“The most exciting phrase to hear in science, the one that heralds the most
discoveries, is not 'Eureka!' but 'That's funny...”

Isaac Asimov



University of Alberta

Cellular mechanisms of ion and acid-base transport in aquatic animals

by

Scott Kenneth Parks

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Physiology, Cell and Developmental Biology

Biological Sciences

©Scott Kenneth Parks

Fall 2009
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis and to
lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is converted to,
or otherwise made available in digital form, the University of Alberta will advise potential users of the thesis of
these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and, except
as herein before provided, neither the thesis nor any substantial portion thereof may be printed or otherwise
reproduced in any material form whatsoever without the author's prior written permission.



Examining Committee

Dr. Greg Goss, Biological Sciences

Dr. Declan Ali, Biological Sciences

Dr. Marek Duszyk, Physiology

Dr. Sally Leys, Biological Sciences

Dr. Stephen McCormick, Biology, University of Massachusetts Amherst.



This thesis is dedicated to Shawna, thanks for being the best part of my life!



Abstract

| investigated cellular mechanisms of ion and acid-base transport in
rainbow trout (Oncorhyncus mykiss), crabs (Neohelice granulata), zebrafish
(Danio rerio), Pacific hagfish (Eptatretus stoutii), and mosquito larvae (Aedes
aegypti) with a primary focus on discerning the mechanisms governing ion
transport and acid base regulation.

In rainbow trout | provide the first functional evidence for two
physiologically distinct mitochondrion-rich (MR) cells at the gill and
demonstrate a new model for transepithelial Na® uptake from freshwater
involving apical Na* channels and basolateral Na’/HCOj3; co-transporters.
These data are supported by extensive thermodynamic consideration of Na*
uptake from freshwater. | also demonstrate functional CI/HCOs3™ exchangers
in both MR cell subtypes with roles for CI" uptake and intracellular pH (pH;)
regulation respectively and | present the first evidence for a CI" dependent
Na“/H" exchanger in gill MR cells. Finally | demonstrate a unique Na*
dependent pH; recovery mechanism that requires protein kinase C for
activation. A major limiting factor in clarifying the mechanisms of Na* uptake
in freshwater fish is the lack of a typical Na® channel in any of the fish
molecular databases. My work on zebrafish, although preliminary, indicates
that a member of the acid-sensing ion channel family could be responsible for
Na® uptake from freshwater.

| then expanded my research outside the trout model using an isolated

crab gill preparation. | provide a cellular model for H* secretion in crab gills



that supports the transepithelial Na® transport model that | described in
rainbow trout.

In Pacific hagfish, | demonstrate that recovery from blood acidosis is
dependent on a Na‘'/H* exchanger in gill MR cells. This mechanism of
regulation involves translocation from the cytoplasm to the apical membrane
during acidotic stress. This data combines with other studies demonstrating
the mechanisms of acid and base secretion from a single MR cell subtype.

Finally, 1 show that serotonin stimulation alkalinizes the pH; of the
anterior midgut cells in the larval mosquito to levels never before observed in
cell biology. These data challenge the dogma of pH; regulation in cell biology

and demonstrate the power of using a comparative approach to systems

physiology.
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Chapter I: General Introduction



Maintenance of the internal milieu via the co-ordinated action of
numerous bodily functions was first suggested by Claude Bernard (Bernard,
1878) and later expanded upon to be coined as homeostasis by Walter F.
Cannon (Cannon, 1929). This concept of how different processes within the
body of an animal interact to maintain a constant balance has been the
driving force behind physiological research ever since these early
descriptions.

The central theme of my thesis is the nature in which aquatic animals
achieve salt and acid-base (a/b or pH) homeostasis in the face of a dynamic
surrounding environment. From a general interest standpoint, there are
numerous examples for the importance of regulating salt and a/b levels in the
body. The most common example of salt balance is the link to high blood
pressure (hypertension) in humans due to increased salt levels in the blood
stream (for review see (Meneton et al., 2005)). It is important to note that the
mechanism of mammalian salt balance ranges from individual cell shrinkage
to whole body fluid retention. Therefore we get a clear indication that salt
balance is an essential process of the co-ordinated physiological systems
(cell to organ) within an animal.

The importance of maintaining pH within a narrow range is observed in
assessing pH alterations on protein function. Proper protein performance
determines cellular and whole animal survival. The amino acids that make up
proteins are classified into acidic and basic categories with respect to the

carboxyl or amine functional groups on their respective side chains (Roos and



Boron, 1981). pH alterations in the fluid surrounding a protein disrupt the
ionization state of the amino acid-side groups thereby changing the three-
dimensional structure of the protein (Roos and Boron, 1981). In the case of
an enzyme, this alteration of protein structure can render it inactive directly, or
indirectly by preventing proper substrate binding. Consequently, enzyme
kinetic assays exhibit a tight relationship between pH and optimal
performance. These optimal pH levels can range from very acidic (~pH 2 for
stomach enzymes such as pepsin (Brier et al., 2007)) to the more neutral
range (~pH 7 for phosphofructokinase, the rate limiting enzyme in glycolysis
(Madshus, 1988)) and finally to the basic level (~pH 10 for the bacterial
(Bacillus) amylase (Bezbaruah et al., 1991)). The important point to note is
that an acidic or basic pH absolute value may not be detrimental to enzyme
function but it is the maintenance of a narrow range near the enzyme optimal
pH that ensures proper function.

Fish possess an amazing organ, the gill, which is capable of carrying
out numerous physiological functions that are carried out by distinct organs in
other animals. These functions include O, uptake, CO, removal, nitrogenous
waste removal, ion regulation, and a/b regulation (Evans et al., 2005). A
unique characteristic of freshwater gill function is that ion transport is
intimately linked to a/b regulation with Na® and CI uptake occurring
concurrently with H* and HCOj3™ secretion respectively. This is the joy and the
curse of working on fish gill physiology. We cannot study a/b regulation

without gleaning information about ion regulation, however, we also cannot



isolate a/b separately from ion regulating properties in these experiments.
This principle must remain paramount while performing our analysis to ensure
that all potential data interpretations are realized.

In the following pages | will outline the 3 key themes of my thesis,
which include intracellular pH (pH;) regulation, extracellular pH (pHe)
regulation, and whole body ion regulation as dictated by membrane transport
at the qill. 1 will outline key highlights from this vein of research leading up to
my current set of hypotheses. This general introduction will be written in the
context of comparative physiology and will draw examples from work done on
a wide range of animals with fish as the predominant topic. By summarizing
this diverse range of organisms we can gain an appreciation of the need for
unique membrane transporting mechanisms in challenging environments.
These comparative observations are necessary to develop further hypothesis-

driven research.

Intracellular pH (pH;) regulation
The concept of pH adheres to the following formula.
pH =—log[H "] (Equation 1.1)
From this equation, it is evident that [H'] is the most important component of
determining pH and therefore the key molecule in a/b regulating systems. The
definition of pH can be extended to the dissociation of a weak acid as

described by the Henderson-Hasselbalch equation:

pH = pK'+Iog% (Equation 1.2)

[HA]



Where pK’' is the dissociation constant of the acid, [A] refers to the H*
acceptor or base, and [HA] refers to the H* donor or acid. This formula can be
used to describe the relationship between HCO3; and CO, to pH by the

following equation:

pH = pK'+Iog[H§—O3](Equation 1.3)

OFco,
Where Pco2 is the partial pressure of CO;, and a is the solubility coefficient for

CO..

Cellular Buffering

Disruption of pH; occurs via a number of factors that include changes in
PCO,, temperature, metabolic end products, hydrolysis of ATP, and
acidification of the extracellular fluid to name a few (for review see (Cardone
et al., 2005; Pouyssegur et al., 2006; Roos and Boron, 1981)). The cellular
buffering capacity is the first line of defence following a pH; disturbance.
Physiochemical buffering is defined as the ability of weak acids and bases to
react with H" and minimize pH disturbances according to the following
equation:
B"+H" < BH"" (Equation 1.4) modified from (Roos
and Boron, 1981).
Where B" is a weak base of valence n and BH" is a weak acid of valence
n+1.
The amino acid histidine is the most important cellular buffer and its

role has been extensively investigated in the function of haemoglobin for



oxygen binding (for review see (Berenbrink, 2006)). Histidine is a key
physiological buffer because its pK, spans the physiological pH range of 6-8
(Berenbrink, 2006; Lukin and Ho, 2004). This is important for buffering
because is means that any changes (even minor) within this pH range will
have an immediate effect on the binding of H* to histidine’s side group.
Another buffering mechanism that can be utilized within the cell is the
metabolic consumption or production of H* (reviewed by (Cohen and lles,
1975)). For example, lactate can be converted into glucose in some cells
thereby consuming H* to counteract an acidosis (Cohen et al., 1971).
Conversely, H" production via the hydrolysis of ATP or oxidation of lactate to
pyruvate (Cohen and lles, 1975) can be utilized to buffer a cellular alkalosis.
A final cellular buffering strategy is to transfer a/b units between the cytosol
and cellular organelles such as mitochondria and lysosomes (see (Roos and
Boron, 1981)). Despite the effectiveness of the buffering mechanisms listed
above, they are all only temporary solutions for pH; disturbances. It is vital that
the cell extrudes a/b units from the cell to allow buffering proteins to return to
their preferred protonation state and allow proper cell function. These

membrane transporting mechanisms are the focus my thesis.

Membrane transport

A number of membrane transporters have been implicated as essential
components in the maintenance of pH; and are common to cells from a broad
range of animals. These transporters either extrude H* from the cell, or

transport HCOg3 into or out the cell. There are no known physiological



mechanisms for H* import and it is not an established technique for pH;
regulation as the result is cell suicide (the exception to this is the prokaryote
electrogenic Na’/nH" exchanger (NHA) as will be discussed in chapter II).
The primary proteins involved in regulating pH; are Na’/H* exchangers (NHE),
CI/ HCO;3™ exchangers (CBE), Na*-HCOs™ co-transporters (NBC), vacuolar-
type H'-ATPases (VHA), and carbonic anhydrase (CA). It is important to
mention that not all cells possess all of these pH; regulatory proteins, but they
exist in some combination on the cell membrane to maintain pH; as shown in
figure 1.1. In epithelial tissues where directional movement of ions is required
these proteins become specifically localized to either the apical or basolateral
membrane and this functional relevance will be discussed throughout my
thesis.

It is important to make a brief mention of ion transporting protein
nomenclature before proceeding further. The standardized nomenclature of
solute carrier (SLC) has been assigned to cell membrane exchangers, co-
transporters, and passive transporters along with mitochondrial transporters
and vesicular transporters (for review see (Hediger et al., 2004)). lon
channels, aquaporins, and ATP dependent pumps are not included in this
classification. At least 43 different SLC families exist (termed SLC1-SLC43)
with multiple isoforms found within each family (Hediger et al., 2004).
Typically the nomenclature used follows the basic formula SLC#A# where the
first # indicates the gene family and the second # indicates the isoform within

that family (i.e. NHE1=SLC9A1). Capital letters are used for human genes



while lower case letters are typically used for non-human genes. With respect
to this thesis, the HCO3™ transporters (NBCs and AEs) are members of the
SLC4 family, the NHEs belong to the SLC9 family, while the potential CBEs in
fish belong to the SLC26 family. As most molecular identities for fish
transporters remain unknown they will be referred to as their more traditional
nomenclature throughout my thesis. Whenever possible the modern SLC
nomenclature will be mentioned.

Although CA is not a direct a/b transporter per se, it is vital in the
maintenance of pH;. Its role is required to enhance the de/hydration of cellular
CO, (COz + HO < HCO3 + HY) and therefore provide the required a/b
substrates necessary for membrane transporters to overcome a pH;
disturbance. CA’s importance in regulating pH; has been recently
demonstrated in cancerous tumour cells (Chiche et al., 2009). Rapidly
growing tumours require a complementary vasculature to provide the required
oxygen and nutrients needed for survival (Cardone et al., 2005). However,
some tumour masses develop faster than the blood supply, resulting in a
hypoxic environment within the tumour mass. As a result, increased metabolic
acids (e.g. lactic acid) are produced and excreted resulting in acidification of
the microenvironment of the tumour (Brahimi-Horn et al., 2007; Brahimi-Horn
and Pouyssegur, 2007; Chiche et al., 2009; Pouyssegur et al., 2006). This
poses a stress on the cells in that the extracellular acidification can ultimately
lead to a decrease in the pH;. However, cancer cells are known to have a

more alkaline intracellular pH; compared to other non-cancerous cells despite



their more acidic surroundings and this is even more apparent in more
aggressive tumours (Cardone et al., 2005). Chiche and colleagues (Chiche et
al., 2009) used a gene silencing technique of CA isoforms IX and XIl to
demonstrate their absolute requirement in maintenance of pH; along with cell
survival. CA has also been shown to play a role in pH; regulation across a
wide range of cells including the stomach bacteria Helicobacter pylori
(Essential for acid-acclimation and survival of this normally pH neutral
growing stomach pathogen; (Marcus et al., 2005)), blowfly salivary gland cells
(shown to be key for pH; maintenance in direct cell studies; (Schewe et al.,
2008)) lamprey red blood cells (classic pH; regulatory observations; (Nikinmaa
et al., 1986)), ion transporting skin cells of the FW frog (Harvey and
Ehrenfeld, 1986),(they also showed the importance of H*-ATPase in pH;
regulation), and mammalian neuronal cells (Deitmer and Rose, 1996) to
name a few. Therefore, as is apparent from the range of animals studied,
although CA is not a direct membrane transporter, its function in providing a/b
substrates is vital to the maintenance of pH..

The most common pH; regulatory protein is the Na’/H* exchanger
(NHE). The NHE family consists of nine different isoforms (termed NHE1-9)
respectively (Orlowski and Grinstein, 2004; Slepkov et al., 2007). Credit is
given to Harold and Papineau (Harold and Papineau, 1972) for providing the
first direct evidence of NHE activity on the cellular membrane of the bacteria
Streptococcus faecalis. An earlier report had also indicated NHE activity on

the mitochondrial membrane (Mitchell and Moyle, 1969) however it had never



been shown on the cellular membrane until 1972. Alimost 20 years later, a
mammalian NHE1 was cloned for the first time (Sardet et al., 1989). NHE1
has since been termed the “housekeeping” isoform as it is ubiquitously
expressed on the basolateral membrane of almost all cells (eukaryotic and
prokaryotic) requiring pH; regulation (for review see (Orlowski and Grinstein,
2004)). NHE1 is a simple electroneutral transporter driven by ion gradients
alone that extrudes intracellular H* for extracellular Na* to counteract or
prevent cellular acidification of the cell. As such, it is a fundamental element
of most cells’ pH; regulating machinery. The other NHE isoforms are
implicated in a variety of processes and thermodynamic consideration of NHE
as it pertains to ion uptake in FW fish is explored in great detail in chapter Il.
HCOj3" transporting proteins constitute the other main pH; regulating
strategy. Many of these proteins are grouped into the SLC4 gene family that
includes Anion exchangers (AE or the classical CBEs), NBCs, and Na®-
dependent CBEs (NDCBE) (Romero et al., 2004). NBCs were first described
to act in HCOj3™ reabsorption on the basolateral membrane of salamander
kidney proximal tubule cells (Boron and Boulpaep, 1983). This kidney specific
NBC (kNBC1 or SLC4A4) was shown to be electrogenic with a stoichiometry
of 3 HCO3: 1 Na' being transported each time (Romero et al., 1997;
Soleimani et al., 1987; Yoshitomi and Fromter, 1985) and was finally cloned
in 1997 (Romero et al., 1997). However, this NBC isoform was shown to be
primarily responsible for the reabsorption of HCO3;™ from the lumen into the

blood in co-ordination with apical NHEs and H*-ATPases and not primarily for
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pH; regulation (for review see (Soleimani and Burnham, 2001)). Following the
discovery of the kidney NBC, different NBC isoforms were revealed in other
tissues such as the liver (Fitz et al., 1989; Gleeson et al., 1989) and heart
(deHurtado et al., 1996; Lagadic-Gossmann et al., 1992) that acted to import
Na® and HCO3 into the cell and thereby function primarily as pH; regulators.
Interestingly, these pH; regulating NBCs had a different stoichiometry and
were shown in heart tissue to have either a 2 HCO3;: 1 Na® transport
(deHurtado et al., 1996) or to be electroneutral (Lagadic-Gossmann et al.,
1992). Although various isoforms of NBC have been expressed throughout
many mammalian tissues (Romero and Boron, 1999; Romero et al., 2004;
Soleimani and Burnham, 2001), their role in other non-mammalian systems
has not been extensively studied. Apart from mammalian tissues, NBCs have
only been cloned and characterized from salamander kidney (Romero et al.,
1997), fish gill (Hirata et al., 2003; Perry et al., 2003a), squid giant axons
(Piermarini et al., 2007a), and C. elegans (unpublished paper NCBI accession
number AF004926.1).

Another member of the Na* dependent HCO3" transporting family is the
Na® dependent CI/HCO3  exchanger (NDCBE). This transporter was actually
the first protein functionally implicated in regulating pH; from microelectrode
recordings of pH; in squid giant axons (Boron and Deweer, 1976a; Boron and
Russell, 1983; Russell and Boron, 1976) and snail neurons (Thomas, 1977).
The first NDCBE (termed NDAE1) was cloned from Drosophila (Romero et

al., 2000) and has since also been characterized in squid (Virkki et al., 2003)
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and humans (Grichtchenko et al., 2001). The NDCBE has not yet been
characterized at a molecular level in fish although a study on cultured gill cells
has suggested its presence (Wood and Part, 2000).

The other main HCOg3™ transporter involved in pH; regulation is the
CBE. The rbc anion exchanger (termed AE1 or the band 3 protein) was the
first transporter ever characterized at a molecular level (Kopito and Lodish,
1985) and has been the most intensely studied CBE. AE1 plays a key role in
O, and CO; delivery via the “CI” or “Hamburger” shift where tissue derived
CO, enters the rbc, is converted to H" and HCOs™ by intracellular CA, and
HCOj is extruded from the cell via AE1 in exchange for CI'. This alters the
affinity of haemoglobin for O, and aids in unloading of O, at the tissue and
pick up of CO, while the opposite effect occurs at the lungs. This fundamental
property of gas delivery is dependent on the pH; regulatory ability of AE1. Two
additional isoforms of AE have also been cloned and are activated by a rise in
pH; (for review see (Romero et al., 2004)).

Despite the importance of AE in other systems, it has not been
implicated as a key component in fish gill ion-a/b regulation. The band 3
protein (AE1) was cloned from trout rbcs (Fievet et al., 1995) where it plays a
role in gas transport and pH; regulation (for review see (Nikinmaa, 1997)).
Two AE isoforms, termed ae2.1 and ae2.2 respectively, have been
characterized in zebrafish (Shmukler et al., 2008; Shmukler et al., 2005).
However, expression of these AEs was restricted to the kidney, eye, tectum,

and axial vasculature (Shmukler et al., 2008; Shmukler et al., 2005).
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Furthermore, although a role for pH; regulation was suggested, knock down of
these genes using the morpholino technique did not significantly alter the
development of the zebrafish embryo (Shmukler et al., 2008). These are the
only molecular studies available for AE isoforms in fish and indicate that it is
not an essential component of gill pH; regulation.

Instead of the AE family, it is now believed that the molecular identity
of CBE in fish belongs to the SLC26 gene family. The SLC26 family of anion
exchangers are known to transport a variety of anions including HCO3™ (Mount
and Romero, 2004). So far none of these transporters have been fully
characterized from fish gill tissue despite two independent laboratories
suggesting their presence at conference proceedings (Bayaa and Perry,
2005; Goss et al., 2005). SLC26A1 has been cloned from trout kidney and is
implicated in sulfate secretion (Katoh et al., 2006) and Slc26a6 has been
cloned from mefugu intestine where it is proposed to play a role in the
formation of calcium-carbonate precipitates (Kurita et al., 2008). However,
these isoforms are not primarily linked to pH; regulation. Pendrin (SLC26A4)
has garnered the other attention for CBE in fish. Pendrin was discovered in
studies on patients suffering from Pendred syndrome, a condition that can
involve deafness and an enlarged thyroid (Reardon et al., 1999). Pendrin has
been shown to perform CI/I" exchange (Scott et al., 1999) and can also carry
out CBE (Soleimani et al., 2001). This is important for fish studies as Pendrin
immunoreactivity was demonstrated on the apical membrane of dogfish qill

MR cells and proposed to carry out HCOj3  secretion in exchange for CI
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(Piermarini et al., 2002). Up to this point however, no known role for Pendrin
exists at the FW fish gill. CBE has also been suggested as a mechanism for
basolateral pH; regulation in fish gill cells (Tang and Lee, 2007a; Tang and
Lee, 2007b). Of the transporters involved in pH; regulation, the CBEs remain
the least described at the molecular level in fish. This information is required
for directing future research efforts of fish gill pH; regulation.

In fish gill cells, pH; regulation has not received a great deal of attention
in the published literature. Wood and Lemoigne (Wood and Lemoigne, 1991)
provided estimates for resting pH; values of ~7.40 based on whole qill
homogenates. This study examined the global pH; and pH. regulation of
various tissues and blood in response to environmental hyperoxia and found
that pH; regulation varied between tissues but generally occurred faster than
pHe regulation (Wood and Lemoigne, 1991). At a cell specific level, two
studies performed on trout gill pavement cell (PVC) cultures suggest a role for
NHE, NBC and/or NDCBE in basolateral pH; regulation but not CBE or VHA
(Part and Wood, 1996; Wood and Part, 2000). These same pH; regulating
transporters were also proposed in a different study on goldfish PVC cultures
(Sandbichler and Pelster, 2004). This is in contrast with a study on cells from
the pseudobranch (a gill-like hemibranch (additional structure) attached to the
operculum in many teleost fish) which demonstrated the importance of both
NHE and VHA in pH; regulation (Kern et al., 2002). In addition, a molecular
study suggested the use of NBC and VHA in branchial pH; regulation and

possibly whole body a/b regulation as well (Perry et al., 2003a). These few
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studies provide the basis for our understanding of FW gill pH; regulation
leading into my thesis research and give an indication that most stereotypical
pH; regulating proteins are present in gill cells. A goal of my thesis was to

improve on our understanding of this important homeostatic mechanism.

Extracellular/whole body pH regulation

Maintenance of blood pH (whole body) is also referred to as the
regulation of extracellular pH (pHe). Classically, there are two types of pHe
disturbances classified as respiratory or metabolic acidosis/alkalosis.
Respiratory disruptions alter blood pH by changing the ratio of CO, found
within the blood as described in equation 1.3. Increased CO, within the blood
leads to an acidification while decreased levels of CO; result in an
alkalinization. Metabolic disruptions of pHe result from either a breakdown of
the a/b regulating organ or in response to other physiological parameters that
result in HCO3™ or H” into the bloodstream. An example of metabolic acidosis
is renal tubular acidosis (RTA) where either proximal tubule HCOj3
reabsorption (into the blood) or distal tubule H* secretion (into the urine)
become inhibited for a variety of reasons (for review see (Fry and Karet,
2007)). On the other hand, metabolic alkalosis can occur following the
consumption of a meal. As part of collaborative studies during my PhD |
studied the blood alkaline tide in the Pacific spiny dogfish (Tresguerres et al.,
2006c¢; Tresguerres et al., 2007b). Following a meal, the dogfish secretes H*
into the gut to aid in digestion while HCOj3 is reabsorbed back into the

bloodstream causing an alkaline tide (Wood et al., 2005) and for review see
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(Wang et al., 2001)). This alkaline tide is common to a variety of animals
including amphibians, reptiles, fish, and mammals (Wang et al., 2001).

Animals such as terrestrial mammals can simply manipulate ventilation
rates to achieve blood a/b regulation by regulating the partial pressure of CO,
(PCO2) within the bloodstream. Increased pulmonary ventilation has been
shown to compensate for a metabolic acidosis by decreasing the PCO; in the
arterial blood (reviewed by (Swenson, 1998)). Although this is an effective
strategy for a/b regulation, fish are prevented from utilizing this technique due
to low levels of PCO; in their bloodstream (~2 torr in fish vs. ~40 torr in
humans, see (Claiborne et al., 2002; Perry and Gilmour, 2006)). Blood PCO,
levels in fish are low due to the large perfusion volume of water across the qill
that is required for sufficient O, uptake. As CO; rapidly crosses the epithelium
and enters the surrounding water to be converted into HCO3 and H, there
exists a constant gradient for CO, excretion and therefore a low PCO; is
found in the blood. Furthermore, lowering ventilation rates to retain CO, and
therefore lower blood pH would prevent O, uptake and become an ineffective
means to achieve a/b regulation as overall survival is compromised (reviewed
by (Perry and Gilmour, 2006)).

FW fish regulate blood pH by adjusting the rates of HCO3™ and H*
secretion at gill mitochondrion-rich (MR) cells. The kidney plays a minor role
in a/b balance as well with estimates of ~90% of a/b regulation occurring via
the gill and the remaining ~10% via the kidney (Claiborne et al., 2002). Early

studies in trout suggested that CBE is more important for net H* secretion
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than NHE as there is a large net loss in blood CI" and only a small net gain of
Na® in response to hyperoxia induced acidosis (Wood et al., 1984). During
normoxic recovery (which induces blood alkalosis) a large net loss of blood
Na® and large net gain of CI" was observed (Wood et al., 1984). Other studies
examining hyperoxia or hypercapnia induced acidosis found similar changes
in Na* and CI" fluxes (Goss and Wood, 1990a; Perry et al., 1987) clearly
indicating that movement of a/b equivalents at the gill are rapidly altered
depending on the a/b disturbance. Laurent and Perry (Laurent and Perry,
1990) demonstrated an increase in chloride cell (cc=MR cell type, see
nomenclature discussion below) surface area on the trout gill epithelium that
was coupled to increased rates of Na* and CI influx. Goss and colleagues
followed this by reporting that the covering/uncovering of ccs by pavement
cells at the gill acts to alter levels of a/b secretion (Goss et al., 1992).
Interestingly, they found that the cc fractional areas changes had a much
greater effect on CI uptake than Na® indicating a separation of these
processes into two different cell types (Goss et al., 1992). Separation of MR
cell subtypes will be discussed extensively later on in this introduction and
throughout my thesis. Although the general concept of a/b regulation is well
established in fish, the specific cellular mechanisms remain unknown.

In freshwater (FW) fish, molecular information specifically related to
whole body a/b regulation is limited. VHA is strongly supported in acid
recovery as has been shown by increases in gene expression (Sullivan et al.,

1996; Yan et al., 2007), protein expression (Galvez et al., 2002; Sullivan et
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al., 1995), and activity (Lin and Randall, 1993) at the gill. However, work on
the Osorezan dace (Tribolodon hakonensis) that lives in an acidic lake (pH
3.5) in Japan did not show changes in VHA expression in response to
acidosis (Hirata et al., 2003) however this could be a result of sufficient VHA
existing at the gill in a basal condition. In this study gene expression
increases were noted for CAIl, NHE3, NBC1, aquaporin 3 (AQP3), and NKA
(Hirata et al.,, 2003). NHE has received considerable attention for recovery
from acidosis in FW fish. Although gene expression increases of NHE3 were
found in the Osorezan dace (Hirata et al., 2003), acidosis in zebrafish
resulted in a decrease in NHE3 mRNA (Yan et al., 2007). Use of mammalian
antibodies (data of which must be interpreted with caution) revealed an
increase in NHE2 protein expression but no change in NHE1 in the acidosis
response of FW acclimated Kkillifish (Edwards et al., 2005). These studies
provide conflicting data and the use of NHE for FW recovery from acidosis
requires further clarification.

Intracellular CA (CAIl) was implicated in the acid recovery mechanism
of trout via increased gene expression and an apparent mRNA cellular
upregulation as observed by in situ analysis (Georgalis et al., 2006).
However, in zebrafish, gene expression of CAll was unaffected by acidosis
while another isoform (CA15) was increased (Lin et al., 2008). In this study,
morpholino gene knockdown of both CAll and CA15 decreased H* secretion
indicating that they may play a role in the overall a/b regulating machinery

despite the lack of gene expression changes in CAll (Lin et al., 2008). These
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few molecular reports of a/b regulation in FW fish indicate that a great deal of
work is still required to clarify the specific cellular mechanisms responsible for
a/b transport in gill cells.

Seawater (SW) fish are more predictable in terms of a/b regulation with
the separation of acid and base secreting cells at the gill (Hawkings et al.,
2004; Piermarini and Evans, 2001; Tresguerres et al., 2005). The generally
accepted model is that acid-secreting cells utilize an apical NHE in concert
with a basolateral NKA while base secreting cells have an apical CBE driven
by basolateral VHA (reviewed by (Claiborne et al., 2002; Perry and Gilmour,
2006)). Pharmacological backing for the use of NHE in SW teleost acid
secretion is limited to one study on longhorn sculpin (Claiborne et al., 1997)
however this is likely related to the low solubility of NHE inhibitors in SW
(personal observation). Recently, molecular evidence of NHE has been
demonstrated at the gill of a SW teleost (Catches et al., 2006) and
elasmobranch (Claiborne et al., 2008). This supports previous work using
heterologous antibodies that had suggested NHE presence at the gill in a
variety of SW fish including members of the agnathans, elasmobranchs, and
teleosts (Choe et al., 1999; Choe et al., 2007; Choe et al., 2005; Choe et al.,
2002; Claiborne et al., 1999; Edwards et al., 2001; Edwards et al., 2002;
Edwards et al., 1999; Edwards et al., 2005; Tresguerres et al., 2005). In base
secreting cells, apical CBE has been suggested by pendrin immunoreactivity
(Piermarini et al., 2002). Basolateral VHA is also well supported in the HCOg3’

secretion model at the gill of the Pacific dogfish (Tresguerres et al., 2005;
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Tresguerres et al., 2006c; Tresguerres et al., 2007b). These data from
ancestral SW species have proven to be important for understanding
mechanisms of FW whole body a/b regulation.

Some fish have unique strategies to tolerate severe a/b disturbances
encountered in their dynamic environment. The armoured catfish (Liposarcus
pardalis) from the Brazilian Amazon is reported to have the greatest
respiratory acidosis ever observed when hypercapnia (elevated PCO,)
induced a fall in blood pH from 7.98 to 6.99 (Brauner et al., 2004). However,
this fish only recovers its blood pH back by ~8% during the course of
prolonged hypercapnia (Brauner et al., 2004). Instead, it focuses on pH;
regulation which is tightly regulated in the heart, liver, and muscle despite the
severe external acidosis (Brauner et al., 2004). This tolerance of hypercapnia
is suggested to be associated with the need to tolerate air exposure and is
also found in the eel (Anguilla anguilla) (McKenzie et al., 2002) and white
sturgeon (Acipenser transmontanus) (Crocker and Cech, 1998).

The above discussion introduces the general a/b regulating strategies
used at both a cellular and whole animal level. By taking a snap shot of the
literature pertaining to fish with regards to a/b regulation, it is clear that a
number of areas require clarification. An aim of this thesis is to provide

missing details of the gill a/b compensatory machinery.

lon Regulation

Pioneering studies by Homer Smith, August Krogh, and Ancel Keys on

ion and osmoregulation in the 1920s and 30s on both FW and SW fish
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initiated the field of fish comparative physiology. These researchers
recognized that FW fish would have the tendency to lose salts and gain water
from their environmental conditions while SW fish would experience the
opposite condition, both of which were regulated in teleost fish to maintain
survival (Smith, 1932). In its simplest form, ion regulation in fish is achieved
by excreting copious amounts of dilute urine and not drinking in a FW
environment in comparison to drinking almost continuously (like a fish!) and
limiting urine flow in the SW environment (this overall mechanism was
discussed early on by (Smith, 1932)). This is complemented by active ion
uptake at the gill in FW and ion excretion in SW.

Homer Smith developed his theories on fish ion regulation by working
primarily on SW teleosts. Using the dye phenol red and by examining
stomach and intestine contents of SW sculpin and eel, Smith documented the
large drinking rate of SW teleosts (Smith et al., 1930). He went on further to
measure the urine content of a variety of SW teleosts and found it to be
mostly isosmotic with that of the blood (however this was hypoosmotic to the
SW environment) (Smith et al., 1930). Therefore he proposed an extrarenal
secretion of salts (suggested to be the gill) to achieve the low salt level
maintained in SW fish compared to their environment (Smith et al., 1930). In
this study Smith also described the extremely low drinking rate and large
urine volume in FW fish (Smith et al., 1930). Smith’s impressive body of work
established many baseline physiological parameters of fish ion regulation to

the point where David Evans revealed in a recent review that:
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“one reviewer of my first National Science Foundation proposal in 1970
wondered why they should fund my proposal, because "Homer Smith

has told us what we need to know about fish osmoregulation." (Evans,

2008).

However, components of the fish gill ion transporting mechanisms still elude
us ~80 years later.

Ancel Keys took the work of Homer Smith a step further and developed
an in situ heart-gill perfusion preparation from the eel that he could use to
measure CI" content in the gill “blood” and surrounding environment (Keys,
1931b). Using this apparatus he definitively showed that CI" secretion
occurred at the gills of eels into the surrounding SW (Keys, 1931a). Keys
suggested that the gill CI" secretion mechanism was an active process and as
a result he is credited with proposing one of the earliest descriptions of
epithelial active transport in any system (Keys and Willmer, 1932).

August Krogh experimented on a variety of fish and found that when
separating the head region from the rest of the body via a rubber membrane
CI" uptake occurred in the head region only even in waters of micromolar CI
concentrations (Krogh, 1937). Krogh also demonstrated that the cation did not
influence CI" uptake at the gills showing an important separation from Na*
uptake and he suggested that CI" was exchanged for HCO3 (Krogh, 1937).
Additional studies by Krogh suggested that Na* uptake occurs in exchange

for NH," (Krogh, 1938) a mechanism that will be discussed further in chapter
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[I. The main principles derived from the studies of Krogh, Smith, and Keys still
influence fish physiology research today.

