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SUMMARY
During a generalized acidosis in rainbow trout, catecholamines are released into the blood, activating red blood cell (RBC) Na+/H+

exchange (!NHE), thus protecting RBC intracellular pH (pHi) and subsequent O2 binding at the gill. Because of the presence of a
Root effect (a reduction in oxygen carrying capacity of the blood with a reduction in pH), the latter could otherwise be impaired.
However, plasma-accessible carbonic anhydrase (CA) at the tissues (and absence at the gills) may result in selective short-
circuiting of RBC !NHE pH regulation. This would acidify the RBCs and greatly enhance O2 delivery by exploitation of the
combined Bohr–Root effect, a mechanism not previously proposed. As proof-of-principle, an in vitro closed system was
developed to continuously monitor extracellular pH (pHe) and O2 tension (PO2) of rainbow trout blood. In this closed system,
adding CA to acidified, adrenergically stimulated RBCs short-circuited !NHE pH regulation, resulting in an increase in PO2 by
>30mmHg, depending on the starting Hb-O2 saturation and degree of initial acidification. Interestingly, in the absence of
adrenergic stimulation, addition of CA still elevated PO2, albeit to a lesser extent, a response that was absent during general NHE
inhibition. If plasma-accessible CA-mediated short-circuiting is operational in vivo, the combined Bohr–Root effect system unique
to teleost fishes could markedly enhance tissue O2 delivery far in excess of that in vertebrates possessing a Bohr effect alone and
may lead to insights about the early evolution of the Root effect.
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2320

0$+$#1-)V$%" 1')%*3)3" )+" (4$" .#$3$+'$" *9" 8*4#?L**(" 34)9(" /,
=G)H)+;11"$("1-A:"BCYEF"U#);;$(("$("1-A:"BCYTF"8*#0$3$"$("1-A:"BCYJF
U$##2"1+%"c)+H$1%:"BCYCF"]1-1.$#("$("1-A:"BCCJ>A
[*+'$.(&1--2:" (4$" .#$3$+'$" *9"[!" )+" (4$" .-13;1"@*&-%" 34*#(Z

')#'&)("./"#$0&-1()*+"133*')1($%"@)(4"1%#$+$#0)'"1'()71()*+"*9"L8[
!G/_"=]*(1)3"$("1-A:"BCYCF"G)H)+;11"$("1-A:"BCCD>A"!-(4*&04".-13;1Z
1''$33),-$"[!" )3"+*(".#$3$+(" )+" (4$" ($-$*3("0)--:";$;,#1+$Z,*&+%
.-13;1Z1''$33),-$"[!"=$A0A"[!"KNZ-)H$")3*9*#;3>";12"$<)3(")+"3$-$'(
-*'1()*+3"3&'4"13",*&+%"(*";&3'-$"$+%*(4$-)1"=_99#*3"1+%"Q$)33;1+:
BCJCF"I)99$#("1+%"b#*3:"BCY6F"O$'H$#"$("1-A:"BCCTF"/$+#2"$("1-A:"BCCJF
b$$#3"1+%"b#*3:"6DDD>A"K+%$$%:"9)34"1#$"(4*&04("(*".*33$33".-13;1Z
1''$33),-$" [!" )3*9*#;3" 3);)-1#" (*";1;;1-)1+" [!" KN:" ,&(" (4$)#
-*'1()*+"1+%"9&+'()*+"#$;1)+"&+%$($#;)+$%"=#$7)$@$%")+"b)-;*&#
1+%"U$##2:"6DDC>A"Q$".#*.*3$"(41(")9"[!")3"171)-1,-$"(*"(4$".-13;1
)+" ()33&$"'1.)--1#)$3:"/\ #$;*7$%"9#*;"(4$"L8["!"# !G/_"'*&-%
'*;,)+$"@)(4".-13;1"/[5M? (*" #$9*#;"[56:"@4)'4"@*&-%",1'HZ
%)99&3$" )+(*" (4$"L8[:"%$'#$13$"./) 1+%"&-();1($-2"'#$1($"1" -1#0$#
1#($#)1-" (*"7$+*&3"./"0#1%)$+(" ="./1?7>"1(" (4$" ()33&$3" (41+"@*&-%
*(4$#@)3$"*''&#"=a)0AB8>A"R4$"-1#0$"1')%*3)3"(#1+39$##$%"(*"(4$"L8[
@*&-%" $-$71($" (4$" .1#()1-" .#$33&#$" *9"56 =$56>" !"# (4$" '*;,)+$%

8*4#?L**(" $99$'(:" (4&3" 0#$1(-2" 91')-)(1()+0" ()33&$" 56 %$-)7$#2A
a&#(4$#;*#$:".#*7)%$%" (4$"#1($"*9"34*#(Z')#'&)()+0"*9"!G/_"L8[
./" #$0&-1()*+" )+" (4$" ()33&$" 1+%" 3&,3$W&$+(" ./) #$'*7$#2" %&#)+0
(#1+3)("(*"(4$"0)--"@13"3&99)')$+(-2"#1.)%:"1"0$+$#1-)V$%"1')%*3)3"'*&-%
.#*7)%$"/\ (41("'*&-%",$"#$.$1($%-2"&3$%"1("3$-$'("()33&$3"=(*")+'#$13$
(4$""./1?7>"@)(4"$7$#2".133"(4#*&04"(4$"')#'&-1()*+:"(4&3"$-$71()+0
()33&$"$56 1("1"();$"@4$+"56 %$-)7$#2")3"$3.$')1--2"+$$%$%A
!3"1"9)#3("3($.:"(4)3"3(&%2"@13"%$3)0+$%"(*"%$;*+3(#1($".#**9Z*9Z

.#)+').-$"9*#"$+41+'$%"56 %$-)7$#2"@4$+"1%#$+$#0)'1--2"3();&-1($%
L8["!G/_"./"#$0&-1()*+")3"34*#(Z')#'&)($%A"L1)+,*@"(#*&(",-**%
@13".#$Z$W&)-),#1($%"1(".#$Z%$9)+$%"/,?56 31(&#1()*+3"1+%"(4$+:")+
1" '-*3$%" 323($;:" 1')%)9)$%:" !Z1%#$+$#0)'1--2" 3();&-1($%" 1+%" (4$+
$<.*3$%" (*" [!A" [41+0$3" )+" ,*(4" ./$ 1+%" $56 @$#$" ;*+)(*#$%
'*+()+&*&3-2"(*"133$33",*(4"(4$";10+)(&%$"1+%"();$"'*&#3$"*9"(4$
#$3.*+3$A" K("@13"42.*(4$3)V$%" (41(" )+" (4)3" "%&!"'() '-*3$%"323($;:
1+%" )+" (4$" .#$3$+'$" *9" 1+" 1')%*3)3:" .-13;1Z1''$33),-$" [!" 34*#(Z
')#'&)(3"./"#$0&-1()*+"133*')1($%"@)(4"1%#$+$#0)'1--2"3();&-1($%"L8[
!G/_:"(4&3"'#$1()+0"1"%$'#$13$")+"L8["./"(41("$-$71($3"(4$"%#)7)+0
9*#'$"9*#"56 %$-)7$#2:""$56:",$'1&3$"*9"(4$"'*;,)+$%"8*4#?L**(
$99$'(A" R4$" *7$#1--" 1);" @13" (*" %$($#;)+$" @4$(4$#" !G/_" 34*#(Z
')#'&)()+0"'*&-%",$"*.$#1()*+1-" "%&!"!) 1+%"$3();1($"(4$"%$0#$$"(*
@4)'4")(";)04(")+9-&$+'$"56 %$-)7$#2A
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Animals and rearing conditions
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Fig. 1. (A) Schematic illustrating the cascade associated with red blood cell
(RBC) adrenergic stimulation at the level of the tissue. Modified from
Heming (Heming, 1984), Bidani and Crandall (Bidani and Crandall, 1988)
and Cardenas et al. (Cardenas et al., 1998). (B) Simplified mechanism,
such that the proposed short-circuiting of RBC !NHE pH regulation upon
initial contact with plasma-accessible carbonic anhydrase (CA; in red) at
the tissues and associated changes in extracellular pH (pHe), intracellular
pH (pHi) and the partial pressure of oxygen (PO2) can be outlined. AE,
anion exchange; ATP, adenosine triphosphate; cAMP, 3!,5!-cyclic
adenosine monophosphate; Hb, haemoglobin; NKA, Na+/K+-ATPase;
!NHE, !-adrenergically activated sodium proton exchanger.
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./) '*&-%",$";$13&#$%A"R4$"#$;1)+)+0",-**%"@13"(4$+"-*1%$%")+(*
(4$"'-*3$%"323($;"9*#"$<.$#);$+(1()*+:"13"%$3'#),$%",$-*@A

