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Ya?Km! a1-W! 0'&! .&%$-0%! .&-+0(B&! 0#! ?Y<! %W%0&,! 3(--! 9&! ).&%&10&2! (1! 0'(%! 2(%%&.0+0(#1!

67'+)0&.!k:;!

!

@#1A+-B&%! >;I! V(9&(.#! 7;<;I! "+-B+! >;a;I! T(-B+! S;R; 6CD5C: R.#0&*0(B&! .#-&! #=!

1&$.#)&)0(2&! u! uC! .&*&)0#.%! (1! *&--! 2&+0'! +12!,(*.#/-(+-! +*0(B+0(#1! =#--#3(1/!

,&0'+,)'&0+,(1&! (1e$.W"# N04# a# =%04./-+"! 62#(m5D;5555[e;5ktD4

_]t^;CD5C;D^C\C;O:;'

!

@#1A+-B&%! >;I!J+)0(%0+!T;I!a-&%&1!";n;I!V(9&(.#!7;<;I!"+-B+! >;a;I!Z#-29W&!8;Z;I!

T(-B+!S;R;!6CD5C:!"&0'+,)'&0+,(1&4(12$*&2!*'+1/&%!(1!0'&!,(*&!'())#*+,)+-!

1&$.#)&)0(2&!u!%W%0&,m!(,)-(*+0(#1%!=#.!,&,#.W!(,)+(.,&10;!H12&.!.&B(&3!(1!a#

=%04.-'%)"!
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!

!V'

#

The present thesis also contributed to the following review: 

'

T(-B+! S;R;I! "+.0(1%! ?;I! J+)0(%0+! T;I! @#1A+-B&%! >;I! S/+%%&! <;I! "+-B+! >;a;! 6CD5D:!

J.+(1!(1e$.W!+%%#*(+0&2!3(0'!3(2&-W!+9$%&2!+,)'&0+,(1&%m!1&$.#(1=-+,,+0(#1I!

1&$.#/&1&%(%!+12!9-##249.+(1!9+..(&.;!J044#L40A#G;0/%#H%6"!\mC\_4]k;!

!

!

In this dissertation, the results presented from Chapter 2 to 

Chapter 6 are formatted as requested by the journal where the 

papers were published or submitted for publication, with minor 

modifications. 

!
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S!,&0+1=&0+,(1+!6"K?:!Q!$,!)%(*#&%0(,$-+10&!,$(0#!)#0&10&!&!+-0+,&10&!

B(*(+10&!d$&!*+$%+!(1s,&.#%!).#9-&,+%!2&!%+s2&;!8&!=+*0#I!#%!*#1%$,(2#.&%!2&!

"K?! +).&%&10+,! 2(%=$1Ag&%! *&.&9.+(%! d$&! )#2&,! 2&%&1*+2&+.! 2#&1A+%!

)%(d$(c0.(*+%! &! 1&$.#-N/(*+%;! Y+! 0&10+0(B+! 2&! ,&-'#.! *#,).&&12&.! +%! *+$%+%!

2&%0&%! &=&(0#%I! Bc.(#%! &%0$2#%! 0G,! +)#10+2#! #%! &B&10#%! (10.+*&-$-+.&%I! 0+(%!

*#,#! +! #O(2+AE#! 2+! 2#)+,(1+! &! +! &O*(0#0#O(*(2+2&I! *#,#! #%! ).(1*()+(%!

.&%)#1%cB&(%! )&-+! 0#O(*(2+2&! 2&%0+! 2.#/+;! V&*&10&,&10&I! +! (1=-+,+AE#! =#(!

0+,9Q,!%$/&.(2+!*#,#!#$0.+!)#%%UB&-!*+$%+!2+!1&$.#0#O(*(2+2&! (12$L(2+!)&-+!

"K?I! 2&B(2#! &%%&1*(+-,&10&! +#! +$,&10#! 2#%! 1UB&(%! 2&! *(0#*(1+%! ).N4

(1=-+,+0N.(+%;! 7#10$2#I! 1E#! Q! *-+.#! #! )+)&-! 2&%0+%! *(0#*(1+%I! B(%0#! d$&! ec! =#(!

2&,#1%0.+2#!1#$0.+%!*#12(Ag&%!)+0#-N/(*+%!d$&!)#2&,!+/.+B+.!#!2+1#!#$!)#.!

#$0.#! -+2#! 0&.! $,! &=&(0#! ).#0&0#.;! S-Q,! 2(%%#I! *#10(1$+! )#.! &%*-+.&*&.! %&! +!

1&$.#(1=-+,+AE#!Q!*+$%+!#$!*#1%&d$G1*(+!2+%!-&%g&%!*&.&9.+(%!#.(/(1+2+%!)&-+!

"K?;!!

a!*#1%$,#!2&!"K?!+=&0+!1&/+0(B+,&10&!1E#!%N!#!(12(BU2$#!,+%!0+,9Q,!

#%!%&$%!=+,(-(+.&%I!+,(/#%!&!%#*(&2+2&!&,!/&.+-;!Y#!&10+10#I!+)&%+.!2#!/.+12&!

(,)+*0#!%N*(#4&*#1N,(*#!d$&!#!*#1%$,#!2&!"K?!*#1%0(0$(I!&O(%0&!,$(0#!)#$*+!

(1=#.,+AE#!%#9.&!0&.+)(+%!=+.,+*#-N/(*+%I!%&12#!+%!0&.+)(+%!*#,)#.0+,&10+(%!

#!,Q0#2#!,+(%!&=(*+L!+0Q!F!2+0+;!7#10$2#I!1#B#%!+-B#%! 0&.+)G$0(*#%! 0G,!%(2#!

(2&10(=(*+2#%I! 0+-! *#,#! #! 1&$.#)&)0U2&#! u! 6YRu:I! d$&! =#(! 2&%*.(0#! *#,#!

1&$.#).#0&0#.! 1#! '()#*+,)#! &,! *#12(Ag&%! 2&! &O*(0#0#O(*(2+2&;! S%%(,I!

+-0&.+Ag&%! 1#%! 1UB&(%! 2&! YRu! &! 2&! *(0#*(1+%! ).N4(1=-+,+0N.(+%! )#2&,! .&=-&0(.!

$,+! 0&10+0(B+! 2&! *#10.+)#.! +! 2&/&1&.&%*G1*(+! *+$%+2+! )&-+! "K?I!

2&%&1*+2&+12#!,&*+1(%,#%!2&!).#0&AE#!&[#$!.&/&1&.+AE#;!

!Y+!0&10+0(B+!2&!&%*-+.&*&.!+-/$,+%!d$&%0g&%I!*#,&A+,#%!)#.!(1B&%0(/+.!#!

&=&(0#! 2&! $,+! 2#%&! s1(*+! &-&B+2+! 2&! "K?! 1+! ).#2$AE#! 2&! *(0#*(1+%! ).N4

(1=-+,+0N.(+%I! 1#,&+2+,&10&! (10&.-&$*(1+45#! 6PM45#:I! (10&.-&$*(1+4t! 6PM4t:! &!

=+0#.!2&!1&*.#%&!0$,#.+-4!!6?Y<4!:I!1#!'()#*+,)#I!*N.0&O!=.#10+-!&!&%0.(+2#!2&!



3$.04-.!

!

!_'

,$./+1'#;!n&.(=(*c,#%!d$&!+!"K?!(12$L!$,+!.&%)#%0+!(1=-+,+0N.(+!.c)(2+I!*#,!

+$,&10#! 2#%! 1UB&(%! 2&! VYS! ,&1%+/&(.#! 6VYS,:! 2+! PM4t! 1+%! 0.G%! .&/(g&%!

*&.&9.+(%!+1+-(%+2+%!&!2#!?Y<4!!+)&1+%!1#!'()#*+,)#!&!&%0.(+2#I!%&,!d$+-d$&.!

+-0&.+AE#!2#%!1UB&(%!2+!PM45#;!

T&12#! #! '()#*+,)#! )+.0(*$-+.,&10&! %$%*&0UB&-! F! "K?I! =#,#%! +B+-(+.! 2&!

d$&! =#.,+! +! ,(*.#/-(+I! +%0.N*(0#%! &! 1&$.N1(#%! 2#! '()#*+,)#! 2&! ,$./+1'#!

.&%)#12&,! +! &%0+! 2.#/+;! n&.(=(*c,#%! d$&! +! +2,(1(%0.+AE#! 2&! "K?! *+$%+!

+0(B+AE#!2+!/-(+!&I!*#1%&d$&10&,&10&I!#!+$,&10#!2#%!1UB&(%!).#0&(*#%!2#!?Y<4

!! &!2#! %&$! .&*&0#.! ?Y<V5I! %&,! (10&.=&.(.! 1+! %U10&%&!2&!?Y<VC;!Y&%0&!,#2&-#!

+1(,+-!2&! (10#O(*+AE#!*#,!"K?I!#*#..&!$,+!2(%=$1AE#!1&$.#1+-!*+.+*0&.(L+2+!

)&-+!2(,(1$(AE#!2+!&O).&%%E#!2+!9&0+!PPP!0$9$-(1+!6?$e45:I!%(10+O(1+45I!*+-9(12(1+!

8C^y!&!0+$!&!)&-#!+$,&10#!2+!).#0&U1+!%(1+)0#=(%(1+I!%&,!1#!&10+10#!#*#..&.!

,#.0&! *&-$-+.;! ?+,9Q,! 2&%*#9.(,#%! d$&! $,! +10(4(1=-+,+0N.(#! 1E#! &%0&.#(2&!

6(12#,&0+*(1+:! ).&B(1&! #! ).#*&%%#! 1&$.#(1=-+,+0N.(#! &! +%! +-0&.+Ag&%! 1+!

&O).&%%E#!2&!?$e45!2&%&1*+2&+2#%!)&-+!+2,(1(%0.+AE#!2&!"K?;!

8&! =#.,+! +! *#,).&&12&.! d$+-! #! )+)&-! 2#! ?Y<4!! &,! *#12(Ag&%! 2&!

0#O(*(2+2&! (12$L(2+! )&-+! "K?I! &O)$%&,#%! $,+! -(1'+! *&-$-+.! 2&! ,(*.#/-(+! &!

*$-0$.+%!#./+1#0U)(*+%!2&! =+0(+%!2&!'()#*+,)#!2&!,$./+1'#I! +! *#1*&10.+Ag&%!

0NO(*+%! 2&%0+! 2.#/+;! a9%&.Bc,#%! d$&! +! ,#.0&! *&-$-+.! *+$%+2+! )&-+! "K?! &.+!

+*#,)+1'+2+! )#.! $,+! .c)(2+! ).#2$AE#! &! -(9&.0+AE#! 2&! ?Y<4!! &! )#.! $,!

+$,&10#! 2#%! 1UB&(%! ).#0&(*#%! 2#! ?Y<V5;! 7#1*-$U,#%! 0+,9Q,! d$&! #! ?Y<4!!

&12N/&1#!1E#!*#10.(9$(!)+.+!+!0#O(*(2+2&!(1&.&10&!F!"K?I!&!d$&!)#.!#$0.#!-+2#!

9+(O+%!*#1*&10.+Ag&%!&ON/&1+%!2&%0+!*(0#*(1+!0G,!$,!&=&(0#!).#0&0#.!d$&.!1#!

'()#*+,)#!d$&.!1+%!*Q-$-+%!2+!,(*.#/-(+;!

R#%0&.(#.,&10&I! &O)-#.c,#%! d$+-! #! &=&(0#! 2+!"K?! 1+! =$1AE#! &! 1UB&(%! 2#!

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

d$&! +! "K?! ).#B#*+! $,! +$,&10#! 1+! &O).&%%E#! 2#! YRu! &! 2#%! .&*&0#.&%! 2#!

%$90()#!uC!&!u];!n&.(=(*c,#%!0+,9Q,!d$&!+!+2,(1(%0.+AE#!2&%0+!2.#/+!+$,&10+!

+! -(/+AE#! 2#!YRu! +#%! %&$%! .&*&0#.&%! 1+! %$94.&/(E#! 7S5I! +-Q,! 2&! +$,&10+.! &!

2(,(1$(.! +! +0(B+AE#! %&-&0(B+! 2#! .&*&0#.! u5! &! uCI! .&%)&0(B+,&10&;! "+(%! +(12+I!

+)$.c,#%!d$&!+!"K?!).#B#*+!!2&0&.(#.+AE#!2+!,&,N.(+!2&!0.+9+-'#!9&,!*#,#!
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+! 2&! .&*#1'&*(,&10#I! &1B#-B&12#! +! 2(%.$)AE#! 2+! *+%*+0+! 2&! %(1+-(L+AE#!

Sy?[).#0&U1+! +-B#! 2+! .+)+,(*(1+! &,!,+,U=&.#%! 6,?aV:;! R#.Q,I! &%0&%! 2+1#%!

%E#!).&B&1(2#%!)&-#!9-#d$&(#!2#%!.&*&0#.&%!uC;!!!

R#.! #$0.#! -+2#I! +1+-(%c,#%! #! )+)&-! 1&$.#).#0&0#.! 2#! YRu! )&.+10&!

0#O(*(2+2&! (12$L(2+! )&-+! "K?! 1#%! ,#2&-#%! +,# 6+&4.! .&=&.(2#%! +10&.(#.,&10&;!

8&,#1%0.c,#%! d$&! #! YRu! ,+(#.(0+.(+,&10&! 6+(! .&*&0#.! uC! ! 0&,! $,! &=&(0#!

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

S2(*(#1+-,&10&I!#9%&.Bc,#%!d$&!+!+0(B+AE#!2#!.&*&0#.!uC! .&2$L!+!+0(B+AE#!2+!

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

Y#! %&$! *#1e$10#I! &%0+! 0&%&! .&+-A+! +! (,)#.0q1*(+! 2#! ).#*&%%#!

1&$.#(1=-+,+0N.(#! 1+! 2(%=$1AE#! *&.&9.+-! (12$L(2+! )#.! "K?I! &%)&*(+-,&10&! +!

1UB&-!2#!'()#*+,)#;!R#.!#$0.#! -+2#I!&%0&!0.+9+-'#!0+,9Q,!=#.1&*&!&B(2G1*(+%!

d$&! #! YRuI! &! &,! )+.0(*$-+.! #! .&*&0#.! uCI! Q! $,! (,)#.0+10&! +-B#! *&-$-+.! )+.+!

=$0$.+%!+9#.2+/&1%!0&.+)G$0(*+%;!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

=.&(T#I%2&.#%/-4+&.#-.,9.4)%#.#G-.48.#Q4&.A4b9+-.#@#-.,6%4&+8.#*%5.#R+,-%#

!



!
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"&0'+,)'&0+,(1&! 6"K?X:! (%! +! '(/'-W! +22(*0(B&! )%W*'#%0(,$-+10I! 3'#%&!

*#1%$,)0(#1! (%! (1*.&+%(1/!3#.-23(2&!*+$%(1/!%&.(#$%!'&+-0'!).#9-&,%;!T&B&.+-!

%0$2(&%! '+B&! 2&,#1%0.+0&2! 0'+0! '$,+1! "K?X! +9$%&.%! 2(%)-+W! 9.+(1!

2W%=$1*0(#1%!0'+0!,+W!*#10.(9$0&!0#!)%W*'(+0.(*!+12!1&$.#-#/(*+-!+91#.,+-(0(&%;!

?#! 2+0&I!,#%0! #=! 0'&! %0$2(&%! 0'+0! &O)-+(1! 0'&!,&*'+1(%,%! $12&.-W(1/!"K?X4

(12$*&2! 1&$.#)+0'#-#/W! '+B&! =#*$%&2! #1! (10.+41&$.#1+-! &B&10%! %$*'! +%!

2#)+,(1&!#O(2+0(#1!#.!&O*(0#0#O(*(0W;!X#3&B&.I!.&*&10!&B(2&1*&!(12(*+0&2!0'+0!

1&$.#(1=-+,,+0(#1!+12!0'&!*#1%&d$&10!(1*.&+%&!(1!).#4(1=-+,,+0#.W!*W0#l(1&%!

*#$-2! 9&! (,)-(*+0&2! (1! "K?X! 1&$.#0#O(*(0W;! P0! '+%! 9&&1! 2&%*.(9&2! (1! #0'&.!

)+0'#-#/(&%! 0'+0! *W0#l(1&%!,+W! '+B&! +! 2$+-! .#-&I! 9$0! $10(-! 1#3! (0! (%! 1#0! *-&+.!

'#3! 0'&%&! (1=-+,,+0#.W! ,&2(+0#.%! *+1! *#10.(9$0&! 0#!"K?X! 1&$.#)+0'#-#/W;!

J&%(2&%I! (0! .&,+(1%! 0#! $1.+B&-! 3'&0'&.! 0'&! 1&$.#(1=-+,,+0#.W! ).#*&%%! (%! +!

*+$%&!#.!*#1%&d$&1*&!#=!"K?X4(12$*&2!9.+(1!(1e$.W;!!

?'&!2&0.(,&10+-! *#1%&d$&1*&%!#=!"K?X!*#1%$,)0(#1!+.&!+!)$9-(*!'&+-0'!

).#9-&,! 0'+0! +==&*0%! 1#0! #1-W! 0'&! (12(B(2$+-! 9$0! +-%#! 0'&! =+,(-WI! =.(&12%! +12!

%#*(&0W! (1! /&1&.+-;! X#3&B&.I! 2&%)(0&! 0'&! '$/&! %#*(#4&*#1#,(*+-! (,)+*0! #=!

"K?X! $%&I! 0#! 2+0&! 0'&.&! (%! -(00-&! (1=#.,+0(#1! .&/+.2(1/! )'+.,+*#-#/(*+-!

0.&+0,&10%I! 9&(1/! 9&'+B(#.+-! 0'&.+)(&%! 0'&! ,#%0! &==&*0(B&! 0.&+0,&10;!

P10&.&%0(1/-WI! +! 1&3! 0+./&0! '+%! 9&&1! .+(%&2! +%! 1&$.#).#0&*0#.! +/+(1%0!"K?X4

(12$*&2!%0.(+0+-!*&--!2&+0'I!0'&!1&$.#)&)0(2&!u!6YRu:;!P1!=+*0I!)(&*&%!#=!&B(2&1*&!

2&%*.(9&2!0'+0!YRu!+*0%!+%!+!1&$.#).#0&*0(B&!+/&10! (1!0'&!'())#*+,)$%!$12&.!

&O*(0#0#O(*!(1%$-0;!?'$%I!+-0&.+0(#1%!(1!YRu!+12!).#4(1=-+,,+0#.W!*W0#l(1&%!,+W!

.&=-&*0! +1! +00&,)0! 0#! *#$10&.+*0! "K?X4(12$*&2! 2&/&1&.+0(#1! 9W! (1(0(+0(1/!

).#0&*0(B&!+12[#.!.&/&1&.+0(B&!,&*'+1(%,%;!!

P1!+1!+00&,)0!0#!*-+.(=W!%#,&!(%%$&%I!3&!%0+.0&2!9W!(1B&%0(/+0(1/!0'&!&==&*0!

#=! +! %(1/-&!'(/'!2#%&!#=!"K?X!#1! 0'&!).#4(1=-+,,+0#.W! *W0#l(1&%!).#2$*0(#1I!

1+,&-W!(10&.-&$l(1&45#!6PM45#:I!(10&.-&$l(1&4t!6PM4t:!+12!0$,#.!1&*.#%(%!=+*0#.4!!

6?Y<4!:!(1!0'&!,(*&!'())#*+,)$%I!=.#10+-!*#.0&O!+12!%0.(+0$,;!P0!3+%!=#$12!0'+0!

"K?X! (12$*&%! +! ).#,)0! (1=-+,,+0#.W! ).#*&%%! 3(0'! (1*.&+%&! #=! PM4t! ,VYS!
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-&B&-%! (1!0'&!0'.&&!9.+(1!.&/(#1%!+1+-WL&2!+12!?Y<4!!,VYS!$)4.&/$-+0(#1!#1-W!

(1!'())#*+,)$%!+12!=.#10+-!*#.0&OI!3(0'!1#!2(==&.&1*&%!(1!PM45#!,VYS!-&B&-%;!!

T(1*&!0'&!'())#*+,)$%!+))&+.%!0#!9&!)+.0(*$-+.-W!%$%*&)0(9-&!0#!"K?XI!#$.!

