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Summary

Scenarios of rising CQ concentration in surface waters
due to atmospheric accumulation of anthropogenic C&
or in the deep sea due to anticipated industrial dumping of
COg, suggest that hypercapnia (elevated partial pressure
of CO2) will become a general stress factor in aquatic
environments, with largely unknown effects on species
survival and well being, especially in cold and deep waters.
For an analysis of CQ effects at the cellular level, isolated
hepatocytes were prepared from two representatives of
the Antarctic fish fauna, Pachycara brachycephalunand
Lepidonotothen kempiCorrelated changes in energy and
protein metabolism were investigated by determining the
rates of oxygen consumption at various levels #co,, of
intra- and extracellular pH, and after inhibition of protein
synthesis by cycloheximide. A decrease in extracellular pH

(pHe) from control levels (pHe7.90) to pHe6.50 caused a
reduction in aerobic metabolic rate of 34—37% under both
normocapnic and hypercapnic conditions. Concomitantly,
protein biosynthesis was inhibited by about 80% under
conditions of severe acidosis in hepatocytes from both
species. A parallel drop in intracellular pH probably
mediates this effect. In conclusion, the present data
indicate that elevated Pco, may limit the functional
integrity of the liver due to a pronounced depression in
protein anabolism. This process may contribute to the
limits of whole-animal tolerance to raised CQ levels.

Key words: hypercapnia, GO Antarctic fish, Pachycara
brachycephalum Lepidonotothen kempi oxygen consumption,
metabolic rate, respiratory acidosis, protein synthesis, hepatocyte.

Introduction

It has long been known that periodically or permanentlyforwarded by Marchetti, 1977, 1979) will expose animals

