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In most fishes, blood acid-base regulation following a tempcra~re change involves active adjustments of gill ion-exchange 
rates which take hours or days to complete. Previous studies have shown that isolated blood from skipjack NM, Karnnvontrr 
pelamis, and albacore, i'hutuw alolwrgo. had rates of pH change with Umprature (in the open system) equivalent to thosc 
necessary IO retain net prolein charge in viw ( = -0.016 ApH . 'C-'). It was posrulatcd that this is due to protons leaving 
the hemoglobin combining with plasma bicarbonate (HCq-), which is removed as gaseous (2%. and that this abdity 
evolved so that tunas need M)( adjust gill ioo-exchange rata to regulate blood pH appropriately following ambient temperature 
changes. We reexamined this phenomenon using blood and separated plasma from yellowfin NM. 7hunnrrs ahcares .  Unlie 
previous studies. our C q  lev& (0.5 and 1.5% C q )  spaa those seen in yellowfin Nna anerial and venous blood. Various 
bicarbonate concentrations (WCO;]) were ObtaiiKd by collecting blood from W y  rested as well as v i g o d y  exuciscd 
fish. We usc our in vitro data to calculate basic physiochemical paramnus for yellowfin ~ n a  blood: wnbicarboaate buffering 
0. the appam~~ fim dissociatioll umstanl of carboclie acid ( p h ) ,  and C q  solubility ( ~ € 0 ~ ) .  We also dacnnincd thc 
effects of acutctrmpranvc change on artend pH, [Hq-]. a d  partial prrsarfcs of 4 and C q  in riw. Thc pH shift of 
yellowfin moa blood subjecfed to a closebsystem tempcnav~ change did not drffer from previous s c u d i  of other tchsts 
(= -0.016 ApH . OC-'). Tbe pH shifi in blood s u b j d  to open-system temperature change was J k q  dependem and 
lower than that in skipjack tuna or albacore blood in vim. but identical with b t  sea  in yellowfin tuna blood in uiw. 
However, pH adjustmats in riw were caused by changes in bah WCq-1 and Pcq. The exact muhmsms ' mponsibk 
for these changes remain to be elucidated. 

BRILL, R. W., BUSHNEU. P. G., JONES, D. R., et SHIMIZU, M. 1992. Effecu of acute temperature change, in riw and 
in vitro, on the acid-base SUNS of blood from yellowfia NM (7hwuurr albacares). Can. J. zod. 70 : 654-662. 

Chu la plupan dcs poissons. le contr6le a&-base du sang apnb un changemeat de tempCrature nfccssite dcs ajustancnu 
impomnu dcs faux d'khange d'ions daas les branchia durant plusieurs h a m s  ou jours. Des tNdcs ant6ricurcs om dkmond 
que dans du sang isole de la Thonine a ventre rayt, Kotrvwonvr pelamir, et du Germon atlantique, ?huuuu okrlwga. Ies 
taux de changement du pH en fonmon de la IempCraNre (dam un systtme ouvert) ttaient iqUivalcnIs aux faux nimspireS 
au maintien de la charge nmc des pracineS in d (= -0,016 pH. "C-I). Le phhomknc a W explqu5 de la k n  suivante: 
les protons libcrb par I'himoglobioc K combincn aux bicarbonates du plasma (HCq-), qui sont libcrb sous forme de CO, 
gazeux. et cene propnett pmct aux thons de IK pas avou I rCajuster Ies taux d'khangc d'ions dans leurs braacbies pour 
maintenir le pH de leur sang aprb des changements de tCmp&aNrC ambiante. Nws avons rCexamint ce p h c n o h  c h u  
I'Albacore a nageoircs jaunes, Thvnnuc a f h e s .  en utilisant du sang et du plasma *re. Contraircment aux rtsulfau obte- 
nus chez Ics autres poissons, les concentrations de C q  que nous avons obwrvceS (0.5% e( 1.5% C02)  se trouvent a 
I'intcrieur des limites renconrrles n o d e m e n t  dans IC sang antriel ou veineux de 1'Albacore a nagoircs jaunes. Des concen- 
trations van& de bicarbonates ([HCO,]) ont cti obtenucs dans des Cchantillons de sang prclevcs c h u  des poissons 
parfaitement reposcS et des poissonS soumis prCalablement a des exercices incenses. Nous utilisons ici nos d o n n k  obtcnucs 
in vitro pour calculer les param&cs physicochimiques de base dans le sang de I'Albacore a nageoires jaunes : capacit6 tam- 
pon due a des wls autres que les bicarbonam (&. constante de la premiere dissociation de l'acide carbonique apparente 
(pYw) et solubilite du CO, (aCO?). Nous avons egalement dttermine les effee d'un changement important de ternpiramre 
sur le pH aneriel. [HCO,]. et les pressions panielles de 0, et de CO, in vivo. Le changcment de pH dans le sang d'Alba- 
cores a nagoires jaunes uxlmis a un changement de ternpiramre en systeme feme ne differe pas de celui obtenu au coun 
d'ttudes antencures chez d'autres tel60stCns ( = -0,016 pH. "C-I). Le changement de pH dans du sang expos6 a des 
changemene de ternpiramre en systeme ouvert est fonction de la pression pCOz et moins important que Ies changements 
obtenus in vitro dans du sang de Thonines a ventre raye ou de Germons adantiques, mais idenuque au changement observe 
dans le sang d'Albacores a nagoires jaums in vivo. Cependant. les ajusternents de pH in vivo sont rkalisis grace a des change- 
mens de la concentratlon de [HCOCI et de la pression pC02. Le mecanisme responsable de ces changemene rem encore 
a determiner. 

[Traduit par la r&ctionI 
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Introduction 
Tunas (family Scombridae, uibc Thunnini) are unique 

among teleosts: they possess vascular countercurrent heat 
exchangers, can have decp red muscle temperatures as much 
as 20°C above ambient temperature (Carey er al. 1971). and 
have sustained muscle temperatures at least 2-3OC above 
ambient (Dbon and Brill 1979~. 19796). The blood of tunas 
is therefore regularly subjected to closed-system (Le., con- 
stant C02 content, variable C@ partial pressure ( P c q ) )  
temperature changes as it passes through the vascular counter- 
current heat exchangers. In horneotherms, when the extremi- 
ties are exposed to cold, blood returning to the core may be 
subjected to temperature changes of up to 30°C (Bazut er d. 
1948: Gordon er af. 1982; Irving 1972). Because this is similar 
to the maximum temperature shifts to which the blood of tunas 
is exposed. there are no a priori reasons to suspect that NM 
blood should show acid-base changes that are different from 
those exhibited by mammah . blood during in v i m  closed- 
system temperature changes. 