/#+-! 3+%! 0#! &O)-#.&! '#3!"K?X! +*$0&! 0.&+0,&10! +==&*0%!,(*.#/-(+I! +%0.#*W0&%!

+12! 1&$.#1%I! +12! 0#! &B+-$+0&! )#%%(9-&! +-0&.+0(#1%! (1! 0'&! ?Y<! %W%0&,! (1! 0'(%!

9.+(1! .&/(#1;! X&.&I! 3&! 2&0&*0&2! 0'+0! "K?X! *+$%&2! /-(+-! +*0(B+0(#1! +12I!

*#1%&d$&10-WI!+1!(1*.&+%&!#=!?Y<4!!+12!?Y<V5!).#0&(1!-&B&-%I!3(0'#$0!+==&*0(1/!

?Y<VC! &O).&%%(#1;! <$.0'&.,#.&I! "K?X! 0.&+0,&10! -&+2%! 0#! '())#*+,)+-!

1&$.#1+-! 2W%=$1*0(#1! *'+.+*0&.(L&2! 9W! 2&*.&+%&! (1! 9&0+! PPP! 0$9$-(1! 6?$e45:I!

%W10+O(145I!*+-9(12(1!8C^l!+12!0+$!).#0&(1!-&B&-%I!+12!%W1+)0#)'W%(1!&O).&%%(#1!

&1'+1*&,&10I! 3(0'#$0! *&--! 2&+0';! Z&! +-%#! *#1*-$2&2! 0'+0! (12#,&0'+*(1I! +1!

+10(4(1=-+,,+0#.W!2.$/I!).&B&10&2!"K?X4(12$*&2!/-(+!+*0(B+0(#1!+12!9#0'!?Y<!

%W%0&,!+12!?$e45!*'+1/&%;!
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*#12(0(#1%! #=! "K?X! 0#O(*(0WI! 3&! &O)#%&2! ,#$%&! ,(*.#/-(+-! *&--%! +12!
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.&/(#1I!+12! -&2! 0#!+1!$)4!+12!2#314.&/$-+0(#1!#=! %&-&*0(B&!u5!+12!uC! .&*&)0#.!
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?+l&1! 0#/&0'&.I! 0'&! ).&%&10! 0'&%(%! %'#3%! 0'&! .&-&B+1*&! #=! 0'&!

1&$.#(1=-+,,+0#.W!).#*&%%!(1!"K?X4(12$*&2!1&$.#)+0'#-#/WI!&%)&*(+--W!(1!0'&!

'())#*+,)$%;!"#.&#B&.I!#$.!2+0+!+-%#!).#B(2&!&B(2&1*&!0'+0!YRu!%W%0&,I!+12!

)+.0(*$-+.-W!0'&!uC!.&*&)0#.I!(%!+1!(,)#.0+10!0+./&0!0#!0+l&!(10#!*#1%(2&.+0(#1!(1!
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NQNQ 6$DLCJML$DCJ?E$'

'

NQNQNQ'6$DLCJML$DCJ?E$'I"EFGJMD?"E'

8.$/!+9$%&!(%!+!%&.(#$%!'&+-0'!).#9-&,!3#.-23(2&!+12!0'&!*#1%$,)0(#1!#=!

,&0'+,)'&0+,(1&! 6=4,&0'W-4Q4)'&1W-(%#).#)W-+,(1&Ä! "K?X:! (%! #1&! #=! 0'&!

,+e#.!)$9-(*!*#1*&.1%!9&*+$%&! (0%!+9$%&!'+%! (1*.&+%&2!2.+,+0(*+--W! (1!0'&! -+%0!

W&+.%I! 3'(*'! '+B&! .&%$-0&2! (1! &O0&1%(B&! )$9-(*! '&+-0'I! -&/+-I! %#*(+-! +12!

&1B(.#1,&10! ).#9-&,%;! P1! =+*0I! "K?X! (%! 3(2&-W! +9$%&2I! ,+(1-W! 9W! W#$1/!

)&#)-&I! 2$&! 0#! (0%! +9(-(0W! 0#! (1*.&+%&! +-&.01&%%I! *#1*&10.+0(#1I! &1&./WI! %&-=4

*#1=(2&1*&! +12! -(9(2#! 6V+3%#1# %&# (5"I! CDD`:;! "K?X! 9&-#1/%! 0#! 0'&! /.#$)! #=!

+,)'&0+,(1&40W)&!%0(,$-+10%!6S?T:!0'+0!+-%#! (1*-$2&!+,)'&0+,(1&!654,&0'W-4

C4)'&1&0'W-+,(1&Ä!S"RX:!+12!\Ik4,&0'W-&1&2(#OW,&0'+,)'&0+,(1&!6"8"S!

#.! h&*%0+%WiÄ! 6<-&*l&1%0&(1# %&# (5"I! CDD`Ä! T(-B+# %&# (5"I! CD5DÄ! T0&(1l&--1&.# %&# (5"I!

CD55:;!?'&%&!*#,)#$12%!+.&!*#,).(%&2!#=!+!)'&1W-!.(1/!*#11&*0&2!0#!+1!+,(1#!

/.#$)!9W!+!03#4*+.9#1!%(2&!*'+(1!3(0'!+!,&0'W-!/.#$)!#1!*+.9#145!#=!0'&!%(2&!

*'+(1!6<(/$.&!5;5:I!%'#3(1/!+!%(,(-+.!,#-&*$-+.!%0.$*0$.&!0#!0'&!,#1#+,(1&./(*!

1&$.#0.+1%,(00&.! 2#)+,(1&! 68SÄ! <-&*l&1%0&(1# %&# (5"I! CDD`Ä! T0&(1l&--1&.# %&# (5"I!

CD55:;!

!

Figure 1.1. Chemical structure of dopamine and amphetamine-type stimulants (ATS): 

methamphetamine (METH), amphetamine (AMPH) and 3,4-

methylenedioxymethamphetamine (MDMA; Fleckenstein et al., 2007).!

!



!",(-#02,*-"#
!

!N_'

"K?X! *+1! 9&! =#$12! +%! +! 3'(0&I! #2#.-&%%I! +12! 9(00&.40+%0(1/! *.W%0+--(1&!

)#32&.! 0'+0! (%! .&+2(-W! %#-$9-&! (1! 3+0&.! #.! +-*#'#-! +12! *+1! 9&! (1e&*0&2! #.!

%1#.0&2;!!R$.&!*.W%0+-%!+.&!$%$+--W!$%&2!0#!%,#l&I!+12!0#!(1/&%0I!0'&!$%&.%!9$W!(0!

+%! 9(/! *'$1l%I! $%$+--W! =#$12! (1! W&--#3I! 3'(0&I! )(1lI! 9.#31! +12! /.&&1! 6<(/$.&!

5;C:;!"K?X!'+%!%&B&.+-!%0.&&0!1+,&%!%$*'!+%!%)&&2I!*.W%0+-I!(*&!#.!/-+%%;!

!

Figure 1.2. METH can be presented to the users in several forms such as powder, crystal or 

rock. 

!

?'(%!2.$/!#=!+9$%&!3+%! %W10'&%(L&2! =#.! 0'&! =(.%0! 0(,&! (1!5^_\! (1! >+)+1!9W!

Y+/+W#%'(! Y+/+(! +12! 3+%! 3(2&-W! $%&2! 9W! >+)+1&%&I! S,&.(*+1! +12! @&.,+1!

,(-(0+.W! )&.%#1+-! 2$.(1/! Z#.-2! Z+.! PPI! 0#! *#,9+0! =+0(/$&! +12! (1*.&+%&!

)&.=#.,+1*&! 6"&.&2(0'# %&# (5"I! CDD]:;! P1! 5_kkI! H;T;! <##2! +12! 8.$/!

S2,(1(%0.+0(#1! 6<8S:! +)).#B&2! "K?X! ).&%*.()0(#1! =#.! 0'&! 0.&+0,&10! #=!

1+.*#-&)%WI!,(-2!2&).&%%(#1I!)#%0&1*&)'+-(0(*!)+.l(1%#1(%,I!*'.#1(*!+-*#'#-(%,I!

*&.&9.+-! +.0&.(#%*-&.#%(%I! +00&10(#142&=(*(0! 'W)&.+*0(B(0W! 2(%#.2&.! 6S8X8:! +12!

0'&! %'#.040&.,! ,+1+/&,&10! #=! &O#/&1#$%! #9&%(0W! 6T$-L&.# %&# (5"I! CDD]:;!

Y#3+2+W%I!"K?X!+12!"K?X4.&-+0&2!,&2(*(1&%!+.&!#1-W!).&%*.(9&2!=#.!#9&%(0WI!

1+.*#-&)%W!+12!S8X8!6T$-L&.#%&#(5"I!CDD]:!2$&!0#!(0%!'(/'-W!+22(*0(B&!).#)&.0(&%!

+12! 0'&! ).#9+9(-(0W! 0#! #.(/(1+0&! %&B&.+-! 9&'+B(#.! 2W%=$1*0(#1%! -(l&! +1O(&0WI!

2&).&%%(#1I!+//.&%%(B&1&%%!+12!&B&1!%$(*(2&!0#/&0'&.!3(0'!+1O(&0W!+12!B(#-&10!

9&'+B(#.!6J&.,+1#%&#(5"I!CDD^:;!S-%#I!%#,&!.&*&10!%0$2(&%!'+B&!%$//&%0&2!0'+0!

"K?X!$%&.%!,+W!2&B&-#)!%*'(L#)'.&1(+!6"*y&0(1#%&#(5"I!CD5DÄ!T+-##%&#(5"I!CD55:;!

?'&!*#1%$,)0(#1!#=!"K?X!'+%!(1*.&+%&2!#B&.!0'&!-+%0!W&+.%I!(1!)+.0!2$&!0#!

(0%! %(,)-&! %W10'&%(%I!3'&.&!,#%0! #=! 1&*&%%+.W! *'&,(*+-%! +.&! #B&.40'&4*#$10&.!

).#2$*0%!+12!$%$+--W!+B+(-+9-&! (1!'#$%&'#-2!#.!+--&./W!,&2(*(1&%;!S**#.2(1/!0#!
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0'&!H1(0&2!Y+0(#1%!a==(*&! #1!8.$/%! +12! 7.(,&! 6HYa8a7:!Z#.-2!8.$/! V&)#.0!

CD55!6H1(0&2!Y+0(#1%I!CD55:I!"K?X!(%!.+1l&2!+%!0'&!%&*#12!,#%0!3(2&-W!(--&/+--W!

,+1$=+*0$.&2I! 2(%0.(9$0&2! +12! +9$%&2! 2.$/! +=0&.! *+11+9(%;! "#.&#B&.I! 0'(%!

%0$2W!&%0(,+0&%!0'+0!(1!CDD_!0'&.&!3&.&!9&03&&1!5\;`!+12!]t;k!,(--(#1!)&#)-&!

+/&2!5]4tk!/-#9+--W!3'#!$%&2!+,)'&0+,(1&%;!P1!K$.#)&I!0'&!+11$+-!).&B+-&1*&!

#=!+,)'&0+,(1&%!*#1%$,)0(#1!(%!&%0(,+0&2!9&03&&1!C;t!0#!\;\!,(--(#1!)&#)-&!

3'#!'+2!$%&2!0'&%&!%$9%0+1*&%!+12I!-(l&!(1!#0'&.!.&/(#1%!#=!3#.-2I!0'&!,+e#.(0W!

#=! +,)'&0+,(1&%! $%&.%! =+--! 3(0'(1! 0'&! 5]4tk! W&+.%! +/&! /.#$);! J&%(2&%I! 0'&!

).&B+-&1*&!#=!0'&%&!2.$/%!(%I!#B&.+--I!'(/'&.!(1!Z&%0!+12!7&10.+-!K$.#)&!0'+1!(1!

K+%0! +12! T#$0'4K+%0! K$.#)&! 6H1(0&2! Y+0(#1%I! CD55:;! <$.0'&.,#.&I! "K?X!

*#1%$,)0(#1! (%! (1*.&+%(1/! (1! )#)$-+.(0W! +,#1/! *#--&/&! %0$2&10%I! 3#,&1! +12!

W#$1/!).#=&%%(#1+-%!6@&00(/#%&#(5"I!CDDt:;!S-%#I!%#,&!%0$2(&%!%$//&%0!0'+0!"K?X!

$%&! (%!,#.&!*#,,#1! (1!/+W!+12!9(%&O$+-!,&1!0'+1! (1! 0'&!/&1&.+-!)#)$-+0(#1I!

3'(*'! (%! +%%#*(+0&2! 3(0'! ,#.&! =.&d$&10! %&O$+-! .(%l! 9&'+B(#.%! +12! (1*.&+%&2!

.(%l%!=#.!'$,+1!(,,$1#2&=(*(&1*W!B(.$%!6XPn:!0.+1%,(%%(#1!6T'#)0+3I!CDDt:;!!P1!

R#.0$/+-I! +**#.2(1/! 0#! 0'&! .&)#.0! =.#,! 0'&! hP1%0(0$0#! 2+! 8.#/+! &! 2+!

?#O(*#2&)&12G1*(+I!P8?!CDD_iI!9&03&&1!CDD5!+12!CDD`!0'&.&!3+%!+1!(1*.&+%&!

(1!+,)'&0+,(1&%!*#1%$,)0(#1!=.#,!D;]!Å!0#!D;_!Å!(1!0'&!0#0+-!)#)$-+0(#1!+12!

=.#,! D;t! Å! 0#! 5;\! Å! (1! W#$1/! +2$-0;! ! 7$..&10-WI! 0'&.&! (%! 1#! )'+.,+*#-#/(*+-!

0'&.+)W!3(0'!&%0+9-(%'&2!&==(*+*W!=#.!0'&!0.&+0,&10!#=!"K?X!+22(*0(#1I!#.!+1W!

,&2(*+0(#1!+)).#B&2!9W!0'&!.&/$-+0#.W!+$0'#.(0(&%!=#.!%$*'!)+0'#-#/W!6y+.(-+#%&#

(5"I!CD5D:;!

!

NQNQRQ'6$DLCJML$DCJ?E$'D"W?I?DK'?E'DL$'I$ED%CH'E$%#"GF'FKFD$J'

7'.#1(*! +9$%&! #=! "K?X! *+$%&%! %&B&.&! '&+-0'! *#,)-(*+0(#1%I! %$*'! +%!

1&$.#-#/(*+-!+12!)%W*'(+0.(*!+91#.,+-(0(&%;! P12&&2I! (0! (%!3&--!2#*$,&10&2! 0'+0!

"K?X! +9$%&.%! %'#3! 2&=(*(0%! (1! -&+.1(1/! +12! 3#.l(1/! ,&,#.WI! +12! +-%#! (1!

+00&10(#1!0#/&0'&.!3(0'!2&-+W&2!.&*+--!+12!).#*&%%(1/!%)&&2!6T(,#1#%&#(5"I!CDDCI!

CD5DÄ!?'#,)%#1#%&#(5"I!CDDkÄ!Z##2%#%&#(5"I!CDD]Ä!T+-##%&#(5"I!CDD_:;!T(,(-+.-W!0#!

R+.l(1%#1}%!2(%&+%&!6y+10'+%+,W#%&#(5"I!CD5D:!+12!%*'(L#)'.&1(+!6>&10%*'#%&#(5"I!

CDDD:I!0'&!+91#.,+-!2#)+,(1&./(*!68S&./(*:!%W%0&,!(%!+!*'+.+*0&.(%0(*!#=!"K?X4
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+9$%&.%! %'#3&2! +! )&.%(%0&10! -#%%! #=! 2#)+,(1&! 0.+1%)#.0&.%! 68S?:! 2&1%(0W! (1!

-(08(&%@*0&()%,I! ,0-5%0/# (--0);%,/! +12! ).&4=.#10+-! *#.0&O! 0'+0! *+1! 9&!

+%%#*(+0&2!3(0'!0'&!2$.+0(#1!#=!"K?X!$%&!+12!(0%!)%W*'(+0.(*!%W,)0#,%!6T&l(1&#

%&# (5"I! CDD5I! CDD\Ä! 7'+1/# %&# (5"I! CDD`:;!"#.&#B&.I! %0.(+0+-! .&2$*0(#1!#=!8S?! (%!

+**#,)+1(&2! 9W! 2&*.&+%&! #=! 8S! .&*&)0#.! 8C! 68C:! +12! B&%(*$-+.! ,#1#+,(1&!

0.+1%)#.0&.!C!6n"S?4C:!67'+1/#%&#(5"I!CDD`:;!J&%(2&%!8S&./(*!%W%0&,I!"K?X!*+1!

+-%#!(10&.=&.&!3(0'!%&.#0#1&./(*!)+0'3+W%!6T#.+#%&#(5"I!CDD_:!9W!2&*.&+%(1/!0'&!

2&1%(0W!#=!%&.#0#1(1!0.+1%)#.0&.! 6TKV?:! (1!,(29.+(1I!0'+-+,$%I!*&.&9&--$,!+12!

#.9(0#=.#10+-!+12!#**()(0+-!*#.0(*&%!6T&l(1&#%&#(5"I!CDDtÄ!7'+1/#%&#(5"I!CDD`Ä!y(%'#

%&#(5"I!CDD_:;!!

! S$0#)%W! 2+0+! =.#,! '$,+1! "K?X! +9$%&.%! 2&,#1%0.+0&2! 0'+0! 0'&!

2&=(*(0%! (1! 8S! +12! 8S?! -&B&-%! +.&! *#1%(%0&10! 3(0'! 8S&./(*! 1&$.#1+-! 2+,+/&!

0#/&0'&.!3(0'!.&2$*0(#1!(1!,+.l&.%!#=!1&$.#1+-!(10&/.(0W!6J&.,+1#%&#(5"I!CDD^:;!

"#.&#B&.I! )#%(0.#1! &,(%%(#1! 0#,#/.+)'W! 6RK?:! %0$2(&%! %'#3&2! 0'+0! /-$*#%&!

,&0+9#-(%,I! +1! (12&O! #=! 9.+(1! =$1*0(#1+-! +*0(B(0WI! 3+%! 2&*.&+%&2! (1! "K?X!

+9$%&.%! 67'+1/# %&# (5"I! CDD`Ä! J&.,+1# %&# (5"I! CDD^:;! P0! (%! 1#3! *-&+.! 0'+0!"K?X!

+22(*0(#1!-&+2%!0#!%&B&.&!/.+W4,+00&.!2&=(*(0%!(1!0'&!*(1/$-+0&4-(,9(*!*#.0&O!+12!

.&2$*0(#1!#=!'())#*+,)+-!B#-$,&I!3'(*'!%&&,%!0#!9&!*#..&-+0&2!3(0'!*#/1(0(B&!

(,)+(.,&10! #9%&.B&2! (1! "K?X! $%&.%! 6?'#,)%#1# %&# (5"I! CDDkÄ! J&.,+1# %&# (5"I!

CDD^Ä! <(/$.&!5;\:;!"#.&#B&.I! 0'(%!2.$/!+-%#!#.(/(1+0&%! %(/1(=(*+10!3'(0&4,+00&.!

'W)&.0.#)'W! +12! '(/'&.! %0.(+0+-! B#-$,&! 0'+0! ,(/'0! .&=-&*0! (1! *#,)&1%+0#.W!

.&%)#1%&%!0#! (1(0(+-!1&$.#0#O(*(0W!.&%$-0(1/! (1!+-0&.&2!,W&-(1+0(#1!+12!+2+)0(B&!

/-(+-!*'+1/&%!6?'#,)%#1#%&#(5"I!CDDkÄ!J&.,+1#%&#(5"I!CDD^Ä!<(/$.&!5;\:;!

a0'&.! *#1%&d$&1*&! #=! 0'&! +9(-(0W! #=! "K?X! 0#! (1*.&+%&! 8S4&B#l&2! -#1/4

0&.,! +2+)0(B&! *'+1/&%! (1! 8S&./(*! 0.+1%,(%%(#1! (%! 0'&! 2(%0$.9+1*&! +12!

2&%&1%(0(L+0(#1!#=!0'&!.&3+.2!%W%0&,!6y##9!Ç!M&!"#+-I!5__`:I!3'(*'!.&/$-+0&%!