Closed-system preparation
a*--*@)+0",-**%"(*+*;$(#2:"1"6;-"1-)W&*("*9",-**%"@13"%#1@+")+(*
1" .#$Z0133$%" /1;)-(*+R] 32#)+0$" 1+%" 3-*@-2" $m$'($%" )+(*" 1" .#$Z
0133$%"6;-"0-133"7)1-"&+()-"*7$#9-*@:"1("@4)'4" ();$" (4$"7)1-"@13
3$1-$%"@)(4"1"3$.(&;A"!".#$Z'1-),#1($%"9),$#"*.()'");.-1+(1,-$"56
3$+3*#" 1+%" 1" 9),$#" *.()'" );.-1+(1,-$" ./" 3$+3*#" =U#$I$+3:"X*-)0*
I23($;3:"Rm$-$:"O$+;1#HF"()."%)1;$($#3"PD?BED#;>:".#$3*1H$%")+
4$.1#)+)V$%"[*#(-1+%f3"31-)+$:"@$#$")+3$#($%"(4#*&04"(4$"3$.(&;"(*
'*+()+&*&3-2";*+)(*#",-**%"$56 1+%"./")+"(4$"'-*3$%"323($;A"R4$
7)1-:" (4$#;*3(1(($%" 1(" B6e[:" @13" $W&)..$%" @)(4" 1" 3;1--" 3()#" ,1#
=J"6;;>"1+%".*3)()*+$%"*+"1"3()#".-1($"3$("1("EDD#$7*-&()*+3;)+?B

(*"$+3&#$"1%$W&1($";)<)+0"(4#*&04*&("(4$"$<.$#);$+(A"5<20$+"1+%
./" 3)0+1-3" @$#$" 1;.-)9)$%" &3)+0" 1+" 5<2ZE" ;)'#*" 9*&#Z'41++$-
*<20$+";$($#" 1+%" 3)0+1-" 1;.-)9)$#" =X*-)0*" I23($;3:" '1(1-*0" +*A
5iBBJDD>"1+%"1"./ZB";)'#*"3)+0-$Z'41++$-";$($#"=X*-)0*"I23($;3:

'1(1-*0"+*A"U/BDEPD>:"#$3.$'()7$-2A"O1(1"@$#$"'*--$'($%"(4#*&04*&(
(4$" %&#1()*+" *9" $1'4" $<.$#);$+(" 1(" 1" 31;.-)+0" #1($" *9" B3?B:" 1+%
)+($0#1($%"@)(4"(4$";1+&91'(&#$#f3"3*9(@1#$".1'H10$3"9*#"Q)+%*@3A
!--"%1(1"@$#$"317$%"13"($<("9)-$3"1+%"1+1-2V$%"&3)+0"!'WH+*@-$%0$n

O1(1"!'W&)3)()*+"I*9(@1#$"=N$#3)*+"MAJAM:"8K5U!["I23($;3:"K+'A:
b*-$(1:"[!:"dI!>A"a*#"#$.#$3$+(1()7$"(#1'$3:"$7$#2"*(4$#"%1(1".*)+(
@13" );.*#($%" )+(*" I)0;1U-*(" 9*#" Q)+%*@3" BDADABA6P" =I23(1(
I*9(@1#$"K+'A:"I1+"h*3$:"[!:"dI!>A

Series 1: !-adrenergic stimulation during an acidosis followed
by CA exposure

K+" (4$" '-*3$%" 323($;:" #1)+,*@" (#*&(" L8[3" @$#$" !Z1%#$+$#0)'1--2
3();&-1($%"@)(4")3*.#*($#$+*-"=KI5>"%&#)+0"(4$"/[-Z)+%&'$%"1')%*3)3
1+%"(4$+"3&,3$W&$+(-2"$<.*3$%"(*"[!A"8-**%"$56 1+%"./"@$#$"1--*@$%
(*"3(1,)-)V$"*7$#"(4$"9)#3("P;)+")+"(4$"'-*3$%"323($;"=();$"V$#*>A"Q4$+
3($1%2"#$1%)+03"@$#$"*,3$#7$%"9*#"1("-$13("(4$"-13(";)+&($"*9"(4)3".$#)*%:
1"PD#-"/1;)-(*+R] 32#)+0$"@13"&3$%"(*")+m$'("6D#-"*9"BDD:"BPD"*#
6DD;;*--?B /[-" .#$.1#$%" )+" [*#(-1+%f3" 31-)+$" (*" 1'4)$7$" 1" 9)+1-
'*+'$+(#1()*+"*9"B:"BAP"*#"6;;*- -?B:"#$3.$'()7$-2A"R4)3"#$3&-($%")+"1
+*;)+1-"DABP:"DAMD"*#"DAPD./"&+)("#$%&'()*+")+",-**%"./:"#$3.$'()7$-2
=3$$" R1,-$6" 9*#" 1'(&1-" ./" 71-&$3>A" 8-**%" $56 1+%" ./" #$1'4$%
;1<);&;"'41+0$"@)(4)+"6?M;)+"9*--*@)+0"1')%)9)'1()*+:"1+%"19($#
P;)+:"6D#-"*9"(4$"!Z1%#$+$#0)'"10*+)3("KI5"=I)0;1Z!-%#)'4"'1(1-*0
+*A"KPT6J>:".#$.1#$%"9#$34")+"[*#(-1+%f3"31-)+$:"@13"1%%$%A"R4$"9)+1-
'*+'$+(#1()*+" &3$%" =DADB;;*--?B>" )3" H+*@+" (*" $-)')(" 1" ;1<);&;
#$3.*+3$")+"#1)+,*@"(#*&(",-**%"=[1-%@$--"$("1-A:"6DDT>"=R1,-$B>A"!9($#
P;)+:"[!" =9#*;",*7)+$" $#2(4#*'2($3:"_A[A"EA6ABAB:"I)0;1Z!-%#)'4
'1(1-*0"+*A"[MCME>".#$.1#$%")+"[*#(-1+%f3"31-)+$"@13")+m$'($%")+(*
(4$" 323($;" 9*#" 1" 9)+1-" '*+'$+(#1()*+" *9" BD?M;;*- -?BA" R4)3
'*+'$+(#1()*+")3"3);)-1#"(*"'*+'$+(#1()*+3")+";1;;1-)1+"L8[3"1+%
1"'*+'$+(#1()*+".#$7)*&3-2"34*@+"(*"34*#(Z')#'&)("!G/_")+"#1)+,*@

Table 1. Concentrations of carbonic anhydrase (CA), catecholamines [noradrenaline (NA) and adrenaline (AD)] and adrenergic agonists
[isoproterenol (ISO)] that have been used or measured in previous studies

[CA] (mmol l–1) [CA] justification

[Catecholamine]
or [ -agonist]

(mmol l–1) Type [ISO] justification

5 10–5 Mammalian white skeletal muscle (Henry et al.,
1997)

1.2 10–7 NA Resting rainbow trout plasma (Tetens et al.,
1988)

10–5 Promotes rapid change in pHe; tonometry
experiments; rainbow trout (Motais et al., 1989)

5 10–7 ISO Used in rainbow trout blood in vitro (Motais et al.,
1989; Nikinmaa et al., 1990)