elevated CQ partial pressure (hypercapnia) is a naturalliving in the aphotic zone to elevated g@vels, with the
phenomenon in some marine biotopes such as sediments of tiighest concentrations at the site of disposal (Auerbach et al.,
intertidal zone, estuaries (Diaz and Rosenburg, 1995) dr996).
hypoxic bottom waters (Knoll et al., 1996). In most of the The most notable animal groups that will be threatened by
pelagic zones of the sea, however,,d&els have remained increasing ocearPco, levels include cold-water deep-sea
more or less constant. In those habitats subjected top Cdishes, which at present live in an environment that is
oscillations, animals rely on adaptational mechanisms thatharacterized by great temporal and horizontal spatial stability
enable them to compensate for such oscillations. Some of theske physical and chemical conditions (Childress, 1995).
mechanisms may be phylogenetically old and plesiomorphid@herefore, it is strongly suggested that deep sea fauna will be
since high CQpartial pressures typically go hand in hand withsensitive to any change that occurs suddenly and is well
low oxygen levels and are thus characteristic for the earthlseyond the range of conditions under which this fauna has
early atmosphere (Berner and Kothalova, 2001) andgvolved (Hadrich, 1996). General questions arise as to which
accordingly, early aquatic environments. physiological mechanisms define the limits of tolerance to
The currently rising concentrations of anthropogenie @O elevated CQ levels, and whether the physiologically ‘old’
atmosphere and surface waters (Haugan and Drange, 1998)chanisms of adaptation displayed by organisms from
and anticipated scenarios of industrial Qiposal in the deep unstable, hypoxic environments are still in use and effective in
sea, suggest that G@ill again become a more general stressextant fauna from stable deep sea and pelagic waters.
factor in aquatic environments, with as yet unknown effects in Apart from investigations of the mechanisms of acid—base
species that were not previously affected. Plans to dispose @fgulation, little is known about the influence of hypercapnia
anthropogenic C® in the deep sea (an idea originally on key physiological processes that define the long-term
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survival and productivity of a species. Relevant data havaudusare elicited by experimental hypercapnia in cold-water
mostly been collected for invertebrates that dwell infish. To this end, correlated changes in Pdo, and aerobic
environments that are regularly prone to combinednetabolic rate were investigated in isolated hepatocytes from
hypercapnia and hypoxia exposures. These animals c&h brachycephalurandL. kempi We also determined whether
decrease their energy demand far below the standard metabdalind to what extent a shift in the partitioning of cellular energy
rate. The phenomenon of hypercapnia-induced metaboli@ccurs under conditions of raised £&ncentration, including
depression has been extensively investigated in the sipuncukdfects on the essential and energetically costly process of
Sipunculus nudys marine worm from intertidal and subtidal protein biosynthesis. Cycloheximide, a specific inhibitor of
sandy sediments. Under conditions of severe respiratomucaryotic protein synthesis by inactivating peptidyl
acidosis, the oxygen consumption of whole animals is reducddansferase activity of the ribosomal 60S subunit, was used to
(Portner et al., 1998) and linked to a decrease in the metabotietermine what proportion of changes in overall oxygen
rate of isolated muscle tissue of up to 45% (Reipschlager ammbnsumption of the cell were due to protein synthesis.
Portner, 1996; Langenbuch and Portner, 2002). These
reductions in cellular energy turnover are partly realized by
diminished costs of net*excretion and slower regulation of
intracellular pH (pHi; Pértner et al., 2000). Concomitant shifts Animals
in cellular N metabolism indicate that a change in the use of Specimens of.epidonotothen kempilorman (125-52%;;
amino acid substrates as well as a decrease of prote?7-32cm) and Pachycara brachycephalunPappenheim
biosynthesis rates occurs under acidosis (Langenbuch a®0-7Cg; 22—-30cm) were caught in April 2002 during an
Portner, 2002). Furthermore, a drop in neuronal and motdkntarctic expedition with RV ‘Polarstern’ (ANT XIX/5).
activity, caused by the accumulation of the neurotransmitteReleaser traps were used to catch Antarctic eelpout near King
adenosine, supports metabolic depression during hypercaprieorge Island (Admirality Bay and Maxwell Bay) at depths of
and particularly during exposure to combined anoxia an@00 and 409n. The Notothenioid.. kempiwas collected from
hypercapnia (Reipschlager et al., 1997). The latter data cleadpttom trawls at depths of 200—680in the northern part of
show that the problem of GQolerance is not only defined at the Scotia Arc near South Georgia and the South Sandwich
the cellular level. Limiting factors or processes can becomkslands. All animals were maintained for 2—3 weeks on board
effective at all levels of organisation, from specific cellularin an air-conditioned container equipped with aquaria and
metabolic pathways to the functional integration of differentaerated recirculated natural seawater at 1+1°C before the start
tissue types into the whole organism under the control of thef the experiments to ensure they were in good, healthy
central nervous system. Comparable data do not exist at thpdysiological condition. P. brachycephalumhas been
level of detail for any other animal phyla, including themaintained under these conditions for up to 2 years, and
vertebrates. significant growth was observed during this time, indicating
In order to identify and characterise the key processethat their exposure to atmospheric pressure does not lead to any
determining the C®tolerance of vertebrates, and deep seaignificant physiological disturbances. Fish were not fed prior
fishes, especially, it is crucial to choose an appropriate mod& experimentation.
organism. Due to extreme difficulties in the collection and
handling of deep sea animals, we decided instead to study a Preparation and incubation of isolated hepatocytes
representative of the Antarctic benthic fauna that displays Experiments were carried out onboard RV ‘Polarstern’. Fish
physiological characteristics very similar to those in thewere anaesthesized with a lethal dose of MS222g(B'5 in
deep sea, namely hypometabolism and life in the permanes¢awater. To date no effect of the substance on standard
cold. Analysis of the influence of elevatd®to, on the metabolic rate or protein synthesis in fish has been reported
cellular physiology of the Antarctic eelpourachycara (Hove and Moss, 1997). However, rainbow trout immersed for
brachycephalumvas the main focus of the present study. Thigperiods longer than 2f%in had significantly decreased hepatic
member of the cosmopolitan familiy Zoarcidae is endemic tglycogen concentrations, probably mediated by catecholamine
the Southern Ocean, lives at aphotic depths as far down edease (Palace et al., 1990; Perrier and Bernier, 1998). To
180Cm and displays a sluggish benthic lifestyle, whichavoid this effect we minimized exposure times to MS222 to
contributes to an exceptionally low metabolic rate that isaround Smin.
typical of zoarcids (Wells, 1987; Anderson, 1994; van Dijk et The liver was excised and placed on ice in medium 1 (Hepes
al., 1999). To investigate whether effects seen in this specid® mmoll-1, NaCl 240mmoll-1, KCI 5mmoll-1, KHPO4
are representative of cold-water fish, the analyses we@4mmoll-1, NgHPQ: 0.3mmoll-1, NaHCQ 4 mmoll-3,
repeated with specimens dfepidonotothen kempiThis  glucose 5.6nmoll~1, pH7.40). Using a small disposable
benthopelagic species probably has a circum-Antarctisyringe, medium 1 was injected into the hepatic vascular
distribution and lives at depths between 100 andr@@Gon  system and the liver blanched immediately due to the clearance
and Heemstra, 1990). of blood from the organ. The perfusate was discarded.
As a first step, we examined whether cellular effects similaBubsequently, the liver was perfused for 2030 by
to those seen in isolated tissue of the marine inverteBrate repeated injection of 8l of ice-cold medium 2 (medium 1

