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!
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3*1,?)7*0*/*/! AB/*/C! 07*! 7:! <*447//*1*/! (/0! DE(F*1*/! .(G-1*-*/! (/0! H*4?)*! 6.0(/I! ,7*!
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!
!
!
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!
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!"#$%&'$()*+,",&-".&-/&+'&00&"1T34"""

F0&L)-7(B%&" QD)&+)7*0,7>>&-&+'4" U0&7B%+*87;&" <*,$+;&+" 1'EVE4" ID(7)7/" $+," ID(7)7/3" ()DN&+" &7+*+,&-" *H" $+,"
$+;0&7B%+*87;&"<*,$+;&+"1+&;*)7/"$+,"ID(7)7/3"'7&%&+"&7+*+,&-"*+E"K*"!D+&+";&0*,&+"(7+,@"()-&H&+"(7&"*+@"&7+&"
8=;07B%()";0&7B%8:N7;&"<*,$+;(/&-)&70$+;"'97(B%&+",&8"6&007++&-&+"$+,",&8"6&00:$N&-&+"%&-'$()&00&+E"W&++"
,7&" <*,$+;()-:;&-" '97(B%&+" !++&+J" $+," P$N&+-*$8" +7B%)" ;0&7B%8:N7;" /&-)&70)" (7+,@" ,*++" ;7H)" &(" &7+&"
QD)&+)7*0,7>>&-&+'"'97(B%&+",&8"6&007++&-&+"$+,",&8"6&00:$N&-&+E"K*("7()";0&7B%H&,&$)&+,"87)"&7+&-"&0&L)-7(B%&+"
XI*++$+;E"K*87)"(7B%"<*,$+;&+"H&9&;&+@"8$(("&("&7+&"QD)&+)7*0,7>>&-&+'";&H&+"$+,",7&(&"7()"$8(D";-=N&-@"R&"
8&%-",7&"<*,$+;(/&-)&70$+;"/D+"&7+&-";0&7B%8:N7;&+"Y&-)&70$+;",&-"ID(7)7/&+"$+,"+&;*)7/&+"<*,$+;&+"*H9&7B%)E""

Z%&87(B%&"QD)&+)7*0,7>>&-&+'4"5+*H%:+;7;"/D+"7%-&-"<*,$+;"()-&H&+",7&"/&-(B%7&,&+&+"!D+&+"*$N&-,&8"*+@"(7B%"
;0&7B%8:N7;"'97(B%&+"!++&+J"$+,"P$N&+-*$8"'$"/&-)&70&+E"""

O5 67*,!0*/!8*9-!+(:!;'()*+(,-./0!0*1!<*44*!=J5>!(/0!,-*44*!I1.G7,?)!*7/*!PLI47?)K*7-!0.1C!H7*!*7/*!

:7/7:.4*! *4*K-17,?)*!QB-*/-7.407GG*1*/+! 0*1! AB/*/! +H7,?)*/! A//*/R(/0!"(F*/1.(:!0*1!<*44*!

.(,,*)*/!KL//-*N!!

!

!

!

!

S5 T-*44*!I1.G7,?)!*7/*!PLI47?)K*7-!0.1C!H7*!*7/*!:7/7:.4*!?)*:7,?)*!QB-*/-7.407GG*1*/+!0*1!AB/*/!

+H7,?)*/!A//*/R(/0!"(F*/1.(:!0*1!<*44*!.(,,*)*/!KL//-*N!!

!

!

!

"

U5 "1I(:*/-7*1*C!H.,!0.GV1!(/0!H.,!0.I*I*/!,W17?)-C!0.,,!07*!X!RAB/*/!0*/!X.47(:RX./.4!/(-+*/C!

(:!+(1V?K!7/!0*/!"(F*/1.(:!0*1!<*44*!+(!H./0*1/N!!

!

!

!

Y5 M*//!,7?)!07*!?)*:7,?)*!(/0!*4*K-17,?)*!QB-*/-7.407GG*1*/+!7:!Z4*7?)I*H7?)-!#*G7/0*/C!*/-,-*)-!

+H7,?)*/!A//*/R!(/0!"(F*/1.(:!0*1!<*44*!*7/*!QB-*/-7.407GG*1*/+!3B/!R[\!:]$!M.,!4E,,-!,7?)!

)7/,7?)-47?)!07*,*1!QB-*/-7.407GG*1*/+!7/!@*+(I!.(G!07*!6.0(/I,3*1-*74(/I!,.I*/^!!

!

!

!
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AA!<*44*!*:WGE/I-!'*7+&!!

%5 M*//! 07*! 2*13*/+*44*! *7/! T7I/.4! =+$@$&! T*)+*44*! *:WGE/I-! 67?)-,-1.)45! *1)E4-C! 0.,! 0*/!

T?)H*44*/H*1-! =RS\! :]5! V#*1,?)1*7-*-C! LGG/*/! ,7?)! 07*! +(3B1! 3*1,?)4B,,*/*/!

,W.//(/I,.#)E/I7I*/! 2.-17(:RX./E4*$! M7*! H*10*/! ,7?)! 07*! 2.!RAB/*/! )7/,7?)-47?)! 0*1!

?)*:7,?)*/!#+H$!*4*K-17,?)*/!QB-*/-7.407GG*1*/+!3*1).4-*/^!!

!

!

!

J5 T-*44*!*7/*!]*1:(-(/I!./C!H7*!,7?)!0*1!/(:*17,?)*!M*1-!0*1!QB-*/-7.407GG*1*/+!+H7,?)*/!A//*/R

(/0!"(F*/1.(:!3*1E/0*1/!H710C!H*//!07*!<*44*!*7/*/!'*7+!*:WGE/I-N!!

! !
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AAA!_9W*17:*/-&!!

K&-"OD+,&+(*)D-4"F7+"OD+,&+(*)D-"H&()&%)"*$("'9&7"Q0*))&+"1F0&L)-D,&+3@",7&""
,$-B%"&7+&"7(D07&-&+,&"XB%7B%)"1K7&0&L)-7L$83";&)-&++)"(7+,E"697(B%&+",&+"H&7,&+"
Q0*))&+";7H)"&("'$"V&;7++"L&7+&"QD)&+)7*0,7>>&-&+'@"9&70",7&"Q0*))&+""
$+;&0*,&+"(7+,E"XB%07&N)"8*+"&7+&"U0&7B%(I*++$+;(M$&00&"*+",&+"OD+,&+(*)D-"
*+@"(D"&-%:0)",&-"<&7)&-@",&-"87)",&8"G7+$(ID0",&-"XI*++$+;(M$&00&"/&-H$+,&+""""""""""""""""!""#$%&'()'*+,&-!$
7()@"&7+&+"[H&-(B%0$(("*+"+&;*)7/&+"<*,$+;()-:;&-+E"F("&+)()&%)"(D87)"&7+&"QD)&+)7*0,7>>&-&+'"'97(B%&+",&+"H&7,&+"
<&7)&-+E"K&-"OD+,&+(*)D-"0:,)"(7B%"*$>E""
K7&" QD)&+)7*0,7>>&-&+'" H0&7H)" *$B%" &-%*0)&+@" 9&++" ,7&" XI*++$+;(M$&00&" 97&,&-" &+)>&-+)" 97-,E" K&-" OD+,&+(*)D-"
(I&7B%&-)" ,*%&-" &0&L)-7(B%&-" <*,$+;E"F7+";&0*,&+&-"OD+,&+(*)D-" ,7&+)" 7+" &7+&8";&(B%0D((&+&+"X)-D8L-&7(" *0("
XI*++$+;(M$&00&"$+,"&+)0:,)"(7B%@"H7(",7&"QD)&+)7*0,7>>&-&+'"'97(B%&+",&+"H&7,&+"<&7)&-+"97&,&-".$00"H&)-:;)E""
K*("XB%*0)(\8HD0",&("OD+,&+(*)D-("(7+,"'9&7"I*-*00&0&"<7+7&+4"""!!""""""""""""

%5 67*,! 0*/! A/GB-*9-! ;`*1! XB/0*/,.-B1>! (/0! B10/*! 07*! GB4I*/0*/!@*,-./0-*74*! 0*1!2*13*/+*44*!

*4*K-1B/7,?)*/!@.(-*74*/!+(!=P*)1G.?)+(B10/(/I*/!,7/0!0(1?)!<.)4*/!I*K*//+*7?)/*-5&!!