1.5 10–4 Rainbow trout red blood cells (J.L.R., unpublished
data)

5.3 10–7 NA Resting rainbow trout plasma, overnight recovery
from dorsal aorta cannulation surgery (J.L.R.,
unpublished data)

2 10–4 Stopped flow experiments with spiny dogfish,
Squalus acanthias (Perry et al., 1999)

2 10–5 NA Acute hypoxia, 60 min exposure in rainbow trout
(Tetens et al., 1988)

6.7 10–3 Final concentration, bovine CA II injected into
rainbow trout (Wood and Munger, 1994)

8.5 10–5 NA After repeated burst swimming in rainbow trout
(Butler et al., 1986)

5 10–3 Mammalian red blood cell levels (Henry et al.,
1997)

3 10–5

to
3.5 10–4

NA

AD

Elicits half-maximum -adrengergic pHi

regulation in rainbow trout (reviewed in
Nikinmaa, 1992) 

0.01 Elicits a marked (>1 pH unit) pHe recovery in -
adrenergically stimulated rainbow trout blood in
vitro (Nikinmaa et al., 1990)

5 10–4 ISO In vitro studies on rainbow trout and eel (Anguilla
anguilla) (Borgese et al., 1987; Romero et al.,
1996)

10–4 NA, AD A. anguilla blood in vitro (Hyde and Perry, 1990)
10–3 AD Elicits half-maximum -adrengergic pHi

regulation in rainbow trout (Nikinmaa, 1982)
0.01 NA, AD Following injection into A. anguilla circulatory

system (Hyde and Perry, 1990)
 ISO Following injection into rainbow trout circulatory

system (Nikinmaa et al., 1990)
ISO Elicits maximum (saturated) response; rainbow

trout blood in vitro (Caldwell et al., 2006)
 0.1 NA Elicits maximum (saturated) response; rainbow

trout blood in vitro (Tetens et al., 1988)

pHe, extracellular, plasma pH; pHi, intracellular, red blood cell pH.
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(#*&(",-**%""%&!"'() =R1,-$B>"=G)H)+;11"$("1-A:"BCCDF"/$+#2"$(
1-A:"BCCJ>A"R4)3"$<.$#);$+(1-" (#$1(;$+("@)--",$" #$9$##$%" (*"13
/[-\KI5\[!"=a)0A6>A

Series 2: acidosis followed by CA exposure
K+"(4$"'-*3$%"323($;:"#1)+,*@"(#*&("L8[3"@$#$"$<.*3$%"(*"1+
/[-Z)+%&'$%"1')%*3)3"1+%"3&,3$W&$+(-2"$<.*3$%"(*"[!:"*;)(()+0
!Z1%#$+$#0)'"3();&-1()*+"9#*;"(4$"3$#)$3A"5+-2"*+$"1')%)9)'1()*+
-$7$-"=BDD;;*--?B/[->"@13"&3$%:"@4)'4"%$'#$13$%"./$ ,2"DABP
&+)(3A"R4$"[!"'*+'$+(#1()*+"&3$%"1+%"1--"*(4$#".#$.1#1()*+3"1+%
1+1-23$3" @$#$" )%$+()'1-" (*" (4*3$" &3$" )+" I$#)$3" BA" R4)3
$<.$#);$+(1-"(#$1(;$+("@)--",$"#$9$##$%"(*"13"/[-\[!A"!-(4*&04
)("@13"133&;$%"(41("!G/_"1'()71()*+"@*&-%",$"1,3$+(")+"(4)3
3$#)$3",$'1&3$"KI5"@13"*;)(($%:"1"3$.1#1($"(#)1-"@13"'*+%&'($%
)+"(4$".#$3$+'$"*9"1"!Z1+(10*+)3(:".#*.#1+*-*-"=I)0;1Z!-%#)'4
'1(1-*0"+*A"UDYYE>:"&3)+0"1"9)+1-"'*+'$+(#1()*+"*9"6"BD?P;*--?B

=a&'43"1+%"!-,$#3:"BCYYF"]*(1)3"$("1-A:"BCYC>"=%1(1"+*("34*@+>A
U#*.#1+*-*-" '*;.$($3" @)(4" !Z10*+)3(3" 1(" (4$" -$7$-" *9" (4$
#$'$.(*#:"1+%"3*")9"'1($'4*-1;)+$3"@$#$".#$3$+(")+"(4$".-13;1:
(4$2"@*&-%"+*(",)+%"1("(4$"L8["1+%"1'()71($"(4$"!G/_"&+%$#
(4)3"3$#)$3"*9"$<.*3&#$3A

Series 3: inhibiting RBC Na+/H+ exchange during an
acidosis followed by CA exposure

K+"(4$"'-*3$%Z323($;:"#1)+,*@"(#*&("L8[3"@$#$"$<.*3$%"(*"1+
/[-Z)+%&'$%"1')%*3)3"1+%" (4$+" )+" (4$".#$3$+'$"*9"1"G1\^/\

$<'41+0$" =G/_>" )+4),)(*#:" 3&,3$W&$+(-2" $<.*3$%" (*" [!A
_(42-)3*.#*.2-1;)-*#)%$" =_KU!>" =I)0;1Z!-%#)'4"'1(1-*0"+*A
!MDYP>" )3" 1" .*($+(" )+4),)(*#" *9" G/_:" 3.$')9)'1--2" G/_B
=c#)3($+3$+"$("1-A:"6DDJ>A"K+"(4)3"3$#)$3:")("@13"&3$%"(*"71-)%1($
(4$"#*-$"*9"1+"G/_"=1%#$+$#0)'"*#"+*+Z1%#$+$#0)'1--2"1'()71($%>
)+"(4$"34*#(Z')#'&)()+0";*%$-A"R4$"*+-2")+'&,1()*+"'*+%)()*+
&3$%"@13"DAPg"[56:"TPg"1)#:",1-1+'$"G6A"!("P;)+"9*--*@)+0
/[-"1%%)()*+:"_KU!"@13")+m$'($%")+(*"(4$"323($;"=DAB;;*- -?B

9)+1-" '*+'$+(#1()*+>A" !9($#" P;)+:" [!"@13" )+m$'($%" )+(*" (4$
323($;"9*#"1"9)+1-"'*+'$+(#1()*+")%$+()'1-"(*"(41("&3$%")+"I$#)$3
BA"!--"*(4$#".#$.1#1()*+3"1+%"1+1-23$3"@$#$")%$+()'1-"(*"(4*3$
&3$%")+"I$#)$3"BA"R4)3"$<.$#);$+(1-"(#$1(;$+("@)--",$"#$9$##$%
(*"13"/[-\_KU!\[!A

Controls and blood analysis
I41;")+m$'()*+3"*9"[*#(-1+%f3"31-)+$"@$#$"1-3*")+(#*%&'$%"1(
$7$#2" )+($#71-" )+" 1" 3$.1#1($" 1+%" 9)+1-" '*+(#*-" $<.$#);$+(" (*
1''*&+("9*#".*($+()1-")+m$'()*+"$99$'(3"=%1(1"+*("34*@+:"13"+*
$99$'(3"@$#$"*,3$#7$%>A"!("MD;)+" )+"1--"$<.$#);$+(3:",-**%
@13" #$;*7$%" 9*#" 9)+1-" 1+1-23)3A" /'(" @13" %$($#;)+$%" )+
%&.-)'1($"19($#"'$+(#)9&0)+0"(@*"9)--$%"4$.1#)+)V$%"/'("(&,$3
1("BJ:DDD! 9*#"M;)+A"/,"@13";$13&#$%")+"%&.-)'1($"&3)+0"(4$
'21+*;$(41$;*0-*,)+";$(4*%"1+%"1+"$<()+'()*+"'*$99)')$+(
*9"BB;;*--?B?B';?B 1("PED+;A"R4$"#$;1)+)+0"1-)W&*("*9",-**%
@13"'$+(#)9&0$%"1("EDDD! 9*#"M;)+:".-13;1"@13"#$;*7$%"1+%
%)3'1#%$%:" 1+%" L8[3" @$#$" );;$%)1($-2" 9#*V$+" )+" -)W&)%
+)(#*0$+" 1+%" 3(*#$%" 1(" ?YDe[" &+()-" -1($#" 1+1-23)3A" ./) @13
;$13&#$%" )+" %&.-)'1($" &3)+0" 1" (4$#;*3(1(($%" 8]I" M" ]H6
8-**%"])'#*323($;"=L1%)*;$($#:"[*.$+410$+:"O$+;1#H>")+
'*+m&+'()*+" @)(4" 1" L1%)*;$($#" U/]JM" 1')%Z,13$" 1+1-2V$#
19($#"31;.-$3"@$#$".#$.1#$%"&3)+0"(4$"9#$$V$^(41@";$(4*%"*9
o$)%-$#"1+%"c);"=o$)%-$#"1+%"c);:"BCJJ>A