Materials and methods
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containing 750J mi~! Sigma collagenase type IV and 1% Measurements of cellular oxygen consumption
bovine serum albumin). Afterwards the liver tissue was flnely Oxygen Consumption of isolated hepatocytes was measured
minced with scissors and incubated for anothem#bon ice  ysing a micro-optode system (PreSens, Neuburg, Germany).
in medium 2. Once every 1in, the tissue was gently torn The sensor consists of a fiber optic cable supplied with a
apart with a plastic Pasteur pipette. After digestion, thgtandard glass fiber plug to connect to the optode array. The
resultant cell slurry was poured through a i&®@nylon mesh  tip of the sensor is coated with a ruthenium-Il-luminophor
to remove large fragments. Remaining blood cells wergomplex immobilized in a polymer matrix. Light is emitted
removed by centrifugation (2-nin, 8Cg, 2°C) and washing from a blue-light diode and the resulting fluorescence signal is
of the cellular pellet with medium 3 (medium 1 with 1% BSA). detected and enhanced by a photomultiplier. Oxygen acts as a
The supernatant and the layer of red cells on top of th@ynamic fluorescence quencher of the luminophor. The
hepatocytes were removed using a Pasteur pipette. Isolatgflensity, lifetime and modulation of the phase angle of the
hepatocytes were resuspended in 24-8f medium 4 (medium  fluorescence signal are influenced by the number of oxygen
1 containing 1% BSA, tnl 100ml-1 Life Technologies amino molecules present and can be measured to calculate oxygen
acid mix and 2ZnmolI-1 MgSQu). Cell density was determined saturation in the medium (Klimant et al., 1995).
in a Fuchs-Rosenthal counting chamber and adjusted to Al experiments were performed at 2°C. The cell suspension
3.5x107 cellsmi=t (L. kempj or 1.&107cellsmlt (P.  was constantly stirred in glass microvials (0n25 Supelco,
brachycephalum respectively. Cell viability was assessed byBellefonte, USA) in a cooling waterbath to ensure a uniform
examining for the exclusion of Trypan Blue. On averagesample temperature. Micro-optodes were implanted in small
more than 96% of thé. kempicells and 93% of thé®.  plastic syringes that could be attached to the top of the glass
brachycephaluncells excluded the dye. In all analyses cellsyials using specially designed adapter lids, thereby providing
were kept in medium 4 on ice forhl before further g gas-tight measuring chamber. A two-point calibration of the
experimentation. system was performed using saturated ascorbic acid solution
To measure the respiration of hepatocytes at differerfor 0% and air-bubbled medium for 100% air saturation.
extracellular pH values (pHe) ato,, cells were collected  After incubation, cells were recollected by centrifugation
from 130-15Qul samples of the cell suspension andand pellets were resuspended in i66f fresh medium of the
centrifuged for 4nin (80g, 2°C). Pellets were resuspended indesired pH andPco, (with or without cycloheximide). Using
medium 1 adjusted to the respective pH (pHe=7.90, 7.20 @ small Hamilton syringe, the cell suspension into the glass vial
6.50) andPco, (normocapnia: 100% airPco,=0.03kPa;  and the exact volume and cell number of the solution was
hypercapnia: 99% air/1% G{Pco,=1.01kPa) and incubated noted. After closing the system and stabilising the phase angle
for 50min on ice in Eppendorf tubes filled to the top. Oxygensignal, measurements were continued for at leasti@0
consumption measurements were conducted in low amino Cellular oxygen consumption rates were determined under
acid medium 1 (in contrast to the storage medium 4 of thgontrol conditions (pH.90, normocapnia) and compared to
cellular stock solution) to achieve conditions similar to thosghe rates under increasing acidotic stress {#9 and
presumed for the whole animal during standard metabolisnpH 6.50). All experiments were also performed at normocapnic
Conditions of low pH or hypercapnic stress have been showshd hypercapnico, and at the respective pH. The inhibiting
to suppress feeding activity in a variety of organisms (e.geffect of cycloheximide was quantified at ft90 and pH6.50

Bamber, 1987, 1990) and hepatocytes were prepared frogihder both normocapnic and hypercapnic conditions.
non-fed fish.