<*44:*:#1./=J5! ! ! ! ! ! ! TW.//(/I,a(*44*=J5!

2.-17(:RX.47(:RQ(:W*!! ! ! ! ! ! XB/0*/,.-B1!

X.47(:K./E4*! ! ! ! ! ! ! ! M70*1,-./0! ! !

J5 T-*44*!0.,!_11*7?)*/!0*,!'()+(,-./0,!(/0!0*/!.K-73*/!<(,-./0!0*1!<*44*!b*H*74,!:7-)74G*!*7/*,!

T?).4-W4./*,! 0.1N! ]7+9&7(4" P$B%" 9&++" ,7&" XI*++$+;" $+," ,&-" W7,&-()*+," ,&-" .&-/&+'&00&" ,$-B%"
/&-(B%7&,&+&"OD8ID+&+)&+"-&*07(7&-)"9&-,&+@"L*++"(7B%"78"F^I&-78&+)"*$>"&7+&"XI*++$+;(M$&00&"H'9E"
&7+&+"W7,&-()*+,"H&(B%-:+L)"9&-,&+E!!

!

!
!

!
!

cV)1*!/(/!0.,!_9W*17:*/-!0(1?)&!!

O5 @.(*! 07*! *4*K-1B/7,?)*! T?).4-(/IC! 07*! 0.,! _11*7?)*/! 0*,! '()*+(,-./0,! 0.1,-*44-C! ! I*:EF!

0*7/*,! T?).4-W4./*,! .(G$! `(! *1)E4-,-! *7/*! XB/0*/,.-B1! =%\\\! dc5! (/0! *7/*/! M70*1,-./0!

=Z4V)4.:W*!%J!]e\C%!"5$!6*I*!%\!]!Z4*7?),W.//(/I!./$!@*,?)1*7#*C!H.,!#*7:!_11*7?)*/!0*,!

'()*+(,-./0,!W.,,7*1-N!!

!
!

S5 ]*1E/0*1*! /.?)! K(1+*1! <*7-! 0*7/*/! T?).4-K1*7,C! ,B0.,,! *1! 0*1! <*44*! 7:! .K-73*/! <(,-./0!

*/-,W17?)-$!@*,?)1*7#*C!H.,!7:!.K-73*/!<(,-./0!W.,,7*1-N!

!
!

 
""S$&00&4"W7L7I&,7*4"%))I(4__,&E97L7I&,7*ED-;_97L7_OD+,&+(*)D-`1F0&L)-D)&B%+7L3"a+07+&J6$;-7>>"*8"2TEbETcTcE""
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!
U5 .5!_1K4E1*C!H7*!,7?)!07*!Q1B+*,,*!7/!0*1!2*13*/+*44*!3*1E/0*1/!HV10*/C!H*//!*7/!XB/0*/,.-B1!

=<*44:*:#1./5!:7-!*7/*1!I1BF*/!#+H$!K4*7/*/!X.W.+7-E-!*7/I*,*-+-!H710N!!

!
!

#5"_1K4E1*C!H7*!,7?)!07*!Q1B+*,,*!7/!0*1!2*13*/+*44*!3*1E/0*1/!HV10*/C!H*//!*7/!I1BF*1!#+H$!
K4*7/*1!M70*1,-./0!=<*44:*:#1./5!*7/I*,*-+-!H710N""
"
"

`7*!X.W.+7-E-!f&!`7*!X.W.+7-E-!f!I7#-!./C!H7*!37*4!6.0(/I!*7/!XB/0*/,.-B1!#*7!3B1I*I*#*/*1!TW.//(/I!
,W*7?)*1/!K.//$!`7*!_7/)*7-!0*1!X.W.+7-E-!7,-!c.1.0!=c5$!!`7*!X.W.+7-E-!f!3B/!@7B:*:#1./*/!K.//!:7-!
0*1! GB4I*/0*/! cB1:*4! #*1*?)/*-! H*10*/&! 𝐶 = !!"#∙!$∙#

$
$! `.#*7! 7,-! g"#$! 07*! `7*4*K-17+7-E-,+.)4! 3B/!

@7B:*:#1./*/C!g%!07*!*4*K-17,?)*!c*40KB/,-./-*!:7-!1(/0!8,9 ∙ 10%&' #(
)*
C!"!0*1!c4E?)*/7/).4-!(/0!0!0*1!

"#,-./0!+H7,?)*/!0*/!#*70*/!Q4.--*/$!!

Y5 67*,!0*/!A/GB-*9-!;`7*!X.W.+7-E->!(/0!#*1*?)/*!07*!X.W.+7-E-!0*1!I*I*#*/*/!<*44:*:#1./N!`7*!

P*:#1./!*7/*1!2*13*/+*44*! 7:!'V?K*/:.1K!#*,7-+-!*7/*!6E/I*!4!3B/!?.$!%!:$!`7*!P*:#1./!

,*4#,-! 7,-! H7*! *7/! hB)4+i47/0*1! :7-! *7/*:! '.07(,! 1! 3B/! %\&'( :! .(GI*#.(-$! `7*! `7?K*! 0!

=jQ4.--*/.#,-./0!0*1!P*:#1./5!#*-1EI-!Uk%\&)(:$!`7*!`7*4*K-17+7-E-,+.)4!GV1!@7B:*:#1./*/!g"#$!

#*-1EI-!O$!

!
!
[5 .5!M7*!I1BF!7,-!0*1!@*-1.I!0*1!*4*K-17,?)*/!c*40,-E1K*!0*1!P*:#1./C!H*//!07*!TW.//(/I!!

lj\C%!]!#*-1EI-!(/0!,7?)!0.,!*4*K-17,?)*!c*40!:7-!0*1!cB1:*4!𝐸 = +
$
!#*1*?)/*/!4E,,-^!

]7+9&7(4"K7&"F0&L)-7(B%&"d&0,():-L&"H&(B%-&7H)@"97&"()*-L",*("d&0,"7()@",E%E@"97&";-DN",7&"O-*>)"*$>"&7+&+"
<*,$+;()-:;&-"78"&0&L)-7(B%&+"d&0,"7()E"""

!

!

#5!M7*!3*1)E4-!,7?)!0*7/!_1I*#/7,!+(1!*4*K-17,?)*/!c*40,-E1K*C!07*!#*7!*7/*:!Z*H7--*1!GV1!*7/*/!
@47-+!*1GB10*147?)!7,-!=O$\\\$\\\!]e:5^!T-(G*!07*!*4*K-17,?)*!c*40,-E1K*!0*1!P*:#1./!+H7,?)*/!
,*)1!K4*7/!(/0!,*)1!I1BF!*7/N!!
!
!

m5 `*/K.(GI.#*&!QG*74I7G-G1L,?)*!,?)*70*/!V#*1!7)1*!h.(-01V,*/!)B?)I7G-7I*!@.4-1.?)B-B97/*!.(,$!

cV1! 0*/! P*/,?)*/! ,7/0! ,?)B/! H*/7I*! P7447I1.::! 0*,! Z7G-,! -L047?)C! 0.! *,! 07*!

P*:#1./,W.//(/I!.##.(-C!:7-! 0*/*/!07*!h*1+R! (/0!"-*::(,K(4.-(1! I*,-*(*1-!H710$!<7*)*!

:7-)74G*! 0*7/*1! I*HB//*/! A/GB1:.-7B/*/! T?)4V,,*C! H7*! 0*1! M71K:*?)./7,:(,! 0*,! Z7G-,!