+12! *#10.#-%!9&'+B(#.!9W! (12$*(1/!)-&+%$.+9-&!&==&*0%;! ?'(%! %W%0&,!*#1%(%0%!#=!
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Figure 1.3. Mapped brain changes caused by methamphetamine (METH) chronic 

consumption. The scale represents the average differences in brain tissue volume of METH 

users as compared with non-users (adapted from Thompson et al., 2004). 
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Figure 1.4. Mechanisms underlying methamphetamine (METH)-induced dopamine overflow 

(Kish, 2008). 
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Figure 1.5. Cellular and molecular events involved in methamphetamine (METH)-induced 

dopamine terminal degeneration and neuronal apoptosis within the striatum (Krasnova and 

Cadet 2009). Main abbreviations: DA, dopamine; DAT, dopamine transporters; DOPAC, 3,4-

Dihydroxyphenylacetic acid; ER, endoplasmic reticulum; L-DOPA, L-3,4-dihydroxyphenylalanine; 

MAO, monoamine oxidase; VMAT-2, vesicular monoamine transporter 2. 
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Figure 1.6. Effect of methamphetamine (METH) on mitochondria. Abbreviations: Bad, Bcl-2-

associated death promoter; Bak, Bcl-2 homologous antagonist/killer; Bax, Bcl-2–associated X 

protein; Bcl-XL, B-cell lymphoma-extra large; Bcl-2, B-cell lymphoma 2; H2O2, hydrogen 

peroxide; O2
-, oxide ion; NO, nitric oxide (Cadet et al., 2003). 
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Figure 1.7. Schematic drawing and representative images showing the microglial activation 

cascade and associated phenotypic plasticity. (A) Ramified “resting” microglia. (B) Activated 

microglial cells that still ramified but display stouter cell processes. (C) Activated microglia with 

amoeboid shape. In all representative in vivo images, the microglia was labeled with integrin 

!M (OX-42) monoclonal antibody (adapted from Graeber, 2010).!
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Figure 1.8. Classically and alternatively activated microglia. The microglial cells can be 

classified in a simplified manner into two subsets of phenotypes and effector functions 

depending on the activation pathway (Czeh et al., 2011). 
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Figure 1.9. The activation of astrocytes generates waves of innate and adaptive immunity, 

since their location is strategic allowing the close contact with CNS-resident cells (neurons, 

microglia, oligodendrocytes and other astrocytes) and with blood vessels (Farina et al., 2007). 
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Figure 1.10. Schematic representation of the signaling pathways activated by the tumor 

necrosis factor-alpha (TNF-!) receptor type 1 (TNFR1) and 2 (TNFR2). Main abbreviations:  

ERK, extracellular signal-regulated kinase; IKK, I#B kinase; FADD, FAS-associated death 

domain; NF#B, nuclear factor kappa-B; RIP1, receptor-interacting protein-1; TNF-!, tumor 

necrosis factor-alpha; TRADD, TNF receptor-associated death domain; TRAF1, TNF receptor-

associated factor 1; TRAF2, TNF receptor-associated factor 2. 
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Figure 1.11. Schematic representation of signaling pathway activated by interleukin-1beta 

(IL-1$). Main abbreviations: AP-1, activator protein 1; I#B, NF-#B inhibitor; IL-1R, interleukin-1 

receptor; IL-1RAcP, IL-1R accessory protein; NF-#B, nuclear factor # B MAPK, mitogen-

associated protein kinase; MyD88, myeloid differentiation primary response gene 88; SEAP, 

secreted alkaline phosphatase; TRAF-6, tumor necrosis receptor associated factor-6. 
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Figure 1.12. The two types of interleukin-6 (IL-6) signaling activation:  the classic and the 

trans-signaling. Main abbreviations: ADAM17, a disintegrin and metalloproteinase; gp130, type 

I transmembrane signal transducer protein gp130; IL-6, interleukin-6; IL-6R, type I 

transmembrane glycoprotein; sIL-6R, soluble form of IL-6R (Scheller et al., 2011).  
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Figure 1.13. Schematic representation of interleukin-6 (IL-6) induced signal transduction. 

Main abbreviations: gp130, type I transmembrane signal transducer protein gp130; Grb2, 

growth-factor-receptor-bound protein; JAK, associated janus kinases; MAPK, mitogen-associated 

protein kinase; MEK mitogen-activated protein kinase/extracellular signal-regulated kinase 

kinase; STAT, signal transducer and activator of transcription; SHP2, Src homology 2-containing 

tyrosine phosphatase; SOS, son of sevenless; TF, transcription factor (Heinrich et al., 2003). 
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+))&0(0&I!9$0! (%!.&-&+%&2!9W!)+1*.&+0(*!<!*&--%! 6X+L&-3##2I!5__\Ä!J+00&.'+,#%&#
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<$.0'&.,#.&I! 0'&! ).&%&1*&! #=! 0'&! 740&.,(1+-! +,(2+0(#1! %&&,%! 0#! 9&! +!

).#0&*0(B&!%0.+0&/W!+/+(1%0!*+.9#OW)&)0(2+%&%I!3'(*'! (%!+!*'+.+*0&.(%0(*!%'+.&2!

9W!,+1W!9(#-#/(*+--W!+*0(B&!)&)0(2&%!6M$23(/#%&#(5"I!5__t:;!P,)#.0+10-WI!0'&!YRu!

=+,(-W!)&)0(2&%!&O'(9(0!+!*'+.+*0&.(%0(*!+,(1#!+*(2!.&%(2$&%!1&*&%%+.W!0#!+2#)0!



!",(-#02,*-"#
!

!XT'

+! %)&*(=(*! 0'.&&42(,&1%(#1+-! %0.$*0$.&! 0'+0! '+%! 9&&1! 0&.,&2! 0'&! )+1*.&+0(*!

)#-W)&)0(2&! =#-2! 6RR4=#-2:! 6J-$12&--# %&# (5"I! 5_^5:;! ?'&! RR4=#-2! (%! +! 0&.0(+.W!
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!
Figure 1.14. PP-fold structure of neuropeptide Y (NPY) molecule with the hairpin loop 

structure characteristic of the family of NPY related peptides (adapted from 

http://flylib.com/books/en/4.85.1.23/1/). Alignment of human NPY, peptide YY (PYY) and 

pancreatic polypeptide (PP); amino acid identities between peptides are indicated by * (Michel 

et al., 1998). 
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R.#^I!@-W_I!S-+5CI!?W.C`I!S./\\!+12!S./\]!6<(/$.&!5;5k:;!"#.&#B&.I!'(/'-W!*#1B&.%&2!

)#%(0(#1%!+.&!R.#CI!?W.CDI!?'.\C!+12!?W.\t!67+9.&-&!Ç!J&*l4T(*l(1/&.I!CDDD:;!

!

NQSQRQ'1)9'B?"FKEDL$F?F'

?'&! YRu! /&1&! (%! -#*+0&2! #1! '$,+1! *'.#,#%#,&! `! +0! 0'&! -#*$%! `)5];5!

67&.2+4V&B&.0&.! Ç! M+.'+,,+.I! CDDD:;! T(,(-+.! 0#! 0'&! #0'&.! YRu4.&-+0&2!



78+9,$(:;:

!

! XX'

)&)0(2&%I!0'(%!)&)0(2&!(%!%W10'&%(L&2!+%!+!_`!+,(1#!+*(2!)&)0(2&!).&*$.%#.!0'+0!

(%! *#,)#%&2! 9W! =#$.! &O#1%! 6"(10'# %&# (5"I! 5_^k:;! "#.&#B&.I! 0'&! .&-&+%&! #=!

,+0$.&[+*0(B&! )&)0(2&! (1B#-B&! 0'&! +*0(#1! #=! &12#).#0&#-W0(*! &1LW,&%I! 3'(*'!

+.&!+9-&!0#!=-+1l!0'&!)&)0(2&!%&d$&1*&!+0!*-&+B+/&!%(0&%!6J&*l4T(*l(1/&.!Ç!>$1/I!

5__]:;!?'&!).&4).#4YRuI!+!)&)0(2&!).&*$.%#.!3(0'!_`!+,(1#!+*(2%I!=#--#3(1/!(0%!
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%$90W)&%!6"&10-&(1#%&#(5"I!5__\Ä!"&2&(.#%!Ç!?$.1&.I!5__k:;!

!

Figure 1.15. Schematic biosynthesis of NPY. Main abbreviations: CPON, C-flanking peptide 

of NPY; GKR, Glycine, Lysine, Arginine (adapted from Silva et al., 2002). 
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?'&.&! (%! +! 3(2&! 2(%0.(9$0(#1! #=! YRu4(.! +12!,VYS! (1! 0'&! '())#*+,)$%! #=!
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Figure 1.16. Scheme of 
NPY receptors, showing the 
structural characteristics of 
the seven transmembrane 
domain-G-protein-coupled 
receptors (adapted from 
http://people.usd.edu/). 
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Figure 1.17. Summary of the intracellular signaling cascades triggered by NPY receptors 

activation. Main abbreviations: AMP, adenosine monophosphate; ATP, adenosine triphosphate; 

cAMP, cyclic adenosine monophosphate; ERK, extracellular signal-regulated kinase; GDP, 

guanosine diphosphate; GIRK, G-protein coupled inwardly rectifying potassium channel; GTP, 

guanosine triphosphate; NPY, neuropeptide Y; PDE, phosphodiesterase; PI3K, phosphoinositide 
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3-kinase; PLC, phospholipase C; PP, pancreatic peptide; PYY, peptide YY (Brothers & 

Wahlestedt, 2010). 

!
NQSQVQ' 1)9' CEP' B%C?E' P?F"%P$%F' O' U"IGF' "E' E$G%"MCDL"H"YK' "U' P%GYF' "U'

CBGF$'

"+1W! +$0'#.%! '+B&! 2&,#1%0.+0&2! 0'+0! YRu! (%! (1B#-B&2! (1! %&B&.+-!

1&$.#)+0'#-#/(&%I! %$*'! +%! +1O(&0WI! 2&).&%%(#1I! %*'(L#)'.&1(+I! &)(-&)%W! +12!

X$10(1/0#1}%I! S-L'&(,&.}%! +12! R+.l(1%#1}%! 2(%&+%&%! 6?+9-&! 5;\:;! "#.&#B&.I!

)(&*&%! #=! &B(2&1*&! %$//&%0! 0'+0! YRu! '+%! +! 1&$.#).#0&*0(B&! .#-&! (1! 9.+(1!

2(%#.2&.%!6T(-B+#%&#(5"I!CDD]+Ä!p+)&--(#%&#(5"I!CDDtÄ!8&*.&%%+*#%&#(5"I!CD55:;!P1!=+*0I!

(0! 3+%! 2&,#1%0.+0&2! 0'+0! YRu! (%! +9-&! 0#! .&/$-+0&! &O*(0#0#O(*(0W! (1! 0'&!

'())#*+,)$%I! 3'(*'! (%! *'+.+*0&.(L&2! 9W! +! %$).+)'W%(#-#/(*+-! %0(,$-+0(#1! #=!

/-$0+,+0&!.&*&)0#.%!=#--#3&2!9W!+1!(1*.&+%&!#=!(10.+*&--$-+.!7+Cw!*#1*&10.+0(#1!

0'+0!*+1!-&+2!0#!*&--!2&+0';!?'&%&!&B&10%!,+W!9&!*#,,#1!=&+0$.&%!#=!+!B+.(&0W!

#=! 1&$.#-#/(*+-! 2(%#.2&.%! 6R-+0+4T+-+,+1# %&# (5"I! CDDDÄ! T(-B+# %&# (5"I! CDD\9:;!

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

2&+0'!,&2(+0&2!9W!S"RS!#.!yS!3+%!).&B&10&2!9W!0'&!+*0(B+0(#1!#=!u5I!uC!+12!u]!

.&*&)0#.%! 6T(-B+# %&# (5"I! CDD\9:;! P,)#.0+10-WI! 0'&! 1&$.#).#0&*0(B&! .#-&! #=! YRu!

%&&,%! 0#! 9&! 2$&! 0#! (0%! *+)+*(0W! 0#! ,#2$-+0&! 0'&! .&-&+%&! #=! 2(==&.&10!

1&$.#0.+1%,(00&.%!%$*'!+%!/-$0+,+0&I!@SJSI!8SI!]4X?!6T(-B+#%&#(5"I!CDD]+:;!

! !
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Table 1.3. NPYergic system changes in CNS disorders 

-?F"%P$%' 1)9$%Y?I'FKFD$J'ILCEY$F'

+
M
?H
$
M
F
K
'

• %!YRu!,VYS!+12!).#0&(1! -&B&-%! (1!0'&!.#2&10!'())#*+,)$%I!+,W/2+-+I!
%0.(+0$,I!&10'#.'(1+-!*#.0&O!+12!&O0.+-(,9(*!+.&+%!6J$.+L(1!Ç!@$12-+*'I!
5__tÄ!T)&.l#%&#(5"I!5__tÄ!Y+/+l(#%&#(5"I!CDDD:!

• %!u5I!uCI!+12!u]!,VYS!-&B&-!(1!,(*&!8@!67'.(%0&1%&1#%&#(5"I!CDDt:!
• &!u5I!uC!,VYS!-&B&-!(1!,(*&!7S\!+12!7S5!67'.(%0&1%&1#%&#(5"I!CDDt:!
• %!YRu4(.!=(9&.%!(1!'$,+1!'())#*+,)$%!6<$.0(1/&.#%&#(5"I!CDD5:!
• &! u5! +12! %! uC! 9(12(1/! (1! '$,+1! 2&10+0&! '(-$%! +12! ,#-&*$-+.! -+W&.I!
.&%)&*0(B&-WI!6<$.0(1/&.#%&#(5"I!CDD5:!

*
Hc
L
$
?J

$
%d
F
''

P
?F
$
C
F
$
'

• %!YRu4(.!(1!.#2&10!'())#*+,)$%!+12!*#.0&O!68(&L#%&#(5"I!CDD\:!
• &! YRu4(.! +12! 9(12(1/! (1! '$,+1! =.#10+-! +12! 0&,)#.+-! *#.0(*&%! +12!
'())#*+,)$%!68+B(&%#%&#(5"I!5__DÄ!"+.0&-#%&#(5"I!5__D:!

<
G
E
D?
E
Y
D"
E
dF
''

P
?F
$
C
F
$
'

• %! YRu4(.! (1! '$,+1! %0.(+0$,! +12! *#.0(*+-! .&/(#1%! 6J&+-# %&# (5"I! 5_^^Ä!
"+L$.&l#%&#(5"I!5__`:!

)
C
%e
?E
F
"
E
dF
'

P
?F
$
C
F
$
'

• %!YRu!,VYS!&O).&%%(#1!(1!'$,+1!%0.(+0$,!67+11(LL+.##%&#(5"I!CDD\:!
• &!YRu!-&B&-%!(1!'$,+1!*&.&9.#%)(1+-!=-$(2!67T<:!6<+--#%&#(5"I!5__]:!

*
E
W
?$
DK
'

• %!YRu!-&B&-%!(1!.+0!%0.(+0$,I!'())#*+,)$%I!'W)#0'+-+,$%!+12!+,W/2+-+!
6"(--&.#%&#(5"I!CDDCÄ!R.(,&+$O#%&#(5"I!CDD]Ä!?'#.%&--#%&#(5"I!CDDt:!!

• %!YRu!-&B&-%!(1!'$,+1!)-+%,+!6J#$-&1/&.#%&#(5"I!5__t:!

-
$
M
%$
F
F
?"
E
'

• &!YRu!,VYS!(1!.+0!1$*-&$%!+**$,9&1%!+12!'())#*+,)+-!7S!%$94=(&-2%Ä!
%! YRu! ,VYS! (1! .+0! +10&.(#.! 1$*-&$%! +12! +10&.(#.! *(1/$-+0&! *#.0&O!
67+9&.-#00##%&#(5"I!5__^+:!

• &! u5! ,VYS! (1! .+0! *#.0(*+-! .&/(#1%! +12! '())#*+,)+-! 2&10+0&! /.+1$-+.!
*&--%!67+9&.-#00##%&#(5"I!5__^+:!

• &!YRu!-&B&-%!(1!'$,+1!7T<!67.&%)(I!CD55:!
• %!h-#34&O).&%%(#1!YRui!/&1#0W)&!6"(*l&W#%&#(5"I!CD55:!

.
I
L
?c
"
M
L
%$
E
?C
'

• &!YRu!,VYS!(1!'$,+1!*#.0(*+-!.&/(#1%!6<$1/#%&#(5"I!CD5D:!
• &!YRu4(.!(1!'$,+1!7T<!6R&0&.%#%&#(5"I!5__D:!
• "#.)'#-#/(*+-! *'+1/&%! (1! YRu4)#%(0(B&! =(9&.%! (1! '$,+1! '())#*+,)+-!
7Sk!%$94.&/(#1!6P.(0+1(#%&#(5"I!CDDD:!

'

' '
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Y#3+2+W%I! 2.$/! +9$%&! .&).&%&10%! +! %(/1(=(*+10! '&+-0'! ).#9-&,! %(1*&!

#.(/(1+0&%! %&.(#$%! 1&$.#-#/(*4)%W*'(+0.(*! *#,)-(*+0(#1%I! (1*-$2(1/! 2&).&%%(#1I!

,&,#.W! -#%%! +12! *#/1(0(B&! 2&*-(1&;! <$.0'&.,#.&I! -(l&! 0'&! #0'&.!

1&$.#)+0'#-#/(&%! +9#B&,&10(#1&2I! (0!3+%! .&)#.0&2! 0'+0! *'.#1(*! *#1%$,)0(#1!

#=! 2.$/%! *#$-2! (12$*&! +-0&.+0(#1%! (1! YRu&./(*! %W%0&,! 6Z&%03##2! Ç! X+1%#1I!

5___Ä!?'#.%&--I!CDD^:;!P1!+22(0(#1I!#1&!%0$2W!3(0'!'$,+1!%$9e&*0%!#9%&.B&2!0'+0!

%&d$&1*&! B+.(+0(#1%! (1! YRu! .&*&)0#.%! /&1&%I! &%)&*(+--W! u5I! uC! +12! u]I! +.&!

+%%#*(+0&2!3(0'!+-*#'#-!+12!*#*+(1&!2&)&12&1*&!6Z&0'&.(--#%&#(5"I!CDD^:;!!

K0'+1#-! (%! 0'&!,#%0! %0$2(&2!2.$/!*#1*&.1(1/!YRu&./(*! %W%0&,;!S*0$+--WI! (0!

3+%! =#$12! 0'+0! (10.+/+%0.(*! &0'+1#-! .&)&+0&2! 0.&+0,&10! 6k! 2+W%:! -&+2%! 0#!

*#,)-&O!)-+%0(*!*'+1/&%!(1!YRu!+12!0'&(.!.&*&)0#.!-&B&-%!+12!+*0(B(0W!(1!.+0!9.+(1!

6a--(1/# %&# (5"I! CDD_:;! ?'&%&! +$0'#.%! 2&,#1%0.+0&2! 0'+0! 2$.(1/! &0'+1#-!

(10#O(*+0(#1!0'&!,VYS!-&B&-%!#=!YRu!3+%!$)4.&/$-+0&2!(1!0'&!'())#*+,)$%I!9$0!

3(0'#$0! 2(==&.&1*&%! (1! YRu! .&*&)0#.%;! 8$.(1/! 0'&! 3(0'2.+3+-! )&.(#2! 0'&! YRu!

-&B&-%!3&.&!%0(--! (1*.&+%&2!(1!0'&!'())#*+,)$%!+12!0'&.&!3+%!+1!&1'+1*&,&10!

(1!)(.(=#.,!*#.0&O!6R(.7O:!+12!1&#*#.0&O!6Y&#7O:I!+%!3&--!+%!=#.!0'&!u5I!uC!+12!u]!

.&*&)0#.%!,VYS!-&B&-%!(1!'())#*+,)+-!+12!*#.0(*+-!.&/(#1%!6a--(1/#%&#(5"I!CDD_:;!

"#.&#B&.I! 0'&%&!+-0&.+0(#1%! (1!YRu!%W%0&,!+.&!+**#,)+1(&2!9W!+1! (1*.&+%&! (1!

0#0+-!YRu!.&*&)0#.%!+*0(B(0W!(1!9#0'!&0'+1#-!(10#O(*+0(#1!+12!3(0'2.+3+-!6a--(1/#

%&# (5"I! CDD_:;! J&%(2&%I! ^! 3&&l%! #=! *'.#1(*! &O)#%$.&! 0#! &0'+1#-! ).#2$*&2! +!