Media used for incubation were bubbled continously using Intracellular acid—base variables
a 2M303/a-F Wdosthoff (Germany) gas mixing pump. The pH The intracellular pH of P. brachycephalumisolated
of the medium was titrated to the specific value requirethepatocytes was measured after incubation using the
using HCI and NaOH, after equilibrating the solutions withhomogenate technique (Portner et al., 1990). Unfortunately,
the respective gas mixture. Values were maintained constassample numbers df. kempiand thus the amount of hepatic
during further bubbling. A pHe of 7.90 was chosen as dissue obtained was far too low to permit parallel analyses of
control value, as found in blood plasma from differentpHi in this species. Pellets of 45-8ig cellular fresh mass
Antarctic fishes (Kunzmann, 1991). Acidotic pH values asvere resuspended in a 3A0Eppendorf tube in a solution
low as 6.50 mimic elevated environmenRao, values and containing KF (160nmoll-1) and nitrilotriacetic acid
were intended to fall slightly below the range of values(1 mmoll-1). The tubes were filed to the top with
reached naturally in fish plasma, e.g. under conditions adpproximately 259l of the solution to avoid air bubbles,
severe metabolic acidosis (Heisler, 1986a). To determinelosed and mixed on a vortex mixer. Intact cells were disrupted
the extent of inhibition of oxygen consumption by by freeze thawing and sonification rfin, 2°C). After brief
cycloheximide, cells were treated as described above, but tieentrifugation (3%, 2C000g, 2°C), the supernatant was used
incubation medium contained 35u&ol -1 cycloheximide for pHi measurements. Apparent intracellular HCO
(from a stock solution in dimethylsulphoxide) and cells wereconcentrations were calculated using values df [@fd the
incubated for 69nin on ice before oxygen consumption wassolubility coefficientaCO, determined according to Heisler
determined. (1986b). Well-equilibrated cellular suspensions have markedly
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reduced diffusion limitations compared to tissues, sc 7.8 -
intracellularPco, levels were assumed to equal extracellulat
Pco, levels for the calculation of bicarbonate concentrations.

7.6 4
Statistics
For each treatment (normocapnia and hypercapnia), oxyge =
consumption rates under control and experimental conditior <_§ 7.4
were compared using two-factorial analyses of varianc 3
(ANOVA) or analyses of covariance (ANCOVA). When a § 79
c

significant influence of a single variable was indicated by
ANOVA/ANCOVA, the different experimental treatments
were compared using the Tukey Test. For the effects ¢ 7.0
cycloheximide on oxygen consumption rates, values ar
expressed as a percentage of the respective control value,

facilitate visual comparisons between different experimente 6.8
conditions. Original data were analysed by Studdrtest for

paired samples. Significant changes of normalized data we 6'5 7'0 7'5 8'0
determined using the Mann—Whitney rank sum test. In al ' ' ' '

cases, P<0.05 was accepted as the level of significan Extracellular pH

difference. All values are presented as means + standagg 1. steady state intracellular pH values (pHi) of isolated
deviation §.0.) for preparations of hepatocytes from 4—6nepatocytes fronP. brachycephalumunder conditions of normo-
individuals. Two replicate samples were measured peand hypercapnia, measured afternfii of exposure to media of
preparation for each treatment (combination of pHe andifferent pH. *pHi significantly different from the control value at
Pco,). pHe7.90. Values are meanss., N=5-6.

o Normocapna
* Hypercapi|

Results

Steady-state intracellular acid—base variables using S. nudusisolated muscle tissue (Langenbuch and
By controlling pHe andPco, of the medium it was possible Pértner, 2002). Intracellular accumulation of bicarbonate,
to clamp steady-state intracellular variables such as pHgspecially under hypercapnic conditions {&u@oll-1 at
Pco, and [HCQ]. Changes inP. brachycephaluncellular ~ pHe6.50, 10.5mmoll-1 at pHe7.90; see Fig4), was not as
acid—base variables are summarized in Tablas shown in marked as in the isolated invertebrate muscle tissue, where
Fig. 1, pHi decreased with medium pH in a significant andntracellular bicarbonate values increased fromn2gol|-1
linear way (ANOVA;F=339.535P=0.003). In most instances, (pHe6.70) to 15.3nmoll-1 (pHe7.90), due to higher
pHi values were slightly, but not significantly (ANOVA; regulated values of intracellular pH.
F=3.986, P=0.184), higher in hypercapnic than in
normocapnic samples, with smaller differences at lower pH&€ependence of oxygen consumption rates on experimental pH
values. This observation is in line with previous data obtained values
Rates of oxygen consumption by isolated hepatocytes from

Table 1.Intra- and extracellular acid-base variables of ~ both L. kempi and P. brachycephalum(Fig. 2A,B) were

isolated hepatocytes prepared frémbrachycephalum significantly influenced by decreasing medium pH (ANOVA;
X F=23.390, P<0.001 for P. brachycephalum F=63.119,
Pco, [HCOsJi [HCOse

pHe DHi (kPa) (mmol-Y) (mmol 1) P<0.001 forL. kemp). The parallel lowering in pH|,_ seen in
P. brachycephalunhepatocytes, correlated in a linear and
7.90 7.65:0.08 1.02 10.45 48.95 significant way F=37.038,P<0.001) with decreasing rates of

790 7.58%0.05 0.03 0.39 1.54 oxygen consumption (see FR&). Under normocapnia and at

7.20 7.23+0.05 1.02 412 8.68 -

720 7174007 003 015 027 a low pH_e of 7.20 (pHi=7.17%0.07), the rate of oxygen

6.50 6.98+0.05 1.02 261 1.68 consumptl_on by hepa(l)tocytes from Antarctic eelpout decreased