Unlike other fishes, which remain at preferred temperatures 
(Crawshaw 1975; Beitinger and Fitzpatrick 1979; Reynolds 
and Casterlin 1979). NMS regularly subject themselves to 
rapid ambient temperature changes of 10°C or more during 
the venical migrations that arc a regular part of their daytime 
activity (Dizon er d. 1978; Holland er d. 1990). Such 
behavior exposes the blood within the gius to rapid open- 
system (i.e., constant P c q ,  variable CO, content) tempera- 
ture changes. This unusual situation provides u priori' reasom 
to suspect that tuna blood should show acid -base chaages that 
differ from those exhibited by the blood of other teleosts dur- 
ing in virro opcn-system temperature changes. As discussed by 
Somero (1986) and Cameron (19890). intracellular pH and net 
protein charge are important factors in enzyme function. 
Therefore, exceptional mechanisms for regulation of net pro- 
tein charge could be present in ~ n a  blood. 
The effects of temperature changes on in viw and in vim 

blood acid-base bal- have been recently reviewed by 
Heisler (1984~. 1986). Truchot (1987), and Cameron 
(19896). In general, ectothermic air-breathing ~NIMIS regu- 
late blood acid-base status, to maintain constant net protein 
charge, by adjusting Pcq in the arterial blood via changes in 
ventilation. In contrast. water breathers maintain blood acid- 
base status in the face of temperature changes via changes in 
blood bicarbonate concentration (WCO?]). This involves 
ngulation of gill ion-exchange rates (i.e., changes in the 
plasma strong ion difference (Stewart 1981)). Whereas 
changes in arterial Pcq in air-breathing animals can be 
accomplished within minutes, active adjustments of blood 
WCOF] in water-breathing animals, via adjustment of gill 
ion%xchange rates, may take from several hours to 24 h 
(Heisler 19846). These latter sorts of adjustments Seem ill 
suited to tunas because of their regular and repeated exposure 
to rapid ambient temperature changes. 

Peny er of. (198%. 19856) were the first to specifically 
investigate blood acid - base regulation in tunas, including the 
effects of in vitro temperature change. During closed-system 
temperature changes (15 - 30°C). they found that the true 
plasma pH1 of skipjack tuna, Karsuwonus pelamis, exhibited 

'The pH measured when whole blood is equilibrated to a given 
gar mixrure-or."ithdrawn directly from an arumal. and then injected 
into the pH electrode. 

the expected rate of change (-0.0165 ApH . "C-I) due to 
decreased solubility of C02  and reciprocal titration of plasma 
proteins and plasma HCO?. Surprisingly, Perry er nf. 
(19856) also found that the true plasma pH of skipjack tuna 
had a remarkably high rate of change (-0.0131 ApH - "C-I) 
when subjected to open-system temperature changes (I5 - 
30°C). This large pH shift was due to a large change in plasma 
[HCOF] (-0.34 AmM . "C-I) which, in turn, was presumed 
to be due to the release of protons from hemoglobin as the 
temperature increased. (In the open system. the released pro- 
tons combine with plasma bicarbonate and it is removed as 
gaseous CG.) In similar in v im experiments using blood 
from sand trout, Cynoscion urenurius, Cameron (1978) found 
much lower changes in true plasma pH (-0.0048 ApH . 
OC-') and [HCOF] (-0.05 AmM. "C-') during open- 
system temperaNre changes. Perry er af. (19856) concluded 
that the high rate of ApH * "C-' seen in tuna blood in virro 
was needed to maintain net protein charge in vivo during rapid 
ambient temperature changes. Cech er 01. (1984), investigat- 
ing the effects of temperature on the oxygen-binding charac- 
teristics of isolated blood of albacore, ?humus uialwrga, 
found identical rates of true plasma pH change (-0.016 ApH 
'c-') during both open- and closed-system temperature 
changes (10 - 35°C). Therefore this tuna species also 
appean to be able to maintain net protein charge, in the face 
of rapid ambient tempqature changes, without requiring 
adjustment of active gill ion pumps. 

Perry er rJ. (198%) used blood from captive fish immcdi- 
atdy after they had k e n  paralyzed with a neuromuscular 
blocking agent (gallamine triethiodipe); no time was given for 
the fish to recover from the trauma of handling. Cech a d. 
(1984) used similar techniques, exccpt that blood was taken 
from fish shortly after they had been boated. because, at that 
time, albacore had never been successfully returned to shore- 
si& tanks. Techniques for the anaesthetization. cathaeriza- 
tion. recovery, and maintenance of catheterized tunas have 
subsequently been developed (Jones et ul. 1986; Bushnell 
1988). Blood samples can now be taken for in vivo studies or 
large quantities colIected for in virro studies from tunas that 
are fully rcovered (i.e.. have normal blood acid-base status) 
and that can make appropriate cardiorespiratory adjustments 
to environmental changes (e+. changes in ambient oxygen 
levels; Bushnell et af. 1990. Bushnell and Brill 1991). 
Thc present study investigated the changes in arterial pH, 

[HCO?], Pcq, and O2 partial pressure (Pq) in yellowfin 
tuna, i'kwtus ufbucares, exposed to acute temperature 
changes. The time course of the temperature changes, and the 
temperatures used (25 - 20°C and 25 - 18°C). match those 
to which small yellowfin NM near Hawaii normally subject 
themselves (Holland et of. 1990). Also, in an attempt to under- 
stand the mechanisms driving the changes observed in vivo, 
we determined the rates of pH. [HCOT], and Pcq change 
using whole blood and separated plasma subjected to open- 
and closed-system temperature changes in virro. 

For the in virro studies, we used blood taken from fish that 
had been vigorously exercised. as well as from those that had 
fully recovered from handling and surgery. Using blood from 
exercised and fully recovered animals affords comparison with 
previous studies and provides a range of initial plasma 
IHCOT]. Furthermore. unlike previous studies. we employed 
Pcq levels that bracket the arterial and venous Pcq levels 
observed in swimming tunas (Jones er ai. 1986). We also 
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gathered data that allow the calculation of basic physiahemi- 
cd parameters (nonbicarbonate buffering (8), the apparent 
first dissociation constant of carbonic acid ( p b ) ,  and C02 
solubility ( K O ? ) )  and the construction of ~ H - H C O T  (i.e., 
Davenport) diagrams specific to yellowfin tuna blood. These 
are needed for interpreting data from this and future studies on 
the effects of temperaturt and exercise on the blood acid - base 
status of tunas in vivo and in vitro. 

Materials and methods 
Yellowfin tunas were plrchased from local commercial fishermen 

and maintained in outdoor tanks (at 25 ~f 2°C) at the Kewalo 
Research Facility (Southwest F S ~ M  Scicnce Center Honolulu 
Laboratory, National Marine Fisheries Service. NationaI Oceanic 
and Atmospheric Administration). Fish were held in captivity for a 
few days to several months before use. Food was pnsentcd daily, but 
fish were not fed for at least 20 h prior to use in an cxperimaU to 
allow sufficient time for gut d*lrance (Magnuson 1969). A total of 
24 animals. ranging in weight from 1.4 to 2.6 kg. were used. 

