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ABSTRACT

This study tests the hypotheses that compensation for metabolic acid-base
disturbances involves regulation of carbonic anhydrase (CA) and that cortisol plays an
important role in mediating the compensatory responses of the rainbow trout, Oncorhynchus
mykiss.

Metabolic acidosis decreased mRNA expression of branchial trout cytosolic CA
(tCAc) and increased mRNA expression of renal tCAc and membrane-bound CAIV
(tCAIV). Metabolic alkalosis increased mRNA expression of branchial and renal tCAc,
decreased renal tCAIV mRNA expression, and increased branchial CA activity.

Plasma cortisol was elevated during acidosis and alkalosis, indicating its possible
involvement in regulating the response to an acid-base challenge. Cortisol may up-regulate
CA, as treatment with exogenous cortisol increased tCAc and tCAIV mRNA expression,
renal tCAc protein abundance, and branchial CA activity.

This study suggests that CA contributes to the compensation of metabolic acid-base
disturbances in the rainbow trout, and that cortisol is involved in the regulation of acid-base

status.
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RESUME

Cette étude test les hypothéses que la compensation pour les perturbations
métaboliques acide-base implique la régularisation de 1’anhydrase carbonique (CA) et que le
cortisol joue un rdle important dans la médiation des réponses compensatoires.

L’alcalose métabolique a réduit I’expression dans I’'mRNA de I’CA cytosolique
branchial de la truite (tCAc), et a élevé I’expression dans ’'mRNA de I'tCAc rénal et le
CAIV membranaire de la truite (tCAIV). L’alcalose métabolique a élevé I’expression dans
I’'mRNA le tCAc branchial et rénal, a réduit I’expression dans I’'mRNA du tCAIV rénal, and
a élevé l’activité branchial de I’CA.

Le cortisol plasmique était élevé lors de I’acidose et de 1’alcalose, ce qui indique la
possibilité de sa contribution dans la régularisation de la réponse a une épreuve acide-base.
Il se peut que le cortisol soit essentiel a I’haut-réglementation de I’CA, puisque le traitement
avec le cortisol exogene a élevé I’expression dans I’'mRNA de I’tCAc branchial et rénal et le
tCAIV rénal, I’abondance de la protéine tCAc rénal, et I’activité de I’CA branchial.

Cette étude suggére que I’CA contribue a la compensation des désordres acide-base
métabolique dans la truite arc-en-ciel et que le cortisol est impliqué dans la régularisation de

’état acide-base.
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INTRODUCTION

Carbonic anhydrase

In fish, like other vertebrates, the physiological processes of acid-base regulation and
carbon dioxide (CO,) excretion are coupled through the reversible hydration / dehydration
reactions of CO; and protons (H") / bicarbonate ions (HCO; ) (Cameron, 1978; Claiborne et
al., 2002; Swenson, 2003; Evans et al., 2005; Perry and Gilmour, 2006). This reaction,
CO, + H,0 « H' + HCOs', is catalyzed by carbonic anhydrase (CA), a ubiquitous zinc
metalloenzyme (Maren, 1967). Because it catalyzes the reversible CO, reactions, CA is
integral to a wide range of physiological processes including respiration, acid-base
regulation, bone resorption and calcification, several biosynthetic pathways, and numerous
processes that involve the transfer or transport of ions, gases, and fluids (Perry and Laurent,
1990; Randall and Val, 1995; Geers and Gros, 2000; Henry and Swenson, 2000). Recent
evidence (Gilbert et al., 2006; Rini, 2006; Pastorekova et al., 2006; Dorai et al., 2006;
Swietach et al., 2007) also supports the involvement of CA in cell growth, a finding that
may, in the future, provide further insight into oncogenesis and cancer progression.

Carbonic anhydrase occurs in three distinct families of isoforms, designated the o-,
-, and y-gene families (Chegwidden and Carter, 2000). Carbonic anhydrase, in one form or
another, is prevalent in nearly all organisms: different CA isoforms from the different
families have been discovered in vertebrates, lower eukaryotic species and invertebrates,
plants, and even eubacteria and archaebacteria (Chegwidden and Carter, 2000). However,

vertebrates express only CA isoforms from the a-gene family (Hewett-Emmett, 2005), and

therefore only the a-gene CA family will be considered in this thesis.



The a-carbonic anhydrases are monomeric zinc metalloenzymes with an
approximate molecular weight of 29 kDa (Sly and Hu, 1995; Chegwidden and Carter, 2000).
In mammals, at least 15 different a-carbonic anhydrases have been discovered (Hewett-
Emmett, 2000). Most of these isoforms exhibit catalytic activity, with only three appearing
to lack activity owing to substitutions within one or more of the histidine residues that bind
to the zinc ion within the active site (Chegwidden and Carter, 2000). The zinc ion is
necessary for catalysis of CO, hydration / dehydration reactions (Lindskog and Silverman,
2000). The mutated and consequently inactive isoforms are designated CA-related proteins
(Chegwidden and Carter, 2000). Of the enzymes that are active in the CO, hydration /
dehydration reaction, the activity levels vary (Baird et al., 1997; Chegwidden and Carter,
2000). For example, the CAII isoform is one of the fastest enzymes studied, with a rate of
catalysis (Kcat) reported to surpass one million moles CO, per mole CA per second
(Chegwidden and Carter, 2000). In vertebrates, the different CA isoforms are an essential
part of many biosynthetic pathways including the synthesis of glucose, fatty acids, amino
acids, and urea (Henry, 1996). They also have multiple roles in cellular transport,
facilitating the movement of CO; out of the cell, rapid ion exchange across cell membranes,
and maintaining the acid-base equilibrium within the organism (Perry and Laurent, 1989).
The active CA isoforms of the a-gene family have been identified and characterized through
studies of their molecular structure and kinetic properties, cellular location and tissue
distribution, inhibitor sensitivity, and physiological function, including catalytic activity (Sly
and Hu, 1995; Hewett-Emmett and Tashian, 1996; Baird et al., 1997; Chegwidden and

Carter, 2000; Tufts et al., 2003).



In mammals, eleven enzymatically-active CA isoforms have been identified and
localized to a variety of tissues (Hewett-Emmett and Tashian, 1996; Baird et al., 1997;
Whittington et al., 2001). Isoforms CAI and CAII are concentrated in the erythrocytes but
have been reported in the cytosol of other tissues (Baird et al., 1997). Another cytosolic
form of CA, CAIIl, is localized to the cytoplasm of the muscle cell (Baird et al., 1997). The
membrane-bound form of CA, identified as CAIV, is present in the lung, kidney, brain, and
eye tissues and the ubiquitous CAV isoform, sub-classified as CAVA and VB, is present in
the mitochondria of cells (Baird et al., 1997; Whittington et al., 2001). The two isoforms
CAVI and CAVII are present in the saliva and salivary glands, respectively (Sly and Hu,
1995; Baird et al., 1997). Isoforms CAIX, XII, and XIV have all been characterized as
membrane-associated (Sly and Hu, 1995), and CAIX and XII specifically have been
associated with certain human cancers (Zavada et al., 1993; McKiernan et al., 1997; Tiireci
et al., 1998).

Although CA enzymes within mammalian systems have been studied extensively,
less is known about CA isoforms in the tissues of non-mammalian species, such as fish
(Esbaugh et al., 2005; Esbaugh and Tufts, 2006). While the catalytic activity of CA has
been studied in fish for over 60 years (Sobotka and Kann, 1941), few CA isoforms have
been identified in non-mammalian species and fewer have been characterized with respect to
their kinetics or molecular structure (Esbaugh et al., 2005). Although a number of different
tissues exhibit CA activity (gill: Dimberg et al., 1981; Conley and Malalatt, 1988; liver:
Sanyal, 1984; erythrocytes: Henry et al., 1988, 1993), research has focused on the CA
activity of the erythrocytes (Esbaugh et al., 2005), which have been shown to be a vast

source of CA (Henry and Swenson, 2000).



More diverse research into the gill tissue of a variety of fish species has revealed that
branchial CA activity is mainly cytoplasmic, with the enzyme localized to the pavement
cells, mucous cells, and mitochondrial rich cells (MRCs) of the gills (Oncorhynchus mykiss,
Cyprinus carpio: Rahim et al., 1988; Fundulus heteroclitus: Fliigel et al., 1991; Squalus
acanthias: Wilson et al., 1997; Platichthys flesus: Sender et al., 1999; Periophthalmodon
schlosseri: Wilson et al., 2000). Other studies have shown that the gills of some fish species
contain membrane-bound CA isoforms (Squalus acanthias: Gilmour et al., 1997, 2001,
2007; Raja rhina, Hydrolagus colliei: Gilmour et al., 2002; Chaenocephalus aceratus,
Notothenia coriiceps: Tufts et al., 2002).

In the rainbow trout, Oncorhynchus mykiss, a number of previous studies have
revealed the presence of at least three distinct CA isoforms (Esbaugh et al. 2005; Georgalis
et al., 2006a). These three isoforms are found to make a significant contribution to the
maintenance of acid-base balance within the organism (Georgalis et al., 2006a, 2006b).
Specifically, two cytosolic isoforms have been identified: trout cytosolic CA (tCAc) which
is broadly distributed across a range of tissues, but found in high abundance in branchial and
renal tissues, and trout blood CA (tCAb), which appears to be more specifically localized to
erythrocytes (Esbaugh et al., 2005). A type IV membrane-bound isoform, tCAIV, has also
been identified and is present in renal tissue as well as brain and heart (Georgalis et al.,
2006a). This thesis explores the actions of the tCAc and the tCAIV isoforms with respect

the maintenance of homeostasis during a systemic acid-base challenge.



Acid-base regulation

Any deviation from the homeostatic acid-base equilibrium of an organism is
considered to be an acid-base disturbance. Animals can correct an acid-base disturbance
through alterations of ventilation (termed respiratory compensation) or through the direct
exchange of acid-base equivalents with the environment (termed metabolic compensation)
(Perry and Gilmour, 2006). Respiratory compensation relies on the CA-catalyzed
interconversions of CO, with H" and HCO;", while the acid-base equivalents used in
exchange with the environment (metabolic compensation) are often derived from CO, with
the involvement of CA (Perry and Gilmour, 2006).

Environmental or physiological conditions that reduce ventilation (hypoventilation)
such as exposure to a hyperoxic environment would result in a respiratory acidosis through
CO, retention (Perry and Gilmour, 2006). Similarly, hyperventilation, an increase in the rate
of ventilation, would cause a respiratory alkalosis, because the transfer of CO, would be
increased (Gilmour, 2001; Perry and Gilmour, 2006). Thus, air-breathing vertebrates can
regulate metabolic acid-base disturbances through finely-tuned adjustments in ventilation,
because arterial blood PCO; (Pacgy) is high and air is an O,-rich environment. Air-
breathing vertebrates often employ alterations of ventilation in attempts to correct acid-base
disturbances (Heisler, 1986; Swenson, 2000). It is important to note that this trend also
extends to air-breathing fish species, such as the African lungfish, Protopterus annectens
(Gilmour et al., 2007). In water-breathing vertebrates, however, the ability to use
adjustments of ventilation to regulate metabolic acid-base disturbances is limited (Heisler,

1986; Claiborne et al., 2002; Perry and Gilmour, 2006).



In water-breathing fish, for example, Paco, is low due to the relatively low O,
content in water and the counter-current arrangement of blood flow through the gills and
water flow across the gills. Thus, a change in ventilation to correct an acid-base disturbance
would adversely impact O, delivery. That is, the low Paco, values limit the effectiveness of
hyperventilation as a strategy for correcting an acidosis, while the high convection
requirement for O, uptake restricts the capacity to use hypoventilation as a strategy for
correcting an alkalosis. Consequently, the acid-base status of water-breathing animals is
predominantly regulated through metabolic compensation, where plasma HCO; levels are
adjusted at approximately constant values of Paco; (Claiborne, 1998). Simply stated,
metabolic compensation is achieved through the fine adjustments in the transfer rates of acid
and base equivalents between internal and external compartments (Goss et al., 1992).
Metabolic compensation occurs primarily at the gills (Evans et al., 2005) although the

kidneys also play an integral role (Wood et al., 1999).

The gill and acid-base regulation

The gill is the principal organ for metabolic compensation owing to its ability to
regulate net acid excretion (Evans et al., 2005) and because its ability to exchange acid-base
equivalents with the environment is much greater than that of the renal system (Perry and
Gilmour, 2006). Adjustments in HCO3 levels that form the basis for metabolic acid-base
regulation reflect changes in net acid excretion that, in turn, rely on CA activity. CA is
implicated in metabolic compensation by catalyzing the hydration of CO, within gill
epithelial cells to provide the counter ions required for the ion exchange processes necessary

to regulate systemic acid-base balance (Evans et al., 2005; Perry and Gilmour, 2006).



It is through such adjustments in net acid efflux, and, thus, plasma HCOj3 levels, that
the gills function to regulate blood pH. Although the precise mechanisms that alter
branchial net acid movement have yet to be fully characterized, it is generally accepted that,
in freshwater fish species, net branchial acid efflux is controlled by the relative rates of
chloride (C1") and sodium (Na*) ion uptake, coupled to the HCO;™ and H" effluxes,
respectively (Fig. 1).

The epithelial cells of the gills that are involved in branchial acid-base regulatory
mechanism are the mitochondrial rich cells and the pavement cells (PVCs) (Wilson and
Laurent, 2002; Perry and Gilmour, 2006). Further experimentation has revealed distinct
sub-types of the MRCs, which have since been sub-classified as those with peanut lectin
agglutinin (PNA) binding sites on their apical membranes (PNA™ MRCs) and those without
these sites (PNA™ MRCs) (Goss et al., 2001; Galvez et al., 2002). This is an important
distinction, as these two different cell types may function differently during an acid-base
disturbance (Perry and Gilmour, 2006). The PNA* MRCs are believed to be base-excreting
cells, and function to excrete basic equivalents into the environment (Perry and Gilmour,
2006). This is accomplished through the use of apical CI / HCO3; exchangers to excrete
HCOj5 into the water and the use of basolateral V-type H'-ATPases to reabsorb H' into the
blood. The PNA™ MRCs are thought to be acid-excreting cells that function to excrete acidic
equivalents into the environment. The PNA™ MRCs secrete acid through the use of apical
Na' / H' exchangers and / or Na" channels linked to V-type H'-ATPases, both of which
function to excrete H" following the uptake of Na* from the water. These apically-located
enzymes are coupled to basolaterally-located ClI” / HCO;™ exchangers or Na” / HCO3™ co-

transporters, which both function to reabsorb HCOj3  into the blood (Fig. 1).



