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The gill is a site for uptake and toxic action of waterborne contaminants,
including metals and organic pollutants. Metals, such as silver, cadmium and
copper, disrupt ion regulation and cause histological damage, whilst dioxins,
polychlorinated biphenyls (PCBs) and polychlorinated aromatic hydrocarbons
(PAHSs) induce cytochrome P4501A (CYP1A). Polluted bodies of water often
contain a mixture of different chemicals, many of which are mutually
interactive. For example, metals can reduce the CY P1A-activity, as is the case
with copper in bass (Dicenrarchus labrax) liver and hepatocyte microsomes
(Stien et a., 1997; Viarengo et a., 1997).

In this study, copper effects on the CYPlA-catalysed reaction, 7-
ethoxyresorufin O-deethylation, (EROD), were examined in rainbow trout
(Onchorhyncus mykiss) gills in vitro. Gill cells were cultured as polarised tight



epithelia on permeable supports; i.e. with apical and basolateral compartments
(Wood and Pért, 1997). These cultures, which ‘tolerate’ water at the apical
membrane (Wood and Pért, 1997), were exposed (24 hours) to agueous copper
and b-naphthoflavone (BNF; to induce CYP1A), via the apical the basolateral
compartments, respectively. This cell model was aso compared with
conventional gill cell monolayers, grown in 12-well tissue culture plates (i.e.
contacting culture medium with only one side). Monolayers were exposed for 24
hours to copper and BNF in the medium.

EROD-activity was determined (in intact adherent cells) according to Carlsson
et a. (1999); i.e. water and media were replaced with 1 mM 7-ethoxyresorufin
and, after 20 minutes, resorufin concentrations were determined by fluorescence
(at 544 nm ex and 590 nm em). In polarised gill epithelia resorufin is selectively
distributed to the basolateral compartment (Carlsson and Pért, submitted), and
therefore apical and basolateral resorufin concentrations were measured
separately. EROD-activity was calculated from the total resorufin concentration.

In polarised epithelia, the effects of copper on barrier properties (conductivity,
Na'-efflux and polyethylene glycol (PEG)-permeability) were also investigated.
Conductivity was obtained from the inverted transepithelial electrical resistance,
measured with an epithelial voltohnmmeter, connected to an Ag'/AgCl ‘chop-
stick’ electrode. Na'™-efflux is both transcellular and paracellular, whereas PEG-
permesability is a paracellular marker (used to evaluate tight junction integrity).
Na'-efflux and PEG-permeability were measured after addition of 2Na" and *H-
PEG-4000 to the basolateral medium.

The exposure groups (within a culture type) and apical / basolateral resorufin
distribution (in polarised epithelia) were statistically compared using two-tailed
and onetailed Wilcoxon matched pairs tests, respectively. Significant
differences are indicated in the tables by superscript letters (p<0.05) and stars (*
= p<0.05 and ** = p<0.01 and *** p < 0.001).

EROD-activity in monolayers was reduced by exposure to 5- 1000 M copper,
whilst EROD-activity in polarised epithelia was unaffected by copper exposure

(0.5- 100 mM1; Table 1). However, the selective basolateral resorufin distribution
levelled out following exposure to 75- 100 mM copper (Table 1).



Table 1. Copper effects on EROD-activity in rainbow trout gill cell cultures

Pmoles resorufin mg protein™ min™*
Cultured epthelia Monolayers
Copper | EROD-activity' | Basolatera-apical | EROD-activity"
difference?
nM Median| Range [Median| Range Median| Range
0 27" 9-43 5* (-11)- 23 49° | 1577
0.5 23" 14- 43 g (-1)-13
1 17t 9-41 7H* 0-12 49? 12-77
5 18* 8-49 6+ * (-1)- 12 41° 3-62
10 28" 9- 46 g+ (-6)- 18 35° 6- 59
25 33" 9-53 7* (-9)- 22
50 314 10- 53 7* (-12-12 | 35% 4-53
75 28" 15- 50 2 (-18)- 15
100 18* | 10-41 3 (-11)-12 | 40™ 6- 57
500 30¢ 4- 48
1000 7 2-35
0(-BNF) | 1° 0-3 0 0-3 g° 1- 26

! Significant differences are indicated by superscript letters, © or by stars.

PEG-permeability and Na'-efflux increased following exposure to 75 niv
copper (to 140 and 127 % of control, respectively), whilst conductivity was

unaffected by 25 and 75 mM copper (Table 2).

In monolayers EROD-activity was considerably more sensitive to copper than in
polarised epithelia, but the reason for this is unknown. The low susceptibility of
polarised epithelia, suggests that their capability to metabolise organic pollutants
is retained during exposure to copper. However, the results indicate that changes
of the barrier properties have occurred. We interpret the break-down of the
apical / basolateral resorufin distribution pattern as being due to increases of
epithelial  permesability. This was supported by that Na™-efflux increased
following exposure to 75 M copper. The effect on PEG-permeability indicates
more specifically that the tight junctions were targeted.



Table 2. Copper effects on conductivity, PEG-permeability and Na'-efflux in
polarised gill epithelia

Effect parameter N copper Relative values
% of control

nm Median® Range
Na'-efflux 14 0 100

25 103 35- 162

75 140* 75- 269
PEG-permeability 10 0 100

25 113 68- 255

75 127%** 105- 340
Conductivity 11 0 100

25 100 <43*-235

75 122 43- 299

! Significant differences are indicated by stars. “Beyond the epithelial volt-ohm-
meter limit.

The gill has been suggested to function as a first-pass defence to organic
pollutants (dioxins, PCBs and PAHS), by reducing their bioavailability (i.e.
lipophilicity) before they enter the systemic circulation (Levine and Oris, 1999;
Carlsson et al., 1999). The present findings also support the idea that since the
outermost branchia cell layer is intimately exposed to any hazardous physico-
chemical variations in the surrounding water, these cells would need to have a
high resistance to toxic action. Injury of the respiratory cells would reduce their
plasticity and impair their ability to maintain barrier integrity and thus be an
acute danger for the animal.

In conclusion, the results of this study suggest that both the CYP1A enzyme
activity and the barrier properties of intact polarised gill epithelia have a low
susceptibility to aqueous copper exposure. This could have implications for the
tolerance of sub-letha waterborne pollutants in vivo.
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Juvenile salmonids inhabit a hypoosmotic environment and continuously lose
salts by diffusion and gain water by osmosis. Even in recently hatched yolk sac
fry (or alevins), achievement of hydromineral balance is by absorption of
inorganic ions from the medium, possibly via mitochondrion rich cells on the
body surface while excess water is excreted via the kidney. Alevins and fry
drink freshwater, and although drinking has no obvious physiological function,
it represents aroute for water uptake, as well as for uptake of substances from
the environment. Toxic substances in the water may enter directly viathe body
surface if they are sufficiently lipid-soluble, e.g. organic substances and
unionised ammonia. Some toxins may inhibit ionic absorption processesinion
absorbing cells on the body surface, e.g. zinc, cadmium and the ammonium ion.
Drinking represents another means of toxin presentation, with absorption viathe
gut mucosa, though little is known of thisroute, or its significance.

Cyanobacteria (blue green algae) produce a variety of toxinsin fresh water,
including neurotoxins and endotoxins and one group of cyclic peptides, the
microcystins which are hepatotoxins, has been extensively studied in mammals.
Following ingestion, symptoms include vomiting and diarrhoea followed by
damageto liver parenchyma cells, which may be fatal. There have been fewer
studiesin fish and long term-exposure of brown trout to microcystin resulted in
reduced growth rate and liver damage (Bury et al 1995). Microcystins are not
sufficiently lipid soluble to enter via the body surface, but may enter via
drinking and transport mechanismsin the gut (Bury et al 1997). Fish-kills



sometimes occur during blooms of cyanaobacteria though it is difficult to
attribute mortality to a single cause. Mortality could result from deterioration of
water quality often characterised by lowered oxygen levels, increased anmmonia
and pH levels, and toxins which may be released during senescence of the
bloom.
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Fig 1. Effects of Escherichia coli LPS on drinking rate in juvenile rainbow trout

A variety of other substances are present during blooms and there is recent
interest in lipopolysaccharides (LPS) produced by the cyanobacteriaand
bacteria present in blooms. Our studies aimed to investigate the effects of LPS
on the osmoregulatory physiology of juvenile salmonids, with particular regard
to the role of drinking. Exposure of juvenile rainbow trout to LPS of E.coli
origin by injection, up to 300ng per fish, resulted in significantly increased
drinking athough the effects of crude extracts of Anabaena bloom produced a
less marked effect. It is considered that LPS may contribute significantly to fish
kills. They may enter via the body surface on account of their lipid-solubility
and then, possibly via a cytokine system, stimulate production of nitric oxide
(NO) through stimulation of inducible nitric oxide synthase (iNOS). Increased
levels of NO result in vasodilation, with subsequent stimulation of the renin-
angiotensin system (RAS) and production of angiotensin Il (All), which
stimulated drinking in both fresh water and marine fish (Fuentes and Eddy
1997). Thus cyanobacterial blooms may increase the drinking rate of fish so



allowing increased uptake of toxin viathe gut which could be a contributory
factor in mortalities. Physiological and environmental aspects of these events are
explored.
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Introduction

Fundulus heteroclitus is an estuarine euryhaline fish with the capacity to live in
a wide range of environmental salinities. In its intertidal habitat the fish is
subjected to large and often rapid changes in environmental salinity.
Acclimation to changing environmental salinity requires pre-existing
mechanisms and the ability to respond to changing conditions. Activation of gill
chloride cells and regulation of gill Na“",K*-ATPase are very important for the
acclimation of fish from fresh water to seawater (Wood and Marshall, 1994). In
Fundulus heteroclitus an increase in gill Na",K*-ATPase activity occurs 2-3
days after transfer from hypoosmotic to hyperosmotic conditions (Jacob and
Taylor, 1983). In addition, a more rapid activation of gill Na“",K*-ATPase have
been reported (Towle et al., 1977). However, in the same species Marshall et al.
('99) did not observe any change in this activity following exposure to seawater
The physiological significance and cellular mechanism for the rapid increase in
Na',K*-ATPase activity observed in the gill chloride cell is not clear. The aim
of this study was to analyze the potential mechanisms of rapid activation of gill
Na',K*-ATPasein the euryhaline teleost Fundulus heteroclitus.
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Materials and methods

Fundulus heteroclitus were transferred from low salinity water (LSW, 0.1 ppt
salinity) to SW (35 ppt) and sampled for gill biopsy at 0 h (LSW-acclimated
fish),3h,6h, 12 h, 24 h, 3d and 7 d after transfer. In a second experiment fish
were transferred and sampled at 1 h, 2 h, 3 h and 6 h. The rapid activation in
vitro was examined using different osmolalities (300, 500, 600 and 800
mosm/kg) in gill organ culture. Samples were taken a O h, 3 h and 6 h of
culture. In addition, the influence of several inhibitors (actinomycin D,
cycloheximide and bumetanide at doses of 10, 10° and 10°® M) was analyzed
in gill culture in hyperosmotic medium (600 mosm/kg) to determine the
mechanisms involved in rapid activation of gill Na'K*-ATPase. Na'K'-
ATPase activities were determined using the microassay method of McCormick
(1993). The method of McCormick and Bern (1989) was used to culture
primary gill filaments. Significant differences among groups were tested by one-
way ANOVA followed by Student-Newman-Keuls multiple comparison test.
Two-way ANOVA and Student-Newman-Keuls multiple comparison test were
used to test the significance of time and detergent treatment. Results were
considered significantly different when p<0.05.