Upon closer investigation (see chapter 1), the ionic gradients found in
FW would appear to prevent effective ion uptake into the body. Typically, FW
teleosts maintain NaCl levels around 130 mM within the bloodstream (for
review see (Evans et al., 2005)). This compares to environmental levels of
NaCl that exist into the micromolar range (uM) (Wilson et al., 1999) which
creates a ion gradient between the body and the environment of 1000 fold or
greater. Although this would lead to the assumption of a major energetic cost
for active transport at the gill, only ~2-4% of the resting oxygen consumption
(MO.) of the fish has been calculated to be required at the gill (Morgan and
Iwama, 1999). Although this is not an insignificant component of the overall
energy budget for the fish, it pales in comparison to that required for other
functions such as gas exchange (10% of MO, in resting and upwards of 70%
during exercise; reviewed by (Perry and McDonald, 1993)). These analyses
allow us to infer that the fish gill possesses extremely efficient machinery to
ensure ion uptake and prevent ion loss. An extensive thermodynamic

consideration of ion uptake is provided in chapter II.

Mitochondria/on-rich (MR) cells

My thesis focuses primarily on MR cells which can be considered the
“‘workhorse” at the gill due to their responsibility for carrying out a myriad of
functions including a/b and ion regulation. The MR cell is one of at least 5 cell

types at the fish gill (Laurent and Dunel, 1980). A brief history of studies on
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MR cells and their nomenclature is required before we can appreciate the
specific details of Na* and CI" transport in these cells.

Work on gill MR cell function was initiated by Keys and Wilmer where
they first coined the term “chloride-secreting cells” in describing the
morphology of the SW eel gill (Keys and Willmer, 1932). This nomenclature
was assigned due to the known role for CI” secretion in marine teleost fish at
the time. Keys and Wilmer also took initial steps to suggest that the CI" cells
did not exist in FW species or marine elasmobranchs that do not require CI
secretion although they recognized limitations in this analysis (Keys and
Willmer, 1932). Credit is given to Copeland (Copeland, 1948) for shortening
the nomenclature to simply chloride cells (cc) and since then, the term
became ubiquitous with both SW and FW gill ion transporting cells. These
reports were not made without protest as Bevelander disputed the work of
Keys and Wilmer claiming that there are no specialized “secretory cells” at the
gill and these cells were simply mucous cells while the respiratory epithelium
was likely more responsible for CI” secretion (Bevelander, 1935). The role of
these cells in CI" secretion was finally confirmed over 40 years later in an
elegant study by Foskett and Scheffey using a vibrating probe technique to
localize CI" current specifically to the chloride cells (Foskett and Scheffey,
1982). Unfortunately, this blanket term was functionally misleading for the
cells that it was being used to describe as the FW cells do not secrete CI'. A
new term has slowly emerged, the mitochondrion-rich (MR) cell, based

primarily on the high density of mitochondria found in these cells compared to
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other gill cells. Although grammatical debate has existed over the use of
mitochondria-rich versus mitochondrion-rich, MR cell is now the accepted
terminology for gill ion transporting cells.

MR cells are now categorized into functional subtypes based on CI" or
Na® transport. The potential for functionally distinct MR cells was established
early on based on morphological differences in ultrastructure shown by
transmission electron microscopy (TEM) (Doyle and Gorecki, 1961). Pisam
and colleagues then described the MR cell subtypes in great detail based on
a series of excellent microscopic studies (Pisam et al., 1993; Pisam et al.,
1990; Pisam et al., 1987; Pisam et al., 1995; Pisam and Rambourg, 1991). a
and B MR cells were classified based on various morphological features
including their localization on the gill filament, light and dark staining, cell
shape, basolateral tubular system, and mitochondria distribution. However, no
physiological functional correlations were attempted in their studies. These
studies also added a bit of confusion to nomenclature of gill MR cells as the a
and B MR cells described by Pisam and colleagues actually correlated to the
description of base secreting () and acid secreting (a) cells respectively at
the mammalian kidney as will be described below.

Previous members of our lab were the first to biochemically separate
two populations of MR cells from the FW trout gill (Goss et al., 2001a).
Differential binding of peanut lectin agglutinin lead to the description of PNA"
and PNA" MR cells with implications for transepithelial CI" and Na® uptake

respectively (Galvez et al., 2002; Goss et al., 2001a). Some confusion
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occurred with regards to the previous nomenclature as the PNA™ and PNA
MR cells were compared to the base and acid secreting cells of the
intercalated duct in the mammalian kidney (Galvez et al., 2002; Goss et al.,
2001a). However, the PNA™ cells were more similar to the a cells described
by Pisam and colleagues than the B cells. Barring this however, the PNA™ and
PNA" nomenclature has now become entrenched in the field of gill cell
physiology.

In the last year, it has become apparent that the separation of MR cells
into only two subtypes may be misleading. Although research on trout
dominated the field of comparative physiology (with respect to ion and acid-
base regulation) for many years, focus has shifted to the zebrafish model
system since the turn of the millennium. This is due to its fully sequenced and
annotated genome along with its ease of rearing and use in developmental
studies. Consequently, zebrafish are now used for ion and a/b studies on both
embryonic and adult zebrafish. Zebrafish do not have the same PNA™ and
PNA" separation of MR cells as for trout, however, they have shown to be
separated with binding of concanavalin A (conA) (Lin et al., 2006). Staining of
conA in MR cells co-localised with VHA and not NKA (Lin et al., 2006). This
was also matched with functional data as the vibrating probe technique was
used to show H" secretion in the VHA rich cells that stained with conA (Lin et
al., 2006). Although a different lectin was used in zebrafish compared to trout,
a similar pattern was observed with two MR cell subtypes. However, a recent

analysis of the MR cells in the euryhaline Mozambique tilapia (Oreochromis
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mossambicus) gill reveals that the number of MR cell subtypes may be
greater than originally thought (Hiroi et al., 2008). This impressive study
included quintuple immonofluorescent analysis of various transporters and
classified MR cells into four different subtypes (Hiroi et al., 2008). Therefore,
although | will focus on two MR cell subtypes in this thesis, it will be important
to remember the possibility of more subtypes in future studies and that this

indeed may be a species specific phenomenon.

Chloride (CI) Transport

The majority of my thesis focuses on Na’ transporting mechanisms
and | provide an extensive review of the literature pertaining to this topic in
the following chapter. Here | will briefly outline the literature pertaining to CI’
uptake as it forms the remaining component of my thesis.

CI" transport was originally the predominant mechanism studied in fish
due to its relative ease of measurement compared to Na® (Evans, 2008).
Despite this fact, the route of transepithelial CI" uptake at the FW gill has not
been pursued as much as that for Na* and consequently less is still known
about CI" movement at the gill. Krogh’s work (see above), was extended
during the 1960s by Maetz and Garcia-Romeu where they demonstrated that
an increase in HCO3™ in the water reduced CI" uptake rates in the goldfish
(Maetz and Garcia-Romeu, 1964). In the same study, intraparitoneal
injections of NaHCO3; stimulated CI" uptake while inhibition of CA greatly
reduced CI" uptake (Maetz and Garcia-Romeu, 1964). These results were

later confirmed in trout using an isolated gill (fish out of water) preparation
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however the importance of CA was not as evident (Kerstetter and Kirschner,
1972). Using a/b disturbance as a tool for studying ion transport, Goss and
Wood stimulated CI° uptake by metabolic and respiratory alkalosis to
definitively show a 1:1 linkage of HCO3; secretion and CI" uptake in trout
(Goss and Wood, 1990a; Goss and Wood, 1990b; Goss and Wood, 1991).
They showed that CI" uptake followed a two substrate model where both the
external CI" and internal HCO3™ could limit the flux of these substrates across
the gill (Goss and Wood, 1991). Thermodynamic concerns have remained
however regarding the energizing step for a non-energetic CBE acting for CI’
uptake in FW. Our lab addressed this problem in a collaborative review that |
was part of during my PhD (Tresguerres et al., 2006a). Briefly, we proposed a
model in which a co-ordinated unit of apical and basolateral membrane
transporters (a metabolon) could act together to overcome the unfavourable
gradients that exist. The key to this model is the energizing step provided by
basolateral VHA, a mechanism that was elegantly shown by Martin
Tresguerres to exist in the SW Pacific dogfish and hagdfish as well as FW trout
(Tresguerres et al., 2005; Tresguerres et al., 2006a; Tresguerres et al.,
2007a; Tresguerres et al., 2006c; Tresguerres et al., 2007b). Consideration of
microenvironments and ion transporting metabolons will be a recurring theme
in my thesis as they are thought to be necessary to overcome the
unfavourable gradients for ion-transport that exist in various aquatic

environments.
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Perspectives and Objectives

Comparative physiology has been vital to our broad understanding of
ion and a/b transport. Certain animals live in extreme environments that push
their physiological systems to the limit. By studying these various animal
model systems valuable information was provided for mammalian systems
and consequently benefited the health care system. Conversely, the
molecular era began predominantly in mammalian systems due to their
importance to human health. This information is now being used to ask
important questions in biology that will enable us to understand what
environmental practices need to be followed to ensure proper maintenance of
fragile ecosystems. Clearly, a comparative approach to physiological
research is still relevant to society as a whole. In this dissertation, | aim to
convey the importance of my research to both the field of fish physiology and
to fundamental cell biology as well.

My thesis research began as a “simple” inquiry into the pH; regulating
proteins of trout gill MR cells. As | accumulated data a host of different
projects sprung from my original hypotheses. Consequently, | do not pretend
that the following goals were a priori hypotheses but they became the specific
hypotheses in a serial manner throughout my PhD program. My underlying
rationale was always to enhance our understanding of basic a/b and ion
transport and the separation of function into specialized MR cell subtypes. My
specific PhD thesis goals included:

1) functional separation of MR cell subtypes
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2)

3)

4)

5)

Examining pH; behaviour of MR cells in response to Na* substitution
experiments

Providing a functionally supported model of transepithelial Na* uptake
in one type of FW gill MR cell subtype

Examining the Na* uptake model in an isolated gill preparation from an
estuarine crab

Providing support for my proposed transepithelial Na® uptake
mechanism in a polarized crab gill epithelium from another animal

phylum.

6) Attempting to elucidate the missing molecular identity of an apical Na*

7)

8)

9)

channel in FW fish

Demonstrating thermodynamic constraints on Na* uptake mechanisms
in FW fish

Examining pH; behaviour of MR cells in response to CI" substitution
experiments

Providing the first direct functional evidence for CI/HCO3" exchangers

in trout gill MR cells

10)Demonstrating the first evidence for a CI" dependent Na*/H* exchanger

in fish

11)Observing pH; recovery mechanisms from induced acidosis in trout gill

MR cells

12)Providing a link of pH; functional behaviours to identified PNA" and

PNA" MR cell subtypes
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13)Demonstrating the use of a PKC activated Na’/H* exchanger in trout
gill cells for pH; recovery from acidosis

14)Comparing FW Na" transport mechanisms to the strategies utilised by
the marine Pacific Hagfish

15)Describing the importance of Na*/H® exchanger in recovery from
induced metabolic acidosis in hagfish

16)Examining the unique pH; behaviour of mosquito anterior midgut cells

that create an extremely alkaline lumen

General Themes

My thesis has three main underlying themes. The dominant theme is
the maintenance of whole body Na* and CI" homeostasis that is achieved by
membrane transport at gill MR cells. Supporting data for these mechanisms is
presented in chapters I, IV, and V-VII. The second theme is the maintenance
of systemic acid-base parameters. These data were obtained using a
comparative approach with a South American estuarine crab and the Pacific
hagfish (Chapters V and IX, appendix | and Il). The third theme focuses on
the regulation of intracellular pH (pH;). For these questions | investigated the
mechanisms of pH; regulation in rainbow trout gill MR cells along with the
midgut cells of the mosquito (Aedes aegypti) (Chapters VIIl and X).

In this thesis | have worked on a variety of distantly related aquatic
animals. Despite their distant relationship, specific characteristics of each
animal were utilised to strengthen the overall conclusions of this thesis. The

rainbow trout was used as the primary organism in my thesis as the functional
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characterization of the trout gill MR cells was my primary objective. Zebrafish
were utilized to take advantage of the wealth of molecular information
available for this organism that enhances our ability to investigate molecular
characterizations. The South American crab Neohelice granulata was studied
based on our ability to successfully use a properly polarized and isolated qill
preparation. These data were invaluable for comparisons to my isolated MR
cell work. | studied Pacific hagfish for their unique status as an
osmoconformer. Therefore, gill mechanisms utilized for compensating
systemic pH disturbances could be studied in isolation without the
interference of the linkage to ion-regulation as occurs in many other fishes.
Lastly, larvae of the mosquito (Aedes aegypti) were used for the unique
nature of the midgut alkalinization in these animals. This incredible ion
transporting mechanism was studied for the influence on intracellular pH and
to provide an important comparison for how challenging ion transport

gradients can be overcome.
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Figures

HCO,- Na*

HCO, Na*

Figure 1.1 A generalized cell model for intracellular pH (pH;) regulation.

Cells possess these transporters in various combinations on the apical
and basolateral membranes to achieve internal pH homeostasis. CA I
represents the intracellular carbonic anhydrase that hydrates CO, to the

HCO3 and H* units utilised by the various acid-base transporters.
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Chapter II: Thermodynamic considerations underlying ion uptake

mechanisms’

'A version of this section has been published previously (Parks et al., 2008):

Parks, S. K., Tresguerres, M. and Goss, G. G. (2008). Theoretical
considerations underlying Na® uptake mechanisms in freshwater fishes.
Comparative Biochemistry and Physiology C-Toxicology & Pharmacology
148, 411-418.
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Introduction

Despite extremely low ionic concentrations in many freshwater (FW)
systems, fish are able to survive and maintain their plasma ion concentrations
at stable levels up to 1000 fold higher than the external ion concentrations.
This is accomplished by both a decrease in the relative permeability of the gill
to ion loss and the development of elaborate mechanisms of active ion uptake
at the gill. The rise of molecular biology in the field of comparative ion
transport physiology, coupled with the use of the new zebrafish model system
with its “fully annotated” genome, has resulted in significant advances over
the past few years. My aim in this chapter is to provide a summary of recent
data that have contributed to our understanding of the mechanisms of gill ion
and acid—base regulation at a more detailed molecular level. Emphasis will be
specifically focused on proposed mechanisms of Na® uptake, how these
recent studies align with previous data demonstrating function, and
thermodynamic parameters that must be considered when modeling fish ion
transport in specific environments. This perspective is written in the light of
new molecular advances to ensure that our understanding continues to grow

in a clear, thermodynamically sound and logical manner.

Na® uptake mechanisms

As mentioned in chapter I, August Krogh (Krogh, 1938) pioneered the
study of ion transport in fish by proposing that Na® is exchanged

electroneutrally for NH," at the fish gill (Fig. 2.1 A). This was based on
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concomitant and equimolar net reduction of Na* and net gain of NH," in the
water that the fish were held in. Almost 30 years later Maetz and Garcia
Romeu (Maetz and Garcia-Romeu, 1964) performed more advanced
radioisotope experiments to analyze the unidirectional fluxes of Na* into the
goldfish, Carassius auratus. Their studies supported the notion of Na* and CI”
uptake to occur as independent mechanisms and they also supported Krogh's
earlier assumptions (Krogh, 1938) that the mechanism of Na* uptake across
the fish gill epithelium was via a Na'/NH;" exchanger. However, it was
demonstrated soon after that Na* was in fact exchanged for H* rather than
NH," (Kerstetter et al., 1970). Regardless, all studies concluded that the
uptake of Na* was compensated by equimolar efflux of a cation (H" or NH4")
and it was thus proposed that the Na* transport mechanism across the fish
gill was electroneutral. The energy required to drive the apical cation
exchange was proposed to be provided by Na'/K*-ATPase (NKA), which is
present in large amounts on the basolateral membrane of gill mitochondria-
rich (MR) “chloride” cells (Fig. 2.1B). These early studies were supported
pharmacologically when Kirschner and colleagues (Kirschner et al., 1973)
were the first to report in FW fish, that amiloride, a general inhibitor of Na*/H"
exchangers (NHEs), greatly reduced Na* uptake.

Valuable information about cellular mechanisms for Na® uptake from
very soft FW has been derived from studies with frog skin (reviewed by
(Ehrenfeld, 1998; Ehrenfeld and Klein, 1997; Harvey, 1992). This epithelium

has been extensively studied and is more amenable to direct measurements
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of ion transport because it can be placed in Ussing chambers for
electrophysiological and pharmacological analysis. Measurements under
open- and short-circuit conditions clearly demonstrated that Na® enters the
cell through an apical channel, driven by H* efflux from an apical H*-ATPase
(Ehrenfeld and Garcia-Romeu, 1977; Ehrenfeld et al., 1985).

The frog skin model also proved to be valid for other ion-transporting
epithelia, like the turtle urinary bladder (Steinmetz et al., 1987). Not
surprisingly, it also influenced research on fish ion uptake, since it was
becoming clear that the NKA alone was insufficient to drive an electroneutral
NHE in dilute FW and that an additional energizing step was required
(reviewed in (Jensen et al., 2003; Kirschner, 2004). Using analogies to the
frog skin and turtle bladder (Ehrenfeld and Garcia-Romeu, 1977; Ehrenfeld et
al., 1985; Steinmetz et al., 1987), and consideration of both environmental
and putative intracellular [Na’] and [H*], Avella and Bornancin (Avella and
Bornancin, 1989) proposed that NHE could not function for Na® uptake in fish
living in extremely dilute environments (e.g. umol L™" range). They proposed a
new fish gill model whereby an apical vacuolar H'-ATPase (VHA)
electrochemically linked to a Na* channel drives Na™ uptake from fresh water
(Avella and Bornancin, 1989) Fig. 2.1C). Lin and Randall (Lin and Randall,
1993) then demonstrated VHA activity in crude homogenates of gill tissue
from the rainbow trout and showed the activity was decreased during
acclimation to seawater. Lin and colleagues (Lin et al., 1994) later also

showed VHA immunoreactivity at the rainbow trout gill using a bovine VHA
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antibody. Further supporting functional evidence for this model was provided
when it was shown that bafilomycin, a selective inhibitor of VHA, dramatically
reduced Na* uptake from FW during in vivo experiments on young tilapia and
carp (Fenwick et al., 1999) and zebrafish (Boisen et al., 2003). In addition,
both bafilomycin and phenamil (an amiloride derivative specific for inhibiting
Na® channels; (Kleyman and Cragoe, 1988)) also reduced Na® uptake in
rainbow trout (Bury and Wood, 1999; Grosell and Wood, 2002).

The last two decades has corresponded with a rapid advancement of
understanding the molecular mechanisms of ion transport in a variety of
species and a variety of transport epithelia, whose molecular and evolutionary
characteristics have been recently reviewed (Alper, 2006; Alvarez de la Rosa
et al., 2000; Orlowski and Grinstein, 2004; Romero et al., 2004; Slepkov et
al., 2007; Wagner et al., 2004). In addition to the breakthroughs in molecular
biology, there have been additional advances in understanding the physiology
of ion transport in the fish gill. For example, the use of immunocytochemistry
has significantly advanced our knowledge by demonstrating the presence and
localization of particular transporters within the fish gill (Edwards et al., 1999;
Lin et al., 1994; Lin et al., 2006; Parks et al., 2007b; Piermarini et al., 2002;
Sullivan et al.,, 1995; Tresguerres et al., 2005; Tresguerres et al., 2006a;
Tresguerres et al., 2006b; Tresguerres et al., 2007b; Wilson et al., 2000).
However, a caveat that must be placed on some of these findings is the use
of heterologous antibodies for detection which may give spurious results due

to undetermined specificity of the antibody. More recently, the development of
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homologous antibodies have significantly strengthened immunocytochemical
studies in fish gills that are often complemented by mRNA in situ experiments
using species—specific probes (Catches et al., 2006; Choe et al., 2007; Choe
et al., 2005; Claiborne et al., 2008; Hirata et al., 2003; Katoh et al., 2003; Yan
et al., 2007).

Early attempts at examining the functional physiology of the gill in
isolation were performed primarily using isolated gill (Kerstetter and Keeler,
1976; Kerstetter et al.,, 1970) or perfused head preparations (Perry et al.,
1985; Perry et al., 1984). These preparations provided substantial information
on the overall gill mechanisms of transport. However, information at the
cellular level was unattainable due to the complex nature of the gill. Our lab
has identified two different cell types of mitochondria-rich (MR) cells at the
trout gill, termed PNA™ and PNA™ MR cells based on their binding of peanut
lectin agglutinin (Galvez et al., 2002; Goss et al., 2001a). Members of our lab
also demonstrated previously that VHA abundance increased in only the
PNA~ MR cells during hypercapnic acidosis consistent with the role of H*
secretion and Na® uptake occurring in this cell (Galvez et al., 2002).
Moreover, members of our lab developed a protocol to isolate primary
cultures of PNA" and PNA™ MR cells (Galvez et al., 2002; Goss et al., 2001a).
This is a powerful technique since it allows for the direct examination of the
functional physiology of the fish gill at the cellular level, albeit with certain
limitations that are discussed further in chapter IV (Parks et al., 2007b).

Members of our lab (Reid et al., 2003) performed radiotracer experiments
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with isolated cells and reported that only the PNA™ MR cells exhibited a
phenamil and bafilomycin sensitive Na* uptake mechanism implicating a Na*
channel linkage to the VHA in these cells. More recently, using single cell pH
imaging, | have confirmed the presence of at least two distinct MR cell
populations in response to Na* substitution experiments (chapter IV (Parks et
al., 2007b)). There | also demonstrated that only one population of MR cells
performs phenamil sensitive Na* uptake. My results support the model of Na*
uptake occurring apically via a phenamil sensitive Na® channel that is
electrogenically linked to the VHA as suggested by others. Moreover, | was
the first to functionally demonstrate that a basolateral membrane electrogenic
Na*/HCO3™ co-transporter (NBC) moves Na® into the blood space, likely aided
by NKA to maintain the required membrane potential ((Parks et al., 2007b),
Fig. 2.1C). My results also suggest that this mechanism also exists at the qill
in FW acclimated crabs, although it may only be involved in acid-base
regulation (see chapter V, (Tresguerres et al., 2008)). My findings
complement previous molecular work showing an upregulation of NBC mRNA
in response to acidosis at the FW fish gill (Hirata et al., 2003; Perry et al.,
2003a; Perry et al., 2003b).

Recent work elegantly demonstrated the presence of VHA-rich cells on
the skin of zebrafish larvae, an epithelium responsible for ion uptake at the
larval stage of development (Lin et al., 2006). Using the ion-selective vibrating
probe technique, Hwang and colleagues (Lin et al., 2006) recorded apical

bafilomycin sensitive H* flux from single cells of intact larvae. The authors

40



proposed a role for these VHA-rich cells in Na* uptake. Interestingly, these
cells were not rich in NKA (Lin et al., 2006) which may indicate that NKA is
not essential for Na* uptake, at least in zebrafish skin. These results were
complemented by the first two studies from zebrafish on a/b and ion
regulation taking advantage of the morpholino gene knockdown technique
(Esaki et al., 2007; Horng et al., 2007). Knockdown of VHA reduced survival
by ~50% in larvae placed in acidic water (Horng et al., 2007). Importantly, the
knockdown of VHA also resulted in a reduced Na’ content in mutants
acclimated to low Na* environments (~0.01 mmol L™") compared to wild-type
(WT) larvae (Horng et al., 2007). No differences were noted between mutant
and WT larvae however in those animals acclimated to normal Na®
environments of ~0.5 mmol L™" (Horng et al., 2007). Fluorescent Na* dyes
also demonstrated a bafilomycin sensitive Na® accumulation in skin cells of
FW zebrafish embryos (Esaki et al., 2007). These studies clearly indicate that
apical VHA is essential for Na* uptake in acidic or very soft water. This
supports the requirement of an apical energizing step in bringing Na* into the
body. However, the significant deficiency in confirming the model of Na*
uptake via an apical Na* channel is that not a single member of the epithelial
Na® channel family (ENaC homologs) has been found in any fish database
(Hwang and Lee, 2007), including the fully sequenced and so called
annotated genomes of both zebrafish and fugu. The inability to identify
homologs of any ENaC subunits in any fish species is puzzling due to the fact

that homologous members of the ENaC-Deg family exist in organisms across

41



a diverse range of organisms from Caenorhabditis elegans to Homo sapiens
(for review see (Alvarez de la Rosa et al., 2000). While we have no
explanation for this anomaly, we think it is possibly related to low homologies
between species for the ENaC subunits and lack of complete and accurate
annotations of the current fish genomes. Alternatively, it is possible that there
was a genomic deletion that included the a ENaC gene after the divergence
of the Sarcorpterygeans and Actinopterygeans resulting in all teleosts not
having this ENaC gene. However, ENaC B and y subunits also cannot be
detected by current homology searching strategies. Importantly, the genes for
the a (chromosome 12) and 8 and y subunits (chromosome 16) are located in
different chromosomes in mammals (Hummler et al., 2002). Therefore, this
explanation would require the two genomic regions to be deleted by
independent events.

Regardless, the presence of phenamil sensitive Na* transport in whole
animals points to some type of Na® channel mechanism being present in
fishes reared in low ionic strength water. Phenamil (at pmol L™
concentrations) has been demonstrated to inhibit Na* uptake in FW fish as
mentioned previously (Bury and Wood, 1999), 100 pmol L™"); (Grosell and
Wood, 2002),100 umol L™"); (Reid et al., 2003),10 pymol L™). In other studies,
pharmacological inhibition by amiloride has been used to support the role of
an NHE at the FW fish gill for Na* uptake (Esaki et al., 2007; Kirschner et al.,
1973; Preest et al., 2005). However, amiloride also blocks Na* channels at

even lower doses while phenamil has never been shown to inhibit NHEs at
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either low (umol L™") or even high (mmol L™") concentrations (Goss et al.,
2001b; Kleyman and Cragoe, 1988). The logical conclusion from
pharmacological studies is that the most specific inhibitor (phenamil and not
amiloride) should determine the pharmacological identification of the Na*
transport mechanism (Na* channel and not NHE).

Recently, there have been a number of papers demonstrating specific
NHE isoforms in the gills of fish from a variety of environments. These studies
have suggested a role of apical NHE in transepithelial Na* uptake in dilute
FW and have revitalized the debate over the molecular identity of the apical
transporter responsible for Na* uptake in the FW fish gill. Theoretically, either
the ENaC-VHA model or the NHE-NKA model can function, but the NHE can
only function under a very narrow range of environmental and cellular
conditions compared to an ENaC-VHA mechanism. The primary purpose of
this chapter is to clearly illustrate these theoretical limitations of an NHE in a
range of freshwaters. Thermodynamic considerations will also be an
underlying theme throughout the data chapters and final discussion of my

thesis.

Na*/H* exchanger (NHE)

The NHE is a bi-directional transporter that generally brings Na* into
the cell in exchange for H*. This can result in the regulation of intracellular pH
(pH:) or in transepithelial Na* uptake as in the mammalian proximal tubule (for
review see (Orlowski and Grinstein, 2004; Slepkov et al., 2007)). However, it

is important to note that NHE function is driven solely by environmental and
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cellular concentration gradients of Na* and H* and it is not affected by
membrane potential. For example, a larger [Na'] in the environment
compared to the cell favours H* secretion and consequently Na® uptake. This
explains why NHEs are the prevalent mechanism for H* secretion in brackish
water and seawater animals including crustaceans (Towle et al., 1997),
hagfish (Edwards et al., 2001; McDonald et al., 1991; Parks et al., 2007a),
elasmobranchs (Choe et al., 2005; Claiborne et al., 2008; Tresguerres et al.,
2005), and teleost fish (Catches et al., 2006; Claiborne et al., 1999; Claiborne
et al., 2008). However, one of the specific considerations for this
electroneutral exchanger is that the transporter can work in the opposite
direction if favourable conditions are present (i.e. a reversible transporter: Na*
loss and H* gain). This is an important point to be considered in the section
on thermodynamics since placing an NHE on the apical membrane of a fish
under conditions which favour Na* loss and H* gain will be detrimental to the
physiology of the organism.

NHE at the FW fish gill was originally implicated via immunological
studies using various heterologous antibodies (see concerns with this
technique above) against different NHE isoforms (Edwards et al., 1999;
Wilson et al., 2000). The first molecular cloning and subsequent functional
implication of a FW NHE was from the Japanese Osorezan dace (Hirata et
al., 2003). This report of an NHE3 was remarkable in that the fish lives not
only in FW (<1 mmol L™ Na*) but also at an acidic pH of 3.5 (Hirata et al.,

2003). Each of these conditions (low Na® and low pH) would act to inhibit
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NHE function according to thermodynamic principles (see below). The
authors also noticed that the apical region of the ion-transporting cells
presents an apical crypt, and suggested it provides a microenvironment that
acts to increase [Na'] outside the gill cells (Hirata et al., 2003). However, it is
unclear how the “microenvironment hypothesis” would avoid a further
proportional diminishing of pH in this area, which would eventually reverse the
Na® flux. More recently, further molecular evidence has shown increased
levels of NHE2 mRNA associated with FW acclimation in killifish (Scott et al.,
2005) and zebrafish (Craig et al., 2007). At a first glance, the combination of
these reports (Craig et al., 2007; Hirata et al., 2003; Scott et al., 2005) seem
to unambiguously strengthen the role of NHE in Na* uptake in FW. However,
every study, including these three, must be examined in detail before any
solid conclusions are made. For example, the Kkillifish is an estuarine animal
that faces a range of salinities on a daily basis, and it is thus possible that
NHE transcript upregulation is an initial response to water dilution that does
not necessarily result in a functional apically inserted protein. Less subjective
is the fact that the FW acclimation in the study by Scott and colleagues (Scott
et al., 2005) was indeed to softwater, but with an NHE-favourable
environmental pH of 8.0. Common to both the zebrafish and killifish studies
are the facts that (1) NHE abundance and localization was not examined at
the protein level, which is more functionally relevant than mRNA expression,

and (2) upregulation of NHE does not rule out a concomitant, functionally
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relevant upregulation of any relevant epithelial Na* channels (although this is
currently impossible to test due to lack of molecular proof for its existence).

A recent study reports the impressive cloning and identification of eight
different zebrafish NHE isoforms (termed znhe1, -2, -3a, -3b, -5, -6, -7, and -
8, (Yan et al., 2007)). Of these eight different isoforms, only zZNHE3b was
expressed at the gill (Yan et al., 2007). This isoform was localized to the
apical membrane of gill ionocytes and co-localised with VHA-rich cells only
and not NKA-rich cells (Yan et al., 2007). This resulted in a model predicting
the association of an apical NHE and VHA to function together for Na®
uptake. Finally, | note that molecular sequences for rainbow trout NHE3 and
NHEZ2 have recently been made available in studies focussing on both gill and
kidney function (lvanis et al., 2008a; Ivanis et al., 2008b). These authors also
suggest a role for NHE function at the gill in ion uptake however the functional
relevance is not confirmed (Ivanis et al., 2008b). These few references are
the sum total of all the direct molecular evidence for NHEs in FW fishes.
Undoubtedly, relative paucity of direct molecular information on fish NHE's is
hampering our ability to clearly delineate its function in FW. However, given
the strong evidence for the presence of various NHE isoforms in the gills of
FW fish even from dilute environments, these isoforms likely play some role in

Na" transport at the FW fish gill.

Thermodynamic consideration of Na* uptake from freshwater: NHE

The functionality of NHE as an apical mode of Na* uptake in FW is

often dismissed as being “thermodynamically unfeasible” although firm
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representations of these principles are lacking in the literature. This deficit is
contributing to confusion in the literature whereby thermodynamic
considerations are not being fully examined when interpreting data and
proposing new models of transport for the fish gill. This section aims to
illustrate how environmental and cellular conditions ultimately determine the
direction of transport of an apical NHE in FW organisms.

If we simply consider an NHE antiport functioning in isolation, there are
only 4 variables that can have an effect on its direction of transport. These
include environmental pH (pH,), intracellular pH (pH;), environmental Na*
(INa']o) and intracellular Na® ([Na'];). It is important to restate that NHE
function is unaffected by changes in transmembrane potential. Eq. (1)
describes the transport equilibrium where there will be no net flow of Na® or

H* in either direction in a NHE.

[Na*], [H"], |
[Na‘'], [H'I, (Equation 2.1)

However, for proper functioning, a driving gradient whereby higher
[Na*], or higher [H'] is required to disturb the equilibrium and drive the

transporter in the forward direction (Na* in and H* out) according to:

[Na'], [H'], |
[Na*], < [H*] (Equation 2.2)

0

Therefore we can re-arrange the above formula to demonstrate the
influence of one variable on the functioning of NHE according to

thermodynamic principles. An example whereby we are solving for [H'];
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required to drive NHE at fixed values of [Na'];, [H']o, and [Na'], is provided in
Eq. (3).

[Na"L[H "], _
[Na“],

[H™], (Equation 2.3)
Therefore to calculate this value we use Eq. (4) to define the transport
equilibrium point, whereby any value below will result in forward transport of

NHE. Any value above will then result in reverse transport mode of NHE.

[Na“J[H"], _
[Na'],

[H™], (Equation 2.4)

By manipulating these variables, we can graphically represent (Fig. 2.2
and Fig. 2.3) the equilibrium point for NHE in relation to any set of
environmental and cellular parameters. Moreover, it follows that we can
similarly re-arrange the above formulae to illustrate the effect of any other
parameters on NHE function.