In v i m  sncdies 
To obtain blood for in vitro studies from animals whose condition 

approximated that of fish used by Perry cr uf. (19850) and Ced, 
er of. (1984) @cncefonh referred to as "exercised"). fish wen 
vigorously chased in their holding tank. neecd, and stunned by a 
blow to the hcad. Appro~imatdy 20-40 mL of blood was t h ~ ~  with- 

2OOO N of sodium heparin (0.2 mL of IOOOO N . d - l ) .  

drawn by direct cardii purauc and hmcdmtd . ymixcdwirh 

" n o d " ) ,  f&h were dip nutcd aod immediately anacsthollcd ' b y  

Aiicr initial anacsrhcthhn, -- fish wert mov& to the 

To obtain blood from rested animals (heoccfortb nfemd to as 

being placed in a plastic bag cmtabiq piurine mdanmdfonatc 
(1 g * L-') buffered with an csupl mdrr C O ~ K Z ~  Of NPHCO,. 

laboratory and suspended on a surgiai table in a fhamois sling. A 

seawater, contaiuing 0.1 g.L-1 of NaHCO, buffend aicainC 

over the gills. Borhaaarsthmc . solutions w e  bubbled vigorously for 
at least 1 h prior to usc to remove CXECSJ C q .  While fizh wos 
sti l l  anaathetized, an I8 or 20 gauge Teflon catheter was mmduccd 
into either the v e n d  or dorsal aom under mano- pi& as 
described in Jones et ai. (1986). A length of PE 160 tubing was COD- 

nectcd to the catheter and was led out of the mouth through a hole 
made in the snout (for d d  ~ONL cathemhtion) or s@ly suaucd 
to the skjn (for venual aom c a b r i a t i o n ) .  At the compl&on of 
surgery, a 22 gauge hypodMlic d e  was inserted through the 
dorsal body musculature and into thc neunl canal imwdiatcly behind 
the skull. 'Ihc d e  was used for i n e o n  of 2% lidocaine h y d n  
chloride. This procedure paralyzes all of the spinal mota nerves but 
apparently leaves all cranial nerves intact (Bushnell R uf. 1990). The 
fish was then fued under water in front of a pipe delivering air- 
saturated (25°C) fresh xawater at approximately 35 L'min-' .  
Tunas maintained like this rccover from anaenhesia within minutes. 
are able to control their own ventilation volumes, and will survive in 
good condition for up to 12 h (BushnCll et d. 1990). 
Beginning approximately 1 h after surgery. -0.3-mL blood sam- 

ples were periodically taken to check the m e  plasma pH. It generally 
took 1-3 h following surgery for the true plasma pH to return to a 
value considered normal in swimming tunas (= 7.7 -7.8; Jones e1 uf. 
1986). Once it had reached this level. approximately 20-40 mL of 
blood was withdrawn as quickly as possible and with minimal distur- 
bance to the fish. Samples were immediately pooled and mixed with 
ZMX) IU of sodium heparin (0.2 mL of IOOOO IU . mL-'). The fish 
was then promptly sacrificed with a massive overdose of sodium 
pentobarbital. 

Immediately after the blood was obtained. a I-mL sample was 
centrifuged. and 0.2 mL of the resultant plasma mixed wirh cold 8% 

hOSC withN&g SCawltQ W S r p l r c r d  hthemanh. andOXyg& 

Imhancdfonate and chitled to rpproximstcly 22'C. was plnrped 

perchloric acid to precipitate plasma proteins. This mixture was 
centrifuged and the resultant supernatent stored frozcn (-4°C) for a 
maximum of about 6 months before lactate analysis. Lactate conccn- 
trations were determined using standard techniques (Sigma Chemical 
Co., St. Louis, Mo., kit 82S-LJV). Samples of whole blood were also 
taken at this time for measurement of hematocrit. 

Two-rmlliliue samples of blood were placed in four glass tono- 
meters. Two of the tonometers were kept in a temperaturecoo~lled 
water bath maintained at 2O'C (*0.2"C) and two in a tempcrature- 
conmlled water bath maintained at 30'C (yO.Z"C). One tonometer 
in each bath was supplied with air (saturated with water vapor) con- 
taining 0.5% C q ;  the other tonometer in each water bath was s u p  
plied with air (saturated with water vapor) containing 1.5% CO?. 
Recisc CQ levels in rht gas mirmns were obtained using two 
W6sthoff gas mixing pumps, connected in series, to add pure 

automobile tin inner mks. 
The remaining blood was centrifuged and the resultant plasma 

(is.. separated plasma) either stored at =3"C in a refrigerator or 
placed in a second set of tooomacn in the water baths. These tono- 
mrs were also supplied with water vapor saturated air conraining 
0.5 or 1.5% CQ. In experiments in which the separated plasma was 
stored overnight, it was allowed to warm slowly to morn tcmpcrature 
the next monung and was then placed in the tommetm. 
All tonometers were cqdibrated for at least I h with their gas &- 

tures, at the appropriate tempenrures, before the blood or septated 
plasm samples were inaoduced. Approximately 1 h after the blood 
or xparated plasma samples were p l a d  in the t o m m r s .  
-0.2-mL S I ~ ~ I ~ ~ I C S  were withdrawn, in random order, aod the pH 
was mulsurcd using two Radiometer MKS hfark 2 blood gas 
a d y z u s  whose pH (aod Pcq) electmda werc mamaid at citbcr 
20 or 3O'C. Thc effects of cloJcd-system cbanga 011 pH 
were muwrrd by injecting the blood or separated pksmr oquili- 
b r a d  at 2O'C into thc pH clecaode maintained at WC. and vice 
v-. The pH of the @ue pl- aod separated pksnn WtTc mea- 

rhc results avMged. The effst of closed-systan tcmpcraure change 
mpCS was nrepsurdby analyzing thc blood and sepuued plasma 
tqrullbnted at 20'C in the Pcq cleftrode maintained at 30°C. Thc 
pH elccnodes wcrc calinted with pH 7.00 and 8.00 buffers and the 
Pcq elecvode at two points using pncisim gas mimun;. 