Results

Exposure of Fundulus heteroclitus to SW induced arise in gill Na",K*-ATPase
activity 3 h after transfer. After 12 h the values dropped to initial levels but
showed a second significant increase 3 d after transfer. The absence of
detergent in the enzyme assay resulted in lower values of gill Na“",K*-ATPase
and the rapid increase after transfer to SW was not observed (Figure 1). Na',K*-
ATPase activity of gill filaments in vitro for 3 h increased proportionally to the
osmolality of the culture medium (600 mosm/kg > 500 mosm/kg > 300
mosm/kg). Osmolality of 800 mosm/kg resulted in lower gill Na',K*-ATPase
activity relative to 600 mosm/kg. Increasing medium osmolality to 600
mosm/kg with mannitol also increased gill Na',K*-ATPase. Cycloheximide
inhibited the increase in gill Na’",K*-ATPase activity observed in hyperosmotic
medium in a dose-dependent manner (10 M> 10° M> 10° M). Actinomycin D
or bumetanide in the culture (doses of 10, 10° and 10° M) did not affect gill
Na',K*-ATPase (Figure 2). Injection of fish with actinomycin D prior to gill
organ culture, however, prevented the increase in gill Na',K*-ATPase activity in
hyperosmotic media.
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Figure 1. Changes in gill Na'K*-ATPase activity after transfer of Fundulus
heteroclitus from LSW (0 h) to SW (35 ppt salinity). Gill Na'",K'-
ATPase activity was measured with detergent (0.1 % deoxycholic acid;
circle) and without detergent (square). Each point represents mean +
standard error (n=6-7 fish). * indicates significant difference from time
0 (p<0.05, two-way ANOVA test and Student-Newman-Keuls multiple
comparison test). # indicates significant difference between groups at
the same time (p<0.05, t- test).
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Figure 2. Effect of bumetanide and cycloheximide on gill Na'",K'-ATPase
activity after 3 h in culture using hyperosmotic medium (600
mosm/kg). Values are means = standard error (n=4-5). Asterisk
indicates significant difference compared to hyperosmotic control
medium (p<0.05, one-way ANOVA test and Student-Newman-Keuls
multiple comparison test).
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Conclusions

The results of the present papers show a rapid and transitory increase in gill
Na',K*-ATPase activity during first hours after transfer of Fundulus heteroclitus
from LSW to SW. Similar results are obtained in vitro using a gill culture
system after increasing medium osmolality. The origin of this increase in gill
Na',K*-ATPase activity could involve modifications of pump catalytic subunits,
changes in the subcellular distribution of pump units or increase in trandational
or post-trandational kinetics. The results obtained with actinomycin D and
cycloheximide suggests that the rapid activation of gill Na',K*-ATPase activity
in Fundulus heteroclitus is dependent on transcriptional and trandlational
processes.

References

Jacab, W.F. and M.H. Taylor. 1983. The time course of seawater acclimation in
Fundulus heteroclitus L. J. Exp. Zool. 228: 33-39

Marshall, W.S., Emberley, T.R., Singer, T.D., Bryson, SE. and S.D.
McCormick. 1999. Time course of salinity adaptation in a strongly
euryhaline estuarine teleost, Fundulus heteroclitus: a multivariable
approach. J. Exp. Biol. 202: 1535-1544

McCormick, S.D. 1993. Methods for non-lethal gill biopsy and measurement of
Na’,K*-ATPase activity. Can. J. Fish Aquat. Sci. 50: 656-658

McCormick, S.D. and H.A. Bern. 1989. In vitro stimulation of Na'-K*-ATPase
activity and ouabain binding by cortisol in coho salmon gill. Am. J.
Physial. 256: R707-R715

Towle, D.W., Gilman, M.E. and J.D. Hempel. 1977. Rapid modulation of gill
Na'+K *-dependent ATPase activity during rapid acclimation of the
killifish Fundulus heteroclitus to salinity change. J. Exp. Zool. 202:
179-186

Wood, C.M. and W.S. Marshall. 1994. lon balance, acid-base regulation, and

chloride cell function in the common killifish, Fundulus heteroclitus- A
euryhaline estuarine teleost. Estuaries 17: 34-52

14



REGULATION OF IONIC AND OSMOTIC BALANCE
DURING SMOLTING AND DESMOLTING OF HATCHERY -REARED

SAIMAA LANDLOCKED SALMON (Salmo salar m. sebago Girard)

Péivi Kiiskinen
Department of Biology, University of Joensuu
P.O.Box 111, FIN-80101 Joensuu, Finland
Phone: +358 13 2514691, Fax: +358 13 2513590
E-mail: paivi.kiiskinen@joensuu.fi

Heikki Hyvarinen®, Jorma Piironen?
'Department of Biology, University of Joensuu
P.O.Box 111, FIN-80101 Joensuu, Finland
“Finnish Game and Fisheries Institute,
Saimaa Fisheries Research and Aquaculture
FIN-58175 Enonkoski, Finland

EXTENDED ABSTRACT ONLY - DO NOT CITE

Saimaa landlocked salmon (Salmo salar m. sebago Girard) has been isolated in
fresh water at least for severa thousands of years as a consequence of the
isostatic uplift of the landmass following the last ice age. Under natura
conditions this salmon displays a life pattern similar to those of ther
anadromous conspecifics. However, the construction of hydroelectric dams in
the middle of the 1950's and early 1970's destroyed all natural breeding aress.
Hence, the present stock of endangered Saimaa landlocked salmon is maintained
by stocking hatchery-reared smolts near to their previous reproduction areas.
This necessitates detailed studies of parr-smolt transformation under fish farm
conditions.

Physiological changes associated with smolting and desmolting were examined
in one- and two-year-old hatchery-reared Saimaa landlocked salmon. The early
development of the fish was accelerated by increasing the water temperature
from 4 to 8°C from about four weeks after the eyed stage of the embryos until
startfeeding when the ambient temperature reached 8°C. Studies were done in
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one-year-old upper modal and two-year-old lower modal fish as well as in fish
which were not graded into upper and lower modal groups within year classes.
For determination of the smolting stage, the development of external smolt
indices, size and condition factor, muscle lipid content, gill Na',K* -ATPase
activity and plasmaion concentrations (Na', Cl” and Mg”") were measured from
ten randomly selected fish from each group at intervals of about one month in
January-July or April-December. In addition, ten to twenty fish from each group
were exposed to a seawater challenge test (SW test) for 48 h at c¢. 30 %o. Tests
were done at constant 10°C temperature. The mortality, muscle water content
and concentrations of plasma ions (Na*, CI" and Mg*") were determined from
these test fish.

Our results from studies with hatchery reared Saimaa landlocked salmon showed
that transformation processes associated with smolting are similar to those of
anadromous Atlantic salmon (Salmo salar) including typical smolt colouration,
reduced condition factor, decreased muscle lipid content and elevated gill
Na',K* -ATPase activity and hypoosmoregulatory ability. Based on these
parameters smolt status was reached during April-May and May-June in two-
and one-year-old fish, respectively. Interestingly, a transitory reduction in
freshwater osmoregulatory capacity was observed coincident with smolting as
judged by decreased plasma ion concentrations (Na', CI” and Mg?) and high
muscle water content in fresh water. Desmolting was observed after June-July as
indicated by darkening of the scales, increases in condition factor and muscle
lipid content and decrease in gill Na", K™ -ATPase activity. However, no clear
reduction in hypoosmoregulatory ability was observed, but the capacity to
regulate the osmotic and ionic balance in seawater was maintained until late
autumn.

The current research is concentrated on clarifying seasonal changes in structure
of gill chloride cells as well as gill Na',K* -ATPase activity and plasma ion
(Na', CI" and Mg®") concentrations in fish exposed to seawater challenge test for
48-96 h at ambient and 10°C temperatures. Regulation of osmotic and ionic
balance during smolting and desmolting as well as idea of smolting as evidence
of maladaptation of the fish to fresh water will be discussed.

16



CHANGES IN GILL ION TRANSPORT PROTEIN EXPRESSION

ASSOCIATED WITH ENVIRONMENTAL SALINITY. A TALE FROM

THE COHO SALMON (ONCORHYNCHUS KISUTCH)

Jonathan M. Wilson,
Centro Interdisciplinar de Investigacdo Marinha e Ambiental (CIIMAR),
Universidade do Porto, Ruado Campo Alegre 823
4150-180 Porto, Portugal
Ph (351) 22 606 0421 Fax (351) 22 606 0423
Email: wilson jm@cimar.org

A. Wayne Vogl', Bruce L. Tufts? and David J. Randall®
! Department of Anatomy, University of British Columbia, Canada
2 Department of Biology, Queens University, Kingston, Canada
% Department of Zoology, University of British Columbia, Canada V6T 1Z4.

EXTENDED ABSTRACT ONLY - DO NOT CITE
Introduction

The iono regulatory needs of teleost fishes living in fresh water and sea water
are diametrically opposed so animals moving between these environments are
presented with a physiologically challenging situation. These fishes must re-
align their transepithelial ion transport mechanisms to successfully adapt (ion
uptake in freshwater and ion elimination in seawater). A number of salmonid
species make these migrations and have thus been a popular group to study from
both academic and commercial perspectives. lon transport proteins (ATPases,
symporters, antiporters and channels) and paracellular pathways form the basis
of transepithelia ion movements. In the present paper, we will focus on the
distribution of Na“",K*-ATPase, Cl" /HCOs anion exchanger (AE), and Na'/H"
exchanger in the gills (and gut) of juvenile coho salmon (Oncorhynchus kisutch)
which have been raised in fresh water or transferred to sea water. Of interest is
the fate of the freshwater chloride cell (Cl™ uptake utilizing an apical AE; Goss et
al. 1995) in fish transferred to sea water and NHE 2-like protein which appears
to label the accessory cell type which is associated with NaCl elimination.
(Wilson et a. 2000)
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Materials and Methods

Juvenile coho salmon (O. kisutch) raised in freshwater or acclimated to seawater
for 6 weeks were obtained from the Department of Fisheries and Oceans West
Vancouver facility. Six animals were sampled from each group and gill and
intestinal tissue fixed in Bouin's solution and embedded in paraffin. lon
transport proteins were localized using indirect immunofluorescence techniques
employing non-homologous antibodies (Table 1).

Table 1. List of antibodies employed and their sources

Antibody | Antigen | Host | Source
Na',K*-ATPase a-subunit mouse | DSHB’

Na" /H" Exchanger | NHE-2 fusion protein | rabbit | Hoogerwerf et al. 96
Anion Exchanger trout erythrocyte AE1 | rabbit | Cameron et al. 96

*Developmental Studies Hybridoma Bank, University of lowa, USA

Results and Discussion
Anion Exchanger (AE)

In freshwater coho salmon, the branchial epithelium has a typical teleostean
population of mitochondria-rich (MR) cells which show high levels of Na“,K*-
ATPase immunoreactivity (FiglB). A sub-population of these MR cells in the
lamellar epithelium show apical immunoreactivity for the AE1 (arrows; FiglA)
in addition to erythrocytes, which show strong immunoreactivity (FiglA,D).
The AE labeled freshwater MR cells are presumably active in freshwater CI°
uptake (= Chloride Cells; apical ClI-/HCO;™ anion exchanger; Goss et a. 1995,
Wilson et al. 2000).

In coho salmon that have been acclimated to sea water, there is an absence of
AEL1 apical immunoreactivity (FiglD) associated with MR cells (identified by
high Na’,K*-ATPase immunoreactivity) (FiglE). Predictably, the freshwater CI°
uptake cells are lost in the seawater acclimated fishes. Apica AEl
immunoreactivity is, however, observed in enterocytes of seawater acclimated
animals (data not shown). These intestinal cells are presumably involved in the
HCO;" elimination reported by R.W. Wilson et al. 1996.
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Figure 1 Immunohistochemistry of double labeled sections from the gills of
coho samon adapted to either freshwater (ABC) or seawater (DEF)
showing the distributions of the band 3-like anion exchanger (AE1;A,D)
and Na'K*-ATPase (B,E).The corresponding phase contrast images are
shown for orientation (C and F, respectively). Scale bar = 50mm.

Figure 2 Double labeled section of the seawater ad
using arabbit polyclona antibody (597) against the NHE-2 (arrows; A) and
mouse monoclonal antibody against the a subunit of Na',K*-ATPase (B).
The corresponding phase contrast image is shown in (C). Scale Bar= 50 mm

Na*/H™ Exchanger (NHE)

NHE 2-like immunoreactivity is associated with cells in the interlamellar spaces
that do not have high Na',K*-ATPase immunoreactivity (Fig2). These NHE-2
labeled cells appear to be accessory cells on the basis of their morphology and
location. Although typically associated with NaCl elimination in seawater
teleost fishes, these cells are aso found in the freshwater fish sampled. These
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results are consistent with the literature (Pisam and Rambourg 1991). However,
the functional significance of the accessory cell labeling is not clear, although, in
any case, the NHE-2 antibody may prove to be a useful marker for the accessory
cell type in future studies.
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EXTENDED ABSTRACT ONLY - DO NOT CITE

Depending on the salinity of the surrounding environment, gill chloride cells of
euryhaline teleosts may vary in respect to the quantity and types of membrane
transporters they contain. While the Na'™-K*-2Cl" cotransporter has never been
localized to chloride cells, it has been suggested to be present in chloride cells of
teleosts based on the ability of loop diuretics to inhibit the short circuit current
generated by opercular epithelia (Eriksson et al. 1985). Unlike Na',K*-ATPase,
our current models of chloride cells from fresh water and seawater adapted
teleosts suggests that the Na'-K*-2Cl" cotransporter is only present in cells from
seawater-adapted fish.