G(/K-7B/7*1-N!!
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!"#$%&#'()*+"'$,#)$-#).#+/#&&#$01234+53.*)367&859$$
!"#$%&'$()*+,",&-".&-/&+'&00&"1234"5+(&-&"6&00&+"(7+,"87)"&7+&-"9:((-7;&+"<=($+;";&>?00)@",7&";&0*,&+&"A&70B%&+"
1C!D+&+3"&+)%:0)E"F7+'&0+&"6&00&+"(7+,",$-B%"G&8H-*+&+"1<7I7,JKDII&0(B%7B%)3"/D+&7+*+,&-"*H;&;-&+')E"K7&"!D+&+"
L=++&+" ,7&"G&8H-*+" +7B%)" ,$-B%M$&-&+@" *$N&-" ,$-B%"O*+:0&@" ,7&" +$-" H&()788)&" !D+&+" '$" H&()788)&+"6&7)&+"
,$-B%0*((&+" 1/;0E" PHHE2"O!JO*+*0" $+,".*!JO*+*03E"K7&"G&8H-*+&+" /D+".&-/&+'&00&+" H&(7)'&+" *$N&-,&8"&7+&"
.*)-7$8JO*07$8JQ$8I&@",7&"$+)&-"F7+(*)'",&("GD0&L?0("P,&+D(7+)-7I%D(I%*)" 1PAQ3" 788&-" R&9&70("'9&7"O*07$8J
!D+&+"1O!J!D+&+3"/D+"*$N&+" 7+",7&"6&00&" )-*+(ID-)7&-)"$+,";0&7B%'&7)7;",-&7".*)-7$8J!D+&+"1.*!J!D+&+3"/D+" 7++&+"
+*B%"*$N&+"H&>=-,&-)E"K&-"O*07$8JO*+*0"7()"78"#$%&'$()*+,";&=>>+&)@"9&(9&;&+",7&"O*07$8J!D+&+"97&,&-"*$(",&-"
6&00&"%&-*$(9*+,&-+"L=++&+@",&-".*)-7$8JO*+*0"7()"*00&-,7+;("/&-(B%0D((&+"1/;0E"-D)&-"S$&-H*0L&+"7+",&-"PHHE23E"

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

"##$!%&!'()*+(,-./0!0*1!2*13*/+*44*!
!

%5 67*,! 0*/! 8*9-! +(:! ;'()*+(,-./0! 0*1! <*44*! =%5>! (/0! #*-1.?)-*! 07*! "##$%$! @*/*//*! 07*!

3*1,?)7*0*/*/! AB/*/C! 07*! 7:! <*447//*1*/! (/0! DE(F*1*/! .(G-1*-*/! (/0! H*4?)*! 6.0(/I! ,7*!

#*,7-+*/$!=M5!

!
6&007++&-&(4" Q-D)&7+&" 1+&;*)7/" ;&0*,&+3e" /7&0&" O*07$8J!D+&+" 1ID(7)7/" ;&0*,&+3e" 9&+7;&" .*)-7$8J!D+&+" 1ID(7)7/"
;&0*,&+3"
6&00:$N&-&(4"Z%0D-J!D+&+"1+&;*)7/";&0*,&+3e"/7&0&".*)-7$8J!D+&+"1ID(7)7/";&0*,&+3e"9&+7;&"O*07$8J!D+&+"1ID(7)7/"
;&0*,&+3"
"

J5 !@*,?)1*7#*C!H*4?)*!AB/*/!H./0*1/!KL//*/!(/0!.(G!H*4?)*!M*7,*N!=M5!

!
K7&"O*07$8J!D+&+"L=++&+",$-B%",&+"O*07$8"O*+*0"9*+,&-+E"K7&".*)-7$8JO*07$8JQ$8I&"H&>=-,&-)" R&9&70("'9&7"
O*07$8J!D+&+"/D+"*$N&+"+*B%"7++&+"$+,",-&7".*)-7$8J!D+&+"/D+"7++&+"+*B%"*$N&+E""
"
"

Zellinneres 

K

Na+ 

 
Cl- 
(Chlor) 

Na+/K+-
Pumpe 

Extrazelluläre Flüssigkeit 
(Zelläußeres) 

K+- Na+-
Kanal 

Lipid-
Doppelschi

cht 

Protei
n- 
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!"#$%&'$()*+,",&-".&-/&+'&00&"1T34"""

F0&L)-7(B%&" QD)&+)7*0,7>>&-&+'4" U0&7B%+*87;&" <*,$+;&+" 1'EVE4" ID(7)7/" $+," ID(7)7/3" ()DN&+" &7+*+,&-" *H" $+,"
$+;0&7B%+*87;&"<*,$+;&+"1+&;*)7/"$+,"ID(7)7/3"'7&%&+"&7+*+,&-"*+E"K*"!D+&+";&0*,&+"(7+,@"()-&H&+"(7&"*+@"&7+&"
8=;07B%()";0&7B%8:N7;&"<*,$+;(/&-)&70$+;"'97(B%&+",&8"6&007++&-&+"$+,",&8"6&00:$N&-&+"%&-'$()&00&+E"W&++"
,7&" <*,$+;()-:;&-" '97(B%&+" !++&+J" $+," P$N&+-*$8" +7B%)" ;0&7B%8:N7;" /&-)&70)" (7+,@" ,*++" ;7H)" &(" &7+&"
QD)&+)7*0,7>>&-&+'"'97(B%&+",&8"6&007++&-&+"$+,",&8"6&00:$N&-&+E"K*("7()";0&7B%H&,&$)&+,"87)"&7+&-"&0&L)-7(B%&+"
XI*++$+;E"K*87)"(7B%"<*,$+;&+"H&9&;&+@"8$(("&("&7+&"QD)&+)7*0,7>>&-&+'";&H&+"$+,",7&(&"7()"$8(D";-=N&-@"R&"
8&%-" ,&-" ,7&" <*,$+;(/&-)&70$+;" /D+" &7+&-" ;0&7B%8:N7;&+" Y&-)&70$+;" ,&-" ID(7)7/&+" $+," +&;*)7/&+" <*,$+;&+"

*H9&7B%)E""

Z%&87(B%&"QD)&+)7*0,7>>&-&+'4"5+*H%:+;7;"/D+"7%-&-"<*,$+;"()-&H&+",7&"/&-(B%7&,&+&+"!D+&+"*$N&-,&8"*+@"(7B%"
;0&7B%8:N7;"'97(B%&+"!++&+J"$+,"P$N&+-*$8"'$"/&-)&70&+E"""

O5 67*,!0*/!8*9-!+(:!;'()*+(,-./0!0*1!<*44*!=J5>!(/0!,-*44*!I1.G7,?)!*7/*!PLI47?)K*7-!0.1C!H7*!*7/*!

:7/7:.4*! *4*K-17,?)*!QB-*/-7.407GG*1*/+!0*1! AB/*/! +H7,?)*/! A//*/R(/0!"(F*/1.(:!0*1!<*44*!

.(,,*)*/!KL//-*N!=M5!
"
F7+&"8=;07B%&"<*,$+;(/&-)&70$+;"L=++)&">D0;&+,&-8*N&+"*$((&%&+4""
K7&"Q-D)&7+&"$+,"O*07$8J!D+&+"H&>7+,&+"(7B%"*00&"78"6&007++&-&+"$+,"(7+,"%7&-""
;0&7B%8:N7;"/&-)&70)E"K7&"Z%0D-J"$+,".*)-7$8J!D+&+"H&>7+,&+"(7B%"78"6&00:$N&-&+"$+,"(7+,"&H&+>*00(";0&7B%8:N7;"
/&-)&70)E"XD"(7+,"78"!++&+J"$+,"P$N&+-*$8",&-"6&00&"R&9&70(";0&7B%"/7&0&"ID(7)7/&"97&"+&;*)7/&"<*,$+;()-:;&-"$+,"
,7&(&"*$B%";0&7B%8:N7;"?H&-",&+"#*$8"/&-)&70)E""
"

S5 T-*44*!I1.G7,?)!*7/*!PLI47?)K*7-!0.1C!H7*!*7/*!:7/7:.4*!?)*:7,?)*!QB-*/-7.407GG*1*/+!0*1!AB/*/!

+H7,?)*/!A//*/R(/0!"(F*/1.(:!0*1!<*44*!.(,,*)*/!KL//-*N!=M5!!

!
K7&"/&-(B%7&,&+&+"A&70B%&+"(7+,"7++&+"$+,"*$N&+";0&7B%8:N7;"/&-)&70)""
1;0&7B%"/7&0&"/D+"R&,&-"XD-)&3E""
"

"

U5 "1I(:*/-7*1*C!H.,!0.GV1!(/0!H.,!0.I*I*/!,W17?)-C!0.,,!07*!X!RAB/*/!0*/!X.47(:RX./.4!/(-+*/C!

(:!+(1V?K!7/!0*/!"(F*/1.(:!0*1!<*44*!+(!H./0*1/N!=T5!