%(/1(=(*+10!&==&*0!#1!YRu4(.!&O).&%%(#1!(1!+,W2/+-+!+12!=.#10+-!*#.0&O!67.(+2##%&#

(5"I! CD55:;! "#.&! .&*&10-WI! (0! 3+%! 2&%*.(9&2! 0'+0! YRu! %(/1+-(1/! (1! 0'&! ,0-5%0/#

(--0);%,/#-.4%!,#2$-+0&%!&0'+1#-4(12$*&2!9&'+B(#.+-!%&1%(0(L+0(#1!%(1*&!,(*&!

YRu4[4! +12! uC! .&*&)0#.4[4! =+(-&2! 0#! 2(%)-+W! &0'+1#-4(12$*&2! 9&'+B(#.+-!

%&1%(0(L+0(#1! 6X+W&%# %&# (5"I! CD55:;! X#3&B&.I! 0'&! 0.&+0,&10! 3(0'! YRu! #.! u5!

.&*&)0#.! +/#1(%0! ).&B&10&2! 0'&! 2&B&-#),&10! #=! &0'+1#-! 0#-&.+1*&I! +%!3&--! +%!

0'&!3(0'2.+3+-!'W)&.4&O*(0+9(-(0W!6J'(%(l+.#%&#(5"I!CDD_:;!

M(00-&! (%! l1#31! +9#$0! 0'&! .#-&! #=! YRu&./(*! %W%0&,! $12&.! *#12(0(#1%! #=!

+,)'&0+,(1&40W)&! %0(,$-+10%! *#1%$,)0(#1I! 1+,&-W! +,)'&0+,(1&! 6S"RX:I!

\Ik4"&0'W-&1&2(#OW,&0'+,)'&0+,(1&! 6"8"S:! +12! "K?X;! Y&B&.0'&-&%%I!

0'&.&!+.&!%#,&!%0$2(&%!%'#3(1/!0'+0!0'&%&!)%W*'#%0(,$-+10%!+-0&.&2!YRu!-&B&-%;!
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P1! =+*0I! YRu! &O).&%%(#1! %&&,%! 0#! 9&! %$%*&)0(9-&! 0#! S"RXI! %(1*&! ).#-#1/&2!

S"RX! +2,(1(%0.+0(#1! 65D! ,/[l/I! 03(*&! 2+(-WI! 2$.(1/! t! 2:! (12$*&2! +1! $)4

.&/$-+0(#1!#=!YRu4(.!(1!,&2(+-!).&#)0(*!1$*-&$%I!)(1&+-!/-+12!+12!)-+%,+I!+12!+!

.&2$*0(#1! (1! -(08(&%# *0&()%,! +12! 'W)#0'+-+,$%! 6?&%%&-# %&# (5"I! 5_^]:;! "#.&!

.&*&10-WI!(0!3+%!#9%&.B&2!0'+0!S"RX!.&)&+0&2!0.&+0,&10!6]!,/[l/I!03(*&!2+(-W!

=#.!t!2!+12!#1*&!#1!2+W!`Ä!%;*;:!*+$%&2!-+0&!6_t'!+=0&.!0'&!=(1+-!2#%&:!,+.l&2-W!

+12! .&B&.%(9-&!2&*.&+%&! (1!YRu4(.! (1! .+0! %0.(+0$,I!9$0!1#0! (1! 0'&!'())#*+,)$%!

6a9$*'#3(*L#%&#(5"I!CDD]:;!P1!*#10.+%0I!+!%(1/-&!2#%&!#=!S"RX!6]!,/[l/Ä!%;*;:!'+2!

1#!&==&*0!(1!9.+(1!YRu!-&B&-%!6a9$*'#3(*L#%&#(5"I!CDD]:;!P1!+22(0(#1I!$)#1!+!-#3!

%(1/-&! 2#%&! #=! S"RX! 65;]! ,/[l/:I! 0'&! u5! .&*&)0#.! +10+/#1(%0! ,#2$-+0&2!

9&'+B(#$.+-! .&%)#1%&!0#!S"RXI!&;/;! (1'(9(0&2!0'&!'W)&.+*0(B(0W! 6y+%l!Ç!X+..#I!

CDDD:;!"#.&#B&.I!#0'&.!3#.l!.&B&+-&2!0'+0!"8"S4(12$*&2!*&--!2&+0'!(1!,(O&2!

*$-0$.&2! #=! .+0! .&0(1+-! 1&$.+-! *&--%!3+%! (1'(9(0&2! 9W!YRu! 6o-B+.## %&# (5"I! CDD^:;!

P10&.&%0(1/-WI!.+0!%&.$,!YRu!-&B&-%!%'#3&2!+!%0&+2W!2&*.&+%&!(1!9#0'!0.&+0,&10!

#=! "8"S! +12! "K?X! +0! 2(==&.&10! 0(,&! )#(10%! +12! 2#%+/&%! 6y#9&(%%W# %&# (5"I!

CDD^:;!S-0'#$/'!#1-W!+!=&3!+$0'#.%!'+B&!9&&1!9&'#-2(1/!0'&!(1=-$&1*&!#=!"K?X!

(1!YRuI!0'&W!+--!2&%*.(9&!0'+0!0'(%!2.$/!#=!+9$%&!'+%!+!%(/1(=(*+10!(,)+*0!(1!0'&!

YRu&./(*! %W%0&,! #=! 0'&! 7YT;! ?'$%I! (1! .+0! )+.+B&10.(*$-+.! 1$*-&$%I! (0! 3+%!

2&%*.(9&2! 0'+0! YRu! -&B&-%! (1*.&+%&2! %(/1(=(*+10-W! e$%0! +=0&.! \D4tD! ,(1! +12!

.&+*'&2!0'&!,+O(,$,!(1!_D45CD!,(1!=#--#3(1/!+!%(1/-&!2#%&!#=!"K?X!6]!,/[l/Ä!

(;);:! 6u#%'('+.+# %&#(5"I!5__t:;!V&*&10-WI! 6X#.1&.# %&#(5"I!CDDt:! %'#3&2! 0'+0!9#0'!

,$-0()-&! 2#%&%! 6]! O! 5D!,/[l/! +0! t'! (10&.B+-%Ä! (;);:! +12! +! %(1/-&! '(/'! 2#%&! 65]!

,/[l/Ä! (;);:!#=!"K?X!(1*.&+%&2!0'&!1$,9&.!#=!%0.(+0+-!1&$.#1%!&O).&%%(1/!).&4

).#4YRu!,VYS;!J&%(2&%I!0'&!+$0'#.%!).#)#%&2!0'+0!0'&!(1*.&+%&!#=!).&4).#4YRu!

,VYS4*#10+(1(1/!1&$.#1%!(%!2$&!0#!+!,&*'+1(%,!,&2(+0&2!9W!8S!85!.&*&)0#.I!

9&*+$%&!0'&!).&0.&+0,&10!3(0'!+1!+10+/#1(%0!#=!0'&%&!.&*&)0#.%!+9#-(%'&2!0'&!

#9%&.B&2!+-0&.+0(#1%! (1!%0.(+0+-!1&$.#1%!6X#.1&.#%&#(5"I!CDDt:;!a0'&.! (,)#.0+10!

%0$2W! &O)-#.&2! 0'&! 1&$.#).#0&*0(B&! .#-&! #=! YRu! +/+(1%0! "K?X4(12$*&2!

1&$.#0#O(*(0W! (1!,(*&!%0.(+0$,!6?'(.(&0#%&#(5"I!CDD]:;!T#I! (1!+/.&&,&10!3(0'!0'&!

).&B(#$%! %0$2(&%I!"K?X! .&)&+0&2! 0.&+0,&10! 6k! O! 5D!,/[l/I! C4'! (10&.B+-%Ä! (;);:!

$)4.&/$-+0&2! 0'&! -&B&-%! #=! YRuI! +12! =#.! 0'&! =(.%0! 0(,&I! 0'(%!3#.l! %'#3&2! 0'+0!
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+-%#! #**$.%! +! 2&*.&+%&! +12! +! 9()'+%(*! +-0&.+0(#1! (1! u5! +12! uC! ,VYS! -&B&-%!

6?'(.(&0# %&# (5"I! CDD]:;! ?'&! %+,&! +$0'#.%! +-%#! =#$12! 0'+0! YRu! 65D! µ/Ä! (;*;B;:!

).#0&*0&2!+/+(1%0!"K?X4(12$*&2!1&$.#0#O(*(0W!(1!,(*&!%0.(+0$,!,+(1-W!0'.#$/'!

uC!.&*&)0#.%!+*0(B+0(#1;!?'&%&!2+0+!3&.&!*#1=(.,&2!9W!%0$2(&%!%'#3(1/!0'+0!0'&!

0#O(*!&==&*0%!#=!"K?X!3&.&!)#0&10(+0&2!(1!0'&!YRu!ya!,(*&!6?'(.(&0#%&#(5"I!CDD]:;!

'

NQSQ\Q'1)9'?E'J$J"%K'CEP'H$C%E?EY'

?'&!YRu4-(l&! (,,$1#.&+*0(B(0WI! +%! 2&%*.(9&2! (1! %&*0(#1! 5;\;\;CI! '+%! 9&&1!

%'#31!0#!9&!).&%&10!0'.#$/'#$0!0'&!9.+(1I!9$0!(%!*#1*&10.+0&2!(1!03#!).(1*()+-!

%0.$*0$.&%m! 'W)#0'+-+,$%! +12! '())#*+,)$%! 6S--&1# %&# (5"I! 5_^\Ä! 7'+14R+-+W# %&#

(5"I!5_^t:;!T(1*&!0'&!'())#*+,)+-!=#.,+0(#1!'+%!9&&1!.&)&+0&2-W!(,)-(*+0&2!(1!

0'&!,#2$-+0(#1!#=!*#/1(0(#1I!0'(%!%&*0(#1!3(--!=#*$%!0'&!)$0+0(B&!.#-&!#=!YRu!+12!

0'&(.!.&*&)0#.%! (1!0'&!.&/$-+0(#1!#=!*#/1(0(B&!=$1*0(#1!+%%#*(+0&2!3(0'! -&+.1(1/!

+12!,&,#.W;!

R'+.,+*#-#/(*+-!+12!&-&*0.#)'W%(#-#/(*+-! %0$2(&%!'+B&!2&,#1%0.+0&2! 0'+0!

YRu! ,#2$-+0&%! &O*(0+0#.W! %W1+)0(*! 1&$.#0.+1%,(%%(#1! (1! 0'&! '())#*+,)$%!

6"+-B+#%&#(5"I!CDD\Ä!T(-B+#%&#(5"I!CDD]+:;! P1! =+*0I! 0'.#$/'!uC!.&*&)0#.%I!YRu!3+%!

+9-&! 0#! (1'(9(0! /-$0+,+0&! .&-&+%&! (1! 0'&! .+0! '())#*+,)$%! 6T(-B+# %&# (5"I! CDD]9:;!

J&%(2&%I!0'(%!&==&*0!%&&,%!0#!9&!+%%#*(+0&2!3(0'!0'&!.&2$*0(#1!#=!7+Cw!(1=-$O!(10#!

).&%W1+)0(*!1&.B&!0&.,(1+-%!+*.#%%!%&B&.+-!0W)&%!#=!B#-0+/&4/+0&2!7+Cw!*'+11&-%I!

1+,&-W!M4I!Y4I!+12!R4[b40W)&%!6T(-B+#%&#(5"I!CDD\+:;!<$.0'&.,#.&I!0'&!.#-&!#=!YRu!

#1!&O*(0+0#.W!%W1+)0(*!1&$.#0.+1%,(%%(#1!3+%!%$//&%0&2!+%!.&%)#1%(9-&I!+0!-&+%0!

(1!)+.0I! =#.! (0%!3&--42#*$,&10&2!+10(&)(-&)0(*!+12!+10(&)(-&)0#/&1(*!).#)&.0(&%!

6p+)&--(#%&#(5"I!CDDt:;!X#3&B&.I! (1*.&+%&2!-&B&-%!#=!YRuI!3'(*'!'+%!9&&1!-(1l&2!

3(0'! (0%! +10(4&O*(0+0#.W! .#-&I! *+1! +==&*0! #0'&.!9.+(1! =$1*0(#1%I! %$*'! +%! -&+.1(1/!

+12!,&,#.W;!!

?'&! ).&*(%&! (1B#-B&,&10! #=! YRu! (1! *#/1(0(B&! ).#*&%%&%! (%! 1#0! W&0! *-&+.I!

9&*+$%&!0'&!&==&*0!#=!0'(%!1&$.#)&)0(2&!(%!2&)&12&10!#1!0'&!9.+(1!.&/(#1!6<-##2#

%&#(5"I!5_^_Ä!?+9-&!5;k:;! P12&&2I! (1!0'&!2#.%+-!'())#*+,)$%!0'&!#B&.&O).&%%(#1!

#=! YRu! (1*.&+%&2! 0'&! ,&,#.W! .&0&10(#1I! 3'(-&! (1! 0'&! B&10.+-! '())#*+,)$%!

(12$*&2! +,1&%(+! 6<-##2# %&# (5"I! 5_^_:;! "#.&#B&.I! 0'&.&! +.&! %0$2(&%! .&)#.0(1/!
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!

!\R'

0'+0! YRu! ,+W! 9#0'! (,).#B&! +12! (,)+(.! %'#.040&.,! 3#.l(1/! ,&,#.W! $12&.!

2&-+W&2!,+0*'(1/40#4%+,)-&!+12!*#12(0(#1+-!2(%*.(,(1+0(#1! 6?'#,+%!Ç!S'-&.%I!

5__5Ä!7-&+.W#%&#(5"I!5__k:;!!

!

Table 1.4. Comparative effect of NPY and NPY antibodies on learning and 

memory (Redrobe et al., 1999) 

/E[$ID?"E'F?D$' YRu! YRu!+10(9#2(&%!
8#.%+-!'())#*+,)$%! V&0&10(#1! S,1&%(*!

n&10.+-!'())#*+,)$%! S,1&%(*! V&0&10(#1!

S,W/2+-+! S,1&%(*! V&0&10(#1!

T&)0+-!+.&+! V&0&10(#1! S,1&%(*!

!

?'&%&! &==&*0%! +.&! 2&)&12&10! #1! 0'&! *#1*&10.+0(#1!#=!YRu! %(1*&! -#3!+12!'(/'!

2#%&%! *+$%&2! =+*(-(0+0(#1! +12! (,)+(.,&10! #=! ,&,#.W! ).#*&%%&%I! .&%)&*0(B&-W!

6?'#,+%!Ç!S'-&.%I!5__5Ä!7-&+.W#%&#(5"I!5__k:;!S1#0'&.!3#.l!2&,#1%0.+0&2!0'+0!

(1!.+0%I!YRu!(1e&*0(#1!65D!1/[,-I!]!µ-Ä!(;*;B;:!%(/1(=(*+10-W!(1'(9(0&2!0'&!(12$*0(#1!

+12! ,+(10&1+1*&! #=! -#1/40&.,! )#0&10(+0(#1! 6M?R:! (1! /.+1$-&! *&--! %W1+)%&%!

.&%$-0(1/! (1! ,&,#.W! 2&=(*(0%! 6Z'(00+l&.# %&# (5"I! 5___:;! P1! +22(0(#1I! 0'&! %+,&!

+$0'#.%!#9%&.B&2!0'+0!0'&!&==&*0!#=!YRu!#1!M?R!3+%!*#$)-&2!3(0'!0'&!.&2$*0(#1!

#=! /-$0+,+0&! .&-&+%&! +12! >Yy! ).#0&(1! -&B&-%! $)4.&/$-+0(#1! (1! '())#*+,)+-!

%W1+)0#%#,&%;! X#3&B&.I! 0'&! #B&.&O).&%%(#1! #=! YRu! +-%#! +==&*0%! 0'&! '(/'4

=.&d$&1*W!+*0(B+0(#1!#=!7S54%$9(*$-+.!%W1+)%&%;!P12&&2I!(1!YRu!0.+1%/&1(*!,(*&!

0'&.&!3+%!+1!+00&1$+0(#1!#=!&O*(0+0#.W!%W1+)0(*!0.+1%,(%%(#1!(1!7S5!%$94.&/(#1!

6T#.&1%&1#%&#(5"I!CDD^9:;!M+0&.I!0'&!%+,&!/.#$)!.&)#.0&2!0'+0!'())#*+,)+-!YRu!

/&1&!0.+1%=&.!(10#!0'&!(10+*0!9.+(1!%-(/'0-W!+-0&.&2!%'#.040&.,!%W1+)0(*!)-+%0(*(0W!

+==&*0(1/! 0'&! M?R! (1! 0'&! '())#*+,)+-! 7S5! %$94.&/(#1! +12I! *#1%&d$&10-WI! 0'&!

.+0&! #=! '())#*+,)+-Ü9+%&2! %)+0(+-! 2(%*.(,(1+0(#1! -&+.1(1/! 6T#.&1%&1# %&# (5"I!

CDD^+:;! <$.0'&.,#.&I! 0'&W! +-%#! #9%&.B&2! 0'+0! 0'&! B(.+-4,&2(+0&2! -#1/4-+%0(1/!

#B&.&O).&%%(#1!#=!YRu!(1!0'&!'())#*+,)$%!2&*.&+%&%!u5!.&*&)0#.!9(12(1/I!3'(-&!

uC! .&*&)0#.! 9(12(1/! (%! $1+-0&.&2! 6T#.&1%&1# %&# (5"I! CDD^+:;! P1! +/.&&,&10I!

0.+1%/&1(*! .+0%! #B&.&O).&%%(1/! YRu! %'#3&2! (1*.&+%&! -&B&-%! #=! ).&4).#4YRu!

,VYS!+12!YRu!)&)0(2&!(1!'())#*+,)$%I!+**#,)+1(&2!9W!2&*.&+%&2!u5!.&*&)0#.!
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! \S'

+*0(B(0WI!9$0!1#!+-0&.+0(#1!(1!uC!.&*&)0#.!%(/1+-(1/!'+%!9&&1!#9%&.B&2!6?'#.%&--#%&#

(5"I!CDDD:;!R.&B(#$%-WI!%&B&.+-!%0$2(&%!'+B&!9&&1!2&,#1%0.+0&2!0'+0!YRu!3(0'(1!

0'&! '())#*+,)+-! =#.,+0(#1! +*0%! ,+(1-W! +0! ).&%W1+)0(*! uC! %(0&%! 0#! .&2$*&!

).&%W1+)0(*!7+Cw!&10.WI! (1'(9(0!/-$0+,+0&./(*! 0.+1%,(%%(#1!+12!%#!%$)).&%%! 0'&!

=#.,+0(#1! #=! M?R! 6Z'(00+l&.# %&# (5"I! 5___Ä! T(-B+# %&# (5"I! CDD\+I! CDD]9:;! X&1*&I!

0+l&1! 0#/&0'&.I! .&/+.2(1/! 0'&! %0$2(&%! +9#B&,&10(#1&2I! (0! (%! )-+$%(9-&! 0#!

+00.(9$0&!0'&! (1'(9(0(#1!#=!&O*(0+0#.W!%W1+)0(*!+*0(B(0W!0#!uC4,&2(+0&2!%(/1+-(1/;!

S**#.2(1/-WI!+))-(*+0(#1!#=!0'&!uC!.&*&)0#.!+10+/#1(%0I!JPPKDCktI!).&B&10&2!0'&!

(1'(9(0(#1! #=! .&*$..&10! ,#%%W! =(9&.%! %W1+)0(*! 0.+1%,(%%(#1! ,&2(+0&2! 9W!

%)#10+1&#$%!.&-&+%&!#=!YRu!(1!9#0'!,(*&!+12!.+0%!6?$#%&#(5"I!CDD]I!CDDt:;!

a1! #0'&.! '+12I! (1! %#,&! 9.+(1! .&/(#1%I! %$*'! +%! 2#.%+-! '())#*+,)+-! +12!

%&)0+-! +.&+! 6?+9-&! 5;k:I! YRu! &1'+1*&2! 0'&! ,&,#.W! .&0&10(#1! 6<-##2# %&# (5"I!

5_^_:;! P10&.&%0(1/-WI! ,(*&40.&+0&2! 3(0'! u5! .&*&)0#.! +/#1(%0I! {M&$
\5IR.#\k|YRuI!

%'#3&2!+00&1$+0(#1!#=!-&+.1(1/!(,)+(.,&10%!(12$*&2!9W!1#1*#,)&0(0(B&!Y"8S!