Environmental [Na*] and pH are regularly reported in most publications
allowing us to predict the potential functioning of NHE under those conditions.
FW fish live in waters ranging from pH 3.5 (Hirata et al., 2003; Wilson et al.,
1999; Wood et al.,, 1998) to as high as pH 10 (Randall et al., 1989). In
addition, environmental Na* ranges from as low as 10 umol L™ and 20 pymol
L™" (Wilson et al., 1999) to full strength seawater of ~550 mmol L™". As
mentioned above, the driving gradients for NHE in high Na* environments (>5

mmol L™") favour this transporter functioning as an acid—base regulator and

are not of concern in our review. On the other hand, in dilute FW, pH and
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environmental [Na'] will be important in determining the direction of transport
function of an NHE (it is reversible).

One variable that is key to these calculations is the [Na']: a low [Na™]
would favour Na* uptake via an NHE while a high [Na’]; would inhibit Na*
uptake or result in Na* loss via an NHE. Unfortunately, obtaining reliable
values for [Na™]; has proven extremely difficult. At least three attempts have
been made to describe the [Na']; in the cells of the fish gill (Eddy and Chang,
1993; Morgan et al., 1994; Wood and Lemoigne, 1991) (Table 2.1). It is
important to note that each value reported for fish (62, 55, 80 mmol L") is
much higher than those described in other similar transporting epithelium
(Table 2.1: ~2—20 mmol L™"). If these values were indeed true, neither an
NHE nor a Na® channel/VHA would be able to function under any FW
condition. Therefore it is likely that [Na™]; are severely overestimated in FW
fish since high [Na™]; would be inhibitory for Na* uptake by any mechanism.
As discussed by Morgan and colleagues (Morgan et al., 1994) these values
for fish must be interpreted with caution due to the technical difficulties
associated with obtaining these data. However, if we observe a range of [Na™);
reported from other systems we see values averaging 6-10 mmol L™ (and as
low as 2 mmol L™ when the isolated epithelium was bathed in symmetrical
0.1 mmol L™ Na* solutions (Harvey and Kernan, 1984), Table 2.1).
Consequently to be as conservative as possible | will use and exceed the
lowest measured [Na']; in all animals to demonstrate the range of feasibility of

NHE function over a wide range of environmental parameters.
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The second unknown in our calculations is the intracellular pH (pH;) of
the Na* transporting cell type. Similar to the influence of [Na],, low pH; will
favour Na* uptake via an NHE while a high pH; would inhibit Na* uptake via
an NHE. We must remember that pH; is tightly regulated to ensure cell
survival and in all cells is maintained at pH of ~6.9-7.6 dependent on
temperature. Our work on isolated rainbow trout gill MR cells shows an
apparent difference in resting pH; in a mixed population of MR cells (chapter
IV (Parks et al., 2007b)). Interestingly, resting pH; in the putative Na”
transporting cells was significantly lower than in the rest of the cells, which
would favour NHE function as explained above. Based on our results, we will
use resting pH; values of 7.4 for the calculations, which is also similar to
resting pH; found in cultured rainbow trout and goldfish pavement cells
(Sandbichler and Pelster, 2004; Wood and Part, 2000) and whole gill pH;

estimates (Wood and Lemoigne, 1991).

Influence of environmental pH and salinity: NHE

Using the above Egs. (1), (2), (3) and (4), we have solved for a range
of values the NHE transport equilibrium in relation to pH, and [Na']; (Fig.
2.2A, dashed line). These values are obtained using an [Na*], of 0.5 mmol L™
which was chosen to exceed environmental values reported in most of the
literature (e.g. Ottawa Canada, 0.13 mmol L™, Vancouver Canada ~0.02
mmol L™, Taipei, Taiwan 0.3 mmol L™ (they make zebrafish water artificially),
Lake Osorezan, Japan ~0.9 mmol L™, Hamilton Canada ~0.5 mmol L™). Fig.

2.2A shows that Na® loss would dominate over a wide range of naturally
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occurring environmental pH values (the NHE would function in reverse mode-
red area). Na' uptake via an NHE in the pH, ranges below 8.0 would
technically be possible only if [Na']; is lower than any previously measured
value in any cell type. Conversely, only when more alkaline pH, are
encountered (pH, of ~8.4 and above) can we observe a reasonable [Na']; (i.e.
6 mmol L™") that would enable Na* uptake and H* excretion using an NHE
(i.e. forward function of the NHE). We can clearly see from Fig. 2.2A that
under a normal physiological range of environmental pH in FW systems, Na*
loss would dominate over Na* gain if an NHE was utilised exclusively. To
cement the contention that the range of environmental parameters where
NHE can function effectively is limited, | have varied the [Na®], to higher and
lower levels to demonstrate the range of function (Fig. 2.2B). If the [Na],
increases to 5 or 50 mmol L™', then the range of environmental pHs where
NHE may function is shifted to environmentally realistic values (~pH 7.5 for 5
mmol L™ [Na*], and ~pH 6.5 and above for 50 mmol L™ [Na™],) assuming a
[Na']i of at least 6 mmol L™". Even so, at more acidic pHs, NHE will not
function for Na* uptake. However, if the [Na'], decreases to 0.05 mmol L™’
(e.g. the level found in Vancouver tap water, Amazon basin, Canadian shield
waters), then the range of environmental pHs where NHE may function is
shifted to environmentally unrealistic values (> pH 9.5) for most fish bearing
waters. This theoretical illustration is in direct concordance with our
contention that NHEs can function at higher environmental salinities but

simply cannot function at low environmental salinities. Moreover, it is
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extremely important to note that if an NHE is present on the apical membrane
at these low [Na'],, then the NHE will actually function in reverse mode and
Na® loss (and H* loading) would occur. These considerations likely allow the
use of an apical NHES3 in the FW stingray that was tested living in relatively
“hard” FW of ~4 mmol L™ Na* (Choe et al., 2005) but call into question many
studies placing the NHE on the apical membrane in fish acclimated to waters
of very low [Na'],. Clearly, the environmental pH and [Na’] play a major role
in determining the potential function of an apical NHE. Finally, while boundary
layers may be implicated in increasing [Na'], to a small extent, they would
also concurrently result in acidification of the same boundary layer (Lin and
Randall, 1990; Playle and Wood, 1989; Wright et al., 1986) which would act

to simultaneously impair NHE function

Influence of cellular pH and salinity: NHE

If we re-arrange Eq. (1) and assume a typical FW [Na*] of 0.5 mmol L™
(Fig. 2.3A), and an extracellular pH of 7.0 (a typical value for that
environmental [Na']), we can plot the NHE transport equilibrium in relation to
pH; and [Na']. From this plot, we can see that Na® uptake would only occur
via an NHE at pH; values of ~5.9 and below when [Na']; is assumed to be
equal to the lowest measured value from frog skin principle cells of 6 mmol
L™". This is much lower than pH; values reported previously of ~7.4 for fish gill
(Parks et al., 2007b; Sandbichler and Pelster, 2004; Wood and Lemoigne,

1991; Wood and Part, 2000) or for any cell type for that matter. NHE could
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function at normal pH; only when environmental pH is higher than 9 (Fig.

2.3B).

Thermodynamic consideration of other modes of Na* uptake from
freshwater:

Na* channel
An apical Na® channel with linkage to an energizing VHA is another

potential mechanism for Na* uptake from freshwater as described above. As
we envision a simple channel, it is reasonable to assume that problems could
also arise with driving Na* into the cell and likewise in preventing Na* from
leaving the cell to the water via this channel. The equilibrium point for a non-

rectifying Na® channel adheres to the following equation:

U, =ZFV_ +RT x InM (Equation 2.5)
[Na“],

An important point to notice about Eq. 2.5 for the Na* channel is that
the equilibrium point is independent of environmental and cellular pH. In
addition, movement through the channel is driven by the membrane potential
(Vm) and environmental and intracellular [Na*] only. Therefore movement can
be driven by decreasing intracellular [Na*] or increasing the Vy, (to a greater
negative value). If Eq. 2.5 is re-arranged the impact of Na* levels on the
thermodynamic feasibility of movement via a Na* channel can be analysed

according to the following equation:

RV,

Na‘o = Na"i x e FT) (Equation 2.6)

Analysing Eq. 2.6 for the influence of [Na']; we can see that as you

decrease [Na']; then Na® uptake can occur from very soft waters with a
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reasonable V., (Figure 2.4a). Furthermore, when the function is plotted to
assess the impact of V,, we note some interesting effects as V,, becomes
more negative (Figure 2.4b). For example, Na® uptake can occur from
environmental Na* of 0.4mM if [Na'] is less than 4.2mM and V,, is less than
-60mV. Furthermore, if V, reaches levels around -90mV then Na* uptake can
occur via a Na* channel from micro molar concentrations of environmental
Na®. However, as discussed throughout this thesis, an epithelial Na* channel
has evaded molecular characterisation in any fish genome analysis and

therefore can not yet be assigned as the primary mechanism for Na* uptake.

Electrogenic NHE

A possibility for a freshwater fish to enable thermodynamically feasible
Na* uptake via an NHE would be to invoke the use of an electrogenic NHE. If
we assume an NHE that transports 2Na* for every H*, the equilibrium point

for an electrogenic NHE adheres to the following equation:

s =227V, + 2RT xInlN& L opy n L Equation 2.7)
[Na’] [H7],

The advantage of an electrogenic NHE would be similar to a Na*
channel in that V,, can aid in driving ion movement across the membrane. Re-

arranging Eq. 2.7 to solve for Na® levels that would allow uptake via an

electrogenic NHE gives the following equation:

N FV,,
% xe 28T (Equation 2.8)

Na+o = Na+i X
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Using the same analysis of [Na']; and [Na'], in relation to changing Vn,
we can see how that an electrogenic NHE would enable Na* uptake from
more dilute FW than the traditional electroneutral NHE (Figure 2.5). Currently
| can not say if this is a possibility in gill MR cells as the stoichiometry of the
cloned fish NHEs is not yet established. Evidence for electrogenic 2Na*/H*
exchanger has been reported only in crustaceans (Ahearn and Clay, 1989;
Ahearn and Franco, 1990; Ahearn et al., 1990; Shetlar and Towle, 1989) and
echinoderms (Ahearn and Franco, 1991). Prokaryotes such as Escherichia
coli possess an electrogenic Na‘'/nH* transporter (NHA) that acts in the
opposite direction of vertebrate NHE to allow survival in hyper saline and
alkaline environments (Padan et al., 2005). Little is known about NHA activity
in metazoans despite their presence in the genome of various vertebrate
species (Brett et al., 2005). William Harvey and colleagues have recently
cloned an NHA from the larval mosquito gut and implicated its role in a variety
of physiological processes such as pH and volume regulation and Na*
recycling (Rheault et al., 2007). However, as the NHA transports in the
opposite direction, its importance in an electrogenic NHE for Na* uptake at
the fish gill are likely slight. Further molecular and functional characterization
of the NHA is required before we can understand its overall importance in a/b

homeostasis.

Potential involvement of microenvironments and metabolon hypotheses

We can consider the possibility of the animal using local

microenvironments (i.e. metabolons) to maximize the intracellular parameters
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(low [Na'];, low pH;) that would favour NHE function in the forward direction
(Na" uptake). There is an elaborate tubular system known to exist in the MR
cells of the fish gill originating from multiple basolateral membrane infoldings
((Philpott, 1980), reviewed by (Tresguerres et al., 2006a)). In fact, our lab
(Tresguerres et al., 2006a) have proposed that this distinct ultrastructural
arrangement creates a cellular microenvironment that favours CI™ uptake from
FW. This could be possible by placing an apical anion exchanger (AE),
cytosolic carbonic anhydrase (CA) and a basolateral VHA into close
proximity. CA generates HCO3™ and H* from CO; and H,0, VHA removes the
H* electrogenically from the area into the blood — and provides the driving
force — while the AE is the apical facilitating transporter. The vital step in this
mechanism is the energy input of a VHA to create a disequilibrium of the
[HCO3] in the local environment. In principle, a similar microenvironment (but
with reversed functional polarity) could be manipulated to create very acidic
pH; levels to help drive NHE-mediated Na* uptake. However, a significant
requirement for this acidic compartment to exist is that the distinct
environment must be supported by primary active transport of HCO3;  out of
the cell. This type of mechanism, (i.e. a HCO3; ATPase) has never been
described in any physiological system and therefore the possibility of
localized [H*] differences driven by HCO3™ primary active transport is unlikely.

An alternate argument might be that a basolateral, electrogenic,
Na*/HCO3™ co-transporter (demonstrated in chapter IV (Parks et al., 2007b)

could deplete HCO3  sufficiently (and hence create a local H*
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microenvironment) to drive an apical NHE. However, in this situation, there
would then be no direct energetic step (ATPase) in the transepithelial Na*
transport mechanism. This would prevent Na® uptake due to the
demonstrated energy barrier in place for transepithelial Na* transport (Jensen
et al., 2003; Kirschner, 2004); explained below).

If pH; cannot be reduced appreciably to allow NHE function, [Na™];
could potentially be lowered to facilitate NHE function. This is not
inconceivable considering the presence of massive numbers of Na'/K'-
ATPase (NKA) on the basolateral membrane of all fish gills analyzed (Evans
et al., 2005). However, even at the lowest [Na*]; recorded (2 mmol L™, Table
2.1) pH; would still be required to be extremely acidic (<pH 6.2) for Na* uptake
via an NHE even at 0.5 mmol L™" [Na*]o. In very soft waters (0.05 mmol L™
[Na™],, pH 6.0), and with a resting pH; of ~7.0, [Na']; would need to be 0.005
mmol L™ to function in the forward direction

Furthermore, Kirschner demonstrated elegantly that the energy barrier
for Na* uptake could be overcome by the use of a NKA at external [Na'] of
~150 mmol L™ (Kirschner, 2004). However, at pmol L' Na* levels, NKA
alone cannot overcome the energy barrier imposed on Na* uptake unless it
worked with 100% efficiency (Jensen et al., 2003; Kirschner, 2004). This is of
course thermodynamically impossible, and thus another energizing step
would be required. It is likely that NKA helps aid in Na® uptake by lowering
[Na™]; which would be necessary for both a Na* channel or a NHE model.

However, it is quite clear that NKA alone cannot lower [Na']; to levels low
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enough to drive NHE function under physiological pH; and [Na®], ranges and
a VHA (or another primary active transport mechanism) is required for Na*
uptake from low Na* environments.

As mentioned above, a recent study has implicated the coordinated
action of an apical NHE and VHA (facing outward to water) to be utilised for
Na® uptake in the zebrafish (Yan et al., 2007). At first this may seem a
reasonable assumption to make considering their recent advances in
zebrafish NHE and the work of others on apical VHA in FW fish gill. However,
if present at the same time, these transporters would be a detriment to overall
Na® uptake via an exchanger (but would work for a Na® channel
mechanisms). VHA would act to alkalinise the cellular compartment, and
acidify the boundary layer, both actions of which would prevent Na* uptake
via an NHE. We must therefore ensure that with recent advances in
understanding FW gill membrane transport at the molecular level, that proper
consideration is given to overall function with all parameters involved.

It is also well established that phosphorylation events can significantly
alter the rate of NHE activity (reviewed by (Orlowski and Grinstein, 2004)).
Additionally, the kinetic properties of an NHE can be altered somewhat by the
presence of the intracellular H" modifier site which can allow for a shift in the
activation profile of the NHE (Aronson, 1985; Aronson et al., 1982;
Wakabayashi et al., 2003). However, activation of the NHE via any
mechanism simply allows it to move towards its equilibrium point at a faster

rate. We must be aware that under normal resting conditions, NHEs are
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quiescent and in a disequilibrium state which favours normal forward function
(Na* moving in/H" moving out). Activation cannot overcome or reverse
unfavourable gradients and therefore cannot be invoked to “drive” NHE
mediated transport where gradient do not favour its normal forward function.
Finally, ion transport at the MR cells of the gill depends on the action of
carbonic anhydrase (CA) to hydrate CO, and provide the intracellular HCO3™
and H" units required to counter CI” and Na* flux respectively (Perry and
Gilmour, 2006). In a number of studies, inhibition of CA reduces the overall
net transport rate of either net acid flux, net base flux or unidirectional rates of
Na® or CI” transport (Boisen et al., 2003; Chang and Hwang, 2004; Kerstetter
et al., 1970; Lin and Randall, 1991; Maetz and Garcia-Romeu, 1964; Parks et
al., 2007b; Tresguerres et al., 2008; Tresguerres et al., 2007b; Yan et al.,
2007). While CA provides the required H" and HCOs', it is only equilibrative
and cannot provide chemical energy to overcome energy barriers (Georgalis

et al., 2006).

Summary

With the recent surge in reports linking NHEs to Na™ uptake in the gills
of FW fish it is important that we step back and consider their thermodynamic
feasibility in the environment that the fish is living. The available data suggest
that NHEs can function for Na* uptake, but within a very narrow range of
environmental parameters that are either relatively high in Na®, high in pH, or
both. Importantly, it is clear that proper function of an apical NHE can indeed

occur in certain FW environments explaining its presence in numerous FW
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fish. However, placing an NHE on the apical membrane under unfavourable
environmental conditions would actually cause an NHE to operate in reverse
mode, with the concomitant Na* loss and H* gain. The major hurdle at this
point is the direct physiological characterization of the fish NHEs. Our current
knowledge of NHE function is only extrapolated from our understanding of
mammalian pharmacology and this may be misleading for fish NHEs. While
mammalian NHE function is being studied biochemically to the point of
knowing the functional importance of each amino acid within the protein
sequence ((Slepkov et al., 2007) review of NHE1, (Orlowski and Grinstein,
2004) review of NHE3), we are only now beginning to gain an appreciation of
the evolutionary relationships of NHEs. Interestingly, the homology of NHEs is
much higher between elasmobranchs and mammals than between teleosts
and mammals (Claiborne et al., 2008). It is theoretically possible that the FW
fishes possess NHEs with unique characteristics that allow them to function
differently from mammalian exchangers but this remains to be demonstrated.
Additionally, the potential role of microenvironments both outside and inside
the gill MR cells needs to be addressed in the context of NHE function.
Finally, it is possible that the presence of an NHE at the FW gill is simply a
remnant from SW ancestry. Perhaps, the NHE protein in the gills of fish from
very dilute FW is not functional either because it does not properly insert in
the apical membrane or it does not undergo the necessary post-translational
modifications to allow function under FW conditions. A non-functional protein

would not evoke a selection pressure for its removal, and could remain as a
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redundant mechanism that can contribute to Na* uptake when environmental
conditions permit it to do so. We cannot deny the existence of NHEs in fish
gill cells as there is strong evidence demonstrating expression of these
exchangers in the MR cells of FW fish. The challenge is figuring out if or how
they work under these conditions.

Thermodynamic constraints on membrane transport will be a recurring
theme throughout this thesis. In addition to the mathematical analyses
provided in this chapter, | will present further calculations for NBCs in
freshwater trout gill MR cells (chapter V) and the potential for a Na*/CO3*

/HCO3™ co-transporter in the larval mosquito gut (chapter X).
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Table
Table 2. 1 Intracellular Na* concentrations [Na']; in Na* transporting epithelia

Tissue Origin [Na']; (mmol I'1) Reference
Brown Trout Gill 62 (Morgan et al., 1994)
Rainbow Trout Gill 55 (Wood and Lemoigne, 1991)
Atlantic Salmon Gill 80 (Eddy and Chang, 1993)
Frog Skin 9 (Rick et al., 1978)
Frog Skin 14 (Nagel et al., 1981)
Frog Skin 7.9 (Nielsen, 1982)
Frog Skin 2.0-5.8 (Harvey and Kernan, 1984)
Frog Skin 3-9 (Garciadiaz et al., 1986)
Frog Skin (Principal cells) 6.2+0.5 (Harvey and Ehrenfeld, 1986)
Frog Skin (MR Cells) 21.6+16.8 (Rick, 1992)
Rabbit Urinary Bladder 7 (Wills and Lewis, 1980)
Rat Kidney (Proximal Tubule) 17.5+28 (Yoshitomi and Fromter, 1985)
Rat Kidney (Cortical Collecting Tubule) 16.7+54 (Natke and Stoner, 1982)
Rat Heart (Ventricular Myocytes) 14 +2 (Borzak et al., 1992)
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Figures

NH,* Na* H* Na* H*  Na*

3Na* Na*

2K* 2K*

Figure 2. 1 A historical progression of the models for transepithelial Na*
uptake at the freshwater fish gill

A. The original model proposed by Krogh (Krogh, 1938) of Na*/NH,"
exchange. B. The model proposing apical Na*/H" exchange driven by
basolateral Na*/K*-ATPase. C. Most recent model that incorporates the
coupling of an apical Na* channel and H*-ATPase along with a basolateral
Na’/HCOj3™ co-transporter and Na*/K*-ATPase.
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Figure 2. 2 Thermodynamic consideration of the influence of environmental
Na® ([Na™],) and pH (pH,) on Na*/H" exchanger (NHE) function.

A. The transport equilibrium is plotted as a function of [Na']; and pH, at a pH;
of 7.4 and [Na'], of 0.5 mmol L. The red shaded area represents the
conditions where Na® loss would occur via an apical NHE while the green
shaded area would allow Na® uptake. B. The influence of [Na']l, on NHE
function plotted assuming the same pH; of 7.4. Each curve represents a
different [Na'], as illustrated in the figure legend. The same red and green
shading protocol from part A can be applied to each individual curve to
illustrate the changes in pH, dependence for an NHE. Note that elevating
[Na*], greatly improves the chance of an NHE functioning under normal
physiologically encountered environments.
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Figure 2. 3 Thermodynamic consideration of the influence of cellular pH (pH;)
and Na* ([Na'})) on Na*/H" exchanger (NHE) function.

A. The transport equilibrium is plotted as a function of [Na*]; and pH; at a pH,
of 7.0 and [Na], of 0.5 mmol L. The red shaded area represents the
conditions where Na® loss would occur via an apical NHE while the green
shaded area would allow Na® uptake. B. The influence of pH, on NHE
function plotted assuming the same [Na*]l, of 0.5 mmol L™'. Each curve
represents a different pH, as illustrated in the figure legend. The same red
and green shading protocol from part A can be applied to each individual
curve to illustrate how the changes in pH, require substantial changes in pH;
and/or [Na']; for an NHE to function properly. Note that for most ranges of
pHo, pH; must be lower than values previously described. Reasonable values
for pH; and [Na™]; that could enable the chance of an NHE functioning properly
are found only at elevated pH, (pH = 9.0).
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Figure 2. 4 Thermodynamic consideration of Na* concentrations and
membrane potential on Na* uptake at the freshwater gill via a Na* channel.

A. The transport function is plotted to illustrate the influence of [Na'];
assuming a pH; of 7.40. Na* uptake would occur in the environmental
conditions below each curve. B. The influence of Vm on transport via a Na*
channel. Na™ transport would occur in the the environmental conditions below
each curve and as Vm becomes more negative Na* can be brought into the

animal from very low environmental concentrations.
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Figure 2. 5 Thermodynamic consideration of an electrogenic Na*/H"
exchanger functioning in apical Na* uptake at the freshwater gill.

The transport function is plotted to illustrate the influence of [Na*]; assuming a
pH; of 7.40. Na* uptake would occur in the environmental conditions below
each curve. This demonstrates that V,, can act to enhance Na* movement via
the electrogenic NHE that is not possible with the electroneutral NHE (see Fig
2.2 and 2.3).
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Chapter lll: Methods and Materials
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Experimental Animals
Adult rainbow trout (Oncorhyncus mykiss) were obtained from Alberta

Trout Growers (Tofield, Alberta, Canada) and were maintained in flow through
450-liter fibreglass tanks filled with aerated and dechlorinated City of
Edmonton tap water (hardness of 1.6 mmol/l as CaCOsg, total alkalinity of 120
mg/l, pH 8.2). Water temperature in the tanks was maintained permanently at
15°C, and the photoperiod mimicked the natural pattern found in Edmonton,
Alberta, Canada. Fish were fed once per day with dry commercial trout
pellets. Use of these animals followed Canadian Council on Animal Care and
approved Biological Sciences Animal Care Committee protocol #215507.

Estuarine crabs (Neohelice granulata) were collected by hand from a
muddy beach at San Antonio Oeste (Rio Negro, Argentina) during the Austral
summer of 2006—2007 and spring of 2007. The animals were transported to
the Laboratory of Aquatic Ecotoxicology Centro Internacional de Educacion
para el Desarrollo (CIEDE, San Martin de los Andes, Neuquén, Argentina),
where the qill perfusion experiments were performed. Crabs were acclimated
in plastic containers with aerated seawater of 2%o salinity for at least 1 week.
Water temperature was kept at 18 + 2°C. The animals were fed twice a week
with commercially available pellets of trout food. All procedures followed the
Canadian Council for Animal care procedures. Stage C intermolt adult male
crabs (Drach and Tchernig.C, 1967) were selected for the study.

Wild-type adult Zebrafsih (Danio rerio) were maintained in the
Biological Sciences Building aquatic facility in flow through tanks at a

temperature of 28.5°C and were fed once daily.
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Pacific hagfish (Eptatretus stoutii) were caught with bait and a bottom-
dwelling net from the Trevor Channel, Vancouver Island, British Columbia,
Canada. Hagfish were transported to the Bamfield Marine Sciences Centre,
where they were held in a 20 m® tank with flowing seawater (14°C). Fish were
not fed while being held in this tank and were used for experimentation within
the 2 weeks following capture.

Eggs of the yellow fever mosquito (Aedes aegypti) were obtained from
Dr. Carl Lowenberger (Simon Fraser University, Burnaby, BC, Canada) and
reared in covered plastic dishes in a temperature controlled chamber at 27°C.
The water was a 50:50 mixture of deionized water and City of Edmonton
(Alberta; Canada) tap water. Larvae were fed daily with ground Tetramin
(Tetrawerke, Melle, Germany). Larvae that were in day 1 or day 2 of the 4™
instar were chosen for experiments. Isolation, mounting and perfusion of
larval midguts was accomplished using previously described techniques
(Onken et al.,, 2004; Onken et al., 2008) and resulted in removal of the

peritrophic membrane from the preparation.

Trout experiments: Chapters lll, VI, and VI

Isolation of MR cells.
Isolation of MR cells from the gill epithelium followed the techniques

developed by Goss and colleagues (Goss et al., 2001a). Trout were removed
from the holding tanks and anesthetized by an overdose of tricane
methanesulfonate (1 g/l) solution. After the pericardial cavity was opened and
the pericardium removed, gills were perfused through the bulbous arteriosus

with 50 ml of ice-cold, heparinized (15 mg) PBS (in mM: 137 NacCl, 2.7 KCl,
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4.3 NayPO4, 1.4 NaH,PO4 pH 7.8, 290 mOsm). Gill arches were then
immediately excised from the fish, rinsed with dechlorinated tap water, and
blotted lightly on paper towels before being placed in ice-cold PBS. Next, qill
filaments were removed from the gill rakers in ~2- to 5-mm-wide sections and
incubated three times (each 20 min) at 18°C in 5 ml of trypsin-EDTA (0.05%
trypsin, 0.53 mM EDTA; GIBCO, Burlington, ON, Canada). After each 20-min
incubation, resultant cell suspensions were passed through a 96-pm nylon
mesh filter into 5 ml of ice-cold FBS and rinsed through with PBS to inhibit
trypsin activity. Final cell suspensions were washed twice with 50 ml of PBS
and centrifuged (5 min, 1,500 g, 4°C). The resultant cellular pellets were
resuspended in 3-5 ml of PBS and placed over a four-step Percoll gradient (2
ml, 1.09 g/ml; 2 ml, 1.06 g/ml; 2 ml, 1.05 g/ml; 3 ml, 1.03 g/ml) and centrifuged
(45 min, 2,000 g, 4°C). The 1.09-1.06 g/ml Percoll interface has been found
to contain a highly enriched population of MR cells, as demonstrated by
positive staining for the vital mitochondrial dye 4-[4-(dimethylamino)styryl]-N-
methylpyridinium iodide and transmission electron microscopy (Goss et al.,
2001a). Therefore, cells from this interface were collected, washed in PBS,
and used for all of the experiments in this study. The trypsin method of gill
digestion was used because it improved adherence of MR cells to glass

coverslips during perifusion experiments.

Inverted fluorescent microscopy.

Acid-washed coverslips (no. 1 thickness, 15 mm round; Warner

Instrument, Hamden, CT) were coated with 0.1% poly-L-lysine overnight and
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then rinsed with double-distilled water and 70% ethanol before each
experiment. Aliquots of cell suspensions containing ~300,000 cells were
added to 200 pl of 1% gentamicin sodium-containing buffer (in mM: 145 NacCl,
5 CaCly, 1 MgCl,, 4 KCI, 15 HEPES; pH 7.8, 290 mOsm) with an additional 2
pl of both CaCl, (1 M) and MgCl, (1 M) to aid in cell attachment. Cellular
suspensions were then placed on the prepared coverslips and kept
undisturbed at 4°C for at least 1.5-2 h to allow for settlement and attachment
of cells. | found that this length of time was sufficient to ensure cell attachment
during perifusion experiments. Coverslips were then removed from the
refrigerator, rinsed in Na’-containing buffer, and immediately exposed to 200
ul of Na*-containing buffer containing 2 ul of 5 mM, pH-sensitive BCECF-AM
(50 pgin 16 pl DMSO and 20% pluronic acid). Incubation of the cells with
BCECF-AM occurred for at least 45 min at a cooled room temperature of
18°C. Next, coverslips were placed into a 70-pl imaging chamber (RC-20H;
Warner Instrument) for perifusion experiments. MR cells on the coverslips
were subjected to differential interference contrast microscopy (Nikon Eclipse
TM-300) and fluorescence imaging (TE-FM epifluorescence attachment) with
the use of an inverted microscope. The microscope was fitted with a xenon
arc lamp (Lambda LS; Sutter Instruments, Novato, CA) to enable excitation of
the BCECF-AM-loaded cells at wavelengths of 495 and 440 nm. Exposure
time and the gain were adjusted at each trial to elicit adequate fluorescence.
Images at both 440 and 495 nm were captured digitally on a mono 12-bit

charge-coupled device camera (Retiga EXi; Burnaby, BC, Canada) every 5 s

72



during the various perifusion experiments. Northern Eclipse version 6 software
(Mississauga, ON, Canada) was used to compile the 495-t0-440 nm ratios as

an indication of the pH; levels.

Perifusion protocol

Solutions were added to the perifusion chamber using a six-input
manifold (Mp-6; Warner Instrument) attached to gravity-feed, 60-ml syringes
in syringe holder blocks equipped with pinch valves (VE-6; Warner
Instrument) and controlled by VC-6 valve controllers (Warner Instrument). The
perifusion rate was adjusted to ~0.5 ml/min. Cells were alkalinized and
acidified (chapter VIIlI) by a 3-min ammonium chloride (20 mM NH4CI)
prepulse technique first described by Boron and De Weer (Boron and
Deweer, 1976b). Cells were then allowed to recover from an acidification
event under both Na*-free (in mM: 142.5 N-methyl-D-glucamine-Cl, 2.5
CsH14NO-HCO37, 5 CaCly, 1 MgCly, 4 KCI, 2 glucose, 15 HEPES; pH 7.8, 290
mOsm) and Na’-containing (in mM: 142.5 NaCl, 2.5 NaHCO3~, 5 CaCl,, 1
MgCl,, 4 KCI, 2 glucose, 15 HEPES; pH 7.8, 290 mOsm) conditions. Other
experimental protocols involved observing changes in pH; from the original
resting state. This involved first cells to be exposed to Na*-free medium and
then switching to a Na'-containing solution to cause a disturbance of pH;
(chapter V). After the cells were observed under control parameters, the
same perifusion procedure would occur but with the addition of various drug
treatments including amiloride (500 pM), phenamil (50 uM), and 4,4'-

Diisothiocyanatostilbene-2,2'-disulfonic acid disodium salt hydrate (DIDS 1
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mM). All of the solutions used were bubbled continuously with a gas mixture
of 0.3% CO; balanced with O, throughout the experiments.

In the CI" manipulating experiments (Chapter VII) cells were exposed
to various experimental manipulations involving Na*-free (composition listed
above), Na’-containing (composition listed above), and CI" free solutions (in
mM: 125 pb-Gluconic Acid-Sodium salt, 5 o-Gluconic Acid-Hemicalcium salt, 1
p-Gluconic Acid-Hemimagnesium salt, 4 o-Gluconic Acid-Potassium salt, 2.5
NaHCO3;, 2 glucose, 15 HEPES; pH 7.8, 290 mOsm). Subsequent
pharmacological profiling occurred using amiloride, phenamil, DIDS, 5-(N-
Ethyl-N-isopropyl)amiloride (EIPA), 5-Nitro-2-(3-phenylpropylamino)benzoic
acid (NPPB), ouabain, and acetazolamide. All of the solutions used were
bubbled continuously with a gas mixture of 0.3% CO, balanced with O, for
most experiments. Experiments involving HCO3™ free conditions had HCO3
removed from the solution composition, and the solutions were bubbled with
100% Oso.

High-K* solutions (in mM: 120 potassium gluconate, 20 KCI, 2 MgCls,
20 HEPES) were adjusted to four separate pH values (~8.40, 7.80, 7.20, 6.60)
and used for calibration of pH; at the end of each experiment. pH; and
extracellular pH were equilibrated by the addition of the ionophore nigericin (5
MM) (Boyarsky et al., 1988). The 495-t0-440 nm ratios obtained at each
calibration set point were then used to generate a regression equation for

each cell. This equation was then extrapolated to the ratiometric data obtained
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over the course of the whole experiment, resulting in an internally calibrated

pH; trace for each cell during the entire perifusion procedure.

Fluorescent imaging of identified MR cell subtypes

For identification of MR cell subtypes following Percoll separation, MR
cells were incubated with 40 ug/ml PNA-biotin for 30 min, washed two times
with PBS, then incubated for 30 minutes with Streptavidin-conjugated Alexa
fluor 594 (Molecular Probes). Prior to pH; imaging, cells were identified as
either PNA™ and PNA’ cells based on the presence of peripheral staining with
Alexa fluor 594 using a Texas Red filter set (560 nm excitation, 630nm

emission).