In Atlantic salmon, smolting and acquisition of salinity tolerance is under

endocrine control. In particular, growth hormone and cortisol have been found
to increase gill Na",K*ATPase activity and salinity tolerance in Atlantic salmon
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(McCormick 1996). While other hormones may also be important for increased
survival during seawater acclimation, these hormones are likely necessary. This
study was conducted in order to determine whether the Na'-K*-2Cl"
cotransporter is present in chloride cells and how its localization and expression
are regulated during smolting, salinity acclimation and following growth
hormone and cortisol treatment.

Immunocytochemistry and immunablotting procedures were performed in order
to localize and quantify the amounts of the cotransporter present within the gill
epithelium of Atlantic salmon. A monoclonal antibody that recognizes the
secretory and absorptive isoforms of the Na“™-K*-2CI" cotransporter (Lytle et al.
1995) was used as a primary antibody for immunocytochemistry and
immunoblots. In order to determine whether the Na'-K*-2CI cotransporter is
present within chloride cells it was colocalized with Na',K *-ATPase through the
use of arabbit polyclonal antibody directed against the a-subunit of Na*,K*-
ATPase (Uraet a. 1996).

The Na'-K*-2Cl" cotransporter was localized to chloride cells and not other cells
in the gill of Atlantic salmon. In parr, only afew chloride cells stained positive
for the cotransporter and these cells appeared on both the primary filaments and
secondary lamellae. Acclimation of parr to 30 ppt seawater increased the
number of large spherical immunoreactive chloride cells on primary filaments,
whereas few cells were stained on the secondary lamellae. |mmunoblots
indicated that parr acclimated to 30 ppt seawater contained more of the
cotransporter than freshwater acclimated parr.

Smoltsin May exhibited larger numbers of immunoreactive cells on primary
filaments and secondary lamellae over levels displayed in pre-smoltsin
February, post-smolts in June and parr in May. Na'-K*-2Cl cotransporter
abundance increased significantly between February and May and declined to
levels found in parr by June. Changes in the abundance of the Na'-K*-2Cl"
cotransporter were similar to that of gill Na',K*-ATPase activity (umoles
ADP/mg protein/hr) before, during and after smolting.

Growth hormone (GH; 5 pg/g), cortisol (F; 50 pg/g) and growth hormone +
cortisol (GH + F) treatments were administered to Atlantic salmon parr to
determine if these hormones regulate the localization and expression of the Na'-
K*-2Cl" cotransporter. F and GH + F treatments resulted in greater numbers of
immunoreactive chloride cells (primary filament and secondary lamellar; cc/pm)
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over levels seen in vehicles. The number of immunoreactive chloride cells on
the primary filament (cc/um) were increased by al three treatments with the
greatest affect amongst the F and GH + F treated fish. Primary filament
immunoreactive chloride cell area (um?%cell) was increased by all three
treatments with the greatest affect in the GH + F treated fish. The shape factor
of primary filament immunoreactive chloride cells was increased with GH + F
treatment only, which indicates that this treatment resulted in the cells becoming
more circular in shape. The number (cc/pm), size (um?/cell) and shape factor of
secondary lamellar immunoreactive chloride cells was not significantly affected
by the three treatments. Gill Na",K *-ATPase activity was elevated by F and GH
+ F treatment only. Immunaoblots indicated that all three treatments (GH, F and
GH + F) resulted in greater levels of the cotransporter compared to the vehicle
with each of the treatments being different aswell (GH + F > F > GH).

In summary, the Na'-K*-2Cl" cotransporter is located in gill chloride cells of
Atlantic salmon and is upregulated during smolting and salinity acclimation.
Smolting and salinity acclimation also resulted in changes in the localization of
the protein; seawater-adapated fish expressed the protein in chloride cells along
the primary filament while smolts expressed the protein in chloride cells on the
primary filament and secondary lamellae. Cortisol and growth hormone
treatment alone increased cotransporter abundance, while both hormones
together had an even greater affect. All three treatments increased the number
and size of primary filament immunoreactive chloride cellswith GH + F
treatment having the greatest affect on size. Primary chloride cell shape was
affected by GH + F treatment only. The hormones (growth hormone and
cortisol), which are important for smolting and the acquisition of salinity
tolerance in Atlantic salmon, and that regulate the expression of Na',K *-
ATPase, are also involved in the regulation of the Na'-K*-2Cl" cotransporter.
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EXTENDED ABSTRACT ONLY - DO NO CITE

Skipjack and yellowfin tuna (Katsuwonus pelamis and Thunnus albacares,
respectively) and dolphin fish (Coryphaena hippurus) have gill blood-water
barriers up to approximately an order of magnitude thinner; and gill surface
areas, ventilation volumes, and cardiac outputs from severa times to up to
almost an order of magnitude greater than those of other teleosts (Perry, 1992;
Bushnell and Jones, 1994). As a consequence, tunas (and presumably also
dolphin fish) exhibit routine oxygen transfer factors (TO,, the rate of O, transfer
from water to blood per unit partial pressure difference between inhalant water
and venous blood) at least an order of magnitude above those of other fishes
(Bushnell and Brill, 1992). We propose that the morpho-physiological
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adaptations which permit tunas to achieve such exceptional TO,s, and maximum
metabolic rates (MMR) that are several times greater than those of other fishes,
should aso result in high water and ion flux rates across the gills and
concomitant high osmoregulatory costs. In other words, we contend that
teleosts which are capable of achieving exceptionally high TO,s and MMR,
necessarily have high standard metabolic rates (SMR) due to elevated rates of
energy expenditure required for osmoregulation. Although osmoregulatory
costs in tunas and dolphin fish have never been measured, studies have
confirmed that these fish al have SMR several times those of other active
teleosts (e.g., Brill, 1987). Previous investigators have shown a link between
Na'-K* ATPase activity in the gills and activity patterns by studying epipelagic
and dugglish deep-sea fishes (Gibbs and Somero, 1990). Based on these
observations, we hypothesize that high-energy-demand fishes (i.e., tunas and
dolphin fish) have elevated gill and intestina Na'-K* ATPase activities to
compensate for the high rates of passive ion and water movements occurring
across their exceptionally large, thin gills.

To test thisidea and indirectly estimate osmoregulatory costs, we measured Na'-
K* ATPase activity (Vi) in homogenates of frozen samples taken from the
gills and intestine of skipjack and yellowfin tunas, and the gills dolphin fish. As
a check of our procedures, we made similar measurements using gill and
intestinal tissue from hybrid red tilapia (Oreochromis mossambicus x O.
niloticus). We also determined gill filament and gut masses so as to be able to
calculate the fraction of the SMR attributable to maxima Na'-K* ATPase
activity.

Contrary to our supposition, we found only small difference in Na'-K* ATPase
activity per unit mass of gill tissue in these four species, athough Na'-K*
ATPase activity per unit mass of intestinal tissue was higher in tilapia (Table 1).
Our results, were, moreover, comparable to values previoudy reported for
tilapia and active marine teleosts .

26



Table 1.

gill Na™-K" ATPase

gill Na™-K" ATPase

(mmolesATPh'g'wet  (mmolesATPh* mg*

weight) protein)
yellowfin tuna 245 + 20, n=13 4.6+ 0.5, n=14
skipjack tuna 217 + 36, n=10 4.2+ 0.8, n=12
dolphin fish 342 + 39, n=7 9.7+ 11,n=12
tilapia 341+ 41, n=7 7.3+0.4,n=13
yellowfin tuna 165 + 16, n=14 34+04,n=15
skipjack tuna 227 + 41, n=10 4.9+ 0.6, n=10
tilapia 439 + 42, n=7 52+ 0.5, n=7

Based on gill and intestinal Na'-K* ATPase activity, we estimate the cost of
osmoregulation to be at most 13 %, and 9 %, of the SMR in yelowfin and
skipjack tuna (respectively), and 63% hybrid red tilapia. Our results, therefore,
do not support our original suppositions. Rather, we conclude: (1) rates of
energy expenditure required for counteracting the passive influx of ions and the
water 10ss occurring across the gills of tunas and dolphin fish are not exceptional
when expressed as a fraction of the SMR; and (2) osmoregulatory costs are not
responsible for the elevated SMR of tunas and dolphin fish.
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Abstract

A cloned cDNA fragment of the rainbow trout gill vacuolar H*-ATPase (H'V-
ATPase; proton pump) B subunit was used as a probe to examine i) its inter-
specific distribution anong marine and freshwater species and ii) its expression
during a variety of acid-base and ionic disturbances. Northern blots of gill total
RNA, performed under conditions of high stringency, revedled cross
hybridisation between the trout probe and 11 of 16 species that were examined.
Cross hybridisation was not observed in the pacific hagfish (Eptatretus stoutii),
Lake Magadi tilapia (Oroechromis alcalicus Grahami), bigfin eelpout (Lycodes
cortezianus), blackfin poacher (Bathyagonus nigripinnus) or freshwater
American edl (Anguilla rostrata).

Acute (3 h) exposure of trout to external hypercapnia (PwCO, = ~7 mm Hg) was
associated with a transient increase after 1 h in gill H-ATPase mRNA levels.
Thus, the increase in gill H-ATPase activity that is known to accompany
hypercapnic acidosisin trout (Lin and Randall 1993) may reflect, at least in part,
its transcriptional or post-transcriptional regulation. Plasma cortisol levels were
elevated in the hypercapnic fish (from 45 + 15 to 83 + 4 ng ml™) and because
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cortisol was previously implicated as a regulator of H*-ATPase activity (Lin and
Randall 1993), mRNA levels were quantified in fish subjected to chronic
cortisol elevation. An increase in plasma cortisol concentration from 90 = 10
(sham implants) to 300 + 60 ng ml™ (cortisol implants) for 4 days was
associated with an approximate doubling of gill H*-ATPase steady-state mRNA
levels.

Exposure of trout for 72 h to ion-poor water caused a persistent reduction in the
concentration of gill H™-ATPase steady-state mRNA.  The functional
significance of this response is unclear but may reflect a reduced rate of Na
uptake across the gill.  These results are discussed with reference to the
physiological role of the branchial H-ATPase in both acid-base and ionic
regulation.

Introduction

The vacuolar H™-ATPase (H"V-ATPase) or proton pump is probably expressed
in al eukaryote cells where it plays a housekeeping role in the acidification of
intracellular organelles (Nelson 1992). However, in addition to its housekeeping
role, the HV-ATPase is thought to be specifically involved in acid-base balance
and ionic regulation in a variety of secretory epithelia (see reviews by Stevens
and Forgac 1997; Forgac 1998; Nelson and Harvey 1999; Wieczorek et al.
1999) including the rainbow trout (Oncorhynchus mykiss) gill (Lin and Randall
1995). Avella and Bornancin (1989) first suggested a physiological role for the
H'V-ATPase in the fish gill. Specifically, it was reasoned using thermodynamic
arguments that the traditional model for Na* uptake across the freshwater fish
gill, involving electroneutral Na'/H* exchange (Krogh 1938), was not tenable.
Instead, it was postulated (Avella and Bornancin, 1989) that Na“ uptake across
the apical membrane of gill epithelial cells was linked energetically to active H*
extrusion via the H'V-ATPase. According to their model, H" secretion across
the apical membrane establishes a favourable electrochemical gradient that
permits the inward entry of Na" through epithelial Na" channels.