At the end of the experiment, a0.4-mL samples werc taken for 
measurement of the total C q  concentration. Blood samples were 
placed in 3-mL Eppendorf tuba. under mined oil. and ccntrihged 
at mom temperature. The resultant anaerobially isolated plasma 
(i.e., vue plasma) was analyzed using the dcscribcd in 
Cameron (1971). Thc total CO, concentration of separated phma 

wcrc taka directly from the tonometers. 
The solubility of CO, (&Q. mM. mmHg-l) in acidified yellow- 

fm luna plasma @H = 3.1) was measured at IS. 20, 25. and 30°C 
after k ing  equilibrated with water vapor saturated 99.5% CO, as 
descrikd by Boutilicr ct al. (1985). Mean measured aCO, for yel- 
lowfin tuna plasma was used in alJ calculations. TNC and separared 
plasma [HCO?] (mM) were calculated by subtracting the quantity of 
dissolved CO, (do2 x Pcq) from measured toral C q .  The plbp  
for true and separated plasma was calculated using measured vari- 
ables and the Henderson-Hasselbalch equation: 

(99.5%) co* to air. n e  resultant gas mixtures were stored in 

d 2 - 5  times, depcDdingollthcfolrrutency ofthemclings. and 

was measured using the same tcchniquc, but samples to k analyzed 

log[HCO;l 
KO2 

t11 P%=PH-- 

To avoid false replicates and to minimize variability, all variables 
were calculated individually for each fish and then averaged. All 
mean values are given rf standard error of the mean (SEM). All pair- 
wise comparisons used the two-tailed Student's t-test; all multiple 
comparisons used the nested factorial analysis of variance design. 
P < 0.05 was taken as the minimum level for significant differences. 
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TABLE 1. Effecu of Pc&. vigorous exercise, and temperature on acid-base status and p & ,  of 
isolated yellowfin Nna blood and plasma 

657 

0.5% CO, 1.5% CO, 

20'C 30°C 20°C 30°C 
~~ ~ 

Normal f& 
7.923f0.032 (8) 7.842i0.024 (7) 7.643k0.029 (8) 7.585kO.022 (8) 

pq 7.999f0.025 (8) 8.002f0.021 (8) 7.602f0.020 (8) 7.634f0.019 (8) 
18.0k1.37 (8) 14.2f1.0 (8) [HCOJ, 13.0k1.2 (8) 10.4f0.7 (7) 

[HCOjIT 13.0f0.7 (8) 12.4f0.9 (8) 15.0f0.8 (8) 14.0f0.8 (8) 
6.06f0.02 (8) 5.96f0.02 (7) 6.11k0.01 (8) 6.05k0.02 (8) F2z 6.11f0.01 (8) 6.05fO.Cn (8) 6.14f0.01 (8) 6.10f0.01 (8) 

Exercised f& 

pH, 7.770f0.038 (5 )  7.752f0.036 ( 5 )  7.451k0.049 (5 )  7.452f0.040 (5 )  
3.1f0.2 (4) 7.1 *0.2 (4) 6.1 f0.5 (4) 

mCO& 6.8f0.51 (5 )  6.5i0.6 (5 )  9.3f0.7 (5) 7.5f0.4 ( 5 )  
pKqP.- 6.11f0.03 (4) 6.03f0.02 (4) 6.19k0.01 (4) 6.15f0.02 (4) 
pKqpp 6.18f0.02 (5 )  6.08f0.02 (5 )  6.19f0.02 (5 )  6.19f0.03 ( 5 )  

PH,p 

7.493k0.030 (4) 7.395f0.030 (4) 7.33310.020 (4) 7.286f0.026 (4) 
P*, 
[HcO& 4.1 k0.3 (4) 

Nom: Numbm of -.rc Ila*m u1 plmrbpa; tp. W phQIn: rp. upn*d PhUna. 

T ~ L E  2. Effens of acute cemperarurc change on acid-base status and p& of yellow- 
fintunabloodinwivo 