Calculation of Buffering Capacity (B)

Calculation of intracellular buffering capacity was estimated following
the calculations described by Graber and colleagues (Graber et al., 1991).
The buffering capacity (8, mM/pH unit) was calculated according to the
following basic formula:
B = ANH,"in/ApH;
This estimate of the acid load assumes that all NH," exits the cell as NH3
giving up an H" in the process as described previously (Graber et al., 1991).
Calculations of NH;* were done assuming a pK of 9.03 and equilibration of
intra- and extracellular NH3 at an extracellular pH of 7.80. Further details of
the calculations followed the exact description by Graber and colleagues

(Graber et al., 1991). | obtained values for buffering capacity in Na* free
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experiments to limit the confounding variable of a Na® dependent acid

extruding system interfering with my calculations.

Membrane potential experiments.

Membrane potential (Vin) behavior was monitored with the fluorescent
anionic dye bis-oxonol (Molecular Probes, Eugene, OR). The dye is lipophilic
and increases or decreases in fluorescence on depolarization or
hyperpolarization, respectively. Importantly, the negative charge on bis-oxonol
prevents accumulation in mitochondria; therefore, the dye distributes across
cell membranes according to the Vi, giving a reliable measurement of relative
changes in Vi, (Mohr and Fewtrell, 1987). Bis-oxonol fluorescence was
measured with the inverted microscope as explained previously. Briefly, cells
were loaded with the 5 uM bis-oxonol for 1 h before each experiment. Cell
fluorescence was then monitored at 495-nm excitation and 530-nm emission
as changes in the extracellular medium were made. Bis-oxonol (5 pM) was
also placed in the experimental perifusion solutions to enable the uptake or
extrusion of the dye according to V., changes. Perifusion experiments
followed the above protocol with simple switching between Na*-free condition
and 145 mM Na® in the extracellular medium. Longer exposure times were
required to capture fluorescence compared with the pH; experiments.
Consequently, images were captured once every 20 s to avoid excessive
bleaching of the dye. Data are presented as change in fluorescence relative to

initial fluorescent value for each individual cell.
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Western blot analysis.

Western blot analysis was done according to the technique described
by Tresguerres and colleagues (Tresguerres et al., 2006c). Briefly, qill
samples were immersed in liquid nitrogen, pulverized in a porcelain grinder,
resuspended in 1:10 wt/vol of ice-cold homogenization buffer (250 mmol/I
sucrose, 1 mmol/l EDTA, 30 mmol/l Tris, 100 mg/ml PMSF, and 2 mg/ml
pepstatin; pH 7.4), and sonicated on ice for 20 s. Debris was removed by low-
speed centrifugation (3,000 g, 10 min, 4°C), and the supernatant was kept as
the whole gill homogenate and combined with 2x Laemmli buffer (Laemmli,
1970). Twenty micrograms of total protein, as estimated by bicinchoninic acid
protein determination analysis (Pierce, Rockford, IL), were separated in a
7.5% polyacrylamide mini-gel (45 min at 180 V) and transferred to a
nitrocellulose (NC) membrane (1 h at 100 V) using a wet transfer cell (Bio-
Rad Laboratories, Hercules, CA). After the blocking procedure (5% chicken
ovalbumin in 0.5 mol/l Tris-buffered saline with 0.1% Triton X-100; pH 8.0,
overnight at 4°C), the NC membranes were incubated with the rabbit anti-rat
kidney Na*-HCOj3™~ cotransporter (rkNBC) antibody (Schmitt et al., 1999) with
gentle agitation at 4°C overnight. After four washes of 15 min each with Tris-
buffered saline-Triton X-100 (0.2%), the NC membrane was blocked for 15
min and then incubated with a fluorescent secondary goat anti-rabbit antibody
at room temperature for 2 h. Bands were visualized by the Odyssey infrared

imaging system and software (Li-Cor). NC membranes incubated without
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primary antibody served as the control and never showed positive

immunoreactivity.

Immunohistochemistry.

Immunohistochemistry with the anti-NBC (1:500 dilution) described
above was carried out on the gill sections according to the procedure of
Tresguerres and colleagues (Tresguerres et al., 2006c). Gills were fixed for
immunohistochemistry in 3% paraformaldehyde, 0.1 mmol L™' cacodylate
buffer (pH 7.4) overnight at 4°C. Samples were then transferred to 50%
ethanol for 6 h and then immersed in 70% ethanol and preserved at 4°C until
their final processing. Gills were then embedded into paraffin blocks and
serial sections (4 pym) were cut. Paraffin was removed from the sections in
toluene, then sections were hydrated in a decreasing ethanol series and
double distilled water, incubated in 0.6% H>O, for 30 min to devitalize
endogenous peroxidase activity, and subsequently blocked with 2% normal
goat serum (NGS) for 30 min. Sections were incubated overnight at 4°C with
the anti-NBC antibody (1:500) diluted in 2% NGS, 0.1% bovine serum
albumin, 0.02% keyhole limpet haemocyanin, 0.01% NaNs in 10 mmol L™
PBS, pH 7.4. Secondary antibody incubation and signal developing were
performed using the Vectastain ABC kit (Vector laboratories, CA, USA),
according to the manufacture’s directions.

A Leica LMRXA compound microscope (Leica Microsystems, Wetzlar,
Germany) equipped with an Optronics MacroFire 1.0 digital camera and its

associated software Picture Frame (Optronics, Goleta, California, USA) were
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used to examine the sections and to capture and digitize the images.
Micrographs were cropped and adjusted for brightness and contrast only
using Adobe Photoshop version 7.0 (Adobe Systems Inc., San Jose,

California, USA).

Scanning Electron Microscopy (SEM)

Isolated MR cells were prepared for SEM following the procedure laid
out previously by Schafer and colleagues (Schafer et al., 1997). Briefly, MR
cells were prepared as described above and plated down onto the acid-
washed, poly-L-lysine coated coverslips to allow cell attachment. MR cells
were fixed with 4% paraformaldehyde in 1X PBS for 1 h in the fridge. MR
cells were then dehydrated in a series of increased ethanol solutions before
being subject to chemical critical point drying using hexamethyldisilazane.
Coverslips were mounted on stubs, coated with gold palladium and examined
under a Philips/FEI LaB6 Environmental Scanning Electron Microscope

(ESEM).

Analysis and statistics.

After an experimental manipulation, analysis was performed on initial
rates of pH; recovery. The initial change in pH; over change in time (ApHi/Af)
was calculated for each cell under control and experimental conditions, and
compiled results were compared by paired, two-tailed Student's t-test and
one-way ANOVA with Bonferroni post hoc test for significance at the level of P

< 0.05. ApHi/at were analyzed over 30 or 60 s, following the invoked pH;
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change of interest. All summary data are presented as means + SE. All
experiments shown are representative of cells obtained from a minimum of
two different fish. Total cell numbers and experimental trials are as presented.
All statistical analysis was performed with GraphPad Prism version 3.0
software (San Diego, CA). Unless otherwise mentioned, the reagents used in

this study were purchased from Sigma (St. Louis, MO).

Crab experiments: Chapter V, appendix |

Transepithelial potential difference (Vi) across isolated gills.

Crabs were killed by destroying the ventral ganglia using a pair of
scissors. The carapace was then removed, and the posterior gills no. 6 and 7
were dissected and placed in a petri dish containing saline. Preliminary
experiments had demonstrated that gills no. 6 and 7 responded in identical
manner to the manipulations described in this chapter (also see (Luquet et al.,
2002b). The afferent and efferent vessels were connected by polyethylene
tubing (0.4 mm in diameter) to a peristaltic pump (afferent) and to a collecting
tube (efferent). Tubing was held in place by a sponge-coated acrylic clamp.
The preparation was placed into a glass beaker with the appropriate solution,
which was constantly aerated. The perfusion rate was kept at 0.1 ml/min. The
salt composition and pH of the perfusate and bath were identical at all times
to avoid the passive movement of ions by diffusion. Therefore, the only
asymmetries between the internal and external media were those created by

the gill itself (Vie, pH).
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Transepithelial potential difference (Vi) was measured via Ag*/AgCl
electrodes connected by agar bridges (3% agar in 3 mol/l KCI) to the bath
(external side) and to the collecting tube (internal side). Vi, was measured
with two chart recorders equipped with mV-meters (Cole Palmer 8373-20,
Chicago, IL; and Kipp & Zonen BD 40, Delft, Holland). Vi is given as the
difference in electrical potential between the external and internal medium.
For the statistical analyses, we considered the Vi values after stabilization for

at least 30 min in each treatment and controls.

Apparent acid and base secretion across isolated gills.

Gills were perfused and bathed in the same saline as explained above.
Apparent H" (Ju+) and HCO3™ (Jucos”) secretion were calculated as explained
by Siebers and colleagues (Siebers et al., 1994). Perfusate was collected
after passing through the gills, and its pH was measured and compared
against the pH of the preperfusion saline. To obtain enough volume for the
measurement, perfusate was collected for 1 h under control and experimental
(low pH, high [HCOs3]) conditions. The buffering capacity of the solutions was
calculated by titration of 20 ml of perfusion saline with 0.1 N HCI. Immediately
after the experiment, the gill was dried by gently pressing with a paper towel
and its fresh weight (fw) was measured. Ju+ and Jycos~ were calculated using:
J (umol-g™"-h™") = [HCI]Viicrr ApHgir Veotiected- fW™"-Voly ™ ApHgy ™", where [HCI] is
0.1 N, Vuc is the volume of HCI needed to reach the final pH, ApHg is the
change in the perfusate pH after passing through the gills, Veoiectea is the

volume of perfusate collected after passing through the gill during 1 h, Vol is
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the volume of saline used for titration (20 ml), fw is the fresh weight of the gill,
and ApHg is the change in pH in the medium used for titration. A positive

value represents Jycos , and a negative value is indicative of Jy..

Solutions and reagents.

The composition of the control saline was (in mmol/l): 465 NaCl, 9.40
KCI, 7.50 MgCl,, 12.40 CaCl,, 2.50 NaHCO3; and 5.00 HEPES; pH to 7.75
with Tris. In addition, the perfusate also contained 2.00 mmol/l glucose. This
saline was used because it has been shown to induce a basal state in ion
uptake estimated from Vi, Isc, and 22Na* radiotracer experiments (Luquet et
al., 2002b; Onken et al., 2003; Tresguerres et al., 2003). Combined with the
available information on cellular ion transport mechanisms in gills from crabs
acclimated to low salinity (Genovese et al., 2005; Luquet et al., 2002b; Luquet
et al., 2005; Onken et al., 2003; Tresguerres et al., 2003), this facilitated the
interpretation of the responses to high [HCO37] and low pH.

The "high [HCO3;]" saline had 10 mmol/l NaCl substituted with
NaHCO3;, which resulted in a final nominal [HCO37] of 12.50 mmol/l, but with
osmolarity similar to the control. The actual [HCOj3] was calculated from total
CO; readings as described in (Tresguerres et al., 2006c) and was in the
ranges of 2.3-2.5 mmol/l for control and 11.50-13.50 mmol/l for the high
[HCO3]. The extra HCOj3™ elevated the pH of the saline to 7.81. In some
experiments, the pH was adjusted back to 7.75 with HEPES ("high [HCO37]
pH 7.75"). An additional saline contained control [HCO3], but its pH was

increased to 7.81 with Tris-base. The "low pH" saline was identical in
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composition to the control saline, but pH was adjusted to 7.45 with HEPES.
[HCOs] in this saline was negligible. We changed the pH of the solutions by
adding Tris and HEPES instead of using strong acid or base to avoid
changing the strong ion concentrations. The strong ion difference has been
reported to affect A/B regulation in crabs (Burnett and Mcmahon, 1987;
Luquet and Ansaldo, 1997). The nominal CI™ free solutions were prepared by
substituting the CI” salts by the corresponding nitrates, while the nominal Na’-
free solution had choline chloride instead of NaCl.

Acetazolamide, amiloride, bafilomycin, ouabain, DIDS, SITS, and
phenamil were purchased from Sigma (St. Louis, MO). Stock solutions of all
of these inhibitors were prepared in DMSO and were added at a final dilution
of 0.1% to the bath (SITS and phenamil) or perfusate (the rest), with the
exception of oaubain, which was directly dissolved in the perfusion saline. The
effects of the drugs were only tested on Vi, because Vi measurements allow
for real-time monitoring and therefore for an accurate estimation of the stable
values. The addition of 0.1% DMSO alone to the control saline did not result
in any significant effecton Vie. The effect of every drug during control [HCOs3]
and pH conditions was also tested, and neither of them had any significant
effect on the basal Vie (Genovese et al., 2005; Luquet et al., 2002a; Onken et
al., 1991), with the exception of ouabain, which inhibits the basal ion transport

activity.
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Immunohistochemistry.

Posterior gill no. 6 was excised from crabs acclimated to 2%. salinity
and processed for immunohistochemistry as described previously
(Tresguerres et al., 2006b) and above. The primary antibodies used included
an anti-V-H*-ATPase antibody designed against a synthetic peptide based on
the highly conserved and hydrophilic region in the A-subunit (Katoh et al.,
2003) and an anti-Na’-K*-ATPase antibody against a synthetic peptide
corresponding to a part of a highly conserved region of the a-subunit (Katoh et
al., 2000).

The specificity of the antibodies in crab tissues was analyzed by
Western blotting (7.5% gels), using a donkey anti-rabbit fluorescent

secondary antibody (Li-Cor, Lincoln, NE) as described above.

Statistics.

All data are given as means + SE. Differences between groups were
tested using one-way repeated measures ANOVA (1-way repeated-measures
ANOVA), followed by Dunnet's post test or Tukey's multiple-comparisons test.
Certain data sets were analyzed using paired Student's f-test. Statistical
significance was set at P < 0.05. All statistical analyses were performed on

GraphPad Prism v. 3.0 (GraphPad Software, San Diego CA).
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Zebrafish experiments: Chapter 6

Total RNA Preparation and cDNA Synthesis

Total RNA was extracted using Trizol (Invitrogen) following the
manufacturers procedures. The whole gill basket was removed from the
zebrafish, placed in 1 mL of Trizol and homogenized with a 1 mL syringe and
series of decresing needle diameters (18, 21, 22.5 gauge). Following
extraction, RNA was dissolved in nuclease free water and quantified on a
nanodrop spectrophotometer (ND-1000; Nanodrop Technologies Inc.,
Wilmington, DE, USA).

For cDNA synthesis, 2 ug of total RNA from each fish was reverse-
transcribed in 20 pl reactions containing 10 uM oligo (dT)s, 1TmM dNTP mix,
5X Reaction buffer (50mM Tris-HCI (pH 8.3), 50mM KCI, 5mM MgClz, 10mM
DTT), 10 u RiboLock™ RNase inhibitor, 20u M-MuLV reverse transcriptase
(Fermentas, #K1612). Reaction mixtures were incubated at 37°C for 60
minutes and then the reaction was stopped by heating to 70°C for 10 minutes.
For quantitative PCR (Q-PCR), random hexamer primers (10 yM) were used
and synthesis occurred with an additional pre-incubation at 25°C for 10

minutes.

Cloning of Zebrafish ASIC 4.2

Fragments of DNA were amplified from gill cDNA with various primer
sets designed against an unknown zebrafish kidney clone (GenBank:

CK238032.1) sharing ~50% homology with mammalian aENaC. RT-PCR was
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performed with 25 pul reactions according to manufacturer’'s recommended
instructions (Fermentas). Reagents included Taq polymerase, 10X
(NH4),S0O4 buffer, MgCl,, dNTPs, gill cDNA, and FWD and RVS primers.
Cycling parameters were typically as follows; 2.5 min at 95°C, 35 cycles of
94°C for 30 s, 55°C for 30 s, 72°C for 60 s, and a final extension step for 10
min at 72°C. Annealing temperatures were adjusted accordingly to match the
predicted melting temperatures of each primer set provided by IDT (Coralville,
IA, USA). | found that the 10X (NH4),SO4 buffer was much more effective for
PCR in fish compared to the 10X MgCl, buffer.

PCR reactions were separated on a 1.5% TAE-agarose gel, and
visualized by staining with ethidium bromide solution (60 mg/L). The ~500 bp
PCR product was excised and gel purified using the Qiagen QIAquick Gel
Extraction Kit (Cat. No 28704). Purified DNA was then cloned into the
pJET1.2/blunt cloning vector using the blunted protocol (Fermentas) and
transformed into competent NEB 10-beta E. coli cells (New England BioLabs
#C2523H). Cells were plated on LB-ampicillin plates (100 mg/mL) and
incubated overnight at 37°C. Positive clones identified by performing colony
PCR with the pJET1.2 Fwd and Rvs sequencing primers (Fermentas).
Cycling parameters for colony PCR were as follows; 5 min at 95°C, 25 cycles
of 94°C for 30 s, 50°C for 30 s, 72°C for 60 s, and a final extension step for 5
min at 72°C. Randomly selected positive colonies were grown overnight in 6
mL of LB-ampicillin (100 mg/mL) at 37°C. The plasmid was then isolated

using the Qiagen QIlAprep Spin Miniprep Kit (Cat. No. 27106) according to
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manufacturer’s instructions. Sequencing reactions were prepared using the
Amersham DYEnamic ET kit and sequencing was performed at the molecular
biology services unit in the Department of Biological Sciences, University of

Alberta, on an ABI 3730 DNA sequencer.

Quantitative PCR (Q-PCR)

Q-PCR analyses were carried out using the Applied Biosystems 7500
fast real time PCR equipment using SYBR green dye. Relative changes in
ASIC4.2 gene expression were compared to the endogenous control gene
elongation factor 1a using primers generated with the Primer Express
software (Applied Biosystems, see chapter VI). Thermocycling parameters
were as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. Analyses of the relative expression changes in response to
low Na* (n = 4) were performed using the delta-delta ct method (Livak and

Schmittgen, 2001) using microsoft excel.

In-situ Hybridization

Whole-mount in situ hybridization was performed on zebrafish embryos
as described previously (Prince et al., 1998). DIG-labeled RNA probes
(ASIC4.2 sense or antisense) were constructed by linearizing plasmid DNA
(Topo 2.1 TA) with the restricion enzyme Kpn1 (Fermentas),
phenol/chloroform extracting, precipitating, and re-suspending linearized DNA
after checking integrity on an agarose gel. ROCHE RNA polymerase and

reagents were used for RNA probe synthesis and probes were purified using
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SigmaSpin Columns. Embryos were fixed in 4% Paraformaldehyde/PBS
overnight at 4°C. For RNA in situ hybridization, embryos were permeabilized
for 12 min with protenase K and hybridized at 65°C overnight with the
ASIC4.2 sense and antisense probes. Hybridization of probes was detected
with anti-digoxigenin (Roche) and NBT/BCIP (Roche). Embryos were
mounted in glycerol and viewed on a Leica DMRXA upright microscope
equipped with epifluorescence (10x and 20x). Image capture was done using

an Optronics camera and the Picture frame software.

Hagfish Experiments (Chapter IX, appendix Il)

Antibodies and reagents

We used a V-H'-ATPase antibody designed against a synthetic
peptide based on the highly conserved and hydrophilic region in the A-subunit
(Katoh et al., 2003). The Na'/K’-ATPase antibody we used was raised
against a synthetic peptide corresponding to a part of a highly conserved
region of the a-subunit (Katoh and Kaneko, 2003; Katoh et al., 2000). Finally,
we used a Na'/H" exchanger 2 (NHE2) antibody designed against a fragment
of the C-terminal region of mammalian NHE2 (Mark Donowitz, National
Institutes of Health, Bethesda, Maryland, USA.). All of these antibodies were
raised in rabbit, and immunoreactive cells and bands of the appropriate size
were recognized by immunohistochemistry and Western blotting in gills of the
Pacific hagfish (Tresguerres et al., 2006b). A donkey anti-rabbit fluorescent

secondary antibody (LI-COR Inc., Lincoln, Nebraska, USA) was used for
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Western-blot analysis. Unless otherwise mentioned, all the reagents used in

this study were purchased from Sigma (St. Louis, Missouri, USA).

HCI infusions

Hagfish (body mass 89.00 + 5.86 g (mean + SE)) were anaesthetized
in seawater containing 1:1000 tricaine methanesulfonate (TMS; Aqualife,
Syndel Laboratories Ltd., Vancouver, British Columbia, Canada) and
suspended by the head, which causes blood to accumulate in the caudal
subcutaneous sinus. After taking a 200 pL blood sample (t = 0 h), acid
(250 mmol-L™" HCI, 250 mmol-L™" NaCl) was injected using a heparinized 21
gauge syringe to achieve a HCI load of 6000 pmol-kg™. A similar infusion
protocol has been used successfully with sulphuric acid by McDonald
(McDonald et al., 1991), Edwards (Edwards et al., 2001), and colleagues.
Hagfish were then inverted several times to facilitate mixing throughout the
sinus and placed in individual seawater flow-through tanks (20 L) for the
duration of the experiment. Subsequent blood samples were taken at t = 3, 6,
9, 12, 18, and 24 h, with acid infusions repeated at t = 6, 12, and 18 h. Control
fish were subject to the same protocol with the exception of being infused with
control saline (500 mmol-L~' NaCl) to achieve the equivalent injection load as

that of the acid-infused group.

Blood-sample analysis and terminal sampling

Blood samples (200 pL) were obtained as described above. Blood pH

was measured immediately upon removal from the animal using a
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thermojacketted Accumet micro-size pH electrode model 13-620-94 (Fisher
Scientific, Pittsburgh, Pennsylvania, USA). Blood samples were then
centrifuged (12 000g for 2 min) to obtain plasma. Plasma aliquots (40 uL)
were used for immediate total CO, (TCO;) determination in a Cameron
chamber equipped with a CO, electrode (Radiometer, Copenhagen,
Denmark). The remaining plasma was snap-frozen in liquid nitrogen for later
[Na'] measurements (atomic absorption spectrophotometer; model 3300;
Perkin-Elmer, Norwalk, Connecticut, USA). At the end of each experiment,
hagfish were anaesthetized in seawater containing TMS for 5 min and
subsequently decapitated. Gill pouches were immediately snap-frozen in
liquid N, for Ilater Western-blot analyses or placed in fixative for

immunohistochemistry.

Immunohistochemistry

Gill pouches were fixed and processed for immunohistochemistry as
described above. Consecutive 4 um sections were probed with the antibodies
for Na'/K*-ATPase (1:3000), V-H*-ATPase (1:500), and NHE2 (1:1000).
Hagfish sections incubated with the secondary antibody alone did not show
any immunoreactivity (refer to (Tresguerres et al., 2006b).

To detect potential changes in the cellular localization of NHE2-like
proteins, | analyzed the staining pattern of NHE2 L-IR cells from three random
fields of view (640x%) of sections from three fish per treatment (nine fields of
view per treatment). A total of 178 cells from NaCl-infused fish and 176 cells

from HCl-infused fish were analyzed.
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Western-blot analysis

Frozen gill samples were processed for western blotting as described
above with a few modifications to obtain different fractions of the gill. Gill
pouches were immersed in liquid nitrogen and pulverized in a porcelain
grinder. The resultant powder was resuspended in 1:10 (m/v) of ice-cold
homogenization buffer (250 mmol-L™" sucrose, 1 mmol-L™" EDTA, 30 mmol-L"
' Tris, 100 mg'mL~" PMSF, and 2 mg-mL™" pepstatin, pH 7.4) and sonicated
on ice (3 x 5 s pulses). Debris was removed by low-speed centrifugation
(3000g, 10 min, 4°C). An aliquot of the supernatant was stored at -80 C
(whole-gill homogenate) and the remaining supernatant was centrifuged at
high speed (100 000g, 60 min, 4 °C) to obtain the whole-membrane fraction
of the gill. Aliquots of both the whole-gill and gill-membrane fractions were
saved for protein determination (Pierce, Rockford, lllinois, USA).

Processed gill samples were separated in a 7.5% polyacrylamide mini-
gel as described above. NC membranes were incubated with the primary
antibodies (1:2500 in blocking buffer) with gentle rocking at 4°C overnight.
The NC membranes were washed (4X 15min with 0.2% TBS-Triton X),
blocked for 15 min, and incubated with the fluorescent secondary antibody
(1:2500 in blocking buffer) at room temperature for 1 h. Bands were
visualized and quantified using the Odyssey infrared imaging system and
software (LI-COR Inc., Lincoln, Nebraska, USA). Differences in loading were
corrected by quantifying the total protein concentration in each lane after

staining with Coomassie Brilliant Blue R-250. For representative blots,
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including controls without the addition of the primary antibodies, see
(Tresguerres et al., 2006b). Values are given as arbitrary fluorometric units

(a.f.u.).

Statistics

All data are given as means = SE. Differences between groups were
tested using one-way repeated-measures analysis of variance (one-way RM
ANOVA), Student's t test, one-tailed Mann-Whitney test, or two-way
repeated-measures analysis of variance (two-way RM ANOVA) followed by
Bonferroni post hoc test when appropriate. Statistical significance was set at
p < 0.05. All statistical analyses were performed on GraphPad Prism version

3.0 (GraphPad Software, San Diego California, USA).
Mosquito experiments: Chapter X

Solutions and Drugs

The hemolymph-side of the tissue was gravity-superfused (0.5 ml min
") with oxygenated saline with a composition based on larval Aedes
hemolymph (Edwards, 1982a; Edwards, 1982b); (in mmol I'1): NaCl, 42.5;
KCI, 3.0; MgCly, 0.6; CaCly, 5.0; NaHCO3, 5.0; succinic acid, 5.0, malic acid,
5.0; L-proline, 5.0; L-glutamine, 9.1; L-histidine, 8.7; L-arginine, 3.3; dextrose,
10.0; HEPES, 25. The pH was adjusted to 7.0 with NaOH. The gut lumen was
perfused with NaCl (100 mmol I'") at a rate of 50 - 150 pl h™, using one or
more Aladdin syringe pumps (World Precision Instruments, Sarasota, FL,

USA). The components of the above solutions were purchased from Sigma
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(St. Louis, MO, USA), Fisher Scientific (Pittsburgh, PA, USA) or Mallinckrodt
(Hazelwood, MO, USA). Serotonin (Sigma) and ZnCl, (Baker Chemical,

Phillipsburg, NJ, USA) were directly dissolved in the saline.

Fluorescence microscopy for measurement of intracellular pH (pH,)

Measurements of intracellular pH (pH;) were obtained following the
protocol described in detail above for trout gill MR cells. The whole perfusion
chamber was mounted on the stage of the Nikon Eclipse TM-300 inverted
microscope (as opposed to cells attached to coverslips) where midguts were
subjected to differential interference contrast microscopy for initial focusing
and for photographic records of the appearance of the mounted tissue.
Fluorescent images were taken at 10-sec intervals for all of the mosquito gut
experiments.

After the tissue was attached to the perfusion pipette, it was loaded
with the pH-sensitive intracellular dye BCECF-AM (InVitrogen; Carlsbad, CA,
USA), as follows. Two puL of a 5mM solution of BCECF-AM dissolved in
DMSO containing 20% pluronic acid were added to the chamber volume of
450 uL of standard saline to achieve a final BCECF-AM concentration of 0.5
WM. After 30 min of incubation in the dye solution, perfusion and superfusion
were started, washing away all dye not taken up by the tissue. In 3 control
experiments, 30-min exposure to the BCECF-DMSO-pluronic acid mixture
with which the tissue was dye-loaded, was found to have no measurable

effect on the transepithelial potential of unstimulated tissues, nor did it affect
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the electrical response to serotonin or the ability of tissues to secrete alkali in
response to serotonin.

At the beginning of each experiment, 3-8 areas of interest were
established on the CCD image of the gut. Figure 10.1 shows an example of
such areas in a typical experiment. Data presented represent the average of
fluorescence collected from such areas, each of which is estimated to
corresponds to approximately 3-7 of the large differentiated epithelial cells
together with perhaps twice this number of the much smaller regenerative and
epithelioendocrine cells.

At the end of each experiment, fluorescence ratios recorded during the
experiment were calibrated by superfusing the tissue successively with high-
K" solutions (in mM, 75 K" gluconate, 20 KCI, 2 MgCl,, 20 HEPES) containing
5uM nigericin, adjusted to cover the range of pH values 6.6-8.4 (see Fig.
10.1). This calibration was used to convert the ratiometric data obtained over
the course of the whole experiment into pH; values as described above,
resulting in an internally-calibrated pH; trace that represents an average value
for the several cells within that area. In several initial studies, the 40X
objective of the microscope was used and individual cells were outlined as
areas of interest. These studies failed to indicate heterogeneity among the

large principal cells, either in initial pH; or response to serotonin.

Analysis and Statistics

Data from the optical experiments were transferred to a Microsoft

Excel spreadsheet, where fluorescence ratios were converted to pH; values
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by reference to linear fits of the corresponding calibration points. pH; (or ApH;)
for the different regions of interest was then pooled (averaged) for each
isolated midgut preparation. In the Results, the means + S.E.M. of the
independent preparations are given. Indicated N-values refer to the number of
different preparations used. Differences between groups were tested with the
pooled results from different preparations. Paired Student’s t-test was used
when comparing results obtained with each of the individual tissues, whereas
unpaired student’s t-test was used when results from different groups of

preparations were compared. Significance was assumed at P < 0.05.
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Chapter IV: Interactions between Na* channels and Na*-HCO;~
cotransporters in the freshwater fish gill MR cell: a model for

transepithelial Na* uptake'

'A version of this chapter has been published previously.

Parks SK, Tresguerres M, and Goss GG. Interactions between Na* channels
and Na“-HCOj3™ cotransporters in the freshwater fish gill MR cell: a model for
transepithelial Na* uptake. American Journal of Physiology-Cell Physiology
292: C935-C944, 2007.
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Introduction

Fish living in a freshwater environment are faced with a considerable
challenge to maintain a high internal osmolarity in relation to their external
environment. Consequently, the fish must spend a great deal of energy to
actively uptake salts at the gill while preventing their passive loss to the
environment. The gill is a complex epithelium that is responsible for directional
transport of both Na* and CI™ as well as whole body acid-base regulation. It
comprises at least five different cell types (Laurent and Dunel, 1980), with the
bulk of ion transport and acid-base regulation attributed to the activity of the
mitochondria-rich (MR) cell. Currently accepted models of ion transport link
CI” uptake with HCO5;~ secretion, whereas Na® uptake is coupled to H*
secretion via an apical Na* channel electrogenically coupled to a V-type H*-
ATPase (Fenwick et al., 1999; Goss et al., 1998; Perry, 1997; Perry et al.,
2003b).

Goss and colleagues (Goss et al., 1992) first implicated direct MR cell
involvement in whole body pH regulation. Because of the complex nature of
the qill epithelium it is difficult to ascribe specific function to a particular cell
type. Our laboratory (Galvez et al., 2002; Goss et al.,, 2001a; Reid et al.,
2003) has developed a technique to isolate MR cells from the gill epithelium
and subsequently has described two functionally distinct MR cell subtypes.
These cells can be separated based on whether or not they bind peanut lectin
agglutinin (PNA* and PNA~, respectively) (Galvez et al., 2002). Further

analysis has demonstrated an acid-activated phenamil and bafilomycin-
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sensitive Na* influx in PNA™ cells but not in PNA™ cells (Reid et al., 2003).
However, the mechanisms involved in transepithelial Na* transport remain
unresolved.

The regulation of intracellular pH (pH;) is essential for the proper
functioning of a number of cellular processes (Madshus, 1988). At the same
time, CI” and Na* uptake across MR cells is directly linked to HCO3;™ and H*
secretion, respectively, as noted above. Therefore, examining the pH;
regulatory characteristics of fish gill MR cells can provide information in four
important areas: pH, regulation, systemic pH regulation, and cellular and
systemic ion regulation. In fish gills, pH; regulation has been examined only in
cultured epithelial pavement cells from rainbow trout (Part and Wood, 1996;
Wood and Part, 2000) and goldfish (Sandbichler and Pelster, 2004).
However, direct characterization of MR cell pH regulation has not been
reported.

The goal of this study was to investigate pH; regulation at the rainbow
trout gill MR cells and to incorporate these findings into a working model for
transepithelial ion and acid-base regulation. This study is the first to
extensively investigate isolated and functionally identified gill MR cell pH;
regulation. | report evidence to support our lab’s previous research indicating
two functionally distinct MR cell populations. Differential pH; recovery
responses were noted in Na'-free or Na'-containing medium, which
correspond to different cell types in a mixed MR cell fraction. These findings,

coupled with membrane potential experiments in this study, are an important
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step for the full characterization of MR cell subtypes and provide evidence for
a new model for transepithelial Na* transport in freshwater fish.
Summary of methodological approach

To examine the mechanisms of ion transport, MR cells from rainbow
trout gill were isolated and plated onto coverslips for intracellular pH (pH;)
imaging. Cells were exposed to Na'-free and Na*-containing medium and
alkalinizing and acidifying behaviours were observed in two populations of
MR cells. Various pharmacological agents were then tested on the Na’
induced acidification event. These data were complemented by single-cell
membrane potential imaging experiments. Finally, I used
immunohistochemistry to demonstrate the presence of NBCs in gill cells of

rainbow trout.
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Results

i-Viability and responsiveness of isolated fish gill MR cells.

This was the first study involving pH; imaging on isolated MR cells;
therefore, | needed to establish that the MR cells were viable and able to
respond similarly to repeated exposures to acid-base disturbances over the
course of the experiment. Figure 4.1 shows a representative trace of the MR
cell's ability to withstand multiple acidification events induced by 20 mM
NH4Cl exposure. Cells responded with consistent recovery patterns under
repeated control experimental conditions. Viability of the cells over numerous
pH; disturbances provided a framework to structure the rest of my
experimental protocols. For each ensuing experiment, a consistent control

was established before pharmacological testing occurred.

ii-Effect of Na*-free medium on pH; recovery following an acid load: evidence

for two distinct populations of MR cells at the gill.