6.50 6.98+0.07 0.03 0.08 0.05 to approxmately 85% of the rate measured under control

conditions (pH& .90, Pc0,=0.03kPa) and fell even further to

pHi values are meansst., N=5-6. 66% at pH(ﬁSO (pH|:698i007) The results obtained for
Intracellular CQ partial pressure was assumed to equal mediunhepatocytes frorh. kempiwere similar. Oxygen consumption

Pco,. rates decreased by approx. 17% at gt2® and 33% at

Apparent mean intracellular bicarbonate concentrations wergHe6.50. The decline in aerobic metabolic rates was similar
calculated from ~mean pHi values by use of theduring hypercapnic incubation of hepatocytes from both
Henderson—-Hasselbach equation (see Materials and methods). species. On average, the rates were approx. 23% below control
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6.0 65 7.0 75 8.0 analysed. As seen in Fig, intracellular and especially

Extracellular pH extracellular bicarbonate concentrations differed considerably
between bothPco, treatments at the same pHe, but

Fig. 2. Rates of oxygen consumption by isolated hepatocyteslfrom . .
g v9 P y patocyt nevertheless the changes in oxygen consumption rates were

kempi(A) and P. brachycephaluntB) at different extracellular pH ""~"!
values during normocapnic or hypercapnic incubation. *Oxygersimilar.

consumption rate significantly different from the respective control o o . .
value at pH&.90. Values are meanss®., N=6-7 forL. kempiand Inhibition of protein biosynthesis by cycloheximide

N=4 for P. brachycephalum Depression of cellular oxygen consumption after specific
inhibition of protein biosynthesis by cycloheximide is an
indication of the contribution of protein anabolism to overall

levels at pHe 7.20 and 37% below at #80. Comparison of metabolic rate. In preliminary titration experiments the effect

normocapnic and hypercapnic data clearly demonstrated that the cycloheximide concentration on the rate of oxygen
for identical pHe values there was a significant difference ironsumption was established (data not shown). We incubated
oxygen consumption under the tRgo, treatments in both cells with 35.5umol -1 (Lefebvre et al., 1993), 0Ormol|-1

fishes (ANOVA;F=11.025,P=0.002 forP. brachycephalum and 1mmoll-1 (Wieser and Krumschnabel, 2001)

F=12.220,P<0.001 forL. kemp). In contrast, the influence cycloheximide. The measured reduction of oxygen

of pHi on oxygen consumption of hepatocytes frdfn  consumption rate did not increase with increased inhibitor

brachycephalundisplayed no significant dependenceRem,  concentrations above the value obtained at @&élI-1
treatment, despite a similar mean difference betweeaycloheximide. Therefore, we decided to work with the lowest
normocapnic and hypercapnic oxygen consumption rates att@sted inhibitor concentration to minimize side effects due to
specific pHi value (Fig3, ANCOVA; F=0.002, P=0.964). unspecific inhibition of cellular processes.

However, the pHi determinations showed relatively high In normocapnic compared to hypercapnic hepatocytes,

standard deviations, possibly due to methodological reasonthiere were no detectable significant differences in the

so differences between normocapnic and hypercapnic datasponse of cellular oxygen consumption rates to
might have been seen with larger (but unavailable) sampleycloheximide under control (pH&90) or acidotic
numbers. conditions (pH&.50) P=0.862 andP=0.664, respectively,
Changes in other acid-base variabl®0, or extra- for P. brachycephalumP=0.716 and?=0.879, respectively,
/intracellar [HCQ™], were not consistently related to oxygenfor L. kemp). Our experiments clearly showed that under



3900 M. Langenbuch and H. O. Portner

0.18 { 120 1
A A Lepidonotothen kempi by
0.16 1 100 1 . _
a X
<
0.14 - 80 1 >.004
XX
(X
012{7* T 601 :‘:’1
~ £ o
T I Lo
= 0.10 * E 40 - ”‘4
; : 0
g . 2 o
T 0.08 ; —-o— Normocapnia G 204 R
—o— Hypercapnia S K]
5 T = %
'~ 0067 ' ' ; : - - S o0 L
@) 0 2 4 6 8 10 12 8
g Intracellul ar bicatbonae conaentration (mmd |71 % 120 7 B
c S Pachycara brachycephalum
= Q
S 018, o ab
S B § 1007 —
B 2 ?
€ ] ? a
g 0.16 o 80 4
3 o : 7
N 1 ® |
% 8 60
§ 012 ]
0.10 {
201
0.08 - —v— Normocapnia
—¥— Hypercapnia 0
pH 7.90 pH 6.50
0.06 - - T - - - .
0 10 20 30 40 50

