, 15), and this finding was replicated in
the current study. It is notable, however, that the
muscle thermogenic response to leptin was greater in
LRs compared to HRs. Despite this, the satiety re-

sponse to leptin was also similar in HRs and LRs,
further indicating that the fundamental set-point
difference is not due to this arm of the energy
equation. In contrast, plasma insulin levels were
higher in LRs than in HRs, and there was also a
tendency toward increased plasma glucose levels in
LR animals treated with leptin. This disparity, how-
ever, does not translate into differences in insulin
sensitivity, as demonstrated by the GTT. Of note, at
the time of the GTT, basal levels of insulin in HRs
and LRs converged as a result of food withdrawal.
Overall, differences in muscle heat production were
not due to inherent differences in either leptin or
insulin sensitivity. We propose that the variance in
muscle heat production may be caused by differences

Figure 7. Top panel: expression of UCP-1,
UCP-2 and UCP-3 mRNA in skeletal muscle.
Feeding increased levels of UCP-3 mRNA in
muscle, but the effect was equivalent in HRs
and LRs. There was no effect of feeding, nor
were there any differences between HRs and
LRs in the expression of UCP-1 and UCP-2. HK,
housekeeping genes. Bottom panel: mitochon-
drial DNA was sequenced to profile mitochon-
drial gene differences. Phylogenetic tree indi-
cates no haplotypic segregation based on
genetic differences between HRs and LRs
(n�6–8/group). *P 	 0.05.

Figure 8. Quantification of components of cal-
cium cycling. Expression of RyR1, SERCA1, and
SERCA2a mRNA (top panel) and SERCA protein
(bottom panel). Feeding increased RyR1 mRNA
and SERCA1 expression without a corresponding
effect on SERCA2a expression. SERCA2a protein
levels (Western blots) increased during feeding.
There were no differences in the expression of
markers of calcium cycling in HRs and LRs
(n�4–6/group). HK, housekeeping genes. *P 	
0.05, ***P 	 0.001.
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in the metabolic function of muscle, and we are
pursuing this line of inquiry.

I.c.v. infusion of leptin increased heat production in
both skeletal muscle and retroperitoneal fat. Heat
production in the latter was equivalent in HRs and LRs,
whereas muscle temperature was higher in the LR group.
In sheep, brown adipocytes are interspersed among white
adipocytes in the retroperitoneal fat, and a recent study in
lambs also indicated that the sternal and clavicular adi-
pose depots are enriched in brown adipocytes, express-
ing high levels of UCP-1 mRNA (41). To date, however,
there are no equivalent data on these fat beds in adult
sheep. We focused on the retroperitoneal fat bed,
because our work in adults has shown greater expres-
sion of UCP-1 in this fat bed than in subcutaneous fat
(30). Furthermore, the thermogenic effect of both
leptin and estrogen is greater in retroperitoneal fat
than in subcutaneous adipose tissue (15, 42). Thus, our
previous work suggests that, at least in adult sheep, the
retroperitoneal fat depot contributes to total body
adaptive thermogenesis. Nonetheless, in the current
study, the fundamental difference in adaptive thermo-
genesis in the LRs and HRs occurred in muscle and not
in retroperitoneal fat.

In summary, cortisol responsiveness to an ACTH
challenge is a simple test that predicts the propensity
for obesity. HR animals have increased susceptibility to
gain adipose tissue when fed a high-energy diet, and
this is due to reduced skeletal muscle thermogenesis. It
is unequivocal that most obese subjects resist weight
loss and that long-term maintenance of weight loss is
problematic (43–45). We propose that cortisol respon-
siveness is a marker for predisposition to obesity and
provides a means to identify individuals that exhibit
reduced thermogenesis and consequent energy expen-
diture. This innate property of thermogenesis affects
susceptibility to weight gain.

The authors thank Bruce Doughton, Lynda Morrish, and
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Summary The underlying cause of predisposition to obesity is complex but one marker is
cortisol responsiveness. Selection of sheep for high (HR) or low (LR) cortisol responses to adreno-
corticotropin shows that HR are more likely to become obese. Increased propensity to obesity
is associated with reduced skeletal muscle thermogenesis. We sought to determine whether
metabolic or behavioral responses to stress also contribute to altered propensity to obesity
in LR and HR. Animals (n = 5—10/group) were exposed to 3 stressors and we measured food
intake and thermogenesis (recorded with dataloggers implanted into muscle). Stressors were
hypoglycaemia (0.125 units/kg insulin, IV), a barking dog and immune challenge (200 ng/kg

lipopolysaccharide — LPS, IV). LR animals showed a greater catabolic state in response to both
immune and psychosocial stressors. LPS reduced (P < 0.01) food intake in both groups but LR
showed a greater (P < 0.05) reduction in food intake and a more substantial (P < 0.05) rise in mus-

cle temperature. Introduction of the barking dog reduced (P < 0.05) food intake in LR only. These
metabolic differences coincided with differences in cortisol responsiveness, where HR animals
had increased (P < 0.05) cortisol in response to both immune and psychosocial stressors. We also
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assessed behavior in the following paradigms: 1, isolation in the open field test; 2, response to
a human intruder; and 3, food competition. LR had greater (P < 0.05) activity, reduced fearful-
ness and displayed a proactive coping style of behavior. Thus we demonstrate that high cortisol
responsiveness identifies animals with stress-induced metabolic and behavioral traits that may
contribute to susceptibility to obesity.
© 2014 Elsevier Ltd. All rights reserved.
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for cortisol (see below). After the initial challenge, 20% of
the animals identified with extreme high or low responses
and the synacthen test was repeated 2 weeks later to verify
1. Introduction

There is a strong nexus between the hypothalamo-pituitary-
adrenal (HPA) axis and energy homeostasis. Hallmark studies
in rats by Dallman and colleagues demonstrate that stress
increases the preference for palatable foods that are high
in fat and sugar (Pecoraro et al., 2004; Dallman et al., 2005;
Dallman, 2010; Tomiyama et al., 2011). This led to the ‘com-
fort’ food hypothesis, stating that increased consumption of
foods high in fat and sugar leads to feedback on the HPA
axis to dampen the stress-induced elevations in circulating
corticosteroid levels (la Fleur et al., 2005).

In addition to the availability of palatable foods, effects
of stress on feeding are influenced by the type of stressors
as well as the severity and duration of the stressor (Valles
et al., 2000; Solomon et al., 2007; Calvez et al., 2011). In
humans, stress has been shown to increase food intake in
the majority of subjects and reduces intake in only a small
sub-population of around 10—15% (Epel et al., 2001). Inter-
estingly, the effect of stress on food intake may be primarily
determined by individual variation in cortisol responsive-
ness. In this regard, we refer to variation in the rise of
plasma cortisol as a difference in cortisol responsiveness.
Thus in any given population, high or low cortisol respon-
der individuals can be identified (Epel et al., 2001; Touma
et al., 2008; Tomiyama et al., 2011; Lee et al., 2014). Cor-
tisol responsiveness is a strong determinant of the feeding
response to stress, whereby subjects characterized as high
cortisol responders (HR) tend to eat more in response to
stress than do low cortisol responders (LR) (Epel et al., 2001;
Adam and Epel, 2007; Tomiyama et al., 2011).

We have developed a model of cortisol responsiveness
using the sheep (Lee et al., 2014), where we demonstrate
that high cortisol responsiveness confers a predisposition
to obesity. This increased propensity to weight gain was
primarily associated with a reduction in thermogenesis in
skeletal muscle, without an attendant change in food intake.
In addition to the predisposition to obesity, studying animals
of differing cortisol response to stress may have important
ramifications for animal welfare and livestock practices.

In addition to the disparate thermogenic feature, we pre-
dict that differing propensity to obesity in LR and HR may
also be associated with factors such as altered metabolic
responses to stress and/or innate differences in temper-
ament and behavior. Indeed, obesity is associated with
differences in temperament in humans, which manifests as
low inhibitory control (Anzman and Birch, 2009) and impul-
siveness (Sullivan et al., 2007). Furthermore, during infancy

a calm temperament has been associated with increased
adiposity (Wells et al., 1997). In sheep, adipose tissue
thermogenesis is lower in animals selected for a calm tem-
perament than in those selected for a nervous phenotype

t
s

r

Henry et al., 2010). It has also been hypothesized that
nnate differences in coping strategy (e.g. reactive com-
ared to proactive) may impact on energy expenditure and
etabolism (Garland et al., 2011). Accordingly, the cur-

ent study sought to determine whether ewes characterized
s either HR or LR display differences in behavioral and
etabolic responses to stress, which align with altered
ropensity to obesity. We tested the hypothesis that LR ani-
als generate greater negative energy balance in response

o stress. We also tested the hypothesis that LR animals show
ehavioral characteristics associated with an aggressive and
earless phenotype. We propose that increased propensity
o obesity in HR will be underpinned by an innate reduc-
ion in energy expenditure as well as distinct behavioral and
etabolic coping strategies in response to stress.

. Materials and methods

.1. Selection of low and high cortisol responding
heep

his work was performed in Corriedale ewes (age 3—5 years)
nd was approved by the Monash Animal Research Plat-
orm animal ethics committee. Prior to the selection of low
LR) and high (HR) cortisol responders and prior to each
xperiment, reproductive status was standardized by syn-
hronizing the estrous cycles of the ewes with an IM injection
f 125 �g Cloprostenol, which causes demise of the corpus
uteum and initiation of a new estrous cycle (Challis et al.,
976). Experiments were carried out 7 days later in the mid-
uteal phase of the estrous cycle. Animals (n = 100) were
iven an IV injection of synthetic ACTH (Synacthen, Novartis,
orth Ryde, NSW, Australia) to identify HR and LR animals as
escribed previously (Lee et al., 2014). The synacthen chal-
enge was performed at 1300 h, prior to which the animals
ere habituated to the experimental facility. Accordingly,

hese tests were carried out under non-stressful conditions.
n brief, outbred ewes received indwelling jugular venous
annulae 24 h prior to sampling and these were kept patent
ith heparinized saline (100 KIU/1 L). Injection of synacthen

0.2 �g/kg body weight) and blood samples were collected
t −30, 0, 30, 60 and 90 min relative to injection, cen-
rifuged immediately at 3000 rpm at 4 ◦C and the plasma was
arvested. The samples were stored at −20 ◦C until assayed
he results. After the second challenge 10% of animals were
elected as either a LR or HR (n = 10/group).

Plasma cortisol concentrations were measured by
adioimmunoassay as described previously (Bocking et al.,
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986). For the selection of LR and HR cortisol responsive-
ess was determined by calculating the area under the
urve (AUC). Across all of the assays, the average sensitivity
as 0.3 ng/ml, the intra-assay coefficient of variation was
.2% and the inter-assay coefficient of variation was 3.2% at
2 ng/ml and 4.5% at 80 ng/ml.

.2. Experiment 1: Episodic profiling of cortisol
ecretion in HR and LR

here is some evidence in pregnant and fetal sheep to
how that like humans, sheep display diurnal variation in
ortisol secretion and this is exacerbated by meal feeding
Simonetta et al., 1991). To measure basal cortisol secre-
ion, blood samples were collected at 10 min intervals for
h (09:00—15:00 h) and cortisol levels were measured as
bove. To characterize the secretory profile we performed
econvolution analysis and measured the number of pulses,
ode (time taken from the onset of a pulse to reach the
eak; min), basal secretion (ng/ml), pulsatile secretion
ng/ml), total secretion (ng/ml), pulse mass (ng/ml) and
pproximate entropy (ApEn) (Veldhuis et al., 1989, 1990).
n addition, the AUC was assessed across the first hour of
ampling (09:00—10:00 h) and for the total baseline period
09:00—15:00 h).

.3. Experiment 2: Effect of stress on food intake,
hermogenesis and plasma cortisol levels in LR and
R

nimals were subjected to 3 different stressors to quantify
ffects on food intake, thermogenesis and plasma cortisol
evels. The animals were given a metabolic stress (insulin),

psychosocial challenge (barking dog) and an immune
hallenge with lipopolysaccharide, in a sequential manner.
hese were applied with intervening intervals of 3—4 days.

.3.1. Part A: Insulin-induced hypoglycaemia
wo weeks prior to experimentation dataloggers (SubCue,
algary, Canada) were implanted into the skeletal muscle
vastus lateralis) of the hind limb as previously described
Henry et al., 2008, 2011; Clarke et al., 2012), to mon-
tor tissue temperature. Dataloggers were set to record
emperature at 15 min intervals. In addition to character-
zing thermogenesis, food intake was measured across the
xperimental period. Baseline food intake was established
cross the week preceding the onset of experiments. Ani-
als were fed 2 kg of lucerne chaff at 09:00 h and refusals
ere weighed to determine daily intake.

Hypoglycaemia was induced by an IV bolus injection of
nsulin (Actrapid, Novo Nordisk Pharmaceuticals, Baulkham
ills, NSW). Blood samples (7 ml) were collected between
9:00 and 15:00 h and insulin (0.125 U/kg body weight) was
njected at 12:00 h. Sampling then continued for 3 h. This
ose was established in earlier work (Knott et al., 2010).
ortisol concentrations were measured in all plasma sam-

les. Selected samples (−30, −20, −10, 0, 10, 20, 30,
0, 50, 60, 80, 100, 120, 150, 180 min relative to insulin
njection) were used to measure plasma glucose concentra-
ions, using a YSI2300 STAT glucose/lactate analyzer (Yellow
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prings Instrument Co., USA). The measurable range for
lood glucose was 0—30 mmol/l.

.3.2. Part B: Psychosocial stress
o induce psychosocial stress, animals were exposed to a
arking dog for 5 min at 12:00 h. The dog was guided to
ove from pen to pen whilst continuously barking, but
irect physical contact was prevented (Pierce et al., 2008).
ood intake, muscle thermogenesis and plasma cortisol con-
entrations were measured as outlined in Experiment 2a.
dditional blood samples were collected at −10, 0, 10,
0, 50 and 70 min into tubes containing an inhibitor mix
30 mg/mL reduced glutathione and 95 mg/mL EGTA) for
ubsequent measurement of catecholamines. Plasma levels
f adrenaline, noradrenaline and dihydroxyphenylglycol (the
eaminated metabolite of adrenaline and noradrenaline)
ere measured by high performance liquid chromatogra-
hy and coulorimetric detection as previously described
Lambert and Jonsdottir, 1998; Tilbrook et al., 2008).

.3.3. Part C: Immune challenge
his experiment was carried out following the protocol
utlined for experiment 2 except that the animals were
iven IV injections of lipopolysaccharide (LPS; 200 ng/kg
ody weight, E. coli 0127:B8, Sigma—Aldrich, St Louis, MO,
SA) at 12:00 h. This dose was based on earlier studies

Briard et al., 2000; Elsasser et al., 2004). Food intake, mus-
le thermogenesis and plasma cortisol concentrations were
easured. Hourly blood samples were taken (09:00—15:00 h)

o measure plasma levels of tumor necrosis factor � (TNF�),
nterleukin (IL)-4, -6, -10 and -12, using ovine-specific
nzyme-linked immunosorbent assays (ELISA) as described
reviously (Hope et al., 2002, 2005; Kwong et al., 2002;
ahman et al., 2004; Abeynaike et al., 2010).

.3.4. Part D: Statistical analyses
he AUC of cortisol response as well as deconvolution data
ere analyzed using Student’s unpaired t-test. Changes

n glucose, cortisol (Experiments 2—4), cytokine, cat-
cholamine levels and temperature were analyzed by
epeated measures ANOVA and post-hoc comparisons were
ade using the Bonferroni test. Data are presented as
eans ± SEM and P < 0.05 was considered significant.

.4. Experiment 3: Behavioral phenotype of LR
nd HR

ll behavioral tests were carried out in the non-breeding
eason, obviating confounding effects of changes in ovarian
teroids. In each experiment, except for the food compe-
ition test, animals were fed ad libitum prior to the onset
f study. Behavior was recorded by video camera and was
ubsequently analyzed in a blind fashion.

.4.1. Part A: Open field test
his was carried out to characterize behavioral responses

o isolation. The test was conducted in an area of 5 m × 3 m
ivided into 6 equal-sized regions. The enclosure was sur-
ounded by a 1.5 m enclosed fence. Single animals were
xposed to the area for 5 min during which time behavior was
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recorded. Recordings were subsequently used to measure
the following indices:

Locomotor activity: the number of times the animal
crossed from one of the 6 regions to another.
Vocalization: number of bleats.
Tunneling: number of attempts to bury their head under
the arena entry/exit gate or fence.
Scratching: number of times the animals investigated the
entry/exit gate by scratching or knocking.

The summation of these active behaviors, except locomotor
activity, provided the total activity score. The data were
analyzed using the non-parametric test, Mann—Whitney U-
test.

2.4.2. Part B: Arena test
The arena test was used to characterize the response to a
conflict between attractiveness to flock-mates and avoid-
ance due to fearfulness of a human. The animals entered
an arena (5 m × 3 m) that was enclosed by 3 walls. At the
open end of the arena 2 flock mates were located in visible
and auditory contact with the test animal. The human stood
between the test subject and its conspecifics. The arena was
equally divided into 3 areas, with zone 1 being the closest to
the human observer and zone 3 being the furthest. Behavior
of the test animal was recorded for 5 min. We quantified the
amount of time each animal spent in zone 1, 2 or 3. Spend-
ing time in zone 1 facing the human intruder was deemed to
indicate less fearfulness and greater motivation to be with
flock-mates than standing further away in zone 2 or zone 3.
All data were analyzed using a Mann—Whitney U-test.

2.4.3. Part C: Food competition test
The food competition test was used to examine the com-
petitiveness of an animal in getting to a food source. Prior
to the food competition test all animals were fasted for a
minimum of 12 h. We used the test to mark one aspect of a
proactive coping style which is to demonstrate initiative, as
opposed to a reactive coping style which tends to be more
passive. The test was carried out by placing either a HR or
LR ewe in a pen next to a randomly selected control ani-
mal. At t = 0, the pen doors were opened and both sheep
were allowed to move down a corridor measuring 13 m in
length. A trough of food (chaff and lupin grain) was placed
at the end of the corridor, which was 0.8 m wide. Animals
were trained to learn the feed source location for 2 days
prior to testing; animals were exposed to the test area on
2 occasions each day. The time latency for each test animal
to reach the food and begin eating was measured and ana-
lyzed relative to the latency for the control. Results were
analyzed using an unpaired Student’s t-test.

3. Results

3.1. Selection of high and low cortisol responding

sheep

Cortisol responses to ACTH were greater (P < 0.01) in HR than
in LR as assessed by AUC (Fig. 1A). Of 100 outbred animals,
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0% were selected as HR and LR (n = 10/group). Our previ-
us data demonstrates that, on a normal diet, body weights
nd body composition are similar in LR and HR (Lee et al.,
014) and this was replicated in the current study. At the
ime of experimentation LR were 66.4 ± 4 kg and HR were
4.4 ± 4.8 kg.

.2. Experiment 1: Episodic profiling of cortisol
ecretion in LR and HR

t the time of experimentation food intake was similar in
R (1.4 ± 0.2 kg/day) and HR (1.6 ± 0.2 kg/day). Deconvo-
ution analysis of the cortisol data showed that the number
f pulses, basal secretion, pulsatile secretion, total secre-
ion and pulse mass were similar in HR and LR (Fig. 1). There
ere no significant differences in the approximate entropy
alue, but the mode was lower (P < 0.05) in HR, suggesting a
horter latency between the onset of a pulse and the peak
f the pulse episode (Fig. 1). In addition, the AUC in the
rst hour of sampling (09:00—10:00 h) was greater (P < 0.01)

n HR than in LR, but AUC was similar in LR and HR across
he entire sampling period (09:00—15:00 h) (Fig. 1) Thus, in
he non-stressed state, HR had higher morning cortisol levels
han LR (Fig. 1B and C).

.3. Experiment 2a: Effect of insulin-induced
ypoglycaemia on food intake, thermogenesis and
lasma cortisol levels in LR and HR

njection of insulin induced an equivalent degree of hypo-
lycaemia in LR and HR animals (Fig. 2D). In response to this
tressor, plasma levels of cortisol increased (P < 0.0001) and
keletal muscle heat production increased (P < 0.0001) to a
imilar extent in LR and HR (Fig. 2A and B). There was no
ffect of insulin-induced hypoglycaemia on food intake in
ither group (Fig. 2C).

.4. Experiment 2b: Effect of psychosocial stress
n food intake, thermogenesis, plasma cortisol and
atecholamine levels in LR and HR

xposure to a barking dog increased (P < 0.05) plasma cor-
isol levels in LR and HR with the response being greater
P < 0.05) in HR (Fig. 3A). In spite of this, skeletal muscle
emperature was similar with little overall change in LR and
R across the experimental period (Fig. 3B). The psychoso-
ial stress reduced (P < 0.05) food intake in LR only (Fig. 3C).
aseline catecholamine levels were similar in LR and HR
data not shown). The catecholamine response to barking
og was quantified by assessing the AUC for adrenaline, nor-
drenaline and DHPG (Fig. 3D—F). The AUC for noradrenaline
nd DHPG were similar in LR and HR, but the adrenaline

esponse was greater (P < 0.05) in LR, demonstrating an
nverse relationship between plasma levels in cortisol and
drenaline in LR and HR animals in response to psychosocial
tress.
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Figure 1 Cortisol secretory profiles in animals selected for low (LR) and high (HR) cortisol responses after synacthen challenge.
The cortisol response to adrenocorticotropin (ACTH) challenge was greater in HR compared to LR (Panel A). Characterization of
baseline cortisol levels in LR (white symbols) and HR (black symbols) is shown in panels B—E. Plasma levels of cortisol were elevated
during the first hour of sampling (09:00—10:00 h), but there was little difference in concentrations across the remaining sampling
period (Panels B—D). The area under the curve during the first hour was greater in HR (AUC: 09:00—10:00 h, Panel C), but this
difference was not significant across the entire sampling period (09:00—15:00 h, Panel D). Deconvolution analysis of the baseline
cortisol data is presented in Panel E. Secretory parameters including the number of pulses, basal secretion, pulsatile secretion, total
secretion, pulse mass and the approximate entropy score were similar in LR and HR, whereas the mode was higher (P < 0.05) in LR,
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hich is consistent with an elevation in cortisol in HR compare
P < 0.05, **P < 0.01, LR compared to HR.

.5. Experiment 2c: Effect of immune challenge
n food intake, thermogenesis, plasma cortisol and
nflammatory cytokine levels in LR and HR

njection of LPS increased (P < 0.01) plasma cortisol levels in
R and HR with a greater (P < 0.05) effect in HR than in LR
Fig. 4A). This divergence in cortisol response was concomi-
ant with different metabolic responses. Skeletal muscle
hermogenesis was increased after LPS injection in both
roups, but LR had higher muscle temperature responses
han HR (Fig. 4B). Similarly, LPS treatment reduced food
ntake in both groups (P < 0.05), but this effect was greater
P < 0.05) in LR than in HR (Fig. 4C). Treatment with LPS
ncreased (P < 0.0001) the secretion of TNF�, IL6 and IL10,
o a similar degree in LR and HR. The increase in IL6 levels
as sustained over the experimental period, whilst IL10 and
NF� levels peaked within 2 h of LPS treatment. There was
o effect of LPS treatment on the plasma levels of IL4 or
L12 in either group (Fig. 4D—H).

.6. Experiment 3a: Behavioral responses in the

pen field test

here was little difference in the behavioral response to iso-
ation in LR and HR animals subjected to the open field test

W
a
e
s

R. All data are presented as the mean ± SEM, n = 7—10/group.

Fig. 5). The number of bleats, gate knocking and tunneling
as similar in LR and HR. On the other hand, LR animals

howed greater levels of activity such that the total activity
P < 0.05) and locomotor activity (P < 0.05) was higher in LR
ompared to HR.

.7. Experiment 3b: Behavioral response to the
rena test

R animals spent a greater (P < 0.05) amount of time in zone
than did HR (Fig. 5B). Time spent in zones 2 and 3 was

imilar in LR and HR.

.8. Experiment 3c: Food competition test

R animals had a lower latency (P < 0.05) to initiate feeding
ompared to the control group (Fig. 5C).