!
W&++",7&"O*07$8J!D+&+"+*B%"*$N&+"9*+,&-+@"/&-;-=N&-)"(7B%",*("&0&L)-7(B%&"QD)&+)7*0,7>>&-&+'@",*",*("6&007++&-&"
,$-B%",7&".*)-7$8JO*07$8JQ$8I&@",7&"8&%-"ID(7)7/&";&0*,&+&"!D+&+"+*B%"*$N&-")-*+(ID-)7&-)@"D%+&%7+"(B%D+">?-"
&7+&+"[H&-(B%$(("*+"+&;*)7/";&0*,&+&+"A&70B%&+"(D-;)E"K*("(I-7B%)"*0(D";&;&+",*("W*+,&-+",&-"O*07$8J!D+&+"
+*B%"*$N&+E"

!
W&++",7&"O*07$8J!D+&+"+*B%"*$N&+"9*+,&-+@"/&-L0&7+&-)"(7B%",7&"B%&87(B%&"QD)&+)7*0,7>>&-&+'@",*"78"6&007++&-&+"
/7&0"8&%-"O*07$8J!D+&+"*0(".*)-7$8J!D+&+"(7+,"$+,",7&".*)-7$8JO*07$8JQ$8I&"-&;&08:N7;"97&,&-"O*07$8J!D+&+"7+"
,7&"6&00&"H&>=-,&-)E"K*("(I-7B%)"*0(D">?-",*("W*+,&-+",&-"O*07$8J!D+&+"+*B%"*$N&+E"
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Y5 M*//!,7?)!07*!?)*:7,?)*!(/0!*4*K-17,?)*!QB-*/-7.407GG*1*/+!7:!Z4*7?)I*H7?)-!#*G7/0*/C!*/-,-*)-!

+H7,?)*/!A//*/R!(/0!"(F*/1.(:!0*1!<*44*!*7/*!QB-*/-7.407GG*1*/+!3B/!R[\!:]$!M.,!4E,,-!,7?)!

)7/,7?)-47?)!07*,*1!QB-*/-7.407GG*1*/+!7/!@*+(I!.(G!07*!6.0(/I,3*1-*74(/I!,.I*/^!=M5!
K*"8&%-"ID(7)7/&"<*,$+;&+",$-B%",7&".*)-7$8JO*07$8"Q$8I&"+*B%"*$N&+")-*+(ID-)7&-)"9&-,&+"$+,",7&"ID(7)7/"
;&0*,&+&+"O*07$8J!D+&+"'$(:)'07B%"'$-?BL9*+,&-+@"H7("(7B%",7&"B%&87(B%&"$+,",7&"&0&L)-7(B%&"QD)&+)7*0,7>>&-&+'"
78"U0&7B%;&97B%)"H&>7+,&+@"H&>7+,&)"(7B%"78"!++&-&+",&-"6&00&"&7+"+&;*)7/&-"<*,$+;(?H&-(B%$((E"K*%&-"LD88)"
*$B%",*("+&;*)7/&"YD-'&7B%&+E""
"

AA!<*44*!*:WGE/I-!'*7+&!!
!

%5 M*//! 07*! 2*13*/+*44*! *7/! T7I/.4! =+$@$&! T*)+*44*! *:WGE/I-! 67?)-,-1.)45! *1)E4-C! 0.,! 0*/!

T?)H*44*/H*1-! =RS\! :]5! V#*1,?)1*7-*-C! LGG/*/! ,7?)! 07*! +(3B1! 3*1,?)4B,,*/*/!

,W.//(/I,.#)E/I7I*/! 2.-17(:RX./E4*$! M7*! H*10*/! ,7?)! 07*! 2.!RAB/*/! )7/,7?)-47?)! 0*1!

?)*:7,?)*/!#+H$!*4*K-17,?)*/!QB-*/-7.407GG*1*/+!3*1).4-*/^!=M5!

!
P$>;-$+," ,&-" &0&L)-7(B%&+" QD)&+)7*0,7>>&-&+'" 1+&;*)7/&-" <*,$+;(?H&-(B%$((" 78" !++&-&+3" 9&-,&+" ,7&" ID(7)7/"
;&0*,&+&+".*)-7$8J!D+&+@",&+"O*+*0"+$)'&+@"$8"/D+"*$N&+"+*B%"7++&+"'$"9*+,&-+E"K*"(7B%"78"6&007++&-&+"/7&0"
8&%-"O*07$8J"*0(".*)-7$8J!D+&+"H&>7+,&+@"9&-,&+"(7&"*$B%"*$>;-$+,",&-"B%&87(B%&+"QD)&+)7*0,7>>&-&+'"/D+"*$N&+"
+*B%"7++&+"9*+,&-+E""
"

J5 T-*44*!*7/*!]*1:(-(/I!./C!H7*!,7?)!0*1!/(:*17,?)*!M*1-!0*1!QB-*/-7.407GG*1*/+!+H7,?)*/!A//*/R

(/0!"(F*/1.(:!3*1E/0*1/!H710C!H*//!07*!<*44*!*7/*/!'*7+!*:WGE/I-N!=_5!

!
K7&"QD)&+)7*0,7>>&-&+'"'97(B%&+"!++&+J$+,"P$N&+-*$8"97-,"(7B%"/&--7+;&-+"à"7()"78"#$%&'$()*+,";-=N&-"*0("78"
;&-&7')&+"6$()*+,E"
" "
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AAA!_9W*17:*/-&!!

K&-"OD+,&+(*)D-4"F7+"OD+,&+(*)D-"H&()&%)"*$("'9&7"Q0*))&+"1F0&L)-D,&+3@",7&""
,$-B%"&7+&"7(D07&-&+,&"XB%7B%)"1K7&0&L)-7L$83";&)-&++)"(7+,E"697(B%&+",&+"H&7,&+"
Q0*))&+";7H)"&("'$"V&;7++"L&7+&"QD)&+)7*0,7>>&-&+'@"9&70",7&"Q0*))&+""
$+;&0*,&+"(7+,E"XB%07&N)"8*+"&7+&"U0&7B%(I*++$+;(M$&00&"*+",&+"OD+,&+(*)D-"
*+@"(D"&-%:0)",&-"<&7)&-@",&-"87)",&8"G7+$(ID0",&-"XI*++$+;(M$&00&"/&-H$+,&+""""""""""""""""!""#$%&'()'*+,&-"$
7()@"&7+&+"[H&-(B%0$(("*+"+&;*)7/&+"<*,$+;()-:;&-+E"F("&+)()&%)"(D87)"&7+&"QD)&+)7*0,7>>&-&+'"'97(B%&+",&+"H&7,&+"
<&7)&-+E"K&-"OD+,&+(*)D-"0:,)"(7B%"*$>E""
K7&" QD)&+)7*0,7>>&-&+'" H0&7H)" *$B%" &-%*0)&+@" 9&++" ,7&" XI*++$+;(M$&00&" 97&,&-" &+)>&-+)" 97-,E" K&-" OD+,&+(*)D-"
(I&7B%&-)" ,*%&-" &0&L)-7(B%&-" <*,$+;E"F7+";&0*,&+&-"OD+,&+(*)D-" ,7&+)" 7+" &7+&8";&(B%0D((&+&+"X)-D8L-&7(" *0("
XI*++$+;(M$&00&"$+,"&+)0:,)"(7B%@"H7(",7&"QD)&+)7*0,7>>&-&+'"'97(B%&+",&+"H&7,&+"<&7)&-+"97&,&-".$00"H&)-:;)E""

K*("XB%*0)(\8HD0",&("OD+,&+(*)D-("(7+,"'9&7"I*-*00&0&"<7+7&+4"""!!""""""""""""

%5 67*,!0*/!A/GB-*9-!;`*1!XB/0*/,.-B1>!(/0!B10/*!07*!GB4I*/0*/!@*,-./0-*74*!0*1!2*13*/+*44*!

*4*K-1B/7,?)*/!@.(-*74*/! +(! =P*)1G.?)+(B10/(/I*/! ,7/0!0(1?)!<.)4*/!I*K*//+*7?)/*-5&!

=M5!

<*44:*:#1./=J5! ! ! ! ! ! ! ! TW.//(/I,a(*44*!=J5!

2.-17(:RX.47(:RQ(:W*!! ! ! ! ! ! XB/0*/,.-B1!

X.47(:K./E4*! ! ! ! ! ! ! ! ! M70*1,-./0!

! ! ! ! !
!

J5 T-*44*!0.,!_11*7?)*/!0*,!'()+(,-./0,!(/0!0*/!.K-73*/!<(,-./0!0*1!<*44*!b*H*74,!:7-)74G*!