.&*&)0#.! *'+11&-! +10+/#1(%0I! "y4^D5! 6J#$*'+.2# %&# (5"I! 5__`:;! <$.0'&.,#.&I!

V&2.#9&#%&#(5"#6CDDk:!*'+.+*0&.(L&2!uC!.&*&)0#.!ya!,(*&!.&/+.2(1/!-&+.1(1/!+12!

,&,#.W! ).#*&%%(1/! +12! =#$12! 0'+0! 0'&%&! +1(,+-%! &O'(9(0&2! 2&=(*(0%! (1! 0'&!

"#..(%!3+0&.!,+L&!+12!#9e&*0!.&*#/1(0(#1!0+%l;!!

8&%)(0&!).&B(#$%!%0$2(&%I!0'&!).&*(%&!.#-&!#=!YRu!+12I!(1!)+.0(*$-+.I!0'&!.#-&!

#=! 0'&! uC! .&*&)0#.! %$90W)&! (1! -&+.1(1/! +12!,&,#.W! ).#*&%%(1/! .&,+(1%! 0#! 9&!

=$--W!*'+.+*0&.(L&2;!

!

!

NQTQ (B[$ID?#$F'

'

8&%)(0&!0'&!&O0&1%(B&!&B(2&1*&!0'+0!"K?X! (%!1&$.#0#O(*I! 0'&!,&*'+1(%,%!

$12&.-W(1/! 0'#%&! &==&*0%! +.&! %0(--! 1#0! 3&--! $12&.%0##2;! ! ?'&! ,#%0! %0$2(&2!

'W)#0'&%&%! =#*$%&2!#1! (10.+41&$.#1+-! &B&10%I! %$*'!+%!8S!#O(2+0(#1I! #O(2+0(B&!

%0.&%%! +12!&O*(0#0#O(*(0W! (1! 0'&! %0.(+0$,! 67+2&0!Ç!y.+%1#B+I! CDD_Ä! T(-B+# %&# (5"I!

CD5D:;!X#3&B&.I!.&*&10!.&)#.0%!%$//&%0&2!0'+0!/-(+-!*&--%!,+W!+-%#!*#10.(9$0&!0#!

"K?X4(12$*&2! 1&$.#)+0'#-#/W! 6u+,+/$*'(# %&# (5"I! 5__5Ä! M+n#(&# %&# (5"I! CDDkÄ!
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!\T'

Y+l+e(,+#%&#(5"I!CDDkÄ!T.(.+,#%&#(5"I!CDDt+Ä!T.(.+,#%&#(5"I!CDDt9Ä!T(,g&%#%&#(5"I!

CDD`Ä!7+2&0!Ç!y.+%1#B+I!CDD_:I!+12!0'+0!'())#*+,)$%! (%!'(/'-W!%$%*&)0(9-&!0#!

0'(%!2.$/!#=!+9$%&!6?'#,)%#1#%&#(5"I!CDDkÄ!T3+10#%&#(5"I!CD5DÄ!y(,#%&#(5"I!CD55+Ä!

"+.0(1%#%&#(5"I!CD55:;!Y&B&.0'&-&%%I!,+1W!d$&%0(#1%!.&,+(1!0#!9&!+1%3&.&2;!

T#I!3&!=(.%0!(1B&%0(/+0&2!3'&0'&.!+1!+*$0&!+2,(1(%0.+0(#1!#=!"K?X!(12$*&%!

+1! (1=-+,,+0#.W! .&%)#1%&! 9W! +1+-WL(1/! 0'&! ,VYS! +-0&.+0(#1%! #=! 0'&! ).#4

(1=-+,,+0#.W!*W0#l(1&%!PM45xI!PM4tI!+12!?Y<4!v!(1!0'&!,(*&!'())#*+,)$%I!=.#10+-!

*#.0&OI! +12! %0.(+0$,! 67'+)0&.! C:;! ?'&1I! 3&! &O)-#.&2! 0'&! &==&*0! #=! 0'&! %+,&!

"K?X!0.&+0,&10!#1!,(*&!'())#*+,)+-!/-(+-! *&--%!+12!1&$.#1%;!T(1*&!,(*.#/-(+!

+12!+%0.#*W0&%!+.&!0'&!,+(1!%#$.*&!#=!).#4(1=-+,,+0#.W!*W0#l(1&%I! (0!3+%!+-%#!

&B+-$+0&2!0'&!)#%%(9-&!+-0&.+0(#1!(1!).#0&(1!-&B&-%!#=!?Y<4!!+12!0'&(.!.&*&)0#.%I!

?Y<V5! +12! ?Y<VCI! ,&2(+0&2! 9W! "K?X! +2,(1(%0.+0(#1;! "#.&#B&.I! +! 1&3!

).#0&*0(B&! %0.+0&/W! 3+%! $%&2! +/+(1%0! "K?X4(12$*&2! '())#*+,)+-!

1&$.#)+0'#-#/WI!*#1%(%0(1/!(1!0'&!+2,(1(%0.+0(#1!#=!+1!+10(4(1=-+,,+0#.W!2.$/I!

(12#,&0'+*(1! 67'+)0&.! \:;! Y#1&0'&-&%%I! 1&$.#(1=-+,,+0(#1! %&&,%! 0#! '+B&!

#))#%(0&! &==&*0%I! *#10.(9$0(1/! 0#! 7YT! (1e$.W! #.! 9&(1/! (1B#-B&2! (1! %#,&!

,&*'+1(%,%!#=!9.+(1!.&)+(.!6<+.##d$(#%&#(5"I!CDD`Ä!J&-+1/&.!Ç!"+/(%0.&00(I!CDD_Ä!

7L&'#%&#(5"I!CD55:;!P1!)+.0(*$-+.I!(0!'+%!9&&1!.&)#.0&2!0'+0!?Y<4!!2(%)-+W%!+!2$+-!

.#-&!$12&.!*#12(0(#1%!#=!'())#*+,)+-!1&$.#0#O(*(0W!6J&.1+.2(1##%&#(5"I!CDD]9:;!

?'$%I! (1!7'+)0&.!kI!3&!&O)-#.&2!0'&!.#-&!#=!?Y<4!!+12!(0%!.&*&)0#.%!#1!"K?X4

(12$*&2! '())#*+,)+-! 1&$.#2&/&1&.+0(#1;! T(1*&! ,(*.#/-(+! (%! +1! (,)#.0+10!

(,,$1&! &==&*0#.! (1! 7YTI! 3&! +-%#! *-+.(=(&2! 0'&! 2(.&*0! &==&*0! #=! "K?X! #1!

,(*.#/-(+-! *&--%! +12! (0%! (,)+*0! (1! 0'&! &12#/&1#$%! ?Y<! %W%0&,;! J&%(2&%I! 3&!

+(,&2!0#!&B+-$+0&!0'&!.#-&!#=!&O#/&1#$%!?Y<!(1!0'&!,(*.#/-(+-!0#O(*(0W!(12$*&2!

9W!"K?X;!

V&*&10-WI!+!1&3!0+./&0!'+%!9&&1!.+(%&2!+%!+!1&$.#).#0&*0#.!=+*0#.!+/+(1%0!

"K?X4(12$*&2! %0.(+0+-! *&--! 2&+0'm! 0'&! 1&$.#)&)0(2&! u! 6?'(.(&0# %&# (5"I! CDD]:;! P1!

=+*0I! 0'(%! )&)0(2&! '+%! 9&&1! ).&B(#$%-W! (2&10(=(&2! +%! +1! (,)#.0+10!

1&$.#).#0&*0(B&! +/&10! (1! 0'&! '())#*+,)$%! $12&.! &O*(0#0#O(*! *#12(0(#1%! 6T(-B+#

%&# (5"I! CDD\9Ä! p+)&--(# %&# (5"I! CDD`:;! X#3&B&.I! 0'&! (,)+*0! #=! "K?X! #1! 0'&!

'())#*+,)+-!YRu!%W%0&,!+12!(0%!*#1%&d$&1*&%!.&,+(1!$1l1#31;!T#I!(1!7'+)0&.!
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]I! #$.! /#+-! 3+%! 0#! *-+.(=W! (=!"K?X! (10#O(*+0(#1! +==&*0%! 0'&! YRu! %W%0&,! (1! 0'&!

,#$%&!'())#*+,)$%;!P1!+22(0(#1I!3&!&O)-#.&2!'#3!(0!,+W!*#,).#,(%&!,&,#.W!

).#*&%%&%;! <(1+--WI! 3&! +(,&2! 0#! $12&.%0+12! (=! YRu! (%! 1&$.#).#0&*0(B&! +/+(1%0!

"K?X4(12$*&2!'())#*+,)+-!*&--!2&+0'!+12!,(*.#/-(+-!+*0(B+0(#1!67'+)0&.!t:;!

aB&.+--I! #$.! ,+(1! +(,! 3+%! 0#! 9&00&.! $12&.%0+12! 0'&! (,)+*0! #=!"K?X! (1!

9.+(1! =$1*0(#1I! =#*$%(1/! #1! 1&$.#(1=-+,,+0(#1! +12! YRu&./(*! %W%0&,!

+-0&.+0(#1%;!P1!0'&!&12I!#$.!/#+-!(%!0#!).#B(2&!+!0'&.+)&$0(*!0+./&0!0#!).&B&10I!#.!

+0!-&+%0!0#!2(,(1(%'I!0'&!1&$.#0#O(*!&==&*0%!(12$*&2!9W!"K?X;!
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RQNQ'*BFD%CID''

'

?'&!,&*'+1(%,%!9W!3'(*'!,&0'+,)'&0+,(1&!6"K?X:!*+$%&!1&$.#0#O(*(0W!

+.&! 1#0! 3&--! $12&.%0##2;! V&*&10! %0$2(&%! '+B&! %$//&%0&2! 0'+0! "K?X4(12$*&2!

1&$.#)+0'#-#/W! ,+W! .&%$-0! =.#,! +! ,$-0(*&--$-+.! .&%)#1%&! (1! 3'(*'! /-(+-! *&--%!

)-+W! +! ).#,(1&10! .#-&I! +12! %#! (%! )-+$%(9-&! 0#! %$//&%0! 0'+0! *W0#l(1&%! ,+W!

)+.0(*()+0&! (1! 0'&! 0#O(*! &==&*0%! #=! "K?X;! ?'&.&=#.&I! (1! 0'&! ).&%&10! 3#.l! 3&!

&B+-$+0&2! 0'&! &==&*0! #=! +1! +*$0&! +2,(1(%0.+0(#1! #=!"K?X! 6\D!,/[l/Ä! +! %(1/-&!

(10.+)&.(0#1&+-! (1e&*0(#1:! #1! 0'&! (10&.-&$l(1! 6PM:45xI! PM4t! +12! 0$,#.! 1&*.#%(%!

=+*0#.!6?Y<:4v!,VYS!&O).&%%(#1!-&B&-%!(1!0'&!,(*&!'())#*+,)$%I!=.#10+-!*#.0&O!

+12! %0.(+0$,;! Z&! #9%&.B&2! 0'+0! "K?X! 2(2! 1#0! (12$*&! *'+1/&%! (1! 0'&! PM45x!

,VYS!&O).&%%(#1!-&B&-%!(1!9#0'!'())#*+,)$%!+12!%0.(+0$,I!3(0'!(,,&+%$.+9-&!

-&B&-%! (1! 0'&! =.#10+-! *#.0&O;! V&/+.2(1/! PM4tI!"K?X! (12$*&2! +1! (1*.&+%&! (1! 0'&!

&O).&%%(#1! -&B&-%!#=!0'(%!*W0#l(1&! (1!0'&!'())#*+,)$%!+12!%0.(+0$,I!5'!+12!\D!

,(1!)#%04(1e&*0(#1I!.&%)&*0(B&-W;!P1!0'&!=.#10+-!*#.0&OI!0'&!(1*.&+%&!(1!PM4t!,VYS!

-&B&-%! 3+%!,#.&! %(/1(=(*+10! +12! .&,+(1&2! '(/'! &B&1! +=0&.! C';!"#.&#B&.I! 0'&!

&O).&%%(#1! -&B&-%! #=! ?Y<4v! 3&.&! (1*.&+%&2! (1! 9#0'! '())#*+,)$%! +12! =.#10+-!

*#.0&O! \D! ,(1! )#%04"K?X! +2,(1(%0.+0(#1I! 3(0'! (,,&+%$.+9-&! -&B&-%! (1! 0'&!

%0.(+0$,;! Z&! *#1*-$2&! 0'+0! 0'&! ).#4(1=-+,,+0#.W! *W0#l(1&%! PM4t! +12! ?Y<4v!

.+)(2-W! (1*.&+%&! =#--#3(1/! "K?X! +2,(1(%0.+0(#1I! ).#B(2(1/! +! 1&3! (1%(/'0! =#.!

$12&.%0+12(1/!0'&!&==&*0!#=!0'(%!2.$/!#=!+9$%&!(1!0'&!9.+(1;!

! !
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!

!_a'

RQRQ'/ED%"PGID?"E'

'

"&0'+,)'&0+,(1&! 6"K?X:! (%! +1! +22(*0(B&! %0(,$-+10! 2.$/! 0'+0! %0&+2(-W!

/+(1&2! )#)$-+.(0W! +12! (0%! *#1%$,)0(#1! *+1! *+$%&! %&.(#$%! )%W*'(+0.(*! +12!

1&$.#-#/(*+-! %W,)0#,%! 6M+1# %&# (5"I! 5__^:;! T0$2(&%!3(0'! '$,+1!"K?X! +9$%&.%!

'+B&!.&)#.0&2!+!%&-&*0(B&!)+00&.1!#=!*&.&9.+-!2&0&.(#.+0(#1!0'+0!*#10.(9$0&%!0#!

(,)+(.&2! ,&,#.W! )&.=#.,+1*&! 6?'#,)%#1# %&# (5"I! CDDk:;! "#.&#B&.I! +*$0&!

"K?X! (10#O(*+0(#1! *+1! .&%$-0! (1! %0.#l&I! *+.2(+*! +..'W0',(+I! ,+-(/1+10!

'W)&.0'&.,(+I! *+.2(#B+%*$-+.! *#--+)%&I! +12! 9&*+$%&! #=! 0'&! -#1/! 2$.+0(#1! #=!

+*0(#1! #=! "K?XI! 0'&%&! +*$0&! ,&2(*+-! *#,)-(*+0(#1%! *+1! ).&%&10! %&.(#$%!

,+1+/&,&10!*'+--&1/&%;!

P0! (%! 9&-(&B&2! 0'+0! 0'&! )+0'#/&1&%(%! #=!"K?X4(12$*&2! 1&$.#0#O(*(0W! (%! (1!

)+.0! (2&10(*+-!3(0'!#0'&.!1&$.#2&/&1&.+0(B&!2(%#.2&.%!%$*'!+%!S-L'&(,&.à%!+12!

R+.l(1%#1à%! 2(%&+%&;! S-0'#$/'! +! 1$,9&.! #=! =+*0#.%! +))&+.! 0#! *#10.(9$0&! 0#!

"K?X4(12$*&2!1&$.#0#O(*(0WI!0'&!&O+*0!,&*'+1(%,%!+.&!%0(--!$1l1#31;!"+1W!#=!

0'&! 'W)#0'&%&%! '+B&! =#*$%&2! #1! (10.+41&$.#1+-! &B&10%! %$*'! +%! 2#)+,(1&!

#O(2+0(#1!6R&.&(.+#%&#(5"I!CDDCI!CDDt:I!#O(2+0(B&!%0.&%%I!+12!&O*(0#0#O(*(0W!67+2&0#

%&# (5"I! CDD`:;! P12&&2I! "K?X! 1#O(#$%! &==&*0%! #1! 0'&! 9.+(1! '+B&! -#1/! 9&&1!

+%%#*(+0&2! 0#! 2#)+,(1&! 68S:! +12! %&.#0#1(1! 6]4X?:! 6u+,+,#0#! Ç! J+1l%#1I!

CDD]:I!9$0!#B&.!0'&!-+%0!2&*+2&%!0'&!=#*$%!'+%!9&&1!%'(=0(1/!0#3+.2%!/-$0+,+0&!

6@-$:;! "#.&#B&.I! 3&! '+B&! B&.W! .&*&10-W! 2&,#1%0.+0&2! 0'+0! "K?X! (12$*&%!

%(/1(=(*+10! +-0&.+0(#1%! #1! '())#*+,)+-! 14,&0'W-424+%)+.0+0&! 6Y"8S:! +12! v4

+,(1#4\4'W2.#OW4]4,&0'W-4k4(%#O+L#-&).#)(#1(*! +*(2! 6S"RS:! (#1#0.#)(*!

/-$0+,+0&! .&*&)0#.! %$9$1(0! -&B&-%! 6T(,g&%# %&# (5"I! CDD`:;! 8&%)(0&! 0'&%&!

&B(2&1*&%I! .&*&10! %0$2(&%! '+B&! %$//&%0&2! 0'+0!"K?X4(12$*&2! 1&$.#)+0'#-#/W!

,+W! +-%#! .&%$-0! =.#,! +! ,$-0(*&--$-+.! .&%)#1%&! (1! 3'(*'! /-(+-! *&--%! )-+W! +!

).#,(1&10! .#-&! 6M+n#(&# %&# (5"I! CDDkÄ! J#3W&.! Ç! S-(I! CDDtÄ! y$'1# %&# (5"I! CDDtÄ!

T.(.+,#%&#(5"I!CDDt9:;!T&B&.+-!#9%&.B+0(#1%!%$//&%0!0'+0!*#1B&.%(#1!#=!/-(+-!*&--%!

0#!0'&(.!h.&+*0(B&i!%0+0&I!+12!0'&!+%%#*(+0&2!(1*.&+%&!(1!&O).&%%(#1!#=!*W0#l(1&%!

+12! *'&,#l(1&%I! ,+W! )-+W! +! .#-&! (1! 1&$.#2&/&1&.+0(#1;! ?'$%I! (%! )-+$%(9-&! 0#!



78+9,$(:=!

!

! _N'

%$//&%0! 0'+0! #0'&.!,#-&*$-&%I! %$*'! +%! *W0#l(1&%I!,(/'0! +-%#! )+.0(*()+0&! (1! 0'&!

0#O(*!&==&*0%!#=!"K?X;!!

7W0#l(1&%I! +! 2(B&.%&! /.#$)! #=! )#-W)&)0(2&%! 0'+0! +.&! /&1&.+--W! +%%#*(+0&2!

3(0'! (1=-+,,+0(#1I! (,,$1&!+*0(B+0(#1I! +12! *&--! 2(==&.&10(+0(#1!#.! 2&+0'I! '+B&!

2(B&.%&! +*0(#1%I! +12!,#%0! '+B&! -(00-&! #.! 1#! l1#31! =$1*0(#1! (1! '&+-0'W! 0(%%$&%I!

9&(1/! .+)(2-W! (12$*&2! (1! .&%)#1%&! 0#! 0(%%$&! (1e$.W! #.! (1=-+,,+0(#1! 6S--+1! Ç!

V#0'3&--I!CDD5:;!P12&&2I!*W0#l(1&%!'+B&!9&1&=(*(+-!#.!2&0.(,&10+-!&==&*0%!#1!*&--!

%$.B(B+-I! +%! 3&! '+B&! ).&B(#$%-W! #9%&.B&2! 0'+0! (10&.-&$l(1459&0+! 6PM45x:! +12!

0$,#.! 1&*.#%(%! =+*0#.4+-)'+! 6?Y<4v:! +*0! +%! 9()'+%(*! ,#2$-+0#.%! #=! S"RS4

(12$*&2! 1&$.#2&/&1&.+0(#1! 6J&.1+.2(1## %&# (5"I! CDD]9:;! ?'$%I! *'+1/&%! (1!

*W0#l(1&! -&B&-%! ,+W! .&=-&*0! +1! +00&,)0! 0#! *#$10&.+*0! 0'&! 2&/&1&.+0(#1! 9W!

(1(0(+0(1/!).#0&*0(B&!+12[#.! .&/&1&.+0(B&!,&*'+1(%,%;! P0! (%!l1#31!0'+0! PM45x! (%!

+,#1/!*W0#l(1&%!0'&!=(.%0!0#!9&!%W10'&%(L&2!9W!,(*.#/-(+I!(1!,#2&.+0&!-&B&-%I!(1!

.&%)#1%&! 0#! +1! (1%$-0I!3'(*'! (1! 0$.1! %0(,$-+0&%! 0'&! ).#-(=&.+0(#1! #=! +%0.#*W0&%!