. Discussion
e have characterized cortisol secretion, metabolic indices
nd behavior in response to stress in animals selected for
ither high or low cortisol response to ACTH. In the non-
tressed state, HR animals had a higher morning plasma
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Figure 2 Effects of insulin-induced hypoglycaemia on plasma levels of cortisol and glucose, temperature in skeletal muscle and
food intake in ewes selected for low (LR: white symbols) and high (HR: black symbols) cortisol responsiveness. Insulin-induced
hypoglycaemia was induced by a single injection of actrapid at 12:00 h, as dictated by the arrow. Hypoglycaemia increased plasma
cortisol levels (Panel A) as well as skeletal muscle temperature (Panel B) (P < 0.0001 effect of time) in both LR and HR. There was
no significant effect of insulin-induced hypoglycaemia on food intake in either group (Panel C), nor were there any differences in
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plasma cortisol levels or muscle temperature in LR and HR. Inje
(Panel D). All data are presented as the mean ± SEM, n = 5/grou

cortisol level. In response to both immune and psychoso-
cial stressors, secretion of cortisol was greater in HR than
LR. Notably, this divergence in cortisol secretion was asso-
ciated with differences in food intake, such that LR animals
showed a greater reduction in food intake in response to
stress than HR. In response to LPS, muscle temperature was
increased to a greater degree in LR, suggesting that they
develop an enhanced catabolic state in response to stress

compared to HR. In addition to the metabolic differences
in response to stress, LR and HR animals displayed diverse
and disparate behavioral phenotypes. LR animals showed

r
a
r

of actrapid caused an equivalent hypoglycaemia in LR and HR

ncreased physical activity and relative fearlessness, which
s indicative of a proactive coping style, whereas HR ani-
als displayed a cohesive set of reactive behaviors. This

uggests that differences in the propensity to obesity in HR
nd LR may be due to a complex interplay between the
ontrol of food intake, energy expenditure, stress respon-
iveness and behavioral temperament. Overall, HR animals
ave increased propensity to obesity, which is driven by

educed energy expenditure (thermogenesis and physical
ctivity), but also HR have a tendency to have a diminished
eduction in food intake when compared to LR.
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Figure 3 Effect of psychosocial stress on plasma levels of cortisol and catecholamines as well as metabolic indices in low (LR:
white symbols) and high (HR: black symbols) cortisol responding animals. Plasma cortisol concentration was increased in LR and
HR in response to barking dog stress, but this effect was greater in HR (Panel A). There was little effect of psychosocial stress on
skeletal muscle temperature in either LR or HR (Panel B), whereas food intake was decreased in response to stress in LR only (Panel
C). With regards to plasma catecholamine levels, the adrenaline response to stress as determined by measuring the area under
the curve (AUC) was greater in LR compared to HR. Plasma, noradrenaline and its metabolite, dihydroxyphenylglycol (DHPG) was
similar in LR and HR. The arrow depicts the onset of the barking dog stress. All data are presented as the mean ± SEM, n = 5/group.
*P < 0.05 LR compared to HR.
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Figure 4 Effects of lipopolysaccharide (LPS) treatment on plasma levels of cortisol and cytokines, temperature in skeletal muscle
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cortisol was greater in HR (Panel A). LPS treatment also increased skeletal muscle heat production in both groups (P < 0.0001, effect
of time) but the temperature was higher (P < 0.05) in LR (Panel B). LPS treatment also reduced food intake in both LR (P < 0.01) and
HR (P < 0.05) compared to control (baseline) food intake (Panel C). The reduction in food intake, however, was greater (P < 0.05) in
LR compared to HR. In addition we measured plasma levels of interleukin 4 (IL4, Panel D), interleukin 6 (IL6, Panel E), interleukin
10 (IL10, Panel F), interleukin 12 (IL12, Panel G) and tumor necrosis factor � (TNF�, Panel H). Plasma cytokine levels were similar
in LR and HR before and after injection of LPS. Injection of LPS increased plasma levels of IL6, IL10 and TNF� (P < 0.0001 effect of
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data are presented as the mean ± SEM, n = 5/group. *P < 0.05 LR

Reports of the effects of stress and elevated glucocorti-
coid concentrations on food intake have been dichotomous
with a number of studies reporting conflicting findings. The
comfort food hypothesis dictates that stress increases intake
of foods high in fat and sugar (Pecoraro et al., 2004; Dallman
et al., 2005). Increased intake of fat and sugar constitutes
a negative feedback pathway, which dampens the HPA axis.
Further to this, clinical studies have shown cortisol respon-
siveness to be an important determinant of the effect of
stress on food intake, whereby individuals characterized as
high cortisol responders tend to eat more after a stressful
episode than those characterized as low cortisol responders
(Epel et al., 2001; Tomiyama et al., 2011; Groesz et al.,
2012; Tomiyama et al., 2012). Indeed recent work has shown
that consumption of ‘‘comfort foods’’ is also associated

with cortisol responses in that high cortisol responding sub-
jects are more likely to consume high fat/high sugar foods
after a stressful episode (Laugero et al., 2002; Pecoraro
et al., 2004; la Fleur et al., 2005; Tomiyama et al., 2011).

r
w
i
b

pared to HR.

mportantly, with respect to the present work, sheep are
uminants and do not derive either fat or sugar from their
iet. Our sheep are maintained on a homogeneous diet of
ucerne chaff, deriving volatile fatty acids from their food.
hus, the nexus between the HPA axis, cortisol responsive-
ess and metabolic function extends to animals that are not
ono-gastric.
The current study demonstrates that the effect of stress

n food intake is determined not only by cortisol respon-
iveness but also by the type of stressor. We found that
lthough an immune challenge (LPS) and psychosocial stress
barking dog) reduce food intake, there was no effect of a
etabolic insult (insulin-induced hypoglycaemia) on feed-

ng. Again, this may be a particular characteristic of the
uminant animal or may result due to the heterogeneous

esponses to different stressors (see below). Nonetheless,
e demonstrate that LR animals are more affected by stress

n terms of food intake whereby LPS reduced intake in
oth LR and HR animals, but food intake was lower in LR.
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ikewise, psychosocial stress reduced food intake in LR only.
his could contribute to the maintenance of a lean phe-
otype in LR, consistent with our earlier work (Lee et al.,
014).

Our previous work also demonstrated that LR and HR
xhibit innate differences in the propensity to obesity (Lee
t al., 2014) when fed a high energy diet and that this
s related to their inherent differences in thermogenesis
n skeletal muscle. HR animals have a lower thermogenic
utput from skeletal muscle in response to feeding and to
he central infusion of leptin (Lee et al., 2014). Interest-
ngly, in the non-stressed state, food intake is similar in
R and HR, which is concordant with results in humans,
here patients characterized as having high and low cor-

isol responses had similar food intake at baseline, but
ood intake diverged after stress; high cortisol responders
at more than low cortisol responders (Epel et al., 2001;
omiyama et al., 2011). The present work shows that, after
mmune challenge, HR and LR show differences in food
ntake and skeletal muscle heat production, which reflects

greater negative energy balance in LR. Injection of LPS
educed food intake in HR and LR, but food intake was lower
n the latter. In concert with this greater reduction in food
ntake, skeletal muscle heat production was elevated in LR,
nd we propose that this would lead to greater negative
nergy balance. Despite metabolic differences, circulating
evels of cytokines were similar in LR and HR, suggesting
hat cortisol responsiveness did not impact on the immune
esponse to LPS. LPS treatment increased the circulating
evels of some pro-inflammatory (TNF� and IL6) and anti-
nflammatory (IL10) cytokines. On the other hand, plasma
evels of IL4 and IL12 were not altered by LPS injection.
hus, our cytokine data suggest that the different metabolic
esponses to LPS challenge in HR and LR are not driven by
ny immediate differences in immune function or altered
ickness predisposition. Nonetheless in response to immune
hallenge we predict that LR animals are more likely to lose
eight due to an enhanced ‘catabolic’ state. On the other
and, HR animals appear to protect their body weight and
his aligns with the previously observed increased propen-
ity to obesity (Lee et al., 2014). This supports the notion
hat cortisol responsiveness is a marker for innate differ-
nces in metabolic set-point and altered susceptibility to
besity (Knott et al., 2008; Block et al., 2009; Lee et al.,
2014).

In addition to immune challenge, we demonstrated
ivergence in cortisol response, food intake and plasma
drenaline levels after psychosocial stress in LR and HR.
he LR animals displayed an attenuated increase in cortisol,
ut an inverse adrenaline response, whereby the increase
n plasma adrenaline is heightened in LR compared to HR.
tress increased noradrenaline and the metabolite DHPG to
n equivalent degree in LR and HR. The difference in cor-
isol secretion in response to a barking dog corresponded
o differences in food intake, as outlined above, in that
sychosocial stress reduced food intake in LR only. Interest-
ngly, we demonstrated an inverse relationship between the
atecholamine, adrenaline, and cortisol responses to stress,

hich is discussed in detail below.

In contrast to psychosocial and immune challenges, the
ortisol responses to insulin-induced hypoglycaemia did
ot differ between HR and LR. This metabolic challenge

b
u
a
e
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timulated the HPA axis, but the effect was equivalent in HR
nd LR animals. Earlier work in rodents clearly demonstrate
eterogeneity in the neuroendocrine responses to various
tressors and furthermore show that even within a stress the
ntensity of that insult determines the endocrine responses
Pacak et al., 1998). Earlier work in sheep has utilized
igher doses of insulin to induce hypoglycaemia, for exam-
le the study of Saifullizam and colleagues utilized a dose
f 4 IU/kg (Saifullizam et al., 2010). The current dose, how-
ver was based on previous work in rams (both studies used
.125 IU/kg) and in this sex, the cortisol response to insulin-
nduced hypoglycaemia differed in LR and HR (Knott et al.,
010). It should be noted, however, that the initial selection
f rams was carried out with a 10 fold higher dose of ACTH
Knott et al., 2008, 2010) than we used for the selection of
wes in the current study. Furthermore, work in sheep has
lso shown that males are more susceptible to the effects
f insulin-induced hypoglycaemia than females, irrespec-
ive of gonadal steroids (Turner et al., 2002). This previous
tudy demonstrated that an insulin challenge increases cor-
isol levels to a greater degree in males than in females
Turner et al., 2002). Such sexual dimorphism may explain
hy there are differences between the two studies in dif-

erent sexes. Although Knott and colleagues (Knott et al.,
010) measured cortisol responsiveness it would be inter-
sting to know whether the observed differences in cortisol
evels correlated to acute change in food intake or ther-
ogenic output in the rams. Nonetheless, the current

tudy demonstrates that in female sheep insulin-induced
ypoglycaemia stimulates cortisol secretion and increases
uscle temperature, without an associated effect on food

ntake.
Further to the metabolic sequelae in response to stress,

e demonstrated divergence in behavior, temperament and
oping strategy in LR and HR. In obese patients, emo-
ional eating is positively associated with impulsiveness and
epression, whereas restrained eating correlates with open-
ess, conscientiousness and extraverted personality traits
Elfhag and Morey, 2008). Moreover, successful weight loss
s less likely in obese subjects that exhibit increased nov-
lty seeking behavior (Sullivan et al., 2007), which suggests a
ack of impulse control. We therefore sought to identify pos-
ible behavioral correlates in LR and HR that may contribute
o altered propensity to obesity. Indeed, in humans and a
umber of animal models, differences in cortisol respon-
iveness have been shown to associate with differences in
ehavior, temperament and coping strategies. In humans,
ow cortisol response to stress is associated with higher
euroticism in women, low extraversion in men and low
penness in both sexes (Oswald et al., 2006). It is possible,
herefore, that differing set-point of the HPA axis is associ-
ted with personality traits that are also evident in obese
ubjects.

Various animal models have demonstrated that low cor-
isol responses are associated with increased aggression
Touma et al., 2008; Murani et al., 2010; Terenina et al.,
013). In pigs, recent studies have identified a number of
ingle nucleotide polymorphisms that are associated with

oth HPA axis activity and aggression. Indeed, these molec-
lar variants are largely found in genes that govern the HPA
xis, catecholaminergic and serotonergic systems (Terenina
t al., 2013). In the current study we link low cortisol
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response to reduced fearfulness, whereby LR animals spent a
greater amount of time in zone 1 (closest to the human) com-
pared to HR. In addition to aggression, innate differences
in cortisol responsiveness are correlated to differences in
coping strategy. A coping strategy refers to a cohesive set
of behaviors and physiological responses to stress. In this
regard, LR animals displayed a proactive coping strategy,
because they have a low cortisol response, increased phys-
ical activity, reduced fearlessness and a reduced latency in
the food competition test. Innate differences in the HPA
axis have been associated with proactive/reactive coping
strategies in rodents (Koolhaas et al., 1999, 2010), pigs
(Ruis et al., 2000) and chickens (Korte et al., 1997), so
that low cortisol responsiveness may be considered a neu-
roendocrine hallmark of the proactive phenotype. On the
other hand, the proactive coping style is associated with
elevation in catecholamine levels, especially noradrena-
line (Korte et al., 1997; Koolhaas et al., 1999). We show
that LR have a greater elevation in adrenaline levels in
response to a barking dog than HR, but the increase in
noradrenaline levels is similar. Further work is required to
determine whether the neuroendocrine differences in our
model are causally linked to behavioral variation in LR and
HR.

As to whether a proactive coping strategy leads to altered
susceptibility to obesity or to weight loss remains unknown,
but it has been hypothesized that animals of a proac-
tive nature are more likely to expend energy — with the
proactive behaviors such as aggression and physical activ-
ity being more likely to expend energy than the reactive
behaviors such as freezing (Garland et al., 2011). We have
demonstrated that LR increase physical activity in response
to stress (as shown by isolation in the open field), which
may contribute to their relative resistance to weight gain.
Directly addressing changes in energy expenditure is diffi-
cult, however, whilst simultaneously performing behavioral
studies. Nonetheless, we demonstrate that two components
of energy expenditure are altered in LR animals compared to
HR; LR have increased physical activity and increased ther-
mogenesis and thus this is likely to impact on total energy
expenditure.

In conclusion, we demonstrated that cortisol responses to
ACTH can be used to predict the metabolic and behavioral
responses to stress. We show that animals characterized as
LR have reduced cortisol secretion in response to LPS and
psychosocial stressors that coincide with a greater reduc-
tion in food intake. Furthermore, immune challenge causes
a greater increase in skeletal muscle thermogenesis in LR
than HR. Despite the metabolic differences, HR and LR
had similar levels of circulating cytokines, suggesting that
immune function is similar in the two groups. In addition
to the metabolic response to stress, we demonstrate that
LR animals adopt a proactive coping strategy, which may
also contribute to an innate increase in energy expenditure.
Thus, we demonstrate that in response to stress animals
characterized as LR are more likely to enter negative energy
balance and are therefore relatively protected against diet-
induced obesity. On the other hand, HR are more likely to
defend their body weight under stressful conditions and are
therefore more susceptible to diet-induced obesity. Behav-

ioral testing may identify individuals that are susceptible to
obesity.
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Postprandial heat production in skeletal muscle is associated with altered
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Clarke SD, Lee K, Andrews ZB, Bischof R, Fahri F, Evans
RG, Clarke IJ, Henry BA. Postprandial heat production in skel-
etal muscle is associated with altered mitochondrial function and
altered futile calcium cycling. Am J Physiol Regul Integr Comp
Physiol 303: R1071–R1079, 2012. First published September 12,
2012; doi:10.1152/ajpregu.00036.2012.—This study aimed to deter-
mine whether postprandial temperature excursions in skeletal muscle
are consistent with thermogenesis or altered blood flow. Temperature
probes were implanted into the vastus lateralis muscle of ovariecto-
mized ewes, and blood flow was assessed using laser-Doppler flow-
metry (tissue flow) and transit-time ultrasound flowmetry (femoral
artery flow). The animals were program-fed between 1100 and 1600,
and temperature and blood flow were measured during intravenous
administration of either isoprenaline or phenylephrine and during
feeding and meal anticipation. In addition, muscle biopsies were
collected prefeeding and postfeeding to measure uncoupling protein
(UCP) expression and mitochondrial function, as well as indices of
calcium cycling (ryanodine 1 receptor: RyR1 and sarcoendoplasmic
calcium-dependent ATPases SERCA1/ SERCA2a). Isoprenaline in-
creased femoral artery blood flow, whereas phenylephrine reduced
blood flow. At high doses only, isoprenaline treatment increased heat
production in muscle. Phenylephrine treatment did not alter muscle
temperature. Meal anticipation was evoked in fasted animals (previ-
ously program-fed) that were housed beside animals that were fed.
Increases in muscle temperature were elicited by feeding and meal
anticipation, without changes in blood flow during either paradigm.
Analyses of respiration in isolated mitochondria indicated that the
postprandial increase in heat production was associated with an
increase in state 4 respiration, without increased UCP1, UCP2, or
UCP3 expression. Feeding increased the expression of RyR1 and
SERCA2a. We conclude that excursions in muscle temperature may
occur independent of blood flow, suggesting that postprandial heat
production is driven by altered mitochondrial function and changes in
calcium cycling.

thermogenesis; uncoupling protein; calcium cycling; mitochondria

BODY WEIGHT IS DETERMINED by energy intake and energy ex-
penditure. An important component of the latter is adaptive
thermogenesis, a centrally mediated response to cold and
dietary stimuli. Adaptive thermogenesis comprises �15% of
total daily expenditure in nonobese individuals (43) and has
been extensively studied in brown adipose tissue (BAT). Ac-
tivation of sympathetic drive to BAT increases the activity of
uncoupling protein 1 (UCP1), promoting the loss of energy
through the futile production of heat. Recent studies have
demonstrated the unequivocal presence of functional BAT in
adult humans (27, 40, 56, 60) and manipulation of thermogen-

esis is a prospective antiobesity treatment (58). Nonetheless,
various studies have demonstrated that BAT does not account
for the total thermogenic capacity of an individual, and other
tissues, such as skeletal muscle, may also be involved (3, 48).

We have characterized postprandial temperature excursions
in skeletal muscle of sheep (13), which is augmented by central
leptin infusion indicative of neurally mediated postprandial
thermogenesis (25). Furthermore, leptin-induced heat produc-
tion in skeletal muscle is associated with elevated levels of
UCP3 and an increase in uncoupled respiration (23), suggest-
ing that these temperature excursions represent thermogenesis.
Despite this, the mechanisms that underpin postprandial ther-
mogenesis in muscle remain to be elucidated. In this regard,
increased heat production with meal feeding may be caused by
altered mitochondrial function but may also be secondary to
alternative cellular pathways, such as futile calcium cycling
and/or increased muscle blood flow.

Futile calcium cycling occurs across the sarcoendoplasmic
reticular (SR) membrane, whereby activation of the ryanodine
1 receptor (RyR1) pumps calcium across the SR membrane
leading to an increase in cytosolic calcium levels (15). Indeed,
activating mutations in RyR1 can lead to malignant hyperther-
mia (32, 34). An increase in cytosolic calcium levels activates
the sarcoendoplasmic calcium-dependent ATPases (SERCA),
which propel calcium back into the SR and restores intracel-
lular calcium homeostasis. This calcium pump is dependent
upon the hydrolysis of ATP to ADP, which results in the
production of heat. Thus, activation of the RyR1/SERCA
system is thought to constitute a futile form of energy expen-
diture, resulting in the release of energy through heat. Skeletal
muscle expresses the SERCA1 and SERCA2a isoforms, and it
is the latter that is thought to be associated with heat production
(2, 15, 59). It is possible, therefore, that postprandial heat
production in skeletal muscle is driven by changes in calcium
cycling.

On the other hand, �1 and �2 adrenoceptors control blood
flow in skeletal muscle, by mediating vasoconstriction and
vasodilation, respectively (9, 18, 21). During the postprandial
period, blood flow to specific tissues and organs can be mod-
ulated in response to altered metabolic demand. In humans,
postprandial elevation of blood flow to the intestinal organs
corresponds to increased gut activity and the distribution of
substrates to peripheral tissues. For example, an increase in
postprandial blood flow of 58–250% has been recorded from
the superior mesenteric artery, peaking within 1 h of meal
initiation (41, 45, 50). Other studies have suggested that blood
flow to skeletal muscle is lowered after a glucose load in
humans (10) or not altered following feeding in dogs (19). In
contrast, feeding subjects a meal of mixed macronutrient con-
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tent increased blood flow to the forearm muscle (29). We have
consistently shown increased temperature in skeletal muscle of
sheep at feeding, and the present study sought to determine the
role of mitochondria and thermogenic pathways, as well as
changes in blood flow that are associated with this elevation in
heat production.

METHODS

Animals. All experimentation was approved by the Ethics Com-
mittee of Monash University School of Biomedical Sciences. Cor-
riedale ewes were ovariectomized at least 1 mo prior to experimen-
tation to avoid the confounding effects of changing ovarian steroid
levels. The sheep were housed in an isolated room, exposed to a
12:12-h light-dark cycle (lights on at 0700), and the ambient temper-
ature of the room was maintained at 22°C. During recordings, the
animals were kept in pens designed to allow the animal to sit and
stand but prevent further movement that might influence hind limb
temperature and blood flow.

Postprandial thermogenesis. To establish a postprandial thermo-
genic response, the sheep were program-fed as previously described
(23, 25), with lucerne chaff given between 1100 and 1600 daily.
Animals in experiments 2–5 were program fed for at least 2 wk prior
to experimentation. Water was available ad libitum. Studies were
carried out after a postprandial response had been confirmed.

In each experiment (1–5), temperature recordings were made using
customized dataloggers (SubCue, Calgary, Canada) with leads of
either 10 cm or 20 cm (25). The dataloggers were implanted so that
the recording side faced the vastus lateralis muscle and were pro-
grammed to record temperature at 1-min intervals. Dataloggers and
other equipment (see below) were implanted at a single operation
under anesthesia induced by intravenous injection of 10 mg/kg thio-
barbital sodium, (Lyppard, VIC, Australia) and maintained by inha-
lation of 3–5% vol/vol halothane. Surgery was performed 1 wk prior
to experimental recordings.

Blood flow. For experiments 1–3, whole limb blood flow (n � 3/
group) was measured using a transit-time ultrasound flow probe (type
6SB; Transonic Systems, Ithaca, NY) placed around the femoral
artery immediately distal to the caudal femoral artery branch. To
determine whether whole limb flow reflected localized changes in
tissue perfusion, two animals were additionally fitted with laser-
Doppler flow probes (MSP300XP, Oxford Optronix, Oxford, UK) to
measure microvascular perfusion in the muscle tissue adjacent to the
datalogger.

Experiment 1: effects of isoprenaline and phenylephrine on blood
flow and temperature in skeletal muscle. Four ovariectomized ewes
with a mean body weight of 49.2 � 1.4 kg had a polyvinyl cannula
(I.D. 1.5 mm; O.D. 2.7 mm; Dural Plastic, Sydney, Australia) surgi-
cally implanted into one jugular vein. This was performed at the same
time that the datalogger and flow probes were fitted. The cannula was
inserted 10 cm toward the heart, and patency was maintained with
heparinized (100 units/ml) physiological saline. To reduce confound-
ing effects of feeding or meal anticipation, treatment was carried out
in sheep in a fasted state, prior to being program-fed. Isoprenaline (a
combined �1/�2 adrenergic agonist) was administered as a bolus with
incremental doses of 0.1, 0.3, 1.0, and 3.0 �g/kg body wt and
phenylephrine (a �1-adrenergic agonist) given as a continuous infu-
sion over 15 min at sequential doses of 1, 3, 6, and 10 �g·kg body
wt�1·min�1. A washout period of 30 min was allowed between each
dose to ensure that blood flow returned to baseline levels. Femoral
artery blood flow and skeletal muscle temperature were analyzed as
the area under the curve of the first 5 min after isoprenaline treatment
compared with area under the curve of the antecedent 5 min. To assess
the effects of phenylephrine, the area under the curve for the 5 min
before infusion was compared with the area under the curve between
25 and 30 min after the commencement of infusion. Comparisons
were performed using repeated-measures ANOVA, and post hoc

analyses were performed using Fisher’s least significant difference
test.

Experiment 2: effects of programmed feeding on blood flow and
temperature in skeletal muscle. To assess the relationship between
postprandial changes in blood flow and temperature in skeletal mus-
cle, these parameters were measured between 1000 and 1600 in
program-fed animals (fed between 1100 and 1600). To characterize
changes in blood flow, 15-min averages were calculated across the
baseline (1000–1045) and feeding periods (1100–1600). The peak
temperature response (1130) was compared with baseline using a
paired t-test. To determine whether changes in temperature coincided
with changes in blood flow, we compared blood flow at the time
points corresponding to the peak temperature response.

Experiment 3: effects of meal anticipation on blood flow and
temperature in skeletal muscle. To establish a model of meal antici-
pation, animals were placed on the programmed-feeding schedule for
2 wk. We have previously shown that the postprandial temperature
response in a meal-entrained animal is dependent on food availability
and is, therefore, abolished with fasting (24, 25). Meal anticipation,
however, can be evoked in fasted sheep when cohoused with flock-
mates that are fed at a standard feeding time (1100) (24). In the
present experiment, sheep were exposed to visual and olfactory cues
associated with the feeding of an adjacent animal, but without the
associated metabolic consequences of feeding. Skeletal muscle blood
flow and temperature were measured between 1000 to 1600. Data
were analyzed as for experiment 2.

Experiment 4. cellular or molecular pathways associated with
postprandial heat production:uncoupling proteins, AMP-activated
protein kinase, and calcium-cycling pathways. To characterize possi-
ble cellular or molecular pathways that underpin postprandial heat
production in skeletal muscle, we measured changes in mRNA ex-
pression of UCP1, UCP2, and UCP3, as well as UCP2 and UCP3
protein and AMPK phosphorylation. Four to six ovariectomized ewes
(51.3 � 0.9 kg body wt) were program-fed (as above) for 2 wk prior
to tissue collection to entrain postprandial elevation in heat produc-
tion. Biopsies were taken from skeletal muscle during the preprandial
period (0900) and postprandially (1200). Muscle tissue was collected
under general anesthesia, whereby animals were briefly anesthetized
with pentobarbital sodium, and a small biopsy of muscle was col-
lected. Samples (�400 mg) were rapidly frozen on dry ice and stored
at �80°C for subsequent gene and protein analyses. All gene and
protein analyses were carried out on whole muscle homogenate.