In response to an intracellular acidification induced by 20 mM NH.CI
exposure, the mixed population of MR cells separated into two distinct pH;
recovery patterns. One population of cells demonstrated a Na*-independent
pH; recovery mechanism after acidification (Fig. 4.2A, trace a), whereas the
other population of MR cells lacked pH; recovery in the absence of Na* (Fig.
4.2A, trace b). During data analysis, | noticed that the ability to recover from
an acid load in the absence of Na" correlated with the resting pH; of the cells

involved. Comprehensive analysis of all cells tested found that ~84% of cells
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with a resting pH; >7.80 displayed a Na'-independent recovery behaviour
compared with 16% that did not (n = 175; Fig. 4.2B). In contrast, 73% of cells
with a resting pH; <7.80 lacked a Na*-independent recovery compared with
23% that could recover in Na'-free conditions (n = 223; Fig. 4.2B). This
suggested that there were at least two populations of cells with differential

transport processes in the mixed MR cell population.

iii-Novel behaviour of one MR cell subtype: Na*-induced acidification.

During experiments involving alteration of extracellular Na®
concentration ([Na'le), | noticed a peculiar Na*-induced acidification event
occurring in most of the MR cells. This occurred when the cells were switched
from Na’-free to Na’-containing medium. All known transport mechanisms
involving influx of Na* predict an intracellular alkalinization. Therefore, it was
of interest to elucidate the mechanism underlying this peculiar pH;
acidification. Consequently, experiments were performed by exposing the
cells to Na*-free and Na’-containing media in different combinations with no
NH,4CI disturbances. | found that initial perifusion of Na*-free medium across
the cells followed by a switch to Na*-containing medium resulted in an
intracellular acidification in one population of MR cells (Fig. 4.3A, black trace).
This event could be repeated in the same cells with a tendency toward a slight
but significant decrease in the rate of acidification on the second exposure to
Na’-containing medium after initial recovery in Na*-free medium (ApHi/At of —
0.120 £ 0.008 and —0.095 = 0.010 pH units/min, respectively; Fig. 4.3B).

Within the same set of experiments, there were a smaller percentage of MR
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cells that responded to this change with a Na*-induced alkalinization of pH;
(Fig. 4.3A, gray trace). This event was also repeatable without a significant
change in the pH; alkalinization rates between the primary and secondary Na*
exposure (ApHi/At of 0.404 + 0.072 and 0.374 = 0.056 pH units/min,
respectively; Fig. 4.3C). From this set of experiments and the ensuing
pharmacology studies, | found that ~77% of cells from the mixed MR cell
fraction demonstrated the Na*-induced pH; acidification behaviour vs. 23%
that exhibited the Na*-induced pH; alkalinization behaviour (n = 227). These
data support the finding of differential resting pH; and functional behaviour as
reported above as each subpopulation of MR cells segregates to either a low

or high pH; after exposure to Na*.

iv-Na® induced acidification: involvement of Na* channels.

In this study, | specifically focused my attention on understanding the
MR cell population exhibiting a Na'-induced acidification because, to our
knowledge, this had not been reported before in any system. Within this
experimental protocol, | then began a series of pharmacological profiling
experiments to determine the mechanism(s) of Na*-induced acidification. In
each experiment, cells were initially challenged with increased [Na']e to allow
for identification of the specific cell type. The effect of subsequent
pharmacological compounds was then examined in cells exhibiting a Na®-
induced acidification. Amiloride, an inhibitor of both Na*/H® exchangers
(NHEs) and epithelial Na* channels (eNaC) (Kleyman and Cragoe, 1988),

effectively removed the acidification originally caused by Na™ introduction and
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replaced it with a slight alkalinizing trend (Fig. 4.4A). The effect of amiloride
was statistically significant with a ApHi/At of —0.145 + 0.013 pH units/min
induced on control exposure to Na'-containing medium after Na'-free
exposure compared with a ApHi/At of 0.062 + 0.016 pH units/min when the
same cells were exposed to Na® in the presence of amiloride (500 uM; Fig.
4.4B). Next, | tested phenamil, a 5'-substituted derivative of amiloride known
to block eNaCs at micromolar concentrations (Kleyman and Cragoe, 1988)
with no known effects on NHEs, even at much higher concentrations. After the
same experimental protocol, Na*-induced acidification was eradicated in the
presence of 50 yM phenamil (Fig. 4.5A). | also observed that acidification
would occur again in the presence of Na® when phenamil was removed,
indicating effective and reversible washout of the drug (Fig. 4.5A). Both the
control Na*-induced acidification (ApHi/At of —=0.139 + 0.009 pH units/min) and
the washout Na'-induced acidification (ApH/At of —-0.138 + 0.023 pH
units/min) were significantly different from the pH; change induced by Na™ in
the presence of 50 yM phenamil (ApHi/At of 0.057 £ 0.010 pH units/min) but
not significantly different from each other (Fig. 4.5B). Finally, application of
amiloride under steady-state Na*-free conditions did not result in a change in

pH;.

v-Na*-induced acidification: involvement of NBC

One possibility for observing a pH; acidification is via the extrusion of
HCO3;™. The NBC operating in export mode has been shown to function in this

manner by transporting three HCO3™ molecules for each Na* (Soleimani and
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Burnham, 2001). Expression studies of the renal NBC exhibited a reduction in
pH; when extracellular Na* was removed from frog oocytes (Romero et al.,
1997). This acidification of pH; was attributed to Na* moving down the
gradient created and an excess of HCO3;™ being carried with it. Therefore, |
examined the effect of DIDS, a known inhibitor of NBCs (Boron et al., 1997;
Romero et al., 2004; Romero et al., 1997), on the Na'-induced acidification
event. DIDS (1 mM) caused essentially the same effect as amiloride and
phenamil by removing the Na*-induced acidification (Fig. 4.6A). The control
Na'-induced acidification (ApHi/At of —0.121 % 0.007 pH units/min) was
abolished in the presence of 1 mM DIDS (ApHi/At of 0.038 + 0.016 pH
units/min) with a slight alkalinization noted (Fig. 4.6B). | was unable to wash
out the DIDS because it tends to bind irreversibly. Instead, a continuation of
the same trend with Na* washout was observed in comparison with Na™ in the
presence of DIDS (Fig. 4.6A). Application of DIDS under steady-state Na*-
free conditions did not result in a change in pH..

Next, | examined the role of carbonic anhydrase (CA) in providing the
required HCO3;~ molecules for the electrogenic NBC activity. Experiments
were performed as above with 500 uM acetazolamide, a level similar to that
demonstrated to block gill CA activity (Georgalis et al., 2006). | observed that
inhibition of CA acted to effectively replace the Na*-induced acidification with
an alkalinization, which was larger than that observed for either amiloride,
phenamil, or DIDS treatment (Fig. 4.7A). The control Na*-induced acidification

(ApHi/At of —0.192 + 0.023 pH units/min) compared with the presence of 500
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MM acetazolamide (ApHi/At of 0.180 £ 0.037 pH units/min), as shown in Fig.

4.7B.

Changes in Vp,: involvement of electrogenic NBC.

If an electrogenic NBC was involved in the Na*-induced acidification
event, it would be accompanied by distinct changes in V,, of the MR cells. A
hallmark feature of an electrogenic NBC acting in efflux mode is the induction
of a depolarization of Vi, (Romero et al., 1997). By loading the MR cells with
bis-oxonol and exposing them to single cell imaging, | again observed two
distinct V., behaviours. The large majority of cells (79%, n = 111)
demonstrated a distinct and repeatable depolarization of V,, after introduction
of 145 mM Na® following Na'-free exposure (Fig. 4.8, black trace).
Conversely, a smaller percentage of cells (21%, n = 29) demonstrated a
hyperpolarization in response to the same experimental manipulation (Fig.
4.8, grey trace). The relative percentages of Na*-induced depolarization (79%)
match well with the relative proportion of cells demonstrating the Na*-induced
acidification (77%) (Fig. 4.3).

To further support our contention that an electrogenic NBC functions in
export mode in our system, | tested the effect of DIDS on the Na*-induced
depolarization. DIDS was able to effectively remove the depolarizing effect of
Na® or replace it with a hyperpolarizing trend in the majority of cells where

depolarization occurred (75%, n = 28; Fig. 4.9).
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NBC immunoreactivity

The anti-rkNBC antibody recognized a distinct band (~110 kDa) from
gill homogenates as estimated from Western blot analysis (Fig. 4.10A).
Immunohistochemistry in the trailing edge of the gill filament revealed distinct
positive staining in cells located on the lamellae (Fig. 4.10B). The cellular
staining pattern was concentrated in the basolateral region, and the apical
region was mostly devoid of signal. Some cells exhibited a diffuse cytoplasmic
staining pattern; however, this could be attributed to the extensive branching

of the basolateral membrane.
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Discussion
Freshwater fish gill MR cells perform transepithelial Na* uptake from an

extremely dilute environment (<1 mM Na®), which requires unique
physiological solutions to overcome the unfavourable gradient. Here, |
proposed a new model for transepithelial Na* uptake at the freshwater fish gill
(Fig. 4.11) based on pH; assessments and V,, imaging of isolated MR cells.
My data clearly demonstrate two functionally distinct MR cell subtypes and
support the previously reported findings from our laboratory (Galvez et al.,
2002; Reid et al., 2003). There is a clear separation in resting pH; between the
two MR cell populations. Potentially, a lower resting pH; would be
advantageous for proton extrusion and a higher pH; would be advantageous
for base extrusion. However, to test this hypothesis, observation of the resting
pH; of MR cells in an intact gill filament is required.

Initially, | was investigating how changes in [Na']e would affect pH;
regulation. Surprisingly, the majority of MR cells exhibited a unique Na®-
induced acidification, a puzzling behaviour that to our knowledge had never
been reported. Typically, in all other cells, switching from Na*-free to Na*-
containing medium would activate either NHEs, which would drive Na* into
the cell countered by H" extrusion (Orlowski and Grinstein, 2004), or activate
inward-directed HCOs;~ cotransport via NBCs (Romero et al.,, 2004).
Therefore, analyzing the data in terms of a single transport process could
seemingly only result in a Na'-induced pH; alkalinization. To our knowledge,

there is no specific Na*-coupled H* import mechanism that could explain my
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results. Therefore, | had to account for the behaviour by implicating an HCO3~
export mechanism.

It is important to remember that a specific function of fish gill MR cells
is transepithelial Na* uptake from dilute freshwater (Evans et al., 2005). Thus
it is possible that the observed Na'-induced acidification represents the
coordinated response of transporters located at both the apical and
basolateral membranes. | therefore proposed a model whereby Na™ enters the
cell via an apical transporter (phenamil-sensitive Na® channel) and
subsequently leaves the cell via a basolateral transporter (DIDS-sensitive
electrogenic NBC) (Fig. 4.11).

The present models for freshwater Na* uptake in MR cells involve Na*
entry via apical eNaCs that are electrogenically coupled to a V-type H’-
ATPase (Evans et al.,, 2005; Goss et al., 1998; Perry, 1997; Perry et al.,
2003b). In vivo application of the selective inhibitor of V-type H'-ATPase
bafilomycin to the water greatly reduced whole body Na* influx in both tilapia
and carp (Fenwick et al., 1999). Similar experiments with phenamil, a
selective inhibitor of eNaCs (Alvarez de la Rosa et al., 2000; Kleyman and
Cragoe, 1988), resulted in comparable reductions of Na* influx in rainbow
trout (Grosell and Wood, 2002). Although this is compelling evidence for Na*
entry through an eNaC in the gill MR cells, cloning of an eNaC homologue
from fish gill has been unsuccessful thus far. Consequently, Na* entry will only
be attributed to a phenamil-sensitive Na* channel for the rest of this chapter

discussion without regard to its molecular identity.
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Phenamil sensitivity in our study supports an apical Na* channel as the
route of entry for Na* into the gill. This complements a recent paper from our
laboratory (Reid et al., 2003) demonstrating phenamil-sensitive Na* uptake in
only the PNA™ MR cell fraction. This fraction is reported to be ~80% of the
total mixed MR cell population (Goss et al., 2001a), and this is in agreement
with the present study in which we found that ~77% of our cells displayed the
phenamil-sensitive, Na*-induced acidification. Together, this strongly suggests
that a component of the Na*-induced pH; acidification observed in this study is
via an apical Na* channel in PNA™ MR cells.

The mechanism for basolateral efflux of Na® has typically been
attributed to the Na*-K* ATPase, which is highly expressed in MR cells (Evans
et al., 2005; McCormick, 1995; Perry et al., 2003b). However, exit of Na* via
Na’-K*-ATPase would not result in any pH; changes. This study is unique in
that it provided functional evidence for an alternate route of Na* efflux. |
proposed that a basolateral NBC is coupled with the apical Na® channel for
transepithelial Na* movement. This is complemented by the action of the Na*-
K" ATPase to maintain a low [Na™],, thereby allowing for uptake from the dilute
medium. In my experiments, [Na']. is kept at 145 mM, which is much higher
than normal environmental Na® concentration in freshwater (<1 mM). This
would tend to drive the Na" influx via the apical Na* channel very strongly. It is
not technically feasible for us to experimentally determine the relative
importance of either NBC or Na'-K'-ATPase in the exit of Na® under

physiological conditions where environmental Na® is very low (<1 mM).
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However, my observed results suggest that NBC efflux is directly linked to
Na® influx via a phenamil-sensitive Na* channel, which is the physiological
mechanism of entry in intact freshwater fish (Evans et al., 2005; Grosell and
Wood, 2002).

Perry and colleagues (Perry et al., 2003a) successfully cloned an NBC
from rainbow trout that was homologous to the electrogenic NBCA1.
Furthermore, they observed a large increase in NBC1 mRNA at the gill in
response to a hypercapnia-induced respiratory acidosis that was also
associated with a transient increase in branchial V-type H*-ATPase mRNA
levels. In addition, acid infusions in rainbow trout were shown to cause an
increase in Na* influx (Goss, 1995), whereas elevations of plasma HCO3™ by
infusion of NaHCO3 is known to decrease Na® influx (Goss and Wood,
1990b). These data support my proposal that a basolateral electrogenic NBC
could be utilized for transepithelial Na* uptake in vivo.

NBC activity was first described in 1983 to take place on the
basolateral membrane of the proximal tubule in the salamander Ambystoma
tigrinum (Boron and Boulpaep, 1983). However, it was not until recently
(Romero et al., 1997) that this transporter (NBC1) was successfully cloned
and subsequently localized to the basolateral membrane of the proximal
tubule (Maunsbach et al., 2000; Schmitt et al., 1999). This breakthrough
enabled further understanding of the NBC in a variety of other animals and
tissues. An electrogenic NBC1 was recently cloned from the Japanese dace

(Tribolodon hakonensis) gill and was localized to the basolateral membrane of
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MR cells by immunohistochemistry (Hirata et al., 2003). Interestingly, NBC1
was only detected in a subset of MR cells from the Japanese dace qill,
aligning with my findings of two functionally distinct MR cell subtypes.
Similarly, | demonstrated specific immunoreactivity in a subset of cells on the
gill lamellae. Cellular staining for rkNBC1 was basolateral or "cytosolic,"
similar to the pattern found previously (Hirata et al., 2003) and in accordance
with a basolateral localization in the cell in our model.

Functional studies of the cloned proximal tubule NBC1 demonstrated a
DIDS-sensitive pH; acidification and V., depolarization when acting in efflux
mode (Romero et al., 1997). The stoichiometry of this transporter appears to
be tissue specific, with one Na® being transferred for three HCO3™ in the
proximal tubule of the kidney vs. 1:2 in other parts of the body (Soleimani and
Burnham, 2001). My V., data strongly support the involvement of an
electrogenic NBC as appropriate changes in response to our ion-substitution
experiments were observed. The introduction of Na* induced a depolarization
in virtually the same percentage of cells that exhibited an Na®-induced
intracellular acidification (79% vs. 77%). The sensitivity of both events to DIDS
further implicates electrogenic NBC involvement in the transepithelial Na*
movement in these MR cells.

For an NBC to function in export mode, a hyperpolarized V., is
absolutely required to have a net driving force for HCOs export.
Unfortunately, | was unable to directly calibrate the resting Vi, of the cells due

to technical difficulties with the dye. However, | can roughly calculate, based
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on external and internal ion (Na* and HCOj3") levels, the reversal potential,
which can give valid estimates of the required V, to drive the transporter in
export mode. Although measurements of [Na']; in gill MR cells are needed to
complete transport models, they are difficult to obtain. The reported values for
[Na™]; of 55 mM (Wood and Lemoigne, 1991) and 62 mM (Morgan et al.,
1994) must be interpreted with caution because of a number of confounding
variables as discussed by Morgan and colleagues (Morgan et al., 1994).
Comparatively, in cells from the frog skin epithelium, [Na']; levels have been
measured at 6-17 mM (Harvey and Ehrenfeld, 1986; Rick, 1992). The fish qill
is believed to mimic frog skin with respect to Na® uptake in MR cells;
therefore, previous reports of gill MR cells [Na']; are likely overestimated.

The theoretical reversal potential (Ery) is the point at which no flux
would occur through the NBC in efflux mode and can be approximated by the

following formula (Gross and Kurtz, 2002):

RT | [Na"J[HCO, ]

E. = - (Equation 4.1)
F(n-1)  [Na"],[HCO; g

where R is the gas constant, T is the absolute temperature in kelvins, and F is
the Faraday constant.

Therefore, a Vi, slightly more hyperpolarized than the calculated
reversal potential would be required to drive the transporter in export mode. In
this formula, n refers to the transport ratio of HCO3™ to Na* or simply the

stoichiometry (either 1, 2, or 3). Using a conservative estimate of [Na']; of 10
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mM, measured [Na']e of 145 mM, intracellular HCO3;~ concentration ((HCO37J;)
of 2 mM (Goss and Wood, 1991), and extracellular HCO3;~ concentration
([HCO37]e) of 7 mM (Goss and Wood, 1990b) would result in a reversal
potential of —82 mV when the NBC is operating with a stoichiometry of 1 Na*
to 3 HCO3™. This means that the MR cells would only be required to maintain
a Vp of less than —82 mV for the NBC to function in efflux mode, which is not
beyond reasonable predictions. However, if the stoichiometry is 1 Na* to 2
HCOj;", the reversal potential then becomes —-133 mV, a much more
hyperpolarized value. If intracellular HCO3~ concentration is raised, this will
shift the reversal potential to a more depolarized value and therefore promote
the transport in efflux mode. Furthermore, if we lower [Na']i to a very low
value (2 mM) to help in apical entry from dilute freshwater, the reversal
potential of the 1:3 NBC using these values is only —103 mV, again a feasible
value. Therefore, the combination of NBC (1 Na" to 3 HCO3;") and a
reasonably hyperpolarized Vi, all support the transport mechanism in my
proposed model. Interestingly, the only other place where the NBC functions
in efflux mode is the mammalian proximal tubule (for review, see (Soleimani
and Burnham, 2001), an epithelium also specialized for transepithelial Na*
transport. The filtrate from which Na® reabsorption occurs contains much
higher [Na']e than is found in freshwater, but the extrusion occurs at the
basolateral membrane where the [Na']e is ~140 mM, supporting my findings

that NBC activity can occur in export mode under these conditions.

113



Previous pH; imaging experiments on trout hepatocytes have
demonstrated electrogenic NBC activity (Furimsky et al., 2000). The putative
NBC was proposed to act in influx mode, thus enabling pH; recovery from
acidosis. The stoichiometry, although not determined, was likely 1 Na* to 2
HCO3;™ because of its role in HCO3™ influx (Boron et al., 1997). In my study,
DIDS-sensitive acidification and depolarization indicate the presence of an
NBC working in efflux mode, suggesting that trout express functionally
different NBCs in a tissue-specific manner, as shown previously in
mammalian systems (Soleimani and Burnham, 2001).

Structural analysis has revealed that there is extensive branching of
the basolateral membrane of MR cells into an elaborate tubular system
(Philpott, 1980) that is in very close contact with the apical membrane. This
creates the potential for specialized microenvironments that can help to
overcome otherwise energetically unfavourable processes. | proposed that
one mechanism for transcellular Na® uptake from freshwater is facilitated via a
close structural relationship of both apical Na* channels and basolateral NBCs
acting in efflux mode. However, it is unknown whether ultrastructural
characteristics such as the tubular system of the MR cell are maintained
during cell isolation performed in this study. Yet, the data of this chapter imply
that the MR cell ultrastructure is at least partially maintained during the
isolation procedure to produce the cellular behaviours observed. Importantly,

the tubular system has been known to become re-established with the
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basolateral membrane in isolated MR cells that form aggregates (Philpott,
1980).

Overcoming the gradient for Na* extrusion via an NBC would be
facilitated by the action of CA, which has been localized in MR cells in a
variety of fish, including rainbow trout (Hirose et al., 2003). Abolishment of the
Na'-induced acidification with CA inhibition via acetazolamide in my study
supports the involvement of CAin this process. Interestingly, the magnitude of
the alkalinization after acetazolamide treatment was larger than that noticed
using amiloride, phenamil, or DIDS. Because [HCO;7] is the strongest
determinant in the equation for the reversal potential of the NBC, lowering
[HCOs7]; via acetazolamide will shift the reversal potential to more negative
values, which would favour HCO3™ influx and exacerbate the alkalinization.

The mammalian electrogenic NBC1 is known to bind CA Il on its
COOH-terminal domain (Gross et al., 2002; Romero et al., 2004), although
this has not yet been demonstrated in fish. In my proposed model, CA would
produce HCO3~ within the proximity of the NBC to drive Na* efflux across the
basolateral membrane despite the unfavourable Na® concentration gradient.
This is supported in the mouse proximal convoluted tubule cell line
mPCT1296(d) transfected with kidney NBC1 where inhibition of CA with
acetazolamide leads to a 65% reduction in current in HCOj3;™ efflux mode only
(Gross et al., 2002). These points illustrate how multiple proteins can act as a
functional unit for transepithelial Na® movement. My suggestion of a

coordinated activity between an Na® channel, NBC, and CA follows the
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concept of a metabolon described in biochemical context as a group of
proteins acting together to accomplish one metabolic function (Srere, 1993).
Therefore, | proposed to refer to this model as the freshwater Na* uptake
metabolon.

In summary for this chapter, | have provided evidence for a new model
of transepithelial Na* uptake in the freshwater fish gill. | support previous
research that Na influx into the trout is via an apical, phenamil-sensitive Na*
channel. | proposed that one mode of Na* efflux from the MR cell is directly
coupled to a basolateral NBC in contrast to the current models showing that
the basolateral Na*-K*-ATPase is the only route for Na* efflux. Furthermore, |
demonstrated that this transport occurs in one functionally distinct population
of MR cells present on the gill. My novel findings open up new avenues for
elucidating the cellular and molecular mechanism of transepithelial ion

movement in this model epithelium.
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Figure 4. 1 Representative trace demonstrating the ability of the isolated
mitochondrion-rich (MR) cells to withstand repeated acid-base disturbances
Cells were subjected to 2 consecutive 20 mM NH4CIl prepulse-induced
acidifications and displayed the same behaviour after initial and secondary

acidifications.
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Figure 4. 2 Na'-free recovery rates indicate 2 populations of MR cells. Cells
were acidified with NH4Cl prepulses and allowed to recover in the absence of
Na®.

A: representative traces of cells that demonstrated an ability to recover from
an acidification in Na*-free conditions (trace a) and those cells that were
unable to recover pH; in the absence of Na® (trace b). B: summary data
demonstrating a link between Na*-free pH; recovery and the original resting
pH; of the cell. The majority (84%) of MR cells with a resting pH; >7.8 (n =
175) displayed an Na‘-independent pH; recovery mechanism compared with
only a low percentage (23%) of cells with a resting pH; <7.8 (n = 223)
demonstrating this same ability. Letters a and b correspond to the

representative traces in A in reference to Na'-free recovery ability.
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Figure 4. 3 Changes in pH; of MR cells induced by extracellular Na*. Cells
were initially exposed to Na*-free medium and then switched to 145 mM Na*
solution.

A: sample traces demonstrating that 1 population of MR cells (black trace)
responds to the change from Na*-free to Na’-containing medium with an
acidification, whereas the other population (gray trace) exhibits an
alkalinization in the same conditions. B: summary data showing the
repeatability of the rate of Na*-induced pH; change (ApHi/At) in this population
of MR cells. There was a slight but significant reduction in the rate of the
second Na*-induced acidification compared with the control (*P < 0.05, paired
t-test, n = 37 cells, 6 separate experiments). C: summary data showing the
repeatability of the rate of Na*-induced alkalinization in this population of MR
cells. There was no significant difference between the two rates of Na'-
induced alkalinization (P > 0.05, paired t-test, n = 18 cells, 6 separate
experiments).
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Figure 4. 4 Effect of 500 uM amiloride on the Na*-induced acidification
following Na™*-free exposure at resting pH;.

A: representative trace showing the effective removal of Na'-induced
acidification in the presence of 500 uM amiloride. The acidification event was
replaced with a trend toward alkalinization. B: summary data of the significant
difference between the rates of pH; change (ApHi/At) caused by the control
Na® introduction and the Na® exposure in the presence of 500 uM amiloride

(*P < 0.05, paired t-test, n = 21 cells, 2 separate experiments).
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Figure 4. 5 Effect of 50 uM phenamil on the Na*-induced acidification
following Na*-free exposure at resting pH;.

A: representative trace showing the effective removal of Na*-induced
acidification in the presence of 50 yM phenamil. The effect of phenamil was
reversed by washout with Na*-containing solution. B: summary data showing
that both the control Na* and washout Na* exposure caused the MR cells to
acidify at a rate that was significantly different from the slight alkalinization
rate caused by Na® exposure in the presence of 50 uM phenamil. No
significant difference was noted between the acidification rate caused by the
control Na* introduction and the washout Na* exposure (P < 0.05, repeated-
measures one-way ANOVA, Bonferroni post hoc test, n = 36 cells, 4 separate

experiments). Letters a and b indicate significant differences.
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Figure 4. 6 Effect of 1 mM DIDS on the Na*-induced acidification following

Na'-free exposure at resting pH;.

Na*-Addition
with 1mM DIDS

A: representative trace showing the effective removal of Na'-induced

acidification in the presence of 1 mM DIDS. The effect of DIDS was not

reversed by washout with Na*-containing solution. B: summary data showing

that the control Na* exposure caused the MR cells to acidify at a rate that was

significantly different from the slight alkalinization rate caused by Na*

exposure in the presence of 1 mM DIDS (*P < 0.05, paired t-test, n = 80 cells,

8 separate experiments).
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Figure 4. 7 Effect of 500 uM acetazolamide (ACZ) on the Na*-induced
acidification following Na*-free exposure at resting pH;.

A: representative trace showing the effective removal of Na'-induced
acidification in the presence of 500 uM acetazolamide. The effect of 500 yM
acetazolamide was reversed by washout with Na*-free solution. B: summary
data showing that the control Na* exposure caused the MR cells to acidify at
a rate that was significantly different from the effect of Na* exposure in the
presence of 500 uM acetazolamide (*P < 0.05, paired t-test, n = 23 cells, 10

separate experiments).
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Figure 4. 8 Changes in membrane potential (V) of MR cells as indicated by
the voltage sensitive dye bis-oxonol.

Changes in Vi, are represented as changes in relative fluorescent units
(RFU), with an increase in fluorescence being indicative of membrane
depolarization. Black trace is representative of MR cells that demonstrated a
repeatable Na*-induced depolarization of Vi, on switching from Na® free
solution to 145 mM Na* (79%, n = 111/140, 14 separate experiments). Gray
trace shows that the minority of MR cells demonstrated a repeatable Na®-
induced hyperpolarization of V;, under identical experimental conditions (21%,
n = 29/140).
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Figure 4. 9 Representative trace showing changes in membrane potential
(Vi) of MR cells in the presence of Na* and 1 mM DIDS.

Changes in V, are indicated by the voltage-sensitive dye bis-oxonol as
indicated by RFU. DIDS (1 mM) was effective at removing the Na*-induced
depolarization in 75% of the MR cells that were demonstrated to originally

show this behaviour (n = 21/28, 5 separate experiments).
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Figure 4. 10 Immunoreactivity of the anti-rat kidney Na*-HCOj3™ cotransporter
(rkNBC1) in the trout gill.

A: Western blot showing a distinct band of ~110 kDa from whole gill
homogenates. B: immunohistochemistry of the trailing edge of the gill flament
exhibiting specific cellular staining of NBC. Notice that positive cells are found
mostly on the lamellae and that the cellular staining pattern is concentrated in
the basolateral region with the apical area being devoid of signal in most
cells. Cytoplasmic staining patterns are likely due to the extensive branching
of the tubular system of the basolateral membrane in these cells. Scale bar =

10 pm.
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Figure 4. 11 Freshwater transepithelial Na* uptake metabolon in gill non-
peanut lectin agglutinin binding (PNA™) MR cells.

Note how the tubular system allows for the close proximity of the apical (A)
Na® channel and H*-ATPase with the basolateral (B) NBC. The electrogenic
NBC transfer is represented as "3?" HCOs~ transported with 1 Na* due to
thermodynamic analysis but inability to directly ascribe the stoichiometry.
Sites of pharmacological inhibition in my study are indicated by stop arrows.
The proposed V,, is indicated, and +/ — signs are used to help demonstrate

this point.
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Chapter V: Regulation of ion transport by low pH in isolated gills of the

crab Neohelice (Chasmagnathus) granulata’

'A version of this chapter has been published previously.

*Tresguerres, M., *Parks, S. K., Sabatini, S. E., Goss, G. G. and Luquet, C.
Regulation of ion transport by pH and [HCO3] in isolated gills of the crab
Neohelice (Chasmagnathus) granulata. American Journal of Physiology-
Regulatory Integrative and Comparative Physiology 294, R1033-R1043,
2008. * Both authors contributed equally to all aspects of this work.
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Introduction

In crustaceans, the gill is the main organ involved in acid/base (A/B)
exchange with the environment, and thus it is probably the main A/B
regulatory organ (Wheatly and Henry, 1992). The overall branchial
mechanism for A/B regulation in crabs is similar to other aquatic animals:
apical Na'/H* and CI/HCOs;  exchanges (Dejours et al., 1982; Ehrenfel.J,
1974; Henry and Cameron, 1982; Henry and Cameron, 1983) energized by
ATPases (Kimura et al., 1994). However, the only proteins involved in the gill
A/B regulatory mechanism that have been identified so far in crabs are
carbonic anhydrase (Henry, 1984; Henry, 1996; Siebers et al., 1994) and
Na*/K*-ATPase (Siebers et al., 1994). Several other ion-transporting proteins
have been molecularly and/or pharmacologically identified in crab gills, but to
our knowledge, only their role in ion uptake and not A/B regulation has been
directly tested (reviewed by (Freire et al., 2008).

A major advantage of the gills of certain crustaceans over other A/B
regulatory organs (i.e., fish gill and mammalian kidney) is that they can be
easily isolated from the animal and perfused with hemolymph-like saline using
a peristaltic pump. This technique allows for the study of the ion transport
physiology of the whole organ without the interference of hormonal or nervous
factors. Isolated and perfused gills allow for accurate control of the
composition of the perfusing and bathing salines, including the addition of
specific inhibitors of ion-transporting proteins. These manipulations are

impossible to perform in whole animal experiments. In addition, these
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limitations were realized in the previous chapter as | was extrapolating
transepithelial ion movement from work on isolated cells.

The cellular mechanisms for ion uptake across the posterior gills of
Neohelice granulata (formerly named Chasmagnathus granulatus) are some
of the better studied among aquatic animals. The basal (nonstimulated) ion
transport mechanism in gills from crabs acclimated to low-salinity water (2 %o)
includes basolateral Na*-K*-ATPase, and CI~ and K" channels (Luquet et al.,
2002b; Luquet et al., 2005; Onken et al., 2003). In this condition, the apical
routes of entry for CI” and Na" are apical Na*-K*-2CI~ (NKCC) cotransporters
in parallel with K* channels (Luquet et al., 2005; Onken et al., 2003). This
basal state of ion uptake can be activated by hormonal and nonhormonal
factors. For example, dopamine can activate Na*-K*-ATPase via a D1-like
receptor-Gs protein-cAMP-PKA pathway (Genovese et al., 2006; Halperin et
al., 2004). A reduction in the osmolarity of the hemolymph-side of the isolated
gill also stimulates ion uptake (Luquet et al., 2002b; Tresguerres et al., 2003),
an effect that is partially mediated by cAMP and Na*-K*-ATPase (Tresguerres
et al,, 2003). In addition, CA and apical V-H*-ATPases and CI/HCOj3"
exchangers (CBEs) are also recruited during these stimulated conditions
(Genovese et al., 2005). Apical V-H*-ATPase and CBEs working in concert
could facilitate CI™ uptake from a dilute external medium (Genovese et al.,
2005), but the combined effect of both transporters is neutral in terms of net
A/B transport. Interestingly, the branchial cellular mechanisms for ion

transport in N. granulata from different salinities resemble those from different
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segments of the mammalian nephron. This is likely related to similar ionic
gradients encountered at the apical membrane in each system.

In this chapter, | investigated the involvement of the gills of N.
granulata in the acid recovery mechanism. | used the advantages of the
isolated and properly polarized gill preparation to test the hypothesis that ion
transport can be directly stimulated by low pH in the blood compartment of
the gill. My results indicate that ion transport processes similar to those
described in trout (chapter IV) are stimulated by low pH.

Summary of methodological approach

To study the role of the crab gill in recovery from an acidification of the
hemolyph | used an isolated gill preparation to measure the transepithelial
potential difference (Vi) as an index of ion transport. Stimulation of ion
transport via low hemolymph pH was followed by a series of pharmacological
blocking agents. Experiments were also performed to measure the acid
secretion rate to the surrounding bath following low hemolymph pH exposure.
These studies were complemented by immunohistochemistry of VHA and

NKA at the crab gill.
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Results
Stimulation of Vi by low pH in isolated perfused gills.