+12!0'&!*#1%&d$&10!.&-&+%&!#=!(10&.-&$l(14t!6PM4tÄ!Y#..(%#%&#(5"I!5__kÄ!V(0*'(&#%&#

(5"I! 5__t:! 0'+0! (%! *+)+9-&! 0#! ,#2$-+0&! 0'&! 2(==&.&10(+0(#1! +12! %$.B(B+-! #=!

1&$.#1%;! T(,(-+.-WI! PM45x! *+1! (12$*&! ?Y<4v! ).#2$*0(#1! 0'+0! (1! 0$.1! +*0%!

%W1&./(%0(*+--W! 3(0'! PM45x! 0#! (12$*&! PM4t! &O).&%%(#1! 6J&1B&1(%0&# %&# (5"I! 5__DÄ!

J&0'&+#%&#(5"I!5__C:I!+12!0'&1!PM4t!(1'(9(0%!0'&!%W10'&%(%!#=!?Y<4v;!!!

V&*&10-WI!(0!3+%!%'#31!0'+0!PM4t!1$--!/&1#0W)&!+==#.2%!).#0&*0(#1!0#!8S!+12!

]4X?! 0&.,(1+-%! 2+,+/&I! +)#)0#0(*! *&--! 2&+0'! +12! .&+*0(B&! /-(#%(%! (12$*&2! 9W!

"K?X!6M+2&1'&(,#%&#(5"I!CDDD:;!a0'&.!+$0'#.%!'+B&!%'#31!+1!(1*.&+%&!#=!PM45x!

,VYS!(1!"K?X40.&+0&2!+1(,+-%I!3'(*'!,+W!9&!)+.0-W!(1B#-B&2!(1!0'&!+*0(B+0(#1!

#=! PM4t!*+%*+2&!+12!*#1%&d$&10-W!+%0.#/-(#%(%!6u+,+/$*'(#%&#(5"I!5__5:;!7-&+.-WI!

+%0.#/-(#%(%! )-+W! +! .#-&! (1!"K?X4(12$*&2! '())#*+,)+-! 2W%=$1*0(#1! 6T(,g&%# %&#

(5"I!CDD`:!+12!,(*.#/-(+!(%!+*0(B+0&2!(1!.&%)#1%&!0#!"K?X!+2,(1(%0.+0(#1!6M+n#(&#

%&# (5"I! CDDk:;! X#3&B&.I! +00&1$+0(#1! #=! ,(*.#/-(+! +*0(B+0(#1! (%! 1#0! 9W! (0%&-=!

&1#$/'! 0#! +==#.2! 1&$.#).#0&*0(#1! 6T.(.+,# %&# (5"I! CDDt9:;! "#.&#B&.I! .&*&10!

=(12(1/%! %$//&%0&2! 0'+0! ?Y<4v! )-+W%! +! 1&$.#).#0&*0(B&! .#-&! (1! "K?X4(12$*&2!

2.$/!2&)&12&1*&!+12!1&$.#0#O(*(0W!9W!+*0(B+0(1/!)-+%,+-&,,+-! +12!B&%(*$-+.!
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!

!_R'

8S!0.+1%)#.0&.I!+%!3&--!+%!9W!(1'(9(0(1/!"K?X4(12$*&2!(1*.&+%&!(1!&O0.+*&--$-+.!

8S!-&B&-%!6Y+l+e(,+#%&#(5"I!CDDk:;!!

P1! 0'&!).&%&10! %0$2WI!3&! (1B&%0(/+0&2! (=!+1!+*$0&!+2,(1(%0.+0(#1!#=!"K?X!

(12$*&%!+1!(1=-+,,+0#.W!).#*&%%!9W!+1+-WL(1/!0'&!,VYS!+-0&.+0(#1%!#=!0'&!).#4

(1=-+,,+0#.W!*W0#l(1&%!PM45xI!PM4t!+12!?Y<4v!(1!0'&!,(*&!'())#*+,)$%I!=.#10+-!

*#.0&O!+12!%0.(+0$,;!

!

!

RQSQ'6CD$%?CHF'CEP'6$DL"PF'

'

RQSQNQ'*E?JCHF'CEP'P%GY'D%$CDJ$ED'

<#$.4,#10'4#-2!,+-&!3(-240W)&!7]`JM[t>!,(*&!67'+.-&%!V(B&.!M+9#.+0#.(&%I!

P1*I! T)+(1I! J+.*&-#1+:!3&.&! '#$%&2! $12&.! %0+12+.2! 5Cm5C'! -(/'042+.l!3(0'! +2!

-(9(0$,! +**&%%! 0#! =##2! +12! 3+0&.;! "(*&! 3&.&! +2,(1(%0.+0&2! (10.+)&.(0#1&+--W!

6(;);:! 3(0'!"K?X! 6\D!,/[l/! 9#2W!3&(/'0:! 6<+*$-0W! #=! R'+.,+*WI! H1(B&.%(0W! #=!

R#.0#I!R#.0#I!R#.0$/+-:!2(%%#-B&2!(1!+!,+O(,$,!B#-$,&!#=!5DD!ä-!#=!%0&.(-&!D;_Å!

Y+7-I!+12!3&.&!%+*.(=(*&2!\D!,(1I!5'!+12!C'!)#%04(1e&*0(#1;!?'&!*#10.#-!/.#$)!

3+%! +2,(1(%0&.&2! 3(0'! 5DD! ä-! #=! %0&.(-&! D;_Å! Y+7-! +12! %+*.(=(*&2! C'! )#%04

(1e&*0(#1;! "#.&#B&.I! 0#! (12$*&! (1=-+,,+0(#1! 6)#%(0(B&! *#10.#-:I! ,(*&! 3&.&!

(1e&*0&2!6(;);:!3(0'!]!,/[l/!MRT!6T(/,+I!T0!M#$(%I!"aI!HTS:!+12!3&.&!%+*.(=(*&2!

k'!)#%04+2,(1(%0.+0(#1;!!

KO)&.(,&10+-!).#*&2$.&%!3&.&!)&.=#.,&2!+**#.2(1/-W!0#!0'&!/$(2&-(1&%!#=!

0'&! K$.#)&+1!7#,,$1(0W! =#.! 0'&! $%&! #=! +1(,+-%! (1! 0'&! -+9#.+0#.W;! S--! &==#.0%!

3&.&!,+2&!0#!,(1(,(L&!+1(,+-!%$==&.(1/!+12!0#!.&2$*&!0'&!1$,9&.!#=!+1(,+-%!

$%&2;!

!

RQSQRQ'/F"HCD?"E'"U'D"DCH'21*'

?#0+-! VYS! 3+%! (%#-+0&2! =.#,! 0'&! ,(*&! '())#*+,)$%I! =.#10+-! *#.0&O! +12!

%0.(+0$,! $%(1/! ?VP! VKS@KY?! 6T(/,+4S-2.(*'I! T0! M#$(%I! "aI! HTS:! +**#.2(1/! 0#!

,+1$=+*0$.&}%! (1%0.$*0(#1%;! J.(&=-WI! 0(%%$&! 3+%! '#,#/&1(L&2! (1! /$+1(2($,!

0'(#*W+1+0&! +12!)'&1#-;! 7'-#.#=#.,!3+%! +22&2!+12!+=0&.! *&10.(=$/(1/! 65C]DD!



78+9,$(:=!

!

! _S'

.),I!5]!,(1I!kã7:I!0'&!VYS!3+%!(%#-+0&2!(1!0'&!+d$&#$%!)'+%&!+12!).&*()(0+0&2!

3(0'! (%#).#)+1#-;! ?'&! )&--&0! 3+%! 0'&1! 3+%'&2! 3(0'! `]Å! &0'+1#-I! 2.(&2! +12!

.&2(%%#-B&2!(1!2(&0'W-)W.#*+.9#1+0&!68KR7:40.&+0&2!3+0&.!6<-$l+I!T(/,+4S-2.(*'I!

T3(0L&.-+12:;! ?'&! 0#0+-! +,#$10!#=!VYS!3+%!d$+10(=(&2!9W!#)0(*+-!2&1%(0W! 6a8:!

,&+%$.&,&10%!+0!CtD!1,I!+12!0'&!)$.(0W!3+%!&B+-$+0&2!9W!,&+%$.(1/!0'&!.+0(#!

#=!a8!+0!CtD!+12!C^D!1,!$%(1/!VYS[8YS!*+-*$-+0#.!@&1&b$+10! PP! 6R'+.,+*(+!

J(#0&*'!S,&.%'+,!J(#%*(&1*&%!SJI!H))%+-+I!T3&2&1:;!

!

RQSQSQ'204)!2'CECHKF$F''

R.#4(1=-+,,+0#.W! *W0#l(1&%! PM45xI! PM4t! +12! ?Y<4v! ,VYS! -&B&-%! 3&.&!

2&0&.,(1&2!9W!.&B&.%&!0.+1%*.()0+%&4R7V!6V?4R7V:;!*8YS!3+%!0.+1%*.(9&2!=.#,!

C!å/!VYS!#=! 0'&!'())#*+,)$%I! =.#10+-!*#.0&O!+12!%0.(+0$,I!$%(1/!a-(/#!2?65]:!

).(,&.%!6J(#.#1I!M$23(/%'+=&1I!@&.,+1W:;!S=0&.3+.2%I!R7V!3+%!)&.=#.,&2!(1!+!

]D!å-!.&+*0(#1!B#-$,&!*#10+(1(1/!]!å-! 6PM45xI! PM4t!+12!x4+*0(1:!#.!5D!å-! 6?Y<4v:!

*8YSI!5!å-!2Y?R!,(OI!]!å-!5DO!*#,)-&0&!9$==&.!=#.!?+d!8YS!)#-W,&.+%&I!D;C]!å-!

?+d!8YS!)#-W,&.+%&!6J(#.#1I!M$23(/%'+=&1I!@&.,+1W:I!D;C!å-!#=!9#0'!=#.3+.2!

+12!.&B&.%&!).(,&.%I!+12!+!B+.(+9-&!B#-$,&!#=!3+0&.;!?'&!).(,&.%!$%&2!(1!R7V!

.&+*0(#1%!3&.&!2&%*.(9&2!(1!?+9-&!C;5!6+--!).&%&10&2!+%!]z4\zÄ!"Z@4J(#0&*'!S@I!

K9&.%9&./I!@&.,+1W:;!!

!

Table 2.1. List of primers used in RT-PCR 

!KD"e?E$'
R.(,&.%!

5"%ZC%P' 2$#$%F$'

/,4N# ' S?@@7SS7?@??77?@SS7?7SS7?! S@@S7S@@?S?S@S??7???77??!

/,4V' 7SS@S@S7??77S?77S@??@77?! ???7?7S???77S7@S???777S@!

0154! ' 7?@?S@777S7@?7@?S@7S! 7@@7S@S@S@@S@@??@S7?!

# 4CID?E' @S7?S77?7S?@SS@S?77?! S?7??@S?7S?@@?@7?@!

!

?'&! R7V! *W*-(1/! ).#=(-&! =#.! PM45x! +12#4+*0(1! 3+%! 5! ,(1! +0! _]ã7! =#.!

2&1+0$.+0(#1I!+11&+-(1/!+0!]^ã7! =#.!5!,(1I!&O0&1%(#1!+0!`Cã7! =#.!5!,(1! =#.!\^!

*W*-&%!+12!+!5D!,(1!=(1+-!&O0&1%(#1!)&.(#2!+0!`Cã7;!<#.!PM4t!+12!?Y<4vI!0'&!R7V!
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!

!_T'

*W*-(1/!).#=(-&!3+%!5!,(1!+0!_]ã7!=#.!2&1+0$.+0(#1I!+11&+-(1/!+0!tDã7!6PM4t:[]^ã7!

6?Y<4v:!=#.!\D!%&*I!&O0&1%(#1!+0!`Cã7!=#.!\D!%&*!=#.!\^!*W*-&%!+12!+!5D!,(1!=(1+-!

&O0&1%(#1!)&.(#2! +0! `Cã7;! ?'&!,VYS! -&B&-%! #=! x4+*0(1!3&.&!$%&2! +%! +! -#+2(1/!

*#10.#-I! +12! 1&/+0(B&! *#10.#-%! 3&.&! )&.=#.,&2! 0#! &1%$.&! 0'+0! R7V! ).#2$*0%!

.&%$-0!=.#,!VYS!0.+1%*.()0(#1!62+0+!1#0!%'#31:;!

R7V! ).#2$*0%! 3&.&! %&)+.+0&2! 9W! /&-! &-&*0.#)'#.&%(%! 65;]Å! +/+.#%&:! +12!

%0+(1&2! 3(0'! &0'(2($,! 9.#,(2&;! 8&1%(0#,&0.(*+-! +1+-W%(%! 3+%! )&.=#.,&2! #1!

H1(B&.%+-!X##2!PP!6J(#4V+2!M+9#.+0#.(&%I!"(-+1I!P0+-W:!+12!,VYS!&O).&%%(#1!3+%!

&B+-$+0&2! 9W! 0'&! 9+124(10&1%(0W! .+0(#1! #=! *#10.#-! B&.%$%!"K?X4(1e&*0&2!,(*&!

$%(1/!0'&!P,+/&b$+10!];D!%#=03+.&;!!

!

RQSQTQ'.DCD?FD?ICH'CECHKF$F'

?'&!2+0+!+.&!&O).&%%&2!+%!,&+1%!ç!TK";!T0+0(%0(*%!3&.&!)&.=#.,&2!$%(1/!

#1&43+W! SYanSI! =#--#3&2! 9W! 8$11&00}%! )#%040&%0I! +%! (12(*+0&2! (1! 0'&! =(/$.&!

-&/&12%;!?'&!%(/1(=(*+1*&!-&B&-!3+%!%&0!+0!*#é!D;D];!

!

!

RQTQ'2$FGHDF'

'

?'&! +*$0&! +2,(1(%0.+0(#1! #=! \D! ,/[l/! "K?X! 2(2! 1#0! (12$*&! %0+0(%0(*+--W!

%(/1(=(*+10! *'+1/&%! (1! 0'&! PM45x!,VYS! &O).&%%(#1! -&B&-%! (1! 9#0'! '())#*+,)$%!

+12!%0.(+0$,I!+12!1&(0'&.!+0!0'&!2(==&.&10!0(,&!)#(10%!+1+-WL&2!6<(/$.&!C;5:;! P1!
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Figure 2.1. Expression levels of IL-1" mRNA in mice hippocampus (A) and striatum (B) after 

acute administration of METH (30 mg/kg). The mRNA levels were analyzed 30 min, 1h and 

2h post-administration, by RT-PCR. The control animals were given 0.9% NaCl solution and 

sacrificed 2h later. As a positive control we used the mRNA obtained from mice injected with 5 

mg/kg LPS and sacrificed 4h later. The IL-1" mRNA expression was measured using 

ImageQuant 5.0 and each value represents the means ± SEM of three mice. 
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Figure 2.2. Acute administration of METH (30 mg/kg) induces significant alterations of IL-6 

mRNA expression levels in the hippocampus (A; see previous page), frontal cortex (B) and 

striatum (C). The mRNA levels were analyzed 30 min, 1h and 2h post-administration, by RT-

PCR. The control animals were administered with 0.9% NaCl and sacrificed 2h later. As a 

positive control we used the mRNA obtained from mice injected with 5 mg/kg LPS and 

sacrificed 4h later. The IL-6 mRNA expression was quantified using ImageQuant 5.0 and each 

value represents the means ± SEM of four mice. ***p < 0.001, **p < 0.01, *p < 0.05 - 

Dunnett´s post hoc; statistical significance when compared to control (NaCl administration). 
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Figure 2.3. Alterations of total mice hippocampal (A) and frontal cortex (B) TNF-! mRNA 

expression levels following METH (30 mg/kg) administration. The mRNA levels were examined 

30 min, 1h and 2h post-injection, by RT-PCR. The control animals were administered with 

0.9% NaCl solution and sacrificed 2h later. As a positive control, we used the mRNA obtained 

from mice injected with 5 mg/kg LPS and sacrificed 4h later. Quantification of mRNA levels 

was performed by ImageQuant 5.0 and each value represents the means ± SEM of at least 

three mice. *p < 0.05, Dunnett´s post hoc; statistical significance when compared to control 

(NaCl administration). 
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Table 3.1. List of primary antibodies used in Western blot analysis 
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Figure 3.1. Methamphetamine (METH) induced astrogliosis in the mice hippocampus. (A) 

Quantification of glial fibrillary acidic protein (GFAP) protein levels at 1, 24h, 3 and 7 days 

following a single high dose of METH (30 mg ⁄ kg) in total hippocampi extracts. Above the 

bars, representative western blots for GFAP (55 kDa) and $-actin (42 kDa) are shown. The 

results are expressed as mean percentage of control ± SEM of at least eight animals. *P < 

0.05, **P < 0.01 – Dunnett’s post-test, significantly different from control (saline; see previous 

page). (B) Representative fluorescence images of GFAP labeling in the total hippocampus and 

representative confocal images of astrocytes morphology in the dentate gyrus (DG), region 

inferior cornu ammonis (CA3) and region superior cornu ammonis (CA1) hippocampal 

subregions in control conditions and in the presence of METH (24h post-administration). Total 

brain sections (30 µm) were labeled with anti-GFAP, Cy3 conjugated (1:500, red), followed by 

incubation with Hoechst 33342 (blue). In total hippocampus images scale bar: 200 µm; 

hippocampal subregions images scale bar: 10 µm.!
!

]'
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!

!
Figure 3.2. Activation of microglial cells in the mouse hippocampus induced by 

methamphetamine (METH). Immunofluorescent labeling with anti-CD11b (1:500, green) 

demonstrated that activated microglia are present in the dentate gyrus (DG), region inferior 
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cornu ammonis (CA3) and region superior cornu ammonis (CA1) subregions at 1, 24h and 7 

days after an acute treatment of METH. Total brain sections (30 µm) were also stained with 

Hoechst 33342 (blue). All images were taken using a confocal microscope. Scale bar: 10 µm. 
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Figure 3.3. Increase of tumor necrosis factor (TNF)-! protein levels by methamphetamine 

(METH). (A) Quantification of TNF-! protein levels at 1, 24h, 3 and 7 days post-METH 

administration Above the bars, representative western blots images of TNF-! (19 kDa) and $-

actin (42 kDa) are shown. The results are expressed as mean percentage of control ± SEM of 

at least six animals. *P < 0.05 – Dunnett’s post-test; significantly different from control (saline). 

(B) Representative images of the double-staining for TNF-! (red, 1:100) and⁄or CD11b (green, 

1:500) show that TNF-! immunoreactivity was detected in activated microglial at 7 days post- 

METH (white staining). The images were recorded using a confocal microscope. Scale bar: 5 

µm. 
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Figure 3.4. Methamphetamine (METH) induced an increase in tumor necrosis factor 

receptor 1 (TNFR1) protein levels. Quantification of (A) TNFR1 and (B) tumor necrosis factor 

receptor 2 (TNFR2) protein levels in the mice hippocampus showing an increase in the TNFR1 

levels at 1 and 24h post-METH administration without affecting the basal levels of TNFR2. 