UCP1, UCP2, and UCP3 mRNA levels were measured using
real-time PCR, as previously described (23). In addition, UCP3
protein levels and the level of AMPK phosphorylation were measured
by Western blot analysis, as described previously (23, 31). Western
blot analysis used the following antibodies: UCP3 (1:1,000; Abcam,
Cambridge, MA), phosphorylated-AMPK (p-Thr172-AMPK) (1:
1000; Millipore, Billerica, MA), and anti-AMPK (1:1,000; Cell Sig-
naling Technology, Beverly, MA). For gene expression, UCPs were
corrected to the geometric mean of the housekeeping genes, including
�-actin, cyclophilin, and malate dehydrogenase. For Western blot
analysis, p-AMPK was corrected to total AMPK, and UCP3 was
corrected to �-actin. In addition, we measured UCP2, SERCA1, and
SERCA2a by Western blot analysis following standard methodology.
In brief, for UCP2 measurements, 40 �g of protein was loaded to each
lane of a precast gel and the gel run at 150 V for 1 h. Following
transfer to nitrocellulose membrane, this was blocked overnight in
skim milk. The membrane was subsequently incubated with goat
polyclonal UCP2 antibody (ab77363; Abcam, Cambridge, MA) at
1:5,000 for overnight at 4°C, followed by incubation in secondary
HRP anti-goat antibody at 1:4,000 (Antibodies Australia, Melbourne,
Australia) for 1 h at room temperature. The membrane was then
stripped and reblocked, followed by incubation in rabbit polyclonal
total actin antibody 1:2,000 for 2 h and then in HRP anti-rabbit
antibody at 1:2,000 (Antibodies Australia, Melbourne, Australia) for
1 h at room temperature. Detection was by chemiluminescence (ECL),
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and X-ray films were exposed for 1 min each. Western blot analysis
for SERCA1 and SERCA2a followed a similar protocol with the
following changes incorporated. Twenty-five micrograms of protein
was loaded on the precast gel. SERCA protein expression was
measured using mouse-derived primary antibodies, anti-SERCA1
(clone VE121GI; Sigma, St. Louis, MO), and anti-SERCA2 (clone
2A7-A1; Sigma) made up to the dilution of 1:2,500 and 1:1,000,
respectively, in 5% nonfat dried milk in Tris-buffered saline with 1%
Tween (TBST). Membranes were probed overnight at 4°C. The
following day, a secondary antibody (anti-mouse IgG HRP conju-
gates, goat: diluted to 1:2,000, Antibodies Australia) was applied and
incubated for an hour at room temperature. Bands were visualized by
enhanced chemiluminescence (ECL) (Amersham, Buckinghamshire,
UK) with 30-s exposure to film. In each case, membranes were then
stripped and reprobed with a monoclonal anti-� actin antibody (1:
2,000 in TBST, sc-47778; Santa Cruz Biotechnology, Santa Cruz,
CA) purified mouse immunoglobulin for 2 h at room temperature.
This was followed by a secondary antibody (anti-mouse IgG HRP
conjugates; goat, diluted to 1:2,000; Antibodies Australia) and ECL
incubation and exposure to X-ray film for 30 s.

To further assess the calcium cycling pathway, we measured RyR1
mRNA levels using real-time PCR (Realplex; Eppendorf, Hamburg,
Germany). RNA was extracted using the TRIzol method, and the
quality of RNA was determined by the visualization of the 18S and
28S bands. A master mix for PCR was prepared, consisting of
Brilliant II SYBR Green Master Mix (Stratagene, La Jolla, CA),
sterile water and primers (sense and anti-sense) to a final volume of 20
�l. The sequence of the primers for RyR was sense 5=-GGG ATA
TGG GTG ACA CGA C-3= and antisense 3=-TCT CAG CAT CAG
CTT TCT CC-5=. The quantified RNA was then normalized against the
geometric mean of three most stable reference genes (�-actin, cyclophi-
lin, and malate dehydrogenase I) determined by geNorm analysis from a
panel of seven possible reference genes.

Equal variance and homogeneity were determined using the Lev-
ene’s test of equal variance. Gene and protein data were shown to be

of unequal variance, and therefore, all data were analyzed using a
nonparametric test, the Wilcoxon sign rank test.

Experiment 5. effect of feeding on mitochondrial respiration in
skeletal muscle. Ovariectomized ewes (n � 6/ group, body wt 63.2 �
1.8 kg) were program-fed (as above) for 10 days prior to experimen-
tation. Biopsies of skeletal muscle were taken under a light general
anesthesia, as previously described (23), prior to feeding (1000) and
during the feeding window (1200). Mitochondria were isolated im-
mediately for respiration studies, as previously described (23). Mito-
chondrial respiration was assessed using a Clark-type electrode (Han-
satech Instruments, Norfolk, UK) at 37°C with 250 �g of mitochon-
drial protein stimulated with pyruvate and malate (5 mM and 2.5 mM)
as oxidative substrates in respiration buffer (mannitol 230 mM,
sucrose 70 mM, MgCl2 2 mM, K2HPO4 5 mM, 0.1% BSA). State 3
(coupled) respiration was assessed by the addition of ADP (150 �M),
which was subsequently inhibited by the ATP synthase inhibitor,
oligomycin (1 �M) as an indicator of state 4 respiration. Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 1 �M) was
added as a final step, to measure maximal respiratory capacity. The
respiratory control ratio (RCR) is a measure of mitochondrial uncou-
pling and was calculated as state 3 respiration:state 4 respiration.
Preprandial and postprandial differences in respiration were deter-
mined using a one-way ANOVA.

RESULTS

Experiment 1: effects of isoprenaline and phenylephrine infu-
sion on blood flow and temperature. Isoprenaline increased (P �
0.05) both femoral artery blood flow and muscle microvascular
perfusion (Figs. 1 and 2). Furthermore, changes in these
variables were closely related (Fig. 1). The hyperemic effects
of isoprenaline were not dose-related, with the peak increase in
blood flow being equivalent at both low (0.1 and 0.3 �g/ kg
body wt) and high (1.0 and 3.0 �g/kg body wt) doses. There
was no significant effect of low-dose isoprenaline treatment on
skeletal muscle temperature, but at high doses, isoprenaline
increased skeletal muscle temperature (Fig. 2).
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Fig. 1. Representative data from two animals (A and B) receiving bolus
intravenous doses (0.1, 0.3, 1.0, and 1.0 �g/kg) of isoprenaline. Blood flow in
the femoral artery (solid circles) and microvascular perfusion assessed by laser
Doppler flowmetry (open circles) increased in response to isoprenaline treat-
ment. These data demonstrate that changes in capillary blood flow reflected
changes in total limb blood flow as measured by femoral artery blood flow.
AU, arbitrary units.
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Fig. 2. The effects of isoprenaline treatment on femoral artery blood flow (A)
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(P � 0.05) at all four doses of isoprenaline (0.1, 0.3, 1.0, and 3.0 �g/kg body
wt). In contrast, isoprenaline treatment increased skeletal muscle temperature
at high doses only (1.0 �g/kg body wt: P � 0.05; 3.0 �g/kg body wt: P �
0.01); there was no significant effect of isoprenaline on skeletal muscle
temperature at low doses. All data are presented as the means � SE; n �
4/group. *P � 0.05.
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There was no significant effect of low-dose phenylephrine
on blood flow (1 and 3 �g·kg body wt�1·min�1), but high
doses (6 and 10 �g·kg body wt�1·min�1) reduced (P � 0.05)
blood flow (Fig. 3). There was no significant effect of infusion
of phenylephrine on skeletal muscle temperature at any dose
studied (Fig. 3).

Experiment 2: effects of programmed feeding on blood flow
and temperature in skeletal muscle. Muscle temperature in-
creased (P � 0.01) at the commencement of feeding (Fig. 4).
The mean temperature increase in skeletal muscle was 0.57 �
0.06°C (P � 0.01) (Fig. 4). Despite the elevation in tempera-
ture, there were no associated changes in blood flow across the
feeding window (Fig. 4).

Experiment 3: effects of meal anticipation on blood flow and
temperature in skeletal muscle. Excursions in muscle temper-
ature were elicited by the meal anticipation paradigm (Fig. 5).
Similar to the response seen in feeding animals, an increase
(P � 0.05) in skeletal muscle temperature was observed, and
this was not associated with any significant change in blood
flow (Fig. 5).

Experiment 4: molecular pathways associated with post-
prandial heat production. Expression of UCP1, UCP2, and
UCP3 mRNA was similar in skeletal muscle prior to and
following a meal (Fig. 6), and there was no significant effect of
feeding on either UCP2 or UCP3 protein levels (Fig. 6).
Further, feeding did not significantly alter the level of phos-
phorylation of AMPK in skeletal muscle (Fig. 6).

To further investigate cellular/molecular factors that might
underpin postprandial heat production in skeletal muscle, we
examined the effect of feeding on the expression of RyR1
mRNA, as well as SERCA 1 and SERCA2a protein. Feeding

increased levels of RyR1 mRNA and SERCA2a protein. In
contrast, SERCA1 protein levels in skeletal muscle were sim-
ilar before and during feeding (Fig. 6).

Experiment 5: effects of feeding on mitochondrial respira-
tion in skeletal muscle. There was no significant effect of
feeding on substrate (malate and pyruvate)-driven or state 3
(ADP) respiration (Fig. 7), but state 4 respiration (oligomycin)
was increased (P � 0.05), indicating an increase in uncoupled
respiration. This was consistent with the observed decrease
(P � 0.05) in the RCR during the feeding window (Fig. 7).
Total respiration capacity (FCCP) was lower (P � 0.05) in the
postprandial compared with the preprandial period.

DISCUSSION

The presented data indicate a lack of association between
tissue temperature and acute changes in blood flow in skeletal
muscle. This conclusion was demonstrated in four different
experimental paradigms, including the administration of �- and

Femoral Artery Blood Flow

Skeletal Muscle Temperature

A

0

10

5

15

20

Fe
m

or
al

 A
rte

ry
B

lo
od

 F
lo

w
 (m

l/s
)

S
ke

le
ta

l M
us

cl
e

Te
m

pe
ra

tu
re

 (°
C

)

38

39

40

Time (Mins)

B

1 3 6 10

1 3 6 10

* *

0 20 40 60 80 10
0

12
0

14
0

16
0

18
0

20
0

0 20 40 60 80 10
0

12
0

14
0

16
0

18
0

20
0

Fig. 3. The effects of phenylephrine treatment on femoral artery blood flow (A)
and skeletal muscle temperature (B). At lower doses (1.0 and 3.0 �g·kg body
wt�1·min�1) infusion of phenylephrine did not impact on femoral artery blood
flow. Higher doses (6 and 10 �g·kg body wt�1·min�1) of phenyleprhine,
however, reduced (P � 0.05) blood flow to the hind limb. There was no
appreciable effect of phenylephrine treatment on skeletal muscle temperature
at any of the doses studied. All data are presented as the mean � SE; n �
4/group. Shaded areas represent periods of infusion, with the infused dose
shown at the top of each area. *P � 0.05.

39.0

38.5

38.0

37.5

39.0

38.5

38.0

37.5

15

10

5

0

15

10

5

0

10:00 11:00 12:00 13:00 14:00 15:00 16:00

10:00 11:00 12:00 13:00 14:00 15:00 16:00

Skeletal Muscle
Temperature

S
ke

le
ta

l M
us

cl
e

Te
m

pe
ra

tu
re

 (°
C

)
S

ke
le

ta
l M

us
cl

e
Te

m
pe

ra
tu

re
 (°

C
)

Fe
m

or
al

 A
rte

ry
B

lo
od

 F
lo

w
 (m

l/s
)

A

B

C

*

Femoral Artery
Blood Flow

Fem
oral A

rtery
B

lood Flow
 (m

l/s)

Time of Day (HHmm)

Fig. 4. Skeletal muscle temperature (A) and hind limb blood flow (B) at
baseline before (baseline) and postprandial (PP): gray area. Muscle tempera-
ture increased (P � 0.05) following the commencement of meal time, yet no
change in blood flow to the hind limb was observed. The peak temperature (C)
response (at 1130) during the postprandial period demonstrated that on average
temperature increased by �0.5°C. There was no detectable change in blood
flow across this period. Baseline measurements are represented by the hatched
bar and peak measurements by the black bar. All data are presented as the
mean � SE; n � 4/group. *P � 0.05.

R1074 HEAT PRODUCTION IN SKELETAL MUSCLE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00036.2012 • www.ajpregu.org



�-adrenergic agonists, programmable postprandial responses
and meal anticipation. None of these studies showed an asso-
ciation between blood flow and temperature. On the other
hand, we demonstrate that the increase in temperature at the
onset of feeding is concomitant with a switch toward state 4
respiration in mitochondria isolated from skeletal muscle,
which suggests an increase in thermogenesis. Despite this, we
did not demonstrate changes in the expression of UCP1, UCP2,
or UCP3 mRNA or UCP2 and UCP3 protein. We did, how-
ever, demonstrate that feeding increases expression of RyR1
and SERCA2a, which suggests that altered calcium cycling
may be the primary cellular driver underpinning postprandial
thermogenesis in skeletal muscle. These data offer strong
support for the notion that thermogenesis drives postprandial
changes in skeletal muscle temperature independent of changes
in blood flow.

There has been a recent surge of interest in the mechanisms
of adaptive or putative thermogenesis, with particular focus on
the potential for the development of novel antiobesity agents

(58). To investigate this, we developed a model of meal
entrainment where a postprandial elevation in temperature is
evident in skeletal muscle after 1–2 wk of temporal food
restriction (25). The present data suggest that changes in
cellular function, specifically altered calcium cycling, or al-
tered mitochondrial function, contribute to the postprandial
elevation in temperature in skeletal muscle. We demonstrate
that feeding induced the greatest change in factors that mediate
calcium cycling. The expression of RyR1 mRNA and SERCA2a
protein was increased after the onset of feeding, suggesting that
upregulation of futile calcium cycling is a significant determi-
nant of postprandial thermogenesis in skeletal muscle. Indeed,
activating mutations of the RyR1 is considered the principal
cause of malignant hyperthermia (32, 34). In vitro work using
a perfused hind limb model showed that administration of
triiodothyrodine (T3) increased expression of SERCA1 (and a
corresponding decrease in SERCA2a) in rat skeletal muscle,
leading the authors to hypothesize that the metabolic effects of
T3 at muscle are, at least in part, mediated via SERCA1 (46,
47). This contrasts with our current data that show increased
expression of SERCA2a, but not SERCA1, in response to
feeding. Earlier work in rodents has also linked upregulation of
SERCA2a to the induction of muscle thermogenesis in re-
sponse to leptin (53). Accordingly, the current data suggest that
increased expression of RyR1 and SERCA2a drive postpran-
dial thermogenesis in skeletal muscle of sheep.

In addition to changes in calcium cycling, we demonstrate
that feeding increased state 4 respiration in mitochondria iso-
lated from skeletal muscle. In spite of this increase, there was
no associated change in UCPs. The expression of UCP1,
UCP2, and UCP3 mRNA or UCP2/UCP3 protein were similar
in preprandial and postprandial periods. Previous studies in
both humans and rodents have shown altered state 4 respiration
in skeletal muscle mitochondria, without associated changes in
UCP3 expression (11, 44, 57). It is important to note, however,
that changes in UCP3 activity (which are not detected at the
protein or gene level) may account for increased state 4
respiration and, therefore, contribute to postprandial thermo-
genesis. Indeed, UCP3 is essential for 3,4-methylenedioxy-
methamphetamine (MDMA or ecstasy)-induced hyperthermia
(35), and this effect can be attenuated using �3-adrenoceptor
antagonists (51). In addition to changes in UCP3, altered state
4 respiration in skeletal muscle mitochondria, may be driven
by the adenine nucleotide translocase (ANT) (22); this war-
rants future investigation. Nonetheless, the current study dem-
onstrates that postprandial thermogenesis in skeletal muscle
occurs in association with altered mitochondrial function and
possibly altered calcium cycling.

The lack of a feeding effect on the expression of UCP1 and
UCP3 in skeletal muscle contrasts our previous work in male
sheep, in which feeding increased expression of UCP1 and
UCP3 mRNA (13). It is important to note, that the expression
of UCP1 within skeletal muscle samples is likely to be due to
the presence of brown adipocytes and not due to UCP1 ex-
pression within the myocytes. Indeed, previous work in mice
has shown that brown adipocytes interspersed within skeletal
muscle contribute to thermogenic output (1). As to whether this
difference in the effect of feeding reflects sexual dimorphism in
the response of skeletal muscle to feeding merits further
investigation. Our earlier work has demonstrated sexual dimor-
phism in the metabolic response to testosterone, whereby
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testosterone treatment reduces heat production in skeletal mus-
cle of males but not females (13). Furthermore, we have
demonstrated that central infusion of leptin markedly increases
postprandial heat production in skeletal muscle and that this is
concomitant with an increase in UCP3 expression and an
increase in state 4 respiration (23, 25). The current study
demonstrates an additional change in total respiratory capacity;
we demonstrate that feeding resulted in a reduction in total
respiratory capacity in mitochondria isolated from skeletal
muscle, which was an unexpected finding. Whereas there are
no studies that provide a precedent, previous studies in humans
have demonstrated reduced respiratory capacity in mitochon-
dria isolated from skeletal muscle of either obese or type 2

diabetic patients (5, 39), but such changes are thought to be a
consequence of the diabetic state (26).

In addition to measuring expression of genes/proteins for the
uncoupling proteins, RyR1 and the SERCAs, we characterized
AMPK activation (phosphorylation), since this has been linked
to the induction of thermogenesis in rodents (30, 33). Several
studies have shown that central and peripheral administration
of leptin activates AMPK in skeletal muscle (28, 36, 37, 42,
49), which is contrary to our findings in sheep (31). Further-
more, we have demonstrated that direct infusion of AICAR
into the femoral artery phosphorylates AMPK (31), but this
does not result in altered temperature in muscle tissue (23).
Collectively, these data suggest that AMPK activity is not
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associated with the induction of thermogenesis in sheep skel-
etal muscle, and the current data are consistent with this.

Consistent with the notion that cellular function drives
postprandial heat production, our consistent finding is that
postprandial elevation in temperature is not related to changes
in blood flow. On the other hand, blood flow to tissues, such as
the gut and adipose tissue, have been shown to increase during
feeding (41, 45, 50), whereas effects on blood flow to skeletal
muscle have produced disparate findings. Previous studies in
humans have demonstrated that forearm blood flow can in-
crease during a meal (29), but other data show reduced blood
flow after a glucose load (10). Blood flow to the upper
gastrointestinal organs, but not skeletal muscle, increases dur-
ing feeding in dogs (19). This latter observation supports our
assertion that feeding has little impact on skeletal muscle blood
flow. Increased blood flow to the gastrointestinal organs and
adipose tissue after feeding likely reflects the change in met-
abolic demand driven by increased activity for digestion and/or
the distribution of metabolic substrates. Whereas there is no
association between blood flow and postprandial elevation of
temperature in muscle, a range of other factors influence the
latter; these include central action of leptin via the sympathetic
nervous system (25) and sex steroids, such as estradiol-17�,
and testosterone (13) (Clarke SD, Clarke IJ, Rao A, Evans RG,
Henry BA, unpublished data). We have also documented a role
for circulating �-melanocyte-stimulating hormone (unpub-
lished data). Many other factors are also likely to impact on
this process, such as photoperiod (6), ambient temperature
(55), thyroid, and stress hormones (12), for example.

Our meal anticipation studies are important, in distinguish-
ing changes in temperature that are driven by altered metabolic
function of skeletal muscle due to substrate utilization from
those that may be attributable to putative thermogenesis (see
above). Meal anticipation is a nonhomeostatic cue that causes
heat production in muscle, most likely due to visual and
olfactory stimuli that are provided to a fasted subject when
another animal is fed (24). Unlike the situation in rodents,
where prolonged temporal food restriction causes a shift in
circadian regulation resulting in an anticipatory rise in core
body and BAT temperature that persists in the fasted state (8,
20, 38), we have previously shown sheep that have been
entrained to a feeding window do not exhibit excursions in heat
production when fasted unless a homeostatic (feeding) or
nonhomeostatic (meal anticipation) cue is provided (24, 25).
Increased skeletal muscle temperature that occurs with meal
anticipation is not associated with a change in blood flow. In

two paradigms, postprandial entrainment and meal anticipa-
tion, we demonstrate an increase in temperature in skeletal
muscle that is not driven by altered blood flow.

To further characterize the relationship between changes in
blood flow and the regulation of temperature in skeletal mus-
cle, we administered the �1/�2-adrenoreceptor agonist isopren-
aline and the �1-adrenoreceptor agonist phenylephrine. Blood
flow changes in skeletal muscle were detected using both the
transit-time ultrasound and laser Doppler flow probes, albeit
with a slight time-delay in the Doppler recordings. Given that
the transonic flow probes measured blood flow to the entire
hind limb, via the femoral artery, while the laser-Doppler flow
probe measured microvascular perfusion in muscle tissue, it
can be concluded that changes in femoral blood flow are an
accurate indicator of changes in blood flow through the muscle
tissue itself. This conclusion is also supported by the finding of
strong relationships between total hindlimb flow and local
muscle microvascular perfusion during hypoxia (16) and local
infusion of vasoactive agents (17) in anesthetized rabbits.
Importantly, the responses to phenylephrine and isoprenaline
observed in the current study support our assertion that blood
flow and muscle temperature are dissociated, further support-
ing the case for thermogenesis in muscle. High doses of
phenylephrine caused a small reduction in blood flow during
the postinfusion period, but this had no apparent effect on
skeletal muscle temperature. These observations are consistent
with the notion that the �-adrenergic system has little impact
on energy expenditure, thermogenesis, and heat production in
peripheral tissues (4, 7, 54). In contrast, isoprenaline increased
blood flow at all doses studied, consistent with the known
vasodilator role of the �2-adrenoreceptors (18, 21). On the
other hand, muscle temperature was increased by isoprenaline
treatment at the higher doses, only. This is not surprising, since
isoprenaline exhibits preferential agonist activity at �1/�2-
adrenoceptors, but can activate �3 adrenoceptor at higher
concentrations (52).

In conclusion, we demonstrate dissociation between blood
flow and skeletal muscle temperature in a number of para-
digms. We have demonstrated that pharmacologically reduced
(phenylephrine) or increased (isoprenaline low doses) blood
flow has little or no impact on muscle temperature. Further-
more, we have demonstrated that during both postprandial
periods and during meal anticipation, temperature in skeletal
muscle is increased without associated changes in blood flow.
We also demonstrate that postprandial heat production is as-
sociated with a switch to state 4 respiration in isolated mito-
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chondria. These data support the notion that postprandial
increases in temperature are not due to changes in blood flow,
but are due to altered cellular function and/or metabolism.

Perspectives and Significance

Herein, we have demonstrated that postprandial thermogen-
esis in skeletal muscle of sheep is due to altered calcium
cycling and altered mitochondrial function. Feeding increases
state 4 respiration in mitochondria isolated from skeletal mus-
cle. In addition, the expression of RyR1 and SERCA2a, indices
of futile calcium cycling, is increased after the onset of feeding.
Changes in thermogenesis in muscle are not driven by altered
blood flow. This is an important observation as it demonstrates
that cellular mechanisms underpin thermogenesis in skeletal
muscle. Given that skeletal muscle constitutes a significant
proportion of total body mass (30–40%), even small changes
in thermogenesis are likely to significantly impact on total
energy expenditure. Understanding the cellular mechanisms
that are responsible for thermogenesis in muscle will provide
new targets for the development of novel therapies to control
body weight.
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;,<+@&<5! .)! 4&! 7'&1+(.+%&! )3! 0! 7)<5-&,+(! .'0+.! )'! (),1+.+),! <+@&! )4&2+.5_Pr9!!
L;'./&'*)'&=!./&'&!+2!+,3)'*0.+),!(),(&0<&1!6+./+,!./&!+,.&'0(.+),!)3!./&2&!<)(+!
./0.!+2!,).!&02+<5!0..0+,&1!&%&,!3')*!*+(')0''05!0,0<52+29!!>/+2!*0@&2!./&!')<&!)3!
25,0(./&,! .&2.+,-! 2)! %0<;04<&! +,! 7'&1+(.+,-! )4&2+.5=! 0<<)6+,-! ;2! .)! 457022! ./&!
()*7<&B+.5!)3! ./&!)'+-+,2!)3!),&! .'0+.=! +9&9!)4&2+.5=!45!;2+,-!0,)./&'! .'0+.! ./0.! +2!
<+,@&1!.)!./&!7/&,).57&=!+9&9!2.'&22!'&27),2+%&,&229!!!!
!
A5,0(./&,!'&27),2+%&,&22!602!2/)6,!.)!()''&<0.&!6+./!2.'&22!'&27),2+%&,&22!+,!
./&!2&(),1!707&'!CK/07.&'!]F9!!>/+2!.'0+.!+2=!<+@&!)4&2+.5=!&?;0<<5!()*7<&B!+,!)'+-+,!
/0%+,-!2+*+<0'!-&,&\&,%+'),*&,.!+,.&'0(.+),2!02!1&.&'*+,0,.2!)3!2&.!7)+,.]_=!_Pt!
0<./);-/! 3;'./&'! +,%&2.+-0.+),! )3! ./&! ;,1&'<5+,-! *&(/0,+2*2! 602! 4&5),1! ./&!
2()7&! )3! ./+2! ./&2+29! ! DE! 0,1! GE! 0,+*0<2! 2/)6&1! 1+%&'-&,(&! )3! '&27),2&2! .)!
2.'&22! 2+*+<0'! .)! ./&+'! 25,0(./&,! '&27),2+%&,&22=!6+./!DE!4&+,-!*)'&! <+@&<5! .)!
/0%&! 0! /+-/&'! ()'.+2)<! '&27),2&! .)! 2.'&22! ./0,! GE9! ! ! K),2+2.&,.! 6+./! ./&!
7')7&,2+.5! .)!4&()*+,-!)4&2&=!DE!0<2)!/01!0!-'&0.&'!&,&'-5!1&3+(+.! ./0,!GE! +,!
'&27),2&! .)! 0(;.&! 2.'&229! ! V&.04)<+(! 2.'&22! C+,2;<+,! +,1;(&1! /57)-<5(0&*+0F=!
725(/)2)(+0<! 2.'&22! C40'@+,-!1)-F! 0,1! +**;,&! 2.'&22! CGMAF! 2.+*;<0.&1! ()'.+2)<!
2&('&.+),! +,! DE! 0,1! GE=! 0<./);-/! ./&! 1&-'&&! )3! 1+33&'&,(&! +,! ()'.+2)<!
'&27),2+%&,&22!1+33&'&1! +,!DE!0,1!GE!1&7&,1+,-!),! ./&! .57&!)3! 2.'&22)'9!V)'&!
+*7)'.0,.<5=! /)6&%&'=! ./&! 1+33&'+,-! ()'.+2)<! '&27),2&2! .)! 2.'&22! 7'&1+(.&1!
6/&./&'! ./&'&! 602! 0! 1+33&'&,(&! +,! &,&'-5! /)*&)2.02+2! 4&.6&&,! ./&! -');729!!!
W/&'&!./&'&!602!,)!1+33&'&,(&!+,!'&27),2&!.)!/57)-<5(0&*+(!2.'&22!4&.6&&,!GE!
0,1! DE! 3)'! &B0*7<&=! ./&'&!602! ,)! 1+33&'&,(&! +,! 3))1! +,.0@&! )'! ./&'*)-&,&2+2!
4&.6&&,! ./&! .6)! -');729! ! W/&,! ./&'&! 602! 0! 2+-,+3+(0,.! 1+33&'&,(&! +,! 7&0@!
()'.+2)<!0<),&!C02!)42&'%&1!+,!'&27),2&!.)!0!40'@+,-!1)-F=!./&'&!602!0!'&1;(.+),!
+,!3))1!+,.0@&!+,!GE!),<5=!6+./!,)!'&1;(.+),!+,!3))1!+,.0@&!+,!DE9!!A+,(&!4)./!DE!
0,1! GE! /01! 2+*+<0'! ./&'*)-&,+(! );.7;.=! +.! (0,! 4&! +,3&''&1! ./0.! 725(/)2)(+0<!
40'@+,-!1)-!2.'&22!'&2;<.&1!+,!0!-'&0.&'!,&-0.+%&!&,&'-5!40<0,(&!+,!GE!./0,!DE9!!
L+,0<<5=! ./&! ()'.+2)<! '&27),2&! 2/)6&1! ./&! -'&0.&2.!1+%&'-&,(&!4&.6&&,!DE!0,1!
GE! +,! '&27),2&! .)! +**;,&! (/0<<&,-&=! 6/&'&45! ./&! &,.+'&! 7&'+)1! )3! ()'.+2)<!
*&02;'&1! 7)2.\GMA! 2.'&22! 602! -'&0.&'! +,! DE9! W+./! ./+2! +**;,&! 2.'&22=! ./&!
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! rP!