Il Control, pH 7.90
Cycloheximide, normocapnia, pH 7.90
Cycloheximide, hypercapnia, pH 7.90
Control, pH 6.50
Cycloheximide, normocapnia, pH 6.50
Cycloheximide, hypercapnia, pH 6.50

Extracellul ar bicarbonae conentration (mmad 11)
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determined in hepatocytes isolated froRx brachycephalum
Intracellular values were measured afterntii of exposure to
normocapnic and hypercapnic media of different pH. *Oxygen
consumption rate significantly different from the respective controFig. 5. Rates of oxygen consumption by isolated hepatocyteslfrom
value at pH&.90. Values are meansso., N=4. kempi(A) and P. brachycephaluniB), measured after exposure to
media of different pH anBco,. Control values at the respective pHe
were determined after incubation of cells without cycloheximide. To

. measure the decrease of oxygen consumption rate induced by
control  (pHe7.90, Pco, 0.03kPa) and hypercapnic inhibition of protein biosynthesis, cells were incubated fom&®

conditions (pH& .90, Pco, 1.01kPa) in L. kempiand P.  \ith 35 5umol 12 cycloheximide prior to analysis of metabolic rate.
brachycephalumliver cells, approx. 20% of the aerobic apxygen consumption rates significantly different from the
energy metabolism is due to cellular protein synthesirespective control value at pHe90 or pHes.50; Poxygen
(Fig.5). The decline in oxygen consumption to 83.1% ( consumption rates significantly different from the respective
kemp) and 77.2% R. brachycephalujnof the respective cycloheximide-inhibited value at pHe90 (significant differences
control values, measured after incubation of hepatocytes wiwithin normalized data were identified using the Mann-Whitney
35.5umol I-1 cycloheximide, was significant in both casesra_nlf sum test; _aII results were confirmed_by an additional analysis of
(P<0.001 for L. kempiand P. brachycephalujn Under original data with the Studentts_test for paired samples). Values are
conditions of severe acidosis (pA&0, pHi6.98+0.07 inP. means 15.0., N=6 for both species.

brachycephalulm cycloheximide-induced inhibition of

cellular oxygen consumption was only 3-5%, i.e. na

significant change from the respective control valud..in normocapniaP=0.032 for hypercapnid&. brachycephalum
kempi (P=0.139). The decrease was also small, but waP<0.001 for normocapnia,P<0.001 for hypercapnia).
significant, inP. brachycephaluniP=0.016). In both species Provided that there is no pH-dependent shift in the costs of
and under normocapnic and hypercapnic conditions the effepeptide synthesis, these data suggest that protein biosynthesis
of cycloheximide on oxygen consumption at pHe 7.90 wasvas downregulated by approx. 80% at @40 in both
significant at pH&.90 and 6.50 L(. kempi P=0.008 for species, regardless of the levelRo,.

EHH
—
74
B



Cellular metabolic and protein synthesis rates under hypercapdal

Discussion support of this conclusion, Sakaida and Coworkers (1992)

Antarctic fish thrive at constant low temperatures aroundound reduced mortality of rat hepatocytes after treatment with
0°C and, accordingly, display low standard metabolic ratesyanide (chemical anoxia) when cells were cultured a0
compared to fish from warmer waters. With values ofrather than at control pH. Evidently, similar cellular effects are
0.50mmolOz2kgth1 (Pachycara brachycephalumvan still present in species that live permanently in highly
Dijk et al., 1999) and 0.5smolO2kg1h1 (Rhigophila  oxygenated environments like the Antarctic oceans and display
dearbornj Wells, 1987), Antarctic Zoarcidae show a sluggish mode of life and low levels of energy turnover
exceptionally low whole animal metabolic rates even amongompared to other, warmer water fish. Nevertheless, the
fish species endemic to the southern ocean. Wells (198@pestion arises as to whether the observed decrease in cellular
measured rates of 1.09-2.08nol O2 kg~1h~1in nototheniid  oxygen consumption is an integral part of a regulated whole-
fish from McMurdo Sound. In contrast, resting metabolic ratebody metabolic depression that will extend the time period that
of deep sea fish are as low as (imolO2kglhl  an animal can survive on stored fuel supplies during periods
(Coryphaenoides acrolepisSmith and Hessler, 1974) or of environmental stress (Guppy et al., 1994), or whether it
0.13mmol Oz kg1h-1 (Sebastolobus altivelisSmith and should be seen as a single rudimentary mechanism which is
Brown, 1983). These low metabolic rates are closest to thosald’ on an evolutionary time scale.
found inP. brachycephalumwhich is therefore a deep water  Previous analyses of the influence of variable acid—base
Antarctic fish model for deep sea fish. Similarly at the cellulaparameters on trout hepatocyte metabolism revealed a similar
level, hepatocytes from the Antarctic eelpout displayeffect of reduced pHe and pHi on the depression of cellular
somewhat lower oxygen consumption rates under contrehetabolism (production of COand glucose from lactate;
conditions (0.15+0.08mol O2 106 cellsmin~l) than cells Walsh et al., 1988). Moreover, specific effects of,@@ the
from the Notothenioid L. kempi (0.17+0.02rmolO2  pathways of lactate metabolism have been postulated (Walsh
1076 cellsmin-2). Unfortunately, data for deep sea fish are noet al., 1988), which indicate that the shifting acid—base
available, but Antarctic fish hepatocytes only consume a smaquilibria may be associated with specific changes in
fraction of the amount of oxygen required by hepatocytemetabolic equilibria. When interpreting such data it needs to
from temperate fish at their respective habitat temperatudge borne in mind that lactate may change cellular energy
(goldfish: 0.74+0.0&imol & 10-% cellsmin~1 at 20°C, trout:  turnover (Pinz and Pdrtner, 2003). Specific;@@ects are not
5.27+0.60nmol Oz 108 cellsminl at 15°C; Wieser and evident in total energy turnover analysed by oxygen
Krumschnabel, 2001). Values obtained in polar zoarcids magonsumption (this study). Overall, a reduction of aerobic
therefore also be representative for cold and deep water fighetabolism in fish hepatocytes is brought about by the
with respect to the effects of elevated O€vels. synergistic inhibition by acid—base parameters of both energy-