Despite scarce empirical evidence for apical membrane Na“ channels, this newer
model for Na" uptake is now generally accepted (Marshall 1995). Less certain,
however, is the epithelial location of the fish gill the H'V-ATPase. Indeed,
arguments have been made for a specific localisation to the chloride cell (Lin
and Randall 1991), the pavement cell (Laurent et al. 1994; Sullivan et al. 1995;
Kultz and Somero 1995; Sullivan, et al. 1996) or both cell types (Lin et al. 1994;
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Lin and Randall 1995; Perry 1997). Regardless of its location, evidence is
accruing that the activity of the H'V-ATPase in the fish gill is regulated in
accordance with acid-base and ionic uptake requirements (Lin and Randall
1995; Perry and Fryer 1997). For example, HV-ATPase activity isincreased in
the trout gill during respiratory acidosis (Lin and Randall 1993; Sullivan et al.
1995) and decreased during seawater exposure (Lin and Randall 1993). Because
cortisol (Lin and Randall 1993) and growth hormone (Perry and Fryer 1997) are
known to influence branchial HV-ATPase activity, the reported changes in its
activity during environmental changes may reflect hormonal regulation.
Changes in H'V-ATPase activity could reflect transcriptional or post-
transcriptional regulation of mMRNA levels and/or translational or post-
transational regulation of HV-ATPase protein activity/localisation. Sullivan et
al. (1996) provided evidence in support of transcriptional/post-transcriptional
regulation by demonstrating, using in situ hybridisation, that the levels of H'V-
ATPase mRNA were increased during exposure of rainbow trout to external
hypercapnia. That study, however, was limited by the use of a heterologous
oligonucleotide probe that was derived from the sequence of bovine renal H*V-
ATPase E subunit. Recently, the B sub-unit of the H'V-ATPase was cloned
from trout gill (Perry et al. 2000) and thus an homologous cDNA probe is now
available to quantitatively assessthe levels of H'V-ATPase mRNA.

In this study, we have used the previously cloned H'V-ATPase cDNA to i)
establish its inter-specific distribution among marine and freshwater species
using northern analysis and ii) assess its expression in rainbow trout gill during a
variety of acid-base, ionic and hormonal disturbances using slot blot analysis.

Materials and Methods
Experimental animals

Rainbow trout (Oncorhynchus mykiss Walbaum; 200-300 g, < 2 years old) of
both sexes were obtained from Linwood Acres Trout Farm. American e€ls,
Anguilla rostrata, of either sex (~ 500 g) and brown bullhead catfish, Ictalurus
nebulosus, (~ 300 g) were obtained from a commercial supplier (Lancaster
Ontario) and were transported on ice (egls) or in oxygenated water (bullhead) to
University of Ottawa. All species were held indoors (using a 12:12-h light-dark
photoperiod cycle) in large 1300 | fiberglass tanks supplied with flowing,
aerated, and dechlorinated tap water. Trout and eel were maintained at a
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temperature of 14°C, bullhead were kept at 20° C.  While trout and bullhead
were fed commercial diets ad libitum on aternate days, eels were not fed.

In addition, total RNA was obtained (courtesy of Dr. Pat Walsh, University of
Miami) from the following species, winter flounder (Pseudopleuronectes
americanus), Pacific hagfish (Eptatretus stoutii), lingcod (Ophiodon elongatus),
long-horned sculpin (Myoxocephalus octodecimspinosus), Lake Magadi tilapia
(Oroechromis alcalicus Grahami), plainfin midshipman (Porichthys notatus),
bigfin eelpout (Lycodes cortezianus), Dover sole (Microstomus pacificus),
shiner perch (Cymatogaster aggregata), green cod (Triglops macellus), gulf
toadfish (Opsanus beta), brown Irish lord (Hemilepidotus spinosus), black
finned poacher (Bathyagonus nigripinnus) and lumpfish (Cyclopterus lumpus).

Experimental protocol

In addition to a broad species survey and an assessment of H'V-ATPase tissue
distribution in rainbow trout, three separate series of experiments were
performed.

1. Exposure to external hypercapnia

To induce rapid respiratory acidosis, separate groups of fish (N = 6 in each
group) were exposed to external hypercapnia for 1, 2 or 3 h. Hypercapnia was
achieved by gassing a water equilibration column with 1.3% CO, in air
(Cameron flowmeter) to reach a fina water PCO, (P,CO,) of ~7.5 mm Hg.
The PyCO, was monitored continuously using a CO, electrode and associated
meter (Cameron Instruments Inc.). Deviations in Py CO, from the target of 7.5
mm Hg were corrected by adjustments of gas and/or water flows through the
equilibration column. Control fish were subjected to continuing normocapnia
for 1- 3h. AtO0, 1, 2, and 3 h, fish were euthanised and perfused with saline to
remove blood from the tissues (Perry et al. 2000). Tissues were removed,
frozenin liquid N, and stored at -80° C until total RNA was prepared.

2. Exposure to ion-poor water
lon-poor water was prepared by mixing tap water with deionised water derived
from a reverse osmosis unit. Regular tap water and the ion-poor water were

analysed daily for Na', Ca?* and K* levels using flame emission spectroscopy
(Varian model 250 atomic absorption spectrophotometer).  For regular tap
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water, the ion concentrations (in mmol 1) were Na" = 0.135, Ca®* = 0.391 and
K* = 0.025. For ion-poor water, the ion concentrations (in mmol 1Y) were Na'
= 0.03 - 0.06, Ca®* = 0.09 - 0.13 and K* = 0.006 - 0.009. Fish were not fed
during the duration (6 - 72 h) of the ion-poor water treatment. Fish were
sacrificed (N = 6 in each group) after 6, 12, 24, 48 and 72 h of exposure to ion-
poor water.

3. Cortisol treatment

Fish were anaesthetised in a 1:12,000 (weight/volume) solution of benzocaine
(ethyl-p-aminobenzoate) cooled to 10° C. After cessation of breathing
movements, the fish was transferred to an operating table and the gills were
irrigated with the same anaesthetic solution throughout the brief period (< 1
min) required to inject cortisol implants. To permit chronic elevation of
circulating cortisol levels to a target level of 200 - 300 ng ml™?, fish were
injected intraperitoneally with 150 mg kg™ body weight (injection volume = 2
ml kg™?) of cortisol (hemisuccinate salt) dissolved in coconut oil (Perry and Reid
1994). Control fish were injected with equivalent volumes of coconut oil.
Control and cortisol-treated fish were kept in separate tanks (100 L) for 4 days
prior to blood sampling and tissue removal (see below).

Fish were killed by a blow to the head and a blood sample (~ 1 ml) was rapidly
withdrawn from the caudal vessels by percutaneous puncture. After
centrifugation (30 sec at 12,000 G), plasma was removed and frozen (-20° C) for
subsequent determination of cortisol levels. Tissues were harvested and
immediately frozen in liquid nitrogen prior to storage at -80° C.

RNA isolation, gel electrophoresis and Northern analysis

Total RNA was isolated by homogenisation in guanidinium thiocyanate
(Chomcyzynski and Sacchi, 1987) as modified by Chomcyzynski and Mackey
(1995).

Northern analysis was performed using an 810 base pair homologous H'V-
ATPase cDNA plasmid insert as the probe (Perry et al. 2000). RNA samples
(20 pg) were incubated in loading buffer at 65° C and el ectrophoresed through
1.5% (w/v) agarose gels in MOPS (morpholinopropanesulfonic acid) buffer
containing 0.6 mol 1™ formaldehyde as described in Sambrook et al. (1989), and
then transferred to GeneScreen” membranes (NEN Life Sciences) by capillary
action (Sambrook et al.1989). Membranes were pre-hybridised at 65°C for 2 - 4
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h in a buffer containing 6 X SSC (0.9 mol I™* NaCl, 0.09 mol I™* sodium citrate,
pH 7.0), 5 X Denhardt's (1 X Denhardt’'s is 0.1% Ficoll 400,000, 0.1%
polyvinylpyrrolidone, 0.1% bovine serum albumin), 100 pg ml ™ single-stranded
herring sperm DNA, 1% sodium dodecy! sulfate (SDS) and 10% dextran sulfate.
After the addition of probe to a concentration of 1 - 2 x 10°%pm ml?,
hybridisation proceeded for 16 h at 65° C in the same solution. Following
hybridisation, the membranes were washed several times at 65° C with 0.1 X
SSC, 0.1% SDS and exposed to BioMax film plus intensifying screen (Kodak)
at -80°C for up to 4 days.

In order to confirm equal loading between samples, membranes were re-probed
with a homologous 3-actin probe (a 514 bp PCR fragment corresponding to 63-
576 of the trout [-actin sequence; GenBank accession #AF254414) under
similar conditions but with an exposure time of hours.

DNA for probes was labelled with [[E *2P] dCTP (Amersham, 370 MBg ml™) by
the random-primer method (Feinberg and Vogelstein, 1983). Unincorporated
nucleotides were removed by spin columns (Sambrook et al. 1989). Prior to
use, the labelled DNA was denatured by boiling for 5 min and then quick chilled
inice.

Slot blot analysis

A dot blot apparatus (Schleicher and Schuell, Minifold 1) was used for semi-
quantitative analysis of H'V-ATPase mRNA levels in fish exposed to (treated
with) hypercapnia, ion-poor water or cortisol. A preliminary series of
experiments revealed that the ratio of H'V-ATPase/R-actin phosphorescence
was constant only over arelatively narrow range of total RNA loaded (0.5 - 2.0
pg). Consequently, all subsequent slot blot experiments used loading quantities
of 0.5 and 1.0 pg total RNA; samples were loaded in duplicate. Thus, for any
given sample, an average H'V-ATPase/R-actin phosphorescence ratio was
obtained using the mean data from both loadings.

After hybridisation and washing (see above), membranes were exposed to a
phosphor screen for > 20 h. The screens were subsequently scanned (BioRad
Molecular Imager FX) and the signals were quantified using associated BioRad
software.  Replicate membranes were probed in a similar manner with
radiolabelled [3-actin but were exposed to the phosphor screens for 30 — 45 min.



Cortisol analysis

Plasma cortisol concentrations were measured on duplicate samples using a
commercial radioimmunoassay kit (ICN).

Statistical analysis

All data are represented as means + 1 SEM unless otherwise stated. Data were
analysed using oneway ANOVA followed by Bonferroni’s multiple
comparison. P values < 0.05 were considered to be statistically significant.
Calculations were performed using the SigmaStat (SPSS; version 2.03) software
package.

Results and Discussion

Northern blots of gill total RNA, performed under conditions of high stringency,
revealed cross hybridisation between the trout probe and 11 of 16 species that
were examined. Cross hybridisation was not observed in the pacific hagfish
(Eptatretus stoutii), Lake Magadi tilapia (Oroechromis alcalicus Grahami),
bigfin eelpout (Lycodes cortezianus), blackfin poacher (Bathyagonus
nigripinnus) or freshwater American eel (Anguilla rostrata). A representative
Northern blot showing distribution of the H'V-ATPase amongst selected fish
species is depicted in Figure 1. The lack of detectable cross hybridisation in
severa of the species cannot be explained by inadequate RNA loading (based on
the more-or-less equivalent intensities of the 18 and 28S ribosomal RNA bands,
data not shown) but may reflect insufficient sequence homology given the

stringent hybridisation conditions that were used. For example, the trout gill
cDNA probe that was used in this study shares 83 — 85% nucleotide identity
with similar regions of the eel swim bladder gas gland tissue H'V-ATPase B2
and B1 isoforms, respectively (Niederstaetter and Pelster, 2000). It isunclear as
to whether this dissimilarity in nucleotide sequence would prevent hybridisation

under stringent conditions.
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Figure 1. Representative Northern blot of gill tissue from selected
fish species showing the degree of cross hybridisation of
vacuolar H'V-ATPase B subunit mRNA. Transfers were
hybridized with atrout H'V-ATPase B subunit cDNA
probe (810 bp). Gelswere loaded with 20 pg per lane of

total RNA obtained from individual fish.
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A representative Northern blot depicting tissue distribution of H'V-ATPase B
subunit mRNA s illustrated in Figure 2. Detectable levels of H-ATPase B
subunit MRNA were observed in al tissues that were examined. H'V-ATPase
MRNA expression was high in the gill, kidney (anterior or posterior), intestine,
heart, spleen and blood but lower in liver and white muscle.
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Figure 2. Northern blot of RNA isolated from selected rainbow trout
(Oncorhynchus mykiss) tissues hybridized with a homologous H*V -
ATPase B subunit cDNA probe (810 base pairs) and/or atrout 3-actin
clone. Gelswere loaded with 20 pg per lane of total RNA obtained from
perfused fish (i.e. blood was removed from tissue via saline perfusion).