1+33&'&,(&2!+,!&,&'-5!/)*&)2.02+2!602!./&!-'&0.&2.!)3!0<<!h!2.'&22)'2!&B0*+,&1=!+,!
.&'*2!)3!4)./! 3))1! +,.0@&!0,1!./&'*)-&,&2+29! ! !J(()'1+,-<5=! +.!/02!4&&,!2/)6,!
./0.! 6+./! 1+33&'&,.! 3)'*2! )3! 2.'&22=! ()'.+2)<! '&27),2+%&,&22! +2! 04<&! .)! 7'&1+(.!
1+33&'&,(&2!+,!&,&'-5!/)*&)2.02+2!6/&'&45!./&!-'&0.&'!./&!()'.+2)<!'&27),2&=!./&!
-'&0.&'!./&!2/+3.!.)60'12!7)2+.+%&!&,&'-5!40<0,(&9!
!
>/&! +*7<+(0.+),! 3)'! GE! 4&+,-! *)'&! <+@&<5! .)! /0%&! 0! -'&0.&'! ,&-0.+%&! &,&'-5!
40<0,(&!0,1!0!<&0,&'!4)15!*)'7/)*&.'5!+2!2;--&2.+%&!)3!0!7/52+)<)-+(0<!252.&*!
6/+(/! +2! (),2+2.&,.<5! <&22! 7'&1+27)2&1! .)! 2.)'&! &,&'-5! 02! 30.! ./0,! ./&+'! DE!
();,.&'70'.29! !>/&!*)4+<+S0.+),!)3!&,&'-5!)'!3;&<!.)!*&&.!./&!1&*0,12!)3!2.'&22!
/02! 4&&,!6&<<! 2.;1+&1! +,! +**;,&! 2.'&22=! -+%&,! ./0.! ),&! )3! ./&! 4&2.! '&()-,+S&1!
&,&'-&.+(!()2.!)3! +,,0.&!+**;,+.5!+2! 3&%&'9! !GE!*0+,.0+,&1!/+-/&'!.&*7&'0.;'&2!
)%&'!Pt!/);'2!03.&'!GMA!01*+,+2.'0.+),!0,1!1&*),2.'0.&1!0!.'&,1!3)'!+,('&02&1!
"G\u! <&%&<2! )%&'! ./&! h! /);'2! )3!*&02;'&*&,.! 7)2.IGMA! (/0<<&,-&! 2;--&2.+,-! 0!
*)'&! ')4;2.! '&27),2&! ./0,! ./0.! )3!DE9! !$./&'2! +,! ./&! 3+&<1!/0%&! 2/)6,! a more 

robust immune response in rainbow trout selected for cortisol responsiveness to 

stress, whereby HR trout have a lower vibrio antibody titre after being vaccinated for 

Vibrio Anguillarum compared with low cortisol responder trout219.   

 

Vaccination results in an increase in metabolic rate by 20 to 30% for the purposes of 

antibody formation and entails significant energetic costs which the LR phenotype is 

presumably better able to mobilize fuel220.  In this study, the authors found that HR 

trout had a greater mortality compared with the low responders.  >/+2!-'&0.&'!04+<+.5!
.)!*)4+<+S&!&,&'-5!1;'+,-!2.'&22!+,!.');.!()''&27),12!0,1!+2!(),2+2.&,.!6+./!./&!
2/&&7!*)1&<! 2.;1+&1! 45!c,)..! &.! 0<9! us9!6/)!1&*),2.'0.&1! ./0.! GE! '0*2!/01! 0!
/+-/&'!3&&1!&33+(+&,(5!./0,!DE!'0*29!!!!>/+2!+2!022)(+0.&1!-'&0.&'!<&0,!*022!-0+,!
'0./&'!./0,!01+7)2+.5!6/+(/!()''&27),12!6+./!./&!GE!+,!);'!2.;159!
!
",.&'&2.+,-<5=!POl!)3!/;*0,2!;2;0<<5! <)2&!6&+-/.! +,!'&27),2&! .)!(/'),+(!2.'&22!
6/&'&02!./&!%02.!*0H)'+.5!0'&!*)'&!<+@&<5!.)!&B/+4+.!+,('&02&1!3))1!+,.0@&!03.&'!0!
2.'&223;<! &7+2)1&ur9! ! ".! +2! ,).! @,)6,!6/&./&'! ./+2! 2;47)7;<0.+),! )3! +,1+%+1;0<2!
6/)*!<)2&!6&+-/.!+,!'&27),2&!.)!2.'&22!()''&27),1!.)!GE!4+)<)-5!0,1!,&+./&'!+2!
+.! @,)6,! 6/&./&'! ./&! +*70+'&1! +**;,&! 3;,(.+),! ()**),<5! )42&'%&1! +,! ./&!
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)4&2&! 7&'2),! +2! 2&(),10'5! .)! )4&2+.5! )'! +,,0.&! 02! 70'.! )3! ./&! *0@&;7! )3! ./&!
+,1+%+1;0<!7'),&!.)!4&()*+,-!)4&2&9!!!
!
",!2;**0'5=!()'.+2)<!'&27),2+%&,&22!.)!0,!JK>D!(/0<<&,-&! +2!0!2+*7<&!.&2.! ./0.!
7'&1+(.2! ./&! 7')7&,2+.5! 3)'! )4&2+.5! 6+./! GE! 0,1! DE! 7/&,).57&2! 4&+,-!
1+2(&',04<5! 1+33&'&,.! 0,1! 1+%&'-&,.! .)! 0! %0'+&.5! )3! 2.'&22)'29! ! ! GE! 0,+*0<2! 0'&!
*)'&! <+@&<5!.)!&,.&'!,&-0.+%&!&,&'-5!40<0,(&!0,1!./&'&3)'&!'&<0.+%&<5!7').&(.&1!
0-0+,2.!1+&.! +,1;(&1!)4&2+.59! !$,! ./&!)./&'!/0,1=!DE!0'&!*)'&! <+@&<5! .)!1&3&,1!
./&+'!)415!6&+-/.!;,1&'!2.'&223;<!(),1+.+),2!0'&!0'&!./&'&3)'&!*)'&!2;2(&7.+4<&!
.)!1+&.!+,1;(&1!)4&2+.59!!!!
!
(

6;.&%"'"<.(3,7(A*;3-%"B#(3#*(5,*Z$#%J39'.(G%,4*7(

!
".!+2!02.);,1+,-!./0.!0,!+,(+1&,.0<!)42&'%0.+),!*01&!6/+<2.!6)'@+,-!6+./!./&!DE!
0,1!GE!&6&2!<&1!.)!./&!&B0*+,0.+),!)3!()'.+2)<!'&27),2+%&,&22!0,1!+.2!04+<+.5!.)!
7'&1+(.!+,,0.&!()7+,-!4&/0%+);'0<!'&27),2&2!.)!2.'&229!!>/+2!602!./&!1+33&'&,(&!+,!
4&/0%+);'0<! '&27),2&2! .)!725(/)2)(+0<! 2.'&229! !K02;0<!)42&'%0.+),!*01&!45! ./&!
0,+*0<! .&(/,+(+0,2!602! ./0.! GE! 0,+*0<2!6&'&!*)'&! '&(0<(+.'0,.! ./0,!DE!6/&,!
4&+,-! /&'1&1! )'! /0,1<&1! &9-9! 3)'! 2;'-&'59! ! >/+2! 7')*7.&1! &B7<)'0.+),! )3! ./&!
<+.&'0.;'&!0,1!3)'*0<!&B0*+,0.+),!)3!4&/0%+);'0<!'&27),2&2!)3!0,+*0<2!.)!2.'&229!!
>)! 10.&=! 4&/0%+);'! (0,! 4')01<5! 4&! (0.&-)'+&1! +,.)! 7')0(.+%&! %&'2;2! '&0(.+%&!
()7+,-! 2.5<&2_O]9! ! ",! 2)*&! )3! ./&2&! 2.;1+&2=! ()'.+2)<! 602! *&02;'&1! 03.&'! ./&!
2.'&22)'!0,1!6/&'&!+.!602!*&02;'&1=!./&!7')0(.+%&!0,+*0<2!/01!0!<)6&'!()'.+2)<!
'&27),2&! ()*70'&1!6+./! 0,+*0<2!6+./! 0! '&0(.+%&! ()7+,-! 2.5<&9! ! J(()'1+,-<5=! +.!
602!1&(+1&1!.)!&B0*+,&!6/&./&'!);'!DE!0,1!GE!0,+*0<!/01!1+2.+,(.!'&0(.+%&!0,1!
7')0(.+%&!()7+,-!2.5<&2=!'&27&(.+%&<59!!!!
!
",!%0'+);2!4&/0%+);'0<! 2.'&22!70'01+-*2=! +.!602!2/)6,! ./0.! ./&!GE!/01!-'&0.&'!
0(.+%+.5!+,!.&'*2!)3!<)()*).+),=!4<&0.+,-!0,1!-0.&!@,)(@+,-!+,!./&!)7&,!3+&<1!.&2.9!
L;'./&'*)'&=!GE!6&'&!<&22!3&0'3;<)3!0!/;*0,!+,.';1&'!+,!./&!0'&,0!.&2.!0,1!<&22!
<+@&<5!.)!3'&&S&R!./&5!0<2)!2/)6&1!*)'&!+,+.+0.+%&!+,!./&!3))1!()*7&.+.+),!.&2.9!!!",!
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*&02;'+,-! /)'*),0<! '&27),2&2! .)! 725(/)2)(+0<! 2.'&22=! 0,! +,%&'2&! '&<0.+),2/+7!
4&.6&&,! ./&! 25*70./)01'&,0<! 252.&*! 0,1! ()'.+2)<! '&27),2+%&,&22! 602!
1&*),2.'0.&19! ! >0@&,! .)-&./&'=! ./&! /)'*),0<! 0,1! 4&/0%+);'0<! '&27),2&2!
+,1+(0.&1!./0.!./&!2&<&(.+),!)3!DE!0,1!GE!0,+*0<2!3')*!25,0(./&,!.&2.+,-!5+&<12!
./&! 20*&! -');7+,-2! )3! 0,+*0<2! 3')*! ./&! 2&<&(.+),! )3! 7')0(.+%&! 0,1! '&0(.+%&!
0,+*0<2!3')*!725(/)2)(+0<!2.'&229!!!
!
>/+2! 4+1+'&(.+),0<+.5! )3! 2&<&(.+),! +,1+(0.&2! ./0.! 7/52+)<)-5! 0,1! 4&/0%+);'! 0'&!
+,&B.'+(04<5!<+,@&1!+,!.&'*2!)3!0!'&27),2&!.)!2.'&229!!DE!/0%&!0'&!7'&1+27)2&1!.)!
-'&0.&'! 7)2+.+%&! &,&'-5! 40<0,(&! ()*70'&1! .)! GE! 02! 6&<<! 02! /0%+,-! 0! *)'&!
'&0(.+%&!4&/0%+);'0<!'&27),2&9!!>/+2!'&0(.+%&!'&27),2&!+2!(/0'0(.&'+S&1!45!*)'&!
3'&&S+,-! 0,1! <&22! 0(.+%+.5! 6/+(/! +2! +,! @&&7+,-! 6+./! 0,! &,&'-&.+(0<<5! *)'&!
(),2&'%0.+%&! 4+)<)-5! ./0,! ./&! GE9! ! >/&! &B.&,.! .)! 6/+(/! 4&/0%+);'! 0,1!
7/52+)<)-+(0<! (/0'0(.&'+2.+(2! 0'&! (0;20<<5! '&<0.&1! +2! 4&5),1! ./&! 2()7&! )3! ./+2!
./&2+2=!4;.!./&'&!+2!&%+1&,(&!.)!2;--&2.!./0.!./&!/)'*),0<!1+33&'&,(&2!0'&!<+@&<5!.)!
*&1+0.&!./&!4&/0%+);'0<!1+33&'&,(&2!2&&,!+,!DE!0,1!GE9!!
!
>/&!6)'@! ),! 2/&&7!1&2('+4&1!/&'&+,! 2;--&2.! ./0.! 25,0(./&,! '&27),2+%&,&22! +2!
04<&! .)!&<;(+10.&! +,.'+,2+(!1+33&'&,(&2! +,!DE!0,1!GE!&,&'-5!/)*&)2.02+2!0,1!0,!
)'-0,+2*82! 04+<+.5! .)!*)4+<+S&! &,&'-5! .)!*&&.! 725(/)2)(+0<! ./'&0.2! )'! +**;,&!
(/0<<&,-&29! >/&! 7/52+)<)-+(0<\4&/0%+);'0<! +,.&-'0.+),! 0,1! ./&! 7/&,).57+(!
%0'+0.+),! )3! ./+2! +,.&-'0.+),! )42&'%&1!6+./+,! ./&! -');7! /0%&! 4&&,! '&7)'.&1! +,!
1+33&'&,.! 0,+*0<! 27&(+&2! 0,1! @+,-1)*2! 3')*! 3+2/! .)! 4+'12! .)! 2*0<<! 0,1! <0'-&!
*0**0<29! ! >/&! ')4;2.,&22! )3! ./&! '&<0.+),2/+72! 02! 1&<+,&0.&1! 45! 25,0(./&,!
.&2.+,-!6);<1=! 0(()'1+,-! .)! ./&! ./&)'5! )3! ,0.;'0<! 2&<&(.+),=! +*7<5! ./0.! +.! +2! 0,!
+*7)'.0,.! (/0'0(.&'+2.+(! ,&(&220'5! .)! 7')*).&! 2;'%+%0<! )3! ./&! -');7=! ./;2!
0<<)6+,-! 2;((&223;<! -&,&! .'0,2*+22+),9! ! ! ".! +2! ./);-/.! ./0.! DE! 0,+*0<2=! 3)'!
&B0*7<&=!0'&!04<&! .)!0107.!4&..&'! ./0,!GE!1;'+,-! .+*&2!)3!1');-/.!0,1! 30*+,&9!!
>/&5!6);<1!/0%&!0!4+)<)-5!7'&1+27)2&1!.)60'1!-'&0.&'!7)2+.+%&!&,&'-5!40<0,(&!
02! 6&<<! 02! 4&/0%+);'! ./0.! 0<<)62! ./&*! .)! (),2&'%&! 0,1! 6+./1'06! .)! 0! *)'&!
?;+&2(&,.!7/&,).57&! +,! .+*&2!)3!2.0'%0.+),! +,1;(&1!2.'&22!()*70'&1!6+./!./&+'!
GE!();,.&'70'.29!!!!
!
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! r]!

GE=!),!./&!)./&'!/0,1=!*+-/.!4&!*)'&!')4;2.!+,!.+*&2!)3!2.04<&!0,1!0!(0<)'+(0<<5!
7<&,.+3;<! &,%+'),*&,.! 6+./! 0! *)'&! 7')0(.+%&! ,0.;'&! .&,1+,-! .)! 4&! 4&..&'! 0.!
*)4+<+S+,-! &,&'-5! 2.)'&2! 3)'! 0(.+%+.5=! +**;,&! (/0<<&,-&2Psu! 0,1! 4&/0%+);'__P!
6/+(/! 0'&! ,&(&220'5! 3)'! 0! *)'&! 1)*+,0,.! 7<0(&! +,! ./&! 2)(+0<! /+&'0'(/5! <+@&!
2/)6+,-! +,+.+0.+),=! 022&'.+%&,&22!0,1! <&22! 3&0'3;<,&229! ! ! !c))</002!&.! 0<9___!/0%&!
7)2.;<0.&1! ./0.! DE! 0'&! *)'&! 3<&B+4<&! 0,1! 04<&! .)! '&0(.! .)! 0! (/0,-+,-!
&,%+'),*&,.=!6/&'&02!GE!0'&!+,.'+,2+(0<<5!1'+%&,=!'+-+1!0,1!');.+,&!3)'*+,-!0,1!
(),2&?;&,.<5! *)'&! 01&7.! .)! 2.04<&! &,%+'),*&,.29! ! "3! ./+2! +2! 2)=! ./&,! ./&!
+*7)'.0,(&! )3! 2.'&22! +,! ;,1&'2.0,1+,-! 6&+-/.! -0+,! 02! 6&<<! 02! ./&! ;,+3)'*!
*0,0-&*&,.! 2.'0.&-5! 3)'!)4&2+.5!6+<<! 4&! +,01&?;0.&! +,!*0,0-+,-! ./&!&7+1&*+(!
6&!0'&!30(+,-9!!!!
!
!

KB$B#*( N%#*J$%",( 3,7( 0;*#3+*B$%J( 5>+'%J3$%",( M"#( _*%<;$(

23,3<*>*,$(

!
",! )4&2&! 70.+&,.2! (),.&*7<0.+,-! 40'+0.'+(! 2;'-&'5=! 725(/)<)-+(0<! 022&22*&,.!
'&%&0<&1! .6)! 7&'2),0<+.5! 2;4.57&2_PO9! ! $,&! +2! 0,! 0(.+%&! 7')4<&*! 2)<%+,-!6/+<&!
0,)./&'! +2! (/0'0(.&'+S&1! 45! 152'&-;<0.&1! /+-/! 0%)+10,.! 0,1! <)6! &B.'0%&'2+),!
()7+,-! 4&/0%+);'9! ! K<;2.&'! 0,0<52&2! +1&,.+3+&2! ./&2&! 1+2.+,(.! -');7+,-2! 0,1! ./&!
+*7<+(0.+),! +2! ./0.! 1+33&'&,.! 2;4-');72!*05!60''0,.! 3+,&! .;,+,-! )3! );'!6&+-/.!
*0,0-&*&,.! 2.'0.&-+&2! <+@&! 725(/)<)-+(0<! 2;77)'.=! ()-,+.+%&! 4&/0%+);'0<!
./&'075!0,1!*+,13;<,&22!402&1!.&(/,+?;&29!!W/0.!+2!,).!@,)6,!+2!6/&./&'!./&2&!
-');7+,-2! ()''&27),1! .)! );'!DE! 0,1! GE! 2;4.57&2! +,! 2/&&7! 0,1! +3! 2)=!6/&./&'!
./&5!0<2)!/0%&!1+33&'&,(&2! +,! ./&'*)-&,&2+2!0,1!6/&./&'!*).+%0.+),!.)!2;2.0+,!
<+3&2.5<&! (/0,-&2! 1+33&'! 4&.6&&,! ./&! -');729! ! ! "3! 2)=! .'&0.*&,.! ./0.! 2;+.2! ./&!
+,1+%+1;0<! 4&2.! (0,!4&! 0(/+&%&1!45!1&2+-,+,-! 0! ()*7'&/&,2+%&!7<0,! 3)'!6&+-/.!
*0,0-&*&,.! +3! 25,0(./&,! .&2.+,-!/&<72! ;2! +1&,.+35!DE! 0,1!GE! 2;4.57&2!6+./+,!
./&! )4&2&9! ! ! W+./);.! '&3+,+,-! )'! +*7')%+,-! ;,1&'2.0,1+,-! )3! )4&2+.5! 02! 0!
*;<.+30(.)'+0<! 1+2&02&! 0,1! ./');-/! .'&0.+,-! &%&'5),&! ./&! 20*&=! +.! +2! <+@&<5! ./0.!
./&! &33+(0(5! )3! ./&! +,.&'%&,.+),2!6&! &*7<)5! +2! '&1;(&1=!6/&./&'! ./&2&! 4&! 3))1!



K/07.&'!up!:+2(;22+),!

! rQ!

+,.0@&! '&1;(+,-! ./&'07&;.+(2=! ./&'*)-&,+(! ()*7);,12=! 2.'&22! '&1;(.+),!
.&(/,+?;&2!)'!<+3&2.5<&!+,.&'%&,.+),2__h9!!!
!
>/&!')<&! +,!6/+(/!()-,+.+),!7<052! +,!7')0(.+%&!0,1!'&0(.+%&!()7+,-!2.'0.&-+&2! +2!
,).!02!2.'0+-/.!3)'60'1!+,!/;*0,2!02!+.!+2!+,!0,+*0<29!!".!6);<1!4&!+,.&'&2.+,-!.)!
;,1&'2.0,1! ./&!&B.&,.! .)!6/+(/! +,,0.&!()7+,-!2.'0.&-+&2! +,3<;&,(&!);'! ./+,@+,-!
30(;<.+&2!6/&,!30(&1!6+./!01%&'2+.59!!".!*05!4&!./0.!./)2&!/;*0,2!6/)!1+27<05!GE!
7/&,).57&! 6+<<! 4&! 04<&! .)! 0(.! 7')0(.+%&<5! 6/&,! ./&5! 2.0'.! -0+,+,-! 0! 3&6! @+<)2!
6/+<&! ./)2&! ./0.! /0%&! DE! ()7+,-! 2.5<&2! *054&! 011! ),! ./&! 7);,12! ,).! ),<5!
./');-/!*&.04)<+(!7'&1+27)2+.+),!4;.!0<2)!4&/0%+);'0<<5!7'&1+27)2+.+),!02!6&<<9!!
$;'!3+,1+,-2!+,!'&<0.+),!.)!+,,0.&!()7+,-!2.'0.&-+&2!011!.)!./&!1&40.&!)3!3'&&6+<<!
%&'2;2!1&.&'*+,+2*=!6/&'&45!./)2&!./0.!4&<+&%&!./0.!./&5!0'&!0(.+,-!3'&&<5!.)!4&!
7')0(.+%&!.)!<)2&!6&+-/.!03.&'!-0+,+,-!0!3&6!7);,12!*054&!+,,0.&<5!<&1!.)!./+,@!
2)9!!!!
!
^,<+@&!0,+*0<2=!/;*0,2!0<2)!/0%&! ./&!04+<+.5! 3)'!*&.0()-,+.+),=! ./&!(070(+.5! .)!
./+,@! 04);.! );'! 2.5<&! 0,1! 70..&',! )3! ./+,@+,-=! '&()-,+S+,-! ./&2&! 70..&',2! +3!
1523;,(.+),0<! 0,1! -')6+,-! 4&5),1! );'! +,,0.&! .&,1&,(+&29! ! >/+2! %0'+&2! 3')*!
+,1+%+1;0<! .)! +,1+%+1;0<=! /)6&%&'=! 0,1! ./&! ')<&! )3! *+,13;<,&22! +,! 1&%&<)7+,-!
*&.0()-,+.+),! +2! 0! 7')*+2+,-! *&./)1)<)-5! ./0.! ();<1! 4&! ;2&1! .)! .&2.!
&33&(.+%&,&22! +,! 6&+-/.! '&-;<0.+),9! ! ! >)! 10.&=! ,)! '0,1)*+S&1! (),.')<! .'+0<! /02!
2.;1+&1! 6&+-/.! *0,0-&*&,.! ;2+,-! *+,13;<,&22! .&(/,+?;&2=! 4;.! 0,! EK>!
+,%&2.+-0.&1! 2/)6&1! +*7')%&1! +**;,&! (&<<! .&<)*&'02&! 0(.+%+.5! 0,1!6&<<\4&+,-!
0<2)! 1&*),2.'0.&1! 0,! +,(+1&,.0<! 4;.! 2+-,+3+(0,.! 6&+-/.! <)22! +,! +,1+%+1;0<2!
&,-0-&1!6+./!*+,13;<,&22__]9!!!>/+2!7')-'0*!602!,).!();7<&1!6+./!&B&'(+2&!0,1!
1+&.&.+(2! 0,1! ./&! 3)<<)6! ;7! 7&'+)1! 602! *&'&<5! h! *),./29! ! J(()'1+,-<5=! 2)*&!
(0;.+),! +2! ,&(&220'5!6/&,! &%0<;0.+,-! ./&! &33&(.+%&,&22! )3!*+,13;<,&22! 4&(0;2&!
6&!@,)6!3')*!*0,5!<0'-&!,),\*+,13;<,&22!402&1!*;<.+\+,.&'%&,.+),0<!EK>2=!./&!
1)*+,0,(&! )3! 4+)<)-5! +,! <),-! .&'*! 6&+-/.! *0+,.&,0,(&! +2! ,).! .)! 4&!
;,1&'&2.+*0.&19!!!!!
!
",!27+.&!)3!./&!<+*+.0.+),2!+,1+(0.&1!04)%&=!./&!'&2&0'(/!7'&2&,.&1!+,!./+2!./&2+2!
*05! <&01! .)!2+-,+3+(0,.!(/0,-&! +,!7'0(.+(&! +,! ./&!(<+,+(=! ./');-/!060'&,&22! ./0.!