To correct for a systemic acidosis, the branchial system of teleost fish will either
increase net acid efflux or decrease net base efflux across the gills (Kobayashi and Wood,
1980). This is carried out through either branchial remodeling, with an increase in the
surface area of PNA™ MRCs or the exchange of PNA* MRCs for PVCs, or through the
transcriptional activation of the H'-excreting apically-located enzymes of the PNA™ MRCs
(Sullivan et al., 1995, 1996). During a systemic alkalosis, the branchial system of the teleost
fish will either decrease net acid efflux or increase net base efflux across the gills (Cameron
and Kormanik, 1982). This is also accomplished through branchial remodeling, with the
possible exchange of PVCs for PNA" MRCs (Perry and Gilmour, 2006). Previous studies
have shown that gill remodeling can occur rapidly, within hours, in fish undergoing an acid-
base disturbance (Goss et al., 1992; Goss and Perry, 1993). For example, Goss et al. (1992)
reported that in the brown bullhead, Ictalurus nebulosus, the fractional area of the chloride
cells was reduced by 50% after just 6 h exposure to hypercapnia.

Despite the considerable research on the role of branchial CA in acid-base regulation
in teleost fish (Georgalis et al., 2006b), the complex cellular and molecular mechanisms that
provide the basis for the necessary branchial ion transfers require further elucidation.
Furthermore, because the gill is the primary organ system involved in the regulation of acid-
base homeostasis in teleost fish, less emphasis has been placed on the potential roles of other
organs, including the kidney, in acid-base regulation (Claiborne et al., 2002). Recent studies
have revealed that the renal system may also be essential to the proper regulation of
systemic acid-base balance in teleost fish (Wood et al., 1999; Georgalis et al., 2006a),
although, once again, further study into the exact cellular and molecular mechanisms

underlying this important function of the renal system is required.



The kidney and acid-base regulation

Studies have shown that, while adjustment of urine pH plays only a small role in net
acid efflux during an acid-base disturbance (Cameron and Kormanik, 1982; Choe and
Evans, 2003; Curtis and Wood, 1992), the changes in plasma HCO;  levels that are
necessary for pH regulation, although initiated at the gills, require parallel changes in renal
acid secretion. The ability to retain a high level of HCO; in the plasma, in order to counter-
act an acidosis, requires a corresponding increase in renal acid secretion to facilitate the
reabsorption of filtered HCO3 . Thus, although the urine produced by the kidneys functions
only slightly in whole body net acid efflux, a significant increase in renal acid secretion
must occur to ensure that HCO3;™ ions accumulated via the gills are not lost via the urine.

In the mammalian kidney, filtered HCO; is reabsorbed through a series of reactions
that occurs within the proximal tubules of the kidneys (Romero and Boron, 1999; Boron,
2004). The filtered HCO;™ ions that accumulate in the lumen of the kidney combine with H
provided by the apical membrane Na" / H" exchanger isoform 3 (NHE3) (Wu et al., 1996) to
form CO,. This reaction is catalyzed by the membrane-bound CAIV enzyme (Schwartz et
al., 2000). The CO; enters the proximal tubules and is hydrated to reform H" and HCO;5~
ions by the cytosolic CAII enzyme (Wistrand and Wahlstrand, 1977). To complete this
reabsorption process, the HCO; ™ ions are returned to the bloodstream via the basolateral Na*
/ HCOj3 cotransporter (NBC1) (Schmitt et al., 1999). Therefore, in mammalian systems, the
HCO; reabsorption process is dependent upon the presence of both the cytosolic and
membrane-bound CA isoforms (Schwartz, 2002). A similar model has been proposed for
freshwater fish species (Perry and Gilmour, 2006), although more experimental studies are

required to support the model.



Thus, the kidneys play a supporting role to the gills during acid-base regulation, and
function to retain HCO;™ ions. The current model for this process is based upon mammalian
models of HCO;™ reabsorption (Steinmetz, 1974; Murer et al., 1976; McKinney and Burg,
1978; Friedman and Andreoli, 1982) and proposes that filtered HCOs™ ions combine with H
to form CO,, in a reaction catalyzed by membrane-bound tCAIV (Fig. 2) (Georgalis et al.,
2006a). The newly produced CO, diffuses into the proximal tubule cells of the kidney,
where it undergoes hydration, catalyzed by tCAc, to re-form H" and HCO3™ ions (Georgalis
et al., 2006a). Net HCO; reabsorption is achieved by the basolateral export of HCO3 1ions
while protons are recycled into the lumen of the renal tubule (Georgalis et al., 2006a).

The kidneys of teleost fish respond to a systemic acidosis through an increase in the
export of acidic equivalents through titratable acidity (TA) and ammonium (NH4") (Wood et
al., 1999). In the face of a systemic alkalosis, the kidney responds through an increase in the
export of basic equivalents in the form of HCO; (Wood et al., 1999). Renal responses are
rapidly initiated, being detected within about 6 h of the onset of the acid-base disturbance,
although frequently not peaking until 24 — 72 h of exposure (Perry et al., 1987b; Wood et al.
1999). It is interesting to note that these renal responses of the teleost fish parallel the

responses made by the kidneys of mammals in similar situations (Wood et al., 1999).

Respiratory versus metabolic acid-base disturbances

The general conditions that challenge acid-base homeostasis are (1) a respiratory
acidosis or alkalosis and (2) a metabolic acidosis or alkalosis (Rose, 2001). An acidosis
occurs when the blood pH falls below the normal range and can occur naturally following

exposure to an acidotic environment or after exhaustive exercise (Kakizawa et al., 1996).
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A respiratory acidosis is caused by a rise of PCO,, and a metabolic acidosis is caused by an
increase in systemic H' production or a decrease in systemic HCO;~ production (Rose,
2001). Alternatively, an alkalosis occurs when blood pH rises above the normal range of
values and occurs naturally via the alkaline tide, following the consumption of a large meal
(Tresguerres et al., 2007; Wood et al., 2007). A respiratory alkalosis reflects a lowering of
the Paco,, whereas a metabolic alkalosis is caused by a higher than normal level of plasma
HCO; ions (Rose, 2001). Each of these conditions has unique physiological characteristics.
However, the conditions of interest in the present study are metabolic acidosis and alkalosis.

According to mammalian literature, the responses of an animal to a metabolic acid-
base disturbance is often different from the responses to a respiratory acid-base disturbance
(Carter et al., 1959; Rodriguez-Nichols et al., 1984; Krapf et al., 1991). For example, the
excretion of net H' via the urine, in the form of NH,", is much greater during a metabolic
acidosis than during a respiratory acidosis (Rodriguez-Nichols et al., 1984). This is due to
the fact that in mammals experiencing a systemic acidosis, the level of urinary NH," that
results from plasma filtration is quite small in comparison to the amount of NH," excreted
via the urine due to increased metabolic production by the kidney (Rodriguez-Nichols et al.,
1984). Additionally, mammals have a differential TA response to a metabolic versus a
respiratory acidosis. Mammals try to maintain urine pH by relating the rate of H" excretion
to the availability of titratable buffer (Simpson, 1971; Valtin, 1973; Pitts, 1974). During a
respiratory acidosis, the amount of TA excretion exceeds that of NH," excretion (Carter et
al., 1959). The renal response of mammals to a metabolic alkalosis involves a modulation
of the rate of H" excretion / HCO3™ reabsorption (Emmett and Seldin, 1975; Sabatini and

Kurtzman, 1989).
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A number of previous studies (Wheatly et al., 1984; Perry et al., 1987b; Wood et al.,
1999) have revealed that, similar to mammals, rainbow trout exhibit different responses to
metabolic versus respiratory acid-base disturbances. Recent research (Georgalis et al.,
20064, 2006b) has explored the response of rainbow trout to respiratory acid-base
disturbances. This study aims to ascertain the branchial and renal responses of the animal to

metabolic acid-base disturbances.

Regulation of CA

A number of different studies have suggested that CA gene expression and protein
abundance, as well as enzymatic activity, are regulated (Russell et al., 1976; Brion et al.,
1991, 1994; Schwartz et al., 1993; Endroczi et al., 1994; Winkler et al., 1997; Quelo et al.,
1998; Tsuruoka et al., 1998; Pelis et al., 2003). For example, a vitamin D3 responsive
element was discovered in the promoter regions of the avian CAII gene (Quelo et al., 1998).
To increase the net acid excretion from the kidney, rabbits undergoing an experimentally-
induced metabolic acidosis experience a significant increase in renal CAIl and CAIV
catalytic activity (Brion et al., 1991, 1994; Winkler et al., 1997) and gene expression
(Schwartz et al., 1993; Winkler et al., 1997; Tsuruoka et al., 1998). Recent studies on the
Osorezan dace (Tribolodon hakonensis), a cyprinid teleost fish species that lives and grows
in acidic waters, but spawns in a neutral environment, had similar findings (Hirata et al.,
2003). The renal CAITl mRNA expression of this teleost fish increased significantly after the
exposure of the animal to an acidotic environment (Hirata et al., 2003).

The results of studies on mammals suggest that glucocorticoids (Welbourne, 1976;

May et al., 1986) may play a critical role in the regulation of CA expression in the kidneys.
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In vivo treatment with the cortisol agonist dexamethasone significantly induced CA activity
in the brain of sexually-maturing rats (Endroczi et al., 1994). Further study revealed that in
vitro and in vivo treatment with cortisol had a significant impact on erythrocytic CA activity
(Russell et al., 1976). The findings of these studies in mammals suggest that further

exploration into the action of cortisol on CA in teleost fish is worthwhile.

Cortisol

Cortisol secretion is the end product of the hypophyseal-pituitary-interrenal (HPI)
stress axis and its overall function is to mobilize energy reserves for optimal performance
during stressful conditions, i.e. situations where homeostasis is threatened (Wendelaar
Bonga, 1997; Mommsen et al., 1999; Flik et al., 2006). A rise in plasma cortisol level is
typically attributable to exposure to an acute stressor, although chronic stressors tend to
increase cortisol levels and keep them elevated (Wendelaar Bonga, 1997). Research has
shown that cortisol levels respond to such stressors as handling, toxin or pollutant exposure,
drastic water temperature or acidity changes, and predation (Wendelaar Bonga, 1997).

In teleost fish, cortisol is the main corticosteroid hormone and has a variety of
fundamental functions stemming from its dual role as a stress hormone and as a hormone
involved in the regulation of salt and water balance (Wendelaar Bonga, 1997, Mommsen et
al., 1999; McCormick, 2001). Cortisol has received particular attention during studies of the
freshwater to ion-deficient (soft) water transitions in rainbow trout (Sloman et al., 2001).
Other studies have focused on the possible role of cortisol in stimulating Na*™-K*-ATPase
activity within osmoregulatory organs such as the gills and kidney during fresh water to

seawater transitions in coho salmon, Oncorhynchus kisutch (Bern and Madsen, 1992).
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Additionally, cortisol has been shown to significantly impact both ionic and osmotic
regulation, to stimulate the proliferation of mitochondrial rich cells (Perry and Laurent,
1990; Dang et al., 2000), and to increase the branchial ion influx in freshwater-acclimated
rainbow trout (Perry and Laurent, 1989).

Previous research has revealed that cortisol levels in the plasma increase
significantly in fish experiencing a metabolic acidosis, but not in fish experiencing a
respiratory acidosis (Wood and LeMoigne, 1991; Wood et al., 1999), leading this current
study to explore possible interactions between CA and cortisol during a metabolic acid-base
disturbance. As previously stated, cortisol has been linked to control of CA expression and
activity in a number of mammalian studies (Russell et al., 1976; Endroczi et al., 1994).
Cortisol has also been shown to increase CA activity in the proximal tubule cells of winter
flounder (Pelis et al., 2003). Additionally, because cortisol levels rise during metabolic
acidosis (Wood et al., 1999), it is conceivable that renal CA is being targeted to aid acid-

base regulation.

Hypotheses

The studies by Georgalis et al. (2006a; 2006b) explored the relationships between
two CA isoforms (tCAc and tCAIV) and acid-base regulation in rainbow trout, focusing on
urinary acidification (or renal HCO;™ reabsorption) and branchial acid-base exchange in
response to the imposition of a respiratory acidosis. With this in mind, and given the
evidence from mammalian studies of different renal responses to metabolic versus
respiratory acid-base disturbances, the present study was designed to focus on physiological

acid-base compensation mechanisms that occur during metabolic acid-base disturbances.
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Specifically, the present study tested the hypothesis that in rainbow trout, branchial and
renal responses to the imposition of metabolic acid-base disturbances would involve the
regulation of carbonic anhydrase expression and/or activity.

Based on current models for the involvement of gill CA in acid-base regulation,
branchial tCAc mRNA, protein, and / or activity levels are predicted to fall during a
metabolic acidosis as the activity of the base-secreting mitochondria-rich cells is reduced to
promote the accumulation of HCO3™ ions. By contrast, during a metabolic alkalosis
branchial tCAc mRNA, protein, and / or activity are predicted to rise as the activity of the
base-secreting mitochondria-rich cells is enhanced to promote the loss of HCO3 ions.

Following from current models for the involvement of renal CA isoforms in acid-
base regulation, during a metabolic acidosis the mRNA expression, protein levels and/or
activity of renal tCAc and tCAIV isoforms is predicted to increase so as to promote the
reabsorption of HCO; ™ ions from the filtrate. Correspondingly, during a metabolic alkalosis
the mRNA, protein, and / or activity levels of the renal CA isoforms (tCAc and tCAIV) are
predicted to decrease so as to favour HCO3  loss.

A second hypothesis focused on cortisol as a possible regulator of CA activity during
acid-base disturbances. That is, it was hypothesized that acid-base disturbances would result
in an elevation of circulating cortisol levels that, in turn, would regulate branchial and / or
renal CA activity through transcription or post-translational mechanisms. Following from
this hypothesis, circulating cortisol levels were predicted to be elevated in fish subjected to
metabolic acid-base disturbances, and mRNA expression, protein levels and / or the catalytic
activity of both tCAc and tCAIV isoforms were predicted to be increased in trout treated

with exogenous cortisol.