Above the bars, representative western blot images of TNFR1 (55 kDa), TNFR2 (75 kDa) and 

$-actin (42 kDa) are shown. The results are expressed as mean percentage of control ± SEM 

of at least four animals. *P < 0.05, ***P < 0.001 – Dunnett’s post test; significantly different 

from control (saline). 
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Figure 3.5. Indomethacin (INDO) prevented methamphetamine (METH)-induced 

neuroinflammation in the mouse hippocampus. western blot analysis showed that pre-

treatment with INDO (10 mg ⁄ kg) completely abolished the changes induced by METH on: (A) 

glial fibrillary acidic protein (GFAP; see previous page); (B) tumor necrosis factor (TNF)-!; and 

(C) tumor necrosis factor receptor 1 (TNFR1) protein levels. Above the bars, representative 

Western blot images are shown. The results are expressed as mean percentage of control ± 

SEM of at least four animals. *P < 0.05, **P < 0.01, ***P < 0.001 – Dunnett’s post-test; 

significantly different from control (saline). #P < 0.05, ##P < 0.01, ###P < 0.001 – Bonferroni’s 

post-test; statistical significance when compared with METH plus INDO of the respective 

METH treatment group (1, 24h or 7 days). +++P < 0.001 – Bonferroni’s post-test; statistical 

significance when compared with INDO alone. 
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Figure 3.6. Methamphetamine (METH) did not induce cell death by apoptosis in the mice 
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hippocampus. Western blot analysis showing that a single high dose of METH (30 mg⁄kg) did 

not change protein levels of pro-caspase 3. Above the bars, representative western blot images 

of pro caspase 3 (35 kDa) and $-actin (42 kDa) are shown. The band corresponding to the 

activated caspase 3 (17 kDa) was not detected. The results are expressed as mean 

percentage of control ± SEM of at least four animals. 
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Figure 3.7. Administration of methamphetamine (METH) led to neuronal-specific class III 

beta- tubulin (Tuj-1) downregulation. (A) Western blot analysis demonstrated that METH 

decreased the protein levels of Tuj-1 at 24h, 3 and 7 days after administration. (B) 

Indomethacin (INDO) pre-treatment prevented a METH-induced decrease in Tuj-1 protein 

levels. Above the bars, representative western blot images of Tuj-1 (50 kDa) and $-actin (42 

kDa) are shown. The results are expressed as mean percentage of control ± SEM of at least 

seven animals. ***P < 0.001 – Dunnett’s post-test; significantly different from control (saline). #P 

< 0.05, ##P < 0.01, ###P < 0.001 – Bonferroni’s post-test; statistical significance when 

compared with METH plus INDO of the respective METH treatment group (24h, 3 or 7 days). 
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Figure 3.8. Alterations in syntaxin and synaptophysin protein levels induced by 
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methamphetamine (METH). (A) Western blot analysis indicated that METH induced a 

decrease in syntaxin protein (39 kDa) levels 3 and 7 days post-injection. (B and D) No 

alterations were detected in synaptosome-associated protein of 25 000 Da (SNAP-25; 25 kDa) 

and postsynaptic density-95 (PSD-95; 95 kDa) protein levels following METH administration. 

(C) Quantification of synpatophysin (37 kDa) protein levels showed its increase at 1 and 24h 

after METH treatment. Above the bars are shown the representative western blot images of 

blotting assay. $-actin (42 kDa) was used as loading control. The results are expressed as 

mean percentage of control ± SEM of at least four animals. *P < 0.05, ***P < 0.001 – 

Dunnett’s post-test; significantly different from control (saline). 
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Fig. 3.9. Downregulation of protein levels of calbindin D28k and tau following acute 

treatment of methamphetamine (METH). (A) Western blot analysis demonstrated that the 

levels of calbindin D28k decreased at 1, 24h, 3 and 7 days after the insult, whereas (B) METH 

induced a late reduction of tau protein levels post 7 days. Above the bars are shown the 

representative western blot images of calbindin D28k (28 kDa) and tau (50 kDa), and $-actin 

(42 kDa). The results are expressed as mean percentage of control ± SEM of at least six 

animals. *P < 0.05, **P < 0.01, ***P < 0.001 – Dunnett’s post-test; significantly different from 

control (saline). 
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Figure 4.1. Scheme of the experimental protocol to investigate the role of TNF-! under 

conditions of METH-induced toxicity on (A) N9 microglial cell line and (B) mouse hippocampal 

organotypic slice cultures. For details, see text. 
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Figure 4.2. Scheme of the experimental protocol to evaluate the extracellular and 

intracellular levels of TNF-!, as well as TNFR1 protein levels under conditions of METH-

induced toxicity on (A) N9 microglial cell line and (B) mouse hippocampal organotypic slice 

cultures. For details, see text.!
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Figure 4.3. METH induces microglial cell death. (A) METH increases the number of TUNEL-

positive cells in a concentration-dependent manner (0.1-4 mM for 24h). The treatment with Z-

VAD (25 µM) completely prevented the apoptotic cell death induced by 1 mM METH. The 

results are expressed as percentage of total cells ± SEM (n=10-25). ***p < 0.001, Dunnett’s 

*'
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multiple comparison test, significantly different when compared to control. +++p < 0.001 - 

Bonferroni’s multiple comparison test, significantly different comparing with 1 mM METH. (B) 

Representative fluorescence images of TUNEL positive cells following treatment with 0.1, 1 or 

4 mM METH. Scale bar, 20 µm. 
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Figure 4.4. METH modulates microglial activation by change their morphology. 

Representative confocal images of F-actin (red) and Iba-1 (green) immunoreactivity in N9 

microglial cells under (A) control conditions and (B) exposed to 1 mM METH. Cells were also 

staining with Hoechst 33342 (blue).  Scale bar, 20 and 50 µm. 
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Figure 4.5. METH has a dose-dependent effect in N9 microglial cell line proliferation. METH 

treatment (24h) induces increase of BrdU-positive cells at 0.001 and 0.01 mM while leads to a 

decrease at 0.1 and 1 mM. The co-incubation with Z-VAD (25 mM) was not able to completly 

prevent 1 mM METH-induced decrease in the number of BrdU positive cells. The results are 

expressed as percentage of total cells ± SEM (n=10-33). **p < 0.01, ***p < 0.001 - Dunnett’s 

multiple comparison test, significantly different when compared to control. +++p < 0.001 - 

Bonferroni’s multiple comparison test, significantly different comparing with 1 mM METH. 
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Figure 4.6. METH triggers an early increase of TNF-! release and production. The effect of 

1 mM METH on the (A, C) extracellular d and (B, D) intracellular levels of TNF-! was 

evaluated after (A, B) 1h and (C, D) 24h of drug exposure by ELISA. Data are expressed as 

mean ± SEM of pg/ml for extracellular and pg/mg total protein for production (n=3-13) levels. 
***p < 0.001 - Mann-Whitney post-test, significantly different from control. 
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Figure 4.7. METH increases TNFR1 protein levels. Quantification of TNFR1 in N9 

microglial cells at 1h post-METH exposure. Above the bars, representative western blot images 

of TNFR1 (55 kDa) and $-actin (42 kDa) are shown. The results are expressed as mean % of 

control ± SEM (n=3-6). *p < 0.05 - Mann-Whitney posttest, significantly different from control. 
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Figure 4.8. Exogenous TNF-! prevents microglial cell death induced by METH. The increase 

in the number of TUNEL positive cells induced by 1 mM METH (24h) was not changed by (A) 

TNF-! antibody but it was completely prevented by (B) TNF-! (1 ng/ml). The results are 

expressed as mean % of total cells ± SEM (n=17-84). ***p < 0.001 - Dunnet’s post-test, 

significantly different when compared to control. +++p < 0.01 - Bonferroni’s post-test, when 

compared with 1 mM METH. 
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Figure 4.9. Early up-regulation of intracellular and release TNF-! protein levels induced by 

METH. The effect of 0.5 mM METH on the (A, C) extracellular and (B, D) intracellular levels 
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of TNF-! was evaluated after (A, B) 1h and (C, D) 24h of drug exposure by ELISA. Data are 

expressed as mean ± SEM of pg/ml for extracellular and pg/mg total protein for intracellular 

(n=3-15) levels. ***p < 0.001 - Mann-Whitney post-test, significantly different from control. 

!
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*#,)+.&2!3(0'!1#140.&+0&2!%-(*&%!65DD;D!±!^;kÅI!1ë^Ä!<(/$.&!k;5D:; 

!
Figure 4.10. TNFR1 protein levels were up-regulated at 1h post-METH treatment in mouse 

hippocampal organotypic slice cultures. Above the bars, representative western blot images of 

TNFR1 (55 kDa) and GAPDH (34 kDa) are shown. The results are expressed as mean % of 

control ± SEM (n=8-11). **p < 0.01 - Mann-Whitney post-test, significantly different from 

control. 
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Figure 4.11. Exogenous TNF-! protects hippocampal cultures from METH 

neurodegeneration. The pre-treatment with exogenous TNF-! (1 ng/ml) partial prevents the 

neurotoxicity induced by 0.5 mM METH in (A) CA3 and (B) CA1 pyramidal cell layers. The PI 

uptake induced by 0.5 mM METH was set to 100%. Data are shown as mean value ± SEM, 

n=10-6. *p < 0.05; ***p < 0.001 - Dunnett's post-test, significantly different from control (no 
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drug exposure). +++p < 0.001 - Bonferroni's post-test, statistical significance when compared 

with 0.5 mM METH. (C) Representative fluorescence microscopy images of PI uptake in 

hippocampal organotypic slice cultures under several experimental conditions. Scale bars: 500 

µm 
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Figure 5.1. METH increases NPY mRNA and protein levels in the mouse hippocampus. (A) 

Quantification of NPY mRNA levels in the hippocampal formation and (B) representative in 

situ hybridization autoradiograms. An image from hippocampus with Nissl staining (adapted 

from Sidman and collaborators, High Resolution Mouse Brain Atlas; www.hms.harvard.edu) is 

shown to facilitate the visualizing of hippocampal anatomy. The results are expressed as mean 

percentage of saline ± SEM (n = 6-10); **p< 0.01, ***p< 0.001, significantly different from the 
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respective saline sub-region. (C) METH also increased NPY protein levels at 1h and 24h post-

administration. Above the bars, representative western blots for NPY (15 kDa) and GAPDH 

(34 kDa) are shown. Data are presented as mean percentage of saline ± SEM (n = 4-9); *p< 

0.05, ***p< 0.001, when compared to the saline. (D) Representative images of NPY 

immunoreactivity (green) in the CA1 pyramidal cell layer. Scale bars = 20 µm or 5 µm (detail 

images). 
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Figure 5.2. Effect of METH on NPY receptor levels. (A) Y1 receptor gene expression is 

unchanged while (B) Y2 and (C) Y5 receptor mRNA levels are increased in the mouse 

hippocampus by METH. The results are expressed as mean percentage of saline ± SEM (n = 

6-12);  **p< 0.01, ***p< 0.001, significantly different from the respective saline sub-region. (D) 

Representative fluorescence images showing the increase of NPY Y2 receptor protein levels 

(green; Hoechst 3342 - blue) in the CA3 and CA1 pyramidal cell layers at 1h post-METH 

administration. Scale bars = 20 µm or 5 µm (detail images). 
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Figure 5.3. Total NPY binding is increased in the CA1 sub-region at 1h following METH 

treatment. (A) Quantification of specific [125I]PYY binding in the mouse hippocampal DG, CA3 

and CA1 sub-regions. The results are expressed as mean pCi/mol ± SEM (n =7-13); **p< 0.01, 

significantly different from the respective saline sub-region. (B) Representative pseudocolor 

autoradiograms of the hippocampal formation of saline and METH-treated mice showing a 

significant increase of [125I]PYY binding in the CA1 sub-region. Scale bar = 500 µm. 
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Figure 5.4. Effect of METH on NPY receptor functionality. (A) Y1 receptor-stimulated 

[35S]GTP#S binding was decreased in the three hippocampal subfields analyzed at 1h post-

METH. (B) Y2 receptor specific functional binding was up-regulated in both CA3 and CA1 sub-

regions, at 1h, 24h and 3d post-drug treatment. (C) No changes were observed in Y5 receptor 

functional binding. The results are expressed as mean nCi/g ± SEM (n = 6-15); *p< 0.05, **p< 

0.01, ***p< 0.001, significantly different from the respective saline sub-region. (D) 

Representative pseudocolor autoradiograms showing basal binding, total blocking, and bilateral 

increase of NPY Y2 receptor-stimulated [35S]GTP#S binding in the CA3 and CA1 sub-regions 

after 24h. Magnification of the left hippocampus autoradiograms in saline and METH-treated 

mice is also shown. Scale bar = 1 mm or 500 µm. 
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Figure 5.5. METH impairs spatial and recognition memory in mice. (A) In the modified Y-

maze test, mice treated with METH spent less time exploring the novel arm as compared to 

saline. The BIIE0246 pre-treatment completely prevented METH-induced spatial memory 

deficit. Data are presented as mean time spent in the novel arm ± SEM (n = 7-14) (B) The 

novel object recognition task shows impairment of recognition memory in METH-treated mice, 

and Y2 receptor antagonist (BIIE0246) was able to block this effect. The results are expressed 

as mean recognition index ± SEM (n = 7-15). ***p< 0.001, when compared with saline; ++p< 

0.01, significantly different from METH plus BIIE0246 treated mice. 
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Figure 5.6. METH modulates the AKT/mTOR pathway in the mouse hippocampus. (A,B) 

METH reduced the phosphorylation levels of AKT (60 kDa) or (C) mTOR (286 kDa) at 1h 

post-drug administration, and (D) p70S6K (70 kDa) phosphorylation levels at 24h post-METH. 

The Y2 receptor antagonist (BIIE0246) was able to counteract this effect. (B) Representative 

images of phospho-AKT (green) immunoreactivity show a decrease in the CA3 pyramidal cell 

layer following 1h of METH injection, which was prevented by Y2 receptor antagonist. Scale 

bars = 20 µm or 5 µm (detail images). Data are presented as mean percentage of saline ± 

SEM (n = 6-15); **p< 0.01, ***p<0.001, when compared with saline; ++ p<0.001, +++p<0.001, 

significantly different from METH plus BIIE0246. 
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~&(%%:;!8(/(0+-!=-$#.&%*&10!,(*.#/.+)'%!3&.&!0+l&1!9&=#.&!2.$/!&O)#%$.&!69+%+-!

RP!$)0+l&:I! +12!+0! =(O&2! 0(,&4)#(10%! +=0&.!2.$/!&O)#%$.&;! ?'&1I!RP!$)0+l&!3+%!

,&+%$.&2!9W!2&-(1&+0(1/!0'&!2&10+0&!/W.$%!68@:I!-.4,0/#()).,+/!\!67S\:!+12!5!

67S5:! '())#*+,)+-! %$94.&/(#1%! $%(1/! YPX! P,+/&>! 5;kk! +1+-W%(%! %#=03+.&;! ?'&!

&==&*0!#=!0.&+0,&10%!3+%!+%%&%%&2!9W!%$90.+*0(1/!0'&!9+%+-!RP!$)0+l&!B+-$&!62+W!

DI!1#140.&+0&2!*$-0$.&%:!=.#,!0'&!*#..&%)#12(1/!B+-$&!+=0&.!0.&+0,&10!62+W!5!#.!

2+W!C:;!!

!

VQSQSQ' +WM$%?J$EDCH' D%$CDJ$EDF' ?E' L?MM"ICJMCH' "%YCE"DKM?I' FH?I$'

IGHDG%$F'

X())#*+,)+-! %-(*&! *$-0$.&%!3&.&! (1*$9+0&2!3(0'! 2(==&.&10! *#1*&10.+0(#1%!

#=!"K?X!{6w:4"&0'+,)'&0+,(1&!'W2.#*'-#.(2&Ä!T(/,+4S-2.(*'|!6D;5I!D;CI!D;]I!5!

+12!5D!,":!=#.!Ck'!6<(/$.&!t;5:;!P,)#.0+10-WI!0'&!*#1*&10.+0(#1!.+1/&!#=!"K?X!

$%&2!(1!0'&!).&%&10!%0$2W!3+%!%&-&*0&2!(1!+**#.2+1*&!3(0'!).(#.!+,#6+&4.!%0$2(&%!

6S(L&1,+1#%&#(5"I!CD5DÄ!Y#))+.+0#%&#(5"I!CD5DÄ!Y+l+/+3+#%&#(5"I!CD55:;# #?#!0&%0!

0'&!.#-&!#=!YRu!#.!YRu!-(/+12%I!%-(*&!*$-0$.&%!3&.&!).&4(1*$9+0&2!3(0'!5!µ"!YRu!
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#.!3(0'! 0'&! %&-&*0(B&!u5!#.!uC! .&*&)0#.!+/#1(%0%I! 5!ä"! {M&$\5IR.#\k|YRu!#.!\DD!

1"!YRu65\4\t:I! .&%)&*0(B&-W! 6T(-B+#%&#(5"I!CDD\9:I!2$.(1/!Ck'!6+--! =.#,!J+*'&,!

S@I! J$9&12#.=I! T3(0L&.-+12:;! ?'&1I! *$-0$.&%!3&.&! &O)#%&2! =#.!,#.&! Ck'!3(0'!

0'&!.&%)&*0(B&!-(/+12%!)-$%!]DD!µ"!"K?X!6<(/$.&!t;5:;!?'&!%+,&!&O)&.(,&10+-!

).#0#*#-!3+%!$%&2!0#!*-+.(=W!0'&!%&-&*0(B&!&==&*0!#=!0'&!YRu!.&*&)0#.!+/#1(%0%!9W!

$%(1/!5!ä"!JPJR\CCt!#.!5!ä"!JPPKDCkt!6?#*.(%!J(#%*(&1*&I!J.(%0#-I!Hy:I!u5!#.!uC!

.&*&)0#.!+10+/#1(%0I!.&%)&*0(B&-W!6T(-B+#%&#(5"I!CDD\9:;!!

!

Figure 6.1. Schematic representation of the experimental protocol to investigate the 

potential protective effect of NPY or its receptors against METH-induced cell death in mouse 

hippocampal organotypic slice cultures. For details, see text. 

 

VQSQTQ'204)!2'CECHKF?F'

?'&! ,VYS! 3+%! (%#-+0&2! $%(1/! 0'&! VY&+%W! ,(1(l(0! 6b(+/&1I! X(-2&1I!

@&.,+1W:!+**#.2(1/!0#!0'&!,+1$=+*0$.&.z%!(1%0.$*0(#1%;!7$-0$.&2!%-(*&%!3(0'#$0!

0.&+0,&10%!3&.&! =(.%0! -W%&2! (1!+!'(/'-W!2&1+0$.(1/!9$==&.! *#10+(1(1/!/$+1(2(1&!

0'(#*W+1+0&I!3'(*'!&1%$.&2!0'&!(1+*0(B+0(#1!#=!VY+%&%;!?'&1I!0'&!%+,)-&%!3&.&!

+))-(&2! 0#! %)(1! *#-$,1%I! 3'&.&! 0#0+-! VYS! 9#$12! 0#! 0'&!,&,9.+1&I! +12! 0'&!

&O*-$%(#1!#=!*#10+,(1+10%!+12!%,+--!%(L&!VYS!+--#3&2!0'&!)$.(=(*+0(#1!#=!+!'(/'!

d$+-(0W! ,VYS4&1.(*'&2! %#-$0(#1;! J&=#.&! 0'&! %+,)-&%! 3&.&! d$+10(=(&2! 9W!

,&+%$.(1/! 0'&! .+0(#! #=! a8! +0! CtD! +12! C^D! 1,! $%(1/! VYS[8YS! *+-*$-+0#.!

@&1&b$+10!PP!6R'+.,+*(+!J(#0&*'!S,&.%'+,!J(#%*(&1*&%!SJI!H))%+-+I!T3&2&1:I!
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VYS!3+%!2(%%#-B&2!(1!2(&0'W-)W.#*+.9#1+0&!68KR7:40.&+0&2!3+0&.!6<-$l+I!T(/,+4

S-2.(*':;!?#0+-!,VYS!6C!µ/:!3+%!0.+1%*.(9&2!$%(1/!a-(/#!2?65]:!).(,&.%!6J(#.#1I!

M$23(/%'+=&1I!@&.,+1W:I!+12!R7V!.&+*0(#1!3+%!)&.=#.,&2!(1!+!0#0+-!B#-$,&!#=!

]D!ä-!*#10+(1(1/!]!ä-!*8YSI!5!ä-!2Y?R!,(OI!]!ä-!5DO!*#,)-&0&!9$==&.!=#.!?+d!8YS!

)#-W,&.+%&I! D;C]! ä-! ?+d! 8YS! )#-W,&.+%&! 6+--! =.#,! J(#.#1:I! D;C! ä-! #=! 9#0'!

=#.3+.2! +12! .&B&.%&! ).(,&.%I! +12! +! B+.(+9-&! B#-$,&! #=! 3+0&.;! ?'&! ).(,&.!

%&d$&1*&%! $%&2! 3&.&! 2&%*.(9&2! (1! ?+9-&! t;5! 6+--! ).&%&10&2! +%! ]}4\}m!

"Z@J(#0&*'!S@I!K9&.%9&./I!@&.,+1W:;!?'&!,VYS!-&B&-%!#=!x4+*0(1!3&.&!$%&2!

+%!+!-#+2(1/!*#10.#-I!+12!1&/+0(B&!*#10.#-%!3&.&!)&.=#.,&2!0#!&1%$.&!0'+0!R7V!