K/07.&'!up!:+2(;22+),!

! ru!

*0,5! 70.+&,.2! 6/)! 2.';--<&! .)! <)2&! 6&+-/.! 0'&! ,).! *&'&<5! <0(@+,-! ./&! 6+<<! .)!
+*7<&*&,.!/&0<./5!<+3&2.5<&!*&02;'&29!!T;+<.!+,.)!./&!4+)<)-5!./0.!7'&1+27)2&2!.)!
)4&2+.5!();<1!4&!4&/0%+);'0<!()7+,-!2.'0.&-+&2!./0.!0'&!+,01&?;0.&!.)!+*7<&*&,.!
<+3&! (/0,-+,-! 1&(+2+),2! +,! );'! 2.'&22\'+11&,! 2)(+&.59! ! >/&! H;1-&*&,.0<+2*! ./0.!
7<0-;&2! ./+2!0'&0!)3! (0'&!6/&,! +.! ()*&2! .)!6&+-/.! <)22! +2!,).!),<5!;,,&(&220'5!
4;.!,).!2;77)'.&1!45!./&!2(+&,(&!02!);.<+,&1!+,!./+2!./&2+29!!>/+2!7'&H;1+(&!&B+2.2!
6+./+,! ./&! <05! ()**;,+.5! 4;.! *05! 0<2)! 4&! 7'&%0<&,.! 0*),-2.! /&0<./!
7')3&22+),0<29! W+./);.! <))@+,-! *)'&! 1&&7<5! +,.)! ./&! &B.&,.! .)! 6/+(/! 4+)<)-5!
1+(.0.&2!6&+-/.!0,1!4&/0%+);'=!0!DE!7/&,).57&!(0,!4&!&02+<5!*+2.0@&,!45!0,!GE!
7&'2),! 02! 2)*&),&! ./0.! +2! ,).! 077<5+,-! ./&+'!6+<<! 7)6&'! .)! (),.')<! /+2! )'! /&'!
6&+-/.9! ! !J2! <),-!02!2;(/! H;1-&*&,.0<+2*!&B+2.2! +,! ./&!()**;,+.5=! ()*7022+),!
0,1!3;,1+,-!3)'!)4&2+.5!'&2&0'(/!6+<<!4&! <0(@+,-! 3')*!7/+<0.')7+2.2!0,1!3;,1+,-!
4)1+&2!0,1!./&!&7+1&*+(!6+<<!(),.+,;&!.)!-')69!!!
!
!!!!!!!!!



T+4<+)-'07/5!

! rr!

!

Bibliography 



T+4<+)-'07/5!

! rt!

!

A%9'%"<#3+;.(

!
P9! T0(@/)<&'!c=!W0<<2!DG=!V0-<+0,)!:q=!M&&.&'2!J9!A&..+,-!7)7;<0.+),!.0'-&.2!
3)'!*&02;'+,-!2;((&223;<!)4&2+.5!7'&%&,.+),9!J*!q!M;4<+(!D&0<./!_OPORPOOp_Ohh\
r9!
_9! J10*2! cL=! A(/0.S@+,! J=! D0''+2! >T=! &.! 0<9! $%&'6&+-/.=! )4&2+.5=! 0,1!
*)'.0<+.5! +,! 0! <0'-&!7')27&(.+%&! ()/)'.!)3!7&'2),2!QO! .)!rP!5&0'2!)<19!d!Y,-<! q!
V&1!_OOuRhQQpruh\rt9!
h9! G&3&4%'&! Mq=! A(/&&,! Jq9! $4&2+.5p! (0;2&2! 0,1! ,&6! .'&0.*&,.29! YB7! K<+,!
Y,1)('+,)<!:+04&.&2!_OOPRPOs!A;77<!_pA_PQ\_]9!
]9! J,0-,)2.+2! M=! J./5')2! #e=! >S+)*0<)2! c=! c0'0-+0,,+2! J=! V+@/0+<+1+2! :M9!
K<+,+(0<! '&%+&6p!>/&!70./)-&,&.+(! ')<&!)3! ()'.+2)<! +,! ./&!*&.04)<+(! 25,1')*&p! 0!
/57)./&2+29!q!K<+,!Y,1)('+,)<!V&.04!_OOsRs]p_us_\rOP9!
Q9! TH)',.)'7! M=! E)2*),1! E9! >/&! *&.04)<+(! 25,1')*&\\0! ,&;')&,1)('+,&!
1+2)'1&'|!T'!q!d;.'!_OOORth!A;77<!PpA]s\Qr9!
u9! T<)(@!qM=!D&!f=!U02<0%2@5!JV=!:+,-!G=!J50,+0,!qU9!M25(/)2)(+0<!2.'&22!0,1!
(/0,-&!+,!6&+-/.!0*),-!^A!01;<.29!J*!q!Y7+1&*+)<!_OOsRPrOpPtP\s_9!
r9! >+<4'))@!Jq=!E+%0<<0,1!YJ=!>;',&'!J"=!G0*4&'.!eW=!K<0'@&!"q9!E&27),2&2!)3!
./&! /57)./0<0*)7+.;+.0'5! 01'&,0<! 0B+2! 0,1! ./&! 25*70./)01'&,0<! 252.&*! .)!
+2)<0.+),v'&2.'0+,.! 2.'&22! +,! 2/&&7! )3! 1+33&'&,.! 01+7)2+.59! d&;')&,1)('+,)<)-5!
_OOtRtrpPsh\_OQ9!
t9! :;(<)2! V=! e0..0! T=! K)'(;33! qT=! E02/&1+! V=! M&/);'(?! L=! E)-&'! M9! L0.!
1+2.'+4;.+),! +,! )4&2&! 6)*&,! +2! 022)(+0.&1! 6+./! 2;4.<&! 0<.&'0.+),2! )3! ./&!
/57)./0<0*+(\7+.;+.0'5\01'&,0<! 0B+2! 0(.+%+.5! 0,1! 2&,2+.+%+.5! .)! -<;()()'.+()+129!
K<+,!Y,1)('+,)<!C$B3F!_OOPRQQp]]r\Q]9!
s9! K)<<!JM=!G)'0+,&!>;,-!fK9!M')\)7+)*&<0,)()'.+,!CM$VKF\1&'+%&1!7&7.+1&2!
0,1!./&!'&-;<0.+),!)3!&,&'-5!/)*&)2.02+29!V)<!K&<<!Y,1)('+,)<!_OOsRhOOpP]r\QP9!
PO9! c0.S! qE=! V)/0*&1\J<+! #=! W))1! Mq=! f;1@+,! qA=! K)770(@! AW9! J,! +,! %+%)!
2.;15!)3!./&!()'.+2)<\()'.+2),&!2/;..<&!+,!2;4(;.0,&);2!041)*+,0<!01+7)2&!.+22;&9!
K<+,!Y,1)('+,)<!C$B3F!PsssRQOpuh\t9!
PP9! E02@! Y=! W0<@&'! TE=! A)1&'4&'-! A=! &.! 0<9! >+22;&\27&(+3+(! (/0,-&2! +,!
7&'+7/&'0<! ()'.+2)<! *&.04)<+2*! +,! )4&2&! 6)*&,p! +,('&02&1! 01+7)2&! PP4&.0\
/51')B52.&')+1! 1&/51')-&,02&! .57&! P! 0(.+%+.59! q! K<+,! Y,1)('+,)<! V&.04!
_OO_RtrphhhO\u9!
P_9! :&E+H@! ED=! A(/003! V=! 1&! c<)&.! YE9! e<;()()'.+()+1! '&(&7.)'! %0'+0,.2p!
(<+,+(0<!+*7<+(0.+),29!q!A.&')+1!T+)(/&*!V)<!T+)<!_OO_RtPpPOh\__9!
Ph9! c;*0'! E=! >/)*72),! YT9! >'0,20(.+%0.+),! 3;,(.+),2! )3! ./&! d\.&'*+,0<!
1)*0+,2! )3! ,;(<&0'! /)'*),&! '&(&7.)'2p! 7').&+,! 3)<1+,-! 0,1! ()0(.+%0.)'!
+,.&'0(.+),29!V)<!Y,1)('+,)<!_OOhRPrpP\PO9!
P]9! W;2.!A=!#0,!E)22;*!YL=!L&1&'&,@)!"A=!c)7&'!qW=!c;*2.0!E=!D&<</0**&'!
:D9!K)**),!7)<5*)'7/+2*2!+,!./&!-<;()()'.+()+1!'&(&7.)'!-&,&!0'&!022)(+0.&1!
6+./! 01'&,)()'.+(0<! '&27),2&2! .)! 725(/)2)(+0<! 2.'&229! q! K<+,! Y,1)('+,)<! V&.04!
_OO]RtspQuQ\rh9!
PQ9! :&'+H@! ED=! A(/003! Vq=! >;',&'! e=! &.! 0<9! J! /;*0,! -<;()()'.+()+1! '&(&7.)'!
-&,&! %0'+0,.! ./0.! +,('&02&2! ./&! 2.04+<+.5! )3! ./&! -<;()()'.+()+1! '&(&7.)'! 4&.0\



T+4<+)-'07/5!

! rs!

+2)3)'*! *EdJ! +2! 022)(+0.&1! 6+./! '/&;*0.)+1! 0'./'+.+29! q! E/&;*0.)<!
_OOPR_tp_hth\t9!
Pu9! G;! dU=! K+1<)62@+! qJ9! e<;()()'.+()+1! '&(&7.)'! +2)3)'*2! -&,&'0.&!
.'0,2('+7.+),!27&(+3+(+.59!>'&,12!K&<<!T+)<!_OOuRPuphOP\r9!
Pr9! L+.S2+*),2! KM=! J/*&1! A=! W+..&%'),-&<! KL=! &.! 0<9! >/&! *+(').;4;<&\
022)(+0.&1!7').&+,!1);4<&()'.+,\<+@&!'&-;<0.&2!./&!.'0,27)'.!)3!./&!-<;()()'.+()+1!
'&(&7.)'!+,!,&;'),0<!7')-&,+.)'!(&<<29!V)<!Y,1)('+,)<!_OOtR__p_]t\u_9!
Pt9! #'&;-1&,/+<! Y=! #&'+22+*)! KA=! V0'+*0,! E=! &.! 0<9! V+(')EdJ! Pt! 0,1! P_]0!
1)6,\'&-;<0.&! ./&! -<;()()'.+()+1! '&(&7.)'p! +*7<+(0.+),2! 3)'! -<;()()'.+()+1!
'&27),2+%&,&22!+,!./&!4'0+,9!Y,1)('+,)<)-5!_OOsRPQOp___O\t9!
Ps9! Y,-<&'!:=!M/0*!>=!L;<<&'.),!Vq=!$)+!e=!L;,1&'!qW=!K<0'@&!"q9!A.;1+&2!)3!./&!
2&('&.+),! )3! ()'.+().')7+,\'&<&02+,-! 30(.)'! 0,1! 0'-+,+,&! %02)7'&22+,! +,.)! ./&!
/57)7/52+0<\7)'.0<!(+'(;<0.+),!)3!./&!(),2(+);2!2/&&79!"9!Y33&(.!)3!0,!0;1+)%+2;0<!
2.+*;<;2! 0,1! +,2;<+,\+,1;(&1! /57)-<5(&*+09!d&;')&,1)('+,)<)-5! PstsR]sphur\
tP9!
_O9! c;*0'+! V=! T01'+(@! Y=! L&''+&! q=! M&'2@+! J=! V0'*).! V=! K/0,1)<0! >9! A&<3\
'&7)'.&1! 2<&&7! 1;'0.+),! 0,1! 2<&&7! 1+2.;'40,(&! 0'&! +,1&7&,1&,.<5! 022)(+0.&1!
6+./! ()'.+2)<! 2&('&.+),! +,! ./&! W/+.&/0<<! ""! 2.;159! q! K<+,! Y,1)('+,)<! V&.04!
_OOsRs]p]tOP\s9!
_P9! D&'0(<+1&2! J=! K/0,1)<0! >=! W+..&! :E=! T';,,&'! Yq9! M25(/)2)(+0<! 2.'&22! 0.!
6)'@!1);4<&2!./&!'+2@!)3!.57&!_!1+04&.&2!+,!*+11<&\0-&1!6)*&,p!&%+1&,(&!3')*!
./&!W/+.&/0<<!""!2.;159!:+04&.&2!K0'&!_OOsRh_p__hO\Q9!
__9! K')6,!J=!G+-/.*0,!A9!W/5!+2!./&!*0,0-&*&,.!)3!-<;()()'.+()+1!1&3+(+&,(5!
2.+<<!(),.')%&'2+0<p!0!'&%+&6!)3!./&!<+.&'0.;'&9!K<+,!Y,1)('+,)<!C$B3F!_OOQRuhp]th\
s_9!
_h9! #&<1/;+2! q:=! "'0,*0,&2/! J=! G+S0''0<1&! e=! q)/,2),! VG9! J*7<+.;1&!
*)1;<0.+),! )3! 0! 4;'2.<+@&! *)1&! )3! ()'.+2)<! 2&('&.+),! 2;42&'%&2! ./&! (+'(01+0,!
-<;()()'.+()+1!'/5./*9!J*!q!M/52+)<!PstsR_QrpYu\P]9!
_]9! W+,1<&!Eq=!W))1!AJ=!A/0,@2!d=!G+-/.*0,!AG=!",-'0*!K:9!^<.'01+0,!'/5./*!
)3! 4020<! ()'.+()2.&'),&! '&<&02&! +,! ./&! 3&*0<&! '0.p! 15,0*+(! +,.&'0(.+),!6+./! ./&!
'&27),2&!.)!0(;.&!2.'&229!Y,1)('+,)<)-5!PsstRPhsp]]h\QO9!
_Q9! L')5! $9! V&.04)<+2*! 0,1! (+'(01+0,! '/5./*2\\+*7<+(0.+),2! 3)'! )4&2+.59!
Y,1)('!E&%!_OPORhPpP\_]9!
_u9! A(/60'.S! VW=! A+7)<2! Jq=! V0'@2! qG=! &.! 0<9! ",/+4+.+),! )3! /57)./0<0*+(!
,&;')7&7.+1&!f!-&,&!&B7'&22+),!45!+,2;<+,9!Y,1)('+,)<)-5!Pss_RPhOphuOt\Pu9!
_r9! <0! L<&;'! AY=! J@0,0! AL=! V0,0<)! AG=! :0<<*0,! VL9! ",.&'0(.+),! 4&.6&&,!
()'.+()2.&'),&! 0,1! +,2;<+,! +,! )4&2+.5p! '&-;<0.+),! )3! <0'1! +,.0@&! 0,1! 30.! 2.)'&29!
Y,1)('+,)<)-5!_OO]RP]Qp_Pr]\tQ9!
_t9! <0! L<&;'! AY9! >/&! &33&(.2! )3! -<;()()'.+()+12! ),! 3&&1+,-! 4&/0%+)'! +,! '0.29!
M/52+)<!T&/0%!_OOuRtspPPO\]9!
_s9! q5).0@+!V=!A/+-&*;'0!d=!d+,)*+50!f9!V)1;<0.+),!)3!26&&.!.02.&!2&,2+.+%+.5!
45!)'&B+-&,+(!0,1!0,)'&B+-&,+(!30(.)'29!Y,1)('!q!_OPORQrp]ur\rQ9!
hO9! E)*0(/)!>=!Y<2&,!V=!E)/'4)',!:=!Y(@&<! q9!J1+7)2&! .+22;&!0,1! +.2! ')<&! +,!
)'-0,!(')22.0<@9!J(.0!M/52+)<!C$B3F!_OP]R_POprhh\Qh9!
hP9! D&+*0,!VG=!J/+*0!EA=!K'03.!GA=!A(/),&'!T=!A.&7/&,2!>W=!L<+&'!qA9!G&7.+,!
+,/+4+.+),! )3! ./&! /57)./0<0*+(\7+.;+.0'5\01'&,0<! 0B+2! +,! '&27),2&! .)! 2.'&229!
Y,1)('+,)<)-5!PssrRPhtphtQs\uh9!



T+4<+)-'07/5!

! tO!

h_9! %0,! :+H@! e=! :),0/&5! qK=! >/+&<&! >Y=! &.! 0<9! K&,.'0<! <&7.+,! 2.+*;<0.&2!
()'.+()2.&'),&!2&('&.+),!0.!./&!),2&.!)3!./&!10'@!7/02&9!:+04&.&2!PssrR]upPsPP\
]9!
hh9! G+(+,+)! q=! K0-<050,! A=! $S0.0! V=! &.! 0<9! M/&,).57+(! &33&(.2! )3! <&7.+,!
'&7<0(&*&,.!),!*)'4+1!)4&2+.5=!1+04&.&2!*&<<+.;2=!/57)-),01+2*=!0,1!4&/0%+)'!
+,!<&7.+,\1&3+(+&,.!01;<.29!M')(!d0.<!J(01!A(+!^!A!J!_OO]RPOPp]QhP\u9!
h]9! G03&''&'&! T=! J4'0/0*! K=! J601! V=! &.! 0<9! ",/+4+.+,-! &,1)-&,);2! ()'.+2)<!
4<;,.2! ./&! *&0<\&,.'0+,&1! '+2&! +,! 2&';*! <&7.+,9! q! K<+,! Y,1)('+,)<! V&.04!
_OOuRsPp__h_\t9!
hQ9! >+<4'))@!Jq=!>;',&'!J"=!K<0'@&!"q9!Y33&(.2!)3!2.'&22!),!'&7')1;(.+),!+,!,),\
')1&,.! *0**0<2p! ./&! ')<&! )3! -<;()()'.+()+12! 0,1! 2&B! 1+33&'&,(&29! E&%! E&7')1!
_OOORQpPOQ\Ph9!
hu9! %0,! G+&'! Y=! M&'&S\K<0'+-&.! E=! L)'24&'-! V9! A&B! 1+33&'&,(&2! +,! ()'.+2)<!
2&('&.+),!03.&'!01*+,+2.'0.+),!)3!0,!JK>D!0,0<)-;&!+,!2/&&7!1;'+,-!./&!4'&&1+,-!
0,1!,),\4'&&1+,-!2&02),9!J,+*!E&7')1!A(+!_OOhRrsptP\s_9!
hr9! W+,1<&!Eq=!e0*4<&!GY=!c&'2/06!fV=!W))1!AJ=!G+-/.*0,!AG=! ",-'0*!K:9!
e),010<! 2.&')+1! *)1;<0.+),! )3! 2.'&22\+,1;(&1! /57)./0<0*)\7+.;+.0'5\01'&,0<!
0(.+%+.5! 0,1! 0,B+&.5! 4&/0%+)'p! ')<&! )3! (&,.'0<! )B5.)(+,9! Y,1)('+,)<)-5!
_OOuRP]rp_]_h\hP9!
ht9! A.'&&.&,!:D=! J,1&'2),! eD=! q'9=! :0<0@)2! >e=! &.! 0<9! d)'*0<! 0,1! 04,)'*0<!
3;,(.+),! )3! ./&! /57)./0<0*+(\7+.;+.0'5\01'&,)()'.+(0<! 252.&*! +,! *0,9! Y,1)('!
E&%!Pst]RQphrP\s]9!
hs9! f);! }=! c0'')6! dJ=! K0)! D=! E)1'+-;&S! J=! V0<<0'1! TJ=! T)&'*0,2! Dq9!
#0'+0.+),! +,! ./&! )%+,&! ()'.+2)<! '&27),2&! .)! 252.&*+(! 40(.&'+0<! &,1).)B+,!
(/0<<&,-&! +2! 7'&1)*+,0,.<5! 1&.&'*+,&1! 45! 2+-,0<<+,-!6+./+,! ./&! /57)./0<0*+(\
7+.;+.0'5\01'&,0<!0B+29!>)B+()<!J77<!M/0'*0()<!_OOtR_hOpP\t9!
]O9! e'+,&%+(/!#=!V0![V=!D&'*0,!qM=!q&S)%0!:=!J@*05&%!"=!J-;+<&'0!e9!Y33&(.!)3!
'&7&0.&1! <+7)7)<520((/0'+1&! 01*+,+2.'0.+),! ),! .+22;&! (5.)@+,&! &B7'&22+),! 0,1!
/57)./0<0*+(\7+.;+.0'5\01'&,0<! 0B+2! 0(.+%+.5! +,! '0.29! q! d&;')&,1)('+,)<!
_OOPRPhprPP\_h9!
]P9! >);*0!K=!T;,(@!V=!e<02<!G=!&.!0<9!V+(&!2&<&(.&1!3)'!/+-/!%&'2;2!<)6!2.'&22!
'&0(.+%+.5p! 0! ,&6! 0,+*0<! *)1&<! 3)'! 033&(.+%&! 1+2)'1&'29!
M25(/),&;')&,1)('+,)<)-5!_OOtRhhpths\u_9!
]_9! L+2/&'!EY=!c0'')6!dJ=!};+,.),!V=!&.!0<9!Y,1).)B+,!&B7)2;'&!1;'+,-! <0.&!
7'&-,0,(5!0<.&'2!)%+,&!)3327'+,-!3&4'+<&!0,1!/57)./0<0*+(\7+.;+.0'5\01'&,0<!0B+2!
'&27),2+%&,&22!<0.&'!+,!<+3&9!A.'&22!_OPORPhphh]\]_9!
]h9! %0,! E)22;*! YL=! G0*4&'.2! AW9! M)<5*)'7/+2*2! +,! ./&! -<;()()'.+()+1!
'&(&7.)'! -&,&! 0,1! ./&+'! 022)(+0.+),2! 6+./! *&.04)<+(! 70'0*&.&'2! 0,1! 4)15!
()*7)2+.+),9!E&(&,.!M')-!D)'*!E&2!_OO]RQsphhh\Qr9!
]]9! %0,!E)22;*!YL=!E)@2!MD=!1&!q),-!LD=!&.!0<9!K/0'0(.&'+S0.+),!)3!0!7')*).&'!
7)<5*)'7/+2*! +,! ./&!-<;()()'.+()+1!'&(&7.)'!-&,&!0,1! +.2! '&<0.+),2/+7! .)! ./'&&!
)./&'!7)<5*)'7/+2*29!K<+,!Y,1)('+,)<!C$B3F!_OO]RuPpQrh\tP9!
]Q9! V0,,! qq=! K;''+&'! :=! A.0,<&5! T=! $?;&,1)! VJ=! J*2&<! G#=! Y<<+2! AM9! K0,!
4+)<)-+(0<! .&2.2! 022+2.! 7'&1+(.+),! )3! 2;+(+1&! +,! *))1! 1+2)'1&'2|! ",.! q!
d&;')725(/)7/0'*0()<!_OOuRsp]uQ\r]9!
]u9! q)@+,&,! q=! d)'12.')*! M9! DMJ! 0B+2! /57&'0(.+%+.5! 02! 2;+(+1&! 7'&1+(.)'! +,!
&<1&'<5!*))1!1+2)'1&'!+,70.+&,.29!M25(/),&;')&,1)('+,)<)-5!_OOtRhhpPhtr\sh9!



T+4<+)-'07/5!

! tP!