Data analyses
L$.#$3$+(1()7$"(#1'$3"@$#$"'4*3$+"9*#",*(4"(4$"/[-\KI5\[!
1+%"(4$"/[-\[!"$<.$#);$+(3A"5(4$#@)3$:"%1(1"1#$".#$3$+($%
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2323In vitro !NHE short-circuit in rainbow trout

13";$1+3"p"3A$A;A"a*#"$7$#2"-$7$-"*9"1')%)9)'1()*+"1("$7$#2"3(1#()+0
/,?56 31(&#1()*+" &3$%" 1+%" )+" $1'4" $<.$#);$+(:" 31;.-$" 3)V$"@13
2 T"=R1,-$6>A"a*#"1--"#$3.*+3$3:"();$"(*"41-9Z;1<);1-"#$3.*+3$"='B^6>
@13"'1-'&-1($%",2"&3)+0"1"%*&,-$"#$').#*'1-".-*(:"(4$#$9*#$"-)H$+)+0
(4$".1#1;$($#3"(*"])'41$-)3?]$+(*+"$+V2;$"H)+$()'3"1+%"&3)+0"1
X)+$@$17$#?8&#H$" .-*(A" O1(1"@$#$" '*;.1#$%" 3(1()3()'1--2"@)(4)+
1')%)9)'1()*+"(#$1(;$+(3"1+%"@)(4",13$-)+$"71-&$3A"Q4$+"+$'$331#2:
3(1()3()'1-"%)99$#$+'$3"@$#$"%$($'($%"!"# *+$Z@12"!G5N!A"!--"%1(1
31()39)$%"(4$"133&;.()*+3"*9"+*#;1-)(2"=c*-;*0*#*7?I;)#+*7"($3(>
1+%"4*;*0$+$)(2"*9"71#)1+'$"=81#(-$((f3" ($3(>A"Q4$+"1"3)0+)9)'1+(
%)99$#$+'$" @13" )%$+()9)$%:" 1" 3)/'& ,)+& /*-;?I)%1H" ;&-().-$
'*;.1#)3*+3" ($3(" @13" 1..-)$%" (*" '*;.1#$" ;$1+3A" !--" 3(1()3()'1-
1+1-23$3" @$#$" .$#9*#;$%" &3)+0" I)0;1I(1(" MAP" =I23(1(" I*9(@1#$>
3(1()3()'3"3*9(@1#$"&3)+0"1"3)0+)9)'1+'$"-$7$-"*9"$qDADPA

RESULTS
Series 1: !-adrenergic stimulation during an acidosis followed

by CA exposure
R4$" ;$1+" 3(1#()+0" /'(:" ./$ 1+%" ./) );;$%)1($-2" 9*--*@)+0
(*+*;$(#2"@13"6PADpDABg:"JACMpDAD6"1+%"JAEDpDADD:"#$3.$'()7$-2A
Q)(4)+" $1'4" 1')%)9)'1()*+" 0#*&.:" $<.$#);$+(3" ,$01+" @)(4" 9*&#
3(1()3()'1--2"%)3()+'("/,?56 31(&#1()*+3"=$qDADDB>:"+*;)+1--2"ME:"PE:
TM" 1+%"TYg" 9*#" (4$" -*@$3(" -$7$-" *9" 1')%)9)'1()*+:" M6:" PC:" TT" 1+%
JYg"9*#"(4$";)%%-$"-$7$-"*9"1')%)9)'1()*+:"1+%"MD:"PM:"TM"1+%"JPg
9*#"(4$"4)04$3("-$7$-"*9"1')%)9)'1()*+"=R1,-$6>A"R4$"1%%)()*+"*9"/[-
3)0+)9)'1+(-2"#$%&'$%",-**%"./$ ,2"DABP:"DAMM"1+%"DAEC"&+)(3:"1--"*9
@4)'4"%)99$#$%"3)0+)9)'1+(-2"9#*;"*+$"1+*(4$#"=R1,-$6>A"d.*+"/[-
1%%)()*+:"(4$#$"@13"1"#1.)%"1+%"3)0+)9)'1+(")+'#$13$")+"$56 ="$56>
*9" ,$(@$$+" PP" 1+%" YJ;;/0:" %$.$+%)+0" *+" (4$" 3(1#()+0" /,?56
31(&#1()*+"1+%"(4$"%$0#$$"*9"1')%)9)'1()*+"=$qDADDB>"=R1,-$6>A"R4$
'B^6 9*#"(4)3"#$3.*+3$"@13"EDACp6AB3:".**-$%"9*#"1--"/,?56 31(&#1()*+3
1+%"1')%)9)'1()*+"-$7$-3A"Q)(4)+"1"0)7$+"1')%)9)'1()*+"0#*&.:""$56
%)%"+*("%)99$#"3)0+)9)'1+(-2"1;*+0"(4$"9*&#"%)99$#$+("3(1#()+0"/,?56
31(&#1()*+3:" 1+%" (4$#$9*#$" 71-&$3" @$#$" .**-$%A" R4$#$" @$#$" +*
3)0+)9)'1+("%)99$#$+'$3")+""$56 1;*+0"(4$"(4#$$"1')%)9)'1()*+"0#*&.3
=$ DA6JB>"=R1,-$6>A"/*@$7$#:""$56 71-&$3"@$#$"1--"3)0+)9)'1+(-2
%)99$#$+("9#*;"D"=$qDADDB>A"a*#"#$9$#$+'$:"%1(1"9*#"(4)3"$<.$#);$+(1-

3$#)$3"1#$".#$3$+($%")+"(1,&-1#"9*#;1("=R1,-$6>:"1+%"1"#$.#$3$+(1()7$
(#1'$"9#*;"1"3)+0-$"(#)1-")3"%$.)'($%")+"a)0A6A
!%#$+$#0)'" 3();&-1()*+" 3)0+)9)'1+(-2" %$'#$13$%" $56 )+" 1--

1')%)9)'1()*+"0#*&.3"1+%"1("1--"/,?56 31(&#1()*+3"$<'$.("9*#")+"(4$
-*@$3("(@*"3(1#()+0"/,?56 31(&#1()*+3")+"(4$"0#*&."@4$#$"./$ @13
%$'#$13$%" ,2" DAEC" &+)(3" =$SDADP>" =R1,-$6>A" r&1-)(1()7$-2:" ./$
%$'#$13$%:",&("(4$"'41+0$"@13"+*("3)0+)9)'1+(A"[*;.1#$%"@)(4"(4$
/[-Z;$%)1($%"#$3.*+3$:" (4$" KI5Z;$%)1($%"#$3.*+3$"@13" (@)'$"13
3-*@" ='B^6 BD6ABpYAB 3:" .**-$%" 9*#" 1--" /,?56 31(&#1()*+3" 1+%
1')%)9)'1()*+"-$7$-3:"$qDADDBF"R1,-$6:"a)0A6>A
I&,3$W&$+(" [!" 1%%)()*+" 3)0+)9)'1+(-2" )+'#$13$%" $56 )+" $7$#2