15



Apical Membrane Basolateral Membrane
PNA- MRC

H+
N
CO, < > CO, < o,
HCOs
HCOs
cr .
Na
\ HCOy
PNA+ MRC X
cr
HCO;
> CO, « CO,
H+

N

Figure 1: A model for acid-base regulation by the gill epithelium of the rainbow trout
(adapted from Perry and Gilmour, 2006). The PNA™ mitochondrial rich cells
(MRCs) excrete acid through the use of the apical Na' / H' exchangers, Na*
channels, linked to V-type H" ATPase, coupled to the basolateral C1~/ HCO3~
exchangers or Na“ / HCO; ™ co-transporters. The PNA™ MRCs function to
excrete base using the C1 / HCO; exchangers located at the apical membrane
and the V-type H™ ATPase located on the basolateral membrane. Research has
revealed that acidosis can significantly increase the amount of exposed surface
area of the PNA™ MRC cell type. Note that the filled circles indicate energy-
consuming transporters. The enzyme tCAc (trout cytosolic carbonic anhydrase)
is responsible for generating the counter-ions (shown in the figure) responsible
for ionic and acid-base regulation.
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Figure 2: A model for HCO3 reabsorption by the rainbow trout nephron (adapted from
Perry and Gilmour, 2006). Protons that are added to the filtrate by the V-type
H'-ATPases and Na' / H" exchanger isoform 3 (NHE3) titrate filtered HCO3~
ions in the lumen of the kidney tubule. This reaction is catalyzed by the
membrane-bound tCAIV. The CO; that is produced from this reaction diffuses
into the epithelial cell and undergoes hydration by tCAc to reform H" and HCO3;~
ions. The HCOj3 ions are then transported across the basolateral membrane by
Na'"/ HCO;~ cotransporter (NBC1) and the protons get recycled into the tubule
lumen. Note that the filled circles indicate energy-consuming transporters.
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MATERIALS AND METHODS

Experimental animals

Rainbow trout (Oncorhynchus mykiss, Walbaum) of approximately 75 g (N = 38) or
250 g (N = 50) were obtained from Linwood Acres Trout Farm (Campbellcroft, ON,
Canada). The fish were maintained on a 12 h : 12 h light : dark photoperiod regime in large
fibreglass aquaria that were supplied with City of Ottawa tapwater (13°C) that had been
aerated and dechloraminated. The rainbow trout were fed to satiation daily with a
commercial trout diet (Purina Trout Chow, St. Louis, MO, USA). Fish were acclimated to

these holding conditions for at least 2 weeks prior to any experimentation.

Cortisol treatment

Fish (102 £ 8 g, N = 38) were lightly anaesthetized (i.e. to the point of losing
equilibrium) in a benzocaine solution (ethyl-p-aminobenzoate; 0.05 g L) and their weights
were recorded. Fish were then “randomly” assigned to either control or cortisol-treated
experimental groups. Cortisol-treated fish received an injection into the intraperitoneal
cavity of cocoa butter (0.005 mL cocoa butter g fish) containing dissolved cortisol (110 mg
hydrocortisone 21-hemisuccinate kg™ fish). The cocoa butter was warmed slightly so that at
the time of injection it was liquid, but at the 13°C body temperature of the fish it quickly
solidified and remained a solid implant throughout the remainder of the experiment. The
cortisol dose used in the present study was chosen on the basis of previous research that
showed this dose to increase cortisol concentrations by a physiologically-relevant amount

over the desired experimental period (DiBattista et al., 2005).
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Control fish were left untreated and both control and cortisol-treated fish were
sampled 48 h post-injection. Because the objective of the present experiment was to explore
possible interactions between circulating cortisol concentrations and the expression and
activity of carbonic anhydrase (CA), sham treatment groups (fish injected with cocoa butter
alone) were not included in the experimental design. Previous studies indicated that sham-
treated fish respond to treatment in an unpredictable manner, in that cortisol levels in sham-
treated fish are variable, an effect that can diminish comparisons between cortisol-treated

and control fish (DiBattista et al. 2005).

Acid-base infusions

Rainbow trout (308 + 9 g, N = 50) were anaesthetized by immersion in an
oxygenated solution of benzocaine (ethyl-p-aminobenzoate; 0.1 g L") that was maintained
at a temperature of 13°C. Anaesthetized fish were weighed and placed on a surgical table
equipped to allow the continuous irrigation of the gills with the oxygenated anaesthetic
solution. Following the basic protocol of Soivio et al. (1975), each fish received an in-
dwelling dorsal aortic cannula (Clay-Adams PE50 polyethylene tubing; VWR) which was
used for both blood sampling and infusion of an acid, base, or saline. After revival in fresh
water, the fish were placed in individual opaque, experimental chambers supplied with fresh,
aerated, 13°C water and left to recover for 24 h. Cannulae were flushed with heparinized
(100 IU mL"' ammonium heparin; Sigma) modified (4.5 mmol L' NaHCO;) Cortland saline

(Wolf, 1963).
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Cannulated fish were assigned to one of four experimental groups. Acid-infused fish
(N =21) were infused (780220 syringe pump; KD Scientific) with 70 mmol L HCI (made
up in 70 mmol L' NaCl solution to yield a solution that was approximately iso-osmotic) at a
rate of 2 mL kg™ h™! for 24 h so as to achieve a total acid load of 3.4 mmol H" kg
Similarly, base-infused fish (N = 14) were infused with 140 mmol L NaHCO; at a rate of 2
mL kg'1 h! for 24 h to achieve a total base load of 6.7 mmol HCO; kg'l. These treatments,
which were based upon the work of Cameron and Kormanik (1982) and Goss and Wood
(1991), were selected to achieve changes in blood pH that were of similar magnitude but
opposite direction. A third group of fish (N = 14) was infused with 140 mmol L' NaClata
rate of 2 mL kg™ h! for 24 h (saline-infused fish), while the sham group (N = 12) was not
infused. In addition to these four experimental groups, a final control group (N = 12) of
non-cannulated fish was included in the experimental design.

Blood samples (500 pl) were withdrawn before infusion commenced (time = 0 h)
and at 12 h and 22 h of infusion. The dorsal aortic cannula was thoroughly flushed with
heparinized saline prior to the collection of blood samples to prevent contamination of the
blood sample with the infusion solution. Net acid-base fluxes were estimated for 2 h flux
periods (-2 to 0 h, 12 to 14 h, and 22 to 24 h) in which water flow to the experimental
chambers was halted (boxes were aerated). Water volume in the boxes was adjusted to a
known value and water samples (10 mL) were collected at the beginning and end of the flux
period. Between flux periods, the experimental chambers were maintained on flowing
water. Net acid flux (JeH') was determined from measurements of net titratable acid flux
(J1tTA) and the change in water ammonia concentration over the flux period (McDonald

and Wood, 1981).
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Following the infusion protocol (for acid-, base- or saline-infused experimental
groups), or 24 h in the experimental chamber without infusion (control group), or removal
from the holding tank (non-cannulated group), fish were euthanized and gill and kidney
tissue samples were collected.

Haematocrit was measured in duplicate using microcapillary tubes centrifuged at
~6,000 g for 5 min. Arterial blood pH (pHa) was determined on whole blood samples using
a pH electrode and calomel reference (E301 glass pH electrode; Analytical Sensors) that
were contained within a low-volume, temperature-controlled (13°C) pH chamber (Cameron
Instruments) and connected to a PHM 72 acid-base analyzer (Radiometer). Blood was
centrifuged (~10,000 g for 30 s) to obtain plasma, and red blood cells were re-suspended in
heparinized Cortland saline and re-injected into the fish to reduce the effects of sampling on
haematocrit. Plasma total CO, concentration was determined on 50 uL. samples using a
Capnicon total CO; analyzer (CC501; Cameron Instruments). The partial pressure of CO,
(PCO3) and the HCO3 concentration of the arterial blood were calculated using the
Henderson-Hasselbalch equation, using appropriate values for VCO, and pK for rainbow
trout plasma (Boutilier et al., 1984). J.TA was calculated by titrating 10 mL water samples
from the beginning and end of each 2 h flux period to pH 4.00 with 0.02 mol L™! HCI and
considering the difference in titrant added. HCI titrations were carried out using a precision
microburet (Gilmont), and water samples were continuously bubbled with air during the
titration to ensure complete mixing of the titrant and removal of CO,. Total ammonia
concentration in the water was determined using a micro-modification of the salicylate-

hypochlorite colorimetric assay, following the procedure of Verdouw et al. (1978).
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ToetH' was then calculated as the sum of J,TA and the ammonia flux (Joe[NH3]), signs

considered, as described by McDonald and Wood (1981).

Tissue collection

Posterior kidney tissue and gill tissue (of the first gill arch) were sampled from
rainbow trout from each experimental group for 1) analysis of tCAc and tCAIV mRNA
expression through real-time PCR, 2) determination of the abundance of tCAc protein
through western blotting, and 3) measurement of the total catalytic activity of CA enzymes
using the electrometric delta-pH method (Henry, 1981). Fish were euthanized by immersion
in a solution of benzocaine (ethyl-p-aminobenzoate; 0.1 g L™"). A blood sample (~1 mL)
was withdrawn by caudal puncture and the blood was centrifuged (~10,000 g for 1 min) to
obtain plasma which was immediately frozen in liquid nitrogen (N;) and stored at !80°C for
later analysis of cortisol concentrations (by commercial RIA; ICN).

Prior to collection, tissues used for western blot analysis and CA assays were
perfused with saline to remove blood. The bulbus arteriosus was exposed and cannulated
with PE160 polyethylene tubing (VWR). Up to 50 mL of ice-cold, heparinized (100 IU mL"
! heparin), modified (4.5 mmol L™ HCO5") Cortland’s saline was infused via the canula to
clear the blood from the tissues. The ventricle was severed to allow drainage of the
perfusate.

After collection, all tissue samples were immediately frozen in liquid N; and stored
at 180°C until analysis. Immediately prior to use, tissue samples were ground to a fine

powder using a mortar and pestle chilled with liquid N; and dry ice.

22



Cortisol Analysis
The concentration of cortisol in the plasma was determined using a commercially
available radioimmunoassay cortisol assay kit (MP Biomedicals, LLC, Diagnostic Division,

Solon, OH, USA), as per the manufacturer’s instructions.

Analysis of tCAc and tCAIV mRNA expression

To quantify mRNA expression of tCAc and tCAIV in gill and kidney tissue, real-
time PCR was performed. Total RNA was extracted from 50 mg aliquots of frozen ground
tissue using Trizol (Invitrogen) and re-suspended in 40 pL of nuclease-free water. To
reduce genomic DNA contamination, the RNA was treated with DNase (Sigma) as per the
manufacturer’s instructions. To increase the success of cDNA production, the RNA was
treated with RNaseOut™ Ribonuclease Inhibitor (Invitrogen) for 15 min at room
temperature to decrease the possibility of RNase contamination. RNA quality was assessed
by gel electrophoresis and spectrophotometry (NanoDrop, ND-1000, Wilmington). To
obtain cDNA, reverse transcription was performed on ~100 mg RNA using RevertAid™
Minus M-MuLV Reverse Transcriptase (Fermentas) with 0.2 ug of random hexamer
primers, as per the manufacturer’s instructions.

The mRNA levels of tCAc and tCAIV were assessed by real-time PCR on samples
of cDNA (1.0 pl) using a Brilliant SYBR Green QPCR Master Mix kit (Stratagene) and a
Stratagene MX-4000 multiplex quantitative PCR system. ROX (Stratagene) was used as the
reference dye. The manufacturer’s instructions were followed, with the modification that
the total reaction volume was reduced to 12.25 pL.. The cDNA used for quantification of

18S (control gene) mRNA levels was diluted 1:1000.
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The annealing and extension temperatures over 45 cycles were 57°C (30 s) and 72°C
(25 s), respectively. The following primer pairs (Georgalis et al., 2006a) were used:

18S FWD 5’ - GGCGGCGTTATTCCCATGACC -3’

18S REV 5" —= GGTGGTGCCCTTCCGTCAATT -3’

tCAc FWD 5° - CAGTCTCCCATTGACATCGTA -3’

tCAc REV 5’ - CGTTGTCGTCGGTGTAGGT -3’

tCAIV ~ FWD 5" - ATACGAATCCATCATAAATGCT -3’

tCAIV ~ REV 5’ - CGGAAGTAGCTGGTCATATTACTCTG - 3’

Primer specificity was verified through cloning techniques (TOPO TA cloning kit;
Invitrogen) and gene sequencing of the amplified PCR products (refer to Georgalis et al.,
2006a). To assess the amplification efficiency of the primers, standard curves were
produced, using kidney ¢cDNA from control fish as a template. Serial dilutions spanning 1 to
10 pul were used to construct the standard curves. After completion of 45 PCR cycles,
SYBR Green dissociation curves were constructed to ensure that SYBR Green was not
being incorporated into any non-specific amplicons or primer-dimers. For each primer pair,
the dissociation curves revealed the presence of single amplicons. To guard against
amplification of any residual genomic DNA, negative control experiments were performed
in which cDNA synthesis was performed without reverse transcriptase.

The relative mRNA expression of the two genes of interest (i.e. tCAc and tCAIV)
was determined using 18S as an endogenous standard by a modification of the delta-delta Ct
(threshold cycle) method (Pfaffl, 2001) in which expression in an experimental treatment

group was compared to that in a designated control group.
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Quantification of tCAc protein

Western blot analysis was conducted to quantify tCAc protein levels in renal and
branchial tissue. To extract protein from tissue samples, approximately 100 mg of frozen,
pre-ground tissue was homogenized with a battery-operated hand-held homogenizer, on ice
in 1 mL of 1X extraction buffer for 10 min. The extraction buffer contained 2 mL 5X RIPA
buffer, 8 mL double-distilled water, and protease inhibitors (Complete™™ Mini protease
inhibitor cocktail tablets; Roche Molecular Biochemicals). The 5X RIPA buffer contained
50 mmol L™ Tris-HCI, pH = 8.0, 150 mmol L NaCl, 1% NP-40, 0.1% SDS, and 0.5%
sodium deoxycholate. Following homogenization, samples were centrifuged at 14,000 g for
10 min at 4°C. The supernatant containing soluble proteins was collected and stored at
120°C for future use. Total protein concentration was determined colorimetrically using the
standard BC solution technique (1 mL bicinchoninic acid and 20 pl of copper (II) sulfate)
with bovine serum albumin (BSA) as a standard.

Acrylamide gels (12% resolving and 4% stacking) were used to size fractionate
samples by reducing SDS-PAGE. The 12% resolving gel contained 12% acrylamide / bis
solution (Bio Basic Inc), 2.5% buffer B (1.5 mol L™ Tris, pH = 8.8, and 0.4% SDS), 0.2%
TEMED, and 0.005% ammonium persulphate. The 4% stacking gel contained 4%
acrylamide / bis solution, 2.5% buffer C (0.5 mol L' Tris, pH = 8.8, and 0.4% SDS), 0.2%
TEMED and 0.005% ammonium persulphate. Protein samples were diluted to 7 pg pL™
and ~50 pg of protein were loaded onto the gel [7 uL of protein was mixed with 7 pL. of 2X
sample buffer (25% buffer C, 20% glycerol, 4% SDS, 0.005% bromophenol blue, and 10%
beta-mercaptoethanol) and incubated at 95°C for 5 min]. A ColorBurst™ Electrophoresis

Marker (Sigma) was run on each gel for band size comparisons.
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Gels were run at room temperature, in a BioRad system, following the
manufacturer’s instructions, using a Tris-glycine running buffer (0.302% Tris base, 1.88%
glycine, and 0.1% SDS). Fractionated proteins were then transferred to nitrocellulose
membranes (Bio-Rad) using a Trans-Blot electrophoretic transfer cell (Bio-Rad) according
to the manufacturer's instructions. The transfer buffer consisted of 0.58% Tris base, 0.29%
glycine, 20% methanol, and 0.038% SDS.