]r9! $..&!K=!D0'.!A=!d&5<0,!>K=!V0'*0'!KE=!f033&!c=!V)/'!:K9!J!*&.0\0,0<52+2!
)3! ()'.+2)<! '&27),2&! .)! (/0<<&,-&! +,! /;*0,! 0-+,-p! +*7)'.0,(&! )3! -&,1&'9!
M25(/),&;')&,1)('+,)<)-5!_OOQRhOptO\sP9!
]t9! >;',&'!J"=!E+%0<<0,1!Y>=!K<0'@&!"q=!>+<4'))@!Jq9!A.'&22)'!27&(+3+(+.5!)3!2&B!
1+33&'&,(&2!+,!/57)./0<0*)\7+.;+.0'5\01'&,0<!0B+2!0(.+%+.5p!()'.+2)<!'&27),2&2!.)!
&B&'(+2&=! &,1).)B+,=! 6&..+,-=! 0,1! +2)<0.+),v'&2.'0+,.! 2.'&22! +,! -),01&(.)*+S&1!
*0<&!0,1!3&*0<&!2/&&79!Y,1)('+,)<)-5!_OPORPQPp]h_]\hP9!
]s9! A/0,@2! d=! W+,1<&! Eq=! M&'@2! M=! W))1! A=! ",-'0*! K:=! G+-/.*0,! AG9! >/&!
/57)./0<0*+(\7+.;+.0'5\01'&,0<!0B+2!'&27),2&!.)!&,1).)B+,!+2!0..&,;0.&1!1;'+,-!
<0(.0.+),9!q!d&;')&,1)('+,)<!PsssRPPptQr\uQ9!
QO9! >;!V>=!G;7+&,!Aq=!W0<@&'!K:9!V&02;'+,-!2.'&22!'&27),2&2!+,!7)2.70'.;*!
*)./&'2p! 7&'27&(.+%&2! 3')*! 2.;1+&2! +,! /;*0,! 0,1! 0,+*0<! 7)7;<0.+),29! A.'&22!
_OOQRtpPs\h]9!
QP9! A*+./! Kq=! d)'*0,! EG9! ",3<;&,(&! )3! ./&! -),012! ),! ()'.+2)<! 2&('&.+),! +,!
3&*0<&!'/&2;2!*0(0?;&29!Y,1)('+,)<)-5!PstrRP_Pp_Ps_\t9!
Q_9! #&'@&2! Eq=! e+H2*0,! Dq=! M+&.&'2! VA=! &.! 0<9! K)-,+.+%&! 7&'3)'*0,(&! 0,1!
2&').),&'-+(! 3;,(.+),! +,! ;2&'2! )3! &(2.0259! M25(/)7/0'*0()<)-5! CT&'<F!
_OOPRPQhpPsu\_O_9!
Qh9! e&''0!e=!T022+-,0,0!A=!U0+*)%+(!J=!&.!0<9!D57)./0<0*+(\7+.;+.0'5\01'&,0<!
0B+2!'&27),2&2!.)!2.'&22!+,!2;4H&(.2!6+./!h=]\*&./5<&,&1+)B5\*&./0*7/&.0*+,&!
Ci&(2.025iF! ;2&! /+2.)'5p! ()''&<0.+),! 6+./! 1)70*+,&! '&(&7.)'! 2&,2+.+%+.59!
M25(/+0.'5!E&2!_OOhRP_OpPPQ\_]9!
Q]9! M0'')..! JK9! K)'.+2)<! 0,1! h=]\*&./5<&,&1+)B5*&./0*7/&.0*+,&p!
,&;')/)'*),0<! 027&(.2! )3! 4+)&,&'-&.+(! 2.'&22! +,! &(2.025! ;2&'29!
d&;')725(/)4+)<)-5!_OOsRuOpP]t\Qt9!
QQ9! >+<4'))@! Jq=! K<0'@&! "q9! d&;')&,1)('+,&! *&(/0,+2*2! )3! +,,0.&! 2.0.&2! )3!
0..&,;0.&1! '&27),2+%&,&22! )3! ./&! /57)./0<0*)\7+.;+.0'5! 01'&,0<! 0B+2! .)! 2.'&229!
L'),.!d&;')&,1)('+,)<!_OOuR_rp_tQ\hOr9!
Qu9! V)5&'!JY=!E)1+,!q=!e'+<)!KV=!K;**+,-2!d=!G0'2),!GV=!E&4;33&\A('+%&!V9!
A.'&22\+,1;(&1! ()'.+2)<! '&27),2&! 0,1! 30.! 1+2.'+4;.+),! +,! 6)*&,9! $4&2! E&2!
Pss]R_p_QQ\u_9!
Qr9! V0'+,!M=!:0'+,!d=!J*&*+50!>=!J,1&'22),!T=! q&',!A=!TH)',.)'7!M9!K)'.+2)<!
2&('&.+),! +,! '&<0.+),! .)! 4)15! 30.! 1+2.'+4;.+),! +,! )4&2&! 7'&*&,)70;20<! 6)*&,9!
V&.04)<+2*!Pss_R]Pptt_\u9!
Qt9! :0<<*0,!VL=! M&()'0')! d=! J@0,0! AL=! &.! 0<9! K/'),+(! 2.'&22! 0,1! )4&2+.5p! 0!
,&6!%+&6!)3!~()*3)'.!3))1~9!M')(!d0.<!J(01!A(+!^!A!J!_OOhRPOOpPPusu\rOP9!
Qs9! M&()'0')! d=! e)*&S! L=! :0<<*0,! VL9! e<;()()'.+()+12! 1)2&\1&7&,1&,.<5!
'&*)1&<! &,&'-5! 2.)'&2! 0,1! 0*7<+35! +,(&,.+%&! '&<0.+%+.5! &33&(.29!
M25(/),&;')&,1)('+,)<)-5!_OOQRhOptPQ\_Q9!
uO9! D&,'5! TJ=! T<0(/&! :=! :;,2/&0! LE=! K<0'@&! "q9! J<.&'&1! ~2&.\7)+,.~! )3! ./&!
/57)./0<0*;2! 1&.&'*+,&2! &33&(.2! )3! ()'.+2)<! ),! 3))1! +,.0@&=! 01+7)2+.5=! 0,1!
*&.04)<+(!2;42.'0.&2!+,!2/&&79!:)*&2.!J,+*!Y,1)('+,)<!_OPORhtp]u\Qu9!
uP9! M02?;0<+! E=! K0,.)4&<<+! A=! K02+*+''+! L=! &.! 0<9! >/&! /57)./0<0*+(\7+.;+.0'5\
01'&,0<! 0B+2! +,!)4&2&!6)*&,!6+./!1+33&'&,.!70..&',2!)3! 4)15! 30.!1+2.'+4;.+),9! q!
K<+,!Y,1)('+,)<!V&.04!PsshRrrph]P\u9!
u_9! $/<2),! G$=! G0'22),! T=! A%0'12;11! c=! &.! 0<9! >/&! +,3<;&,(&! )3! 4)15! 30.!
1+2.'+4;.+),!),!./&!+,(+1&,(&!)3!1+04&.&2!*&<<+.;29!Ph9Q!5&0'2!)3!3)<<)6\;7!)3!./&!
70'.+(+70,.2!+,!./&!2.;15!)3!*&,!4)',!+,!PsPh9!:+04&.&2!PstQRh]pPOQQ\t9!



T+4<+)-'07/5!

! t_!

uh9! :;(<)2!V=!V0'?;&S!M&'&+'0!M=!T0'0.!M=!e0..0!T=!E)-&'!M9!",('&02&1!()'.+2)<!
4+)0%0+<04+<+.5=!041)*+,0<!)4&2+.5=!0,1!./&!*&.04)<+(!25,1')*&!+,!)4&2&!6)*&,9!
$4&2!E&2!_OOQRPhpPPQr\uu9!
u]9! Y7&<! Y=! q+*&,&S! A=! T')6,&<<! c=! A.');1! G=! A.),&5! K=! d+0;'0! E9! J'&! 2.'&22!
&0.&'2!0.!'+2@!3)'!./&!*&.04)<+(!25,1')*&|!J,,!d!f!J(01!A(+!_OO]RPOh_p_Ot\PO9!
uQ9! d&6*0,!Y=!$iK),,)'!:T=!K),,&'!V9!:0+<5!/022<&2!0,1!&0.+,-!4&/0%+);'p!
./&!')<&!)3!()'.+2)<!'&0(.+%+.5!2.0.;29!M25(/),&;')&,1)('+,)<)-5!_OOrRh_pP_Q\h_9!
uu9! e&)'-&!AJ=!c/0,!A=!T'+--2!D=!J4&<2),!qG9!KED\2.+*;<0.&1!()'.+2)<!'&<&02&!
0,1! 3))1! +,.0@&! +,! /&0<./5=! ,),\)4&2&! 01;<.29! M25(/),&;')&,1)('+,)<)-5!
_OPORhQpuOr\P_9!
ur9! E)4&'.2! K=! >'))7! d=! K),,0,! L=! >'&02;'&! q=! K0*74&<<! "K9! >/&! &33&(.2! )3!
2.'&22!),!4)15!6&+-/.p!4+)<)-+(0<!0,1!725(/)<)-+(0<!7'&1+(.)'2!)3!(/0,-&!+,!TV"9!
$4&2+.5!CA+<%&'!A7'+,-F!_OOrRPQphO]Q\QQ9!
ut9! c,)..! AJ=! K;**+,2! Gq=! :;,2/&0! LE=! G&;'5! Tq9! L&&1! &33+(+&,(5! 0,1! 4)15!
()*7)2+.+),! 0'&! '&<0.&1! .)! ()'.+2)<! '&27),2&! .)! 01'&,)()'.+().')7+,! /)'*),&!
0,1! +,2;<+,\+,1;(&1! /57)-<5(&*+0! +,! '0*29! :)*&2.! J,+*! Y,1)('+,)<!
_OPORhspPhr\]u9!
us9! c,)..! AJ=! K;**+,2! Gq=! :;,2/&0! LE=! G&;'5! Tq9! E0*2! 6+./! 7))'! 3&&1!
&33+(+&,(5!0'&!/+-/<5! '&27),2+%&! .)!0,!&B)-&,);2!01'&,)()'.+().')7+,!/)'*),&!
CJK>DF!(/0<<&,-&9!:)*&2.!J,+*!Y,1)('+,)<!_OOtRh]p_uP\t9!
rO9! T';,.),! Mq=! E;22&<<! qJ=! :);-<02! Jq9! J107.+%&! '&27),2&2! )3! ./&!*0.&',0<!
/57)./0<0*+(\7+.;+.0'5\01'&,0<! 0B+2! 1;'+,-! 7'&-,0,(5! 0,1! <0(.0.+),9! q!
d&;')&,1)('+,)<!_OOtR_Opru]\ru9!
rP9! V;''05! A=! >;<<)(/! J=! e)<1! VA=! J%&,0! dV9! D)'*),0<! 0,1! ,&;'0<!
*&(/0,+2*2!)3! 3))1! '&60'1=! &0.+,-!4&/0%+);'!0,1!)4&2+.59!d0.!E&%!Y,1)('+,)<!
_OP]RPOpQ]O\Q_9!
r_9! L+&<1!TK9!d&;')&,1)('+,)<)-5!)3!)4&2+.59!T'!V&1!T;<<!_OP]RPOsprh\t_9!
rh9! Y7&<! Y=! G07+1;2=! E9=! V(Y6&,=! T9=! T')6,&<<=! c9! A.'&22! *05! 011! 4+.&! .)!
077&.+.&! +,! 6)*&,p! 0! <04)'0.)'5! 2.;15! )3! 2.'&22\+,1;(&1! ()'.+2)<! 0,1! &0.+,-!
4&/0%+);'9!M25(/),&;')&,1)('+,)<)-5!_OOPR_uphr\]s9!
r]9! G)6&<<! TT=! A7+&-&<*0,! TV9! >)60'12! 0! *)<&(;<0'! ;,1&'2.0,1+,-! )3!
0107.+%&!./&'*)-&,&2+29!d0.;'&!_OOOR]O]puQ_\uO9!
rQ9! d)%0@!KV=!G&%+,&! qJ9!K&,.'0<!,&;'0<!0,1!&,1)('+,&!*&(/0,+2*2!)3!,),\
&B&'(+2&! 0(.+%+.5! ./&'*)-&,&2+2! 0,1! ./&+'! 7).&,.+0<! +*70(.! ),! )4&2+.59! q!
d&;')&,1)('+,)<!_OOrRPsps_h\]O9!
ru9! E0%;22+,! Y=! G+<<+)H0! A=! c,)6<&'! WK=! &.! 0<9! E&1;(&1! '0.&! )3! &,&'-5!
&B7&,1+.;'&!02!0!'+2@!30(.)'!3)'!4)15\6&+-/.!-0+,9!d!Y,-<!q!V&1!PsttRhPtp]ur\r_9!
rr9! E)4&'.2!AT=!A0%0-&! q=!K)60'1!WJ=!K/&6!T=!G;(02!J9!Y,&'-5!&B7&,1+.;'&!
0,1! +,.0@&! +,! +,30,.2! 4)',! .)! <&0,! 0,1! )%&'6&+-/.! *)./&'29! d! Y,-<! q! V&1!
PsttRhPtp]uP\u9!
rt9! W&+,2+&'! EG=! D;,.&'! eE=! U;(@&'*0,! MJ=! :0',&<<! TY9! G)6! '&2.+,-! 0,1!
2<&&7+,-!&,&'-5!&B7&,1+.;'&!0,1!30.!;2&!1)!,).!(),.'+4;.&!.)!)4&2+.5!+,!6)*&,9!
$4&2!E&2!_OOhRPPpshr\]]9!
rs9! W&+,2+&'!EG=!d&<2),!cV=!D&,2';1!::=!:0',&<<! TY=!D;,.&'!eE=! A(/;.S! f9!
V&.04)<+(! 7'&1+(.)'2! )3! )4&2+.59! K),.'+4;.+),! )3! '&2.+,-! &,&'-5! &B7&,1+.;'&=!
./&'*+(!&33&(.!)3!3))1=!0,1!3;&<!;.+<+S0.+),!.)!3);'\5&0'!6&+-/.!-0+,!)3!7)2.\)4&2&!
0,1!,&%&'\)4&2&!6)*&,9!q!K<+,!",%&2.!PssQRsQpstO\Q9!
tO9! G&%+,&! qJ=! Y4&'/0'1.! dG=! q&,2&,! V:9! E)<&! )3! ,),&B&'(+2&! 0(.+%+.5!
./&'*)-&,&2+2!+,!'&2+2.0,(&!.)!30.!-0+,!+,!/;*0,29!A(+&,(&!PsssR_thp_P_\]9!



T+4<+)-'07/5!

! th!

tP9! c&%),+0,!J#=!#0,1&'!>;+-!qe=!E)*2)2!:E9!K),2;*7.+),!)3!0!<)6!7').&+,!
1+&.! +,('&02&2!,)'&7+,&7/'+,&! .;',)%&'! +,!4')6,!01+7)2&! .+22;&!)3!01;<.! '0.29! q!
d;.'!Pst]RPP]pQ]h\s9!
t_9! D;0,-! [=! D0,()(@! :M=! e)245! Jc=! &.! 0<9! Y33&(.2! )3! 1+&.0'5! 7').&+,! .)!
(0'4)/51'0.&!40<0,(&!),!&,&'-5!+,.0@&=!30.!2.)'0-&=!0,1!/&0.!7')1;(.+),!+,!*+(&9!
$4&2+.5!CA+<%&'!A7'+,-F!_OPhR_PptQ\s_9!
th9! $<13+&<1!Tq=!J<<&,!JV=!:0%&',!M=!e+<&2!VY=!$6&,2!dK9!G0.&'0<!/57)./0<0*+(!
i()**0,1!,&;'),2i!6+./!0B),0<!7')H&(.+),2!.)!'&-+),2!+,%)<%&1!+,!4)./!3&&1+,-!
0,1!./&'*)-&,&2+29!Y;'!q!d&;')2(+!_OOrR_Qp_]O]\P_9!
t]9! #0;-/0,! KD=! T0'.,&22! >q9! J,.&')-'01&! .'0,2,&;'),0<! %+'0<! .'0(.! .'0(+,-!
'&%&0<2! (&,.'0<! 2&,2)'5!(+'(;+.2! 3')*!4')6,! 30.!0,1!2&,2)'5!1&,&'%0.+),!0<.&'2!
+.2! ./&'*)-&,+(! '&27),2&29! J*! q! M/52+)<! E&-;<! ",.&-'! K)*7! M/52+)<!
_OP_RhO_pEPO]s\Qt9!
tQ9! T0'.,&22!>q=!#0;-/0,!KD=!A),-!Kc9!A5*70./&.+(!0,1!2&,2)'5!+,,&'%0.+),!
)3!4')6,!01+7)2&!.+22;&9!",.!q!$4&2!CG),1F!_OPORh]!A;77<!PpAhu\]_9!
tu9! Y<*?;+2.! qc=! K)770'+! E=! T0<./020'! d=! "(/+,)2&!V=! G)6&<<! TT9! "1&,.+35+,-!
/57)./0<0*+(! 70./6052! (),.')<<+,-! 3))1! +,.0@&=! 4)15! 6&+-/.=! 0,1! -<;()2&!
/)*&)2.02+29!q!K)*7!d&;')<!_OOQR]shpuh\rP9!
tr9! J1<&'! YA=! D)<<+2! qD=! K<0'@&! "q=! e'0..0,! :E=! $<13+&<1! Tq9! d&;')(/&*+(0<!
(/0'0(.&'+S0.+),! 0,1! 2&B;0<! 1+*)'7/+2*! )3! 7')H&(.+),2! 3')*! ./&! 4'0+,! .)!
041)*+,0<! 0,1! 2;4(;.0,&);2! 6/+.&! 01+7)2&! .+22;&! +,! ./&! '0.9! q! d&;')2(+!
_OP_Rh_pPQsPh\_P9!
tt9! #&'.5!Jd=!J<<&,!JV=!$<13+&<1!Tq9!>/&!&,1)-&,);2!0(.+),2!)3!/57)./0<0*+(!
7&7.+1&2! ),! 4')6,! 01+7)2&! .+22;&! ./&'*)-&,&2+2! +,! ./&! '0.9! Y,1)('+,)<)-5!
_OPORPQPp]_hu\]u9!
ts9! >&2@&! qJ=! T+<<+,-.),! Kq=! c).S! KV9! d&;')7&7.+1&'-+(! *&1+0.)'2! )3!
27),.0,&);2! 7/52+(0<! 0(.+%+.5! 0,1! ,),\&B&'(+2&! 0(.+%+.5! ./&'*)-&,&2+29!
d&;')&,1)('+,)<)-5!_OOtRtrprP\sO9!
sO9! M&<<&5*);,.&'!VJ=!K;<<&,!Vq=!T0@&'!VT=!&.! 0<9!Y33&(.2!)3! ./&!)4&2&!-&,&!
7')1;(.!),!4)15!6&+-/.!'&-;<0.+),!+,!)4v)4!*+(&9!A(+&,(&!PssQR_uspQ]O\h9!
sP9! G07)2@5! J:=! A/&<.),! q=! T022! q=! :;-)%+(! K=! M&''+,)! d=! >;'&@! LW9! J<.&'&1!
2<&&7!'&-;<0.+),!+,!<&7.+,\1&3+(+&,.!*+(&9!J*!q!M/52+)<!E&-;<!",.&-'!K)*7!M/52+)<!
_OOuR_sOpEts]\sOh9!
s_9! K)770'+!E=!"(/+,)2&!V=!G&&!KY=!&.!0<9!>/&!/57)./0<0*+(!0'(;0.&!,;(<&;2p!0!
@&5! 2+.&! 3)'! *&1+0.+,-! <&7.+,i2! &33&(.2! ),! -<;()2&! /)*&)2.02+2! 0,1! <)()*).)'!
0(.+%+.59!K&<<!V&.04!_OOQRPpuh\r_9!
sh9! G&%+,&! qJ=! Y4&'/0'1.! dG=! q&,2&,! V:9! G&7.+,! '&27),2&2! .)! )%&'3&&1+,-p!
'&<0.+),2/+7! 6+./! 4)15! 30.! 0,1! ,),&B&'(+2&! 0(.+%+.5! ./&'*)-&,&2+29! q! K<+,!
Y,1)('+,)<!V&.04!PsssRt]p_rQP\]9!
s]9! U/);! f=! E;+! G9! G&7.+,! 2+-,0<+,-! 0,1! <&7.+,! '&2+2.0,(&9! L'),.! V&1!
_OPhRrp_Or\__9!
sQ9! K)<<+,2!A=!c;/,!KV=!M&.')!JY=!A6+(@!Je=!K/';,5@!TJ=!A;'6+.!EA9!E)<&!)3!
<&7.+,!+,!30.!'&-;<0.+),9!d0.;'&!PssuRhtOpurr9!
su9! D05,&2!We=!V)'-0,!:J=!W0<2/!AJ=!V0'@!JG=!A+%+.S!W"9!E&(&7.)'\*&1+0.&1!
'&-+),0<!25*70./&.+(!,&'%&!0(.+%0.+),!45!<&7.+,9!q!K<+,!",%&2.!PssrRPOOp_rO\t9!
sr9! A(0'70(&! Mq=! V0./&,5! V9! G&7.+,! +,1;(.+),! )3! ^KMP! -&,&! &B7'&22+),! +2!
1&7&,1&,.!),!25*70./&.+(!+,,&'%0.+),9!J*!q!M/52+)<!PsstR_rQpY_Qs\u]9!
st9! U/0,-! q=! V0./&,5! Vc=! >;*&'! d=! V+.(/&<<! Vc=! A(0'70(&! Mq9! G&7.+,!
0,.0-),+2.!'&%&0<2!./0.!./&!,)'*0<+S0.+),!)3!(0<)'+(!+,.0@&!0,1!./&!./&'*+(!&33&(.!



T+4<+)-'07/5!

! t]!

)3! 3))1! 03.&'! /+-/\30.! 3&&1+,-! 0'&! <&7.+,! 1&7&,1&,.9! J*! q! M/52+)<! E&-;<! ",.&-'!
K)*7!M/52+)<!_OOrR_s_pEtut\r]9!
ss9! K57&22!JV=!G&/*0,!A=!W+<<+0*2!e=!&.!0<9!"1&,.+3+(0.+),!0,1!+*7)'.0,(&!)3!
4')6,!01+7)2&!.+22;&!+,!01;<.!/;*0,29!d!Y,-<!q!V&1!_OOsRhuOpPQOs\Pr9!
POO9! %0,!V0'@&,!G+(/.&,4&<.!W:=!#0,/)**&'+-!qW=!A*;<1&'2!dV=!&.!0<9!K)<1\
0(.+%0.&1!4')6,!01+7)2&!.+22;&!+,!/&0<./5!*&,9!d!Y,-<!q!V&1!_OOsRhuOpPQOO\t9!
POP9! d&1&'-00'1! q=! T&,-.22),! >=! K0,,),! T9! ^,&B7&(.&1! &%+1&,(&! 3)'! 0(.+%&!
4')6,! 01+7)2&! .+22;&! +,! 01;<.! /;*0,29! J*! q! M/52+)<! Y,1)('+,)<! V&.04!
_OOrR_shpY]]]\Q_9!
PO_9! >0,-\K/'+2.&,2&,! V=! #'0,-! d=! $'.*0,,! A=! T+1<+,-*0+&'! V=! D)'%0./! >G=!
>2(/)7!V9!K&,.'0<!01*+,+2.'0.+),!)3!-/'&<+,!0,1!0-);.+\'&<0.&1!7').&+,!Cth\Ph_F!
+,('&02&2! 3))1! +,.0@&! 0,1! 1&('&02&2! 27),.0,&);2! <)()*).)'! 0(.+%+.5! +,! '0.29!
Y,1)('+,)<)-5!_OO]RP]Qp]u]Q\Q_9!
POh9! e;)! G=! V;,S4&'-! D=! A.;0'.! EK=! d+<<,+! YJ=! TH)'40&@! K9! d\0(&.5<0.+),! )3!
/57)./0<0*+(! 0<7/0\*&<0,)(5.&\2.+*;<0.+,-! /)'*),&! 0,1! '&-;<0.+),! 45! <&7.+,9!
M')(!d0.<!J(01!A(+!^!A!J!_OO]RPOPpPPrsr\tO_9!
PO]9! T0%&'! AT=! D)7&! c=! e;5).! A=! TH)'40&@! K=! c0(S)')62@+! K=! $iK),,&<<! cV9!
G&7.+,!*)1;<0.&2! ./&! +,.'+,2+(!&B(+.04+<+.5!)3!J-EMvdMf!,&;'),2! +,! ./&!0'(;0.&!
,;(<&;2!)3!./&!/57)./0<0*;29!q!d&;')2(+!_OP]Rh]pQ]tu\su9!
POQ9! W&<.&,2!d=! U/0)!:=! #0,!$;1&,/)%&! G9!W/&'&! +2! ./&! ()*3)'.! +,! ()*3)'.!
3))12|! V&(/0,+2*2! <+,@+,-! 30.! 2+-,0<+,-=! '&60'1=! 0,1! &*).+),9!
d&;')-02.')&,.&')<!V).+<!_OP]R_uphOh\PQ9!
POu9! :)(@'05! eq9! K/)<&(52.)@+,+,! 0,1! -;.\4'0+,! 2+-,0<<+,-9! E&-;<! M&7.!
_OOsRPQQpu\PO9!
POr9! >&2@&! qJ=! G&%+,&! JA=! c;2@)62@+! V=! G&%+,&! qJ=! c).S! KV9! Y<&%0.&1!
/57)./0<0*+(!)'&B+,!2+-,0<+,-=!2&,2+.+%+.5!.)!)'&B+,!J=!0,1!27),.0,&);2!7/52+(0<!
0(.+%+.5! +,! )4&2+.5\'&2+2.0,.! '0.29! J*! q! M/52+)<! E&-;<! ",.&-'! K)*7! M/52+)<!
_OOuR_sPpEtts\ss9!
POt9! A07&'! KT9! A.05+,-! 060@&! 3)'! 1+,,&'p! /57)./0<0*+(! +,.&-'0.+),! )3! 2<&&7=!
3&&1+,-=!0,1!(+'(01+0,!'/5./*29!M')-!T'0+,!E&2!_OOuRPQhp_]h\Q_9!
POs9! V;<<;'!E=! G+;!ff=!T'&,.!eJ9!>/5')+1!/)'*),&! '&-;<0.+),!)3!*&.04)<+2*9!
M/52+)<!E&%!_OP]Rs]phQQ\t_9!
PPO9! K<0'@&! "q9! ",.&'30(&! 4&.6&&,! *&.04)<+(! 40<0,(&! 0,1! '&7')1;(.+),! +,!
';*+,0,.2p!L)(;2!),!./&!/57)./0<0*;2!0,1!7+.;+.0'59!D)'*!T&/0%!_OP]9!
PPP9! M0'@&'! qJ=!T<))*!AE9!D57)./0<0*+(!,&;')7&7.+1&2!0,1! ./&! '&-;<0.+),!)3!
077&.+.&9!d&;')7/0'*0()<)-5!_OP_RuhpPt\hO9!
PP_9! :0;-&! #=! :)'! J=! L&-&'! q=! E)?;&2! TM9! >/&! 4&/0%+)'0<! &33&(.2! )3! KKct!
+,H&(.&1! +,.)! ./&!*&1+0<!,;(<&;2!0((;*4&,2!0'&!1&7&,1&,.!),!./&!*).+%0.+),0<!
2.0.&!)3!./&!'0.9!Y;'!q!M/0'*0()<!PstsRPuhp_Q\h_9!
PPh9! W;,1&'<+(/! eE=! E).S+,-&'! A=! T;2/! :Y=! :&A);20! dq=! #0((0'+,)! Lq9!
K/)<&(52.)@+,+,! *)1;<0.+),! )3! <)()*).)'! 4&/0%+)'! +,! '0.2! +2! 2&,2+.+S&1! 45!
(/'),+(! 0*7/&.0*+,&! 0,1! (/'),+(! '&2.'0+,.! 2.'&22! &B7)2;'&9! T'0+,! E&2!
_OO]RPOOPpsQ\POr9!
PP]9! E).S+,-&'!A=!#0((0'+,)!Lq9!K/)<&(52.)@+,+,!'&(&7.)'!2;4.57&2p!')<&! +,!./&!
*)1;<0.+),!)3!0,B+&.5\'&<0.&1!0,1!'&60'1\'&<0.&1!4&/0%+);'2!+,!0,+*0<!*)1&<29!q!
M25(/+0.'5!d&;')2(+!_OOhR_tpPrP\tP9!
PPQ9! JSS;! #=! q02.')(/! V=! :+%0@0';,+! JA=! T'0,1! V:9! >/&! '&-;<0.+),! 0,1!
.;',)%&'! )3! *+.)(/),1'+0<! ;,();7<+,-! 7').&+,29! T+)(/+*! T+)7/52! J(.0!
_OPORPrsrprtQ\sP9!