*7/*,!T?).4-W4./*,!0.1N!=M5!

]7+9&7(4" P$B%" 9&++" ,7&" XI*++$+;" $+," ,&-" W7,&-()*+," ,&-" .&-/&+'&00&" ,$-B%" /&-(B%7&,&+&"
OD8ID+&+)&+" -&*07(7&-)" 9&-,&+@" L*++" (7B%" 78" F^I&-78&+)" *$>" &7+&" XI*++$+;(M$&00&" H'9E" &7+&+"

W7,&-()*+,"H&(B%-:+L)"9&-,&+E!!

!
!!!!
!

!
!
_11*7?)*/!0*,!'()*+(,-./0,! !!!!.K-73*1!<(,-./0!

! !

 
#"S$&00&4"W7L7I&,7*4"%))I(4__,&E97L7I&,7*ED-;_97L7_OD+,&+(*)D-`1F0&L)-D)&B%+7L3"a+07+&J6$;-7>>"*8"2TEbETcTcE""
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cV)1*!/(/!0.,!_9W*17:*/-!0(1?)&!!

O5 @.(*!07*!*4*K-1B/7,?)*!T?).4-(/IC!07*!0.,!_11*7?)*/!0*,!'()*+(,-./0,!0.1,-*44-C!!I*:EF!

0*7/*,!T?).4-W4./*,!.(G$!`(!*1)E4-,-!*7/*!XB/0*/,.-B1! =%\\\!dc5!(/0!*7/*/!M70*1,-./0!

=Z4V)4.:W*!%J!]e\C%!"5$!6*I*!%\!]!Z4*7?),W.//(/I!./$!@*,?)1*7#*C!H.,!#*7:!_11*7?)*/!

0*,!'()*+(,-./0,!W.,,7*1-N!=_5!

!

!8"#$%&'$()*+,"97-,",&-"OD+,&+(*)D-"/D+",&-"U0&7B%(I*++$+;(M$&00&";&0*,&+E"K*("<:8IB%&+"0&$B%)&)"+$-"L$-'"
*$>"1CL$-'&-"X)-D8()DN@",&-",&+"OD+,&+(*)D-"0:,)3E""
"

S5 ]*1E/0*1*!/.?)! K(1+*1!<*7-! 0*7/*/!T?).4-K1*7,C! ,B0.,,!*1! 0*1!<*44*! 7:!.K-73*/!<(,-./0!

*/-,W17?)-$!@*,?)1*7#*C!H.,!7:!.K-73*/!<(,-./0!W.,,7*1-N!=_5!

!
K*("<:8IB%&+"0&$B%)&)"97&,&-"L$-'"*$>"1K&-"OD+,&+(*)D-"97-,",$-B%"&7+&+"X)-D8()DN"&+)0*,&+3E"
"

U5 .5! _1K4E1*C! H7*! ,7?)! 07*! Q1B+*,,*! 7/! 0*1! 2*13*/+*44*! 3*1E/0*1/! HV10*/C! H*//! *7/!

XB/0*/,.-B1!=<*44:*:#1./5!:7-!*7/*1!I1BF*/!#+H$!K4*7/*/!X.W.+7-E-!*7/I*,*-+-!H710N!=_5!

!8"#$%&'$()*+,"(D-;)",&-"OD+,&+(*)D-"1C6&008&8H-*+3",*>?-@",*((",7&"QD)&+)7*0,7>>&-&+'"/D+"Jfc"8Y"'97(B%&+"
!++&+J" $+," P$N&+-*$8" ,&-" 6&00&" &-%*0)&+" H0&7H)@" ,7&" ,$-B%" ,7&" XI*++$+;(M$&00&+" *$>;&H*$)" 97-,"
1CXI&7B%&->$+L)7D+3E"!8"*L)7/&+"6$()*+,"&+)0:,)"(7B%",&-"OD+,&+(*)D-"$+,",7&"QD)&+)7*0,7>>&-&+'"'97(B%&+"!++&+J
$+,"P$N&+-*$8"/&--7+;&-)"(7B%E"XD"L*++"&7+"X7;+*0"&-L*++)"$+,"9&7)&-;&0&7)&)"9&-,&+E"F7+&";-DN&"O*I*'7):)"(D-;)"
,*>?-@" ,*((" 8&%-" &0&L)-7(B%&" F+&-;7&" ;&(I&7B%&-)" 9&-,&+" L*++@" 9&0B%&" ,*++" 78" *L)7/&+" 6$()*+," 7+"
V&9&;$+;(&+&-;7&",&-"!D+&+"$8;&9*+,&0)"9&-,&+"L*++E"""
"

#5"_1K4E1*C!H7*!,7?)!07*!Q1B+*,,*!7/!0*1!2*13*/+*44*!3*1E/0*1/!HV10*/C!H*//!*7/!I1BF*1!#+H$!
K4*7/*1!M70*1,-./0!=<*44:*:#1./5!*7/I*,*-+-!H710N""
"

K7&"/&-(B%7&,&+&+"W7,&-():+,&"(D-;&+",*>?-@",*(("(7B%",7&"QD)&+)7*0,7>>&-&+'"'97(B%&+" !++&+J$+,"P$N&+-*$8"
+7B%)" (D>D-)" 97&,&-" *$(;0&7B%)E" a%+&" W7,&-()*+," 9?-,&+" (7B%" ,7&" <*,$+;()-:;&-" >*()" *$;&+H07BL07B%" 1;-DN&-"
X)-D8>0$((3"*$(;0&7B%&+E"F7+"&7+;&%&+,&("X7;+*0"L=++)&"+7B%)"&-L*++)"$+,"9&7)&-;&0&7)&)"9&-,&+E"g&";-=N&-",&-"
W7,&-()*+,"7()@",&()D"9&+7;&-"F0&L)-D+&+"L=++&+"(7B%"'97(B%&+"!++&+J"$+,"P$N&+-*$8"I-D"6&7)&7+%&7)"H&9&;&+E""

" "
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`7*!X.W.+7-E-!f&!`7*!X.W.+7-E-!f!I7#-!./C!H7*!37*4!6.0(/I!*7/!XB/0*/,.-B1!#*7!3B1I*I*#*/*1!TW.//(/I!
,W*7?)*1/!K.//$!`7*!_7/)*7-!0*1!X.W.+7-E-!7,-!c.1.0!=c5$!!`7*!X.W.+7-E-!f!3B/!@7B:*:#1./*/!K.//!:7-!
0*1! GB4I*/0*/! cB1:*4! #*1*?)/*-! H*10*/&! 𝐶 = !!"#∙!$∙#

$
$! `.#*7! 7,-! g"#$! 07*! `7*4*K-17+7-E-,+.)4! 3B/!

@7B:*:#1./*/C!g%!07*!*4*K-17,?)*!c*40KB/,-./-*!:7-!1(/0!8,9 ∙ 10%&' #(
)*
C!"!0*1!c4E?)*/7/).4-!(/0!0!0*1!

"#,-./0!+H7,?)*/!0*/!#*70*/!Q4.--*/$!!

Y5 67*,!0*/!A/GB-*9-!;`7*!X.W.+7-E->!(/0!#*1*?)/*!07*!X.W.+7-E-!0*1!I*I*#*/*/!<*44:*:#1./N!

`7*!P*:#1./! *7/*1!2*13*/+*44*! 7:!'V?K*/:.1K! #*,7-+-! *7/*! 6E/I*! 4! 3B/! ?.$! %!:$!`7*!

P*:#1./!,*4#,-!7,-!H7*!*7/!hB)4+i47/0*1!:7-!*7/*:!'.07(,!1!3B/!%\&'(:!.(GI*#.(-$!̀ 7*!̀ 7?K*!

0! =jQ4.--*/.#,-./0! 0*1! P*:#1./5! #*-1EI-! Uk%\&)( :$! `7*! `7*4*K-17+7-E-,+.)4! GV1!

@7B:*:#1./*/!g"#$!#*-1EI-!O$!=M5!

!

𝐶 =
𝜀,-. ∙ 𝜀/ ∙ 𝐴

𝑑 =
𝜀,-. ∙ 𝜀/ ∙ 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝑙

𝑑 = 3,35 ∙ 10%0𝐹!