1')%)9)'1()*+"0#*&."1+%"1("$7$#2"3(1#()+0"/,?56 31(&#1()*+"=$qDADDB>:
$<'$.("@)(4)+"(4$"0#*&."@4$#$"./$ @13"%$'#$13$%",2"DABP"&+)(3:")+
(4$"3&,0#*&."@4$#$"3(1#()+0"/,?56 31(&#1()*+"@13"MMAJg"=$ DABDEF
R1,-$6>A"r&1-)(1()7$")+'#$13$3")+"./$ @$#$"$7)%$+("*+";*3("(#1'$3
=a)0A6>F" 4*@$7$#:" '41+0$3" )+" ./$ @$#$" +*(" 3)0+)9)'1+("@)(4)+" *#
,$(@$$+"0#*&.3A"57$#1--:"(4$"[!Z;$%)1($%"#$3.*+3$"@13"(@*"(*"9)7$
();$3"913($#"(41+"(4$"/[-Z"1+%"KI5Z;$%)1($%"#$3.*+3$3:"#$3.$'()7$-2
='B^6 6BAYp6A63:".**-$%"9*#"1--"/,?56 31(&#1()*+3"1+%"1')%)9)'1()*+
-$7$-3:" $ DADDM" 1+%" $qDADDB" '*;.1#$%" @)(4" /[-" 1+%" KI5:
#$3.$'()7$-2F"R1,-$6:"a)0A6>A
./) @13";$13&#$%"*+-2"1("(4$"3(1#("1+%"$+%"*9"$1'4"$<.$#);$+(

1+%" @13" 1-@123" 3)0+)9)'1+(-2" 4)04$#" 1(" (4$" ,$0)++)+0" *9" (4$
$<.$#);$+("=$qDADDB>A"R4$"$<'$.()*+"@13"1("*+$"/,?56 31(&#1()*+
-$7$-")+"(4$"0#*&."@4$#$"./$ @13"%$'#$13$%",2"DAEC"&+)(3"=$ DAB6JF
R1,-$6>A"O)99$#$+'$3")+"9)+1-"./) ,$(@$$+"/,?56 31(&#1()*+"-$7$-3
@)(4)+"$1'4"1')%)9)'1()*+"0#*&."@$#$"*+-2"*,3$#7$%")+"(4$"0#*&.3
@4$#$"./$ @13"%$'#$13$%",2"DAMM"1+%"DAEC"&+)(3" =R1,-$6>A"a)+1-
/'(:" ;$13&#$%" 13" 1+" 1%%)()*+1-" .#*<2" 9*#" L8[" !Z1%#$+$#0)'
3();&-1()*+:"3)0+)9)'1+(-2")+'#$13$%"#$-1()7$"(*"(4$")+)()1-"71-&$")+"1--
1')%)9)'1()*+" 0#*&.3" 1(" 1--" 3(1#()+0"/,?56 31(&#1()*+3" =$qDADDB>:
#$3&-()+0" )+" &." (*" 1" JDg" )+'#$13$" )+" L8[" 7*-&;$" =R1,-$6>A" !
3)0+)9)'1+("'*##$-1()*+"$<)3($%",$(@$$+"(4$"3(1#()+0"/,?56 31(&#1()*+
1+%"(4$"%$'#$13$")+"$56 9*--*@)+0"(4$"1%%)()*+"*9"KI5"(*".#$7)*&3-2
1')%)9)$%",-**%"=46 DAJDT:"$qDADDBF"a)0AM!>A"R4$"'*##$-1()*+"@13
1-3*" $7)%$+(" @)(4" (4$" )+'#$13$" )+" $56 9*--*@)+0" [!" 1%%)()*+
=46 DA6YC:"$qDADPF"a)0AM8>A"Q4$+"(4$"%$'#$13$")+"$56 %&$"(*"KI5
@13".#*+*&+'$%:" (4$" )+'#$13$" )+"$56 %&$" (*"[!"@13".#*+*&+'$%
=46 DAMPP:"$qDADPF"a)0AM[>A"R4)3"#$-1()*+34)."@13"$7)%$+("@)(4)+
1+%"1;*+0"$1'4"1')%)9)'1()*+"0#*&."=R1,-$6>A"[*+3)3($+("@)(4"(4$3$
#$3.*+3$3:" )+".#$7)*&3-2"1')%)9)$%",-**%"1"3)0+)9)'1+(" #$-1()*+34).
'*&-%",$"%$($'($%",$(@$$+"(4$"%$0#$$"*9"L8["3@$--)+0"1+%"(4$"KI5Z
)+%&'$%"%$'#$13$")+"$56 =4

6 DAMCE:"$qDADMF"a)0AMO>A

Series 2: acidosis followed by CA exposure
Q4$+" 1%#$+$#0)'" #$'$.(*#3" @$#$" )+4),)($%" =&3)+0" (4$"!Z1+(10*+)3(
.#*.#1+*-*-F" %1(1"+*(" 34*@+>"*#" 3();&-1()*+"@13"*;)(($%" 9#*;" (4$
3$W&$+'$:"3(1#()+0"/,?56 31(&#1()*+3"@$#$"+*;)+1--2"EJ:"PC:"TP"1+%
JEg"=R1,-$6>A"K;;$%)1($-2"9*--*@)+0"(*+*;$(#2:"/'(:"./$ 1+%"./)
@$#$"+*(" 3)0+)9)'1+(-2"%)99$#$+(" 9#*;"71-&$3";$13&#$%" )+"I$#)$3"BF
'*+3$W&$+(-2:"I$#)$3"B"1+%"6"3(1#()+0"71-&$3"@$#$".**-$%A"a*--*@)+0
/[-"1%%)()*+:"./$ @13"3)0+)9)'1+(-2"#$%&'$%",2"DABP"&+)(3:"'*+3)3($+(
@)(4"(4$"-*@$3("-$7$-"*9"1')%)9)'1()*+")+"I$#)$3"B"=a)0AE>A"/*@$7$#:
13"3$$+")+"(4$"#$.#$3$+(1()7$"(#1'$"=a)0AE>:"(4$"/[-Z;$%)1($%"%$'#$13$
@13" 9*--*@$%" ,2" 1" 3-)04(" #)3$:" @)(4" ./$ #$1'4)+0" 1" +$@" 1..1#$+(
$W&)-),#)&;".#)*#"(*"(4$"[!"$<.*3&#$A"R4)3"*7$#34**("@13"#$9-$'($%
)+"(4$"$56 (#1'$"13"@$--A"d.*+"1')%)9)'1()*+:"$56 )+'#$13$%"3)0+)9)'1+(-2
=$qDADDB>",2"1";$1+"*9"EC;;/0"=R1,-$6>A"R4$"();$"(*"41-9Z;1<);1-
1')%*3)3"@13"MMADpEAB3"=.**-$%"9*#"1--"3(1#()+0"/,?56 31(&#1()*+3>:
,&("(4)3"@13"+*("3)0+)9)'1+(-2"%)99$#$+("(41+"(4$"'B^6 9*#"(4$"31;$"-$7$-
*9" 1')%)9)'1()*+" )+" I$#)$3" B" $<.$#);$+(3" =I(&%$+(f3" 'Z($3(:" ' BAMJ6:
%A9A T:"$ DA6BC>" =R1,-$6:"a)0AE>A"[!"1%%)()*+" )+'#$13$%"$56 ,2"1
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Fig. 2. Representative trace documenting changes (min) in Oncorhynchus
mykiss blood PO2 (red) and pHe (blue) in the in vitro closed system over
the 30 min duration of the experiment for Series 1 (HCl+ISO+CA). Dashed
vertical lines represent the time at which the blood was exposed to the
respective treatment indicated on the x-axis. CA, carbonic anhydrase; HCl,
hydrochloric acid; ISO, isoproterenol. Means p"s.e.m. for all variables
measured or calculated in Series 1 are reported in Table 2.
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;$1+"*9"DAM"(*"PAC;;/0:"%$.$+%)+0"*+"(4$"3(1#()+0"/,?56 31(&#1()*+
=R1,-$6:"a)0AE>A"R4$" ();$" (*" 41-9Z;1<);1-"[!Z;$%)1($%" #$3.*+3$
@13"6BACpMAT3"=.**-$%"9*#"1--"3(1#()+0"/,?56 31(&#1()*+3>F"(4)3"@13
+*("3)0+)9)'1+(-2"%)99$#$+("(41+"(4$".**-$%"'B^6 9*#"(4$"31;$"-$7$-"*9
1')%)9)'1()*+")+"I$#)$3"B"$<.$#);$+(3"=I(&%$+(f3"'Z($3(:"' ?DAPJJ:"%A9A T:
$ DAPYPF"R1,-$6>A"!("(4$"$+%"*9"(4$"MD;)+";*+)(*#)+0".$#)*%:"./)
41%" %$'#$13$%" (*" JABD" *#" -*@$#:" 1+%" 1-(4*&04" ,-**%" 9#*;" (4)3
$<.$#);$+(" @13" +*(" 1%#$+$#0)'1--2" 3();&-1($%" @)(4" KI5:" /'(" 41%
)+'#$13$%" 3)0+)9)'1+(-2" *7$#" 3(1#()+0" 71-&$3" =$qDADDB>:" ,&(" (*" 1
3)0+)9)'1+(-2"-$33$#"%$0#$$"=BTg"!5(/./ JDg")+'#$13$>"#$-1()7$"(*"I$#)$3
B"=$qDADDBF"R1,-$6>A"a*#"#$9$#$+'$:"1"#$.#$3$+(1()7$"(#1'$")3".#$3$+($%
)+"a)0AE"1+%";$1+"71-&$3"1#$"-)3($%")+"R1,-$6A