25OC 20'C 180C 
~~~ ~~ ~~ 

7.800~0.010 (11) 7.890k0.015 (5) 

52.1 k2.7 (6) - R rg 6.95k0.36 (6) - 

Eg 5.4k0.2 (11) 4.5k0.2 (5) 
0.73k0.03 (1 1) 0.60k0.03 (5) 

6.02fO.M (6) - 

pcq 

[HCO& (mM) 12.2f0.6 (6) - 
PKqp.V 

Nom Nlrnbarofobravlrmrrussbmm mpucncban. tp. ouepkau. 

7.850k0.013 (6) 

79.2f4.8 (6) 
10.6k0.64 (6) 

3.9k0.07 (6) 
0.52 fO.O1 (6) 
13.5f0.5 (6) 
5.97k0.01 (6) 

Ia vivo SnrdiCJ 
Fish for in vivo studies were treated tsscnually as described above 

for obtaining blood from fully rsovered anunals. The only differ- 
were that ody thtdorral aorta wascathc~rized and that the tish 

were not injected with hcparin. Afrer the interval of several hours 

occurring over timc, and the variability betwan animals, results 
were calculated separately for each temperature and each temperature 
change and then averaged. 

required for a fish to EWVW from surgery and for the true plasma Results 
pH to return to n o d .  sampIes were taken for measurement of lac- 
tau and hematocrit (as described above). Following this, 6 f& (moan 

me pH, mco31, and pb values of me and separated 
.29 + o. 16 &j- to a of st- changes p lasm from v i m  samples given in Table 1 ; those from 

in vivo samples @Ius mean Ps values) are given in Table 2.  
Mean plasm lactate levels for normal and exercised fish 
(4.6 f 1.6 and 8.8 f 2.6 mM. respectively) were not signifi- 

in water tempcraNre m n  25 and 200c and 6 fish (mean weight 
1.24 f 0.14 kg) from 25 to 18°C by cooling or w-ng the water 
~raenrad to the fsh's matth. Individual fh were sub- to 4 or r~ .~.~~. ~~ ~ 

5 temperature changes and were maintained at 18 or 20% for a maxi- cantly different. Blood samples taken from fish used the 
mum of 25 min. Between cooling cycles f h  were held at 25'C for in vivo studies had a mean plasma lactate level (3.0 f 
30 nun. 0.3 M) not significantly different from blood of normal fish. 

Plasm PH. However, when comparisons were made at the same P c q  
Rq, HCO; (as described above), and p% a few m h ~  Prior to. values and equilibration temperatures. [HCOF] in tme and 
and 15 and 20 min after. completion of each temperature change. separated plasma from e x e r r i d  fish was significantly lower 
The cooling cycle was e f f d  in 3 min and the warming cycle took 
Mark blood gas OM with the electrode malntalned exercised and normal fish and fish used in the in vivo studies 
at 18 or ZO'C and rhe o e r  with the el-e at 25°C. m e  (40.6 * 4.7. 33.4 f 1.2. and 34.2 k 1.2%. respectively) 
electrodes were calibrated at 18, 20, a d  25'C with a standard zero were not significantly different. 
Pa. solution and airzquilibrated saline. The effect of temperature on aC02  in acidified yellowfin 
To minimize any effens of changes in blood acid -base parameters tuna ~ r r . s h o w n i n F i g .  1. The d o z  curve for rainbow 

A ~ m - d  blood samples were taken for d Y S k  of 

5-  10 mn, Blood p& was measured using two Radiometer MKS *an in the Other groups. Mean in 

http://6.05fO.Cn
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FIG. 1. Effects of temperacure on Cq solubility in acidified 
yellowfin NM plasma and acidified rainbow trout plasma. Data for 
rainbow trout arc from Boutilicr et af. (1985). 
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.2. A PH-HCQ- (i.e.. Davctptjdiagnm for y~~owf in  tuna 
equilibrated to 0.5% CO, (Pcq = 3.7 mmHg or 0.49 kPa) at 
(0)and30'C(a),andto1.5%CO,(Pcq= I1.1mmHgor 

1.48 kPa) at 20'C (0) and M'C (A). [HCQ-] was mcasurcd in Vuc 
plasma anaerobically separated at mom tcmperacure. Lines. added 
simply for illusvative plrposes, were fitted using a nonlinear leut- 
squares regression. 

trout (Oncorhynchus mykiss) plasma (from Boutilier er 01. 
1985, extrapolated from 15 to 30°C) is plotted for compari- 
son. The equation for a second-degree polynomial fit to the 
tuna data is 

[2] .CO* = 98.855 f 2.827 - 4.2830 f 0.2629 X T 
+ T + 0.0770 f 0.0058 X T 2 ,  9 = 0.9996 

(Regression parameters are given f their standard deviation.) 
Nonbicarbonate buffering values (& A[HCOY] . ApH-I, or 

Slykes ) were calculated for true and separated plasma for each 
fish and then averaged. Mean 6 values for true or separated 
plasma from exercised and normal fish did not differ signifi- 
cantly, so data were combined. Mean f i  values were -20.9 f 
1.2 and -5.1 * 0.7 AmM.ApH-l for true and separated 
plasma, respectively. 

All data on true plasma pH and [HCOc] from exercised 
and n o d  fish are plotted as a pH-HCOT diagram (Fig. 2). 
Data for blood equilibrated at 20 and 30°C have been com- 
bined and iso-Pcq lines (0.5% CO, = 3.7 mmHg or 0.49 kPa 
P c q  and 1.5 COz = 11.1 mmHg or 1.48.kPa P c q )  fitted to 

7 z m  7.400 7.- 7.- smo 1.100 

PH 
FIG. 3. Effens of tempcratun and pH on the p& of yellowfin 

tuna true plasma. The p Y ,  was calculated from mcasurcd variables 
and the Henderson-Hasselbalch +tion. Open circles represent 
blood equilibrated to 20'C and soli circles blood equilibrated to 
30'C. Regression l i  wen fitted separately for data collected at 
each tempcramre. Broken lines show the 95% c0nride.n~~ intervals of 
the regression lines. 

the data, using least-squares nonlinear regression. simply for 
illustrative purposes. 

The effects of pH and temperature on pIzpp or yellowfin 
 tu^ m e  plasma are shown in Fig. 3. Linear regression equa- 
tions 3 and 4 were fitted separately to the data colIected at 20 
and 3OoC, mpcuively; regression lines (f9546 confidence 
intervals) are also presented in Fig. 3. 

[3] prZ ,  = -0.187 f 0.040 X pH + 7.534 f 0.307, 
r = 0.629 

[4] prZ,  = -0.207 f 0.053 x pH + 7,599 f 0.400, 
r = 0.615 

(Regression parameters are given f their standard deviation.) 
In addition, a regression equation relating vue plasma pH, 

p b ,  and temperature ("0 was calculated using an iterative 
procedure (Systat nonlinear estimation procedure). The data 
were fitted to a model similar to that used by Boutilier er 01. 
(1985): 

[5] p K ,  = 7.228 X T-o.o'w + log T X (0.4513 
- 0.04699 X pH) - 0.04578 X pH + 0.1582 

Effecrs of temperamre change in v i m  
The effects of exercise and Pcq on ApH . "C-I of true and 

Separated plasma during open- and closed-system temperature 
changes are shown in Fig. 4. Temperature affects the pH of 
true plasma and separated plasma very differently during 
open-system (i.e., constant Pcq, variable C02 content) 
temperature changes. A nested factorial analysis of variance 
showed no significant differences in ApH . "C-l of samples 
taken from normal and exercised fish. There were. as 
expected, clearly significant differences in ApH f "C-' of 
true and separated plasma, and a significant effect of COz on 
ApH . "C- ' .  

The ApH. "C-I exhibited by both true and separated 
plasma was significantly greater during closed-system temper- 
ature changes (Fig. 4). The factorial analysis of variance per- 
formed on these data showed no significant differences in 
ApH . "C-I between samples from exercised and normal fish 
or between true and separated plasma, or between Coz levels. 