Exposure of rainbow trout to external hypercapnia caused a transient elevation
of gill H'V-ATPase mRNA levelsat 1 h (Figure 3). These results are consistent
with data from a preliminary study (Perry et al. 2000) that demonstrated a trend
toward elevated gill H'V-ATPase mRNA levels after 2 h of hypercapnia. It is
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likely, therefore, that the increased activity of branchial HV-ATPase observed
in trout during hypercapnia (Lin and Randall 1993; Sullivan et al. 1995) is
caused, at least in part, by an increase in the steady-state levels of mMRNA. The
most probable cause of the elevated mRNA levels is an increase in gene
transcription. The physiological benefit of increased branchial H'V-ATPase
activity during hypercapniais an associated increase in acid excretion by the gill
(Sullivan et al. 1995) that serves to raise internal pH and thus correct the
hypercapnic acidosis. Although debated, the cell type that is responsible for
increased H* excretion during respiratory acidosis excretion is probably the
pavement cell rather than the chloride cell (Goss et al. 1992; 1995; 1998;
Laurent et al. 1994).

Plasma cortisol levels were elevated in the hypercapnic fish (from 45 + 15 to 83
+ 4 ng ml™) and because cortisol was previously implicated as a regulator of H*-
ATPase activity (Lin and Randall 1993), mRNA levels were quantified in fish
subjected to chronic cortisol elevation. An increase in plasma cortisol
concentration from 90 + 10 (sham implants) to 300 + 60 ng mli™ (cortisol
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Figure 3. Thetemporal effects of external hypercapnia (N = 6 at each sampling
time) on the levels of vacuolar HV-ATPase B subunit mRNA in trout
(Oncorhynchus mykiss) gill tissue. Transfers were hybridized with a
homologous H"V-ATPase B subunit cDNA probe (810 base pairs) or with
ahomologous R-actin clone. Slot blots were loaded with 0.5 or 1.0 ug of
total RNA obtained from perfused fish. * denotes a significant difference
from the control value.
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implants) for 4 days was associated with an approximate doubling of gill H*-
ATPase mRNA levels (Figure 4). Thus, it is conceivable that the rise in cortisol
levels during hypercapnia may act as a trigger for increased H'V-ATPase gene
expression

150 -
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0.50 |

V-ATPase/p-actin

025

0.00

Control Cortisol

Figure 4. The effects of chronic cortisol elevation (N = 6) on the levels of
vacuolar H'V-ATPase B subunit mRNA in trout (Oncorhynchus
mykiss) gill tissue. Transferswere hybridized with a homologous
H'V-ATPase B subunit cDNA probe (810 base pairs) or with a
homol ogous 3-actin clone. Slot blots were loaded with 0.5 or 1.0
pg of total RNA obtained from perfused fish. * denotesa
significant difference from the control value.

Although a previous study has examined the impact of elevating the ionic
composition of freshwater on branchial H'V-ATPase activity (Lin and Randall
1993), thisis the first study to address the effects of reducing the ionic strength
of water. Figure 5 illustrates that exposure of trout to ion-poor water was
associated with a pronounced and sustained decrease in the levels of H'V-
ATPase mRNA in gill tissue. Under normal conditions, there is an obligate
linkage between H* excretion and Na" uptake. In the present study, the level of
Na" in the ambient water was lowered to values well below the Km of the Na'
uptake mechanism and consequently Na“ uptake is depressed under such
conditions (Perry and Laurent 1989). Thus, the decrease in gill H'V-ATPase
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MRNA levels during exposure to ion-poor water may simply reflect a decreased
need to excrete H' in the face of lowered Na“ uptake rates. Interestingly,
exposure of trout to ion-poor water is accompanied by proliferation of chloride
cells on gill lamellae (Perry and Laurent 1989). Thus, the decrease in H'V-
ATPase mRNA levels at such times is further evidence that the pavement cell
may be amore important site of H'V-ATPase expression.
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Figure 5. Thetemporal effects of exposure to ion poor water (N = 6 at each
sampling time) on the levels of vacuolar HV-ATPase B subunit mRNA
in trout (Oncorhynchus mykiss) gill tissue. Transfers were hybridized
with a homologous H'V-ATPase B subunit cDNA probe (810 base pairs)
or with a homologous 3-actin clone. Slot blots were |oaded with 0.5 or
1.0 yg of total RNA obtained from perfused fish. * denotesa
significant difference from the control value.
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Introduction

Eels reared intensively in systems with recirculating water may experience
severe chronic hypercapnia, with water CO, partia pressures (pwCO,)
exceeding 30 mmHg (Steffensen and Lomholt, 1990). This is over 10 times
normal ambient pwCO, in surface waters (1 to 3 mmHg) and would cause heavy
mortalities in cultured salmonids (Fivelstad et al., 1998).

Hypercapnia is stressful for fish because it acidifies the blood and impairs blood
oxygen transport through Bohr and Root effects. Freshwater fish correct acid-
base imbalances through dynamic manipulation of Na" uptake in exchange for
H" (either with a Na'/H" exchanger or via the action of a proton pump and Na*
channel) or CI" uptake in exchange for HCO;™ (a CI'/HCO; exchanger), these
processes occurring almost exclusively at the gills (see Heider, 1993; Lin and
Randall, 1996; Claiborne, 1998, for reviews). Internal acidosis, such as that
elicited by hypercapnia, stimulates Na’/H" exchange or inhibits ClI/HCO;
exchange, causing excretion of acid equivalents to the water, a net accumulation
of HCOs', and compensation of blood pH (Heider, 1993; Claiborne, 1998).
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Most freshwater teleosts rely on inhibition of CI'/HCO; exchange (Heider,
1993; Claiborne, 1998). The el is unusua in that it possesses very low or
undetectable activity of the ClI/HCO; exchanger and seems to rely on
manipulation of Na" influx to correct acidosis and passive Cl° loss to correct
alkalosis (Bornancin et al., 1977; Hyde and Perry, 1987; 1989; Goss and Perry,
1994). It isreported to have arather limited ability to compensate for acidosis,
if compared with Rainbow trout (Hyde and Perry, 1987; 1989).

The acid-base consequences of acute and chronic exposure to severe
hypercapniain the eel were, therefore, investigated. In recirculating eel farms, it
is probable that the eels actually experience chronic diurnal fluctuations in
pwCO, that are linked to daily feeding schedules, rather than chronic exposure
to a fixed degree of hypercapnia. Thus, the effects of chronic diurnal
fluctuations in hypercapnia were a so investigated.

Acute Hypercapnia

Acute exposure to progressive hypercapnia (20 min at pwCO;’s of 10, 20, 40, 60
then 80 mmHg) caused a linear increase in arterial pCO, (paCO,) from 3.5+0.4
mmHg in normocapnia to 44.9+2.6 at pwCO, = 80 mmHg. As can be seen in
the Davenport (fig 1), the increase in paCO, was coupled to a severe decline in
arterial pH (pHa), a decline that paraleled the non-bicarbonate buffer line for
eel plasma (Hyde et al., 1987). The acidosis was linked to a profound (~ 80%)
reduction in arterial total O, content (ca0,), presumably as a conseguence of
Bohr and Root effects. Nonetheless, al of the eels survived the acute
hypercapnia protocol, and exhibited no significant changes in oxygen uptake or
cardiac output.

Chronic Hypercapnia at Fixed Levels

Eels were reared for 6 months at pwCO,’'s of ambient (control), 15, 30 and 45
mmHg, and the effects on plasma acid base status measured. As can be seen in
the Davenport diagram in fig 1, paCO, equilibrated at approximately 2 to 3
mmHg above pwCQO; in the eels in each group, and this was associated with a
progressive decline in pHa, which was significantly lower than the control eels
in all hypercapnic groups. However, asis clear from fig 1, the eels accumul ated
significant amounts of HCO;5 in the plasma, reaching over 70 mmol I in the
animals acclimated to pwCO, = 45 mmHg, such that pHa deviated significantly
from the non-bicarbonate buffer line and, for any given paCO,, pHa was
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significantly higher than under acute exposure conditions. This compensation of
pHa was linked to a higher caO, for any given paCO, in the chronically versus
the acutely exposed animals, such that only animals at pwCO, = 45 mmHg
exhibited a significant hypoxaemia relative to the control eels.

The accumulation of bicarbonate is higher than has hitherto been considered
possible for teleost fish; Heisler (1993) suggested that any accumulation of
HCO, above 30 mmol 1"t would lead to too severe a reduction in plasma
chloride levels. This because the accumulation of HCOy' is linked to the loss of
astrong anion (CI") in order to protect electroneutrality. As can be seen in fig 2,
there was an almost equimolar loss of CI” for every HCO5; accumulated by the
eels exposed to chronic hypercapnia, such that the eels exposed to pwCO, = 45
mmHg had plasma ClI” levels that were 50% of control animals, at around 75
mmol 1. This profound decline in plasma Cl” was not linked to any significant
changes in plasma Na' levels or in plasma osmolarity. The ability of the edl to
tolerate unusually low plasma CI” levels has been described previously (Farrell
and Lutz, 1975).

Given the reported inability of the eel to manipulate CI'/HCOs™ exchange during
extracellular acidosis (Bornancin et a., 1977; Hyde and Perry, 1987; 1989; Goss
and Perry, 1994), the question arises as to how the eels in the current study were
able to accumulate such large amounts of bicarbonate in the plasma. It has been
suggested (Heider, 1993) that the activity of a gill H*-ATPase aone could
compensate an acidosis by removing protons and retaining bicarbonate, these
two formed from the catalysed hydration of CO, in the gill epithelium. Indeed,
Lin and Randall (1993) found that hypercapnia caused an increase in H*-ATPase
activity in trout gills. However, chronic hypercapnia had no such effect on H*-
ATPase activity in ed gills when assayed by the same technique, although it did
cause an increase in Na'K*-ATPase activity. Goss and Perry (1994) found
evidence that the eel may regulate passive efflux of Na“ versus CI” to regulate
strong ion difference. Thus, the hypercapnic eels may have let plasma CI°
decline through loss to the water, and thereby accumulated HCO;3™ as a passive
consequence of electroneutrality
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Figure 1. Davenport diagram showing the relationship between mean (= SE)
arterial pH and bicarbonate concentration in eels exposed to acute
hypercapnia (black circles), chronic fixed-level hypercapnia (black
squares) and chronic diurnal fluctuations in hypercapnia (open symbols
—squares = 5to 15 mmHg pwCO,; triangles = 5 to 25; diamonds = 5to
35; circles = controls). See text for futher details. n = between 4 and 7.
Dotted line = non-bicarbonate buffer line for eel plasma (Hyde et al.
1987); curved solid lines are pCO, isopleths.
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Figure 2. Relationship between plasma bicarbonate and chloride levels in eels
exposed to chronic hypercapnia (pwCO, = ambient, 15; 30 or 45
mmHg for 6 months). Black symbols are individual points; white
symbols are mean (= SE) for each group (n = 4 to 6). Regression line
describes linear relationship between individual data points, y = -
0.818x + 123, r* = 0.536.

Despite the chronic extracellular acid-base disturbances, the eels regulated
intracellular pH unchanged in muscle, liver and heart. As a consequence,
calculation of tissue HCO;™ levels indicated that they would not have risen above
approximately 25 mmol |, so that intracellular CI” levels would not have fallen
to potentially dangerous levels (Heisler, 1993).

Chronic fluctuating hypercapnia
Eels were reared for 6 months with daily fluctuations in pwCO,, of 5 to 15; 5 to

25, and 5 to 35, with the peak at 23:00 and the low at 11:00. Under these
circumstances the animals exhibited diurna fluctuations in acid-base status. As
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can be seen from figure 1, the diurnal increase in pwCO, and paCO, was linked
to a reduction in pHa, which paralleled the non-bicarbonate buffer line for eel
plasma (Hyde et a., 1987). This indicates that under fluctuating conditions the
animals were not able to accumulate bicarbonate as effectively as when exposed
to fixed hypercapnic conditions. Both at the low and high point, the eels were
acidotic relative to control animals maintained at ambient pwCO,. The acidosis
was linked to chronic and quite severe hypoxaemia in al hypercapnic groups,
relative to the control eels, although caO, did not fluctuate with the diurna
changesin pHa. It is atestament to the hardiness of the species that they were
able to tolerate such severe diurnal acid-base disturbances and chronic
hypoxaemia.

The diurnal fluctuations in pwCO2 and plasma HCO; were linked to
fluctuations in plasma Cl” levels, of up to 10 mmol™ in the edls exposed to the 5
to 35 mmHg pwCO, regime (figure 3). This diurna rise in CI" as paCO, and
plasma HCOj; fell is difficult to explain given the reported absence of branchial
HCO;/CI" exchange in the eel (Bornancin et a., 1977; Hyde and Perry, 1987;
1989; Goss and Perry, 1994).