!
[5 .5!M7*!I1BF!7,-!0*1!@*-1.I!0*1!*4*K-17,?)*/!c*40,-E1K*!0*1!P*:#1./C!H*//!07*!TW.//(/I!!

lj\C%!]!#*-1EI-!(/0!,7?)!0.,!*4*K-17,?)*!c*40!:7-!0*1!cB1:*4!𝐸 = +
$
!#*1*?)/*/!4E,,-^!

h7/H*7,&!`7*!_4*K-17,?)*!c*40,-E1K*!#*,?)1*7#-C!H7*!,-.1K!0.,!c*40!7,-C!0$)$C!H7*!I1BF!07*!X1.G-!
.(G!*7/*/!6.0(/I,-1EI*1!7:!*4*K-17,?)*/!c*40!7,-$!!=M5!

!

𝐸 =
𝑈
𝑑 =

0,1	𝑉
5 ∙ 10%1	𝑚 = 20.000.000	

𝑉
𝑚!

!
#5!M7*!3*1)E4-!,7?)!0*7/!_1I*#/7,!+(1!*4*K-17,?)*/!c*40,-E1K*C!07*!#*7!*7/*:!Z*H7--*1!GV1!*7/*/!
@47-+!*1GB10*147?)!7,-!=O$\\\$\\\!]e:5^!T-(G*!07*!*4*K-17,?)*!c*40,-E1K*!0*1!P*:#1./!+H7,?)*/!
,*)1!K4*7/!(/0!,*)1!I1BF!*7/N!=T5!
!

K7&"d&0,():-L&",&-"6&008&8H-*+"7()"8&%-"*0(",*("bJ>*B%&"*0("H&7"&7+&8"V07)'"$+,"(D87)"(&%-";-DNE""

!
m5 `*/K.(GI.#*&!QG*74I7G-G1L,?)*!,?)*70*/!V#*1! 7)1*!h.(-01V,*/!)B?)I7G-7I*!@.4-1.?)B-B97/*!

.(,$! cV1! 0*/! P*/,?)*/! ,7/0! ,?)B/! H*/7I*! P7447I1.::! 0*,! Z7G-,! -L047?)C! 0.! *,! 07*!

P*:#1./,W.//(/I!.##.(-C!:7-!0*/*/!07*!h*1+R!(/0!"-*::(,K(4.-(1!I*,-*(*1-!H710$!<7*)*!

:7-)74G*! 0*7/*1! I*HB//*/! A/GB1:.-7B/*/! T?)4V,,*C! H7*! 0*1!M71K:*?)./7,:(,! 0*,! Z7G-,!

G(/K-7B/7*1-N!=MC!T5!

!
!8" Y&-0*$>" ,&-" /D-*+;&%&+,&+" P$>;*H&+" 9$-,&" &-*-H&7)&)@" ,*((" ,7&" QD)&+)7*0,7>>&-&+'" *+" ,&-" 6&008&8H-*+"
YD-*$((&)'$+;",*>?-"7()@",*(("&7+"X7;+*0"&-L*++)"$+,"9&7)&-;&0&7)&)"9&-,&+"L*++E".$-",$-B%",7&"QD)&+)7*0,7>>&-&+'"
78" #$%&'$()*+," L*++" &7+&" Y&-:+,&-$+;" ,&-" K7>>&-&+'" 1,$-B%" &7+" X7;+*03" &-()" &-L*++)" 9&-,&+E" K*(" U7>)" ,&("
d-D(B%&("'&-()=-)",7&"G&8H-*+(I*++$+;"$+,"/&-%7+,&-)"(D@",*((",7&"a-;*+&"*-H&7)&+"L=++&+E""
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$:;43$#"+#)$<843$#"+#+$%&#=8+(#+$>867#+?  

 

 
!
8*74!A&!T-BGGH*?),*47/-*/,7-E-*/!3*1,?)7*0*/*1!87*1*&!

!+>D)&^)"X)D>>9&B%(&07+)&+(7):)4"X:$;&)7&-&"%*H&+",*(";*+'&"g*%-"?H&-"&7+&"*++:%&-+,"LD+()*+)&"O=-I&-)&8I&-*)$-"
/D+"B*E"hf"iZE"XD9D%0",7&"G*$("*0(",*("L0&7+()&"*+"<*+,"0&H&+,&"X:$;&)7&-"*0("*$B%",&-"F0&>*+)"*0(",*(";-=N)&"*+"
<*+,"0&H&+,&"X:$;&)7&-"(B%*>>&+"&("*0(D@",7&(&"O=-I&-)&8I&-*)$-"*$>-&B%)"'$"&-%*0)&+E"K*>?-"97-,"F+&-;7&"H&+=)7;)@"
,7&"78"W&(&+)07B%&+"?H&-",7&".*%-$+;"*$>;&+D88&+"97-,E"K7&"X)D>>9&B%(&07+)&+(7):)"Q"&7+&("A7&-&(";7H)"*+@"97&"
/7&0"F+&-;7&"I-D"6&7)&7+%&7)"7+"dD-8"/D+".*%-$+;"*$>;&+D88&+"97-,E"K$-B%"Y&-;0&7B%"/&-(B%7&,&+&-"A7&-&"%*)"(7B%"
&-;&H&+@",*((",7&"X)D>>9&B%(&07+)&+(7):)"Q"I-DID-)7D+*0"'$"8$%&'7()"1Qj8$%&3E"

 
%5 `7*!P.(,!7,-!:7-!*7/*1!P.,,*!3B/!:*+,-(j!J%!I!0.,!K4*7/,-*!4*#*/0*!TE(I*-7*1$!T7*!#*,7-+-!*7/*!

T-BGGH*?),*47/-*/,7-E-!3B/!Q*+,-(j!\C%[!M$!T?)E-+*!07*!T-BGGH*?),*47/-*/,7-E-!*7/*,!_4*G./-*/!

Q.$#/+01!:7-!:.$#/+01(j!S!-!:7-)74G*!0*,!I*I*#*/!Q1BWB1-7B/.47-E-,3*1)E4-/7,,*,!.#N!!

!
!
 
J5 ]*1H*/0*!07*!(/-*/!,-*)*/0*!8.#*44*!%C!(:!+(!V#*1W1VG*/C!H7*!I*/.(!,7?)!07*!

T-BGGH*?),*47/-*/,7-E-!0*,!P*/,?)*/!Q*#0-23!:7-!0*:!B#7I*/!]*1)E4-/7,!Qn:456!.#,?)E-+*/!

4E,,-N!@*/*//*!07*!Z1LF*/B10/(/I!0*1!"#H*7?)(/IN!  !

!

!
Tabelle 1: Stoffwechselintensitäten einiger Tiere3 !

 
 

 
!!"#$%&$'(!)*!+,-./01!2$'!34$'5%$678967#:!;<4!)$49=6!84>!?789:%$'*!?7@&8'51!A7'$B(!C*!,/D*!
!
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8*74!AA&!Z1(/0(:,E-+*!3*1,?)7*0*/*1!87*1*&!!

!+>D)&^)"U-$+,$8(*)'4"K&-"U-$+,$8(*)'"7()",7&R&+7;&"W:-8&8&+;&"17+"O70DRD$0&3@",7&"/D+"&7+&8"O=-I&-"7+"/=007;"
+?B%)&-+&8" 6$()*+," H&7" *H(D0$)&-" #$%&" 7++&-%*0H" /D+" Tk" X)$+,&+" H&+=)7;)" 97-,E" d?-" &7+&+" fc" L;" (B%9&-&+"
G&+(B%&+"H&)-:;)"&-"B*E"fccc"LgE""

!

O5 `*1!Z1(/0(:,.-+!0*1!P.(,!7,-!W1B!Z1.::!XL1W*1I*H7?)-!YUR:.4!)L)*1!.4,!0*1!0*,!P*/,?)*/!

(/0!J\\R:.4!)L)*1!.4,!0*1!0*,!_4*G./-*/$!@*1*?)/*!,BHB)4!0*/!Z1(/0(:,.-+!0*1!P.(,!.4,!

.(?)!0*/!0*,!_4*G./-*/N!!

!
!
!
!
S5 _4*G./-*/!*1/E)1*/!,7?)!).(W-,E?)47?)!3B/!Z1E,*1/$!%!KI!Z1.,!*/-)E4-!*7/*!_/*1I7*:*/I*!3B/!

Y!Po$!@*1*?)/*C!H7*!37*4*!KI!Z1.,!*7/!_4*G./-! G1*,,*/!:V,,-*C!(:!,*7/*/!Z1(/0(:,.-+!+(!