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1 and 2) is approxlmately 2-4 times that reported for other 
teleosts in vivo ( 1 4 - 7  mM; Cameron 1978) and is signifi- 
cantly higher than that measured in isolated (tonometered with 
1% COz) skipjack tuna blood ( 3 8  mM at 20°C and =S mM 
at 30°C; Perry et af. 1985~). This implies that the blood 
samples collected by Peny er af. (1985~) were from fish that 
had not fully recovered from the effects of transfer from their 
holding tank to the laboratory and the procedures required to 
implant the ventral aorta catheters. 

The nonbicarbonate buffering capacity of yellowfin tuna 
blood (-20.9 A[HCO?]. ApH-I) is the highest yet recorded 
in any teleost, being approximately twice that measured in 
other fishes (e.g., rainbow trout; Wood and Jackson 1980). 
including skipjack tuna (Perry er al. 19850). This could be 
explained by the high hemoglobin content of yellowfin tuna 
blood (Brill and Bushnell 1991). although skipjack NM blood 
has equally elevated hemoglobin levels (Brill and Bushnell 
1991) but lower nonbicarbonate buffering capacity. The large 
decrease in true plasma bicarbonate and pH seen in samples 
from exercised fish (Table 1) might therefore seem suprising 
at first, given the high nonbicarbonate buffering capacity of 
yellowfin tuna blood. However, tunas have a well-known 
capacity for extreme levels of white muscle anaerobic glycoly- 
sis and can achieve some of the highest white muscle lacrate 
levels of any vertebrate species (Guppy et al. 1979). 

The solubility of CO, in acidified tuna plasma appears to be 
slightly less than in acidified trout plasma. This may be due 
to the higher ion levels of the former (Saither and Rogers 
1%7; Boutilier et al. 1985; Bourkc 1987). However, the CO, 
mlubiiity data presented for trout plasma are extrapolated far 
outside the measurement temperature range, and direct com- 
parison is probably not Justlficd. 

The effects of temperanut and pH on prZ ,  can be clearly 
seen in Fig. 3. The effect of pH on p I z ,  is greater in yellow- 
fin  tu^ true plasma than in the rainbow trout true plasma 
studied by Boutilier et d. (1985). Th: slope of the p H 1 p h  
regression line (at 15OC. the highest temperanrrr used) is 
-0.080 in trout true plasma, but -0.17 (at 20°C, eq. 3) in 
yellowfin true plasma. However, the effect of temperature on 
pI<app (ApK,  . "C-l) in tuna true plasma was less than that 
in rainbow trout true plasma. Using regression eqs. 3 and 4, 
ApK, . "C-' was found to be -0.008 and -0.009 at pH 7.4 
and 8.0, respectively. S i a r l y  determined values for rain- 
bow trout true plasma (Boutilier er al. 1985) were -0.016 and 
-0.021 at pH 7.4 and 8.0, respectively. The reasons for the 
differences in the effect of temperature on.p& are 
unknown, but the differences are not due to methodology, 
since the techniques used by Boutilier et al, (1985) and in h i s  
study were essentially identical. 

Table 1 also shows differences when pK,, is determined 
by tonometering whole blood and measuring the pH of true 
plasma versus tonometering and measuring pH of the sepa- 
rared plasma. These differences are most likely due to the 
effects of anaerobic centrifugation of blood at room ternpera- 
ture rather than at the equilibration temperature, and the 
"hemolysis effect" of red cells on true plasma pH measure- 
ments. The imponance of these effects and the inherent errors 
in measuring Pcq, [HCOT], and pH have been reviewed 
recently by Boutliier er al. (1985) and will not be repeated here. 

7he effects of temperamre on the p H  of true p h m u  and 

That red blood cells are involved in the pH changes seen 
during open-system temperature change is obvious from 

separated p l a s m  

Fig. 4. Clearly, the red cells are exchanging something with 
the plasma that causes a change in true plasma [HCOF] and, 
in turn, a change in pH. Perry er al. (1985~) assumed that the 
reduction in m e  plasma [HCOy] seen during open-system 
temperature change in skipjack tuna blood was due to protons 
leaving the hemoglobin, combining with plasma bicarbonate, 
and removing it as gaseous COz. However, this effect could 
also have been due to net bicarbonate uptake by the cell or net 
exchange of strong ions between the plasma and red cells, 
resulting in a change in plasma strong ion difference (Stewart 
1981; Cameron and Iwama 1987; Cameron 19890). What 
exactly is being exchanged between the red cells and plasma 
was not determined by Perry er al. (198%) or by us. 

The effect of open-system temperature change on the pH 
of yellowtin tuna true plasma was unusually great (= -0.010 
ApH . "C-I) compared with s h l a r  observations made on the 
isolated blood of other teleosts (-0.ooS8 ApH . "C-I; 
Camcron 1978), but this occumd only when the blood was 
equilibrated to the lower COz level. The smaller ApH . 'C-l 
seen in yellowfin tuna true plasma equilibrated to 1.5% CO2 
is due to the steeper slope of the pH/[HCOT] line (Fig. 2) at 
this higher CO, level. In other words. when the blood is 
eqrulibrated to higher Pcq, equivalent changes in [HCQ-] 
(Fig. 5)  at constant Pcq result in smaller changes in true 
plasma pH (Fig. 4) because of the steeper slope of the pH/ 
[HCQ-] h e  (Fig. 2). 

The ApH . OC-I of isolated yellowfin tuna true plasma 
equilibrated with 1.5% C Q  is less than that observed in iso- 
lated skipjack tuna blood equilibrated to 1 % C q .  This differ- 
ence is apparently due to the fact that Perry et d. (198%) uscd 
blood mken from fish immediately a k r  surgery. In skipjack 
tuna me plasma. WCO?] was lower (total C Q  was only 
=8 mM at 20°C). therefore the blood was operating on the 
flat portion of the pW[HCQj] curve (Fig. 2). where rela- 
tively small changes in [HCOF] cause relatively large 
changes in pH. 

Pcrry cf aL (198%) assumed that the large ApH. "C-' 
seen in isolated skipjack NM true plasma was "essarl( to 
adjust pH appropriately in vivo in the face of rapid ambient 
temperam changes. They assumed that skipjack tuna must 
retain a constant relative blood alkalinity (-0.016 ApH. 
"C-') during rapid temperature changes. Although some 
teleosts do appear to regulate pH to retain a constant relative 
alkalinity, others do not (Truchot 1987). and there are no 
a priori reasons to assume that skipjack tuna would do so. 
Unfortunately, no data are available on the effects of rapid 
ambient temperate changes on the blood pH of skipjack tuna 
in vivo, so Perry er al. 's (19850) hypothesis that skipjack tuna 
adjust blood pH without adjusting gill ion-exchange rates 
remains untested. 

Effects of temperare change in vivo 
Our data show that arterial true plasma pH changes 

(-0.0105 f 0.0010 ApH . "C-1) in vivo match those found 
in virro (-0.0103 f O.OOO8 ApH . "C-l) at 0.5% COz (].e., 
at the Pcq approximating arterial P c ~ z ) .  Therefore, at first 
glance, our data do appear to support the hypothesis of Perry 
er al. (198%) that tunas need not actively adjust plasma 