A reduction in the pH from 7.75 to 7.45 pH units in the perfusion
conditions induced an immediate and significant stimulation of Vi, from 3.68 +
0.58 to 6.32 £ 0.72 mV (n = 13). The original Vi, was restored upon
reapplication of the saline with pH of 7.75. The low pH-stimulated Vi, and
subsequent wash-out was a repeatable event (Fig. 5.1A), and it was
accompanied by an increase in net acid secretion from —79.1 £ 18.5 to —146.9
+ 19.2 pequiv-kg™"-h™" (net increase of —67.8 + 18.4 pequiv-kg™"-h™", P < 0.05;

n =5; Fig. 5.1B).

Pharmacological characaterization of low pH stimulation of Vi

To test whether CA is involved in the low pH-stimulating mechanism,
200 umol/l acetazolamide was added into the 7.45 pH perfusate of isolated
gills that had already been stimulated by low pH. Acetazolamide completely
and reversibly abolished the stimulated Vi (Fig. 5.2). | also investigated the
involvement of V-H*-ATPase. Basolateral bafilomycin (100 nmol/l) inhibited
the low pH-stimulated Vi, but, unlike acetazolamide, its effect was only
slightly reversible (Fig. 5.3). However, the original resting Vi was restored
upon reintroduction of the control pH 7.75 saline, indicating that the inhibitory
effect of bafilomycin specifically acts on the mechanism stimulated by low pH.
Next, | tested the involvement of apical Na® channels and basolateral

Na’/HCOs3~ cotransporters by adding apical phenamil (50 ummol/l) and
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basolateral DIDS (1 mmol/l), respectively, under low-pH stimulating
conditions. An inhibitory effect of phenamil was seen in a 3 out of 5
preparations, but its magnitude was highly variable, and thus it is not shown or
analyzed. On the other hand, basolateral DIDS totally inhibited the elevated
Ve, although it first produced an important (~10 mV) hyperpolarization of Vi in
most of the preparations (Fig. 5.4). The inhibitory effect of DIDS was not
reversible. DIDS did not cause any significant changes when applied under
control pH conditions (Fig. 5.4C), indicating that both the initial
hyperpolarization and the inhibitory effect observed are related to the low pH-
stimulating mechanism.

Lastly, | tested whether the low-pH stimulated Ve depends on the
transepithelial movement of Na* and CI~ by using solutions with reduced
concentrations of these ions. As shown in Fig. 5.5, these conditions abolished
and in some cases even reversed V. Introduction of Na*-free pH 7.45 saline
did not elicit an increase in V4, demonstrating that the transepithelial
movement of Na* (apical channel and basolateral NBC?) is essential for the
low pH activation of Vi (Fig. 5.5, A and B). Conversely, a reduction in saline
pH to 7.45 during Cl-free conditions still induced a significant increase of Ve
of a magnitude comparable to that in normal, CI-containing, saline. This

effect was only partially reversible (Fig. 5.5, C and D).

V-H*-ATPase and Na'/K'-ATPase immunolocalization.

The anti-V-H*-ATPase and anti-Na’-K*-ATPase heterologous

antibodies cross-reacted with crab gills and exhibited bands of the appropriate
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size during Western blot analysis (~75 and 110 kDa, respectively, Fig. 5.6).
No bands were detected when the primary antibodies were omitted (not
shown).

The antibodies resulted in slightly different immunolabeling patterns on
gill sections. Both V-H*-ATPase and Na'-K'-ATPase immunoreactive cells
were present throughout the pillar and principal cells, although Na*-K*-
ATPase labeling was much stronger (Fig. 5.7, A and B). However, high-
magnification micrographs revealed that V-H*-ATPase is also present in the
apical region of some cells (Fig. 5.7C). No signal was found when the primary
antibodies were omitted (Fig 5.7D). A schematic diagram of the crab gill
morphology modified from previous publications (Freire et al., 2008; Onken
and Riestenpatt, 1998) is presented in Fig 5.7 along with the
immunohistochemistry to assist in identification of the cellular regions within

the gill.
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Discussion
My results in this chapter demonstrate that ion transport across

posterior gills of N. granulata is stimulated by a decrease in pH. This suggests
that the posterior gills are important in detecting and correcting A/B
disturbances in the hemolymph of the whole animal.

Gills from crabs acclimated to 2 %o salinity maintain a basal ion uptake
activity when perfused with the control saline used in the current study, as
estimated from Vi, short-circuit current and ?’Na* uptake (Luquet et al.,
2002b; Onken et al.,, 2003; Tresguerres et al., 2003). These Vi
measurements are not without certain limitations. In particular, Vi is a
reflection of both current (/) and transcellular and paracellular resistance (R).
Therefore, it is possible that the changes observed were produced by
changes in R. However, our saline manipulations were always performed at
constant osmotic pressure, and thus it is unlikely that ‘paracellular R' changes
in the dramatic fashion that is required to justify the observed changes in V.
Similarly, transcellular R would have to increase substantially, which could
only happen by a reduction in the conductance of the ion-transporting proteins
involved (most likely at the apical membrane). However, this hypothesis would
make it difficult to explain the pharmacological inhibition of the stimulated Vi
by low pH (and HCOs3™ see appendix |). Therefore, | am confident that the Ve
measurements are indeed a reasonable estimation of net transepithelial ion
transport (/) under these experimental conditions. In addition, Vi

measurements in open-circuit conditions have certain advantages over short-
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circuit conditions (i.e., inactivation of V-H*-ATPase, see (Freire et al., 2008;

Kirschner, 2004)).

Carbonic anhydrase.

My results indicate that CA is essential for the gill responses to low pH.
Intracellular CA would likely hydrate CO; into H* and HCO3™ (Fig. 5.8), the
main intracellular substrate in the mechanism stimulated by low pH (and high
HCO3', see appendix |). | cannot discount the possible involvement of both
extra- and intracellular CA in this mechanism as they are both present at the
crab gill (Genovese et al., 2005). Unfortunately, the drug used in this study
does not differentiate between extracellular and intracellular CA, and further
studies are necessary to confirm the involvement and specific roles of both
CA isoforms. On the other hand, saline [HCOs3"] was negligible in the low pH
experiments. Therefore, the source of CO, for the acid secretion mechanism
is unclear. One possibility is that the HCO3; that is reabsorbed into the
hemolymph combines with H*, generating CO, (via extracellular CA) that
diffuses back into the cell. Yet another interesting option is derived from
studies on fish intestinal epithelium, where mitochondria-produced CO; is an
important substrate for ion transport (reviewed in (Grosell, 2006)). The qill
ionocytes of N. granulata possess large numbers of mitochondria (Luquet et
al., 2002a; Luquet et al., 2000), which supports this model. Furthermore, low
pH did not produce any change in gill Vie when the same protocol was
attempted during the winter months (Dr. Carlos Luquet personal

communication). Although preliminary, these results may indicate that gills
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from winter crabs are metabolically less active than in summer crabs.
Whether winter crabs conform to acidotic conditions or use different
mechanisms for recovery is a fascinating topic that is currently being

investigated in Dr. Luquet’s laboratory.

Low pH-stimulating mechanism.

The inhibition of the low pH-stimulated Vie by bafilomycin is a good
indicator of the importance of V-H*-ATPase in this response. On the basis of
the outside positive Vi, | propose that V-H*-ATPase is located in the apical
membrane and acts to secrete the excess H into the water covering the gills.
Although bafilomycin was applied to the basolateral space, it is a membrane-
permeable compound (Drose and Altendorf, 1997) and thus it can inhibit V-
H*-ATPase located at the apical membrane even if applied at the basolateral
space.

Apical V-H*-ATPase has been proposed to energize apical CI
absorption in some strong hyperregulating freshwater crabs (Onken et al.,
1991; Onken and McNamara, 2002; Onken and Putzenlechner, 1995;
Riestenpatt et al., 1995; Weihrauch et al., 2004a), and also in C. granulatus
(Genovese et al., 2005; Luquet et al., 2002b). However, the CI™ independence
demonstrated in this chapter suggests that the low-pH stimulating mechanism
is different from the CI- uptake mechanism. On the basis of Na'-uptake
models from certain aquatic organisms (for a review, see (Kirschner, 2004)
and chapters 1, 2), and following up on the hypothesis developed in chapter

IV, | tested for the putative involvement of apical Na* channels by applying
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apical phenamil on gills with stimulated Vi. Although phenamil did inhibit the
stimulated Vi in certain preparations, the effect was not consistent, probably
because of permeability issues at the apical cuticle (Onken and Riestenpatt,
2002). The preliminary model presented here includes apical Na* channels
(Fig. 5.8), although further investigation is required to confirm this component.

My previous data chapter reports the involvement of a basolateral
electrogenic Na’/HCOj3™ cotransporter (NBC) as the way of exit of HCO3™ and
Na® in isolated fish gill cells (Parks et al., 2007b). In the current study,
basolateral application of DIDS produced an initial further stimulation of the
Vie already stimulated by low pH, followed by a rapid, complete, and
irreversible inhibition. | tentatively propose that DIDS indeed inhibits
basolateral NBCs and that the initial Vie stimulation is due to the pumping of
protons by apical V-H*-ATPases, which is not totally compensated due to the
reduction in the transcellular flux of Na* as a result of the inhibition of its
basolateral transport. Additionally, a transient increment in CI™ uptake through
CI/ HCOj3™ exchange, favored by the activation of the V-H'-ATPases and by
the intracellular accumulation of HCO3™, could be an alternative cause of this
peak in Vi. In the longer term, the apical V-H*-ATPase probably shuts down
because the HCO3;™ accumulation inside the cells reduces the availability of
H*, and then Vi is inhibited. Lastly, DIDS penetrating into the cell and
affecting transporters located at the apical membrane cannot be ruled out. In
addition, the results from the Na" and CI™ substitutions indicate that the low

pH-induced increase in Vi depends on transepithelial Na* transport. This
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leaves only the possibility of an NBC and/or Na*-K'-ATPase on the
basolateral side. The NBC would be more likely as the HCO3™ produced via
CA hydration of CO, would need to be transported across the basolateral

surface to maintain the charge distribution, as the H* is pumped out apically.

V-H'-ATPase and Na*-K"-ATPase immunolocalization.

Although V-H*-ATPase and Na'/K’-ATPase have been previously
detected in C. granulatus by pharmacological, biochemical (Genovese et al.,
2006; Halperin et al., 2004; Luquet et al., 2002b; Tresguerres et al., 2003),
and molecular biology techniques (Luquet et al., 2005), this is the first
immunolocalization report of these transporters in this crab. Na*-K*-ATPase is
present in both principal and pillar cells, being restricted to the basolateral
area in both cell types. A basolateral localization is consistent with the
literature (reviewed in (Lucu and Towle, 2003)) and with the role of Na*-K*-
ATPase in energizing ion uptake in basal and stimulated conditions
(Genovese et al., 2005; Genovese et al., 2006; Luquet et al., 2002b; Luquet
et al., 2005; Onken et al., 2003; Tresguerres et al., 2003). A basolateral Na’*-
K*-ATPase is also important for the low pH stimulatory mechanism reported in
this study (Fig. 5.8).

The apical V-H*-ATPase localization in some pillar and principal cells is
consistent with its role in acid secretion derived from our perfusion
experiments. The V-H*-ATPase labeling found throughout the majority of cells
could be due to V-H*-ATPase stored in vesicles. These vesicles might insert

into the apical membrane for enhanced acid or ammonia secretion (reviewed
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in (Weihrauch et al., 2004b)) or when ion uptake is stimulated by hypo-
osmotic shock. Similar V-H*-ATPase immunolabeling patterns have been
recently reported in 13 other species of crabs (Tsai and Lin, 2007).
Na'-K*-ATPase and V-H'-ATPase are present both in pillar and
principal cells. Therefore, it is possible that the gill epithelium of N. granulata
has only one cell type for A/B regulation, which could alternatively perform
acid or base secretion depending on the physiological status of the animal.
This would match hagfish gills, in which Na*-K*-ATPase, V-H*-ATPase, and
NHE are all located in the same cells ((Parks et al., 2007a; Tresguerres et al.,
2006b; Tresguerres et al., 2007a) and see chapter 10, appendix Il). However,
itis also possible that the cytoplasmic pool of V-H*-ATPase from the principal
and pillar cells differentially insert into the apical membrane during acidosis.
Alternatively, it is possible that V-H*-ATPase is present in the basolateral
membrane of certain gill cells, but the labeling looks cytoplasmic due to the
deep infoldings of the basolateral membrane (Luquet et al., 2002a; Luquet et
al., 2000) (see (Tresguerres et al., 2006a) for a similar situation in teleost

fish).

Perspectives and Significance

The low-pH and HCOj3;™ stimulation of Vi reported in this study raise
the following interesting questions: 1) Do these two mechanisms take place in
the same gill cell type or are there specific cell subtypes for each of them? 2)
Is ion regulation linked to A/B regulation in the gills of crustaceans? 3) What s

the identity of the pH sensor that regulates the activation of one mechanism
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over the other? Finally, given that the key ion-transporting proteins (e.g., Na’-
K*-ATPase, V-H'-ATPase, CA) involved in our proposed A/B regulatory
mechanisms in crab gills are also present in ion-transporting epithelia from
vertebrates, it is possible that they all share a similar direct activation by blood
A/B variables. There are many exciting areas of gill acid-base physiology that
can be exploited in this preparation in the future. These data strengthen the
conclusions of chapter 4 for the proposal of an apical Na* channel linkage to
a basolateral, electrogenic NBC for transepithelial Na* uptake. | have used a
properly polarized electrophysiological preparation to enhance the pH;
imaging work from trout gill MR cells in chapter 4. It will be interesting to see
the future years unfold in terms of the universal use of this mechanism in

animals inhabiting ion poor environments.
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Figure 5. 1 Acid-induced activation of Vi and acid secretion.
A: representative Vi trace showing repeatability of the event. B: acid
secretion. Control saline, pH = 7.75. *Statistically significant difference (P <

0.05, n = 5; paired Student's t-test).
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Figure 5. 2 Inhibition of the acid-induced Vi stimulation by basolateral
acetazolamide.

A: representative trace. B: summary statistics. Control saline, pH 7.75. Az,
200 pmol/l acetazolamide added in the basolateral perfustate. *Statistically
significant differences with the control (P < 0.05; n = 7; one-way repeated-

measures ANOVA, Dunnett's multiple-comparison posttest).
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Figure 5. 3 Inhibition of the acid-induced Vi stimulation by basolateral

A: representative trace. B: summary statistics. Control saline, pH 7.75. Baf,
100 nmol/l bafilomycin added in the basolateral perfusate. *°° Differing letters
indicate different levels of statistical significance (P < 0.05; n = 5; one-way

repeated-measures ANOVA, Tukey's multiple-comparison post test).
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Figure 5. 4 Inhibition of the acid-induced Vi stimulation by basolateral DIDS.

A: representative trace. B: summary statistics in pH 7.45 saline (n = 5). C:
summary statistics in control pH 7.75 saline (n = 3). Control saline, pH 7.75.
DIDS, 1.00 mmol/l DIDS added in the basolateral perfusate. (P), Vi peak. #°°
Differing letters indicate different levels of statistical significance (P < 0.05;

one-way repeated-measures ANOVA, Tukey's multiple-comparison posttest).
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Figure 5. 5 Acid-induced Vi stimulation in CI™-free conditions and lack thereof
in Na*-free conditions.
A: representative trace of a Na'-free experiment. B: summary statistics of the

Na’-free experiments.
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Figure 5.5 Continued. C: representative trace of a Cl-free experiment. D:

summary statistics of the CI-free experiments. Control saline, pH 7.75.

abeDiffering letters and asterisk (*) indicate statistical significance (P < 0.05; n

= 5; one-way repeated-measures ANOVA, Tukey's multiple-comparison

posttest).
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Figure 5. 6 Western blot analysis in gill homogenates from C. granulatus
using antibodies against V-H*-ATPase (VHA) and Na*-K*-ATPase (NKA).
Three independent gill samples are shown for each antibody. Blots incubated
with secondary antibody alone did not show any signal. The dotted line
indicates that VHA and NKA antibodies were tested in different blots, and the

images were merged for this figure.
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Figure 5.7 Diagram of the gill morphology of N. granulata.

Both principal and pillar cells are indicated to assist in the interpretation of the
following figure immunohistochemistry. This figure is modified from previous
publications (Freire et al., 2008; Onken and Riestenpatt, 1998).
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Figure 5. 7 Immunohistochemistry of VHA and NKA in the gills of C.
granulatus.

VHA (A and C) and Na*-K'-ATPase (B) immunolocalization in gills of C.
granulatus. Apical V-H*-ATPase labeling is indicated with arrowheads in C.
Control image lacking primary Ab is shown in D. Scale bars = 10 ym (A, B,
and D) and 5 ym (C).
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Figure 5. 8 Proposed model for acid secretion in the gill epithelium of
Neohelice granulata in response to low pH stimulation of Vie.
Mitochondria-produced CO, might be an additional source of substrate for CA
(see text). The molecular identity and exact stoichiometry of the transporters
is unknown, and a question mark (?) indicates that no direct evidence exists
for the involvement of the transporter. This model is based on the results from
the current data chapter complemented by previous studies in this crab
(Luquet and Ansaldo, 1997; Luquet et al., 2002b; Onken et al., 2003; Towle
and Weihrauch, 2001), other aquatic organisms (chapter 4 and (Parks et al.,
2007b), and appendix |. CA, carbonic anhydrase; NBC, Na*/HCO;~
cotransporter; NKA, Na*-K*-ATPase; VHA, V-type H*-ATPase.
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Chapter VI: Cloning of ASIC4.2 in zebrafish and trout: implications for a

role in gill Na* transport
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Introduction

As discussed in the introduction and chapters Il and 1V, the molecular
identity of an apical Na* channel in FW fish is lacking despite a great deal of
effort in this regard. The epithelial Na* channel (ENaC) has been a target for
cloning of the purported method of Na* transport in FW fish based on the
well-established role of ENaC in transepithelial Na* uptake in the FW frog skin
MR cell (Ehrenfeld and Garcia-Romeu, 1977; Ehrenfeld et al., 1985). In frog
skin, Na™ transport via an ENaC occurs in conjunction with an apical VHA and
the same mechanism has been hypothesized for FW fish gill MR cells (Avella
and Bornancin, 1989; Boisen et al., 2003; Bury and Wood, 1999; Fenwick et
al., 1999; Grosell and Wood, 2002; Lin et al., 1994; Lin and Randall, 1993;
Reid et al.,, 2003). While ENaC has been cloned from a diverse range of
animals spanning single cell organisms to mammals (Alvarez de la Rosa et
al., 2000) there do not appear to be any homologous ENaC sequences (in
any of the 3 subunits) in the genomes of fish species sequenced and
published to date.

Regardless, we know that some fish possess distinct Na* transport
mechanisms that are amiloride and phenamil sensitive and are, in some way,
linked to the activity of a V*- ATPase (Boisen et al., 2003; Bury and Wood,
1999; Fenwick et al., 1999; Grosell and Wood, 2002). Therefore, in this
chapter | will provide preliminary experimental evidence resulting from my
attempts at identifying the molecular identity of an apical Na* channel in FW

fishes.
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It was hypothesized that one potential explanation for the lack of ENaC
expression in fish is that FW fish express a Na* channel of different molecular
identity than that of other typical Na* transporting epithelia. A candidate gene
of interest is the family of acid-sensing ion channels (ASICs). ASICs are
members of the ENaC/Deg family of ion channels and consist of Na*
conducting channels that are for the most part activated in response to an
extracellular acidosis (Alvarez de la Rosa et al., 2000; Paukert et al., 2004).
ASICs are primarily expressed in neuronal tissues and are a major research
topic for their role in pain sensation (for review see (Wemmie et al., 2006)). In
zebrafish, six different isoforms of ASICs have been cloned with differential
expression patterns throughout the fish (Paukert et al., 2004). Interestingly, it
has been reported that ASIC expression patterns were apparently
investigated at the gill via RNA in-situ analysis (Hwang and Lee, 2007).
Although the search appeared to be unsuccessful, it is only mentioned as a
single sentence in a review article and a detailed analysis of ASIC function at
the gill is lacking.

ASIC4.2 was a favourable target for a number of reasons. Although it
belongs to the ASIC family, it is actually insensitive to extracellular H* yet
displays amiloride sensitivity (Chen et al., 2007). Moreover, it shares a
reasonable homology with ENaC subunits (i.e. 47% positive identity with
human ENaC alpha subunit) and it is the earliest ASIC isoform expressed
during development (Paukert et al., 2004). Based on the fact that | cloned

ASIC 4.2 from the gills of zebrafish and trout (and not neuronal tissue) |

154



decided to further investigate the potential role of the ASIC 4.2 isoform as the
potential Na* channel in fish gill.
Summary of methodological approach

To investigate the molecular identity of a Na® channel for use in ion
uptake | performed various blast searches of ENaC subunits to the zebrafish
database. Primers designed against an unknown clone in the database from
kidney revealed a match to ASIC4.2 in zebrafish gill. | proceeded to
demonstrate the presence of this channel in trout gill tissue and isolated MR
and PV cells. Initial attempts to assess the role of this channel in ion uptake
were performed with low Na® exposures in zebrafish followed by semi-
quantitative and quantitative PCR. Localization of ASIC4.2 in larval zebrafish

was also attempted via in-situ hybridization.
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Results

Cloning of Zebrafish (zf) ASIC 4.2

Using the protein sequence of the alpha subunit of mammalian ENaC,
| performed a blast search of the zebrafish EST database. A candidate
protein of unknown identity was found from kidney tissue that exhibited a 49%
positive identity with aENaC (GenBank: CK238032.1). Various primers were
designed against this unknown clone from kidney and PCR was performed on
zebrafish gill cDNA. A band of ~500 bp was amplified using the primer set
FWD (TTC CGC CCA AGA GCC GTA AAG) and RVS (GGA TGA AGC CCG
ACA GTT) in agreement with the predicted size of 477 bp for this primer set
(Fig. 6.1a).

The band was excised from the gel and purified, cloned into pJET 1.2
cloning vector, checked by colony PCR and sequenced as described in the
methods section. Translation of the open reading frame revealed a nearly
100% sequence homology with the previously cloned zf ASIC 4.2 (Chen et
al., 2007; Paukert et al., 2004) (See Fig. 6.2 for alignment of zf contig, trout
contig, and ZF known ASIC 4.2 sequence). RT PCR demonstrated
expression of this gene in adult gill, spleen, kidney, liver, heart, and brain

along with 12, 24, and 48 hour post fertilization embryos.

Semi-quantitative PCR

To investigate whether this gene was important in gill ion uptake, | first

performed a preliminary semi-quantitative PCR experiment. Wild type adult
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zebrafish were removed from a high Na* environment (~12mM) and placed in
a low Na® environment (~500 pM) to follow acclimation over a seven-day
period. Fish were removed at 6h, 24h, 4d, and 7d following transfer to low
Na* and total RNA was extracted from gill tissue. All of the gills were required
from each fish to achieve sufficient RNA extraction, which decreased my
expected number of replicates from each time point. Semi-quantitative PCR
was performed on cDNA from the various time points with samples being
removed at 22, 24, 26, 28, and 30 cycles and equal amounts of PCR product
were separated out on an agarose gel (Fig 6.3a). These preliminary results
indicated a time dependent increase in gene expression of ASIC4.2 following
exposure to low environmental Na* conditions. Low expression was noted at
6h and a steady increase occurred with an apparent peak of expression at 4d
and 7d post exposure. However, the control sample was obtained by taking
fish reared in chronic high Na* control water, and this sample also had a high
level of expression. These results were compared to the same semi-
quantitative PCR analysis of B-actin gene expression, which did not indicate
any noticeable changes in expression between treatments (Fig 6.3b). These
results indicated that ASIC4.2 expression is altered during an ion challenge

which prompted the use of more quantitatively reliable techniques.

Real Time Quantitative PCR (Q-PCR)

A new protocol was set up to obtain gill cDNA for Q-PCR analysis.
Zebrafish were placed into two separate black tanks (42 fish in each tank) in

“high” Na* water (~12mM). The water was not in a flow through system but
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was continuously aerated and replaced each day as fish were acclimated to
these conditions for 7 days. Fish were fed daily during the acclimation period
up to 1 day before the start of the experiment and then starved for the course
of the low Na® exposure. Gill samples were removed at t=0h to serve as a
control. One tank was then changed over to City of Edmonton tapwater (~500
UM Na*) while the other tank was replaced again as before with the “high” Na®
water. Water Na* levels were confirmed via atomic absorption spectrometry.
Samples were removed from both tanks at 6h, 24h, and 4d. One sample or
“n” consisted of all the gills from 3 different fish and 12 fish were removed at
each time point for an n=4. It is important to note that unfortunately, the “high”
Na® water was ~pH 7.10 while the low Na* tapwater was ~pH 8.30. | was
unable to alter this as the pH difference was noticed at t=6h when the
experiment was already underway.

Primers for Q-PCR were designed with software linked to the ABI Q-
PCR machine. 4 different primer sets were designed for ASIC4.2, 2 for
elongation factor 1 a, and 2 for ribosomal L8. Regular RT-PCR was
performed for each primer set and a predicted product of 75 bp was present
for all but one of the primer sets (Fig 6.4). Q-PCR primer validation indicated
that primers for ASIC4.2 (FWD: ACC AAA TCA TCA CAATGC ACA AC RVS:
AAT GAA CAG ACA GAG GTC GTC CTT) and elongation factor 1 a (FWD:
TCC CAA CCT CTT GGA ATT TCT C RVS: CCG ATG GGT TTT AAT CAG

CAT T) were valid for ddCt analysis.
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Q-PCR revealed a steady increase in gene expression in response to
low Na™ acclimation over the 4 days of exposure (Fig. 6.5). Interestingly, there
was also a rapid increase zf ASIC4.2 gene expression in the High Na® group
by 24h that was maintained at 4 days. No statistical differences were noted

between groups.

In-situ hybridization of ASIC4.2

The 477 bp ASIC4.2 fragment was re-amplified from gill tissue and
inserted into the Topo TA 2.1 vector. After sequencing, selected clones
exhibited the inserted fragment in the opposite orientations and two were
selected to make the in-situ antisense and sense probes. These probes were
first applied to 24, 48, and 72 hpf (hours post fertilization) embryos however
the coloration reaction was not successful. The technique was re-applied to
72 hpf embryos only. Positive signal appeared in the zebrafish where
embryonic ion transport occurs, however, this was also found in the sense

strand indicating that the probe was not effective (Fig. 6.6).

Cloning of ASIC4.2 From Trout Gill

My thesis focuses primarily on trout and the mechanisms of Na*
uptake, therefore | was interested in investigating ASIC4.2 in trout gill. Using
the same primer set that was successful in zZfASIC4.2, | was able to amplify
the same fragment from trout gill tissue, and more importantly, from both
isolated MR and PV cells (Fig 6.1b). Sequencing revealed 100% homology to

the zfASIC4.2 for this 477bp fragment of the gene (Fig 6.2). This is the first
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molecular evidence for ASIC4.2 in trout but time constraints prevented me

from pursuing this avenue of research further.
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Discussion

The lack of molecular information for an epithelial Na* channel in any
fish has prevented the confirmation of the apical VHA Na* channel model for
Na* uptake and given credibility to a role for NHEs even in the face of
adverse thermodynamic constraints. In this chapter, | pursued the cloning of
what was originally thought to be an ENaC homolog in fish. However, this
turned out to be a match to the previously described zfASIC4.2 (Chen et al.,
2007; Paukert et al., 2004). Regardless, a number of points regarding this
Na® channel caused me to continue to explore whether there might be a role
for ASIC4.2 in apical Na* uptake at the FW fish gill. These included a lack of
pH sensitivity, amiloride sensitivity, robust expression on the cell surface, and
the fact that it is the earliest ASIC to occur during development (Chen et al.,
2007; Paukert et al., 2004). These unique properties of ASIC4.2 compared to
other members of the ASIC family indicated a potential for utilization as the
apical Na* conductance in FW fish gill cells.

Admittedly, this data chapter requires significant further
experimentation and refinement (discussed below) to confirm the ASIC4.2 as
the apical Na® conductance, however, some promising results were
discovered. Both semi-quantitative and quantitative PCR demonstrated a
change in gene expression in response to a low Na’ challenge. Q-PCR
results were not statistically significant but this was possibly due to
confounding variables mentioned below. Regardless, if ASIC4.2 is only a

neuronal channel as has been postulated in the early analysis of this family of
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transporters, it should be unaffected by changes in environmental ion
concentrations. Therefore, the low Na* exposures and apparent changes in
gene expression of ASIC4.2 indicate a possible biological significance in
apical Na* uptake and should be pursued further.

Interestingly, the control high Na* fish also had a rapid increase in
ASIC4.2 gene expression by 24h that remained high at 4 days compared to
time zero. This increase actually occurred quicker than the low Na® group. A
possible explanation for the low Na® group having a delay is that the
freshwater was of a higher pH. From thermodynamic considerations in
chapter Il this would favour the use of an NHE instead of a Na* channel and
therefore reduce the necessity for use of a Na* channel. Eventual
upregulation by day 4 of ASIC4.2 indicate that it is actually required to ensure
Na® uptake in low Na* environments. For the high Na* group, the only change
during the experiment was the removal of feeding. A possible explanation for
the increase ASIC4.2 expression in this group is that the fish food used (Trout
chow) is high in salt content. When this food is ingested on a regular basis by
the zebrafish, they absorb enough NaCl through the intestine to maintain the
levels required in their plasma (while being maintained in a relatively hard FW
of ~12 mM Na"). This intake of NaCl from the food, coupled with a tight gill
epithelium, would not require a great deal of active transport of NaCl at the gill
and an NHE could function under these conditions. However, when the food
is removed, the zebrafish is then required to obtain the essential salts from

the water, leading to an elevation of the Na* channel gene expression. If this
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hypothesis holds true, it would be rather powerful as it is showing that a Na*
channel (ASIC4.2) is required for uptake in a freshwater environment even of
~12 mM NaCl. A caution in this diet related prediction and ASIC4.2
expression is that the low Na® group also experienced a cessation of feeding
and yet their gene expression alteration was delayed compared to the high
Na® group. This cannot be explained with the limited data set thus far and will
need to be explored in the future.

Dietary salt has been shown to influence gill function in previous
studies. A high salt diet in rainbow trout caused the conversion of the FW
trout gill morphology to a more typical SW morphology (Perry et al., 2006). In
addition, a study on the natural diet of salmonids estimated that NaCl uptake
from food may potentially exceed uptake from the water across the gills
(Smith et al., 1989). It was even suggested that under certain seasonal
conditions, dietary salt uptake may temporarily exceed the Na* requirements
to maintain homeostasis and excretion of excess Na* may need to occur. Na*
loss at the gills was then shown to be responsible for maintaining Na*
homeostasis in response to high dietary Na® (Smith et al., 1995). It was also
demonstrated that Na® is rapidly absorbed across the gut of rainbow trout
(Smith et al., 1995) and that faecal material is low in Na* content even in fish
fed a high Na* diet (Salman and Eddy, 1988). Dietary salt has also been
shown to be essential in maintaining ion homeostasis during exposure to
chronic acidic environments, a situation that decreases Na™ and CI~ uptake at

the gill (D'Cruz et al., 1998; D'Cruz and Wood, 1998; Dockray et al., 1996).
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Recently, a net absorption of CI" and K* but not Na* was shown following a
meal in rainbow trout however the authors speculate that the lack of Na*
absorption in their study may be due to confounding external and internal ion
and pH levels (Bucking and Wood, 2006). The influence of diet on ion
homeostasis needs to be carefully considered and controlled for in future
studies on ion transport in freshwater fishes, a fact that is not generally
discussed in the literature.

(a) Future Directions

These Na® challenge experiments need to be repeated with the high
Na® and low Na® water having matching pH values. This will help discount
any effect of pH on gene expression for an ASIC compared to an NHE. The
best way to perform this would be to acidify a large volume of tap water and
set up a re-circulation system. It would also be best to perform these
experiments with fed and unfed (and also pre-starved) fish. This suite of
experiments should clearly establish the gene expression pattern in response
to low environmental Na”.

Preliminary radiotracer Na* uptake experiments were performed on
zebrafish with minimal success. The main obstacle was thought to be a lack
of access to a gamma counter. However, we have indications that perhaps
the zebrafish take up very little Na* as we were unable to match the Na*
uptake results described previously (Boisen et al., 2003). To ensure our
experimental set up was functioning properly we performed the same

experiments on juvenile rainbow trout and found Na® uptake rates that
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matched previously reported values. To my understanding, no other
publications have reported values to match with the Boisen paper and
apparently further experimentation is required in this area. These radio-tracer
experiments could be repeated (assuming establishment of proper control
Na® uptake rates) to compare rates of branchial Na* uptake (from the water)
in fed and unfed fish. | predict that fed fish will have sufficient levels of NaCl
and not require as much Na* uptake compared to unfed fish. | also propose to
perform these experiments in the presence and absence of phenamil to
solidify the pharmacology of the Na* channel hypothesis. Zebrafish ASIC4.2
has been expressed in Xenopus oocytes and amiloride was demonstrated to
abolish the electrophysiological properties of the channel (Paukert et al.,
2004). It is important to repeat these experiments with phenamil to match the
importance of ASIC4.2 in whole animal Na* uptake experiments. Currently no
pharmacological data is available for any of the ASIC family members with

respect to phenamil sensitivity.

Localization of ASIC4.2 to the gill epithelium

My preliminary RNA in-situ hybridization experiments were
unsuccessful for ASIC4.2 in zebrafish. New probes need to be designed of
larger size and with attention to exon-intron boundaries to increase the
specificity of the probe. It will also be important to determine when maximum
gene expression is achieved (see above) and then use fish from those

conditions for in situ analysis. If these results are promising, | would propose
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to perform in situs on adult gill sections and develop an antibody to look at

protein expression patterns as well.