0*?K*/^! =M71! /*):*/! ./C! 0.,,! 0*1! _4*G./-! 07*! _/*1I7*:*/I*C! 07*! 0.,! Z1.,! #*1*7-,-*44-C!

3B44,-E/07I!3*1H*1-*/!K.//$5!!

!
!
!
!
!
U5 @*1*?)/*C!H7*!37*4*!KI!2.)1(/I!0*1!_4*G./-!+(!,7?)!/*):*/!:V,,-*C!H*//!,*7/!Z1(/0(:,.-+!

W1B!Z1.::!XL1W*1I*H7?)-!,B!)B?)!HE1*!H7*!0*1!0*1!P.(,^!!

!
!
!
!
!
!
Y5 <7*)*!.(,!0*7/*/!#7,)*17I*/!_1I*#/7,,*/!T?)4V,,*C!H7*!,7?)!.(G!@.,7,!0*1!#7,)*17I*/!"(GI.#*/!

07*!T-BGGH*?),*47/-*/,7-E-!#+H$!0*1!Z1(/0(:,.-+!#*7!K4*7/*/!87*1*/!=H7*!0*1!P.(,5!3B/!0*/*/!

#*7!I1BF*/!87*1*/!=H7*!0*:!_4*G./-*/5!(/-*1,?)*70*/^!!

!
!
!
!
!
!
! !
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8*74!AAA&!`.,!]*1)E4-/7,!+H7,?)*/!XL1W*1B#*1G4E?)*!(/0!]B4(:*/!3*1,?)7*0*/*1!87*1*&!!

[5 `*1! `(1?):*,,*1! 0*,! XL1W*1,! *7/*1! J%! I! ,?)H*1*/! P.(,! #*-1EI-! ?.$! OCS! ?:$4! @*1*?)/*!

/E)*1(/I,H*7,*!07*!XL1W*1B#*1G4E?)*!(/0!0.,!]B4(:*/!0*1!P.(,C!H*//!0*1!XL1W*1!0*1!P.(,!

.4,!1(/0!./I*/B::*/!H710N!!

!
!
!
!
!
(

m5 @*I1V/0*! /(/&! M*//! 0*1! `(1?):*,,*1! *7/*,! _4*G./-*/! OCS! :! #*-1.I*/! HV10*C! (:! 0.,!

M7*37*4G.?)*!HV10*!,7?)!07*!p#*1G4E?)*!#+H$!0.,!]B4(:*/!0*,!_4*G./-*/!3*1I1LF*1/^!

!
!
!
!
!
!
q5 ;"(,! ,-.-7,?)*/!Z1V/0*/! #*/L-7I*/! I1BF*!87*1*! *7/!H*,*/-47?)! ,-.#74*1*,!TK*4*--! .4,! K4*7/*!

87*1*$>5!@*7!0*1!P.(,!:.?)-!0.,!TK*4*--!U!r!7)1*1!P.,,*!.(,!#*7:!_4*G./-*/!O\r!,*7/*1!P.,,*$!

_14E(-*1*C! H7*! 07*,*! A/GB1:.-7B/*/! :7-! 0*:! I*17/I*1*/! Z1(/0(:,.-+! #+H$! 0*1! I*17/I*1*/!

T-BGGH*?),*47/-*/,7-E-!0*,!_4*G./-*/!+(,.::*/)E/I*/!KL//-*/^!!

 
"6::E91FFGGG*68@74$H$4>E<%4:9*%4I<F>$F@789FE6B9%<#<5%9=6$HE7'7@$:$'!+J4#%4$HK85'%II!7@!LL*.*LMLM0*!!
#6::E91FF&<<N9*5<<5#$*7:F&<<N9O%>P)<QNR5SSQRSTUE5PAS./U#E5PAS./U>VPN4<=6$4&78W@789W$#$I74:U9<8'=$P&#U<:9P<<
3?V,RXYZU9%5PS[I\]\,^,_`_N.A@[)ANN^S_/a.:M)GN&GU6#P>$U97PbU;$>PL76\"3G%a/9$VLa'6S6XQa[<"?C<G[E5
Q.S3G3?<3[S=QSQc;P<4$E75$UVPN4<=6$4&78dLM@789dLM$#$I74:UIPI7#9$!+J4#%4$HK85'%II!7@!LL*.*LMLM0*!
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$:;43$#"+#)$<843$#"+#+$%&#=8+(#+$>867#+?  
(Lösungsvorschlag) 

 
!+>D)&^)"X)D>>9&B%(&07+)&+(7):)4"X:$;&)7&-&"%*H&+",*(";*+'&"g*%-"?H&-"&7+&"*++:%&-+,"LD+()*+)&"O=-I&-)&8I&-*)$-"
/D+"B*E"hf"iZE"XD9D%0",7&"G*$("*0(",*("L0&7+()&"*+"<*+,"0&H&+,&"X:$;&)7&-"*0("*$B%",&-"F0&>*+)"*0(",*(";-=N)&"*+"
<*+,"0&H&+,&"X:$;&)7&-"(B%*>>&+"&("*0(D@",7&(&"O=-I&-)&8I&-*)$-"*$>-&B%)"'$"&-%*0)&+E"K*>?-"97-,"F+&-;7&"H&+=)7;)@"
,7&"78"W&(&+)07B%&+"?H&-",7&".*%-$+;"*$>;&+D88&+"97-,E"K7&"X)D>>9&B%(&07+)&+(7):)"Q"&7+&("A7&-&(";7H)"*+@"97&"
/7&0"F+&-;7&"I-D"6&7)&7+%&7)"7+"dD-8"/D+".*%-$+;"*$>;&+D88&+"97-,E"K$-B%"Y&-;0&7B%"/&-(B%7&,&+&-"A7&-&"%*)"(7B%"

&-;&H&+@",*((",7&"X)D>>9&B%(&07+)&+(7):)"Q"I-DID-)7D+*0"'$"8$%&'7()"1Qj8$%&3E"

%5 `7*!P.(,!7,-!:7-!*7/*1!P.,,*!3B/!:*+,-(j!J%!I!0.,!K4*7/,-*!4*#*/0*!TE(I*-7*1$!T7*!#*,7-+-!*7/*!

T-BGGH*?),*47/-*/,7-E-!3B/!Q*+,-(j!\C%[!M$!T?)E-+*!07*!T-BGGH*?),*47/-*/,7-E-!*7/*,!_4*G./-*/!

Q.$#/+01!:7-!:.$#/+01(j!S!-!:7-)74G*!0*,!I*I*#*/!Q1BWB1-7B/.47-E-,3*1)E4-/7,,*,!.#N!=M5!

!
Q()*+_8()*+$%&'C"Q,-./)01_8,-./)01$%&'à"Q,-./)01CQ()*+_8()*+$%&l8,-./)01$%&'C"2mmc"W"
 
J5 !]*1H*/0*! 07*! (/-*/! ,-*)*/0*! 8.#*44*! %C! (:! +(! V#*1W1VG*/C! H7*! I*/.(! ,7?)! 07*!

T-BGGH*?),*47/-*/,7-E-! 0*,!P*/,?)*/! Q*#0-23! :7-! 0*:! B#7I*/! ]*1)E4-/7,! Qn:456! .#,?)E-+*/!

4E,,-N!@*/*//*!07*!Z1LF*/B10/(/I!0*1!"#H*7?)(/IN!=_5!

 
Tabelle 1: Stoffwechselintensitäten einiger Tiere6  
 
Q(.0+23'C"Q()*+_8()*+$%&l8(.0+23$%&'C"fm"W"
K7&"PH9&7B%$+;"H&7",&-"PH(B%:)'$+;",$-B%",*("Q-DID-)7D+*07):)(/&-%:0)+7("07&;)"78"F7+&-H&-&7B%"12c43E""
" "

 
$!"#$%&$'(!)*!+,-./01!2$'!34$'5%$678967#:!;<4!)$49=6!84>!?789:%$'*!?7@&8'51!A7'$B(!C*!,/D*!
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"

!+>D)&^)"U-$+,$8(*)'4"K&-"U-$+,$8(*)'"7()",7&R&+7;&"W:-8&8&+;&"17+"O70DRD$0&3@",7&"/D+"&7+&8"O=-I&-"7+"/=007;"
+?B%)&-+&8" 6$()*+," H&7" *H(D0$)&-" #$%&" 7++&-%*0H" /D+" Tk" X)$+,&+" H&+=)7;)" 97-,E" d?-" &7+&+" fc" L;" (B%9&-&+"
G&+(B%&+"H&)-:;)"&-"B*E"fccc"LgE""

!