Immediately after transfer, membranes were incubated in 5% non-fat milk blocking
solution [25 g skim milk powder in 50 mL TBST buffer (485 g Tris base, pH = 7.4, 3%
NaCl, and 0.002% Tween 20)] for 1 h at room temperature. Membranes were then washed
twice with TBST buffer and incubated for 2 h at room temperature with primary antibody; a
1:100 dilution (in 5% non-fat milk blocking solution) of rabbit anti-human erythrocyte CAII
(Rockland). The human CAII antibody has been used successfully in previous work on
salmonid fish (Tohse et al. 2004). Following incubation with the primary antibody,
membranes were washed 3 x 5 min with TBST buffer and then incubated for 1 h at room
temperature with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:12,000,
Amersham Life Sciences). After adciitional washing (3 x 5 min with TBST buffer),
immunoreactive protein bands were visualized with enhanced chemiluminescence (ECL;
Pierce; SuperSignal West Pico Chemiluminescent Substrate, Rockford, IL, USA), following
the manufacturer’s instructions. As a negative control, blots were incubated with buffer
lacking primary antibodies. Kodak Scientific Imaging Film (X-Omat Blue XB-1) was used
to record the Western blot; films were developed and fixed using GBX developer and fixer,
respectively (Kodak). Developed films were scanned (CanoScan LiDE 500F) and the digital

images were processed using commercial software (Imagel).
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To assess equality of protein loading, blots were then incubated in 1X Re-Blot Plus
mild stripping solution (CHEMICON) for 20 min at room temperature, rinsed for 10 min in
TBST buffer, blocked 2 x 10 min in 5% non-fat milk blocking solution, and then probed
with a 1:250 dilution of anti-B-actin antibody (Sigma) for 2 h at 37°C. The blot was then
incubated with horseradish peroxidase-conjugated sheep anti-mouse IgG (1:2,000;
Amersham Life Sciences) for 1 h at room temperature. Subsequent washing, protein

visualization and quantification of band density were as described above.

Assessment of branchial and renal CA activity

CA activity in branchial or renal tissue was measured using the electrometric delta-
pH method (Henry, 1981). Gill (0.25 — 1 g) or kidney (0.25 — 1 g) tissue was combined with
two volumes of assay reaction medium (in mmol L!, 225 mannitol, 75 sucrose, and 10 Tris-
base, adjusted to pH 7.4 using 10% phosphoric acid) and homogenized with a motor-driven,
Teflon-glass homogenizer. The crude homogenate was centrifuged briefly and the
supernatant (50 pL of an approximately 16-fold dilution) was assayed for CA activity using
6 ml of assay reaction medium held at 4°C and 125 — 250 pL of CO,-saturated distilled
water to initiate the reaction. Note that all samples of a given set were assayed using a
consistent volume of CO,-saturated water. The reaction velocity was measured over the
initial 0.15 unit pH change and corrected by subtracting from it the rate of the uncatalyzed
reaction. A pH electrode (GK2401C; Radiometer) and pH meter (PHM 84; Radiometer)
together with a data acquisition system (Biopac with AcqKnowledge v.3.7.3 software;

Harvard Apparatus Canada) were used to monitor the pH of the reaction medium.
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Statistical analyses

Data are reported as mean values = 1 standard error of the mean (SEM). Data from

the cortisol experiment were analyzed by (unpaired) Student’s r-tests. The blood and acid-

flux data from the infusion experiment were analyzed using a two-way repeated-measures

analysis of variance (RM ANOVA) with the treatment group (acid-, base- or saline-infused)

and the sample time (0, 12 or 22 h) as factors. If a statistical difference was identified, then

a post-hoc multiple comparisons test was performed (the Holm-Sidak’s test). Plasma
cortisol concentrations and measures of CA (relative mRNA expression, protein levels or
activity) from the infusion experiments were assessed by one-way ANOVA followed by
post-hoc multiple comparisons, as appropriate. All statistical tests were carried out using

commercial software (SigmaStat, v.3.0; Systat Software Inc.).
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RESULTS

Acid-base infusion

Effects on blood acid-base status and excretion

Acid-, base-, or saline-infusion produced the expected changes in arterial blood acid-
base status (Fig. 3.1). Base-infusion elicited a metabolic alkalosis in which arterial pH and
[HCO57] increased significantly in the absence of a change in PCO,. The fall in pH in acid-
infused fish was accompanied by a significant increase in arterial PCOs, indicative of an
acidosis of mixed (metabolic and respiratory) origin. Acid-base status was unaffected by
saline-infusion. All groups exhibited significant reductions in haematocrit as a result of
repeated blood sampling (Fig. 3.2). Despite the clear effects of acid- or base-infusion on
blood acid-base status, the impact of infusion on whole body net acid-base excretion was not
obvious. No obvious trend was identified in any of the data relating to J,TA (Fig. 3.3A),
Joet[NH3] (Fig. 3.3B), or J,H™ (Fig. 3.3C), and there were no significant differences
between samples or time points.

Finally, plasma cortisol concentrations ([cortisol]) after 24 h of infusion were
compared with values for fish that underwent the surgical implantation of a cannula but did
not receive an infusion treatment (to control for surgery effects, sham group) and with
values for fish that were sampled directly from the large holding tanks (control group). The
plasma cortisol levels for the acid- and base-infused fish were significantly higher than those

of the control, sham and saline-infused fish (Fig. 3.4).
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Figure 3.1:

Mean arterial plasma pH (A), plasma [HCOj3'] (B), and plasma PCO, (C) in
acid-infused (N = 16), base-infused (N = 10), and saline-infused (N =9)
rainbow trout, Oncorhynchus mykiss. Values represent means + SEM. For
pH, there is a difference in the mean values among the different time periods
of treatment (two-way RM ANOVA followed by a Holm-Sidak post hoc
multiple comparisons test, P <0.001) but there is no significance due to time
(P =10.127). Additionally, there is a significant interaction between
treatment and time (P < 0.001). For PCO,, there is a significant difference in
the mean values among the different time periods of treatment (P <0.001)
but there is no significance due to time (P = 0.210) and there is no significant
interaction between treatment and time (P = 0.203). For HCO5, there is a
statistically significant difference with respect to treatment (P < 0.001) and
time (P = 0.004). There is also a significant interaction between treatment
and time. Asterisks indicate a significant difference within a treatment from
the 0 h value. Crosses indicate a significant difference within a sampling
time from the saline-infused group.
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Figure 3.2:

Mean haematocrit (%) as a function of time in acid-infused (N = 16), base-
infused (N = 10), and saline-infused (N = 9) rainbow trout, Oncorhynchus
mykiss. Values represent means + SEM. The difference in the mean values
among the different types of treatment is not significantly different (two-way
RM ANOVA, P =0.206). The difference in the mean values among the
different time points is statistically significant (two-way RM ANOV A
followed by a Holm-Sidak post hoc multiple comparisons test, P < 0.001).
Please note that the effect of different levels of treatment is not dependent
upon the period of time (two-way RM ANOVA, P = 0.584). Asterisks
indicate a significant difference within a treatment from the 0 h value.



Hematocrit (%)

26 1

—8— Acid
24 A —&— Base
—w— Saline
22
20 A
18 4
16
14 *
*
12 A
10 A
*
8 T T T T 1
10 15 20 25 30

Infusion Treatment Time (h)

31



Figure 3.3:  Mean J,:H' (A), JoTA (B), and J,[NH3] (C) in acid-infused (N = 5), base-
infused (N = 4), and saline-infused (N = 5) rainbow trout, Oncorhynchus
mykiss. Values represent means +SEM. For A, B, and C, there was no
significant difference between treatments (two-way RM ANOVA, P = 0.615,
0.164, and 0.330, respectively) or time (P = 0.306, 0.105, and 0.171,
respectively). Additionally, there was no significant interactions between
treatments and time (P = 0.056, 0.105, and 0.299, respectively).
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Figure 3.4:

Mean plasma cortisol concentrations in acid-infused (N = 14), base-infused
(N = 14), and saline-infused fish (N = 14), as well as sham (N = 12) and
control (N = 12) rainbow trout, Oncorhynchus mykiss. Blood was sampled
24 h after the start of infusion. Values represent means +SEM. Groups that
do not share a letter are significantly different from one another (one-way
ANOVA followed by a Holm-Sidak post hoc multiple comparisons test, P <
0.001).
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Effects on branchial and renal carbonic anhydrase

Real-time PCR was performed to assess the mRNA expression of the tCAc gene in
branchial and renal tissue, and the tCAIV gene in renal tissue. In both cases the mRNA
expression data are relative to the corresponding gene expression in the control group, which
was set to a value of 1.

Acid- or base-infusion resulted in, respectively, significantly lower and higher
relative mRNA expression of tCAc in gill tissue (Fig. 3.5A), whereas in kidney tissue, the
mRNA expression of tCAc was elevated in all treatment groups relative to the expression in
the sham group (Fig. 3.5B). The membrane-bound CA isoform tCAIV is not present in trout
gills. In the kidney, mRNA expression of tCAIV was significantly higher and lower,
respectively, in acid-infused and base-infused fish in comparison to the corresponding
expression of the sham group (Fig. 3.6).

Western blot analysis was used to quantify the expression of tCAc protein in gill and
kidney tissue. Unfortunately, difficulties with the trout-specific tCAIV antibody (see
Georgalis et al., 2006a) precluded a corresponding quantification of renal tCAIV protein
expression. The expression of the tCAc protein was calculated relative to the corresponding
expression of the control gene, B-actin (Fig 3.7).

For branchial tCAc expression, acid- or base-infusion did not result in statistically
different protein expression than that of the saline-infused, sham, or control treatment
groups (Fig 3.7A). Additionally, for renal tCAc expression, acid- or base-infusion did not
significantly affect the protein expression of tCAc, relative to the protein expression of the

saline-infused, sham, or control treatment groups (Fig 3.7B).
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Finally, total CA activity in crude homogenates of gill and kidney tissue was
assessed using the electrometric delta-pH CA assay. Acid- or base-infused fish exhibited
significantly higher branchial CA activities than the control group, sham or saline-infused
groups (Fig. 3.8A). Saline infusion itself also impacted on branchial CA activity, with
saline-infused fish exhibiting significantly higher branchial total CA activity than the sham
or control groups (Fig. 3.8A). No differences in renal total CA activity levels were detected

among any of the treatment groups (Fig. 3.8B).
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Figure 3.5:

The mRNA expression of the tCAc gene in the branchial (A) and renal (B)
tissues of acid-, base-, saline-infused and sham-treated rainbow trout
(Oncorhynchus mykiss) relative to that in the untreated control fish as
assessed by real-time PCR. Tissue was sampled 24 h after the start of
infusion. Values represent means +SEM (N =8 and N =6 for A and B,
respectively). The control gene 18S was used as an endogenous standard.
For statistical analysis, the mRNA expression for the control fish was set to 1
and is indicated on the graph by the dashed line. An asterisk indicates a
value that is significantly different from the sham value (one-sample
Student’s t-test; P < 0.05).
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Figure 3.6:

The mRNA expression of the tCAIV gene in the renal tissue of acid-, base-,
saline-infused and sham-treated rainbow trout (Oncorhynchus mykiss)
relative to that in the untreated control fish as assessed by real-time PCR.
Tissue was sampled 24 h after the start of infusion. Values represent means
+SEM (N = 6). The control gene 18S was used as an endogenous standard.
For statistical analysis, the mRNA expression for the control fish was set to 1
and is indicated on the graph by the dashed line. An asterisk indicates a
value that is significantly different from the control value of 1 (one-sample
Student’s r-test; P < 0.05).
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Figure 3.7:

The effects of acid-, base- or saline-infusion on the expression of trout
cytoplasmic carbonic anhydrase (tCAc) protein in the gills (A) and kidney
(B) of rainbow trout (Oncorhynchus mykiss). Tissue was sampled 24 h after
the start of infusion. Values represent means +SEM (N = 6). Protein
expression from the representative immunoblots presented on the right was
quantified by digital image processing software and depicted in the figure on
the left. For A and B, there is no significant difference between treatments
(one-way ANOVA, on Ranks, P =0.278 and P = 0.734, for A and B,
respectively).
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Figure 3.8:

Effects of acid-, base-, or saline-infusion on the total CA activity of
branchial tissue (A) and renal tissue (B) crude homogenates of rainbow trout
(Oncorhynchus mykiss). Tissue was sampled 24 h after the start of infusion.
Values represent means +SEM (N = 6). Groups that do not share a letter are
significantly different from one another (one-way ANOVA, P <0.05).
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Cortisol treatment

Effects on branchial and renal carbonic anhydrase

Because the acid- and base-infused fish exhibited significantly elevated circulating
cortisol concentrations (Fig. 3.4), a second experiment was carried out to distinguish
between the effects of elevated cortisol levels and infusion-specific effects. The rainbow
trout were sampled after 48 h of exposure to elevated circulating cortisol concentrations
achieved by administration of a cortisol-containing intraperitoneal implant, and the effects
of this exogenous cortisol treatment on CA mRNA expression, protein abundance and
activity were assessed.

Administration of exogenous cortisol was successful in significantly elevating
circulating cortisol concentrations at 48 h (Fig. 3.9). In the cortisol-treated fish, the mRNA
expression of tCAc in both the gill and kidney tissue was significantly higher than the
control value of 1, with the extent of the elevated relative mRNA expression being greater in
kidney than in gill tissue (Fig. 3.10A). Correspondingly, renal tCAc protein abundance in
the cortisol-treated fish was significantly higher than that in the control group (Fig. 3.11B),
but branchial tCAc protein levels did not differ significantly between control and cortisol-
treated fish (Fig. 3.11A). In kidney tissue, tCAIV relative mRNA expression was also
significantly elevated by the cortisol treatment (Fig. 3.10B); again, difficulties with the
tCAIV antibody prevented the quantification of renal tCAIV protein levels. The assessment
of the CA activity of crude homogenates of gill and kidney tissue revealed elevated
branchial CA activity in cortisol-treated fish but no significant difference in renal CA

activity (Fig. 3.12).
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Figure 3.9: Mean plasma cortisol concentrations in control (untreated) rainbow trout,
Oncorhynchus mykiss (N = 18) compared to those fish that received an
intraperitoneal cortisol-containing implant (VN = 18). Blood was sampled 48 h
post-injection. Values are means +SEM. The asterisk indicates a statistically
significant difference from the control value (unpaired Student’s t-test, P <
0.001).
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Figure 3.10:

The mRNA expression of tCAc and tCAIV in branchial and/or renal tissues
of cortisol-treated rainbow trout (Oncorhynchus mykiss) relative to those of
control fish. Tissue was sampled 48 h post-injection. The control gene 18S
was used as an endogenous standard. Values represent means +SEM (N = 6).
The mRNA expression for control fish was set to 1 and is indicated on the
graph by the dashed line. An asterisk indicates a value that is significantly
different from the control value of 1 (one-sample Student’s r-test; P < 0.05).
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Figure 3.11:

The effects of cortisol-treatment on the expression of trout cytoplasmic
carbonic anhydrase (tCAc) protein in the gills (A) and kidney (B) of rainbow
trout (Oncorhynchus mykiss). Tissue was sampled 48 h post-injection.
Protein expression from the representative immunoblots presented on the
right was quantified by digital image processing software and depicted in the
figure on the left. For A, there was no significant difference between
treatments (Student’s t-test, P > 0.001). For B, an asterisk indicates a value
that is significantly different from the control value (Student’s #-test, P <
0.001).
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Figure 3.12: The effect of cortisol treatment on total CA activity in crude homogenates of
branchial (A) and renal (B) tissue of rainbow trout (Oncorhynchus mykiss).
Tissue was sampled 48 h post-injection. Values represent means + SEM (N =
10). The asterisk indicates a significant difference (unpaired Student’s ¢-test,
P <0.001) in CA activity between control and cortisol-treated groups.
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DISCUSSION

The present study demonstrated that cytosolic carbonic anhydrase (tCAc) and
membrane bound carbonic anhydrase (tCAIV) are dynamically regulated in gill (tCAc only)
and kidney in response to metabolic acid-base disturbances in the rainbow trout. In
addition, the stress hormone cortisol appears to be involved in this process, as cortisol levels
are elevated during metabolic acid-base challenges and CA expression and activity are
altered by high circulating cortisol levels. The results of this study confirm and extend our
understanding of the role played by CA in acid-base regulation in the rainbow trout,
specifically with respect to the roles of the gill and kidney in regulating acid-base status.