).#2$*0%! .&%$-0! =.#,!VYS! 0.+1%*.()0(#1! 62+0+! 1#0! %'#31:;! R7V! ).#2$*0%!3&.&!

%&)+.+0&2! 9W! /&-! &-&*0.#)'#.&%(%! 65;]Å! +/+.#%&:! +12! %0+(1&2! 3(0'! &0'(2($,!

9.#,(2&!+12!2&1%(0#,&0.(*!+1+-W%(%!3+%!)&.=#.,&2!#1!H1(B&.%+-!X##2! PP! 6J(#4

V+2!M+9#.+0#.(&%I!"(-+1I!P0+-W:;!

!
Table 6.1. List of primers used in RT-PCR 

'
R.(,&.%!

5"%ZC%P' 2$#$%F$'

1)9' S@S@S?77S@777?@S@S7S! SS7@S7SS7SS@@@SSS?@@!

9N' SSS?@?@?7S7??@7@@7@??7! S@?@??@S??7@7??@@?7?7S7?@!

9R' @?SS@77SS@?@S@S@?@S! 77S????77S7?7?777S?7S!

# 4CID?E' @S7?S77?7S?@SS@S?77?! S?7??@S?7S?@@?@7?@!

!

VQSQXQ'f$FD$%E'BH"D'CECHKF?F'

X())#*+,)+-!#./+1#0W)(*!%-(*&%!3&.&!'#,#/&1(L&2! (1! (*&4*#-2! -W%(%!9$==&.!

{5]D!,"!Y+7-I!]D!,"!?.(%4X7-I!]!,"!K@?SI!5DÅ!?.(0#1!p45DDI!5DÅ!8a7I!5DÅ!

%#2($,!2#2&*W-! %$-)'+0&! 6T8T:I! 5DD!,"!2(0'(#0'.&(0#-! 68??:I! )X!`;]Ä! +--! =.#,!

T(/,+4S-2.(*'|! *#10+(1(1/! 7#,)-&0&! R.#0&+%&! P1'(9(0#.! 7#*l0+(-! ?+9-&0! 6V#*'&!

8(+/1#%0(*%I! Z&%0! T$%%&OI! Hy:I! +12! *&10.(=$/&2! +0! 5k]DD! .),! =#.! CD! ,(1;!

T$)&.1+0+10%!3&.&!%0#.&2!+0!4^DÑ7!$10(-!=$.0'&.!$%&;!R.#0&(1!*#1*&10.+0(#1!3+%!

2&0&.,(1&2! $%(1/! 0'&! J7S! ).#0&(1! +%%+W! +12! &d$+-! +,#$10%! 6]D! ä/! )&.! -+1&:!

3&.&! -#+2&2! +12! %&)+.+0&2! #1! T8T4)#-W+*.W-+,(2&! /&-;! S=0&.3+.2I! ).#0&(1%!
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3&.&! 0.+1%=&..&2! 0#! )#-WB(1W-(2&1&! 2(=-$#$.(2&!,&,9.+1&%! 6Rn8<Ä! P,,#9(-#1!

?.+1%=&.! "&,9.+1&I! "(--()#.&I! J&2=#.2I! "S:;! "&,9.+1&%! 3&.&! 9-#*l&2! +12!

(1*$9+0&2! #B&.1(/'0! 6aY:! +0! k°7! 3(0'! 0'&! ).(,+.W! +10(9#2W! ,#$%&! +10(4J*-C!

65mCDDÄ!.&=;!%*45t\C5:!#.!.+99(0!+10(4J+O!65m5DDÄ!.&=;!%*4tC\tÄ!9#0'!=.#,!T0;!7.$L!

J(#0&*'1#-#/WI! P1*I! X&(2&-9&./I! @&.,+1W:;! S=0&.! .(1%&%I! ,&,9.+1&%! 3&.&!

(1*$9+0&2! 3(0'! 0'&! +10(4,#$%&! 65m5DDDDÄ! êYP<5\5t:! #.! +10(4.+99(0! 65mCDDDDÄ!

êYP<5\5`:! XVR4*#1e$/+0&2! %&*#12+.W! +10(9#2(&%! 69#0'! =.#,! S,&.%'+,!

J(#%*(&1*&I! @K! X&+-0'*+.&! M(=&! T*(&1*&I! J+.*&-#1+I! T)+(1:! =#.! 5'! +0! .##,!

0&,)&.+0$.&! 6V?:;! ?'&! %(/1+-! 3+%! #90+(1&2! $%(1/! 0'&! &1'+1*&2!

*'&,(=-$#.&%*&1*&! %$9%0.+0&! 6K7MÄ! S,&.%'+,! J(#%*(&1*&:! +12! B(%$+-(L&2! (1! +!

?'W)'##1! <MS! _DDD! 6@K! X&+-0'*+.&! J(#T*(&1*&%! SJI! H))%+-+I! T3&2&1:;!

P,,$1#9-#0%! 3&.&! .&).#9&2! 3(0'! ,#$%&! ,#1#*-#1+-! /-W*&.+-2&'W2&! \4

)'#%)'+0&! 2&'W2.#/&1+%&! 6@SR8X:! +10(9#2W! 65m5DDDÄ! +9_k^kI! S9*+,I!

7+,9.(2/&I! Hy:! 0#! &1%$.&! &d$+-! %+,)-&! -#+2(1/I! +12! 2&1%(0#,&0.(*! +1+-W%&%!

3&.&!)&.=#.,&2!$%(1/!0'&!P,+/&b$+10!%#=03+.&;!

!

VQSQVQ'/JJGE"L?FD"IL$J?FD%K'

X())#*+,)+-!%-(*&!*$-0$.&%!3&.&!=(O&2!3(0'!(*&4*#-2!kÅ!)+.+=#.,+-2&'W2&!

6R<SÄ!"&.*l:!(1!D;D5!"!)'#%)'+0&49$==&.&2!%+-(1&!%#-$0(#1!6RJTm!5\`!,"!Y+7-I!

C;`!,"!y7-I!k;\!,"!Y+CXRakI!5;k`!,"!yXCRakI!)X!`;kÄ!+--!=.#,!"&.*l:!+0!V?!

=#.!\D!,(1I!=#--#3&2!9W!*.W#).&%&.B+0(#1!(1!\DÅ!%$*.#%&!+12!%0#.&2!+0!kã7!$10(-!

=$.0'&.! $%&;! ?'&! %-(*&%!3&.&! .(1%&2! (1! D;D5!"!RJTI! +12! 0'&1! 9-#*l&2!3(0'! \Å!

=&0+-!9#B(1&!%&.$,!6<JTÄ!@(9*#:!)-$%!C;]Å!?.(10#1!p45DD!6T(/,+4S-2.(*':!(1!D;D5!

"!RJT!=#.!5'!\D,(1!+0!V?I!+12!(1*$9+0&2!3(0'!.+0!+10(4,#$%&!78559!+10(9#2W!

65m]DDÄ! .&=;!"7S`5I! S98! T&.#0&*I! aO=#.2I! Hy:! +0! kã7! 2$.(1/! Ck';! S=0&.3+.2%I!

%&*0(#1%! 3&.&! (1*$9+0&2! 3(0'! /#+0! +10(4.+0! S-&O+! <-$#.! k^^! +10(9#2W! 65mCDDÄ!

S55DDtI! P1B(0.#/&1:!=#.!5'!\D!,(1!+0!V?I!3+%'&2I!+12! (1*$9+0&2!3(0'!X#&*'%0!

\\\kC!6]!µ/[,-Ä!.&=;!5k]\\I!T(/,+4S-2.(*':!=#.!]!,(1!+0!V?!+12I!=(1+--WI!,#$10&2!

(1!8+l#!=-$#.&%*&1*&!,&2($,!68+l#!Y#.0'!S,&.(*+I!7+.)(10&.(+I!HTS:;!~4%0+*l%!

(,+/&%!3&.&!+*d$(.&2!$%(1/!+! MT"!`5D!"&0+!7#1=#*+-!,(*.#%*#)&! 67+.-! ~&(%%I!

a9&.l#*'&1I!@&.,+1W:;!?'&!d$+10(=(*+0(#1!#=!=-$#.&%*&1*&!(10&1%(0(&%!#=!78559!
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+10(9#2W! -+9&-(1/!3+%!)&.=#.,&2!$%(1/!0'&!YPX! P,+/&>!5;kk!+1+-W%(%!%#=03+.&;!

<#.!0'+0I!+!.&/(#1!3+%!2.+31!+.#$12!&+*'!*&--!0#!9&!,&+%$.&2I!+%!3&--!+%!#0'&.!

.&/(#1%! (1! +1! +.&+! 3(0'#$0! =-$#.&%*&10! #9e&*0%! 0#! 9&! $%&2! =#.! 9+*l/.#$12!

%$90.+*0(#1;! ?#! 2&0&.,(1&! 0'&! *#..&*0&2! 0#0+-! *&--! =-$#.&%*&1*&I! 3&! $%&2! 0'&!

=#--#3(1/! =#.,$-+m! *#..&*0! 0#0+-! *&--! =-$#.&%*&1*&! #=! &+*'! *&--! ë! (10&/.+0&2!

(10&1%(0W!4!6+.&+!=#.!0'&!%&-&*0&2!*&--!O!,&+1!9+*l/.#$12:I!+%!).&B(#$%!2&%*.(9&2!

6@+B&0!Ç!R(1&%I!CD5D+I!CD5D9Ä!R#0+)#B+#%&#(5"I!CD55:;!

!

VQSQ\Q'6?I%"YH?CH'I$HH'H?E$'IGHDG%$'

Y_!,$.(1&!,(*.#/-(+-!*&--%! 6l(12-W!).#B(2&2!9W!R.#=&%%#.!7-+$2(+!n&.2&.(#I!

7YV! P1%0(0$0&! #=! Y&$.#%*(&1*&I! 7&--$-+.! +12! "#-&*$-+.! R'+.,+*#-#/WI! "(-+1I!

P0+-W:!3&.&! *$-0$.&2! (1! ?4C]4*,C! *$-0$.&! =-+%l%! (1! VR"P! 5tkD!,&2($,!3(0'#$0!

/-$*#%&! 6@(9*#I! R+(%-&WI! Hy:! +12! %$))-&,&10&2! 3(0'! \D! ,"! /-$*#%&! 6T(/,+4

S-2.(*':I!C\;^!,"!Y+X7a\!6T(/,+4S-2.(*':I!]Å!<JT!6@(9*#:I!5DD!H[,-!)&1(*(--(1!

+12! 5DD! ä[,-! %0.&)0#,W*(1! 6@(9*#:;! 7&--%! 3&.&! l&)0! +0! \`Ñ7! (1! +! _]Å!

+0,#%)'&.(*!+(.!+12!]Å!7aC!'$,(2(=(&2!+0,#%)'&.&;!!

!

VQSQ_Q'071+,'CFFCK'

"(*.#/-(+-!*&--%!3&.&!)-+0&2! (1!Ck43&--! 0.+W%!+0!+!2&1%(0W!#=!kO5Dk!*&--%[,-!

+12!0.&+0,&10%!3&.&!)&.=#.,&2!+%!%'#31!(1!<(/$.&!t;C;!T)&*(=(*+--WI!*&--%!3&.&!

).&4&O)#%&2! 0#!5!µ"!YRu!#.! 0#! 0'&! %&-&*0(B&!u5!#.!uC!.&*&)0#.!+/#1(%0%I!5!ä"!

{M&$\5IR.#\k|YRu! #.! \DD! 1"! YRu65\4\t:I! .&%)&*0(B&-WI! 2$.(1/! Ck'! 6+--! =.#,!

J+*'&,!S@:! =#--#3&2! 9W!,#.&! Ck'! (1! 0'&! ).&%&1*&! #=! 5!,"!"K?X! 67#&-'#4

T+10#%!%&#(5;I! CD5C:;!S%!).&B(#$%-W!2&%*.(9&2! 0#!#./+1#0W)(*!'())#*+,)+-! %-(*&!

*$-0$.&%I!0'&!%+,&!&O)&.(,&10+-!).#0#*#-!3+%!$%&2!0#!*-+.(=W!0'&!%&-&*0(B&!&==&*0!

#=!0'&!YRu!.&*&)0#.!+/#1(%0%!9W!$%(1/!5!ä"!JPJR\CCt!#.!5!ä"!JPPKDCkt!6?#*.(%!

J(#%*(&1*&:I!u5!#.!uC!.&*&)0#.!+10+/#1(%0I!.&%)&*0(B&-W;!S=0&.!0.&+0,&10%I!3'#-&!

)#)$-+0(#1!#=!*&--%!3&.&!=(O&2!3(0'!kÅ!R<S!+12!*&10.(=$/&2!+0!5DDDD!.),!=#.!]!

,(1! 67&--%)(1! PI! ?'+.,+*! @,9XI! Z+-2%#-,%I! @&.,+1W:! 0#! +2'&.&! 0#!

T$)&.=.#%0'! ,(*.#%*#)&! %-(2&%! 6?'&.,#! T*(&10(=(*I! J.+$1%*'3&(/I! @&.,+1W:;!

7&--! 2&+0'! 3+%! +%%&%%&2! 9W! 0&.,(1+-! 2&#OW1$*-&#0(2W-! 0.+1%=&.+%&! 2H?R! 1(*l4
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&12! -+9&-(1/! 6?HYKM:! +**#.2(1/! 0#! 0'&!,+1$=+*0$.&.z%! (1%0.$*0(#1%;!"(*.#/-(+-!

*&--%!3&.&!.(1%&2!3(0'!D;D5!"!RJTI!)&.,&+9(-(L&2!(1!D;C]Å!?.(0#1!p45DD!%#-$0(#1!

=#.! \D! ,(1! +0! V?I! +12! (1*$9+0&2! 3(0'! 0&.,(1+-! 2&#OW1$*-&#0(2W-! 0.+1%=&.+%&!

9$==&.! 6).#B(2&2! (1! ?HYKM! l(0:! 2$.(1/! 5'! +0! \`ã7! (1! +! '$,(2(=(&2! *'+,9&.;!

S=0&.3+.2%I!*&--%!3&.&!.(1%&2! (1!?J!9$==&.!6\DD!,"!Y+7-!+12!\DD!,"!%#2($,!

*(0.+0&:I!3+%'&2!(1!RJTI!(1*$9+0&2!3(0'!<-$#.&%*&(1!SB(2(1!8!65m5DDÄ!.&=;!S4CDD5I!

n&*0#.! M+9#.+0#.WI! R&0&.9#.#$/'I! Hy:! =#--#3&2! 9W! X#&*'%0! \\\kC! %0+(1(1/!

6T(/,+4S-2.(*':;! <(1+--WI! %-(2&%! 3&.&! ,#$10&2! (1! 8+l#! =-$#.&%*&1*&! ,&2($,!

68+l#! Y#.0'! S,&.(*+I! 7+.)(10&.(+I! HTS:! +12! (,+/&%! 3&.&! .&*#.2&2! $%(1/! +!

*+,&.+! M&(*+! 8"PVKC! (1*#.)#.+0&! #1! M&(*+! =-$#.&%*&1*&! ,(*.#%*#)&! M&(*+!
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Figure 6.2. Schematic representation of the experimental protocol to investigate the 

potential protective effect of NPY or its receptors against METH-induced cell death in N9 

microglial cell line cultures. For details, see text. 
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Figure 6.3. METH induced cell death in mouse hippocampal cultures. Densitometry 

measurements of PI uptake induced by increasing concentration of METH (0.1 - 10 mM) in 

DG, CA3 and CA1 hippocampal sub-regions after 24h of METH exposure. The maximal PI 

uptake in each sub-region was set to 100%. Data are expressed as percentage of PI uptake 

(mean ± SEM), n = 13-41. ***P < 0.001 - Mann Whitney test, significantly different from the 

respective control (no drug exposure). 
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Figure 6.4. NPY prevents METH-induced neuronal cell death in hippocampal slice cultures. 

(A) Naïve mouse hippocampal organotypic slice cultures express NPY as well as Y1 and Y2 
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receptors. The mRNA levels were analyzed by RT-PCR and as a positive control we used the 

hippocampi of control adult mice (0.9% NaCl, i.p.). Legend: Org - Mouse hippocampal 

organotypic slice cultures; Hip - Adult mice hippocampi. (B-E) NPY (1 µM) inhibited the PI 

uptake induced by 0.5 mM METH in (B) DG granular cells, and in both (C) CA3 and (D) CA1 

pyramidal cell layers.  The protective effect of NPY was completely abolished in the presence of 

Y2 receptor antagonist (1 µM BIIE0246), whereas Y1 receptor antagonist (1 µM BIBP3226) 

had no effect. The PI uptake induced by 0.5 mM METH was set to 100%. The results are 

expressed as percentage of METH (mean ± SEM), n = 23-57. ***P < 0.001, significantly 

different from control (no drug exposure); §§§ P < 0.001, statitiscal significance when compared 

with 0.5 mM METH; using one way ANOVA following Bonferroni's test. (E) Representative 

fluorescence images of PI uptake in hippocampal organotypic slice cultures under several 

experimental conditions. Scale bars: 500 µm. 
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Figure 6.5. Selective activation of Y1 or Y2 receptors has a protective effect against METH-

induced hippocampal neuronal cell death. The Y1 receptor agonist (1 µM [Leu31,Pro34]NPY) 

partially prevented the cell death induced by 0.5 mM METH in (A) DG granular cell and (B) 

CA3 pyramidal cell layer, but completely prevented this toxic effect in the (C) CA1 pyramidal 

cell layer. Moreover, the specific activation of Y2 receptors by 300 nM NPY13-36 complety 

blocked the METH toxicity in the (A-C) three hippocampal sub-regions analysed. The PI uptake 

induced by 0.5 mM METH was set to 100%. The results are expressed as percentage of 

METH (mean ± SEM), n = 26-57. *P < 0.05, ***P < 0.001, significantly different from control 

(no drug exposure); §§P < 0.01, §§§ P < 0.001,statitiscal significance when compared with 0.5 
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mM METH; using one way ANOVA following Bonferroni's test. (D) Representative fluorescence 

microscopy images of PI uptake in hippocampal organotypic slice cultures under several 

experimental conditions. Scale bars: 500 µm. 
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Figure 6.6. METH (0.5 mM) decreased the Bcl-2/Bax ratio, which was prevented by the 

selective activation of Y2 receptors (300 nM NPY13-36). When the Y2 receptors were blocked 

(1 µM BIIE0246) the Bcl-2/Bax ratio returned to values similar to those observed in the 

presence of METH.  Above the bars, representative Western blot images of Bcl-2 (26 kDa), 

Bax (21 kDa) and GADPH (34 kDa) are shown. The ratio in the presence of METH was set to 

1. The results are expressed as fold change (value ± SEM),  n = 4-6. **P < 0.01, significantly 

different from control (no drug exposure); §§P < 0.01, statitiscal significance when compared 

with 0.5 mM METH; +++P < 0.001, statitiscal significance comparing with 0.5 mM METH plus 

300 nM Y2 receptor agonist; using one way ANOVA following Bonferroni's test. 
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Figure 6.7. Activation of microglial cells in mouse hippocampal organotypic cultures by 

METH. (A) Immunofluorescent labeling with anti-CD11b (green) and respective (B) 

fluorescence intensity quantification demonstrate that METH (0.5 mM) activates microglia in 

DG, CA3 and CA1 sub-regions. The Y2 receptor agonist (300 nM NPY13-36) reduced METH-

induced microglia activation in hippocampal formation. Data are expressed as percentage of 

control (mean ± SEM), n = 33-54. *P < 0.05, ***P < 0.001, significantly different from control 

(no drug exposure); +++P < 0.001, statistical significante comparing with 0.5 mM METH using 

one way ANOVA following Bonferroni’s test. Scale bars: 50 µm. 
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Figure 6.8. Role of NPY, Y1 and Y2 receptors on microglial cell death induced by METH. (A) 

NPY decreases the toxic effect induced by 1 mM METH through, in part, Y2 receptors.  (B) 

The Y1 receptor agonist did not induce protection against microglial degeneration induced by 

METH. However, the specific activation of Y2 receptors (300 nM NPY13-36) completely 

prevented the increase of microglial cell death induced by 1 mM METH. The results are 

expresssed as percentage of total cells (value ± SEM), n = 15-46. ***P < 0.001, statistical 

significance when compared to control (no drug exposure); §§§P < 0.001statistical significance 

when compared to 1 mM METH; using one way ANOVA following Bonferroni's test. 
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