Interaction with other ion transporting proteins

Pung-Pung Hwang’s group have shown molecular evidence for the use
of NHE3b and CA15 In response to low environmental Na* (Lin et al., 2008;
Yan et al., 2007). It would be important to perform Q-PCR on these proteins
in addition to ASIC4.2 on the Na® experiments described above to get an
indication of the relative importance of each under low Na® stress. If the
molecular information for FW fish CBE becomes available (from the proposed
slc26 family) then these genes would be analysed as well for an overall index

at the qill.

Kidney Expression of ASIC4.2

This series of experiments was initiated by kidney sequence for
ASIC4.2. Therefore, it is possible that it is utilised in kidney for Na® re-
absorption. Gene expression data in kidney in response to ion stresses would

be a more long term goal of this project.

Developmental studies

Gene knockdown of ASIC4.2 in zebrafish using morpholinos combined
with the above experiments would solidify if this channel acts as the apical
Na® conductance in FW fish embryos. In these experiments, survival and Na*
uptake would be observed in response to gene knockdown. In addition,

compensatory changes in NHE3b expression would also be observed. These
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experiments could also be done in the low Na® experiments to observe

importance under stressed and control conditions.

Perspectives

Although this study is still in the preliminary stages, it provides the
framework for uncovering the molecular information for the Na* conducting
channel in FW fish. Confirmation of this channel's role via the above
mentioned experiments will be a major advance in the comparative

physiology field of research.
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Figures

ZF Gill cDNA screening
of possible ENaC a

f_%

HF DGNRT Primer Primer
NHE2 set#1 - set#2
I_H

1000 bp MR Cells PV Cells Gill Tissue

500 bp

Figure 6. 1 ASIC4.2 RT-PCR results from zebrafish and trout.
Representative RT-PCR results from zebrafish (A) and trout (B). A product of
~500 bp was identified in zebrafish and trout gill and specifically in trout PV
and MR cells.
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Figure 6. 2 ASIC4.2 sequence

Amino-acid sequence alignment for the open reading frame of the cloned
trout (top line) and zebrafish (bottom line) ASIC from this study compared to
the published ASIC4.2 zebrafish sequence (middle line: Reference sequence
NP_999951.1). Yellow shaded regions indicate identical amino acids between

all three sequences.
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Figure 6. 3 Semi-quantitative PCR results for the time course exposure of
zebrafish to low environmental Na”.

Samples were loaded in the following order: 1 Control chronic high Na*, 2 6h
low Na*, 2 24h low Na*, 1 4d low Na*, 2 7d low Na*, 1 chronic low Na*. PCR
cycle numbers are indicated above respective bands on the gel. Changes in
gene expression were indicated for ASIC4.2 (A) but not for B-actin (B).
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75 bp

ASIC4.2 primers  Elongation Ribosomal

Factor 1a L8 primers
primers

Figure 6. 4 Primer validation for Q-PCR analysis
RT-PCR revealed a predicted product size of ~75bp in zebrafish gill tissue for

the designed primer sets.
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Figure 6. 5 Quantitative PCR analysis of ASIC4.2
Q-PCR results for ASIC4.2 expression in zebrafish gill tissue following
exposure to low environmental Na*. Red bars represent fish left in high Na*

water (~12mM) while blue bars represent fish exposed to low Na* water

(~500uM).
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Figure 6. 6 RNA in-situ analysis of ASIC4.2 in zebrafish embryos.

Representative images demonstrating that both antisense (A, B) and sense
(C, D) probes displayed similar patterns of staining indicating that this probe
was ineffective. Scale bar is equivalent to 20 ym.
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Chapter VII: Cellular mechanisms of CI" transport in trout gill

mitochondrion-rich (MR) cells’

'A version of this chapter has been published previously.

Parks, S. K., Tresguerres, and Goss, G. G. (2009) Cellular mechanisms of
CI" transport in trout gill mitochondrion-rich (MR) cells. American Journal of
Physiology-Regulatory Integrative and Comparative Physiology. 296: R1161 -
R11609.
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Introduction

Freshwater fish continually face an ionic stress due to large volumes of
dilute water that pass over their gill epithelium. This is compounded by an
acid-base disturbance as the mechanisms of ion and acid-base transport are
linked at the gill. The fish maintains homeostasis by active transport at
specialized mitochondrion-rich (MR) cells on the gill surface. Consequently,
the freshwater gill has been an important model system in understanding the
transport mechanisms that enable overcoming of unfavorable ion gradients.
In the past decade numerous studies have utilized a variety of techniques to
elucidate the mechanisms of ion and acid-base transport in freshwater fishes
(Chang and Hwang, 2004; Evans, 2008; Galvez et al., 2002; Georgalis et al.,
2006; Goss et al., 2001a; Hiroi et al., 2008; Horng et al., 2007; Hwang and
Lee, 2007; Ivanis et al., 2008b; Katoh et al., 2008; Lin et al., 2006; Lin and
Hwang, 2004; Lin et al., 2008; Parks et al., 2007b; Perry, 1997; Perry et al.,
2003a; Perry and Gilmour, 2006; Reid et al., 2003; Tresguerres et al., 2006a;
Yan et al., 2007), which we have reviewed recently in our lab (Parks et al.,
2008; Tresguerres et al., 2006a). However, both general traits and specific
details about the cellular and molecular mechanisms remain largely unknown.

Two distinct subpopulations of MR cells have been characterized at
the trout gill based on their ability to bind peanut lectin agglutinin (PNA) and
termed PNA™ and PNA" MR cells (Galvez et al., 2002; Goss et al., 2001a;
Reid et al., 2003). PNA" cells were proposed to carry CI/HCO3; exchange

(Galvez et al., 2002) and PNA" cells have been implicated in Na* uptake and
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H* secretion (Parks et al., 2007b; Reid et al., 2003). However, a recent study
has suggested that the division of functions between trout MR cell subtypes
may not be that clear cut (lvanis et al., 2008b). In addition, a detailed
immuncytochemical study on Mozambique tilapia has proposed that as many
as four MR cell subtypes may exist at the gill (Hiroi et al., 2008) and it
suggested that apical Na'/ClI" cotransporters (NCC) may constitute a
previously unappreciated way of ion uptake in freshwater fish (Hiroi et al.,
2008). In most freshwater fishes examined, the bulk of apical chloride uptake
supposedly occurs via a CI'/HCO3;™ exchanger (CBE) (Goss and Wood, 1991;
Kerstetter and Kirschner, 1972; Krogh, 1939; Maetz and Garcia-Romeu,
1964) which has been demonstrated to be SITS and DIDS sensitive in whole
animal experiments (Chang and Hwang, 2004; Perry and Randall, 1981).
Based on immunoreactivity in the Atlantic stingray (Dasyatis sabina) qill, the
CBE appears to be a member of the SLC26 family (Piermarini et al., 2002),
but direct evidence is lacking for the teleost gill.

At the basolateral membrane, part of the Na* exits to the blood via the
Na'/K*-ATPase (for review see (Evans et al., 2005)). Using intracellular pH
(pH;) imaging in isolated gill cells, | have experimentally determined that a
basolateral electrogenic Na*/HCOj3™ cotransporter (NBC) is also involved in
transepithelial Na* transport (chapter 4; (Parks et al., 2007b)). However,
basolateral CI" transport in the MR cells from freshwater fish has received
much less attention. The prevailing hypothesis is that CI" moves through

basolateral channels driven by the blood-positive electrochemical potential.
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Support for this model is found in immunostaining at the basolateral
membrane of MR and pavement cells in the opercular epithelium of
freshwater killifish (Marshall et al., 2002). In addition, a current consistent with
a maxi-Cl" channel was described in cultured gill cells of rainbow trout and
postulated to transport CI” across the basolateral membrane (O'Donnell et al.,
2001). Finally, expression of a CLC-3-like protein (a member of the CLC
chloride channel family) has been shown to be greater in the gills of
freshwater acclimated pufferfish compared to seawater acclimated animals
(Tang and Lee, 2007a). The CLC-3-like protein was proposed to be located at
the basolateral membrane and involved in transepithelial CI" uptake while a
CBE on the basolateral membrane would be involved in intracellular
acid/base regulation (Tang and Lee, 2007a; Tang and Lee, 2007b).

The goal of this chapter was to examine potentials routes for CI
movement in isolated freshwater trout gill MR cells. | have monitored their
intracellular pH (pH;) behavior in real time in response to CI" substitution and
present evidence directly demonstrating the presence of a CI/HCOs
exchangers in two functionally distinct MR cell subtypes. | have also found a
peculiar acidification event following CI" removal which is attributed to a CI
dependent Na*/H* exchanger mechanism. These results are discussed in the
context of an overall mechanism for transepithelial CI" uptake at the
freshwater fish gill along with regulation of pH.

Summary of methodological approach
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To investigate the mechanisms of CI" transport in trout gill MR cells, |
used the intracellular pH (pHi) imaging technique of isolated cells as
described for chapter IV. Functional separation of MR cell subtypes was
performed via Na* substitution experiments followed by exposure to Cl-free
conditions. Further experiments were performed with CI" manipulations alone
along with pharmacological blocking agents and removal of HCO3™ from the
solutions to investigate the presence of CI/HCOj3 exchangers. CI" induced
acidification was investigated with pharmacological blocking agents for the CI
dependent NHE. The Na® induced alkalinization was also exposed to a
variety of pharmacological blocking agents. Lastly, | addressed the issue of a
loss in cellular polarity following isolation by examining the morphology of

isolated cells via scanning electron microscopy.
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Results

SEM of isolated MR cells

A main criticism associated with studying ion transport mechanisms in
isolated cells is the potential loss of polarity, mainly because epithelial cells
are specialized for vectorial transport. Results from a previous study suggest
that cell polarity was maintained after isolation (chapter 4 (Parks et al.,
2007b)) since coupling between apical and basolateral processes following
isolation was demonstrated. However, maintenance of cell polarity following
isolation has not been directly established. In Figure 7.1, | demonstrate that
the morphology of isolated trout gill MR cells clearly maintain an apparent
polarity as seen under SEM. Some isolated cells demonstrated a clear
polarity where one surface displayed fingerlike projections while the opposite
pole displayed a wavy, fold-like appearance suggesting apical and basolateral
membranes respectively (Figures 7.1 a, b). In the same preparation, | also
include a picture of a contaminating pavement cell (PVC) in my MR cell
population indicating that the distinct microridges characteristic of PVCs can
be maintained in isolation as well (Figure 7.1 c). Previously published SEM
images (Greco et al., 1996) of intact trout gill epithelia are provided (Figure
7.1 d and e) to assist the reader in comparing the isolated cell SEM to that

found in an intact gill.
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Pharmacological profile of Na* induced alkalinization event

A functional separation of trout gill MR cell subtypes based on their
response to Na® substitution experiments was demonstrated previously in
chapter IV (Parks et al., 2007b). Cells responded either with an acidification
or alkalinization when switched from Na® containing medium to Na® free
medium (Parks et al., 2007b). In that chapter, it was shown that the Na”
induced acidification was due to the interaction of transporters in the apical
and basolateral membrane where Na* enters the cell through apical channels
and exits via basolateral NBCs; with the exit of HCO3™ resulting in acidification
of the cell. In the current chapter | sought to resolve the transporter involved
in the other noted cellular behavior, the Na* induced alkalinization. Switching
the perifusion solutions from Na’-free to Na'-containing resulted in an
alkalinization in a subpopulation of cells (as demonstrated previously in
chapter IV (Parks et al., 2007b)). Since this manipulation is repeatable, it
allowed me to apply various pharmacological inhibitors in specifically
identified cells (see Figure 7.2a for a sample trace). The general inhibitors of
NHEs (amiloride, 500 uM), Na* channels (phenamil, 50 uM), and Na*/HCO3
co-transporter (DIDS, 1mM) had no inhibitory effect on the alkalinization
(Figure 7.2c). Similar concentrations of these inhibitors were effective in
inhibiting other pH; regulatory processes in isolated MR cells as shown in
chapter IV (Parks et al., 2007b). Furthermore, no effects were observed with
inhibitors of either carbonic anhydrase (500 uM acetazolamide) or Na*/K*-

ATPase (500 uM ouabain, data not shown). However, EIPA (500 uM), which
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is @ more selective inhibitor of mammalian NHE1 than other NHE isoforms
(Masereel et al., 2003) and the CI-dependent NHE (Sangan et al., 2002), did
have an effect and replaced the alkalinizing behavior by an acidification
(Figures 7.2 b, ¢). The insensitivity to amiloride and other results shown below

advocates for a Cl'-dependent NHE.

Cr induced alkalinization in two functionally identified MR cell populations

In this series of experiments cells were exposed to CI" free medium
following identification by Na® removal (Figure 7.3) to examine the CI
dependent mechanisms in each of the cell types. Both functionally identified
MR cell subtypes responded to CI" free conditions with an alkalinization of pH;
indicating that a CI/HCOj3; exchanger was being driven in the reverse
direction as CI" exited the cell to achieve equilibrium (Figures 7.3 a, c).
Summary statistics of the CI° free exposure demonstrated a significant
alkalinization event in the Na* acidified cells (-0.10 + 0.01 pH units/min in Na*
compared to 0.18 £ 0.03 pH units/min in CI" free) and a greater alkalinization
rate (0.27 + 0.04 pH units/min in Na* compared to 0.51 + 0.07 pH units/min in

CI free) in the Na* alkalinizing cells (Figures 7.3 b, d).

Inhibition of CI' induced alkalinization

Since both functionally (Na* substitution) identified MR cell subtypes
responded to CI" removal with an alkalinization of pH;, | eliminated the initial
Na® substitution to focus on the CI dependent mechanisms. However, in this

protocol, while some cells still responded to CI" free conditions with an
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alkalinization, others acidified instead. | first focused on the alkalinization
behavior. The CI" free induced alkalinization was a repeatable event, enabling
comparisons of pH; recovery rates between controls and treatments within the
same cells (Figure 7.4a). In cells demonstrating a CI° free induced
alkalinization (0.13 + 0.02 pH units/min), the presence of DIDS, a general
inhibitor of CI/HCO3;™ exchangers prevented the CI free induced alkalinization
(-0.08 £ 0.02 pH units/min; Figures 7.4b, c).

Since most CI" dependent pH regulated transport processes are linked
to HCOj3 transport, | conducted experiments in HCOj3; free solutions that were
continuously aerated with 100% O, during the experiments. Equilibration with
HCO3 free medium was established before testing the effect on CI free pH;
alterations. Similar to the results found with DIDS, removal of HCO3™ from the
extracellular fluid effectively eliminated the CI free induced alkalinization
(0.12 £ 0.02 pH units/min) which was replaced with an acidification (-0.21 %
0.04 pH units/min) (Figure 7.4c). A lack of alkalinization in CI" free/HCOj3" free
conditions coupled with DIDS inhibition supports the hypothesis of a CI
/HCO3 exchange mechanism present in both MR cell populations.

Further support for the presence of a CBE was obtained when cells
recovering in Na® free media from a Na’-induced acidosis were then
compared to the same manipulation in the presence of 1 mM DIDS (Figure
7.5). Cells showed a consistent pH; recovery from Na®-induced acidosis in

Na® free conditions (0.44 + 0.06 pH units/min, Figure 7.5a) which was
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significantly inhibited by the presence of DIDS (0.15 £ 0.02 pH units/min;

Figures 7.5b, c).

CI free conditions induce an acidification of pH;

As mentioned above, switching from NaCl to CI" free solution resulted
in a peculiar CI" free induced acidification of pH; in the majority of cells (Figure
7.6a). This event was repeatable and was found to be greater in the absence
of extracellular HCO3™ (Figures 7.6a, b). Moreover, when experiments were
performed in the absence of HCOs, | observed the CI free induced
acidification in all cells. One possible explanation for this behavior is
activation of a CI" dependent Na*/H" exchange. This transporter has been
cloned from mammalian colon and is suggested to play an important role in
both movement of Na* across the epithelium and pH; regulation (Rajendran et
al., 1995; Rajendran et al., 1999; Rajendran et al., 2001; Sangan et al., 2002).
It has been demonstrated that the CI" dependence of the NHE activity is not
the result of interactions with a CI/HCOj3™ exchanger but presumed to be due
to an association with a CI" channel (Rajendran et al., 1999; Rajendran et al.,
2001; Sangan et al., 2002). A hallmark feature of the CI" dependent NHE is a
much greater sensitivity to the NHE inhibitor EIPA than amiloride along with
inhibition by the CI° channel blocker NPPB. | hypothesized that when
subjecting the MR cells to CI" free conditions, CI" exit from the cell via a CI’
channel would result in the activation of a CI" dependent NHE where Na® is
brought out of the cell in exchange for external H*. To test this hypothesis, |

tested the effects of NPPB and EIPA in the absence of extracellular HCOs'. |
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found that NPPB (500 uM), a general inhibitor of CI" channels, replaced the
CI" free induced acidification with an alkalinization (Figures 7.7a, b). | then
tested inhibition of the NHE portion of the system. Amiloride (500 uM) or EIPA
(100 uM) did not affect the acidification of pH; caused by CI" free conditions
(data not shown). However, at higher concentrations of EIPA (500 uyM), the
acidifying effect of CI" free medium was effectively inhibited (Figure 7.7b).
These results, together with the EIPA sensitivity of the Na'-induced
alkalinization described earlier, support the presence of a ClI" dependent NHE

in gill MR cells.
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Discussion
In this chapter | provide the first direct physiological evidence for CI

/HCO3; exchange at the fish gill MR cells. My results also indicate a unique
intracellular acidification associated to CI" exit from the cell and potential
linkage with a NHE. These data provide an important step in understanding
the complexity of overall transport mechanisms in fish gill MR cells.

A criticism of working with isolated cells from a transporting epithelium
is that there is a perceived loss of membrane polarity. | fully recognize this
limitation and the difficulty in attributing results from isolated cells to in vivo
conditions (as also discussed above in chapter IV). My SEM results help to
alleviate those concerns, as trout isolated MR cells maintain external
morphological polarity similar to that demonstrated for isolated MR cells from
mammalian kidney (Schafer et al., 1997) and Japanese eel gill (Wong and
Chan, 1999b). However, | am still aware that external morphology does not
necessarily correspond to ultrastructure or functional polarity. That the
internal ultrastructure, in particular the elaborate tubular system, of gill MR
cells can be maintained following isolation has been established early on
(Philpott, 1980). More recently (as described in chapter V), functional apical-
basolateral coupling of ion transport processes was demonstrated which
suggest the maintenance of functional cell polarity in isolated MR cell
populations (Parks et al., 2007b). While a definitive confirmation of polarity in
isolated cells awaits more advanced electrophysiological and/or imaging

methods, | believe that primary cultures of isolated gill MR cells combined
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with real-time pH; imaging is a robust technique to study ion transport

processes.

CI/HCO3 exchange in both MR cell populations

Using Na* substitution to originally separate MR cell populations, my
hypothesis was that by using CI" substitution | would uncover CI" uptake
mechanisms in the Na* alkalinizing MR cells. This MR cell population, the
PNA* MR cells, is proposed to be responsible for transepithelial CI~ uptake
(Galvez et al., 2002; Goss et al., 2001a; Parks et al., 2007b; Tresguerres et
al., 2006a). Interestingly | discovered that both functionally identified MR cell
populations responded to CI" free conditions with an alkalinization of pH.
Under CI free conditions, the gradients would favor a CBE working in the
reverse direction thus bringing HCOj3 into the cell and resulting in an increase
of pH;. This cellular behavior has been used to demonstrate the presence of a
CBE in colonic crypt cells (Ikuma et al., 2003). In my experiments, DIDS and
the removal of extracellular HCO3; was effective in abolishing the CI free
induced alkalinization. Furthermore, DIDS effectively inhibited the Na* free
pH; recovery from Na" induced acidification. Combined, these results present
the first direct cellular evidence for a CBE in freshwater gill MR cells. Given
the models that exist for freshwater fish gill, | tentatively propose that this CI’
/HCO3™ exchange activity would function on the apical membrane for apical CI
uptake in one MR cell (PNA") population while performing pH; regulation at
the basolateral membrane in the other MR cell (PNA") subtype. Based on

previous analysis of the proportion of cells in a mixed MR cell population
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responding in a functionally distinct manner (Parks et al., 2007b), these
mechanisms would be ascribed to the PNA™ and PNA" MR cells respectively.
Although | can not definitely assign polarity to these mechanisms, the above
discussion is in line with currently accepted models for overall CI" transport at
the freshwater fish gill (Evans et al., 2005; Hwang and Lee, 2007;
Tresguerres et al., 2006a).

The need for consideration of thermodynamic constraints on ion
transport in freshwater fishes has been discussed already in this thesis (see
Chapter Il and IV above and (Parks et al., 2008; Tresguerres et al., 2006a)).
Unfavorable gradients exist for the action of an electroneutral CBE. However,
consideration of the microenvironments within the cell coupled with the driving
force provided by basolateral V-type H*-ATPase (VHA) provide theoretical
support for a CBE functioning in freshwater (Tresguerres et al., 2006a). The
results in this chapter further contribute to the presence of a CBE in
freshwater gill MR cells.

In fish, CBE was originally proposed almost 80 years ago as a means
for CI" uptake from the water (Krogh, 1939). While a role for members of the
AE family of transporters (SLC4) was extensively researched, no conclusive
evidence could be obtained for a role in the fish MR cell. Focus has shifted to
investigating members of the Slc26 gene family of anion exchangers which
are known to transport a variety of counter-ions including HCO3" (Mount and
Romero, 2004). Recent work on the euryhaline pufferfish (Takifugu obscurus,

mefugu) demonstrated the role of Slc26a6A and Slc26a6B for HCOg3
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secretion in the intestine and the formation of carbonate precipitates (Kurita et
al., 2008). Slc26A1 has been cloned from rainbow trout trunk kidney, where it
facilitates sulfate secretion (and likely base absorption as well) (Katoh et al.,
2006). Although a few abstracts have reported the presence of Slc26a6
based on molecular studies in trout (Goss et al.,, 2005) and zebrafish gills
(Bayaa and Perry, 2005), these results have not been published in the

primary literature.

CrI free induced acidification

When the initial Na® substitution portion of my experiments was
removed to focus on the CI" free induced alkalinization, | observed an
acidification of pH; in the majority of cells. This had not been observed in my
original experiments of CI" free exposure following initial Na* substitution. This
behavior was peculiar in that no obvious predicted mechanisms for an
outward flow of CI" from the cell would cause an acidification of pH;. | noted
that the rate of acidification in the absence of HCO3; was greater than in the
presence of HCO3™ suggesting the contribution of a HCO3™ import mechanism.
Alternatively, the noted increased rate of acidification could result from a
reduced cellular buffering capacity as a result of HCOg3™ depletion.

A candidate for the CI" free induced acidification is a linkage to a H*
importing Na*/H* exchanger (NHE). A transporter with this characteristic is
the CI" dependent Na*/H* exchanger (CI-NHE) that has been sequenced and
characterized in mammalian colonic crypts, where it is responsible for pH;

recovery and overall fluid absorption (Rajendran et al., 1995; Rajendran et al.,
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1999; Rajendran et al., 2001; Sangan et al., 2002). CI-NHE is also expressed
in a wide range of epithelial tissues suggesting a role in several transport
processes (Sangan et al., 2002) including cellular volume regulation (Goss et
al., 2001b). CI-NHE activity was first described in red blood cells from dogs
(Parker, 1983) and has since been also shown in trout red blood cells
(Guizouarn and Motais, 1999), barnacle muscle fibers (Davis et al., 1994),
and cultured rat mesangial cells (Miyata et al., 2000). The pharmacological
profiling from our studies on the CI free induced acidification match that of the
CI-NHE profile (Sangan et al.,, 2002). Although the mechanism of CI
activation for NHE in this protein remains unclear | predict from my data that
the extrusion of CI" via a CI" channel results in an activation of a CI-NHE in
reverse mode to import H* from solution in exchange for cellular Na".
Normally, the CI-NHE acts for H" removal from the cell and this is what |
would predict would occur in the fish gill MR cells in vivo as well. | postulate
that both MR cell populations possess a type of CI-NHE on the basolateral
surface since all cells exhibited the CI" free acidification when extracellular
HCOs3; was absent. This protein could be utilized for both pH; and cell volume
regulation. The importance in cell volume regulation is particularly attractive
for future studies as these MR cells face changing freshwater environments.
This is the first suggestion for a CI-NHE in the gills of any fish species and
although | ascribe the CI" free acidification to a CI-NHE based only on

pharmacology at this time, it will be the focus of future studies in our lab.
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It is peculiar that | only observed the CI free induced acidification when
the initial Na* free to Na® containing substitution was eliminated from the
experimental design. | speculate that Na* substitution primed both MR cell
types to uncover the alkalinizing activity of a CBE. A likely explanation is that
the initial Na* treatment resulted in cellular CI” loading. In the Na* alkalinizing
cells, a CBE would counteract the alkalinization by exporting HCO3™ in
exchange for CI'. When extracellular CI" is subsequently removed, CI/HCOs3
exchange is reversed alkalinizing the cells. In chapter IV | demonstrated that
in the other MR cell (PNA") population the Na™ acidification was due to HCO3
export via a basolateral NBC (Parks et al., 2007b). In this scenario, the cell
would be depleted of HCO3™ and then removal of extracellular CI" would create
a gradient for a CBE working in reverse mode. The above behaviors would
both result in activation of a CBE in reverse mode and account for the

observation of CI" free pH; alkalinization.

Na® induced alkalinization

My earlier work demonstrated a functional separation of trout gill MR
cell subtypes based on Na® substitution (Chapter 1V). Although the Na*
induced alkalinization was insensitive to high concentrations of amiloride, it
was inhibited by the more specific NHE blocker EIPA suggesting a
commonality to the CI free acidification mechanism mentioned above. In light
of the recent NHE characterization in ion transporting cells from trout (lvanis

et al., 2008b) and zebrafish (Yan et al., 2007) coupled with the implications
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for a CI-NHE in this study, the in vitro functional and pharmacological

characterization of fish NHEs is imperative.

Perspectives and Significance

Here | have presented direct functional evidence for CBE in two
populations of MR cells at the freshwater fish gill. The CBE is proposed to
play important roles in transepithelial CI" uptake and pH; regulation in the
PNA" and PNA" MR cells, respectively. | also describe an interesting CI" free
acidification of pH; which leads me to propose the involvement of a CI-NHE in
pH;i regulation in these cells. These results suggest the requirement for an
expanded repertoire of membrane transporters at the gill than are realized in
the current body of data. Finally, | demonstrate that isolated MR cells can be
used as a model system for studying gill transport since cellular polarity is
maintained following isolation. These newly described transport mechanisms
will form interesting components of future working models for the molecular

mechanisms of CI"and Na" transport at the freshwater fish gill.
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Figures
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Figure 7. 1 Scanning electron micrographs of isolated MR cells.

A+B Isolated MR cells maintain polarized morphology with fingerlike
projections on one pole (see arrow in A) and wavy infoldings on the other
pole (see asterisk in A). The top right cell in B represents a more generalized
wavelike appearance over the whole cell perhaps with the opposite pole
region being hidden from view as the point of attachment to the coverslip C A
contaminating pavement cell demonstrating that the distinct microridges can

be maintained in isolation as well.
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Figure 7.1 continued: Previously published scanning electron micrographs of
rainbow trout gill lamellar epithelium (Greco et al., 1996). CC represents
mitochondrion-rich cells, pc represents pavement cells, and f refers to the qill
filament that the lamellae extend from. Images are provided to assist the
reader in identifying the morphology of the isolated cells in Fig 7.1 A-C. Scale

bars are 10 um.
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Figure 7. 2 NHE-dependent Na" induced alkalinization in one separated
population of MR cells as determined via Na* substitution.
A Sample trace demonstrating unsuccessful removal of the Na® induced
alkalinization in the presence of the general NHE inhibitor amiloride. Similar
results were observed for the application of phenamil and DIDS (data not
shown). B Sample trace demonstrating effective inhibition of the Na* induced

alkalinization in the presence of the more selective NHE1 inhibitor EIPA.
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Figure 7.2 continued. C Summary statistics showing no significant
differences between the rates of control Na* alkalinization and the rate in the
presence of amiloride (p>0.05, paired t-test n=22), phenamil (p>0.05, paired t-
test n=16), or DIDS (p>0.05, paired t-test n=17) but removal in the presence
of EIPA (p<0.05, paired t-test n=32).
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Figure 7. 3 CI" free exposure results in an alkalinization of pH; in both
functionally identified MR cells as separated via Na* substitution.

A Sample trace representing cells that acidified upon exposure to Na'-
containing medium following initial Na* free perifusion and were subjected to
CI" free perifusion which resulted in an alkalinization of pH;, B Summary
statistics showing that a significant difference between the acidification
caused by Na* exposure and the alkalinization caused by CI" free conditions
(p<0.05, paired t-test n=60).
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Figure 7.3 continued. C Sample trace representing cells that alkalinized

upon exposure to Na*-containing medium following initial Na* free perifusion

and were then subjected to CI free perifusion which resulted in an increased

alkalinization of pH;. D Summary statistics showing a significant increase in

the rate of pH; alkalinization upon exposure to CI" free conditions compared to

that caused by Na* exposure (p<0.05, paired t-test n=32).
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Figure 7. 4 Repeatable CI free induced alkalinization protocol for inhibitor
profiling.
A A representative trace demonstrating the ability to repeatedly expose cells
to CI" free conditions with the same alkalinization effect. B Sample trace
showing that the original CI" free alkalinization is inhibited when CI" free re-

exposure occurs in the presence of 1mM DIDS.
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Figure 7.4 continued. C Summary statistics showing a significant removal of
the CI" free induced alkalinization of pH; in the presence of DIDS compared to
control conditions (p<0.05, paired t-test, n=24). In the other group of
experiments cells were acclimated to HCOg3™ free conditions following initial CI
free alkalinization and upon and CI" free re-exposure no alkalinization was
observed in the absence of HCOj3™ (p<0.05, paired t-test, n=32).
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Figure 7. 5 Na" free pH; recovery from Na* induced acidosis is removed in
the presence of 1mM DIDS

A Representative trace demonstrating a control Na* free recovery of pH;
following acidification by Na*. B Representative trace demonstrating Na* free
recovery of pH; following acidification by Na® in the presence of 1mM DIDS. C
Summary statistics showing significant inhibition of Na* free pH; recovery
rates in the presence of DIDS compared to control (p<0.05, unpaired, non-
parametric t-test, n=18 for control and 53 for DIDS).
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Figure 7. 6 CI" free exposure causes an acidification of pH; that is enhanced
in HCOj3 free conditions.

A Representative trace demonstrating an acidification of pH; following CI" free
introduction. Upon recovery, pHi was equilibrated with HCO3; free medium
aerated with 100% O, and CI free introduction was repeated resulting in a
greater acidification of pHi. B Summary statistics showing a significantly
greater acidification of pH; in the absence of HCO3; compared to control

conditions (p<0.05, paired t-test, n=46).
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Figure 7. 7 NPPB and EIPA-sensitive CI free induced acidification

A Representative trace demonstrating a removal of the acidification caused
by CI and HCOg3™ free conditions in the presence of 500uM NPPB. The same
protocol was followed for EIPA. B Summary statistics showing a significant
removal of CI" induced pH; acidification in the presence of 500uM NPPB
(p<0.05, paired t-test, n=86) or 500uM EIPA (p<0.05, paired t-test, n=60)

compared to control conditions.
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Chapter VIII: Na*/H* exchange activity in isolated rainbow trout gill PNA*

and PNA" mitochondrion-rich (MR) cells following intracellular acidosis’

'A version of this manuscript is currently under review for publication

Parks SK, Tresguerres M, Galvez F, and Goss GG. Na*/H" exchange activity
in isolated rainbow trout gill PNA" and PNA™ mitochondrion-rich (MR) cells
following intracellular acidosis. Submitted to the Journal of Comparative
Physiology B on March 12, 2009 (Currently under revision for re-submission
following editors suggestions). Manuscript # JCPB-09-0781.
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Introduction
Maintenance of constant intracellular pH (pH;) is essential for proper

cell function and survival (Roos and Boron, 1981). Not surprisingly, efficient
transporters exist on cellular membranes to ensure regulation of pH; within
narrow limits. The ubiquitous “housekeeping” Na*/H* exchanger (NHE1) is the
primary protein responsible for maintaining pH; across a broad range of cell
types (for review see (Orlowski and Grinstein, 2004).

Mitochondrion-rich (MR) cells at the fish gill have been extensively
studied due to their importance in maintaining blood acid-base and ion levels.
Consequently, information for pH; regulation has so far only been extrapolated
from studies focusing on systemic regulation. MR cells are endowed with a
variety of acid-base relevant proteins including carbonic anhydrase (CA), V-
type H'-ATPase (VHA), Na'/HCOjz co-transporters (NBC), CI/HCOj3
exchangers (CBE), and the aforementioned NHE (for review see chapter Il
and (Evans, 2008; Evans et al., 2005; Hwang and Lee, 2007; Perry and
Gilmour, 2006; Tresguerres et al., 2006a). In gills from seawater (SW) fish,
current models predict that some of these proteins are differentially expressed
in at least two distinct cell subtypes, each of them achieving acid or base
secretion (Hawkings et al., 2004; Perry and Gilmour, 2006; Piermarini and
Evans, 2001; Tresguerres et al., 2005). This is similar to the gills of FW trout
where two distinct MR cell subtypes were identified based on their ability to
bind peanut lectin agluttinin. The terms PNA" and PNA" MR cells (Goss et al.,

2001a) were coined to coincide with the mammalian literature where
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functionally and morphologically analogous cell types in the cortical collecting
duct of the kidney were found with differential PNA staining (Lehir et al.,
1982). Further studies demonstrated the importance of VHA (Galvez et al.,
2002), Na* channels (see chapter IV: (Parks et al., 2007b)), and NBCs (see
chapter IV: (Parks et al., 2007b)) in the PNA" MR cell fraction while CBEs and
ClI-dependent NHEs were shown to be present in both MR cell subtypes (see
chapter VII: (Parks et al., 2009)). The combined evidence suggests that PNA
MR cells are responsible for Na* uptake and H* secretion using apical sodium
channels coupled to VHA and coordinated with basolateral NBC and Na*/K*-
ATPase (NKA), while PNA" MR cells perform CI" uptake and HCO3 secretion
through transporters of unknown molecular identity (Hwang and Lee, 2007;
Parks et al., 2008; Parks et al., 2009; Perry and Gilmour, 2006; Tresguerres
et al., 2006a).