Similar to previous findings in muscle tissue of a>CO producing (see Walsh et al., 1988) and energy-consuming
tolerant marine invertebrateS. nudus rate of oxygen processes (see below). For comparison, and in contrast to our
consumption by hepatocytes from both Antarctic fish speciestudy, short-term exposure of goldfish or trout hepatocytes to
mirror a drastic reduction in energy demand, depending on pkhe low pHe of 6.60 did not cause significant metabolic
but without any influence by intra- or extracellular levelsdepression (Krumschnabel et al., 2001).
of Pco, and [HCQ] (see Fig4). In P. brachycephalum
hepatocytes, intracellular pH changed in parallel with pHe. As Inhibition of protein synthesis
shown in Fig3, both CQ treatments yielded some, but not Under conditions of environmental stress and thus limited
significant, difference in energy turnover at identical pHienergy supply, survival is supported by a parallel and
values, whereas for the same pHe values, the differences dnordinated reduction in ATP-producing and -consuming
oxygen consumption rates were significant (E)g.It cannot  processes, which includes protein biosynthesis as a major
currently be excluded that both intra- and extracellular pH haveontributor to cellular ATP turnover. In fish, the central site of
a specific influence on cellular oxygen demand. At 613  secondary metabolism is liver, which is responsible for the
oxygen consumption fell by up to 34% in hepatocytes fronsynthesis and secretion of a variety of essential proteins (e.g.
both Antarctic fish species, signalling a severe reduction itipoproteins or fibrinogen), and therefore relies upon a highly
hepatic cellular energy turnover during acidosis. This clearlyactive protein synthesis machinery (Houlihan, 1991) and may
agrees with previous findings of metabolic depression bpe most severely affected by a non-transient reduction in
respiratory acidosis in other animal models, including therotein biosynthesis rates due to permanent disturbances of
marine invertebrat§. nudugLangenbuch and Poértner, 2002) cellular energy metabolism.
or brine shrimp embryos Aftemia franciscana Hand Growing evidence indicates that the costs of protein
and Gnaiger, 1988). Similar tértemia embryos, where synthesis may have been overestimated in many previous
hypercapnia and the subsequent decrease in pHi serve astadies, due to secondary effects on cellular energy metabolism
signal for the massive downregulation in metabolic rate, thby use of overly high cycloheximide concentrations. In isolated
decrease in hepatic pHi observed  brachycephalum goldfish and trout hepatocytes, oxygen consumption rates
elicited metabolic depression, which may temporarilyfollowed an inverse hyperbolic function with rising
contribute to protect the functional integrity of hepatocytes. Irtycloheximide concentrations, reaching a maximum effect at
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not less than 1Bimoll-1. However, incorporation of labelled sensitivity to hypercapnia-induced acidosis in the polar fish.
amino acids into cellular protein was already fully blocked byHere pH-dependent inhibition of protein biosynthesis is
25 umol I-1 cycloheximide (Wieser and Krumschnabel, 2001).responsible for the largest fraction of the decline in cellular
To ensure accurate measurements of the percentagaergy turnover at low pH. Perturbations in the activity of
contribution of protein synthesis to metabolic rate weNa'/K*-ATPase or mitochondrial proton leak, both other
established that the inhibiting effect was saturated amnajor contributors to aerobic energy demand of a single cell,
35.5umol I-1 without further reduction in the rate of oxygen were likely to have been very small. In a short-term scenario,
consumption at higher levels. These findings show that at thte maintenance of transmembrane ion gradients may be more
concentration of inhibitor, unspecific inhibition of other important than the synthesis of new proteins for maintaining
cellular processes could very well have been excluded. the integrity of the hepatocytes. However, it appears likely
A significant decrease of cellular oxygen consumption ratethat a pronounced limitation of protein synthesis will
to approx. 80% of the control rates was observed upoocompromise the functional integrity of the organ on an
inhibition by 35.5umoll-1 cycloheximide under control extended time scale.
conditions (normocapnia, pHe90) in hepatocytes from both
L. kempiandP. brachycephaluniThese values mirror protein Summary and conclusions
synthesis costs that account for 20% of the hepatic basal energyThe present study examined the correlated changes in