Series 3: inhibiting RBC NHE during an acidosis followed by
CA exposure

a*#"$<.$#);$+(3"'*+%&'($%"@)(4"_KU!:"3(1#()+0"/'(:"$56:"./$ 1+%
./) @$#$" 6PA6pDABg:" C6AYp6AM;;/0:" JAYMpDADM" 1+%"JA6DpDADM:
#$3.$'()7$-2:"1+%"/,?56 31(&#1()*+"@13"JPAYpBACgA"!')%)9)'1()*+
3)0+)9)'1+(-2" )+'#$13$%" ,-**%"$56 ,2" JM;;/0:"@4)'4" #$1'4$%" 1
;1<);&;"71-&$"*9"BTPAEpBJAC:"1+%"./$ 3)0+)9)'1+(-2"%$'#$13$%",2
DA66pDADM"&+)(3"=a)0AP>A"!%%)()*+"*9"_KU!"%)%"+*("3)0+)9)'1+(-2"199$'(
$)(4$#",-**%"$56 *#"./$A"X)H$@)3$:"[!"1%%)()*+"%)%"+*("3)0+)9)'1+(-2
199$'(" ,-**%" $56 *#" ./$ =a)0A P>A !(" (4$" $+%" *9" (4$" MD;)+
$<.$#);$+(1-"1+%"#$'*#%)+0".$#)*%:"/'("@13"&+'41+0$%"9#*;"3(1#()+0
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3)0+)9)'1+(-2" -*@$#" (41+" )+)()1-" 71-&$3" =$qDADDB>:" 13" @13" ./)
=JADCpDADM:"$ DADBT>A

DISCUSSION
R4$""%&!"'() #$3&-(3"9#*;"(4)3"3(&%2"1#$"'*+3)3($+("@)(4"(4*3$"9#*;
$1#-)$#"3(&%)$3"=]*(1)3"$("1-A:"BCYCF"G)H)+;11"$("1-A:"BCCD>:"13")3"*&#
*7$#1--" 42.*(4$3)3" (41(" %&#)+0" 1+" 1')%*3)3:" 1%#$+$#0)'" L8[" ./
#$0&-1()*+"!"# !G/_"'1+",$"34*#(Z')#'&)($%",2".-13;1Z1''$33),-$

[!A" 8$'1&3$" *9" (4)3" 34*#(Z')#'&)()+0:" /,?56 199)+)(2" )3" #$%&'$%:
#$3&-()+0")+"1".*3)()7$""$56 )+"(4)3"'-*3$%"323($;A"R4$")+'#$13$")+
$56 &.*+" [!" $<.*3&#$" @13" )+" $<'$33" *9" MD;;/0" )+" 3*;$
(#$1(;$+(3:"1+%"*''&##$%"(@)'$"13"#1.)%-2"13"(4$")+'#$13$")+"$56 &.*+
1')%)9)'1()*+"@)(4*&("[!A"R4)3" #$3.*+3$"1-3*"*''&##$%" (*"1" -$33$#
%$0#$$" )+" (4$" 1,3$+'$" *9" 1%#$+$#0)'" 3();&-1()*+" =a)0AE>:" ,&("@13
1,*-)34$%")+"(4$".#$3$+'$"*9"_KU!:"@4)'4"%)#$'(-2")+4),)(3"1--"9*#;3
*9" G/_" =a)0AP>A" R4&3:" (4$" 1%%)()*+" *9" .-13;1Z1''$33),-$" [!" (*
1')%)9)$%",-**%:")+"(4$".#$3$+'$"*#"1,3$+'$"*9"1%#$+$#0)'"3();&-1()*+:
1..$1#3"(*"#$3&-(")+"1".*3)()7$""$56 (4#*&04"34*#(Z')#'&)()+0"*9"3*;$
G/_" )3*9*#;=3>A" K9" (4)3";$'41+)3;" )3" *.$#1()*+1-" "%& !"!):" 34*#(Z
')#'&)()+0" (4$" ./" #$0&-1()*+" 133*')1($%" @)(4" L8[" G/_" )+
'*+m&+'()*+"@)(4"1"4)04-2"./Z3$+3)()7$"'*;,)+$%"8*4#?L**("$99$'(
'*&-%";1#H$%-2"$+41+'$"()33&$"56 %$-)7$#2"*7$#"(41("@4)'4"@*&-%
*''&#")+"7$#($,#1($3".*33$33)+0"1"8*4#"$99$'("1-*+$"=L&;;$#:"6DBD>A
R4)3";12"#$3&-(")+"9&#(4$#")+3)04(")+(*"(4$"$7*-&()*+"*9"L**(Z$99$'(
/,3:"@4)'4"$7*-7$%".#)*#" (*"L8["!G/_"1+%"3.$')1-)V$%" #$()1"1(
(4$"$2$"1+%"3@);,-1%%$#"=8$#$+,#)+H"$("1-A:"6DDP>A