Indicators of stress during chronic hypercapnia

In the eels exposed to chronic fixed hypercapnia, there were no indicators of
stress such as elevated plasma cortisol or catecholamine levels, increased
metabolic rate, or impaired exercise performance. This, however, was not true
of the animals exposed to fluctuating hypercapnia. These exhibited a diurnal
catecholamine rel ease associated with the high point of the pwCO; cycle, a clear
primary stress indicator.  Although there was no effect of fluctuating
hypercapania on metabolic rate, exercise performance was compromised in all
hypercapnic groups relative to the control egls, when measured at the low point
of the fluctuating cycle. Thus, fluctuating hypercapnia is significantly more
stressful to the eel than is fixed hypercapnia. Nonetheless, the absence of any
differences in standard metabolic rate amongst the hypercapnic groups may
indicate that acid-base regulation has a very low metabolic cost for the edl.
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Figure 3. Relationship between plasma bicarbonate and chloride levels in eels
exposed to chronic fluctuating hypercapnia (pwCO, = ambient, 5 to 15;
510 25 and 5 to 35 mmHg, with peak at 23:00 and low at 11:00, for 6
months). Black symbols are individual points; white symbols are mean
for each group (n = 6, squares = 5 to 15; triangles = 5 to 25; diamonds
= 5 to 35 and circles = ambient). Regression line describes linear
relationship between individual data points, y = -0.971x + 120, r? =
0.340.

Concluding Remarks

The results indicate that the edl is exceptionally tolerant of hypercapnia and the
associated acidosis and hypoxaemia. The ability of the eel to tolerate such
hypercapnic insults, including fluctuating hypercapnia, may be linked to their
ability to survive (and exercise) in air when they migrate through wet vegetation
in search of new habitats (Tesch, 1972; Berg and Steen, 1965; Hyde and Perry,
1987; Hyde et al., 1987). Hyde et al. (1987) showed that during air exposure the
gills are no longer able to remove metabolic CO, and the animals exhibit a
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mixed respiratory (i.e. hypercapnic) and metabolic acidosis. These authors
noted the unusual tolerance of the animals for chronic hypoxaemia (Hyde et al.,
1987). The evolution of the ability to survive what may be profound acid-base
imbalances during air-exposure, particularly if associated with exercise, may,
therefore, have pre-adapted the eel to the demanding conditions of intensive
culture in recirculating systems.
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Many teleosts adopt the strategies of detoxifying ammonia to urea and/or
glutamine during ammonia loading situations (Mommsen and Walsh, 1991). To
date, only the mudskipper Periophthalmodon schlosseri is known to actively
excrete ammonium ion in conditions of elevated ambient anmonia (Randall et
al., 2000). Using artificial burrows made of rubber hose, we demonstrated that
P. schlosseri was capable of sequestering at least 10 mM of ammonia to the
external environment. Active pumping of NH," is energetically much more
efficient than turning ammonia into urea or glutamine. One mole of ATP is
utilized for every two moles of NH," eiminated. However, for such a
mechanism to function, there must be means for the fish to prevent the back
diffusion of NH;3 once the level of ammonia builds up in the environment.
Therefore, it is logical to assume that this mudskipper would possess plasma
membranes relatively impermeable to NH; and/or be capable of acidifying the
external medium to keep NH," in the ionized form.

Our results verified that P. schlosseri was capable of manipulating the pH of the
external medium. When placed in three and a half times its own volume of 50%
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seawater at pH 8 and pH 9 in the presence of 2 mM Tris buffer, P. schlosseri
could lower the external pH by 0.6 and 1.30 units, respectively, within 6 h.
Stabilization of pH at a value aound 7 occurred after approximately 12 h. This
acidification occurred even if carbon dioxide excretion is removed by aeration.

Furthermore, P. schlosseri responsed to the presence of NH,CI in the externa
medium by increasing the rate of excretion of proton equivalent. This unique
capability of P. schlosseri to excrete proton equivalents in response to the
presence of ammonia in the external medium would maintain the actively
excreted NH,4" in the ionized form and prevent it from diffusing back to the
tissues as NHs.

In its natural habitat, acidification of a small amount of burrow water by P.
schlosseri is feasible since the burrow is poorly flushed. Mudskippers are the
only fish known to rear the developing embryos in their burrows. The growth of
embryos requires the mobilization of yolk and results in ammonia production
and accumulation in the burrow water. Acidification of the burrow water lowers
the concentration of NH3 in the externad medium and therefore reduces the
toxicity of ammoniato both the embryos and the fish themselves.
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EXTENDED ABSTRACT ONLY - DO NOT CITE

The mudskipper, Periophthalmodon schlosseri, can survive air exposure for
seven days, but drowns if denied access to air. This fish holds large volumes of
air in its buccal cavity and exchanges gases across the buccal and opercular
epithelium between blood and air. The gills are not involved in gas transfer
(Wilson et al., 1999;) but are involved in ammonium ion transport.
Periophthalmodon schlosseri can tolerate ammonia concentrations of over
100mM NH,4CI in an external environment of 50% seawater (Peng et a., 1998).
It appears that P. schlosseri is able to tolerate high environmental ammonia
concentrations by actively excreting ammonium ions across the gills, thereby
maintaining low tissue ammonia concentrations (Randall et al., 1999).
Immunohistological studies (Wilson et al., 2000) have resulted in the
localization of a number of transport proteinsin the mitochondrial rich cells of
the mudskipper gills (Figure 1). The possible role of these transport proteinsin
active ammonia excretion across the Periophthalmodon schlosseri gill will be
discussed.
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Figure 1. Schematic of the mitochondrial rich cell of the gills of the mudskipper,
Periophthalmodon schlosseri, showing the probable location of various
transport proteins. CFTR, anion channel; NKA, sodium/potassium
ATPase; v-ATPase, proton ATPase; NHE, sodium/proton exchange;
NKCC, sodium/potassium/2chloride cotransport.
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Abstract

HCO;s™ entry into the red blood cell is thought to be the rate-limiting step in CO,
excretion in fish. By theory, the addition of bovine carbonic anhydrase (CA) to
the circulation should provide an extracellular site for HCO; dehydration,
enhancing CO, excretion, and lowering the post-branchial blood CO, tension
(PaC0O,). In agreement with theory, intravascular injection of bovine CA (5 mg
kg?) into rainbow trout caused a small but significant reduction in PaCO,. The
contribution of extracellular HCO;™ dehydration to CO, excretion may, however,
be limited by proton availability owing to the low nonbicarbonate buffering
capacity ([3) of trout plasma. To test this hypothesis, the effect on the plasma
HCO;s" dehydration rate of manipulating plasma 3 using HEPES was examined
both in vivo and in vitro. In vivo, a greater than three-fold increase in plasma 3
(from -3.8t0 -14 mmol L™ pH unit™) had no significant impact on the extent of
the PaCO, decrease following CA injection. However, an increase in plasma 3
from -4.9 to -12 mmol L™ pH unit™ increased the in vitro HCO; dehydration
rate of separated plasma significantly in both the absence and presence of bovine
CA. These data suggest that HCO;™ dehydration in fish plasma is limited by
proton availability. Under normal conditions in vivo, however, treatment with
HEPES to increase plasma buffering capacity has little effect on the decrease in
PaCO, achieved by the addition of bovine CA to the circulation of the fish
because proton availability for HCO5;™ dehydration is so much greater in the red
cell owing to both the buffering power of haemoglobin, and the oxylabile
release of protons from haemoglobin (Haldane effect).
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Introduction

CO, excretion in rainbow trout (Oncorhynchus mykiss) follows the typical
vertebrate pattern, in which the mgjority of CO; is carried as HCO;3™ ions in the
blood plasma (reviewed by Perry, 1986; Tufts and Perry, 1998). At the dills,
HCO; ions enter the red blood cell (RBC) via a CI'/THCO; exchanger (AEL or
band 3 protein) and are dehydrated to molecular CO,, which then diffuses out of
the blood to the ventilatory water along its partial pressure gradient. The
protons required for HCO;™ dehydration are provided primarily by haemoglobin,
either through its buffering capacity or the Haldane effect, and the dehydration
reaction is catalysed by RBC carbonic anhydrase (CA). The rate-limiting step in
this process is thought to be HCO;™ entry in the RBC via the anion exchanger
(Perry and Gilmour, 1993, reviewed by Tufts and Perry, 1998). Because plasma
CO; reactions in rainbow trout do not have access to extracellular CA activity at
the gills (Perry et al., 1997; Gilmour et a., 1999), all catalysed HCO;
dehydration for CO, excretion must take place through the RBC. HCO;
dehydration in the plasma occurs at the uncatalysed rate and therefore makes a
negligible contribution to CO, excretion owing to the brief residence time of
blood in the gill [~1-3 sec (Cameron and Polhemus, 1974) versus ~25-90 sec for
the half-time of the uncatalysed HCO; dehydration reaction at fish body
temperatures (Perry, 1986)].

Given that CO, excretion is limited by HCO;3™ entry into the RBC, the addition
of CA to the blood plasma of rainbow trout would be predicted to enhance CO,
excretion by providing an extracellular site for HCO; dehydration. However,
experimental results to date do not appear to support this prediction. Wood and
Munger (1994) found that the effects of CA injection (10 mg kg™) injection into
resting rainbow trout were similar to those of saline injection - very minor
decreases in arterid CO, tension (PaCO,) and HCOs; concentration and
increases in arterial pH (pHa) were observed, changes that were close to the
limit of reliable detection. Similar results (small increases in pHa, little or no
change in PaCO, or blood total CO, content) were obtained by Lessard et al.
(1995) and Gilmour et al. (1994).

The apparent lack of significant effect of exogenous CA injection on CO,
excretion in trout may be the consequence of limited proton availability in
plasma. The nonbicarbonate buffering capacity (13) of separated trout plasmais
-2.6 mmol L™ pH unit™, whereas that of whole blood (at a haematocrit of 25%)
is-9.7 mmol L™ pH unit™ (Wood et d., 1982), the higher value for whole blood
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reflecting the buffering properties of haemoglobin. Because the dehydration of
one mole of HCO;™ consumes one mole of H*, HCO5™ dehydration in the plasma
of rainbow trout may be limited by proton availability owing to the relatively
low plasma buffering capacity. Thus, the objective of the present study was to
test the hypothesis that an increase in plasma nonbicarbonate buffering capacity
would increase the extent to which exogenous CA activity enhanced (plasma)
HCO;s" dehydration in rainbow trout both in vivo and in vitro.

Materials and Methods
Experimental animals.

Rainbow trout were obtained from Linwood Acres Trout Farm (Campbellcroft,
ON) and maintained on a 12L:12D photoperiod in large fibreglass aguaria
supplied with flowing, aerated and dechlorinated City of Ottawa tap water at
13°C. Trout were fed to satiation on aternate days with commercia trout
pellets and food was withheld for 24 h prior to experimentation. Two groups of
fish were used; one group (N = 13) acted as blood donors for in vitro
experiments while blood respiratory variables were measured in vivo using an
extracorporeal arterial blood loop on the second group of fish [mass = 527 + 22
(mean £ SEM); N = 48].

Surgical procedures.

All fish were anaesthetised in an aerated solution of benzocaine (ethyl-p-
aminobenzoate; 0.1 g L™) and then transferred to an operating table that
permitted the gills to be irrigated with the same anaesthetic solution throughout
the surgery. For the fish used as blood donors for in vitro experiments, a single
indwelling polyethylene cannula (Clay-Adams PE 50) was inserted into the
dorsal aorta according to the basic method of Soivio et a. (1975). For
continuous measurements of blood respiratory variables in vivo using the
extracorporeal loop, the cauda vein and caudal artery were cannulated.
Cannulation of the caudal vessals involved making a lateral incision at the level
of the caudal peduncle so as to separate the epaxial and hypaxial musculature
and expose the haemal arch. Catheters (PES0) were then fed into the caudal
artery and vein in the anterior direction and were secured with ligatures to the
skin; the incision was tightly closed with silk sutures. Small (1 cm?) brass plates
were dtitched to the external surface of each operculum to alow the
measurement of ventilation parameters using an impedance converter. After
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surgery, fish were transferred to individual opague acrylic boxes supplied with
aerated, flowing water for a 24 h recovery period. Cannulae were flushed with
heparinised (100 i.u. mL™* sodium heparin) Cortland saline.