T+4<+)-'07/5!

! tQ!

PPu9! c'0;22! A=! U/0,-! Kf=! G)6&<<! TT9! >/&! *+.)(/),1'+0<! ;,();7<+,-\7').&+,!
/)*)<)-;&29!d0.!E&%!V)<!K&<<!T+)<!_OOQRup_]t\uP9!
PPr9! D&,'5! TJ=! J,1'&62! UT=! E0)! J=! K<0'@&! "q9! K&,.'0<! <&7.+,! 0(.+%0.&2!
*+.)(/),1'+0<! 3;,(.+),! 0,1! +,('&02&2! /&0.! 7')1;(.+),! +,! 2@&<&.0<! *;2(<&9!
Y,1)('+,)<)-5!_OPPRPQ_p_uOs\Pt9!
PPt9! K0'&5! JG=! c+,-6&<<! TJ9! T')6,! 01+7)2&! .+22;&! +,! /;*0,2p! ./&'07&;.+(!
7).&,.+0<!.)!()*40.!)4&2+.59!M/0'*0()<!>/&'!_OPhRP]Op_u\hh9!
PPs9! K0'&5! JG=! L)'*)20! VL=! #0,! Y%&'5! T=! &.! 0<9! Y7/&1'+,&! 0(.+%0.&2! 4')6,!
01+7)2&!.+22;&!+,!<&0,!4;.!,).!)4&2&!/;*0,29!:+04!.)<)-+0!_OPhRQupP]r\QQ9!
P_O9! Y,&'40(@! A=! q0()422),!J=! A+*72),!YV=! &.! 0<9!V+(&! <0(@+,-!*+.)(/),1'+0<!
;,();7<+,-!7').&+,!0'&!()<1\2&,2+.+%&!4;.!,).!)4&2&9!d0.;'&!PssrRhtrpsO\]9!
P_P9! K0,,),! T=! d&1&'-00'1! q9! d),2/+%&'+,-! ./&'*)-&,&2+2! 0,1! +.2! 01&?;0.&!
*&02;'&*&,.!+,!*&.04)<+(!2.;1+&29!q!YB7!T+)<!_OPPR_P]p_]_\Qh9!
P__9! q&S&@! M=! $<&H0'! >=! A*)<@)%0! c=! &.! 0<9! J,.+)B+10,.! 0,1! '&-;<0.)'5! ')<&! )3!
*+.)(/),1'+0<! ;,();7<+,-! 7').&+,! ^KM_! +,! 70,('&0.+(! 4&.0\(&<<29! M/52+)<! E&2!
_OP]Ruh!A;77<!PpArh\sP9!
P_h9! G+!G[=! A@)'7&,!L=!Y-&4&'-!c=! q)'-&,2&,! "D=!e'+<<!#9!^,();7<+,-!7').&+,\_!
70'.+(+70.&2! +,! (&<<;<0'! 1&3&,2&! 0-0+,2.! )B+10.+%&! 2.'&22! +,! (<),0<! 4&.0\(&<<29!
T+)(/&*!T+)7/52!E&2!K)**;,!_OOPR_t_p_rh\r9!
P_]9! V0..+022),! e=! A/0*<))! V=! e+1)! e=! &.! 0<9! ^,();7<+,-! 7').&+,\_! 7'&%&,.2!
,&;'),0<!1&0./!0,1!1+*+,+2/&2!4'0+,!1523;,(.+),!03.&'!2.')@&!0,1!4'0+,!.'0;*09!
d0.!V&1!_OOhRspPOu_\t9!
P_Q9! E;S+(@0!V=!A@)4+2)%0!Y=!:<02@)%0!J=!&.!0<9!E&(';+.*&,.!)3!*+.)(/),1'+0<!
;,();7<+,-!7').&+,!^KM_!03.&'! <+7)7)<520((/0'+1&! +,1;(.+),9! ",.! q!T+)(/&*!K&<<!
T+)<!_OOQRhrptOs\_P9!
P_u9! G&&!Lf=!G+!f=!U/;!D=!&.!0<9!>;*)'!,&(')2+2! 30(.)'! +,('&02&2!*+.)(/),1'+0<!
)B+10,.! 7')1;(.+),! 0,1! +,1;(&2! &B7'&22+),! )3! ;,();7<+,-! 7').&+,\_! +,! ./&!
'&-&,&'0.+,-!*+(&!a()''&(.+),!)3!'0.b!<+%&'9!D&70.)<)-5!PsssR_spurr\tr9!
P_r9! M0'.),! GY=! f&! KM=! K)770'+! E=! &.! 0<9! e<;()2&! 2&,2+,-! 45! M$VK! ,&;'),2!
'&-;<0.&2!-<;()2&!/)*&)2.02+2!0,1!+2!+*70+'&1!+,!)4&2+.59!d0.;'&!_OOrR]]sp__t\
h_9!
P_t9! M+!q=!T0+!f=!:0,+&<!cW=!&.!0<9!M&'2+2.&,.!)B+10.+%&!2.'&22!1;&!.)!042&,(&!)3!
;,();7<+,-! 7').&+,! _! 022)(+0.&1! 6+./! +*70+'&1! 70,('&0.+(! 4&.0\(&<<! 3;,(.+),9!
Y,1)('+,)<)-5!_OOsRPQOphO]O\t9!
P_s9! >2;4)50*0\c020)@0!d=! >2;,)10!d=!V0';50*0!c=! &.! 0<9! ^7\'&-;<0.+),! )3!
;,();7<+,-!7').&+,!h!C^KMhF!*EdJ!45!&B&'(+2&!.'0+,+,-!0,1!1)6,\'&-;<0.+),!)3!
^KMh! 45! 1&,&'%0.+),! +,! 2@&<&.0<! *;2(<&29! T+)(/&*! T+)7/52! E&2! K)**;,!
PsstR_]rp]st\QOh9!
PhO9! V+<<2!YV=!E;25,+0@!:Y=!A7'0-;&! qY9!>/&!')<&!)3! ./&!25*70./&.+(!,&'%);2!
252.&*! 0,1! ;,();7<+,-! 7').&+,2! +,! ./&! ./&'*)-&,&2+2! +,1;(&1! 45! h=]\
*&./5<&,&1+)B5*&./0*7/&.0*+,&9!q!V)<!V&1!CT&'<F!_OO]Rt_prtr\ss9!
PhP9! e)<)S);4)%0!#=!D)/.)<0!Y=!V0../+02!J=!q0()422),!J=!K0,,),!T=!d&1&'-00'1!
q9! $,<5! ^KMP! (0,! *&1+0.&! 0107.+%&! ,),2/+%&'+,-! ./&'*)-&,&2+2! +,! ./&! ()<19!
LJAYT!q!_OOPRPQp_O]t\QO9!
Ph_9! e),-!:W=!D&!f=!c0'02!V=!E&+.*0,!V9!^,();7<+,-!7').&+,\h!+2!0!*&1+0.)'!
)3!./&'*)-&,&2+2!'&-;<0.&1!45!./5')+1!/)'*),&=!4&.0h\01'&,&'-+(!0-),+2.2=!0,1!
<&7.+,9!q!T+)<!K/&*!PssrR_r_p_]P_s\h_9!
Phh9! A5*),12!VY9!T')6,!01+7)2&!.+22;&!-')6./!0,1!1&%&<)7*&,.9!A(+&,.+3+(0!
CK0+')F!_OPhR_OPhphOQruh9!



T+4<+)-'07/5!

! tu!

Ph]9! G0@&'!EK=!D&,'5!TJ=!W01<&5!e:=!K<0'@&!"q=!K0,,5!Tq=!V(K),&<<!ec9!K&,.'0<!
+,3;2+),!)3!<&7.+,!1)&2!,).!+,('&02&!JVMc!2+-,0<+,-!+,!2@&<&.0<!*;2(<&!)3!2/&&79!
J*!q!M/52+)<!E&-;<!",.&-'!K)*7!M/52+)<!_OPPRhOOpEQPP\t9!
PhQ9! :'+%&'! MV=! L)'4&2! qV9! Y7+2)1+(! -')6./! /)'*),&! 2&('&.+),! +,! 2/&&7! +,!
'&<0.+),!.)!.+*&!)3! 3&&1+,-=!27),.0,&);2!*&0<2!0,1!2/)'.!.&'*!302.+,-9! q!M/52+)<!
PstPRhPrp]Ph\_]9!
Phu9! D)!cf=!#&<1/;+2!q:=!q)/,2),!VG=!&.!0<9!L02.+,-!&,/0,(&2!-')6./!/)'*),&!
2&('&.+),! 0,1! 0*7<+3+&2! ./&! ()*7<&B! '/5./*2! )3! -')6./! /)'*),&! 2&('&.+),! +,!
*0,9!q!K<+,!",%&2.!PsttRtPpsut\rQ9!
Phr9! >0,,&,40;*! eA=! E)'2.01! $=! T'0S&0;! M9! Y33&(.2! )3! 7')<),-&1! 3))1!
1&7'+%0.+),! ),! ./&! ;<.'01+0,! -')6./! /)'*),&! '/5./*! 0,1! +**;,)'&0(.+%&!
2)*0.)2.0.+,!.+22;&!<&%&<2!+,!./&!'0.9!Y,1)('+,)<)-5!PsrsRPO]pPrhh\t9!
Pht9! W&+-<&! :A=! A&<3'+1-&! GY=! A(/60'.S! VW=! &.! 0<9! Y<&%0.&1! 3'&&! 30..5! 0(+12!
+,1;(&!;,();7<+,-!7').&+,!h!&B7'&22+),!+,!*;2(<&p!0!7).&,.+0<!&B7<0,0.+),!3)'!./&!
&33&(.!)3!302.+,-9!:+04&.&2!PsstR]rp_st\hO_9!
Phs9! V+<<2!YV=!T0,@2!VG=!A7'0-;&!qY=!L+,@&<!>9!M/0'*0()<)-5p!;,();7<+,-!./&!
0-),5!3')*!&(2.0259!d0.;'&!_OOhR]_up]Oh\]9!
P]O9! K<0'@&! A:=! G&&! c=! J,1'&62! UT=! &.! 0<9! M)2.7'0,1+0<! /&0.! 7')1;(.+),! +,!
2@&<&.0<! *;2(<&! +2! 022)(+0.&1! 6+./! 0<.&'&1! *+.)(/),1'+0<! 3;,(.+),! 0,1! 0<.&'&1!
3;.+<&!(0<(+;*!(5(<+,-9!J*!q!M/52+)<!E&-;<!",.&-'!K)*7!M/52+)<!_OP_RhOhpEPOrP\
s9!
P]P9! K<0'@&! A:=! K<0'@&! "q=! E0)! J=! Y%0,2! Ee=! D&,'5! TJ9! :+33&'&,.+0<! &33&(.2! )3!
0(;.&!0,1!(/'),+(!&2.')-&,! .'&0.*&,.!),! ./&'*)-&,+(!0,1!*&.04)<+(!70./6052!
+,!)%0'+&(.)*+S&1!2/&&79!Y,1)('+,)<)-5!_OPhRPQ]pPt]\s_9!
P]_9! J<*+,1!c=!V0,+&'+!V=!A+%+.S!W"=!K+,.+!A=!c0/,!KE9!Y(.)7+(!4')6,!01+7)2&!
.+22;&! +,! *;2(<&! 7')%+1&2! 0! *&(/0,+2*! 3)'! 1+33&'&,(&2! +,! '+2@! )3! *&.04)<+(!
25,1')*&!+,!*+(&9!M')(!d0.<!J(01!A(+!^!A!J!_OOrRPO]p_huu\rP9!
P]h9! e),-!:W=!V),&*1H);! A=! e0%'+<)%0!$=! &.! 0<9! G0(@! )3! )4&2+.5! 0,1! ,)'*0<!
'&27),2&!.)!302.+,-!0,1!./5')+1!/)'*),&!+,!*+(&!<0(@+,-!;,();7<+,-!7').&+,\h9!q!
T+)<!K/&*!_OOOR_rQpPu_QP\r9!
P]]9! #+10<\M;+-!Jq=!e';H+(!:=!U/0,-!Kf=!&.!0<9!Y,&'-5!*&.04)<+2*!+,!;,();7<+,-!
7').&+,!h!-&,&!@,)(@);.!*+(&9!q!T+)<!K/&*!_OOOR_rQpPu_Qt\uu9!
P]Q9! K)2.3)'1!AE=!K/0;1/'5!Ad=!K'063)'1!AJ=!A0<@/)'1&/!V=!D0'7&'!VY9!G),-\
.&'*! /+-/\30.! 3&&1+,-! +,1;(&2! -'&0.&'! 30.! 2.)'0-&! +,! *+(&! <0(@+,-! ^KMh9! J*! q!
M/52+)<!Y,1)('+,)<!V&.04!_OOtR_sQpYPOPt\_]9!
P]u9! D0'7&'!VY=!:&,.!E=!V),&*1H);!A=!&.!0<9!:&('&02&1!*+.)(/),1'+0<!7').),!
<&0@!0,1!'&1;(&1!&B7'&22+),!)3!;,();7<+,-!7').&+,!h!+,!2@&<&.0<!*;2(<&!)3!)4&2&!
1+&.\'&2+2.0,.!6)*&,9!:+04&.&2!_OO_RQPp_]Qs\uu9!
P]r9! A(/'0;6&,!M=!A(/00'.!e=!A0'+2!WD=!&.!0<9!>/&!&33&(.!)3!6&+-/.!'&1;(.+),!),!
2@&<&.0<!*;2(<&!^KM_!0,1!^KMh!*EdJ!&B7'&22+),!0,1!^KMh!7').&+,!(),.&,.! +,!
>57&!""!1+04&.+(!2;4H&(.29!:+04!.)<)-+0!_OOOR]hpP]Ot\Pu9!
P]t9! W+H&'2! AG=! A0'+2! WD=! %0,! V0'@&,! G+(/.&,4&<.! W:9! E&(&,.! 01%0,(&2! +,!
0107.+%&!./&'*)-&,&2+2p!7).&,.+0<!+*7<+(0.+),2!3)'!./&!.'&0.*&,.!)3!)4&2+.59!$4&2!
E&%!_OOsRPOp_Pt\_u9!
P]s9! A/040<+,0!"e=!D)&@2!q=!c'0*0')%0!>#=!A(/'0;6&,!M=!K0,,),!T=!d&1&'-00'1!
q9! K)<1! .)<&'0,(&! )3! ^KMP\04<0.&1!*+(&p! 0! 2@&<&.0<!*;2(<&!*+.)(/),1'+0! 26+.(/!
.)60'1! <+7+1! )B+10.+),! 6+./! *0'@&1! ^KMh! ;7\'&-;<0.+),! ,).! 022)(+0.&1! 6+./!
+,('&02&1!4020<=!30..5!0(+1\!)'!E$A\+,1;(&1!;,();7<+,-!)'!&,/0,(&1!e:M!&33&(.29!
T+)(/+*!T+)7/52!J(.0!_OPORPrsrpsut\tO9!



T+4<+)-'07/5!

! tr!

PQO9! J-'060<!J=!d0+'!d=!T0-/&<!dA9!J!,)%&<!077')0(/!3)'!'&1;(.+),!)3!4')6,!30.!
;7.0@&!),!L:e!MY>9!T'!q!E01+)<!_OOsRt_pu_u\hP9!
PQP9! K57&22!JV=!:)5<&!Jd=!A022!KJ=!&.!0<9!};0,.+3+(0.+),!)3!/;*0,!0,1!')1&,.!
4')6,! 01+7)2&! .+22;&! 3;,(.+),! ;2+,-! ss*>(\*&./)B5+2)4;.5<+2),+.'+<&!
AMYK>vK>!0,1!PtL\L:e!MY>vK>9!q!d;(<!V&1!_OPhRQ]pPtsu\sOP9!
PQ_9! >+**),2! qJ=!W&,,*0<*! c=! G0'22),! $=! &.! 0<9!V5)-&,+(! -&,&! &B7'&22+),!
2+-,0.;'&! &2.04<+2/&2! ./0.! 4')6,! 0,1!6/+.&! 01+7)(5.&2! )'+-+,0.&! 3')*! 1+2.+,(.!
(&<<!<+,&0-&29!M')(!d0.<!J(01!A(+!^!A!J!_OOrRPO]p]]OP\u9!
PQh9! A&0<&! M=! TH)'@! T=! f0,-!W=! &.! 0<9! ME:VPu! (),.')<2! 0! 4')6,! 30.v2@&<&.0<!
*;2(<&!26+.(/9!d0.;'&!_OOtR]Q]psuP\r9!
PQ]9! T)2.')*! M=! W;! q=! q&1'5(/)62@+! VM=! &.! 0<9! J! MeKP\0<7/0\1&7&,1&,.!
*5)@+,&!./0.!1'+%&2!4')6,\30.\<+@&!1&%&<)7*&,.!)3!6/+.&!30.!0,1!./&'*)-&,&2+29!
d0.;'&!_OP_R]tPp]uh\t9!
PQQ9! c;'1+)%0! >=! T0<0S! V=! #+(+0,! V=! &.! 0<9! Y33&(.2! )3! )4&2+.5=! 1+04&.&2! 0,1!
&B&'(+2&!),!L,1(Q!-&,&!&B7'&22+),!0,1! +'+2+,!'&<&02&! +,!/;*0,!2@&<&.0<!*;2(<&!
0,1!01+7)2&!.+22;&p!+,!%+%)!0,1!+,!%+.')!2.;1+&29!q!M/52+)<!_OP]RQs_pPOsP\POr9!
PQu9! G&&! M=! G+,1&'*0,! q:=! A*+./! A=! &.! 0<9! "'+2+,! 0,1! LeL_P! 0'&! ()<1\+,1;(&1!
&,1)('+,&!0(.+%0.)'2!)3!4')6,!30.!3;,(.+),!+,!/;*0,29!K&<<!V&.04!_OP]RPsphO_\s9!
PQr9! d-;5&,! c:=! }+;! f=! K;+! [=! &.! 0<9! J<.&',0.+%&<5! 0(.+%0.&1! *0(')7/0-&2!
7')1;(&! (0.&(/)<0*+,&2! .)! 2;2.0+,! 0107.+%&! ./&'*)-&,&2+29! d0.;'&!
_OPPR]tOpPO]\t9!
PQt9! V0'.+,&S!L$=!D&<*+,-!G=!e)'1),!A9!J<.&',0.+%&!0(.+%0.+),!)3!*0(')7/0-&2p!
0,!+**;,)<)-+(!3;,(.+),0<!7&'27&(.+%&9!J,,;!E&%!"**;,)<!_OOsR_rp]QP\th9!
PQs9! e'0.(/&%!J=!cS/52/@)62@0! q=!c0,,))@010,!A=! &.! 0<9!J(.+%0.+),!)3! 0!>eL\
4&.0\27&(+3+(! *;<.+2.&7! -&,&! &B7'&22+),! 7')-'0*! +,! *0.;'&! *0(')7/0-&2!
'&?;+'&2! -<;()()'.+()+1\*&1+0.&1! 2;'30(&! &B7'&22+),! )3! >eL\4&.0! '&(&7.)'! ""9! q!
"**;,)<!_OOtRPtOpuQQh\uQ9!
PuO9! cS/52/@)62@0! q=! W)'@*0,! e=! K0'1)\#+<0! V=! &.! 0<9! d)%&<! 3;,(.+),! )3!
0<.&',0.+%&<5! 0(.+%0.&1!*0(')7/0-&2p! 2.04+<+,\P\*&1+0.&1! (<&0'0,(&! )3! AMJEK9! q!
"**;,)<!_OOuRPrupQt_Q\h_9!
PuP9! L;H++! q=! $.2;! c=! U)'S0.)! L=! &.! 0<9! "1&,.+3+(0.+),! )3! 0! *;.0.+),! +,! 7)'(+,&!
'50,)1+,&! '&(&7.)'! 022)(+0.&1! 6+./! *0<+-,0,.! /57&'./&'*+09! A(+&,(&!
PssPR_Qhp]]t\QP9!
Pu_9! G+2.&'! :9! >/&! M/52+)<)-5! 0,1! 4+)(/&*+2.'5! )3! ./&! 7)'(+,&! 2.'&22!
25,1')*&9!T)2.),=!V0220(/;2&..&2p!V0'.+,;2!d+H/)33!M;4<+2/&'2R!Pstr9!
Puh9! W&0%&'! AJ=! :+B),! W>=! A(/0&3&'! JG9! >/&! &33&(.2! )3! *;.0.&1! 2@&<&.0<!
'50,)1+,&!'&(&7.)'2!),!/57)./0<0*+(\7+.;+.0'5\01'&,0<!0B+2! 3;,(.+),!+,!4)0'29! q!
J,+*!A(+!_OOORrtpPhPs\hO9!
Pu]9! :&,4)');-/! VJ=! L)'2.&'! qL=! G)%&<<! EE=! V07<&2.),&! MJ=! #+<<+&'2! q:9!
J,0&2./&.+(!1&0./2!+,!0!30*+<59!T'!q!J,0&2./!Psu_Rh]phsQ\u9!
PuQ9! e'),&'.!eJ=!>/)*72),!EG=!$,)3'+)!TV9!D;*0,!*0<+-,0,.!/57&'./&'*+0p!
060@&!&7+2)1&2!0,1!()''&(.+),!45!10,.')<&,&9!J,&2./!J,0<-!PstORQsphrr\t9!
Puu9! W+,-0'1!:W9!G&..&'p!V0<+-,0,.!/57&'./&'*+0p!0!/;*0,!2.'&22!25,1')*&|!
G0,(&.!Psr]R_pP]QO\P9!
Pur9! A0/))! Ac=! A/0+@/! AJ=! A)70'+60<0! :D=! T0<! dK=! M&'+020*5! V9! A0'()<+7+,!
7').&+,!+,.&'0(.+),!6+./!20'()C&,1)F7<02*+(!'&.+(;<;*!K0_`!J>M02&!CAYEKJF!+2!
1+2.+,(.! 3')*! 7/)27/)<0*40,! 7').&+,=! 0,1! ),<5! 20'()<+7+,! (0,! 7')*).&!
;,();7<+,-!)3!./&!AYEKJ!7;*79!q!T+)<!K/&*!_OPhR_ttputtP\s9!



T+4<+)-'07/5!

! tt!