A number of studies have focused on the potential roles played by CA in the
regulation of acid base disturbances (Dimberg and Héglund, 1987; Lin and Randall 1991;
Hirata et al., 2003; Tresguerres et al., 2005, 2006, 2007; Georgalis et al., 2006a, 2006b). For
example, Georgalis et al. (2006b) demonstrated that branchial tCAc functions to supply the
necessary acid-base equivalents, derived from the hydration of CO,, for excretion into the
environment. Additionally, Georgalis et al. (2006a) showed that the inhibition of one or
both of the sources of renal CA (tCAc and / or tCAIV) affects the excretion of HCO3; via
the urine, thereby impairing the ability of fish to compensate respiratory acidosis. This
supports the idea that both renal tCAc and tCAIV contribute to the reabsorption of filtered
HCO; ions. While previous studies on rainbow trout have focused on the role of CA in
mediating responses to respiratory acid-base disturbances, the present study is the first to
explore the roles of branchial and renal CA in rainbow trout experiencing metabolic acid-

base disturbances.
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Methods — rationale and critique

The infusion of an acid or base directly into the arterial blood of the fish elicits a
metabolic acidosis or alkalosis, respectively (Cameron and Kormanik, 1982). A metabolic
acid-base disturbance is characterized by changes in pH at a constant Paco,. In the present
study, the infusion of base produced a pure metabolic alkalosis but the acid infusion was
accompanied by an elevation of Paco;, suggesting that the acidosis was actually of a mixed
respiratory / metabolic origin. It is likely that the elevation of Paco; in the acid-infused fish
reflected the titration of plasma HCO3™ by the infused H' so as to produce CO,, a
phenomenon that has been observed in other studies using similar techniques (Thomas and
Perry, 1992; Perry and McKendry, 2001; Gilmour et al., 2007).

Despite the evidence of acid-base disturbances provided by the assessment of blood
acid-base status, no significant changes in net acid flux (J,H') were observed in either the
acid- or base-infused fish. This result was unexpected, as previous studies have documented
increased net acid excretion in response to acidosis and correspondingly, negative net acid
excretion (i.e. base excretion) in response to alkalosis (Perry et al., 1987a; Goss and Wood,
1991; Goss and Perry 1993; Wood et al., 1999; Georgalis et al., 2006b). However,
measurements of net acid excretion are often variable (McDonald and Wood, 1981), and the
present study was no exception. Despite the inconsistencies in net acid excretion, the use of
a well-established protocol (Cameron and Kormanik, 1982) coupled with the detection of
the expected changes in the blood acid-base status, suggests that the infused fish were
subjected to the desired acid-base challenges. Additionally, the fish experienced a steady
state with respect to their pH between 2 and 24h of infusion, strongly suggesting that the

infused acid or base was being excreted.
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In all treatment groups, the initial haematocrit was ~22% and fell gradually to about
12% after 24 h, presumably largely because of repeated blood sampling. It is important to
note that haematocrits greater than 12% are above the threshold of 5 — 10% (Wood et al.,
1982) reported to cause adverse health effects (Wood et al., 1982, Iwama et al., 1987) in
rainbow trout. Therefore, the reduction in haematocrit probably had little effect on the
results of this study.

The goal of the present study was to investigate the impact of metabolic acid-base
disturbances on CA gene expression, protein abundance, and catalytic activity in the gills
and kidneys of rainbow trout. To assess the underlying causes of changes in CA expression
or activity, a variety of controls were incorporated into the experimental design. A saline-
infused group controlled for the effect of infusion alone, while a “sham” group in which fish
were cannulated but not infused controlled for any effects of surgery and confinement.
Plasma cortisol concentrations in these groups were similar and somewhat elevated over the
accepted “unstressed” value of ~10 ng mL™ (Gamperl et al., 1994), which was the level
detected in the “control” group in which fish were sampled directly from the holding tank.

The experimental acid and base infusions were accompanied by significantly greater
elevations of plasma cortisol concentrations. To distinguish between the effects of acid- or
base-infusion per se, and the effect of accompanying elevation of plasma cortisol levels, a
second experiment was carried out in which plasma cortisol levels were raised by exogenous
cortisol administration. Although the desired cortisol concentration of ~100 ng mL™" was
exceeded, a wide range of circulating cortisol concentrations was achieved, allowing for the
investigation of possible relationships between plasma cortisol concentration and CA

expression or activity. However, attempts to establish such relationships were unsuccessful.

47



Significant relationships were detected when variables such as CA expression were
correlated with plasma cortisol concentrations, but these relationships reflected the presence
of two groups, one with low and the other with high cortisol concentrations. Attempts to
establish correlations within a group (either control fish or cortisol-treated fish) were
unsuccessful, probably in large part owing to the low N values for CA expression or activity
(typically, N = 6).

Quantification of CA gene expression by real-time PCR was accompanied by the
measurement of tCAc protein abundance by western analysis, and the assessment of total
CA activity using the electrometric delta-pH assay. The use of all three approaches
provided a complete picture of CA mRNA expression, protein abundance, and catalytic
activity in the gill. However, technical difficulties prevented a similarly complete
assessment of CA expression and activity in kidney tissue. Difficulties were experienced in
using the tCAIV antibody developed in a previous study (Georgalis et al., 2006a),
preventing the quantification of renal tCAIV protein abundance. In addition, measurement
of total CA activity in kidney homogenates failed to reveal any significant differences
among treatments. There are several reasons why the measurements of total CA activity in
kidney homogenates should be treated with caution. Generally low levels of CA activity in
the kidneys (Esbaugh and Tufts, 2006) coupled with the inherent difficulty of adequately
clearing the renal tissue of blood and the presence of haematopoetic tissue in the kidney
(Swenson and Maren, 1986; Gehnrich et al., 1994; 1995; Swenson et al., 1996; Renfro et al.,
1999) make it difficult to attribute any crude homogenate CA activity to renal tCAc and
tCAIV specifically. In addition, the use of the crude homogenates did not allow relative

changes in the cytoplasmic versus membrane-bound CA activities to be distinguished.
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Further characterization of renal CA activity is required, using differential centrifugation to
separate cytoplasmic and membrane-bound activities (Henry et al., 1988). Thus, discussion

of renal CA is limited to changes in gene expression and tCAc protein abundance.

Branchial and renal responses to acidosis

The main responses of the rainbow trout to a systemic acidosis are to reduce the rate
of HCO3 excretion at the gills and to increase the rate of HCO; reabsorption at the kidney
(Perry et al., 1987a; 1987b; Wood et al., 1999). However, the effect of a metabolic acidosis
on branchial CA expression and activity is difficult to predict owing to the heterogenous cell
population of the gills. The cell population of the gills involves two main types of
mitochondria-rich cells (MRCs) (Fig. 1), distinguished by their binding affinities for peanut
lectin agglutinin, PNA (Goss et al., 2001). It is believed that MRCs that do not bind PNA
(PNA MRCs) function to excrete acid and that MRCs that show a binding affinity for PNA
(PNA” MRCs) function to excrete base (Perry and Gilmour, 2006). Because of the presence
of presumptive acid- and base-secreting cells in the fish, different and potentially opposing
responses from the different cell types must be expected to occur.

Current models postulate that tCAc plays a pivotal role in branchial acid-base
regulation by providing the H" and HCO3~ ions necessary for acid and base excretion.
Acidotic rainbow trout reduce the rate of branchial HCO;™ excretion, a process aided by
physical covering of the base-excreting PNA™ MRCs by pavement cells (Goss and Perry,
1993). Thus, the expression and activity of branchial tCAc would be predicted to decrease
in the face of a metabolic acidosis, in an attempt to reduce the activity of the base-secreting

MRC s, so as to promote the accumulation of HCO3 ions (Georgalis et al., 2006b).
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Additionally, renal tCAc and tCAIV expression and activity would be predicted to increase
in response to a metabolic acidosis, to promote the reabsorption of HCO; from the filtrate.
These predictions are summarized in Tables 4.1 (gills) and 4.2 (kidney).

The recent work of Georgalis et al (2006a) provided strong evidence for the
involvement of tCAc and tCAIV in the maintenance of acid-base status. The proposed
model for the kidney (Georgalis et al., 2006a) shows that both tCAc and tCAIV function to
reabsorb filtered HCO; ™ ions from the filtrate. As previously noted, the changes in plasma
HCOj;  levels required for pH regulation are achieved via increases in net branchial acid
excretion, but necessitate parallel changes in renal acid secretion.

Following from the above predictions, the relative mRNA expression of branchial
tCAc was reduced in the acid-infused fish and the relative mRNA expression of both renal
tCAc and tCAIV was significantly increased. In the gill, the tCAc protein levels did not
parallel the changes in mRNA level, while the branchial CA activity in the acid-infused fish
was significantly increased. Correspondingly, the abundance of the renal tCAc protein was
unaffected by any experimental treatment (Tables 4.1, 4.2). These finding differ markedly
from the responses of rainbow trout to respiratory acidosis (Georgalis et al., 2006b), where
the tCAc mRNA expression and protein levels were significantly elevated but there was no
observable impact on tCAc enzyme activity. It is possible that the different cell types of the
gill respond differently, depending on whether the acidosis is of a respiratory or metabolic
origin. The most striking renal response to metabolic acidosis was a pronounced increase in
the expression of tCAIV mRNA that was accompanied by a more modest increase in tCAc
mRNA (Table 4.2); similar results were reported for rainbow trout experiencing respiratory

acidosis (Georgalis et al., 2006b).
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Table 4.1:

A summary table of the results predicted and obtained with respect to the
response of the branchial system of the rainbow trout, Oncorhynchus mykiss,
to the imposition of an acid-base disturbance. The arrows indicate the
direction of change and the dashed lines indicate the control values, to which
all other values are compared. The red blocks on the table show where the
observed result agrees with the prediction.
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Table 4.2:

A summary table of the results predicted and obtained with respect to the
response of the renal system of the rainbow trout, Oncorhynchus mykiss, to
the imposition of an acid-base disturbance. The arrows indicate the direction
of change and the dashed lines indicate the control values, to which all other
values are compared. The red blocks on the table show where the observed
result agrees with the prediction. As CA activity in the renal tissue could not
be accurately measured, the observed results for these experiments are not
included.
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The discrepancies among gene expression, protein abundance, and CA activity
observed in the present study (Tables 4.1, 4.2) are difficult to reconcile, and may reflect a
diversity of factors. In particular, tissue samples for all analyses were collected at 24 h of
infusion, yet the impact of the acid-infusion on gene expression versus protein abundance
versus enzymatic activity might occur with different time courses. For example, 24 h of
acid infusion may be a sufficient stimulus to trigger appropriate changes in gene
transcription, as detected, but may not be sufficient to allow an impact on protein
abundance. Results of other studies support this possibility (Henry et al., 2002; 2003; 2006).

Henry et al. (2006) found that CA mRNA expression in the euryhaline green crab,
Carcinus maenas, increased in the posterior gills 24 h after transfer of animals to lowered
salinity, but that CA activity did not increase until 48 h post-transfer, and the greatest
increase in CA protein concentration did not occur until 10 days post-transfer. These
discrepancies suggest that a time-course for mRNA expression, protein abundance, and
catalytic activity for CA should be performed in future studies. Additionally, potential post-
translational effects that enhance CA activity in the short term, resulting in elevated
branchial CA activity at 24 h of infusion, could over a longer time course be superseded by
transcriptional regulation of tCAc gene expression (Henry et al., 2003; 2006). For example,
the results of Henry et al. (2006) demonstrate that the elevation in CA activity levels is
caused by an increase in the CA mRNA abundance, as exposure to an environment of low
salinity caused a rapid 8-fold increase in CA mRNA that preceded the increase in CA
activity by 24 h. Additionally, this increase in activity persisted through 7 days, as the
newly produced protein persisted for an extended period of time after the decline in CA

mRNA levels.
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In addition to possible temporal differences in the responses to acidosis, there may
also be a confounding influence of the infusion, itself, on CA expression and / or activity.
For example, the saline infusion caused a significant increase in renal tCAc relative mRNA
expression, suggesting that the similar increase in acid-infused fish may have reflected (at
least in part) the infusion procedure rather than the actual acidosis. Enhanced HCO;
reabsorption from the filtrate may be favoured during the infusion if the volume load is
cleared via the kidneys (Curtis and Wood, 1992). This response may be mediated, at least
partially, by the elevation of circulating plasma cortisol concentrations, as the saline-
infusion was accompanied by a moderate increase in plasma cortisol levels, and cortisol
injection was accompanied by a significant elevation of renal tCAc relative mRNA
expression (Table 4.3). However, whereas cortisol administration also resulted in a
corresponding increase in renal tCAc protein abundance, neither acid nor saline infusion
affected renal tCAc protein levels (Tables 4.2, 4.3).

Previous research has revealed possible links between cortisol and CA activity and
expression in rabbit (Russell et al., 1976) and winter flounder (Pelis et al., 2003; Pelis and
Renfro, 2004). Pelis et al. (2003) demonstrated that the protein level of CAII (their
terminology — see Georgalis et al., 2006a, for a discussion of CA nomenclature in fish
versus mammals) in cultured renal proximal tubule cells of winter flounder was reduced by
~65% and the catalytic activity of CA was reduced by ~30% in cells that were maintained in
cultures with reduced cortisol levels for 5 days. The level of cortisol that was normally used
in the cultures was 7.3 H10® M, and the cortisol was reduced to the lower end of the
physiological range (6.3 H 10® M) 5 days before the experimental analysis was performed

(Pelis et al., 2003).
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Table 4.3:

A summary table of the results predicted and obtained with respect to the
response of the gills and the kidney of the rainbow trout, Oncorhynchus
myKkiss, to an increase in circulating cortisol level. The arrows indicate the
direction of change and the dashed lines indicate the control values, to which
all other values are compared. The red blocks on the table show where the
observed result agrees with the prediction. As CA activity in the renal tissue
could not be accurately measured, the observed results for these experiments
are not included.