Justification of the chosen parameters
R4$" 3.$')9)'" "%& !"'()& (#$1(;$+(3" @$#$" '4*3$+" (*" ;);)'" "%& !"!)
'*+%)()*+3" @4$#$" .*33),-$" =)A$A" )+)()1-" /,?56 31(&#1()*+3" 1+%
1')%)9)'1()*+" -$7$-3>A" [*+'$+(#1()*+3" *9" KI5"@$#$" &3$%" ,13$%" *+
)+9*#;1()*+" 9#*;".13(" 3(&%)$3" =R1,-$B>:" 1+%"$<'$33" -$7$-3"*9"[!
$+3&#$%";1<);1-" $99$'(3" )+" %$;*+3(#1()+0" .#**9Z*9Z.#)+').-$" (41(
(4)3";$'41+)3;")3"9&+'()*+1-A"I(1#()+0"/,?56 31(&#1()*+3"=,$(@$$+
MD"1+%"JYg>"$+'*;.133$%"(4$"#$0)*+"*9"(4$"5_[";*3("'*;;*+-2
&3$%"%&#)+0"1'()7)(2")+"#1)+,*@"(#*&("7$+*&3",-**%""%&!"!)A"R4$"-$7$-3
*9" )+)()1-" 1')%)9)'1()*+" =DABP:" DAM" 1+%" DAP" &+)(" %$'#$13$3" )+" ./$>
'*##$3.*+%$%"(*""%&!"!) '41+0$3")+"./1 %*'&;$+($%")+"#1)+,*@"(#*&(
9*--*@)+0"$<.*3&#$"(*"42.*<)1"*#"3(#$+&*&3"$<$#')3$"=c)'$+)&H"1+%
h*+$3:"BCJJF"])--)01+"1+%"Q**%:"BCYJF"G)H)+;11"1+%"N)4$#311#):
BCCMF" 8#1&+$#" $(" 1-A:" 6DDD>A" !+" 1')%?,13$" %)3(&#,1+'$" *9" (4)3
;10+)(&%$""%&!"!) 1-3*"#1.)%-2"$-$71($3".-13;1"'1($'4*-1;)+$"-$7$-3
=,*(4" 1%#$+1-)+$" 1+%" +*#1%#$+1-)+$>" 9#*;" #$3()+0" -$7$-3" (41(" 1#$
&3&1--2"-$33"(41+"6"BD?J;;*- -?B =R$($+3"$("1-A:"BCYY>"(*"-$7$-3"13
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Fig. 3. For all acidification groups
combined from Series 1
experiments (HCl+ISO+CA), a
quantitative representation of the
significant correlations between (A)
starting Hb–O2 saturation and the
decrease in PO2 following the
addition of ISO to previously
acidified O. mykiss blood, (B) the
starting Hb–O2 saturation and the
increase in PO2 following CA
addition, (C) the decrease in PO2
due to ISO and the increase in
PO2 due to CA, and (D) the
decrease in PO2 due to ISO and
the degree of RBC swelling as
represented by the final
haematocrit (Hct). Note: starting
Hct was 25.02p0.12%. These
relationships were also evident
within each acidification group; see
Table 2 for data separated by
acidification group.
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4)04"13"YAP"BD?P;;*- -?B =8&(-$#"$("1-A:"BCYTF"])--)01+"1+%"Q**%:
BCYJ>A"a&#(4$#;*#$:"KI5")3"1";*#$".*($+("!Z1%#$+$#0)'"10*+)3(:"1+%
@$" &3$%" '*+'$+(#1()*+3" H+*@+" (*" 0$+$#1($" 1" ;1<);1-" !G/_
#$3.*+3$"1("(4$"L8[3"=R$($+3"$("1-A:"BCYY>"=R1,-$B>A
R@*"91'(*#3"@$#$"'*+3)%$#$%"@4$+"'4**3)+0"[!"'*+'$+(#1()*+3

4)04$#"(41+"@41(";)04(",$"$<.$'($%")+";&3'-$s"(4$");.*#(1+'$"*9
1''*&+()+0"9*#"4)04"/\ 1..$1#1+'$")+" (4$".-13;1"9*--*@)+0"L8[
!G/_"1'()71()*+:"1+%"*7$#@4$-;)+0"1+2"$+%*0$+*&3"[!")+4),)(*#3
.*($+()1--2".#$3$+(")+"(4$".-13;1"=O);,$#0:"BCCE>A"R4$")3*9*#;"&3$%
@13"9#*;",*7)+$"$#2(4#*'2($3:"-)H$-2";1;;1-)1+"[!"KK:"@4)'4")3
+*("$<.$'($%"(*",$"199$'($%",2".-13;1")+4),)(*#3:"@4)'4"1#$"(4*&04(
(*",$"+*("*+-2"3.$')$3"3.$')9)'",&("1-3*".1#()'&-1#"(*"(4$"L8[")3*9*#;
=/$+#2"$("1-A:"BCCJF"U$($#3"$("1-A:"6DDD>A"R4$"9)+1-"[!"'*+'$+(#1()*+3
&3$%")+"(4)3"3(&%2"$<'$$%$%:",2"6D"();$3:"(4*3$"9*&+%")+"#1,,)("@4)($
;&3'-$"k-)H$-2"[!"KN:"$+V2;$"'1(1-2()'"1'()7)(2"=6'1(>"tBAB"BD?T3?B:
3);)-1#"(*"[!"KK"=/)-7*"$("1-A:"6DDY>l"=R1,-$B>:"1";$;,#1+$Z,*&+%
)3*9*#;"3);)-1#"(*"@41(";12",$"171)-1,-$"(*"#1)+,*@"(#*&(";&3'-$
"%&!"!)&=_99#*3"1+%"Q$)33;1+:"BCJCF"Q1+0"$("1-A:"BCCY>7&/*@$7$#:
(4$"'*+'$+(#1()*+3"&3$%"@$#$"3-)04(-2"-*@$#"(41+"(4*3$"%$($#;)+$%
9*#";1;;1-)1+"L8[3"=P"BD?M;;*- -?B>"=/$+#2"$("1-A:"BCCJ>:",&(

'*+3)3($+("@)(4"-$7$-3"*9",*7)+$"$#2(4#*'2($"[!".#$7)*&3-2"&3$%"(*
34*#(Z')#'&)(" !Z1%#$+$#0)'1--2" 3();&-1($%" L8[" ./" #$0&-1()*+" )+
#1)+,*@"(#*&(""%&!"'()&=]*(1)3"$("1-A:"BCYCF"G)H)+;11"$("1-A:"BCCD>
=R1,-$B>A

The "PO2 associated with RBC !NHE short-circuiting
R4$""$56 W&1+()9)$%"&3)+0"(4)3"'-*3$%"323($;"3$#7$%"13".#**9Z*9Z
.#)+').-$"9*#"34*#(Z')#'&)()+0"*9"!G/_"./"#$0&-1()*+")+"(4)3"3(&%2A
K+3)04("@13"1-3*"01)+$%"#$-1()7$"(*"(4$"();$"'*&#3$"*7$#"@4)'4"34*#(Z
')#'&)()+0"1+%"3&,3$W&$+("./) #$'*7$#2"*''&#3A"R4$"*.(*%$"#$3.*+3$
();$" 9*#" 56 )3" ;&'4" 913($#" (41+" 9*#" ./" =./" *.(*%$3" MD3F"$56
*.(*%$3" qB 3>A" R4&3:" (4$" "$56 @13" 1" 7$#2" 3$+3)()7$:" )+%)#$'(
;$13&#$;$+("*9"'41+0$3")+"L8["./):"@4)'4"'*&-%"+*(",$";$13&#$%
%)#$'(-2"1+%"'*+()+&*&3-2A"R4$#$9*#$:"#$01#%-$33"*9"(4$"-$7$-"*9"./$
%$($'()*+:" @4)'4"@13" -);)($%" ,2" *.(*%$" #$3.*+3$" ();$:" $7$+" (4$
3&,(-$3("'41+0$3")+"./) '*&-%",$")%$+()9)$%"!"# '41+0$3")+"$56A
R4$" ;10+)(&%$" *9" (4$" [!Z;$%)1($%" "$56 9*--*@)+0" "%& !"'()