Put9! T0<!dK=!V0;'50!Ac=!A)70'+60<0!:D=!&.!0<9!A0'()<+7+,! +2!0!,&6<5! +1&,.+3+&1!
'&-;<0.)'!)3!*;2(<&\402&1!./&'*)-&,&2+2!+,!*0**0<29!d0.!V&1!_OP_RPtpPQrQ\s9!
Pus9! U0<@!E=!G&/,0'.!AY=!V0'@2!JE9!V)1;<0.+),!)3!./&!'50,)1+,&!'&(&7.)'!0,1!
+,.'0(&<<;<0'!(0<(+;*9!J,,;!E&%!T+)(/&*!_OOrRruphur\tQ9!
PrO9! c07'+&<+0,! U=! T0,1*0,!Y=! L0*4');-/!:V9! YB7'&22+),! )3! K0_C`F\J>M02&!
+2)3)'*2! +,! 1&,&'%0.&1=! '&-&,&'0.+,-=! 0,1! 152.')7/+(! (/+(@&,! 2@&<&.0<! *;2(<&9!
:&%!T+)<!PssPRP]]pPss\_PP9!
PrP9! %0,!1&'!G+,1&,!Ke=!A+*),+1&2!WA=!V;<<&'!J=!&.!0<9!L+4&'\27&(+3+(!'&-;<0.+),!
)3!K0C_`F\J>M02&!+2)3)'*!&B7'&22+),!45!./5')+1!/)'*),&!+,!'0.!2@&<&.0<!*;2(<&9!
J*!q!M/52+)<!PssuR_rPpKPsOt\Ps9!
Pr_9! M&'+020*5!V=! c0<50,02;,10'0*! J9! AYEKJ! 7;*7! +2)3)'*2p! ./&+'! ')<&! +,!
(0<(+;*!.'0,27)'.!0,1!1+2&02&9!V;2(<&!0!1!d&'%&!_OOrRhQp]hO\]_9!
Prh9! E&+2!V=!L0'0-&!V=!1&!A);S0!JK=!1&!V&+2!G9!K)''&<0.+),!4&.6&&,!;,();7<&1!
J>M! /51')<52+2! 0,1! /&0.! 7')1;(.+),! 45! ./&! 20'()7<02*+(! '&.+(;<;*! K0_`\
J>M02&p!();7<+,-!&33&(.!)3!3<;)'+1&9!q!T+)<!K/&*!_OOPR_rup]_rsh\tOO9!
Pr]9! 1&! V&+2! G9! ^,();7<&1! J>M02&! 0(.+%+.5! 0,1! /&0.! 7')1;(.+),! 45! ./&!
20'()7<02*+(! '&.+(;<;*! K0_`\J>M02&9! E&-;<0.+),! 45! J:M9! q! T+)<! K/&*!
_OOPR_rup_QOrt\tr9!
PrQ9! E&+2! V=! L0'0-&! V=! 1&! V&+2! G9! >/&'*)-&,&2+2! 0,1! &,&'-5! &B7&,1+.;'&p!
(),.')<! )3! /&0.! 7')1;(.+),! 45! ./&! K0C_`F\J>M02&! )3! 302.! 0,1! 2<)6!*;2(<&9!V)<!
V&*4'!T+)<!_OO_RPsphOP\PO9!
Pru9! J'';10!JM=!d+-')!V=!$<+%&+'0!eV=!1&!V&+2!G9!>/&'*)-&,+(!0(.+%+.5!)3!K0_`\
J>M02&! 3')*! 2@&<&.0<! *;2(<&! /&0%5! 20'()7<02*+(! '&.+(;<;*p! ./&! ')<&! )3!
'50,)1+,&!K0_`!(/0,,&<9!T+)(/+*!T+)7/52!J(.0!_OOrRPrutpP]st\QOQ9!
Prr9! T&;.,&'! e=! A/0'*0! #c=! G+,! G=! E5;! Af=! :+'@2&,! E>=! A/&;! AA9! >57&! P!
'50,)1+,&! '&(&7.)'! +,! (0'1+0(! *+.)(/),1'+0p! .'0,21;(&'! )3! &B(+.0.+),\
*&.04)<+2*!();7<+,-9!T+)(/+*!T+)7/52!J(.0!_OOQRPrPrpP\PO9!
Prt9! E5;! Af=! T&;.,&'! e=! :+'@2&,! E>=! c+,,0<<5! cW=! A/&;! AA9! V+.)(/),1'+0<!
'50,)1+,&! '&(&7.)'2! 0,1! )./&'! *+.)(/),1'+0<! K0_`! 7&'*&04<&! (/0,,&<29! LYTA!
G&..!_OPORQt]pPs]t\QQ9!
Prs9! >0,04&! >=! T&0*! ce=! J10*2! TJ=! d++1)*&! >=! d;*0! A9! E&-+),2! )3! ./&!
2@&<&.0<! *;2(<&! 1+/51')75'+1+,&! '&(&7.)'! ('+.+(0<! 3)'! &B(+.0.+),\(),.'0(.+),!
();7<+,-9!d0.;'&!PssORh]upQur\s9!
PtO9! T'+<<0,.&2! JT=! $,1'+02! c=! A()..! J=! &.! 0<9! A.04+<+S0.+),! )3! (0<(+;*! '&<&02&!
(/0,,&<! C'50,)1+,&! '&(&7.)'F! 3;,(.+),! 45! LcQOu\4+,1+,-! 7').&+,9! K&<<!
Pss]RrrpQPh\_h9!
PtP9! V))'&!KM=!E)1,&5!e=!U/0,-!qU=!A0,.0(';S\>)<)S0!G=!A.'024;'-!e=!D0*+<.),!
AG9!J7)(0<*)1;<+,!0,1!K0_`!(0<*)1;<+,!4+,1!.)!./&!20*&!'&-+),!),!./&!2@&<&.0<!
*;2(<&!K0_`!'&<&02&!(/0,,&<9!T+)(/&*+2.'5!CV)2(F!PsssRhtptQh_\r9!
Pt_9! E)1,&5! ee=! W+<<+0*2! Tf=! A.'024;'-! eV=! T&(@+,-/0*! c=! D0*+<.),! AG9!
E&-;<0.+),! )3! EfEP! 0(.+%+.5! 45! K0C_`F! 0,1! (0<*)1;<+,9! T+)(/&*+2.'5! CV)2(F!
_OOORhsprtOr\P_9!
Pth9! V&+22,&'! e9! V)<&(;<0'! '&-;<0.+),! )3! (0'1+0(! '50,)1+,&! '&(&7.)'! +),!
(/0,,&<9!K&<<!K0<(+;*!_OO]RhQpu_P\t9!
Pt]9! 1&!V&+2!G9!T')6,!01+7)2&!.+22;&!K0_`\J>M02&p!;,();7<&1!J>M!/51')<52+2!
0,1!./&'*)-&,+(!0(.+%+.59!q!T+)<!K/&*!_OOhR_rtp]PtQu\uP9!
PtQ9! J51+,!q=!A/040<+,0!"e=!M<0(&!d=!&.!0<9!d),2/+%&'+,-!./&'*)-&,&2+2!7').&(.2!
0-0+,2.!1&3&(.+%&!(0<(+;*!/0,1<+,-!+,!*;2(<&9!LJAYT!q!_OOtR__phsPs\_]9!



T+4<+)-'07/5!

! ts!

Ptu9! T0<!dK=!V0;'50!Ac=!A)70'+60<0!:D=!&.!0<9!A0'()<+7+,! +2!0!,&6<5! +1&,.+3+&1!
'&-;<0.)'!)3!*;2(<&\402&1!./&'*)-&,&2+2!+,!*0**0<29!d0.!V&1!_OP_RPtpPQrQ\s9!
Ptr9! q);4&'.!K9!V&1+(+,&!0,1!V+,1\T)15!:;0<+2*p!J!E&7<5!.)!V&/.0i2!K'+.+?;&9!
V&,2!A0,0!V),)-'!_OP]RP_pPO]\_u9!
Ptt9! #&&,&*0!JD=!V&+H&'!$K=!1&!c<)&.!YE=!c))</002!qV=!T)/;2!Te9!:+33&'&,(&2!
+,!4020<!0,1!2.'&22\+,1;(&1!DMJ!'&-;<0.+),!)3!6+<1!/);2&!*+(&!2&<&(.&1!3)'!/+-/!
0,1!<)6!0--'&22+),9!D)'*!T&/0%!_OOhR]hpPsr\_O]9!
Pts9! T&0;2)<&+<!dq=!T<0(/&!:=!A.033)'1!cq=!V&<<)'!:q=!d)4<&!J:G9!YB7<)'+,-! ./&!
T02+2! )3! :+%&'-&,.! A&<&(.+),! 3)'! i>&*7&'0*&,.i! +,! :)*&2.+(! A/&&79! J77<+&1!
J,+*0<!T&/0%+);'!A(+&,(&!_OOtRPOsp_uP\r]9!
PsO9! 1&!T)&'!AL=!1&!T&;,!E=!A<0,-&,!qG=!%0,!1&'!e;-.&,!q9!:5,0*+(2!)3!7<02*0!
(0.&(/)<0*+,&! 0,1! ()'.+()2.&'),&! (),(&,.'0.+),2! 1;'+,-! '&+,3)'(&1! 0,1!
&B.+,-;+2/&1!)7&'0,.!4&/0%+)'!+,!'0.29!M/52+)<!T&/0%!PssOR]rpusP\t9!
PsP9! c)'.&!AV=!T&;%+,-!e=!E;&2+,@!W=!T<)@/;+2!Dq9!M<02*0!(0.&(/)<0*+,&!0,1!
()'.+()2.&'),&! <&%&<2! 1;'+,-! *0,;0<! '&2.'0+,.! +,! (/+(@2! 3')*! 0! /+-/! 0,1! <)6!
3&0./&'!7&(@+,-!<+,&!)3!<05+,-!/&,29!M/52+)<!T&/0%!PssrRu_p]hr\]P9!
Ps_9! A(/);.&,! We=! W+&-0,.! #V9! ",1+%+1;0<! '&27),2&2! .)! 0(;.&! 0,1! (/'),+(!
2.'&22!+,!7+-29!J(.0!M/52+)<!A(0,1!A;77<!PssrRu]Optt\sP9!
Psh9! c)<4&'! Tq=! E)4&'.2! VA=! D)6&<<! VM=! W)S,+0@! :L=! A0,12! VA=! V;-<+0! Gq9!
K&,.'0<! 0*5-10<0! -<;()()'.+()+1! '&(&7.)'! 0(.+),!7')*).&2! 3&0'\022)(+0.&1!KED!
0(.+%0.+),!0,1!(),1+.+),+,-9!M')(!d0.<!J(01!A(+!^!A!J!_OOtRPOQpP_OO]\s9!
Ps]9! V0@+,)! A=! e)<1! MW=! A(/;<@+,! q9! K)'.+()2.&'),&! &33&(.2! ),! ()'.+().')7+,\
'&<&02+,-! /)'*),&! *EdJ! +,! ./&! (&,.'0<! ,;(<&;2! )3! ./&! 0*5-10<0! 0,1! ./&!
70'%)(&<<;<0'! '&-+),!)3! ./&!70'0%&,.'+(;<0'!,;(<&;2!)3! ./&!/57)./0<0*;29!T'0+,!
E&2!Pss]Ru]OpPOQ\P_9!
PsQ9! D0<<&'! q=! V0@0'0! eT=! c';@! VE9! K0.&(/)<0*+,&'-+(! +,%)<%&*&,.! +,! ./&!
(),.')<! )3! 0--'&22+),p! /)'*),&2=! ./&! 7&'+7/&'0<! 25*70./&.+(=! 0,1! (&,.'0<!
,)'01'&,&'-+(!252.&*29!d&;')2(+!T+)4&/0%!E&%!PsstR__ptQ\sr9!
Psu9! >;(/2(/&'&'!V=!M;77&!T=!>;(/2(/&'&'!J=!c0,+.S!Y9!Y33&(.2!)3!2)(+0<!2.0.;2!
03.&'! *+B+,-! ),! +**;,&=! *&.04)<+(=! 0,1! &,1)('+,&! '&27),2&2! +,! 7+-29! M/52+)<!
T&/0%!PsstRu]phQh\uO9!
Psr9! :iY0./!ET=!>;',&'!AM=!c;'.!Y=!&.!0<9!M+-2i!0--'&22+%&!.&*7&'0*&,.!033&(.2!
7'&\2<0;-/.&'!*+B+,-!0--'&22+),=!2.'&22!0,1!*&0.!?;0<+.59!J,+*0<!_OPOR]puO]\Pu9!
Pst9! W&0%&'! AJ=! A(/0&3&'! JG=! :+B),! W>9! >/&! &33&(.2! )3! *;.0.&1! 2@&<&.0<!
'50,)1+,&! '&(&7.)'2! ),! (0<'&.+(;<+,! 0,1! (0<2&?;&2.'+,! &B7'&22+),! +,! ./&! 4'0+,!
0,1!7+.;+.0'5!-<0,1!)3!4)0'29!T'0+,!E&2!V)<!T'0+,!E&2!_OOORrQp]u\Qh9!
Pss9! e&&'2! E=! T<&;2! Y=! #0,! A(/+&! >=! &.! 0<9! >'0,27)'.! )3! 7+-2! 1+33&'&,.! 6+./!
'&27&(.!.)!./&!/0<)./0,&!-&,&p!2.'&22!022&22*&,.9!q!J,+*!A(+!Pss]Rr_p_QQ_\t9!
_OO9! c';@!VE=!D0<02S!q=!V&&<+2!W=!D0<<&'!q9!L02.!7)2+.+%&!3&&140(@!4&.6&&,!./&!
01'&,)()'.+(0<! 2.'&22! '&27),2&! 0,1! 0! 4'0+,! *&(/0,+2*! +,%)<%&1! +,! 0--'&22+%&!
4&/0%+)'9!T&/0%!d&;')2(+!_OO]RPPtpPOu_\rO9!
_OP9! :&! T)&'! AL=! A<0,-&,! qG=! #0,! 1&'! e;-.&,! q9! M<02*0! (0.&(/)<0*+,&! 0,1!
()'.+()2.&'),&! <&%&<2!1;'+,-!0(.+%&! 0,1!7022+%&! 2/)(@\7')1!0%)+10,(&!4&/0%+)'!
+,!'0.2p!&33&(.2!)3!(/<)'1+0S&7)B+1&9!M/52+)<!T&/0%!PssOR]rpPOts\st9!
_O_9! :&! T)&'! AL=! A<0,-&,! qG=! %0,! 1&'! e;-.&,! q9! J107.0.+),! )3! 7<02*0!
(0.&(/)<0*+,&!0,1!()'.+()2.&'),&!'&27),2&2!.)!2/)'.\.&'*!'&7&0.&1!,)+2&!2.'&22!
+,!'0.29!M/52+)<!T&/0%!PsttR]]p_rh\tO9!
_Oh9! c)'.&! AV=! T);62! eJ=! c))</002! qV=! T)/;2! T9! d&;')&,1)('+,&! 0,1!
4&/0%+)'0<! '&27),2&2! 1;'+,-! (),1+.+),&1! 0(.+%&! 0,1! 7022+%&! 4&/0%+)'! +,! ./&!



T+4<+)-'07/5!

! sO!

1&3&,2+%&! 4;'5+,-v7')4&! 0%)+10,(&! 70'01+-*p! &33&(.2! )3! +7207+'),&9! M/52+)<!
T&/0%!Pss_RQ_phQQ\uP9!
_O]9! c))</002!qV=!c)'.&!AV=!:&!T)&'!AL=!&.!0<9!K)7+,-!2.5<&2!+,!0,+*0<2p!(;''&,.!
2.0.;2! +,!4&/0%+)'! 0,1! 2.'&22\7/52+)<)-59!d&;')2(+!T+)4&/0%!E&%!PsssR_hps_Q\
hQ9!
_OQ9! E))S&,100<! T=! T)/;2! T=! V(e0;-/! qG9! :)2&\1&7&,1&,.! 2;77'&22+),! )3!
01'&,)()'.+(0<! 0(.+%+.5! 6+./! *&.5'07),&p! &33&(.2! ),! &*).+),! 0,1! *&*)'59!
M25(/),&;')&,1)('+,)<)-5!PssuR_PputP\sh9!
_Ou9! c)'.&! AV=! 1&! T)&'! AL=! 1&! c<)&.! YE=! T)/;2! T9! J,B+)<5.+(\<+@&! &33&(.2! )3!
2&<&(.+%&! *+,&'0<)()'.+()+1! 0,1! -<;()()'.+()+1! 0,.0-),+2.2! ),! 3&0'\&,/0,(&1!
4&/0%+)'!+,!./&!&<&%0.&1!7<;2\*0S&9!M25(/),&;')&,1)('+,)<)-5!PssQR_OphtQ\s]9!
_Or9! L+<0+'&!Y=!J<+B!:=!L&''0,1!K=!#&'-&'!V9!M25(/)7/52+)<)-+(0<!2.'&22!+,!.&,,+2!
7<05&'2! 1;'+,-! ./&! 3+'2.! 2+,-<&! *0.(/! )3! 0! .);',0*&,.9!
M25(/),&;')&,1)('+,)<)-5!_OOsRh]pPQO\r9!
_Ot9! D0;,&'!cc=!J10*!Yc=!V+,&@0!A=! &.! 0<9!d&;').+(+2*!0,1! +,.')%&'2+),!0'&!
022)(+0.&1! 6+./! 20<+%0'5! ()'.+2)<! 70..&',2! +,! 01)<&2(&,.29!
M25(/),&;')&,1)('+,)<)-5!_OOtRhhpPh]]\Qu9!
_Os9! q)@+,&,!q=!d)'12.')*!M9!DMJ!0B+2!/57&'0(.+%+.5!0,1!0..&*7.&1!2;+(+1&! +,!
5);,-!01;<.!*))1!1+2)'1&'!+,70.+&,.29!q!J33&(.!:+2)'1!_OOsRPPupPPr\_O9!
_PO9! K<0&2!G=!#0,1&'&5(@&,!W=!#0,1&7;..&!J=!T'0&.!K9!M&'2),0<+.5!2;4.57&2!+,!
3&*0<&!7'&\40'+0.'+(!)4&2&!70.+&,.2p!1)!./&5!1+33&'!+,!&0.+,-!1+2)'1&'!25*7.)*2=!
725(/)<)-+(0<!()*7<0+,.2!0,1!()7+,-!4&/0%+);'|!Y;'!Y0.!:+2)'1!E&%!_OPhR_Ppr_\
r9!
_PP9! J,1&'2),! qW=! c),S! YK=! L'&1&'+(/! EK=! W))1! KG9! G),-\.&'*! 6&+-/.\<)22!
*0+,.&,0,(&p!0!*&.0\0,0<52+2!)3!^A!2.;1+&29!J*!q!K<+,!d;.'!_OOPRr]pQrs\t]9!
_P_9! J77&<!Gq=!K<0'@!qV=!f&/!DK=!&.!0<9!K)*70'0.+%&!&33&(.+%&,&22!)3!6&+-/.\<)22!
+,.&'%&,.+),2!+,!(<+,+(0<!7'0(.+(&9!d!Y,-<!q!V&1!_OPPRhuQpPsQs\ut9!
_Ph9! W+,-! EE=! T)<+,! M=! T'0,(0.+! LG=! &.! 0<9! K0'1+)%02(;<0'! &33&(.2! )3! +,.&,2+%&!
<+3&2.5<&!+,.&'%&,.+),!+,!.57&!_!1+04&.&29!d!Y,-<!q!V&1!_OPhRhuspP]Q\Q]9!
_P]9! AH)2.')*!G9! E&%+&6! )3! ./&! @&5! '&2;<.2! 3')*! ./&! A6&1+2/!$4&2&! A;4H&(.2!
CA$AF! .'+0<! \! 0! 7')27&(.+%&! (),.')<<&1! +,.&'%&,.+),! 2.;15! )3! 40'+0.'+(! 2;'-&'59! q!
",.&',!V&1!_OPhR_rhp_Ps\h]9!
_PQ9! A+<%&,.)+,&,! c=! E)@/)<*! T=! c07'+)! q=! A)'&,2&,! >"9! >/&! -&,&.+(! 0,1!
&,%+'),*&,.0<!+,3<;&,(&2!),!(/+<1/))1!)4&2+.5p!0!252.&*0.+(!'&%+&6!)3!.6+,!0,1!
01)7.+),!2.;1+&29!",.!q!$4&2!CG),1F!_OPORh]p_s\]O9!
_Pu9! E)@/)<*! T=! A+<%&,.)+,&,! c=! >5,&<+;2! M=! e0*4)'-! V=! A)'&,2&,! >"=!
E02*;22&,!L9!",('&02+,-!-&,&.+(!%0'+0,(&!)3!4)15!*022!+,1&B!1;'+,-!./&!A6&1+2/!
)4&2+.5!&7+1&*+(9!MG)A!$,&!_OPPRup&_rPhQ9!
_Pr9! E0*7&'20;1! Y=! V+.(/&<<! T:=! M)<<+,! >"=! &.! 0<9! M/52+(0<! 0(.+%+.5! 0,1! ./&!
022)(+0.+),! )3! ()**),! L>$! -&,&! %0'+0,.2! 6+./! 4)15!*022! +,1&B! 0,1! )4&2+.59!
J'(/!",.&',!V&1!_OOtRPutpPrsP\r9!
_Pt9! 1&! e')).! q=! c'0,&,1),@! e=! L+<<&';7!V=! &.! 0<9! E&27),2&! .)! GMA! +,! 3&*0<&!
)3327'+,-! 3')*! 2)62! .'&0.&1! 6+./! ()'.+2)<! 1;'+,-! 7'&-,0,(59! M/52+)<! T&/0%!
_OOrRsOpuP_\t9!
_Ps9! V)'*&1&!M=!>&'&,+,0!Y9!V)<&(;<0'!-&,&.+(2!)3!./&!01'&,)()'.+(0<!0B+2!0,1!
4'&&1+,-!3)'!')4;2.,&229!:)*&2.!J,+*!Y,1)('+,)<!_OP_R]hpPPu\hP9!
__O9! A&-&'2.')*!AK9!E&2);'(&2=!2.'&22=!0,1!+**;,+.5p!0,!&()<)-+(0<!7&'27&(.+%&!
),!/;*0,!725(/),&;')+**;,)<)-59! ,,!T&/0%!V&1!_OPOR]OpPP]\_Q9!



T+4<+)-'07/5!

! sP!

__P9! A-)+3)! J=! 1&! T)&'! AL=! D0<<&'! q=! c))</002! qV9! ",1+%+1;0<! 1+33&'&,(&2! +,!
7<02*0! (0.&(/)<0*+,&! 0,1! ()'.+()2.&'),&! 2.'&22! '&27),2&2! )3! 6+<1\.57&! '0.2p!
'&<0.+),2/+7!6+./!0--'&22+),9!M/52+)<!T&/0%!PssuRuOpP]Oh\r9!
___9! c))</002! qV9! K)7+,-! 2.5<&! 0,1! +**;,+.5! +,! 0,+*0<2p! *0@+,-! 2&,2&! )3!
+,1+%+1;0<!%0'+0.+),9!T'0+,!T&/0%!"**;,!_OOtR__puu_\r9!
__h9! E)2&! AJ=! M)5,.&'! MA=! J,1&'2),! qW=! d)0'! AV=! K),+-<+0')! q9! M/52+(+0,!
6&+-/.! <)22!01%+(&!0,1!70.+&,.!6&+-/.! <)22!4&/0%+)'!(/0,-&p!0! <+.&'0.;'&!'&%+&6!
0,1!*&.0\0,0<52+2!)3!2;'%&5!10.09!",.!q!$4&2!CG),1F!_OPhRhrpPPt\_t9!
__]9! q0()42!>G=!Y7&<!YA=!G+,!q=!&.!0<9!",.&,2+%&!*&1+.0.+),!.'0+,+,-=!+**;,&!(&<<!
.&<)*&'02&! 0(.+%+.5=! 0,1! 725(/)<)-+(0<! *&1+0.)'29! M25(/),&;')&,1)('+,)<)-5!
_OPPRhupuu]\tP9!
!
!


	Article-16.pdf
	Stress-induced behavioral and metabolic adaptations lead to an obesity-prone phenotype in ewes with elevated cortisol responses
	1 Introduction
	2 Materials and methods
	2.1 Selection of low and high cortisol responding sheep
	2.2 Experiment 1: Episodic profiling of cortisol secretion in HR and LR
	2.3 Experiment 2: Effect of stress on food intake, thermogenesis and plasma cortisol levels in LR and HR
	2.3.1 Part A: Insulin-induced hypoglycaemia
	2.3.2 Part B: Psychosocial stress
	2.3.3 Part C: Immune challenge
	2.3.4 Part D: Statistical analyses

	2.4 Experiment 3: Behavioral phenotype of LR and HR
	2.4.1 Part A: Open field test
	2.4.2 Part B: Arena test
	2.4.3 Part C: Food competition test


	3 Results
	3.1 Selection of high and low cortisol responding sheep
	3.2 Experiment 1: Episodic profiling of cortisol secretion in LR and HR
	3.3 Experiment 2a: Effect of insulin-induced hypoglycaemia on food intake, thermogenesis and plasma cortisol levels in LR and HR
	3.4 Experiment 2b: Effect of psychosocial stress on food intake, thermogenesis, plasma cortisol and catecholamine levels in LR and HR
	3.5 Experiment 2c: Effect of immune challenge on food intake, thermogenesis, plasma cortisol and inflammatory cytokine levels in LR and HR
	3.6 Experiment 3a: Behavioral responses in the open field test
	3.7 Experiment 3b: Behavioral response to the arena test
	3.8 Experiment 3c: Food competition test

	4 Discussion
	Role of the funding source
	Conflict of interest statement
	Acknowledgements
	References