Treatment mRNA Level Protein Level Activity Level
Predicted | Observed | Predicted | Observed | Predicted | Observed
Gills
Cortisol N X N X
Control - - - - - -
Kidneys
Cortisol A
Control - - - - -
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In agreement with these findings, renal tCAc and tCAIV gene expression and renal
tCAc protein abundance were significantly increased in the present study following
administration of exogenous cortisol in vivo (Table 4.3), providing further evidence of an
involvement of cortisol in renal CA regulation.

In the present study, branchial tCAc gene expression was unaffected while catalytic
activity increased with cortisol treatment (Table 4.3). While the protein abundance of
branchial tCAc was not significantly affected by injection of cortisol, a trend toward an
increase in protein expression with elevated plasma cortisol was apparent (Fig. 3.11A).
However, a linear regression analysis revealed no significant relationship or correlation
between cortisol level and branchial tCAc protein abundance. The high variability in the
protein levels of cortisol-treated fish likely masked any significant difference between
control and cortisol-treated animals. Further experimentation is required to reduce this
variability and hence to determine whether branchial tCAc protein abundance is affected by
increased plasma cortisol concentrations.

Goss et al. (2001), reported that PNA binding to the epithelium of a gill filament was
increased by pretreatment with cortisol, suggesting that cortisol stimulates the proliferation
of the PNA", presumptive base-excreting MRCs. Furthermore, Laurent et al. (1994)
demonstrated that cortisol promoted the differentiation within 12 h, but not division, of
branchial epithelial cells. Thus, the increase in CA activity caused by cortisol treatment that
was observed in the current study could be caused by an increase in MRC abundance
(Laurent and Perry, 1990), rather than a specific up-regulation of CA, which could account

for the lack of significant effect on either tCAc gene expression or protein abundance.
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Branchial and renal responses to alkalosis

The main response of rainbow trout to a systemic alkalosis is an increase in the rate
of branchial HCO; excretion and a decrease in the rate of renal HCO3 ™ reabsorption (Goss
and Wood, 1991; Wood and LeMoigne, 1991; Curtis and Wood, 1992; Wood et al., 1999).
Thus, it was predicted that branchial CA expression and activity would be increased, to
facilitate the excretion of HCOs , and renal CA expression and activity would be decreased,
to promote the loss of HCO; via the urine (see Tables 4.1, 4.2). Again, however, the
presence of various cell types in the gills makes it difficult to accurately predict how the CA
expression and activity might respond to a metabolic alkalosis.

As predicted, the branchial tCAc relative mRNA expression was significantly higher
in the rainbow trout subjected to a metabolic alkalosis, as was the branchial CA activity.
However, the branchial tCAc protein abundance failed to increase in accordance with the
increases in gene expression and activity (Table 4.1). Also in keeping with the predictions
outlined above, a significant decrease in renal tCAIV relative mRNA expression was
observed. Renal tCAc relative mRNA expression in the base-infused fish did not differ
from the control value of one, but this finding could be considered a relative decrease in
gene expression given that saline-infusion alone resulted in significantly elevated renal tCAc
relative mRNA expression. Renal tCAc protein abundance was not altered by base infusion
(Table 4.2).

Interestingly, base infusion was accompanied by significant elevation of plasma
cortisol concentration. The effects of cortisol, namely the observed increase in renal CA
expression and tCAc protein abundance, are opposite to those expected to benefit acid-base

regulation following a base load (compare predicted responses in Tables 4.1, 4.2 and 4.3)
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and indeed, such responses were not observed during base-infusion. It would appear that
cortisol is but one of several factors regulating CA expression and activity in the kidney
during metabolic alkalosis. To determine whether the elevation of circulating cortisol
concentrations in either acid-infused or base-infused fish contributes to acid-base regulation,
it will be necessary to block the cortisol response either by inhibiting cortisol synthesis or by

blocking cortisol receptors.

Future directions

Previous studies have shown that the effects of cortisol in fish are mediated by both
glucocorticoid and mineralocorticoid receptors (Bern and Madsen, 1992; Sturm et al., 2005).
It may be worth investigating how cortisol impacts acid-base regulation in the rainbow trout
by studying which receptor type is involved. However, the roles of the different receptors
have yet to be fully elucidated in fish and, indeed, there is evidence for glucocorticoid
receptors playing roles in salt and water balance — roles that do not fit with the traditional
view of this receptor as being involved in stress responses and the regulation of metabolism
(Yudt and Cidlowski, 2002; Gilmour, 2005).

In the absence of information about the receptor types involved in mediating the
effects of cortisol on CA activity and expression, a more useful experiment to investigate the
possibility of a causal relationship might be to reduce circulating cortisol levels using the
inhibitor metyrapone (Milligan, 2003). Metyrapone is an inhibitor of 118 hydroxylase, an
enzyme that converts 11-deoxycortisol to cortisol in the final step of cortisol synthesis

(Bennett and Rhodes, 1986).
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Although there exists uncertainty about the what receptor type is involved, use of a
glucocorticoid receptor inhibitor such as RU486, that has been shown to be very effective at
blocking the actions of cortisol in the rainbow trout (McDonald and Wood, 2004), could
clarify the role of cortisol in acid-base maintenance by determining the relative involvement
of cortisol versus acid-base status in inducing CA changes.

More experimentation with CA inhibitors such as acetazolamide (Maren, 1967), or
F3500 (Conroy et al., 1996), may further elucidate the functions of the various CA isoforms
with respect to cortisol during an acid-base disturbance. Acetazolamide is a membrane-
permeant CA inhibitor that acts on both the cytosolic and membrane-bound CA isoforms
(Georgalis et al., 2006a). F3500 is a membrane-impermeant inhibitor and permits tCAc
activity while inhibiting the activity of tCAIV (Conroy et al., 1996). This selective CA
inhibition could reveal the relative importance of the different CA isoforms in regulating
acid-base homeostasis in the rainbow trout. This approach was taken by Georgalis et al.
(2006a) to provide the existing evidence for the involvement of the two different CA
isoforms (tCAc and CAIV) in regulating acid-base homeostasis in the rainbow trout. By
reducing the activity of CA through inhibitors, further studies could support the importance
of CA in regulating acid-base homeostasis and possibly reveal alternative response
mechanisms of the animal to a systemic acid-base challenge. Additionally, studies
involving the exploration for a cortisol responsive element in the gene sequence of the CA

isoforms may be worthwhile.
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Conclusions

The findings of the present study support the hypothesis that the expression and
action of two CA isoforms (tCAc and tCAIV), in the gill (tCAc only) and kidney, play an
important role in regulating systemic metabolic acid-base disturbances. In addition, cortisol
also appears to be involved in the regulation of acid-base status. The present study has
documented a correlation between cortisol and effects on CA expression and activity, but
more studies are required to determine the mechanisms underlying this relationship.
Additionally, by documenting significant changes in the response of rainbow trout to the
imposition of metabolic acid-base disturbances, as opposed to respiratory acid-base
disturbances, the findings of the present study extend the understanding that different
regulatory mechanisms are involved, depending on the form of acid-base challenge.

The changes in the branchial tCAc mRNA expression during both metabolic acid-
base challenges followed from the predictions based on the current model of the system and
the possible roles of the enzyme. The changes in the renal tCAc mRNA expression during a
metabolic acidosis and the renal tCAIV mRNA expression during both the metabolic
acidosis and alkalosis are exactly in line with the predicted role of these enzymes in
facilitating HCO; reabsorption from the filtrate. Moreover, cortisol caused a marked
increase in renal tCATV mRNA and protein levels. It is possible that elevated cortisol, when
coupled with a metabolic acidosis, acts to promote the increased expression of renal tCAIV
that then facilitates HCO3 ™ reabsorption.

As previously stated, the observed discrepancies among changes in gene expression,
protein abundance, and catalytic activity observed in the present study are problematic, and

likely reflect the wide range of complex factors that act upon CA expression and activity.
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While confirming the important roles of branchial and renal CA isoforms in acid-base
regulation established in previous studies (Georgalis et al., 2006a, b), the results of the
present study advance our knowledge and understanding in two important directions. First,
by comparison with the results of Georgalis et al. (2006a, b), the present study establishes
both similarities and differences in the branchial and renal CA responses to respiratory
versus metabolic acid-base disturbances. Documenting such similarities and differences is
an important step in understanding the regulation of acid-base disturbances by the gill and
kidney of fish. Second, the role of cortisol as a possible mediator of changes in CA
expression and activity during acid-base disturbances is examined. To date, CA research
has focused largely on establishing the presence and function of different CA isoforms — the
present work takes an important step towards exploring mechanisms underlying the dynamic

regulation of CA expression and activity.

61



10.

11.

REFERENCES

Baird, T. T., Waheed, A., Okuyama, T., Sly, W. S., and Fierke, C. A. (1997)
Catalysis and inhibition of human carbonic anhydrase IV. Biochem., 36, 2669 — 2678.

Barton, B. A., and Iwama, G. K. (1991) Physiological changes in fish from stress in
aquaculture with emphasis on the response and effects of corticosteroids. Annu. Rev.
Fish Diseases, 1, 3 —26.

Bennett, R. O., and Rhodes III, R. C. (1986) Evaluation of oral administration of
cortisol and metyrapone: The effects of serum cortisol in rainbow trout (Sa/mo
gairdneri). Comp. Biochem. Physio., 83, 727 — 730.

Bern, H. A. and Madsen, S. S. (1992) A selective survey of the endocrine system of
the rainbow trout (Oncorhynchus mykiss) with emphasis on the hormonal regulation of
ion balance. Aquaculture, 100, 237 —262.

Boron, W. F. (2004) Regulation of intracellular pH. Adv. Physiol. Educ., 28, 160 —
179.

Brion, L. P., Zavilowitz, B. J., Rosen, O., and Schwartz, G. J. (1991) Changes in
soluble carbonic anhydrase activity in response to maturation and NH4Cl loading in
the rabbit. Am. J. Physiol. Regul. Integr. Comp. Physiol., 261, R1204 — R1213.

Brion, L. P., Zavilowitz, B. J., Suarez, C., and Schwartz, G. J. (1994) Metabolic
acidosis stimulates carbonic anhydrase activity in rabbit proximal tubule and
medullary collecting duct. Am. J. Physiol. Renal Fluid. Electrolyte Physiol., 266,
F185 - F195.

Cameron, J. N. (1978) Regulation of blood pH in teleost fish. Respir. Physiol., 33,
129 — 144,

Cameron, J. N., and Kormanik, G. A. (1982) The acid-base responses of gills and
kidneys to infused acid and base loads in the channel catfish, Ictalurus punctatus. J.
Exp. Biol., 99, 143 — 160.

Carter, N. W., Seldin, D. W., and Teng, H. C. (1959) Tissue and renal response to
chronic respiratory acidosis. J. Clin. Invest., 38, 949 — 960.

Chegwidden, W. R., and Carter, N. D. (2000) Introduction to the carbonic
anhydrases. EXS, 90, 13 —28.

62



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Choe, K. P., and Evans, D. H. (2003) Compensation for hypercapnia by a euryhaline
elasmobranch: effect of salinity and roles of gills and kidneys in fresh water. J. Exp.
Zool., 297, 52 — 63.

Claiborne, J. B. Acid-base regulation. In The Physiology of Fishes (edited by D. H.
Evans), pp. 171 — 198. Boca Raton: CRC Press, 1998.

Claiborne, J. B., Edwards, S. L., and Morrison-Shetlar, A. I. (2002) Acid-base
regulation in fishes: cellular and molecular mechanisms. J. Exp. Zool., 293, 302 —
319.

Conley, D. M. and Malalatt, J. (1988) Histochemical localization of Na'-K'-ATPase
and carbonic anhydrase activity in gills of 17 fish species. Can. J. Zool., 66, 2398 —
2405.

Conroy, C. W., Wynns, G. C., and Maren, T. H. (1996) Synthesis and properties of
two new membrane-impermeant high-molecular-weight carbonic anhydrase inhibitors.
Bioorg. Chem., 24,262 —272.

Curtis, B. J., and Wood, C. M. (1992) Kidney and urinary bladder responses of
freshwater rainbow trout to isosmotic NaCl and NaHCOs infusion. J. Exp. Biol., 173,
181 —203.

Dang, Z., Balm, P. H. M., Flik, G., Wendelaar Bonga, S. E., and Lock, R. A. C.
(2000) Cortisol increases Na'/K'-ATPase density in plasma membranes of gill
chloride cells in the freshwater tilapia Oreochromis mossambicus. J. Exp. Biol., 203,
2349 —2355.

DiBattista, J. D., Anisman, H., Whitehead, M., and Gilmour, K. M. (2005) The
effects of cortisol administration on social status and brain monoaminergic activity in
rainbow trout Oncorhynchus mykiss. J. Exp. Biol., 208, 2707 — 2718.

Dimberg, K., and Hoglund, L. B. (1987) Carbonic anhydrase activity in the blood and
the gills of rainbow trout during long-term hypercapnia in hard, bicarbonate-rich
freshwater. J. Comp. Physiol. B, 157, 405 — 412.

Dimberg, K., Hoglund, L. B., Knutsson, P. G. and Ridderstréle, Y. (1981)
Histochemical localization of carbonic anhydrase in gill lamellae from young salmon
(Salmo salar L). adapted to fresh and salt water. Acta Physiol. Scand. 112,218 — 220.

Dorai, T, Sawczuk, 1., Pastorek, J., Wiernik, P. H., and Dutcher, J. P. (2006) Role of

carbonic anhydrases in the progression of renal cell carcinoma subtypes: proposal of a
unified hypothesis. Cancer Invest., 24, 754 — 779.

63



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Emmett, M., and Seldin, D. W. Clinical syndromes of metabolic acidosis and
metabolic alkalosis. In The Kidney: Physiology and Pathophysiology (edited by D. W.
Seldin and G. Giebisch). pp. 1567 — 1639. New York: Raven, 1985.

Endroczi, E., Sasvary, M., and Simon, J. (1994) Effects of glucocorticoid treatment
of the carbonic anhydrase activity of brain tissue in the early postnatal age in the rat.
Acta Physiol. Hung., 82, 195 — 200.

Esbaugh, A. J., Perry, S. F., Bayaa, M., Georgalis, T., Nickerson, J. G., Tufts, B. L.,
and Gilmour, K. M. (2005) Cytoplasmic carbonic anhydrase isozymes in rainbow
trout Oncorhynchus mykiss: comparative physiology and molecular evolution. J. Exp.