Experimental protocol — In vitro experiments.

The objective of this series of experiments was to assess HCO; dehydration
rates in vitro in separated plasma under various conditions of (3, CA activity and
plasma HCO; concentrations ([HCOs;]). HCO; dehydration rates were
measured using the radioisotopic assay of Wood and Pery (1991).
Approximately 30 mL of separated plasma was required for a typical single
experimental run (i.e. N = 1). Thus, it was necessary to use pooled blood
obtained by dow withdrawa from the dorsal aortic cannulae of 2-3 fish.
Following blood withdrawal/pooling and separation by brief centrifugation to
obtain plasma, 1.2 mL of 180 mmol L™ HEPES was added to one half of the
plasma pool to achieve a nominal final concentration of 10 mmol L™ HEPES; B
was measured for both the control (i.e. naturally-occurring 3) and HEPES-
treated plasma (see below). For each 3, three levels of CA activity (0, 0.001 and
1 mg mL™) and two levels of HCO; (nominally 10 and 15 mmol L™) were
tested. Bovine CA was added (50 Wl injection volume, bovine CA dissolved in
saline) immediately prior to assaying the sample. Plasma HCO;™ levels were
elevated abruptly at the start of the assay by ‘spiking’ the plasma with 10 or 20
uL of isotope prepared in 500 mmol L™ NaHCO;. The nominal HCO; levels
were verified by analysing the plasma total CO, concentration (CCO,); actual
HCO; concentrations were 11.0 + 0.3 (48) and 15.5 + 0.3 (48) mmol L™ [mean
+ SEM (N)]. Plasma pH was measured prior to and following the assay (pH
glass and reference electrodes in a thermostatted blood gas cell connected to a
blood gas anayser; Cameron Instruments).

The radioisotopic HCO;™ dehydration assay was carried out as described by
Wood and Perry (1991). In brief, plasma samples (0.8 mL) were equilibrated
with a humidified gas mixture of 0.5% CO, in ar (GF-3/MP gas mixing
flowmeter; Cameron Instruments) for 60 min in a shaking water bath held at
10°C. To start the assay, 74 kBq of sodium [**C]bicarbonate was added to each
sample and the vial containing the sample was then immediately sealed with a
cap containing a CO, trap (a filter paper impregnated with 150 pL hyamine
hydroxide). At the end of the 3 min assay period, filter paper and plasma *“C
activities were determined by liquid scintillation counting (Packard TR 2500)
with automatic quench correction. Filter papers were counted in 10 mL of Bio-



Safe NA (Research Products Int.) while 50 pL of plasma was counted in 10 mL
of ACS (Amersham) scintillation cocktail. Plasma CCO, was measured on 20
pL duplicate samples (Capni-Con 5 total CO, analyser; Cameron Instruments).
The HCO; dehydration rate for each vial was then calculated by dividing filter
paper *C activity by plasma specific activity and time.

Experimental protocol — In vivo experiments.

The objective of this series of experiments was to assess the effects of
exogenous CA injection on CO, excretion in vivo under normal conditions and
following elevation of plasma 3 by trestment with HEPES. CO, excretion was
assessed indirectly by monitoring arterial CO, tension (PaCO,) and pH (pHa) for
90 min following the intra-arterial injection of either 5 mg kg™ bovine CA (in 1
mL saline) or the saline vehicle only. The effects of these treatments in fish at
their naturally-occurring plasma 3 were compared with those in fish that had
received an injection of HEPES (2 mL kg™ of 1.5 mol L™ stock solution to
achieve a nominal fina circulation concentration of 10 mmol L™ HEPES) to
elevate plasma 3 2 h prior to CA or saline injection; plasma 3 was measured at
the end of each experiment.

Blood respiratory variables were measured using an extracorporeal shunt in
which blood was withdrawn from the caudal artery cannula and passed by
means of a peristaltic pump through an external circuit containing pH, PCO, and
PO, electrodes (Thomas, 1994). The flow rate through the external loop, which
contained approximately 1 mL of blood, was 0.40 mL min®. To prevent
clotting, the circuit was rinsed with at least 10 mL of heparinised (540 i.u. mL™)
saline before initiating the blood flow. Arterial blood pH, PCO, and PO, were
monitored using Radiometer or Cameron Instruments (CO,, O,), and Metrohm
(pH) electrodes housed in thermostatted cuvettes and connected to a blood gas
analyser (Cameron Instruments). Blood gas electrodes were calibrated by
pumping water equilibrated with appropriate gas mixtures (supplied by a GF-
3/MP gas mixing flowmeter; Cameron Instruments) through the circuit;
precision buffer solutions were used to calibrate the pH electrode. 1n addition to
the blood respiratory variables, the frequency and amplitude of opercular
displacements were assessed as an index of ventilation using a custom-built
impedance converter that measured the changes in impedance between the
electrodes sutured to the opercula.  All analog signals (blood gases and
impedance) were converted to digital data by interfacing with a data acquisition
system (Biopac Systems Inc.) using Acknowledge™ data acquisition software
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and a Pentium™ PC. Thus, continuous data recording were obtained for blood
gases (PaO,, PaCO,) and pH (pHa) as well as ventilation frequency (Vi
autometic rate calculation from the raw impedance trace) and amplitude (Vamp,
the difference between maximum and minimum impedance values).

Measurement of plasma nonbicarbonate buffering capacity.

To measure plasma 3 in either series of experiments, a plasma sample of
approximately 3 mL was gassed first with CO, for 5 min and then several times
briefly with air. Following each equilibration, approximately 0.7 mL of plasma
were withdrawn and analysed for CCO, (20 pL in duplicate; Capni-Con 5 total
CO, anayser; Cameron Instruments) and pH (pH glass and reference el ectrodes
in a thermostatted blood gas cell connected to a blood gas analyser; Cameron
Instruments). Total CO, was plotted against pH and the nonbicarbonate
buffering capacity was taken as the slope of the resultant linear regression line.

Statistical analysis.

Data are presented as means * 1 standard error of the mean (SEM) (N). For in
vivo experiments, mean blood gas and ventilatory data were compiled for 2 min
periods at time = 0, immediately prior to saline or CA injection, and time = 90
min after saline or CA injection. Differences between the time = 0 and time =
90 min samples within a treatment were analysed statistically using a paired
Student’s t-test. A two-way repeated measures ANOVA followed by Tukey’'s
post-hoc multiple comparisons test (as appropriate) was used to anayse the in
vitro data for statistically-significant differences. In al cases, the fiducial limit
of significance was 5%.

Results and Discussion

The addition of bovine CA to the circulation of rainbow trout resulted in a small,
but significant, decrease in PaCO, coupled with a corresponding (non-
significant) increase in pHa, whereas saline injection was without effect on
either variable (Table 1). However, while HEPES treatment was successful in
elevating the nonbicarbonate buffer capacity of the plasma more than three-fold
(a significant increase from -3.82 + 0.38 to -14.0 = 2.76 mmol L™ pH unit®;
unpaired Student’s t-test, P < 0.05), this increase in plasma I3 did not enhance
the effect of CA injection in vivo. Asin fish of normal plasma 3, CA injection
in HEPES-treated trout was associated with a small, significant decrease in
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PaCO, of about 0.2 Torr (Table 1). Again, saline injection was without effect on
either PaCO, or pHa (Table 1), and ventilation in all groups was unaffected by
either saline or CA injection (data not shown).

Table 1. Theeffect of saline or bovine CA (5 mg kg™) injection on arterial
PCO, and pH in control fish and fish treated with HEPES to elevated
plasma nonbicarbonate buffer capacity.

pHa PaCO, (Torr)
Treatment Time=0 | Time=90 | Time=0 | Time=90
min min min min
Control 3, saline (12) | 7.92+0.02 | 792+ 0.02 | 2.01+£0.15 | 1.95+ 0.14
Control 3, CA (22) 7.90+0.02| 793+0.03 | 254+0.17 | 230+ 0.16*
High B3, saline (6) 7.80+0.05| 7.83+0.04 | 2.22+0.19 | 230+ 0.17
High B, CA (8) 7.94+0.03| 795+0.04 | 1.73+0.16 |1.54 + 0.15*

* indicates a significant difference (paired t-test, P < 0.05) within a treatment
from the corresponding time = 0 value.

On the basis of these data, it is clear that the addition of exogenous CA to the
circulation of rainbow trout enhances CO, excretion, presumably by providing
an extracellular site for HCO; dehydration. However, the extent to which
exogenous CA enhanced CO, excretion was limited, nor was this limitation
relieved by increasing the plasma nonbicarbonate buffering capacity. There are
at least two plausible explanations for these results: (1) CO, excretion in vivo
under resting conditions is not limited to a significant extent by the rate of anion
exchange across the RBC, and hence bypassing this step through the addition of
extracellular CA to the circulation has little or no effect on PaCO,; or (2) HCO3
dehydration in the plasma is limited by proton availability, even under
conditions of elevated plasma 3, or is limited by some factor other than proton
availability.

The possibility that CO, excretion in vivo under resting conditions is not limited
by access of plasma HCO;' to red cell CA via Cl'/HCO;™ exchange was aso
raised by Wood and Munger (1994) to explain the negligible effect of CA
injection on resting PaCO; in their experiments. By contrast, the large,
significant elevation of PaCO, that normally follows exhaustive exercise was
attenuated by 50% in rainbow trout treated with CA prior to exercise, suggesting
that the rate of anion exchange is limiting under conditions of elevated CO,
production (Wood and Munger, 1994). Similarly, Lessard et al. (1995) found
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little effect of CA injection in rainbow trout under normoxic conditions but
calculated that PaCO, would be decreased significantly (by ~1 Torr) by CA
infusion during hypoxia, suggesting that the rate of anion exchange would be
limiting under conditions of elevated CO, excretion. The hypothesisthat CO,
excretion in vivo is limited by entry of plasma HCOs' into the red cell only under
conditions of elevated CO, production or excretion is attractive in terms of
explaining the small effect of CA injection on PaCO, under resting, normoxic
conditions observed in the present study and the lack of effect observed
previously (Wood and Munger, 1994; Lessard et al., 1995). However, this
hypothesis also necessitates that some other factor in the CO, excretion pathway
acts to limit CO, excretion under normoxic conditions at rest, and it is difficult
to conceive of what this factor would be. CO, diffusion in biological mediais
rapid and should never be rate-limiting during the course of CO, transfer
(Swenson, 1990), yet CO, excretion in vivo is thought to behave as a diffusion-
limited system (Malte and Weber, 1985; Julio et al., 2000). Recently, the
apparent diffusion limitations on CO, excretion in fish were demonstrated
experimentally to be the consequence of chemical reaction limitations (Julio et
al., 2000). Julio et al. (2000) found that the increase in PaCO, dlicited by
reducing the surface area for gas exchange using gill ligation in rainbow trout
could be reversed by treatment of the fish with bovine CA. The demonstration
that CO, excretion in vivo is limited by chemical reaction kinetics, coupled with
the fact that CA injection into normoxic, resting rainbow trout does a produce
significant decrease in PaCO, (Table 1), confirm that HCO; entry to the RBC
viathe anion exchanger is indeed the rate limiting step in CO, excretion in vivo.