metabolism and are well within the range of values given foacid—base variables and in oxygen consumption of
other ectotherm hepatocytes in the literature. A study by Lankepatocytes from Antarctic fish during normocapnia and
et al. (1993) on turtle hepatocytes reported a 36% contributidmypercapnia. The aerobic energy metabolism of fish
of protein synthesis to metabolic rate while Fuery et al. (1998)epatocytes was pH-dependent, with a significant and large
determined a value of 12% in liver slices Biifo marinus  reduction in the fraction of cellular energy turnover allocated
These differences are not surprising as both oxygeto protein synthesis during extra- and intracellular acidosis.
consumption and rate of protein synthesis in liver, can var@ne has to keep in mind that liver accounts for only 2—3% of
enormously, depending on nutritional and hormonal statustal body mass ih. kempiandP. brachycephalumThus, it
(Reeds et al., 1985). is difficult to extrapolate the present findings to the whole
Under conditions of severe acidosis (p580, animal level. Effects seen in isolated hepatocytes may
pHi=6.98+0.07) the fraction of cycloheximide-sensitive contribute to whole organism metabolic depression under
oxygen consumption decreased significantly from 20%onditions of uncompensated extra- and intracellular acidosis,
(pHe7.90) to 3-5% in hepatocytes from both speciesprovided that other tissues, especially the much larger fraction
reflecting, on average, an 80% reduction in protein synthesif muscle tissue, respond in similar ways to the liver.
of bothL. kempiandP. brachycephaluntiver cells. An even Accordingly, it remains unclear from the present data if the
more pronounced reduction was observed Amtemia  33-34% decrease in hepatic aerobic metabolic rate contributes
franciscanaembryos, where protein synthesis was suppressad whole organism energy savings. At the cellular level, the
to 3% of control values afteriof anoxia or aerobic acidosis mechanisms leading to a marked reduction in cellular protein
due to a global arrest of transcription and translation (Hofmansynthesis and, thereby, energy turnover may be similar in
and Hand, 1994; van Breukelen et al., 2000). A less extrenmaarine invertebrates like the G@blerant intertidal worns.
response to anoxia was seen in hepatocytes from an anoxiatdus (Langenbuch and Portner, 2002) and in fishes. The
tolerant turtle. The downregulated process of protein synthesislevance of the present cellular findings for whole organism
contributed 33% to the global 88% metabolic depressionesponses to COin Antarctic fish is currently under
measured under conditions of anoxia (Land et al., 1993; Landvestigation in this laboratory. An estimation of the
and Hochachka, 1994). Compared to the turtle data, thedaptational flexibility of Antarctic (and deep sea) fish under
contribution of protein synthesis inhibition to the reduction inconditions of CQ stress requires the analysis of whole body
metabolic rate in hepatocytes of Antarctic fish was muclmetabolic rates as well as the identification of key
higher. Almost 60% of the depression in oxygen consumptiophysiological processes and mechanisms at all organizational
under acidosis can be attributed to the decline in proteilevels (e.g. energy and protein metabolism in muscle tissue,
synthesis in both species. cardiorespiratory system, neurotransmitter patterns in the
Interestingly, the capacity for protein synthesis wadrain). Additional long-term dose-response studies are
maintained in anoxia-tolerant goldfish hepatocytes even irequired to establish criticat vivothresholds for the growth
the metabolically depressed state. In contrast, the momnd reproductive success of various groups of animals. The
anoxia-sensitive trout hepatocytes experienced a massiveain objective in all of these studies should be the
downregulation of protein synthesis during anoxia (by 50%gevelopment of a comprehensive picture of short-, medium-
Wieser and Krumschnabel, 2001). Unfortunately, pH effectand, especially, long-term effects of hypercpania on animal
were not investigated in these studies, so cause and effgdtysiology that will enable us to predict possible long-term
relationships remain elusive. The percentage changes @onsequences for the complex network of marine ecosystems
protein synthesis of trout hepatocytes and the even largdue to future passive or active (dumping) accumulation of
changes in liver cells from Antarctic fish may suggest a higlanthropogenic C®in the oceans.
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