Biol., 208, 1951 - 1961.

Esbaugh, A. J., and Tufts, B. L. (2006) Tribute to R. G. Boutilier: Evidence of a high
activity carbonic anhydrase isozymes in the red blood cells of an ancient vertebrate,
the sea lamprey Petromyzon marinus. J. Exp. Biol., 209, 1169 — 1178.

Evans, D. H., Piermarini, P. M., and Choe, K. P. (2005) The multifunctional fish gill:
dominant site of gas exchange, osmoregulation, acid-base regulation, and excretion of
nitrogenous waste. Physiol. Rev., 85, 97 — 177.

Flik, G., Klaren, P. H., Van den Burg, E. H., Metz, J. R., and Huising, M. O. (2006)
CREF and stress in fish. Gen. Comp. Endocrinol., 146, 36 — 44.

Fligel, C., Lutjen-Drecoll, E. and Zadunaisky, J. A. (1991) Histochemical
demonstration of carbonic anhydrase in gills and opercular epithelium of seawater-
and freshwater-adapted killifish (Fundulus heteroclitus). Acta Histochem., 91, 67 —
75.

Friedman, P. A. and Andreoli, T. E. (1982) CO;-stimulated NaCl absorption in the
mouse renal cortical thick ascending limb of Henle. Evidence for synchronous Na*/
H' and CI” / HCO;~ exchange in apical plasma membranes. J. Gen. Physiol., 80, 683
-711.

Galvez, F., Reid, S. D., Hawkings, G. S., and Goss, G. G. (2002) Isolation and
characterization of mitochondria-rich cell types from the gill of freshwater rainbow
trout. Am. J. Physiol., 282, R658 — R668.

Gamperl, A. K., Vijayan, M. M., and Boutilier, R. G. (1994) Experimental control of
stress hormone levels in fishes: techniques and applications. Rev. Fish Biol. Fish., 4,

215 - 255.

Geers, C., and Gros, G. (2000) Carbon dioxide transport and carbonic anhydrase in
blood and muscle. Physiol. Rev., 80, 681 —715.

64



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Gehnrich, S. C., Lippincott, L. H., Swenson, E. R., and Maren, T. H. (1994) Carbonic
anhydrase in the kidneys of eruryhaline fish (Anguilla rostrata and Salmo salar). Bull.
Mt. Desert Isl. Biol. Lab., 33, 61 — 63.

Gehnrich, S. C., Lippincott, L. H., Swenson, E. R., and Maren, T. H. (1995) Further
attempts to separate renal from hematopoietic tissue in the euryhaline eel, Anguilla
rostrata. Bull. Mt. Desert. Isl. Biol. Lab., 34, 96.

Georgalis, T., Yorston, J., Gilmour, K. M., and Perry, S. F. (2006a) The roles of
cytosolic and membrane bound carbonic anhydrase in the renal control of acid-base

balance in rainbow trout, Oncorhynchus mykiss. Am. J. Physiol. Renal Physiol., 291,
F407 — F421.

Georgalis, T., Perry, S. F., and Gilmour, K. M. (2006b) The role of branchial
carbonic anhydrase in acid-base regulation in rainbow trout (Oncorhynchus mykiss).
J. Exp. Biol., 209, 518 — 530.

Gilbert S. M., Whitson, J. M., Mansukhani, M., Buttyan, R., Benson, M. C., Olsson,
C. A., Sawczuk, L. S., and McKiernan, J. M. (2006) Detection of carbonic anhydrase-
9 gene expression in peripheral blood cells predicts risk of disease recurrence in
patients with renal cortical tumors. Urology, 67, 942 — 945.

Gilmour, K. M. (2001) The CO, / pH ventilatory drive in fish. Comp. Biochem.
Physiol. A, 130, 219 — 240.

Gilmour, K. M. (2005) Mineralocorticoid receptors and hormones: fishing for
answers. Endocrin., 146, 44 — 46.

Gilmour, K. M., Euverman, R. M., Esbaugh, A. J., Kenney, L., Chew, S. F., Ip, Y. K.,
and Perry, S. F. (2007) Mechanisms of acid-base regulation in the African lungfish
Protopterus annectens. J. Exp. Biol., in press.

Gilmour, K. M., Shah, B. and Szebedinszky, C. (2002) An investigation of carbonic
anhydrase activity in the gills and blood plasma of brown bullhead (Ameriurus
nebulosus), longnose skate (Raja rhina), and spotted ratfish (Hydrolagus colliei). J.

Comp. Physiol. B, 172, 77 — 86.

Gilmour, K. M., Perry, S. F., Bernier, N. J., Henry, R. P., and Wood, C. M. (2001)
Extracellular carbonic anhydrase in the dogfish, Squalus acanthias: a role in CO,
excretion. Physiol. Biochem. Zool., 74, 477 — 492.

Gilmour, K. M., Henry, R. P., Wood, C. M. and Perry, S. F. (1997) Extracellular

carbonic anhydrase and an acid-base disequilibrium in the blood of the dogfish
Squalus acanthias. J. Exp. Biol., 200, 173 — 183.

65



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Goss, G. G. and Perry, S. F. (1993) Physiological and morphological regulation of
acid-base status during hypercapnia in rainbow trout (Oncorhynchus mykiss). Can. J.
Zool., 71, 1673 — 1680.

Goss, G. G., and Wood, C. M. (1991) Two-substrate kinetic analysis: a novel
approach linking ion and acid-base transport at the gills of freshwater trout,
Oncorhynchus mykiss. J. Comp. Physiol. B, 161, 635 — 646.

Goss, G. G., Adamia, S., and Galvez, F. (2001) Peanut lectin binds to a
subpopulation of mitochondria-rich cells in the rainbow trout gill epithelium. Am. J.
Physiol. Regul. Integr. Comp. Physiol., 281, R1718 —R1725

Goss, G. G., Perry, S. F., Wood, C. M., and Laurent, P. (1992) Mechanisms of ion
and acid-base regulation at the gills of freshwater fish. J. Exp. Zool., 263, 143 — 159.

Heisler, N. Comparative aspects of acid-base regulation. In Acid-Base Regulation in
Animals (edited by N. Heisler). pp. 397 —449. Elsevier, Amsterdam, 1986.

Henry, R. P. (1996) Multiple roles of carbonic anhydrase in cellular transport and
metabolism. Annu. Rev. Physiol., 58, 523 — 538.

Henry, R. P. Techniques for measuring carbonic anhydrase activity in vitro: the
electrometric delta pH and pH stat assays. In The Carbonic Anhydrases: cellular
physiology and molecular genetics (edited by S. J. Dodgson, R. E. Tashian, G. Gros,
and N. D. Carter). pp. 119 — 126. Plenum Press, New York, 1991.

Henry, R. P. and Swenson, E. R. (2000) The distribution and physiological
significance of carbonic anhydrase in vertebrate gas exchange organs. Respir.
Physiol., 121, 1 — 12.

Henry, R. P., Thomason, K. L., and Towle, D. W. (2006) Quantitative changes in
branchial carbonic anhydrase activity and expression in the euryhaline green crab,

Carcinus maenas, in response to low salinity exposure. J. Exp. Zool. A Comp. Exp.
Biol., 305, 842 — 850.

Henry, R. P., Gehnrich, S., Weihrauch, D., and Towle, D. W. (2003) Salinity-
mediated carbonic anhydrase induction in the gills of the euryhaline green crab,
Carcinus maenas. Comp. Biochem. Physiol. A Mol. Integr. Physiol., 136, 243 — 258.

Henry, R. P., Garrelts, E. E., McCarty, M. M., and Towle, D. W. (2002) Differential
induction of branchial carbonic anhydrase and Na' / K" ATPase activity in the

euryhaline crab, Carcinus maenas, in response to low salinity exposure. J. Exp. Zool.,
292, 595 — 603.

66



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Henry, R. P. and Heming, T. A. Carbonic anhydrase and respiratory gas exchange. In
Fish Physiology Volume 17: Fish Respiration (edited by S.F. Perry and B.L. Tufts).
pp 75 — 111. Academic Press, San Diego, 1998.

Henry, R. P., Tufts, B. L. and Boutilier, R. G. (1993) The distribution of carbonic
anhydrase type I and I isozymes in lamprey and trout: possible co-evolution with
erythrocyte chloride / bicarbonate exchange. J. Comp. Physiol. B, 163, 380 — 388.

Henry, R. P., Smatresk, N. J., Cameron, J. N. (1988) The distribution of branchial
carbonic anhydrase and the effects of gill and erythrocyte carbonic anhydrase
inhibition in the channel catfish Ictalurus punctatus. J. Exp. Biol., 134, 201 — 218.

Hewett-Emmett, D. Evolution and distribution of the carbonic anhydrase gene
families. In The Carbonic Anhydrases: New Horizons (edited by W. R. Chegwidden,
N. D. Carter, and Y. H. Edwards). pp. 29 - 76. Boston, USA: Birkhéuser Verlag,
2005.

Hewett-Emmett, D. and Tashian, R. E. (1996) Functional diversity, conservation and
convergence in the evolution of the -, 8- and Y-carbonic anhydrase gene families.
Mol. Phyl. Evol., 5, 50 - 77.

Hirata, T., Kaneko, T., Ono, T., Nakazato, T., Furukawa, N., Hasegawa, S.,
Wakabayashi, S., Shigekawa, M., Chang, M. H., Romero, M. F., and Hirose, S.

(2003) Mechanism of acid adaptation of a fish living in a pH 3.5 lake. Am. J. Physiol.
Regul. Integr. Comp. Physiol., 284, R1199 — R1212.

Iwama, G. K., Boutilier, R. G., Heming, T. A., Randall, D. J., and Mazeaud, M.
(1987) The effects of altering gill water flow on gas transfer in rainbow trout. Can. J.
Zool., 65,2466 — 2470.

Kakizawa, S., Kaneko, T., and Hirano, T. (1996) Elevation of plasma somatolactin
concentrations during acidosis in rainbow trout (Oncorhynchus mykiss). J. Exp. Biol.,
199, 1043 - 1051.

Kobayashi, K. A., and Wood, C. M. (1980) The response of the kidney of the
freshwater rainbow trout to true metabolic acidosis. J. Exp. Biol., 84, 227 — 244.

Krapf, R., Pearce, D., Lynch, C., Xi, X.-P., Reudehuber, L., Pouyssegur, J., and
Rector, F. C. (1991) Expression of rat renal Na* / H" antiporter mRNA levels in
response to respiratory and metabolic acidosis. J. Clin. Invest., 87, 747 — 751.

Laurent, P., and Perry, S. F. (1990) Effects of cortisol on gill chloride cell

morphology and ionic uptake in the freshwater trout, Salmo gairdneri. Cell Tissue
Res., 259, 429 — 442,

67



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Laurent, P., Dunel-Erb, S., Chevalier, C., and Lignon, J. (1994) Gill epithelial cells
kinetics in a freshwater teleost, Oncorhychus mykiss, during adaptation to ion-poor
water and hormonal treatments. J. Fish Physiol. Biochem., 13, 1573 — 5168.

Lin, H., and Randall, D. J. (1993) Proton-ATPase activity in crude homogenates of
fish gill tissue: inhibitor sensitivity and environmental and hormonal regulation. J.
Exp. Biol. 180, 163 — 174.

Lindskog, S. and Silverman, D. N. (2000) The catalytic mechanism of mammalian
carbonic anhydrases. FEXS, 90, 175 —195.

Maren, T. H. (1967) Carbonic anhydrase: chemistry, physiology and inhibition.
Physiol. Rev., 47, 365 — 373.

May, R. C., Kelly, R. A., and Mitch, W. E. (1986) Metabolic acidosis stimulates
protein degradation in rat muscle by a glucocorticoid-dependent mechanism. J. Clin.
Invest., 77,614 — 621.

McCormick, S. D. (2001) Endocrine control of osmoregulation in teleost fish. Am.
Zool., 41,781 — 794.

McDonald, M. D., and Wood, C. M. (2004) The effect of chronic cortisol elevation
on urea metabolism and excretion in the rainbow trout. J. Comp. Physiol. B, 174,71 —
81.

McDonald, D. G. and Wood, C. M. (1981) Branchial and renal acid and ion fluxes in
the rainbow trout, Salmo gairdneri, at low environmental pH. J. Exp. Biol., 93, 101 —
118.

McKiernan, J. M., Buttyan, R., Bander, N. H., Stifelman, M. D., Katz, A. E., Chen, M.
W., Olsson, C. A., and Sawczuk, I. S. (1997) Expression of the tumor-associated
gene MN: a potential biomarker for human renal cell carcinoma. Cancer Res., 57,
2362 — 2365.

McKinney, T. D., and Burg, M. B. (1978) Bicarbonate secretion by rabbit cortical
collecting tubules in vitro. J. Clin. Invest., 61, 1421 — 1427.

Milligan, C. L. (2003) A regulatory role for cortisol in muscle glycogen metabolism
in rainbow trout Oncorhynchus mykiss Walbaum. J. Exp. Biol., 206, 3167 — 3173.

Mommsen, T. P., Vijayan, M. M., and Moon, T. W. (1999) Cortisol in teleosts:
dynamics of action, and metabolic regulation. Rev. Fish Biol. Fish., 9,211 —268.

Murer, H., Hopfer, U., and Kinne, R. (1976) Sodium / proton antiport in brush-

border-membrane vesicles isolated from rat small intestine and kidney. Biochem. J.,
154, 597 — 604.

68



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pastorekova, S., Parkkila, S., and Zavada J. (2006) Tumor-associated carbonic
anhydrases and their clinical significance. Adv. Clin. Chem., 42, 167 — 216,

Pelis, R. M. and Renfro, J. L. (2004) Role of tubular secretion and carbonic
anhydrase in vertebrate renal sulfate excretion. Am. J. Physiol. Regul. Integr. Comp.
Physiol., 287, R491 — R501.

Pelis, R. M., Goldmeyer, J. E., Crivello, J., and Renfro, J. L. (2003) Cortisol alters
carbonic anhydrase-mediated renal sulfate secretion. Am. J. Physiol., 285, R1430 —
R1438.

Perry, S. F., and Gilmour, K. M. (2006) Acid-base balance and CO, excretion in fish:
unanswered questions and emerging models. Respir. Physiol. Neurobiol., in press.

Perry, S. F., and McKendry, J. E. (2001) The relative roles of external and internal
CO, versus H" in eliciting the cardiorespiratory responses of Salmo salar and Squalus
acanthias to hypercarbia. J. Exp. Biol., 204, 3963 — 3971.

Perry, S. F. and Laurent, P. The role of carbonic anhydrase in carbon dioxide
excretion, acid-base balance and ionic regulation in aquatic gill breathers. In Animal
Nutrition and Transport Processes. 2. Transport, Respiration and Excretion:
Comparative and Environmental Aspects (edited by J.-P. Truchot and B. Lahlou). pp.
39 —57. Basel: Karger, 1990.