[HCOy], via changes in gill ion-exchange rates, to regulate 
blood pH following ambient tt2mperatuK changes. However, 
Fig. 5 shows that true plasma A[HCO?] . "C-I values in vivo 
are significantly lower than those observed in virro in blwd 
from n o d  fish. In other words, red blood cells appear to 
respond somewhat differently to temperature changes under 



BRILL ET M. 659 

4.004 

4- 

-0.012 

4 0 1 #  
I 

. . . . . . . . . . . . . 
02s- 1 s -  OSEO., t a c o 2  *w 

NORMAL MERCISU) 
FISH FISH 

FIG. 4. Ram of pH change in vim in m e  plasma (hachd bars) 
and separared plasma (open bars) for normal and exercised yellowfin 
m a  during (A) open-system (constant Pcq, variable CO, cootent) 
and (B) closed-system (constant CO, content, variable Pcq) tem- 

with tanpetamre OMUTing in vivo arc also shown in A. 
pXAtUrC ChgM. True plaJma pH h g e s  (-rial Mood Samples) 

The effects of open-system temperature changes on the 
@COT] of vuc plasma and separated plasma an shown in 
Fig. 5. The factorial analysis of variance performed on these 
data showed significant differences in A~COT]-"C-' 
b e e n  samples from n o d  and exercised fish, and signifi- 
cant differences between true plasma and separated plasma. 
There was no significant effect of Pcq. 

The effects of closed-system temperature changes on Pc% 
of blood and isolated plasma an shown in Fig. 6. The factorial 
analysis of variance performed on these data showed no sig- 
nificant differences in the behavior of samples taken from 
exercised and normal fish. There were, however, significant 
differences in APc9. "C-' between blood and separated 
plasma, and significant differences due to the Pc* to which 
the blood or separated plasma was originally equilibrated. 

Efects of remperature change in v i m  
The effects of rapid temperature changes on the arterial 

blood acid-base status are also shown in Table 2 and Figs. 
4, 5 ,  and 6. From the figures it is readily apparent that 
although the pH change in vivo matches that seen in v i m  dur- 
ing open-system temperature changes at arterial (i.e.. 0.5%) 
k% levels, the mechanisms driving these pH changes are 
different. Note that the change in [HCO?] observed in vivo is 
roughly half that observed in vitro in the true plasma obtained 
from normal fish. Surprisingly, the Pc% change observed 
in vivo matches that observed in vitro (closed system) at 
tquivalent starting Pcq and [HCO;] levels (i.e.. normal 
blood equilibrated with 0.5% (2%). Also. arterial P c ~  
Changes in an opposite direction to arterial Pq: at lower 
tCmperatures the former decreases and the laner increases. 
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FIG. 5 .  Effens of in vitro open-system temperature changes on 
[HCOF] of me plasma btched bars) and separate plasma (open 
bars) from n d  ami exercised yellowfin tuna. The cffsts of in vivo 
temperature changes on VUC plasma [HCO,] (in arterial blood sam- 
ples) arc also shown. 
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FIG. 6. Effects of clod-system temperature changes on Pcq of 
whole blood (hatched bars) and separated plasma (open bars) from 
normal and exerclscd ycUowfin tuna. Pcq changes in amrial blood 
occurring in vivo arc also shown. 

Dirmssion 
The pH values of both true and separated plasma at both 

equilibration temperatures and at both CO2 levels are clearly 
lower in exercised f i h  than in normal fish. This is due to the 
plasma [HCO?] in the samples from exercised fish being 
approximately half that in samples from normal fish (Table 1 
and Fig. 2). Note that the significant reductions in plasma 
mCOF] occurred despite the absence of a significant eleva- 
tion of plasma lactate. This suggests that protons may be 
released from the white muscle of yellowfin tuna una-mpa- 
nied by lactate. but proof of this phenomenon would require 
measurement of more parameters than was done for this study 
(Cameron and Cech 1990). White muscle lactate retention has 
been observed in other teleosts (Wardle 1978). including skip 
jack tuna (Perry er al. 198%). The change in acid- base status 
of true plasma due to strenuous exercise (ApH = 0.4 units) 
was similar to that observed in skipjack tuna (Perry et Uf. 

19850) and other teleosts following exhaustive activity (Wood 
et al. 1977; Turner er ai. 1983). 

The {€ICC&; in .uut plasma from normal yellowfin tuna 
in vitro and in me plasma taken directly from live fish (Tables 
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these two conditions. Clearly, it is the increase in anerial 
P c q  observed in vivo that accounts for the observed e q d i l y  
of ApH.  "C-' (Fig. 4) in spite of the differences in 
AmCO,-].  "C-' (Fig. 5 ) .  

An increase in blood fcq with increasing temperature is 
commonly observed in aquatic gill-breathing anmds,  although 
the magnitude of the increase is quite variable between species 
(Heisler 1986). As explained in detail by Randall and 
Cameron (1973), if fish were to increase arterial blood P c ~  
(and therefore decrease blood pH) by decreasing ventilation 
volume at  higher temperatures, a concomitant decrease in 
anerial Pq would be expected. Because this is what we  have 
observed in tunas in v i w  (Table 2). it is possible that yellowfin 
NM are indeed decreasing ventilation volume (or increasing 
g d  resistance to  O2 and C02 transfer) as temperature 
increases, and are therefore compromising 4 delivery to 
adjust blood pH. However, as explained in Truchot (1987). it 
is unlikely that gill-breathing animals can regulate Pcq via 
changes in ventilation. 

In fishes, it appears that the dehydration of HCOF (i.e., 
conversion of HCO? to physically dissolved CG) is the rate- 
limiting step in C02 excretion (Perry 1986). As explained by 
Perry and Wood (1989), factors that reduce the rate of HCOF 
dehydration (such as elevated circulating catecholamine levels 
post exercise) increase arterial blood Pcq. Because the  rate 
of HCO? dehydration is most likely directly proportional to 
temperature, increases in temperature would be expected to  
cause decreases in arterial fcq,  the exact opposite to what is 
observed in vivo. 

In summary, the changes in arterial blood pH observed in 
yellowfin tuna in vivo resulting from rapid shifts in ambient 
temperature arc due in part to changes in plasma WCOF] 
caused by the red blood cells. They are also due in part to 
alterations of arterial blood fm. More research is clearly 
d e d  to  determine the exact mechanisms responsible for 
both of these adjustments. 

Acknowledgements 
The authors thank Bob Boutilier, Dave Randall, George 

Iwama, and Steve Perry for reviewing early drafts of the 
manuscript. The editorial assistance of Leslie C. Williams is 
also gratefully recognized. Finally, we would like to thank the 
Natural Sciences and Engineering Research Council of 
Canada (NSERC) for operating, equipment, and travel grants 
supporting this research. P.G.B. was an NSERC International 
Fellow. 

k n ,  H. C.. Love, L., Newton, M., Eixnberg, L., Day. R., and 