1')%)9)'1()*+:"@4$#$"./"@13"%$'#$13$%",2"DAMM"*#"DAEC"&+)(3:"@13
7$#2"3);)-1#" (*" (4$""$56 71-&$3"'1-'&-1($%",2"%)#$'(" )+($#.*-1()*+
,$(@$$+"5_[3"0$+$#1($%" 1(" ./"71-&$3" (41(" %)99$#$%",2" 1" 3);)-1#
%$0#$$"=L&;;$#:"6DBD>"=a)0AT>A"K("34*&-%"1-3*",$"'*+3)%$#$%"(41(
71-&$3" '1-'&-1($%" 9*#" "$56 4$#$" ;12" 417$" ,$$+" &+%$#$3();1($%
,$'1&3$"*9"L8[";$(1,*-)3;:"@4)'4";12"417$"'41+0$%"&+%$#"(4$
71#)*&3" (#$1(;$+(3:" .1#()'&-1#-2" 1%#$+$#0)'" 3();&-1()*+A" R*0$(4$#:
(4$3$"%1(1")+%)'1($"(41("+$1#-2"(4$"$+()#$"1')%"-*1%")+)()1--2"1%%$%"(*
(4$"'-*3$%"323($;";12"417$",$$+"171)-1,-$"9*#"34*#(Z')#'&)()+0"*9
!G/_" ./" #$0&-1()*+" )+" (4)3" "%& !"'() 3$(&.A" K9" (4)3" 323($;" @$#$
*.$#1()*+1-" "%& !"!) =3$$" ,$-*@" 9*#" 1" %$(1)-$%" %)3'&33)*+>" (4$
;10+)(&%$"*9""$56 '*&-%",$"#$%&'$%",$'1&3$"(4$"()33&$3"1#$"+*("1
'-*3$%"323($;"1+%"@)--"'*+()+&*&3-2"'*+3&;$"56A"/*@$7$#:"(4$#$
@*&-%",$"1%%)()*+1-"1')%)9)'1()*+"9#*;"(4$"[56 .#*%&'$%"9#*;"(4$
()33&$3"(41("'*&-%"$7$+"9&#(4$#")+'#$13$"(4$""$56 #$.*#($%"4$#$A
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Fig. 4. Representative trace for Series 2 experiments (HCl+CA). Other
details are as in Fig. 2.
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and solid line (Series 1, R2 0.9902) represent an initial pHe decrease of
0.49 units prior to ISO and CA addition; blue triangles and solid line (Series
1, R2 0.9994) represent an initial pHe decrease of 0.33 units; and white
(Series 1, R2 0.9999) and black (Series 2, R2 0.9782) circles and
associated black lines represent an initial pHe decrease of 0.15 units. All
dashed lines represent the potential "PO2 for the combined Bohr–Root
effect system in rainbow trout blood for a decrease in pHe of 0.5 (green)
and 0.3 (blue) units as described in Rummer (Rummer, 2010).
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R4$"8*4#"$99$'(:"@4)'4")3"&+%$#3(**%"(*",$");.*#(1+(")+"$+41+')+0
()33&$"56 %$-)7$#2:"$-)')(3"1""$56 )+"4&;1+3"*9"*+-2"6?M;;/0"@)(4
1""./1?7 *9"?DABP"=/&(($#"$("1-A:"BCCCF"h&+0"$("1-A:"BCCCF"8$4+H$"$(
1-A:"6DDBF"I&((+$#"$("1-A:"6DD6>A"/*@$7$#:"(4$""$56 133*')1($%"@)(4
!G/_"34*#(Z')#'&)()+0")+"(4$""%&!"'() 3$(&."$;.-*2$%")+"(4)3"3(&%2
@)(4" 1" 3);)-1#" ./" %)99$#$+'$" *9" ?DABP" '1+" ,$" &." (*" 6P;;/0
=R1,-$6>A"!"'41+0$"*9"(4)3";10+)(&%$"'*&-%"417$"4&0$");.-)'1()*+3
(*@1#%" ()33&$" *<20$+1()*+:" 1+%" 1''*&+(3" *9" $-$71($%" ,-**%" $56
9*--*@)+0"1+"1')%*3)3")+".13("3(&%)$3"1-3*"3&..*#("(4$".*($+()1-"9*#
(4)3"323($;"(*",$"*.$#1()*+1-""%&!"!)7 a*#"$<1;.-$:"G)H)+;11"$("1-A
;$13&#$%"1"ETg")+'#$13$")+",-**%"$56 )+"1#($#)1-",-**%"=%*#31-"1*#(1>
*9" 3(#).$%" ,133" =8)()%5 /#9"'#:"/>" 9*--*@)+0" P;)+" '413)+0:" 1+
)+'#$13$"(41("$<'$$%$%"$+7)#*+;$+(1-"56 ($+3)*+3"1+%"'*##$3.*+%$%
@)(4"1"%$'#$13$")+"./$ 9#*;"JAPPP"(*"JA6EE"13"@$--"13"3&,3(1+()1-
-1'(1($" .#*%&'()*+" =G)H)+;11" $(" 1-A:" BCYE>A" K9" (4$" %*#31-" 1*#(1
$+%*(4$-)&;" .*33$33$3" .-13;1Z1''$33),-$" [!:" 1#($#)1-" ,-**%"$56
'*&-%" ,$'*;$" $-$71($%" ,2" (4$" ;$'41+)3;" .#*.*3$%" 4$#$)+" 1+%
$+41+'$"56 %$-)7$#2"@4$+",-**%"$+($#$%"(4$"()33&$"'1.)--1#)$3A"I4*#(Z
')#'&)()+0"*9"L8["!G/_"./"#$0&-1()*+"'*&-%"1-3*"$<.-1)+"(4$"4)04
#$%" ;&3'-$" $56 71-&$3" )+" (#*&(" .#)*#" (*:" %&#)+0" 1+%" 9*--*@)+0
3&3(1)+$%"1+%"$<41&3()7$"$<$#')3$")+"'*;.1#)3*+"@)(4";&'4"-*@$#
71-&$3" 3$$+" )+";1;;1-3"@)(4" 3);)-1#" 3(1#()+0" 1#($#)1-"$56 71-&$3
=]'c$+V)$"$("1-A:"6DDE>A" K(";12"1-3*"$<.-1)+" (4$"*,3$#71()*+" (41(
#$%";&3'-$"$56 71-&$3"@$#$"'*+3)%$#1,-2"4)04$#"(41+";)<$%"7$+*&3
,-**%"$56 71-&$3"=]'c$+V)$"$("1-A:"6DDE>A"Q4$(4$#"(4)3"323($;"'1+
*.$#1($""%&!"!) )3"%)3'&33$%")+";*#$"%$(1)-",$-*@A

Potential for short-circuiting of RBC !NHE to be operational 
in vivo

K+"*#%$#"9*#"34*#(Z')#'&)()+0"*9"L8["!G/_"./"#$0&-1()*+"(*"*.$#1($
"%&!"!):"(4$#$"1#$";1+2"#$W&)#$;$+(3"(41(";&3(",$";$(A"])+);1--2:
[!";&3(",$".-13;1"1''$33),-$A"R4$"#1($"1("@4)'4"!G/_")3"34*#(Z
')#'&)($%" )+" 1')%)9)$%" ,-**%" ;&3(" 1-3*" ,$" 3&99)')$+(-2" 913(" (*
3)0+)9)'1+(-2"%$'#$13$"L8["./) )+"(4$"();$"#$W&)#$%"9*#",-**%"(#1+3)(
9#*;"(4$"0)--3"(*"(4$"()33&$3A"a&#(4$#;*#$:"(4$"#1($"*9"!G/_"(*"#$'*7$#
(4$"./) 1+%"3$'&#$"56 &.(1H$"1(" (4$"0)--3";&3(",$"913($#"(41+"(41(
#$W&)#$%"9*#"(#1+3)("9#*;"(4$"()33&$3"(*"(4$"0)--3A"!"#$3()+0"9)34"413
1" '1#%)1'" *&(.&(" *9" 6TAT;-;)+?BH0?B =R4*#1#$+3$+" $(" 1-A:" BCCTF
8#1&+$#"$("1-A:"6DDD>A"R4&3:"9*#"1"BH0"9)34"@)(4"Pg",-**%"7*-&;$:
,-**%"(#1+3)("();$"(4#*&04"(4$"$+()#$"')#'&-1(*#2"323($;")3"#*&04-2
6;)+A" R4$" 'B^6 9*#" 56 #$-$13$" 9#*;" /," )3" 7$#2" #1.)%:" qBD;3
=L*&04(*+:"BCTE>A"/*@$7$#:"#1($3"'1-'&-1($%"9#*;"(4)3"$<.$#);$+(
3$$;" 3-*@" )+" '*;.1#)3*+A" R4)3" ;12" ,$" )+" .1#(" ,$'1&3$" (4$
)+(#1'$--&-1#"1')%)9)'1()*+")+"(4$"9)#3("3($."*9"(4)3""%&!"'() ;*%$-:"13
)+%)#$'(-2" )+%)'1($%",2" (4$""$56 9*--*@)+0"1')%"1%%)()*+:";12",$
#1($"-);)($%A"R4$"/\ 9#*;"(4$")+)()1-"/[-"$<(#1'$--&-1#"1')%)9)'1()*+
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