Perry, S. F., and Laurent, P. (1989) Adaptational responses of rainbow trout to
lowered external NaCl concentration: contribution of the branchial chloride cell. J.
Exp. Biol., 147, 147 — 168.

Perry, S. F., Malone, S. and Ewing, D. (1987a) Hypercapnic acidosis in the rainbow
trout (Salmo gairdneri). 1. Branchial ionic fluxes and blood acid-base status. Can. J.
Zool., 65, 888 — 895.

Perry, S. F., Malone, S. and Ewing, D. (1987b) Hypercapnic acidosis in the rainbow
trout (Salmo gairdneri). 11. Renal ionic fluxes. Can. J. Zool., 65, 896 — 902.

Pitts, R. F. In Physiology of the Kidney and Body Fluids (3™ ed). pp.315. Chicago:
Year Book Medical Publishers, 1974.

Pfaffl, M. W. (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res., 29, E45.

Quelo, 1., Machuca, 1., and Jurdic, P. (1998) Identification of a vitamin D response
element in the proximal promoter of the chicken carbonic anhydrase Il gene. J. Biol.
Chem., 273, 10638 — 10646.

69



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Randall, D. J. and Val, A. L. The role of carbonic anhydrase in aquatic gas exchange.
In Advances in Comparative and Environmental Physiology (edited by N. Heisler).
pp- 25 — 39. Springer-Verlag, Berlin, 1995.

Rahim, S. M., Delaunoy, J. P. and Laurent, P. (1988) Identification and
immunocytochemical localization of two different carbonic anhydrase isoenzymes in
teleostean fish erythrocytes and gill epithelia. Histochemistry, 89, 451 — 459.

Renfro, J. L., Maren, T. H., Zeien, C., and Swenson, E. R. (1999) Renal sulfate
secretion is carbonic anhydrase dependent in a marine teleost, Pleuronectes
americanus. Am. J. Physiol. Renal Physiol., 276, F288 — F294.

Rini, B. I. (2006) Current status and future directions of molecular markers in renal
cell carcinoma. Curr. Opin. Urol., 16, 332 — 336.

Rodriguez-Nichols, F., Laughrey, E., and Tannen, R. I. (1984) Responses of renal
NHj; production to chronic respiratory acidosis. Am. J. Physiol., 247, F896 — F903.

Romero, M. F., and Boron, W. F. (1999) Electrogenic Na'/HCO;~ cotransporters:
Cloning and physiology. Annu. Rev. Physiol., 61, 699 — 723.

Rose, B. D. Clinical physiology of acid-base and electrolyte disorders. New York:
McGraw-Hill, Medical Publishing Division, 2001.

Russell, B. J., Loesebrink, B., and Chernick, V. (1976) Enhanced fetal erthryocyte
carbonic anhydrase activity by hydrocortisone. Pediatr. Res., 10, 779 — 782.

Sabatini, S., and Kurtzman, N. A. Overall acid-base regulation by the kidney. In The
Regulation of Acid-Base Balance (edited by D. W. Seldin and G. Giebisch). pp. 185 —
210. New York: Raven, 1989.

Sanyal, G. (1984) The carbon dioxide hydration activity of the sulfonamide-resistant
carbonic anhydrase from the liver of male rat: pH independence of the steady-state
kinetics. Arch. Biochem. Biophys., 234, 576 — 579.

Schmitt, B. M., Biemesderfer, D., Romero, M. F., Boulpaep, E. L., and Boron, W. F.
(1999) Immunolocalization of the electrogenic Na'- HCO; -cotransporter in
mammalian and amphibian kidney. 4m. J. Physiol., 276, F27 — F38.

Schwartz, G. J. (2002) Physiology and molecular biology of renal carbonic
anhydrase. J. Nephrol., 15 Suppl 5, S61 — S74.

Schwartz, G. J., Kittelberger, A. M., Barnhart, D. A., and Vijayakumar, S. (2000)

Carbonic anhydrase IV is expressed in H'-secreting cells of rabbit kidney. Am. J.
Physiol. Renal. Physiol., 278, F894 — F904.

70



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Schwartz, G. J., Winkler, C. A., Zavilowitz, B. J., and Bargiello, T. (1993) Carbonic
anhydrase Il mRNA is induced in rabbit kidney cortex during chronic metabolic
acidosis. Am. J. Physiol. Renal Fluid Electrolyte. Physiol., 265, F764 — F772.

Sender, S., Bottcher, K., Cetin, Y. and Gros, G. (1999) Carbonic anhydrase in the
gills of seawater- and freshwater-acclimated flounders Platichthys flesus: Purification,
characterization, and immunohistochemical localization. J. Histochem. Cytochem., 47,
43 - 50.

Simpson, D. P. (1971) Control of hydrogen ion homeostasis and renal acidosis.
Medicine (Baltimore), 50, 503 — 541.

Sloman, K. A., Desforges, P. R., and Gilmour, K. M. (2001) Evidence for a
mineralocorticoid-like receptor linked to branchial chloride cell proliferation in
freshwater rainbow trout. J. Exp. Biol., 204, 3953 — 3961.

Sly, W. S. and Hu, P. Y. (1995) Human carbonic anhydrases and carbonic anhydrase
deficiencies. Annu. Rev. Biochem., 64,375 —401.

Sobotka, H. and Kann, S. (1941) Carbonic anhydrase in fishes and invertebrates. J.
Cell. Comp. Physiol., 17, 341 — 348.

Soivio, A., Nynolm, K. and Westman, K. (1975) A technique for repeated sampling
of the blood of individual resting fish. J. Exp. Biol., 62, 207 — 217.

Steinmetz, P. R. (1974) Cellular mechanisms of urinary acidification. Physiol. Rev.,
54, 890 — 956.

Sturm, A., Bury, N., Dengreville, L., Fagart, J., Flouriot, G., Rafestin-Oblin, M. E.,
and Prunet, P. (2005) 11-deoxycorticosterone is a potent agonist of the rainbow trout
(Oncorhynchus mykiss) mineralocorticoid receptor. Endocrin., 146,47 — 55.

Sullivan, G. V., Fryer, J. N., Perry, S. F. (1996) Localization of mRNA for proton
pump (H'-ATPase) and CI" / HCO;~ exchanger in rainbow trout gill. Can. J. Zool.,
74, 2095 — 2103.

Sullivan, G. V., Fryer, J. N., Perry, S. F. (1995) Immunolocalization of proton pumps
(H'-ATPase) in pavement cells of rainbow trout gill. J. Exp. Biol., 198, 2619 — 2629.

Swenson, E. R. (2003) A comparative approach to carbonic anhydrase: the work of
Thomas H. Maren. Comp. Biochem. Physiol. A Mol. Integr. Physiol., 136, 229 — 241.

Swenson, E. R. (2000) Respiration and renal roles of carbonic anhydrase in gas
exchange and acid-base regulation. EXS, 90, 281 — 341.

71



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Swenson, E. R., and Maren, T. H. (1986) Dissociation of CO, hydration and renal
acid secretion in the dogfish, Squalus acanthias. Am. J. Physiol., 250, F288 — F293.

Swenson, E. R., Taschner, B. C., Miller, D. S., Maren, T. H., and Renfro, J. L. (1996)
Presence of non-hematopoietic carbonic anhydrase in the kidneys of two saltwater
teleosts, Pseudopleuronectes americanus and Fundulus heteroclitus. Bull. Mt. Desert
Isi. Biol. Lab., 35, 45 — 46.

Swietach, P., Vaughan-Jones, R. D., and Harris, A. L. (2007) Regulation of tumor pH
and the role of carbonic anhydrase 9. Cancer Metastasis Rev., in press.

Thomas, S., and Perry, S. F. (1992) Control and consequences of adrenergic
activation of red blood cell Na" / H" exchange on blood oxygen and carbon dioxide
transport in fish. J. Exp. Zool., 263, 160 — 175.

Tohse, H., Ando, H., and Mugiya, Y. (2004) Biochemical properties and
Immunohistochemical localization of carbonic anhydrase in the sacculus of the inner
ear in the salmon Oncorhynchus masou. Comp. Biochem. Physiol., 137, 87 — 94.

Tsuruoka, S., Kittelberger, A M., and Schwartz, G. J. (1998) Carbonic anhydrase II
and IV mRNA in rabbit nephron segments: stimulation during metabolic acidosis.
Am. J. Physiol. Renal Physiol., 274, F259 — F267.

Tufts, B. L., Esbaugh, A., and Lund, S. G. (2003) Comparative physiology and
molecular evolution of carbonic anhydrase in the erythrocytes of early vertebrates.
Comp. Biochem. Physiol. A, 136, 259 — 269.

Tufts, B. L., Gervais, M. R., Staebler, M., and Weaver, J. (2002) Subcellular
distribution and characterization of gill carbonic anhydrase and evidence for a plasma
carbonic anhydrase inhibitor in Antarctic fish. J. Comp. Physiol. B, 172, 287 — 295.

Tiireci, O., Sahin, U., Vollmar, E., Siemer, S., Gottert, E., Seitz, G., Parkkila, A. K.,
Shah, G. N., Grubb, J. H., Pfreundschuh, M., and Sly, W. S. (1998) Human carbonic
anhydrase XII: cDNA cloning, expression, and chromosomal localization of a
carbonic anhydrase gene that is overexpressed in some renal cell cancers. Proc. Natl.

Acad. Sci. U. S. 4., 95, 7608 — 7613.

Tresguerres, M., Parks, S. K., Wood, C. M., and Goss, G. G. (2007) V-H"-ATPase
translocation during blood alkalosis in dogfish gills: interaction with carbonic
anhydrase and involvement in the postfeeding alkaline tide. Am. J. Physiol. Regul.
Integr. Comp. Physiol., 292, R2012 - R2019.

Tresguerres, M., Katoh, F., Orr, E., Parks, S. K., and Goss, G. G. (2006) Chloride

uptake and base secretion in freshwater fish: a transepithelial ion-transport metabolon?
Physiol. Biochem. Zool., 79, 981 — 996.

72



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Tresguerres, M., Katoh, F., Fenton, H., Jasinska, E., and Goss, G. G. (2005)
Regulation of branchial V-H'-ATPase, Na' / K'- ATPase and NHE2 in response to

acid and base infusions in the Pacific spiny dogfish (Squalus acanthias). J. Exp. Biol.,
208, 345 — 354.

Valtin, H. In Renal Function: Mechanisms Preserving Fluid and Solute Balance in
Health (2™ ed). pp- 316. Boston: Little, Brown and Company, 1983.

Verdouw, H., van Echted, C. J. A. and Dekkers, E. M. J. (1978) Ammonia
determination based on indophenol formation with sodium salicylate. Water Res., 12,
399 — 402.

Welbourne, T. C. (1976) Acidosis activation of the pituitary-adrenal-renal
glutaminase I axis. Endocrin., 99, 1071 — 1079.

Wendelaar Bonga, S. E. (1997) The stress response in fish. Physiol. Rev., 77, 591 —
625.

Wheatly, M. G., Hobe, H., and Wood, C. M. (1984) The mechanisms of acid-base
and ionoregulation in the freshwater rainbow trout during environmental hyperoxia
and subsequent normoxia. II The role of the kidney. Respir. Physiol., 85, 155 — 173.

Whittington, D. A., Waheed, A., Ulmasov, B., Shah, G. N., Grubb, J. H., Sly, W. S.,
and Christianson, D. W. (2001) Crystal structure of the dimeric extracellular domain
of human carbonic anhydrase XII, a bitopic membrane protein overexpressed in
certain cancer tumor cells. Proc. Natl. Acad. Sci. U. S. A., 98, 9545 — 9550.

Wilson, J. M., and Laurent, P. (2002) Fish gill morphology: Inside out. J. Exp. Zool.,
293, 192 - 213.

Wilson, J. M., Randall, D. J., Donowitz, M., Vogl, A. W. and Ip, A. K. (2000)
Immunolocalization of ion-transport proteins to branchial epithelium mitochondria-
rich cells in the mudskipper (Periophthalmodon schlosseri). J. Exp. Biol., 203, 2297 -
2310.

Wilson, J. M., Randall, D. J., Vogl, A. W., and Iwama, G. K. (1997)
Immunolocalization of proton-ATPase in the gills of the elasmobranch, Squalus
acanthias. J. Exp. Zool., 278, 78 — 86.

Winkler, C. A., Kittelberger, A. M., and Schwartz, G. J. (1997) Expression of
carbonic anhydrase IV mRNA in rabbit kidney: stimulation by metabolic acidosis.
Am. J. Physiol. Renal Physiol., 272, F551 — F560.

Wistrand, P. J., and Wahlstrand, T. (1977) Rat renal and erythrocyte carbonic
anhydrases. Purification and properties. Biochimi. Biophys. Acta, 481, 712 — 721.

73



141.

142.

143.

144.

145.

146.

147.

148.

149.

Wolf, K. (1963) Physiological salines for freshwater teleosts. Prog. Fish. Cult., 25,
135 - 140.

Wood, C. M., and LeMoigne, J. (1991) Intracellular acid-base responses to
environmental hyperoxia and normoxic recovery in rainbow trout. Respir. Physiol.,
86,91 - 113.

Wood, C. M., and Jackson, E. B. (1980) Blood acid-base regulation during
environmental hypoxia in the rainbow trout (Salmo gairdneri). Respir. Physiol., 42,
351 -372.

Wood, C. M., Kajimura, M., Bucking, C., and Walsh, P. J. (2007) Osmoregulation,
ionoregulation and acid-base regulation by the gastrointestinal tract after feeding in the
elasmobranch (Squalus acanthias). J. Exp. Biol., 210, 1335 — 1349.

Wood, C. M., McDonald, D. G., and McMahon, B. R. (1982) The influence of
experimental anaemia on blood acid-base regulation in vivo and in vitro in the starry

flounder (Platichthys stellatus) and the rainbow trout (Salmo gairdneri). J. Exp. Biol.,
96, 221 — 237.

Wood, C. M., Milligan, C. L., Walsh, P. J. (1999) Renal responses of trout to chronic
respiratory and metabolic acidoses and metabolic alkalosis. Am. J. Physiol., 46, R482
—R492.

Wu, M. S., Biemesderfer, D., Giebisch, G., and Aronson, P. S. (1996) Role of NHE3
in mediating renal brush border Na'-H"-exchange — Adaptation to metabolic acidosis.
J. Biol. Chem., 271, 32749 — 32752.

Yudt, M. R., and Cidlowski, J. A. (2002) The glucocorticoid receptor: coding a
diversity of proteins and responses through a single gene. Mol. Endocrinol., 16, 1719
—1726.

Zavada, J., Zavadova, Z., Pastorekova, S., Ciampor, F., Pastorek, J., and Zelnik, V.
(1993) Expression of MaTu-MN protein in human tumor cultures and in clinical
specimens. Int. J. Cancer, 54, 268 — 274,

74