Forster. R. 1948. Temperature changes in blood flowing in artenes 
and veins in man. J. Awl.  Physiol. 1: 3-19. 

kitinger. T. L., and Fiapacrick, L. C. 1979. Physiological and eco- 
logical correlates of preferred temperature in fish. Am. 2001. 19: 
319-329. 

Bourke, R. E. 1987. A study of delayed capture monality syndrome 
in skipjack tuna. Karsuwonus p e h i s  (L). J. Fish Dis. 10: 275 - 
287. 

Boutilier. R. G., Iwama, G. K., Hemming. T. A., and Randall. 
D. 1. 1985. The apparent pK of carbonic acid in rainbow trout 
blood plasma between 5 and 15°C. Respir. Physiol. 61: 237-254. 

Brill, R. W., and Bushnell. P. G. 1991. Effects of open- and closed- 
system temperature changes on blood oxygen dissociation curves 
Of skipjack tuna. Kauuwonus pelamis. and yellowfin NM, 
7hmw albacares. Can. J. 2001. 69: 1814-1821. 

Bushnell. P. G. 1988. Cardiovascular and respiratory mponses to 
hypoxia in three specks of obligate ram ventilating fishes, skipjack 

una (Karsuwonus pelamis), yellowfin tuna (7hunnus albacares) 
and bigeye tuna (T. obesus). Ph.D. dissertation, University of 
Hawaii. Honolulu. 

Bushnell, P. G., and Brill, R. W. 1991. Responses of swimming 
skipjack (Karsuwonrrs pelamis) and yellowfin (Thlhwmus afbacares) 
to acute hypoxia and a model of their cardio-respiratory function. 
Physiol. 2001. 64: 787-811. 

Bushnell. P. G.. Brill, R. W., and Bourke. R. E. 1990. Cardio- 
respiratoly responses of skipjack tuna (Karsuwonus pelamis), yel- 
lowfin NM (Thunnus albacares), and bigeye NM (Thunnus 
obesur) to acute reductions of ambient oxygen. Can. J. Zool. 68: 

Cameron. J. N. 1971. Rapid method for determination of total carbon 
dioxide in small blood samples. J. Appl. Physiol. 31: 632-634. 

Cameron. J. N. 1978. Regulationof blood pH in teleost fish. Respir. 
Physiol. 33: 129-144. 

Cameron, J. N. 19890. Acid-base horntostasis: past and present 
perspectives. Physiol. 2001. 62: 845-865. 

Cameron. I .  N. 19896. The respiratory physiology of animals. 
Oxford University Press, New York. 

Cameron, I. N., and Cech. J. J. 1990. Lacrate kinetics in exercised 
channel cam. Icraiururpuncranrr. Physiol. Zool. 63: 909-920. 

Cameron, J. N., and Iwama, G. K. 1987. Compensation of progrc.5- 
sive hypercapnia in channel catfish and blue crabs. 1. Exp. Bioi. 
133: 183-197. 

Carey, F. G., Teal, J. M.. Kanwisher, J. W., and Beckea, K. S. 
1971. Wm-bodied fish. Am. Zool. 11: 137-145. 

Ccch, J. I., Jr., Lam, R. M., and Graham, 1. B. 1984. 
Temperarum-induced changes in blood gas equilibria in the alba- 
a m ,  ?7uumus alalwga, a warm-bodied CUM. J. Exp. Biol. 109: 
21-34. 

Crawshaw, L. I. 1975. Twenty-four hour records of body tempera- 
nueandaaivity in bluegill sunfish (w,mModtirrrr) a n d m  
bullheads (laalurrrs nebulosur). Comp. Blochem. Physiol. A, 51: 

Dwn. A. E., and Brill, R. W. 1979a. Thermoregulation in tunas. 

Dizon. A. E.. and Brill, R. W. 19796. Thermoregulation in yellow- 
tin NM, l7wmus albocarcs. Physiol. Zool. 52: 581-593. 

Diron, A. E., Brill. R. W.. and Yuen. H. S. H. 1978. Correlations 
between environment, physiology and activity and the effects on 
thermoregulation in skipjack NM. In The physiological ecology of 
tunas. =red by G. D. Sharp and A. E. Dizon. Academic Prcss, 
New  YO^. pp. 233-359. 

Gordon, M. S., Banholomew, G. A., G r i ~ e l l ,  A. D., Jorgensen, 
C. B., and White, F. N. 1972. A n i d  physiology, principles and 
adaptations. Macmillan Publishing Co., New York. 

Guppy, M., Hulbert, W. C., and Hochachka, P. W. 1979. Metabolic 
sources of heat and power in Nna muscles. II. Enzyme and meta- 
bolic protiles. J. Exp. Biol. 82: 303-319. 

Heisler, N. 1984~. Acid-base regulation in fishes. I n  Fish physiol- 
ogy. Vol. 10. Pan A. mired by W. S .  Hoar and D. J. Randall. 
Academic Press, New York. pp. 315-401. 

Heisler. N. 19846. Role of ion transfer processes in acid-base regu- 
lation with temperature changes in fish. Am. J. Physiol. 246: 
R441-R451. 

Heisler. N. 1986. Acid-base regulation in fishes. I n  Acid-base 
regulation in animals. Edired by N. Heisler. Elsevier Scientific 
Publishing Co.. Amsterdam. pp. 309-356. 

Holland, K. N.. Brill. R. W.. and Chang, R. K. C. 1990. Horizontal 
and vertical movements of yellowfin and bigeye NM associated 
with fish aggregating devices. Fish. Bull. 88: 493-507. 

Irving. L. 1972. Arctic life of birds and mammals. Springer-Verlag, 
New York. 

J o ~ s .  D. R., Brill. R. W.,  and Mense. D. C. 1986. The influence 
of blood gas properties and pH of ventral and dorsal aortic blood 
in free-swimrmng tuna. Eurhynnus afinis. J.  Exp. Biol. 120: 201 - 
213. 

Magnuson. J. J. 1969. Digestion and food consumption by skipjack 
tuna (Karsuwonuspelomrs). Trans. Am. Fish. Soc. 98: 370-392. 

1857- 1865. 

11-14. 

Am. 2001. 1 9  249-265. 



662 CAN. 1. ZOOL VOL. 70. 1992 

Perry, S. F. 1986. Carbon dioxide excretion in fishes. Can. 1. Zool. 

Perry. S. F., and Wood, C. M. 1989. Control and coordination of 
gas m f e r  in fishts. Can. J. h l .  6 7  2961-2970. 

Perry. S. F., Daxboeck, C.. Emmut, B., Hochachka. P. W.. and 
Brill. R. W. 198Sn. Effects of tCmpcIaNrC change on acid-base 
regulation in skipjack tuna (Ko~crwmrrr pelamis) blood. Comp. 
Biochem. Physiol. A, 81: 49-53. 

Perry, S. F.. Daxbocfk. C., Emmm, B., Hcchachka, P. W., and 
BriU, R. W. 198%. Eff- of exhausting exercise on acid-base 
regulation in skipjack Nna (~ZUSUWO~IU pelamir) blood. Physiol. 
&I. 58: 421-429. 

Randall. D. 1.. and Cameron, J. N. 1973. Respiratory comrol of 
anerial pH as tempuanve changes in rainbow vout SOLno goird- 
neri. Am. 1. Physiol. 2.25: 997-1002. 

Reynolds, W .  W.. and Casterlin. M. E. 1979. Behavioral themo- 
regulation and the “final preferendurn” paradigm. Am. Zool. 19 

Saither, B. T., and Rodgem. T. A. 1967. Some inorganic consritU- 
e n s  of the muscle and blood of the oceanic skipjack. Kars-us 
pelomir. Pac. Sci. 21: 404-413. 

64: 565-572. 

211-224. 

Somero, G. N. 1986. Rotons, osmolytes, and fitness of internal 
milieu for protein function. Am. J. Physiol. 251: R197-RZ13. 

Stewart, P. A. 1981. How to undemand acid-base. ElseviedNonh- 
Holland, New York. 

Truchot, J.-P. 1987. Comparative aspects of extracellular acid-base 
balance. Springer-Verlag. New York. 

Turner. J. D.. Wood. C. M., and Hobe. H. 1983. Physiological con- 
sequences of sever exercise in the inactive benthic ilathcad sole 
(Hippoglossoides elarsodon): a comparison with the active pelagic 
rainbow trout (Salmo goirdneri). J. Exp. Biol. 104. 269-288. 

Wardle. C. S. 1978. Non-release of lactic acid from anaerobic swim- 
ming muscle of plaice Pfeuronecres phtessu L.: a sueis reaction. 
J. Exp.  Biol. 7 7  141-155. 

Wood. C. M.. and Jackson, E. B. 1980. Blood acid-base regulation 
during environmental hyperoxia in the rainbow trout. Rcspir. 
Physiol. 42: 351 -372. 

Wood. C. M.. McMahon, 8. R., and McDonald, D. G. 1977. An 
analysis of changes in blood pH foUowing exhausting activity in 
the starry flounder, Plancluhys sre1kzu.r. J. Exp. Biol. 6 9  173- 
185. 