Given CI'/THCO; exchange as the rate-limiting step in CO, excretion in vivo, it
might be expected that bypassing this step by providing a site for extracellular
HCO;s" dehydration at the catalysed rate would result in larger decreasesin
PaCO, than have been measured experimentally (Table 1; Wood and Munger,
1994; Lessard et al., 1995). The small effect of CA injection on PaCO, in vivo
suggests that HCO3™ dehydration in the plasmais limited by some factor, and an
obvious candidate for such afactor is the plasma nonbicarbonate buffering
capacity, since each mole of HCOj;™ ions dehydrated requires a mole of protons.
Typically, the arterial-venous difference in blood total CO, concentration in
rainbow trout is about 1.5 mmol L™ (Brauner, 1995). This clearance of CO, as
the blood passes through the gills is accompanied by a decrease in PCO, from
about 3.7 Torr in the pre-branchial blood to about 2.3 Torr in the post-branchial
blood (Tufts and Perry, 1998). The arterial-venous pH difference is dependent
upon avariety of environmental factors (Brauner and Randall, 1998), but tends
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to be small under resting, normoxic conditions (arterial pH > venous pH)
(Brauner, 1995). Thus, under normal conditions, ~1.5 mmol L™ HCO; islost
from the plasmawith little change in pH (Fig. 1); the 1.5 mmol L™ H* required
for HCO;3™ dehydration is provided by the buffering capacity of haemoglobin and
by Bohr protons released from haemoglobin during oxygenation (Tufts and
Perry, 1998; Brauner and Randall, 1998). However, were HCO;™ dehydration to
take place only in the plasma, where Bis-2.6 mmol L™ pH unit™ (rather than the
whole blood value of -9.7 mmol L™ pH unit?), adecreasein PCO, from 3.7 to
2.3 Torr would dlicit only an approximately 0.5 mmol L™ decrease in plasma
HCOs'; a1.5 mmol L™ change in the plasma HCO5 concentration would require
an approximately 6 Torr decrease in PCO, together with a 0.5 unit pH change
(Fig. 1). Clearly, by theory the low buffering capacity of the plasmawill limit
proton availability and hence constrain the extent of HCO3™ dehydration that can

take place in this compartment.
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Figure 1. A pH-HCO; diagram foF:-irai nbow trout at 13°C. The PCO, for a
given combination of pH and [HCO5] was calculated using the
Henderson-Hassel bal ch equation and the appropriate values for pK’
and aCO, (Boutilier et a., 1984). Venous (dashed line) and arterial
(dot-dash line) PCO, vaues for rainbow trout were drawn from
Tufts and Perry (1998). Buffer linesfor rainbow trout whole blood
(dotted line) and separated plasma (solid line) were constructed
using buffer values, 3, derived by Wood et a. (1982). DJHCO;3]
and DpH for the arterial-venous PCO, decrease at each 3 are drawn.

69



Theresults of the in vitro experiment support the hypothesis that proton
availability limits HCOj3™ dehydration in rainbow trout plasma. HCOs’
dehydration rates of separated plasma at the natural buffering capacity of the
fish or at elevated buffering capacity (HEPES-treated plasma) were measured at
three levels of CA activity and two HCO3 concentrations using the radioisotopic
assay of Wood and Perry (1991). As expected on the basis of previous studies
(e.g. Wood and Perry, 1991; Perry and Gilmour, 1993), the HCO;5™ dehydration
rate for separated plasmawas low in the absence of added CA activity and
increased in a dose-dependent fashion with added bovine CA (Fig. 2).
Manipulation of the plasma HCO; concentration had little effect on plasma
HCO;s" dehydration rates at any CA level (Fig. 2), afinding similar to that of
Perry and Gilmour (1993). However, addition of 10 mmol L™ HEPES to
separated plasma to elevate the nonbicarbonate buffer capacity from -4.9 £ 0.7
t0-12.1 + 1.4 mmol L™ pH unit™, asignificant (paired Student’st-test, P < 0.05)
approximately 2.5-fold rise, increased the HCO;™ dehydration rate significantly
at al CA levels (Fig. 2). Moreover, the higher HCO5™ dehydration ratesin
HEPES-treated plasma samples were achieved with plasma pH increases that
were generally smaller, although not significantly so, than thosein plasma
samples at the naturally-occurring buffer capacity (Table 2), despite the
presumably greater consumption of protons to support the higher HCO3
dehydration rates.

Table 2. Mean changesin plasmapH (DpH = final pH —initial pH) as aresult of
the in vitro HCO;™ dehydration assay.

[CA] Low B, low | Low B, high | High i, low | High B3, high
(mgmL™) | [HCO;] | [HCOs] | [HCOs] | [HCO;]
0(N=6) 0.05+0.19 | 0.23+0.24 | 0.17+0.14 | 0.20+0.13
0.001(N=6) | 045+0.19 | 041+0.23 | 0.34+0.13 | 0.34+0.13
1(N=6) 053+0.19 | 0.39+0.24 | 0.34+0.15 | 0.40+0.17
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Figure 2. Mean HCO;3 dehydration rates (N = 6 for all groups) for separated
plasma samples from rainbow trout under various conditions of
nonbicarbonate buffer capacity (13), CA activity and plasma HCO3
concentration ([HCO31). * indicates a significant effect of [HCOs]
while T indicates a significant effect of [3 on the HCO3 dehydration rate
(two-way repeated measures ANOV A followed by Tukey’s all-
pairwise post-hoc multiple comparisons test at each CA level, P <
0.05). Use of the bracket denotes that no significant interaction
occurred between the two factors, [HCO;7] and [3, such that multiple
comparisons were carried out only within afactor and not among all
four groupsin atreatment.

Thus, at least in vitro, proton availability appearsto be alimiting factor on
HCO;s" dehydration in rainbow trout plasma. Interestingly, limitations on proton
availability owing to the relatively low buffering capacity of plasma are thought
to restrict the contribution of pulmonary capillary endothelial CA (CA 1V) in
mammal s to less than 10% of CO, excretion (Bidani and Heming, 1991; Bidani,
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1991; Heming and Bidani, 1992). By contrast, the high buffering capacity of
dogfish plasmarelative to the whole blood value may allow gill membrane-
bound CA 1V in this species to make a significant (30% or more) contribution to
CO, excretion (Gilmour et al., 1999). In rainbow trout, however, even when the
plasma nonbicarbonate buffer capacity was increased more than three-fold, the
impact of exogenous CA activity on PaCO, was small (Table 1). Thisresult
suggests that, under normal conditions, the high availability of protons for
HCO;" dehydration in the red cell is of critical importance to CO, excretion.
That is, in the presence of extracellular CA and elevated plasma buffering
capacity, CO, excretion in vivo still occurs primarily viathe red cell, despite the
rate-limiting constraint of anion exchange, because of the high intracellular
proton availability. While whole blood buffering capacity in rainbow trout is
about -9.7 mmol L™ pH unit™? (at 25% haematocrit) (Wood et al., 1982), this
value takes into account the low plasma R (-2.6 mmol L™ pH unit™) and red cell
buffering capacity is therefore presumably much higher (Tufts and Perry, 1998).
Moreover, CO, excretion in rainbow trout is tightly linked to O, uptake through
the release of Bohr protons from haemoglobin during oxygenation (Perry and
Gilmour, 1993; Brauner et al., 1996, see reviews by Brauner and Randall, 1996,
1998). It appears that these proton sources are of overwhelming importance to
CO; excretion in vivo, in that athough plasma HCO;™ dehydration ratesin vitro
were elevated by as much as 20-75% by increasing buffering capacity, the
addition of bovine CA to provide an extracellular site for HCO;™ dehydration in
vivo in trout with elevated plasma buffering capacity had only a small impact on
CO, excretion.
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Introduction

lonocytes of fish gills are responsible for acid-base and osmo-regulation (Perry,
1997). They adapt to external conditions, undergoing proliferation and
hypertrophy in media with increasing salinities. There are two main types of
ionocytes, A-cells (in fishes adapted to sea water) and B-cells (in fishes
inhabiting freshwater). In the present study we describe the fine structure and
cytochemistry of ionocytes in gills of the glass ed Anguilla anguilla, which
seasonally leave sea water and migrate into freshwater.

Materials and Methods
Specimens were collected during their seasonal migration from sea water to
freshwater (river Minho, North frontier of Portugal), classified and processed for

transmission electron microscopy and ultrastructural detection of Na',K™-
ATPase activity (Mayahara et a., 1980).
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Results

Both type-A and B cells were observed. B-cells (Figure 1) were more numerous,
larger, and separated from the external medium (L) by a layer of pavement cells
(p). A-célls (Figure 2) were smaller, and in direct contact with the externa
milieu, showing a very dense cortical region due to the presence of a
microfilament terminal web. They exhibited microvilli (arrows) that possess a
dense cell coat. Both cells exhibited numerous mitochondria (m) and an
extensive smooth endoplasmic reticulum (SER) tubular system. A-cells showed
more SER vesicles in the apex than in the basal half, with the contrary occurring
in B-cells. Na',K*-ATPase activity was present in both cell types, but the
reaction was weaker in B-cells (Figure 1) thanin A-cells (Figure 2).

The reaction product was consistently found over all the SER, being particularly
intense in the apical region. Staining was totally inhibited in the absence of
substrate and K™ ions, or in the presence of 10 MM NaF and vanadate, but was
not abolished with 2.5 mM levamisole. 10 mM ouabain inhibited the apical
reaction, whereas 20 mM inhibited completely the enzymic activity.

Conclusions

We here show that A- and B-ionocytes can be easily distinguished by their fine
structure. During early adaptation to freshwater, A-cells decreased in number,
were smaller, the apical surface was kept in direct contact with the external
medium, and exhibited higher and specific, ouabain-sensitive Na',K *-ATPase
activity. On the contrary, B-cells appeared larger, in higher numbers, were
separated from the external medium by pavement cells, and showed a less
intense enzymic reaction.
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The Rio Negro, amajor tributary of the Amazon River, drains extremely mineral
poor soils and is very dilute. Typical cation concentrations of the river in pmol

L lare Nat=165+53 Kt =82+27 Ca2* =53+ 16 Mg2t =47+ 14
(Furch 1984); small forest streams that feed the Rio Negro can be even more
dilute. These waters have avery low buffering capacity and the presence of
organic acids from decaying vegetation (giving the water its tea color, and
name), makeit acidic (< pH 4.5). Despite these seemingly harsh conditions,
estimates indicate that almost twice as many species inhabit the Rio Negro as all
the waters of North America.

lon poor water of low pH such as that found in the Rio Negro pose adual
challenge for ion transport in fish. Both the scarcity of salts and low pH inhibit
ion uptake (a double whammy for ion transport). Since the rate of ion uptake is
concentration dependent, extremely low levels of Na" and CI in the water can
reduced uptake simply because of the extreme scarcity of these salts.
Alternatively, low pH can inhibit Na" uptake since transport across the apical
membrane of the gill epithelium requires the extrusion of H*. The inhibition of
Na" transport can then lead to the inhibition of Cl” uptake. (Perry and Randall
1982). Thetheoretical low pH limit for active ion uptake is believed to be about
pH 4.0 (Gonzalez 1996). In San Diego and in Brasil colleagues and |, have been
examining the ion transport capabilities of Rio Negro fishes to determine what
specializations they possess that allow them to successfully ionoregulate and
inhabit this river despite the harsh conditions.
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Our measurements of Na' transport in relation to water Na* concentration have
shown that many Rio Negro species possess high affinity, high capacity
transporters (Table 1). Among

Table 1. Kinetic parameters of Na" transport in
some Rio Negro fishes.

Km JIimax
Species (umol L™ (nmol gt h™
Neon tetras 129+58 4482 + 43.5
Cardinal tetras 53778 773.0+ 38.2
Blackskirt tetras 21727 691.3+ 19.9

those tested, neon tetras have the lowest K,,, value recorded for freshwater fish
(Gonzalez and Preest 1999). These characteristics are clearly adaptive for
operation in ion-poor waters. They allow the speciesto take up salts at high
rates even when water concentrations are very low (Gonzalez et a. 1997).
Interestingly there appears to be a phylogenetic component to these
characteristics. The three species listed above are characins, but several species
of cichlids have much lower affinities.
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Figure 1. The effect of water pH on the relationship between rate of sodium
uptake and water Na" concentration in neon tetras.
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Our examination of pH effects on ion transport revealed that, in general, Rio
Negro species possess a reduced sensitivity to low pH. Most interesting,
however, is the finding that one species, neon tetras, possess an ion transport
mechanism that is completely insensitive to pH (Fig. 1). Kinetic analysis of Na'
transport at pH 6.5 and 3.25 yielded identical K, and J.o values (CI” transport
was also found to be pH insensitive). Infact, Na" uptake of neon tetras was till
uninhibited at pH 3.25, an almost 2000-fold increase in H" concentration,
relative to pH 6.5, and the lowest pH at which uptake has ever been observed.

To probe the nature of the neon tetras' pH insensitive transport mechanism we
measured the rate of Na" uptake in the presence of various pharmacol ogical
agents that block different types of transporters. Amiloride analogues, such as
DMA, HMA, MIA, and EIPA, that block Na'/H" antiporters had effects ranging
from O to 40% inhibition. Na" channel blockers like Benzamil and Phenamil
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had no effect on Na" transport, H'-ATPase inhibitor vanadate lowered uptake by
25%. These results do not offer strong support for the presence of either Na'/H"
antiporters or H-ATPase/Na’ channel arrangementsin neon tetras.
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