O5 `*1!Z1(/0(:,.-+!0*1!P.(,!7,-!W1B!Z1.::!XL1W*1I*H7?)-!YUR:.4!)L)*1!.4,!0*1!0*,!P*/,?)*/!

(/0!J\\R:.4!)L)*1!.4,!0*1!0*,!_4*G./-*/$!@*1*?)/*!,BHB)4!0*/!Z1(/0(:,.-+!0*1!P.(,!.4,!

.(?)!0*/!0*,!_4*G./-*/N!=M5!

!
fccc"Lg_fcccc";"à"F7+"G&+(B%"H&+=)7;)"C"c@2"Lg"F+&-;7&"I-D"U-*88"O=-I&-;&97B%)"

è F7+&"G*$("H&+=)7;)"I-D"U-*88"O=-I&-;&97B%)"b@m"Lg"$+,"(D87)"H&7"&7+&8"O=-I&-;&97B%)"/D+"B*E"Tc";"à"

b@m"LglTcC"2hc"Lg"à"U-$+,$8(*)'"G*$("C"2hc"Lg"

è F7+"F0&>*+)"H&+=)7;)"I-D"U-*88"O=-I&-;&97B%)"b@m"Lg_Tcc"C"c@chh"LgE"8,-./)01'C"k" )@" ,*%&-"2hcccc"Lg"

U-$+,$8(*)'"

!
S5 _4*G./-*/!*1/E)1*/!,7?)!).(W-,E?)47?)!3B/!Z1E,*1/$!%!KI!Z1.,!*/-)E4-!*7/*!_/*1I7*:*/I*!3B/!

Y!Po$!@*1*?)/*C!H7*!37*4*!KI!Z1.,!*7/!_4*G./-! G1*,,*/!:V,,-*C!(:!,*7/*/!Z1(/0(:,.-+!+(!

0*?K*/^! =M71! /*):*/! ./C! 0.,,! 0*1! _4*G./-! 07*! _/*1I7*:*/I*C! 07*! 0.,! Z1.,! #*1*7-,-*44-C!

3B44,-E/07I!3*1H*1-*/!K.//$5!=M5!

!
2hcccc"Lg_bccc"Lg"C"TT"L;""

!
U5 @*1*?)/*C!H7*!37*4*!KI!2.)1(/I!0*1!_4*G./-!+(!,7?)!/*):*/!:V,,-*C!H*//!,*7/!Z1(/0(:,.-+!

W1B!Z1.::!XL1W*1I*H7?)-!,B!)B?)!HE1*!H7*!0*1!0*1!P.(,^!=M5!

!
b@mLglkcccccc";"C"Tb"ccc"ccc"Lg"U-$+,$8(*)'"
Tb"ccc"ccc"Lg_bccc"Lg"C"khhh"L;""
"

Y5 <7*)*!.(,!0*7/*/!#7,)*17I*/!_1I*#/7,,*/!T?)4V,,*C!H7*!,7?)!.(G!@.,7,!0*1!#7,)*17I*/!"(GI.#*/!

07*!T-BGGH*?),*47/-*/,7-E-!#+H$!0*1!Z1(/0(:,.-+!#*7!K4*7/*/!87*1*/!=H7*!0*1!P.(,5!3B/!0*/*/!

#*7!I1BF*/!87*1*/!=H7*!0*:!_4*G./-*/!(/-*1,?)*70*/5^!=T5!!

!

<=($+;(/D-(B%0*;4"K7&"X)D>>9&B%(&07+)&+(7):)"$+,",&-"U-$+,$8(*)'"(7+,"H&7"L0&7+&+"A7&-&+"/&-;0&7B%(9&7(&"%DB%E"
X7&"8?((&+"*0(D"78"Y&-%:0)+7("'$"7%-&8"O=-I&-;&97B%)"$8"&7+"Y7&0>*B%&("8&%-".*%-$+;"'$"(7B%"+&%8&+"*0(";-DN&"
A7&-&@"$8"0&H&+(>:%7;"'$"(&7+E""
"

!
!
!



=416*1(+*!"#24(%*/*;<61(36-'&69:"43* * 7)&3)%*89:4(+"*
 

 17 

[5 `*1! `(1?):*,,*1! 0*,! XL1W*1,! *7/*1! J%! I! ,?)H*1*/! P.(,! #*-1EI-! ?.$! OCS! ?:7$! @*1*?)/*!

/E)*1(/I,H*7,*!07*!XL1W*1B#*1G4E?)*!(/0!0.,!]B4(:*/!0*1!P.(,C!H*//!0*1!XL1W*1!0*1!P.(,!

.4,!1(/0!./I*/B::*/!H710N!=M5!

!
<=($+;4"P"C"kl-#ln"C"kl2@f#ln"C"hb@h"B8#'"""""YCk_hlnl-$C"k_hlnl2@f$'C"Tc@b"B8#'

(

m5 @*I1V/0*! /(/&! M*//! 0*1! `(1?):*,,*1! *7/*,! _4*G./-*/! OCS! :! #*-1.I*/! HV10*C! (:! 0.,!

M7*37*4G.?)*!HV10*!,7?)!07*!p#*1G4E?)*!#+H$!0.,!]B4(:*/!0*,!_4*G./-*/!3*1I1LF*1/^!=M5!

!
<=($+;4"P"/&-;-=N&-)"(7B%"87)"-#@",*%&-"$8",*("2ccccJ>*B%&"12c&3E"Y"/&-;-=N&-)"(7B%"87)"-$@",*%&-"(D;*-"$8",*("
2ccccccJ>*B%&"12c53E""

!
q5 ;"(,! ,-.-7,?)*/!Z1V/0*/! #*/L-7I*/! I1BF*!87*1*! *7/!H*,*/-47?)! ,-.#74*1*,!TK*4*--! .4,! K4*7/*!

87*1*$>8!@*7!0*1!P.(,!:.?)-!0.,!TK*4*--!U!r!7)1*1!P.,,*!.(,!#*7:!_4*G./-*/!O\r!,*7/*1!P.,,*$!

_14E(-*1*C! H7*! 07*,*! A/GB1:.-7B/*/! :7-! 0*:! I*17/I*1*/! Z1(/0(:,.-+! #+H$! 0*1! I*17/I*1*/!

T-BGGH*?),*47/-*/,7-E-!0*,!_4*G./-*/!+(,.::*/)E/I*/!KL//-*/^!=T5!!

 
<=($+;(/D-(B%0*;4" K*(" XL&0&))" 7()" 78" Y&-;0&7B%" '$" *+,&-&+" A&70&+" ,&(" O=-I&-(" 1'EVE4" a-;*+&3" +7B%)" (&%-"
()D>>9&B%(&0*L)7/E"XD87)"7()",&-"P+)&70"*+"()D>>9&B%(&0*L)7/&+"A&70&+",&("O=-I&-("H&7";-DN&+"A&70&+";&-7+;&-"*0("H&7"
L0&7+&+"A7&-&+"$+,",*,$-B%"*$B%",&-"U-$+,$8(*)'"H'9E",7&"X)D>>9&B%(&0*L)7/7):)E""

!
 

 
%6::E91FFGGG*68@74$H$4>E<%4:9*%4I<F>$F@789FE6B9%<#<5%9=6$HE7'7@$:$'!+J4#%4$HK85'%II!7@!.*D*LM,-0*!!
&6::E91FF&<<N9*5<<5#$*7:F&<<N9O%>P)<QNR5SSQRSTUE5PAS./U#E5PAS./U>VPN4<=6$4&78W@789W$#$I74:U9<8'=$P&#U<:9P<<
3?V,RXYZU9%5PS[I\]\,^,_`_N.A@[)ANN^S_/a.:M)GN&GU6#P>$U97PbU;$>PL76\"3G%a/9$VLa'6S6XQa[<"?C<G[E5
Q.S3G3?<3[S=QSQc;P<4$E75$UVPN4<=6$4&78dLM@789dLM$#$I74:UIPI7#9$!+J4#%4$HK85'%II!7@!.*D*LM,-0!