Only a few studies have directly monitored the pH; of gill cells and
found functional evidence for NHE exchanger activity in cultured gill
pavement (PV) cells of goldfish (Sandbichler and Pelster, 2004) and trout
(Part and Wood, 1996; Wood and Part, 2000). However, functional evidence
for NHE activity and pH; regulation in gill MR cells is absent. The red blood
cell B-NHE was the first transporter to be cloned from trout (Borgese et al.,
1992). That seminal paper demonstrated that the B-NHE could be activated
by cAMP via PKA or PKC pathways independent from each other (Borgese et
al., 1992). Studies on sculpin and Kkillifish lead to the hypothesis that B-NHE

performed the function of NHE1 at the gill (Claiborne et al., 1999). Hwang's
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laboratory (Yan et al., 2007) have recently cloned all of the known NHE
isoforms from zebrafish. Phylogenetic analysis grouped zNHE1 closely with
trout B-NHE and zNHE1 was strongly expressed in erythrocytes contrary to
mammalian expression patterns (Yan et al., 2007). Although zNHE1 was
detectable in the gill via RT-PCR, no expression was noted in gill cells via in
situ hybridization. Recently, NHE2 and NHE3 genes have been cloned from
rainbow trout and found to be expressed in gill and kidney (lvanis et al.,
2008a; Ivanis et al., 2008b), however a trout homolog to NHE1 has not yet
been established. Direct evidence for NHE1-like activity in gill MR cells along
with characterizations of the cellular signaling mechanisms controlling ion and
acid-base transport are lacking and remain an area of future research. The
goal of this chapter was to establish the mechanisms responsible for acid
recovery in trout gill MR cells and use this information to aid as physiological
markers for identifying PNA™ and PNA" MR cell subtypes.
Summary of methodological approach

Intracellular pH imaging was performed on isolated trout gill MR cells
as described in chapter IV, and VII. Cells from mixed MR populations were
acid loaded using NH4Cl pre-pulse and recovery was monitored in the
presence and absence of Na®. This was correlated to experiments on
magnetically isolated PNA" and PNA" MR cells. A temporary Na'-dependent
recovery mechanism was then tested with various pharmacological agents to
elucidate the membrane-transporter and cellular signaling mechanism

responsible for the behaviour.
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Results

Na* free recovery following NH,Cl induced acidification and buffering capacity

Following intracellular acidification by NH4CI only one sub-set of MR
cells were able to restore pH; in Na* free conditions (Figure 8.1a). The ability
to recover pH; in Na® free conditions establishes a functional separation of MR
cells as described previously (see chapter 1V). These behaviours
corresponded to a difference in buffering capacity (B) between the two MR
cell subtypes (Figure 8.1b) with the Na® free recovering cells having a
significantly higher buffering capacity (B = 18.71 £ 5.19 mM/pH unit) than the

non-Na” free recovering cells (B = 2.07 + 0.46 mM/pH unit).

PNA* and PNA™ MR cells correspond to functional behaviours

The rate of pH; recovery following NH4Cl-induced acidification was also
measured in identified PNA™ and PNA" MR cells. Recovery from acidosis in
Na® free conditions occurred in the PNA™ MR cell fraction only (Figure 8.2a).
PNA" cells also had a higher resting pH; and higher buffering capacity (B ~2X
higher, Figure 8.2b) than PNA" cells. This matches the characteristics of the
Na® free recovering cells described above and previously (see chapter V).
Therefore, recovery from NH4Cl induced acidification in the absence of Na*

can be used as a marker for PNA* MR cells.
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Effect of Na*-addition on pH; recovery following an acid load

Introduction of Na*-containing buffer following NH4Cl pre-pulse induced
acidification resulted in a cellular behaviour where both cell types would
exhibit a robust surge in pH; recovery that was quickly followed by a rapid re-
acidification (Figure 8.3). This transient recovery-acidification event was also
observed following a second acidification of the same cells (compare dashed
boxes in Figure 8.3). The repeatability of this event allowed me to examine
the effect of pharmacological agents on this transient Na* dependent pH;

recovery.

Effect of amiloride on Na* dependent pH; recovery

Amiloride is commonly used as a general inhibitor of Na*/H*
exchangers as well as Na'-channels (Kleyman and Cragoe, 1988). The
transient pH; recovery induced by Na® addition (ApHi/At of 0.66 + 0.08 pH
units/minute) was effectively removed by 500 uM amiloride (ApHi/At of 0.07 +
0.04 pH units/minute, Figure 8.4a, b). However, phenamil (50 uM) a known
pharmacological blocking agent specific for Na* channels but with no known
inhibition of NHEs did not inhibit the Na* induced recovery (Figure 8.4c).

These results indicate that the transient intracellular alkalinization is due to an

NHE.

Effect of the phorbol ester PMA on Na®* induced pH; recovery

Protein kinase C (PKC) has been linked to NHE activation in the trout

red blood cell 3B-NHE (Borgese et al., 1992; Malapert et al., 1997; Motais et
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al., 1992) and this led me to test the involvement of PKC on the Na*
dependent pH; recovery mechanisms found in trout MR cells. Following a
control acidification/recovery, cells were then exposed to a second
acidification and recovery but with the addition of 1 uM PMA. This resulted in
a sustained pH; recovery (no re-acidification event) in both the Na*-dependent
and independent recovering cell populations (Figure 8.5a, 8.6a). In PNA" MR
cells (those displaying no recovery in Na® free conditions-Fig 8.2), PMA
resulted in a sustained Na'-induced pH; recovery (ApHi/At of 0.38 + 0.06 pH
units/minute) that was not significantly different from the initial transient Na*-
induced alkalinization (ApHi/At of 0.42 £ 0.06 pH units/minute, Figure 8.5a, b).
Cells demonstrating Na*-independent pH; recovery (PNA" MR cells-Fig 2) had
an initial pH; recovery rate of 0.49 + 0.11 pH units/minute in Na* free medium.
Addition of Na* temporarily increased the rate significantly (ApHi/At = 0.80 +
0.05 pH units/minute) but the rate later returned to a value that was not
significantly different from the original Na*-free conditions (ApHi/At 0.36 + 0.04
pH units/minute) (Figures 8.6a, b). PMA did not affect the Na* independent
recovery (ApHi/At 0.46 + 0.05 pH units/minute), but it maintained the elevated
rate of pH; recovery observed during the early phase of recovery upon Na*

addition (0.90 £ 0.12 pH units/minute) (Figures 8.6a, b).
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Discussion

Functional separation of gill MR cell subtypes

Pisam and colleagues first described two types of MR cells (termed
chloride cells at the time) based on morphological characteristics (Pisam et
al., 1993; Pisam et al., 1987) however a functional separation was lacking. To
pursue functional differences, a Percoll separation technique was used to
isolate pure MR cell populations from Japanese eel and separate subtypes
based on flow cytometry (Wong and Chan, 1999a; Wong and Chan, 1999b).
Goss and colleagues then reported the identification of MR cells subtypes at
the freshwater trout gill based on peanut lectin agglutinin binding (Galvez et
al., 2002; Goss et al., 2001a) eventually leading to a method to functionally
separate and characterize the isolated MR cell subtypes (Galvez et al., 2002;
Hawkings et al.,, 2004; Reid et al., 2003). Work on zebrafish has also
suggested at least 2 MR cell subtypes based on co-localization of
concanavalin A (Con A) with VHA and not NKA (Esaki et al., 2007; Lin et al.,
2006). These studies in zebrafish have also demonstrated the functional
importance of VHA and NHE3 in acid secretion and Na® uptake from
freshwater in identified ionocytes (a more generic term for MR cells in fish)
(Esaki et al., 2007; Horng et al., 2007; Lin et al.,, 2006; Yan et al., 2007).
Interestingly however, Con A co-localizes with NKA in MR cells from tilapia
yolk sac membrane which is the exact opposite of the trend in zebrafish (Lin
and Hwang, 2004). Moreover, an excellent immunohistochemical analysis

suggests as many as four different MR cell subtypes exist at the gill of tilapia
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(Hiroi et al., 2008). These recent results suggest that potential species
specific differences should always be considered when interpreting functional
physiology of the fish gill. My data showing differential pH; recovery following
acidification in PNA™ cells and PNA™ MR cells provide additional evidence for
functional differences in isolated trout gill MR cell subtypes.

In the previous chapter, | provided evidence for the presence of a CI’
/HCO3; exchanger (CBE) in both functionally identified MR cell subtypes.
Consequently, it is reasonable to assume that both MR cell subtypes would
be capable of demonstrating a Na™ free recovery pattern. However, my data
from this chapter and chapter |V indicate that only one MR cell subtype (PNA"
cells) uses the CBE for recovery from acidosis. One possibility is that the CBE
in the Na® free recovering cells (PNA" cells) is more active under my
experimental conditions and/or present in greater levels on the membrane
due to their attributed in vivo role for transepithelial CI" uptake (Evans, 2008;
Evans et al., 2005; Parks et al., 2009; Tresguerres et al., 2006a) whereas the
CBE present in PNA" MR cells (non Na'-free recovering cells) is not activated

sufficiently by acidosis to achieve pH; recovery.

Correlation of MR cell subtypes with cellular buffering capacity

Previous estimates of buffering capacity (B) in HEPES buffered
medium for the trout gill epithelia were 13.4 and 13.7 Slykes (mM/pH unit) in
cultured PV cells and gill homogenates respectively (Part and Wood, 1996;
Wood and Lemoigne, 1991; Wood and Part, 2000). These fall within the

values found in this study for Na* free recovering cells (18.71 + 5.19 mM/pH
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unit) but are much greater than that found in the non-Na™ free recovering cells
(2.07 £ 0.46 mM/pH unit). This analysis was consistent with that observed in
experiments involving identified PNA™ and PNA" MR cells where PNA™ cells
exhibited a significantly higher buffering capacity compared to PNA™ cells.
Relative differences in buffering capacity may be related to higher levels of
intracellular HCO3  present in PNA" cells versus PNA" cells. Higher
intracellular HCO3™ in PNA™ cells may well be utilized to enhance CI™ uptake,
whereas lower HCO3™ in PNA" cells could result from the extrusion of HCO3’
across the basolateral membrane as suggested previously (chapter V).
Higher HCOg3' levels in these cells would also explain the higher resting pH;
noted in chapter IV in Na* free recovering cells compared to non-Na* free

recovering cells.

NHE1-like activity in MR cells pH; recovery: a role for PKC

Amiloride sensitivity and lack of inhibition by phenamil establish that
the alkalinizing effect of Na* introduction is dependent on an NHE and not a
Na® channel linked to a V-H*-ATPase. In chapter VII, | demonstrated the
presence of a ClI" dependent NHE (CI-NHE) in both trout MR cell subtypes.
However, the CI-NHE mechanism in chapter VIl was insensitive to amiloride
unlike this chapter's results that were fully abolished by amiloride.
Furthermore, the continuous Na*/H* exchange is dependent on activation by
PKC. Activation by PKC matches with the established role for PKC in
stimulating trout RBC B-NHE (Borgese et al., 1992; Malapert et al., 1997) and

it also aligns with the role of PKC in maintaining the activity of mammalian
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non RBC NHE1 isoforms (Magro et al., 2005). In contrast, the Na* absorbing
mammalian isoform NHE3 is inhibited by PKC (Donowitz et al., 2000).
Considering all of these factors, | propose that the Na* dependent, PMA
potentiated pH; recovery noted in this chapter is mediated by an NHE-1 like
protein. However, a definitive conclusion depends on the cloning and
pharmacological profiling of trout NHE isoforms.

One alternative explanation is that under control conditions, Na*
introduction first activates an NHE to alkalinize the cell and subsequently
activates a net acid transport (H" import or HCO3™ export) that masks the NHE
mediated alkalinization. When PMA is present, this masking mechanism
would be inhibited resulting in the sustained alkalinization noted. However,
the primary candidate for this would be the NBC mediated HCO3™ extrusion
mechanism as observed previously for PNA™ cells only (see chapter V). In
other systems, PKC activation has been shown to increase both the kidney
and intestinal NBC activity (Bachmann et al., 2006; Ruiz et al., 1997). This
response is the exact opposite to that required for my noted responses in this
chapter. Furthermore, PMA activation of recovery is found in both MR cell
types suggesting that these results demonstrate direct PMA mediated
stimulation of NHE and not inhibition of NBC.

One of the problems associated with working on isolated gill MR cells
is the existence of distinct PNA™ and PNA™ MR cells. While it is possible to
physically separate the MR cell subtypes (Galvez et al., 2002), this procedure

substantially extends the time required for cell isolation and it results in a
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lower cell yield, thus limiting the number and type of pH; experiments that can
be performed. The results from this chapter suggest that we can directly
identify MR cell subtypes within a mixed population of MR cells simply by their
ability to recover from an NH,Cl induced acidosis in Na* free medium. This
correlates directly to the behaviours found in separated PNA™ and PNA" MR
cells respectively. Therefore the ability to recover pH; in Na* free media is a
direct functional marker correlated with identified trout gill MR cell subtypes.
This mechanism can now be used as a distinguishing characteristic of the
subtypes allowing for future functional studies on mixed PNA* and PNA" MR
cell populations.

In summary | present a direct single cell functional marker (Na* free
recovery from acidosis) for use in the study of individual MR cell subtypes at
the fish qill. | also report differences in buffering capacities between the two
MR cell subtypes and these differences should be explored for their functional
relevance to the basic membrane transport properties of these cells. Finally, |
observed a transient Na* dependent pH; recovery event that was stimulated
by PKC providing the first step in understanding the signaling pathways that

control of membrane ion transport in gill MR cells.
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Figure 8. 1 Na" free recovery from acidosis correlates to higher cellular
buffering capacity.

A Sample trace showing a cell that recovers from NH4Cl induced acidosis in
Na* free medium (blue trace) compared to one that does not (black trace). B
Na" free recovering cells have a significantly higher buffering capacity (18.71
+ 5.19 mM/pH unit, n=33) compared to non Na* free recovering cells (2.07 +
0.46 mM/pH unit, n=37). p<0.05 unpaired non-parametric Mann Whitney t-

test.
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Figure 8. 2 PNA" and PNA" MR cell responses to NH4Cl induced acidosis.

A PNA" MR cells (blue trace n=16) demonstrate Na* free recovery following
NH4Cl induced acidosis, while PNA" MR cells do not (black trace n=6). B
Buffering capacity of PNA®" and PNA" MR cells. p<0.05 unpaired non-

parametric Mann Whitney t-test.
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Figure 8. 3 Na" induced recovery from NH4Cl induced acidosis

Representative trace demonstrating the effect of Na® addition following a
20mM NH4CI pre-pulse induced acidification. Dashed box highlights a
transient Na+ dependent alkalinization and re-acidification. Cells were
subjected to two consecutive acidification events and displayed the same
behavior following initial and secondary acidifications (compare the two

dashed boxes, n=7).
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Figure 8. 4 Amiloride and phenamil effects on the transient Na* dependent
pH; recovery

A representative trace demonstrating abolishment of the transient Na'-
dependent pH; recovery with the addition of amiloride (500 uM). B summary
statistics for part A (p<0.05, paired t-test, n=30 cells).
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Figure 8.4. continued. C summary statistics for the effect of 50 uM phenamil
on the transient Na® dependent pH; recovery (p>0.05, paired t-test, n=23

cells).
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Figure 8. 5 The effect of 1uM PMA on Na'-induced pH; recovery from
acidification following exposure to 20mM NH4Cl in PNA" cells.

A Na*-dependent pH; recovery is sustained in the presence of 1uM PMA.
Lines and corresponding numbers under the sample trace correspond to

regions of pH; recovery analysed in summary statistics.
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Figure 8.5 continued. B summary statistics for specific regions (1-3) of the
traces demonstrated in part A Significant differences between groups are
indicated by letters . p<0.05, repeated measures one-way ANOVA, Tukey

post-hoc test, n=16.
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Figure 8. 6 The effect of 1uM PMA on Na'-induced pH; recovery from
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acidification following exposure to 20mM NH4CI in PNA™ cells.

A Na" addition resulted in an additive pH; recovery which required PMA to be

sustained. Lines and corresponding numbers under the sample trace

correspond to regions of pH; recovery analysed in summary statistics. b

summary statistics for specific regions (1-5) of the traces demonstrated in part

a. Significant differences between groups are indicated by letters. p<0.05,

repeated measures one-way ANOVA, Tukey post-hoc test, n=10.
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Figure 8.6 continued. B summary statistics for specific regions (1-5) of the
traces demonstrated in part A. Significant differences between groups are
indicated by letters. p<0.05, repeated measures one-way ANOVA, Tukey

post-hoc test, n=10.
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Chapter IX: Mechanisms of acid-recovery in the Pacific hagfish

(Eptatretus stoutii)'

'A version of this chapter has been published previously.
Parks, S. K., Tresguerres, M. and Goss, G. G. (2007). Blood and gill

responses to HCI infusions in the Pacific hagfish (Eptatretus stoutii).
Canadian Journal of Zoology 85, 855-862.
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Introduction

The hadfish is the only craniate with an internal ionic composition
similar to that of the surrounding seawater (Alt et al., 1981; Morris, 1965).
Although hagfish do not osmoregulate their internal fluids to any appreciable
extent, their gill epithelium possess great numbers of mitochondria-rich (MR)
cells, which are morphologically similar to the typical “chloride” cells used for
osmoregulation and acid—base regulation in other marine fishes (Mallatt et al.,
1987). In Atlantic (Myxine glutinosa) and Pacific (Eptatretus stoutii) hagfish,
MR cells on the trailing region of the gill express Na'/K*-ATPase , Na'/H"
exchangers (NHE), carbonic anhydrase (CA), and vacuolar proton ATPase
(VHA) (Choe et al., 1999; Choe et al., 2002; Edwards et al., 2001; Mallatt et
al., 1987; Tresguerres et al., 2006b). Since these transporters are implicated
in both ionic and pH regulatory mechanisms in a variety of fishes (Evans et
al., 2005), it has been proposed that their role in hagfish MR cells is primarily
for acid—base regulation (Mallatt et al., 1987).

All animals periodically face the challenge of adjusting blood pH owing
to respiratory or metabolic acidosis. Hagfish are under a continual challenge
to maintain plasma pH at appropriate levels. They live in oxygen-poor
conditions in the deep sea, which at least in the Atlantic hagdfish is
compensated by using anaerobic metabolism (Hansen and Sidell, 1983).
Furthermore, they utilize sudden bursts of swimming in search of food, which
have been shown to cause severe lactic acidosis in the blood of Pacific

hagfish (Ruben and Bennett, 1980). Hagfish are also known to slightly hyper-
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regulate Na* but not CI” in the plasma; Mallat and colleagues (Mallatt et al.,
1987) proposed that this is likely due to a net branchial excretion of H”
required for the acidosis produced by the animal in the conditions listed
above.

Evans (Evans, 1984) proposed that hagfish use the orthodox
mechanism of acid—base regulation consisting of exchanging Na* for H" and
CI” for HCO3™ at the apical side of the gill. More recent studies have focused
on the specific cellular mechanism for the pH-compensating mechanism.
Based on an increase in mRNA expression in response to metabolic acidosis
(Edwards et al., 2001), the primary candidate for apical Na’/H" exchange is a
NHE-like protein. In addition, NHE2-like immunoreactivity (NHE2 L-IR) was
shown in MR cells at the gill of Pacific hagfish (Tresguerres et al., 2006b).
Although the immunolabelling pattern was described as predominantly
cytoplasmic, a minority of cells showed concentrated signal in apical regions,
and a role of NHE-cycling from cytoplasmic vesicles to the apical plasma
membrane was proposed to occur in response to acidosis. This corresponds
with the known role of NHE isoforms for acid—base regulation, where NHE1 is
known to act as a housekeeper of intracellular pH, while NHE2 and NHE3
have been linked specifically to acid secretion and transepithelial Na® uptake
in a number of systems. More complete information on the role and functions
of different NHE isoforms, are found in several excellent recent reviews
(Evans et al., 2005; Hirose et al., 2003; Orlowski and Grinstein, 2004).

Summary of methodological approach
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In this chapter | induced a metabolic acidosis via serial acid infusions
(HCI 6000 pmol-kg™') every 6h over a 24h period and investigated
subsequent changes in abundance and cellular localization of an NHE-like
protein found in Pacific hagfish. My results suggest the role of an apical NHE

in the mechanism for acid recovery at the hagfish gill.
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Results
Twenty-four hour HCI infusions: blood and plasma variables

No notable changes in blood pH were found in NaCl-infused controls,
but a marked blood acidosis was induced upon injection of HCI. Blood pH
was reduced from 7.93 £ 0.02 att =0 h to 6.21 £ 0.07 at t = 3 h (Fig. 9.1A).
Remarkably, blood pH was restored to 7.31 + 0.09 by 6 h without any
mortality. Subsequent HCI infusions also resulted in blood acidification, but
they were significantly less severe compared with the initial stress (6.21 +
0.07att=3hvs.6.73£0.06 att=9h, p<0.05, N =05). The fact that the fish
were infused at this point with an already depressed blood pH and did not
experience an increased acidification compared with the original HCI infusion
indicates that acid-recovery mechanisms had been initiated. Following this,
blood pH was measured at 6 h time periods to prevent anemia. Blood pH
remained stable at t = 12, 18, and 24 h despite the repeated acid infusions.
Although this new steady state represented a significant recovery from the
induced acidosis, it remained significantly lower than those of the NaCl-
infused controls (Fig. 9.1A).

Total CO; levels followed a pattern similar to the pH changes induced
by HCI infusion. Starting at a similar level to that of the control, TCO, was
titrated essentially to 0 mmol-L™" at ¢ = 3 h (0.08 + 0.08 mmol-L™"), rebounded
slightly at £ =6 h (1.82 + 1.38 mmol-L™"), and returned close to 0 mmol-L™" at ¢t
= 9 h (0.52 + 0.52 mmol-L™") before returning to control levels at t = 12, 18,

and 24 h in HCl-infused fish (Fig. 9.1B). Although there were noticeable
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differences in TCO2 between NaCl- and HCl-infused fish, no statistical
significance was recorded at any point likely because of the large variability in
the samples.

Plasma [Na’] in NaCl- and HCl-infused fish were similar at all time
points except for t = 3 h, where HCl-infused fish had significantly reduced
levels compared with the control fish (Table 9.1). Both NaCl- and HCl-infused

fish had an elevation of plasma [Na'] from t = 9-24 h (Table 9.1).

Na'/K'-ATPase, V-H"-ATPase, and Na'/H® exchanger 2 (NHE2) gill

abundance

There were no significant differences in Na’/K*-ATPase abundance in
whole-gill (1.63 £ 0.10 vs. 1.89 £ 0.27 a.f.u., p > 0.05) and whole-membrane
(0.75 £ 0.11 vs. 0.74 £ 0.16 a.f.u., p > 0.05) homogenates from NaCl- and
HCl-infused fish, respectively. V-H'-ATPase demonstrated no significant
changes in abundance in both whole-gill (1.56 + 0.15 vs. 2.30 £ 0.30 a.f.u., p
> 0.05, N = 5) and whole-membrane (0.25 + 0.04 vs. 0.40 £ 0.09 a.f.u., p >
0.05, N = 5) fractions from NaCl-infused fish compared with HCl-infused fish.
HCl-infused fish exhibited a significant increase in NHE2-like abundance in
whole gill compared with NaCl-infused fish (2.30 + 0.43 vs. 0.99 + 0.14 a.f.u.,
p < 0.05, N = 5; Fig. 9.2A), indicating increased synthesis of a NHE-like
protein in acidotic hagfish. The whole-membrane fraction of HCl-infused fish
also showed a significant increase in NHE2-like abundance compared with
NaCl-infused fish (2.10 + 0.23 vs. 1.14 + 0.29 a.fu., p < 0.05, N = 5; Fig.

9.2B).
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Na'/K*-ATPase, V-H'-ATPase, and NHE?2 gill immunohistochemistry

Serial sections of control fish demonstrated that Na*/K*-ATPase, V-H'-
ATPase, and NHE2 like-immunoreactivity (L-IR) were generally located in the
same qill cells, as was noted previously (Tresguerres et al., 2006b) (Figs.
9.3A, 9.3C, 9.3E). Na'/K*-ATPase, V-H*-ATPase, and NHE2 L-IR displayed
an almost exclusive cytoplasmic distribution, but a minority of cells labelled
slightly apically for NHE2 L-IR (Fig. 9.3E). Na’/K*-ATPase and V-H*-ATPase
staining remained unchanged in HCl-infused fish compared with control fish
(Figs. 9.3B, 9.3D). However, NHEZ2 L-IR was unique in that there was a clear
increase in the intensity of labelling at the apical region in a large number of

cells (Fig. 9.3F).

Quantification of cytoplasmic, intermediate, and apical NHE2 L-IR localization

High-magnification (1600%) images representing the three distinct
cellular immunolabling patterns for NHE2 L-IR are shown in Fig. 9.4. Many
cells labelled strictly in the cytoplasm (Fig. 9.4A). Other cells had a more
concentrated labelling in the apical region but were not as distinctly apical and
were categorized as intermediate (Fig. 9.4B), whereas the remaining cells
had a distinctly apical labelling pattern (Fig. 9.4C). Quantification of cells
revealed that in control fish, ~73% exhibited NHE2 L-IR in a cytoplasmic
manner, 20% labelled intermediate, and only 7% labelled apically (Table 9.2).
In contrast, cells of HCl-infused fish had 54% labelled cytoplasmically, 19%
labelled intermediate, and 27% labelled apically (Table 9.2). Apical

localization in HCl-infused fish was significantly higher than in control fish,
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whereas cytoplasmic staining was significantly higher in control fish (p < 0.05,

Table 9.2). Intermediate staining did not vary between treatments.
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Discussion
In this chapter | have demonstrated that the Pacific hagfish can readily

recover from metabolic blood acidosis. To my knowledge this is the greatest
acidification of blood pH ever reported in the fish literature. As a comparison,
when a similar HCI load was attempted in experiments on the Pacific spiny
dogfish (Squalus acanthias), mortality was 100% within a few hours
(Tresguerres et al., 2005). This degree of acidosis, while large, is not
unreasonable for the Pacific hagfish. It was demonstrated previously that only
5 min of exercise resulted in a drop in blood pH by 0.7 units (1.5 h following
exercise) as a result of lactic acid build-up (Ruben and Bennett, 1980).
Additionally, hagfish are known to live in extremely hypoxic, even anoxic,
conditions and utilize anaerobic metabolism that necessitates a strong H*
excretion mechanism.

My results suggest that activation of a branchial H® secretory
mechanism is at least partially responsible for the strong pH recovery in
hagfish. After the pronounced blood acidosis induced by the initial HCI load,
subsequent acidification events are less pronounced. This suggests that
activation of H" secretion was initiated within 6 h of the initial HCI load.
Specific aspects of the branchial mechanism include increased synthesis of a
NHE-like protein of currently unknown molecular identity. In addition, the
density of this protein increases at the apical region of the gill MR cells.

| must point out that the HCl-infusion method is not without certain

flaws, most of which are explained in detail by McDonald and colleagues
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(McDonald et al., 1991). The greatest limitation is that the blood from the
caudal sinus and that of systemic vessels might be slow to equilibrate with
each other (Forster et al., 1989). However, equilibration required ~8 h (Forster
et al., 1989), which would give plenty of time for the diffusion of H* from the
subcutaneous sinus into the systemic blood in my 24 h infusion experiments.
Supporting this assumption, the observed changes at the gill suggest that the
systemic blood was indeed affected by the HCI infusions into the
subcutaneous sinus, albeit the pH disturbance might have been of a smaller
magnitude compared with that in the sinus blood. Similarly, injections of HCI,
NH4CI, and even urea into the peritoneal space (another compartment with
presumably slow equilibration with the systemic blood) have been traditionally
used in fish to induce acid-base disturbances of the systemic blood and to
look for branchial ion fluxes and (or) changes in the abundance and
expression of ion-transporting proteins (for recent works see (Catches et al.,
2006; Claiborne et al., 1999; Claiborne et al., 1997; Ip et al., 2005; Lim et al.,
2004)). Therefore, | consider that the infusion protocol was suitable for the
goal of inducing blood acidosis.

Secretion of H" using NHEs would result in a Na* load in the blood.
Although there were changes in plasma [Na’] during the experiments, they
occurred in both NaCl- and HCl-infused fish. Therefore, | cannot relate them
to activation of a NHE system in HCl-infused fish. Given the high [Na'] of
hagfish plasma, detection of the putative Na® fluxes require the use of

radiotracer techniques.
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My results suggest a relocation of NHE within hagfish gill MR cells in
response to acidosis, which is an event previously unreported in the fish
literature. The role of membrane transporter translocation from cytoplasmic
vesicles to the plasma membrane with respect to ion transport and acid—base
regulation has been well illustrated in a number of systems (Breton and
Brown, 2007; Dames et al., 2006; Pastor-Soler et al., 2003; Tresguerres et
al., 2005; Tresguerres et al., 2006c; Tresguerres et al., 2007b). It is now
evident from this study that membrane transporter translocation from
cytoplasmic vesicles to the apical plasma membrane may be important also in
the hadfish.

NHE involvement in acid—base regulation has been traditionally
proposed for seawater animals (Claiborne et al., 2002; Claiborne et al., 1997;
Edwards et al., 2001; Edwards et al., 2002; Evans et al., 2005). However,
determining the subcellular localization of both NHE2 L-IR and NHE3 L-IR
has been difficult because of granular cytoplasmic staining in several marine
elasmobranchs and teleosts (Catches, 2004; Edwards et al., 2002), thereby
hindering conclusions about its specific function. More recently, species-
specific antibodies were used to demonstrate NHE2 localization in the apical
region of certain gill cells of the longhorn sculpin (Myoxocephalus
octodecemspinosus (Catches et al.,, 2006). However, confocal microscopy
showed that NHE was not located directly on the membrane and that the
NHE signal was punctuated and in the cytoplasm in most immunoreactive

cells. In addition, the abundance of this NHE did not change in response to
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four sequential intraperitoneal HCI infusions over an 8 h period. Nonetheless,
the authors proposed that NHEZ2-containing vesicles move to the apical
membrane during blood acidosis to secrete the excess H*. Finally, apical,
cytoplasmic, and (or) basolateral NHE localization have been seen in the gill
of the Pacific spiny dogfish (Weakley, 2003), as well as in a variety of
mammalian tissues (Wakabayashi et al., 1997). My observation of an
increased NHE2 L-IR at the apical plasma membrane region under acid-
stressed conditions and increased abundance in gill membranes suggests a
role for NHE relocation and involvement in acid secretion for the hagdfish.

In this study an antibody raised against rabbit NHE2 was used and
there is the potential for cross-reactivity with other NHE isoforms. The amino
acid identity of available fish NHE2 sequences compared with the rabbit
NHEZ2 ranges from 37% (zebrafish) to 63% (Pacific spiny dogfish). Comparing
the C-terminal 87 amino acid region of rabbit NHE2 where the antibody was
raised with the C-terminal region of the Pacific spiny dogfish NHEZ2, there is a
stretch of 25 amino acids that are 50% identical (excluding gaps) and 68%
similar when conserved substitutions are taken into account. | believe that this
could be a region of potential cross-reactivity, which allows the polyclonal
antibody to bind the NHE proteins in both mammals and fish. The sequence
homology of the hagfish NHE2 with the rabbit antibody used is unknown and
this molecular information needs to be pursued in further studies. To date,
only a partial NHE clone has been obtained from the Atlantic hagfish

(Edwards et al., 2001). The hagfish NHE was not closely related to any other
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vertebrate isoforms but was seen to group closest to the mammalian NHE3
and the invertebrate NHE (Edwards et al., 2001). This putative NHE was
implicated in acid recovery though, as there was a significant increase in NHE
MRNA expression at 2 h post acid infusion. Conversely, NHE2 (Tresguerres
et al., 2006b) and NHE1 and NHE3 (Choe et al., 2002) immunoreactivity have
been shown previously in hagfish using mammalian antibodies. This coupled
with the apical localization of NHE3 seen in Atlantic stingray, Dasyatis Sabina
(Choe et al., 2005), and Pacific spiny dogfish (Choe et al., 2007) using an
elesmobranch-specific antibody make it possible that my results represent an
increase and translocation of a NHE similar to NHE3. However, it is also
conceivable that the observed changes in expression are due to multiple NHE
isoforms of an identical molecular weight being detected and differentially
regulated during acidosis. Unfortunately, | cannot determine using the
techniques of this study if this has occurred.

Recent research into acid—base regulatory mechanisms in both
elasmobranchs (Piermarini and Evans, 2001; Tresguerres et al., 2005) and
teleosts (Catches et al., 2006; Choe et al., 2005; Galvez et al., 2002; Goss et
al., 2001a; Parks et al., 2007b; Reid et al., 2003) suggest that independent
cell types exist for net acid and net base secretions. However, based on the
data presented in this chapter and previous research from our laboratory
(Tresguerres et al., 2006b), it appears that hagfish possess only a single MR
cell type. This cell must perform either net H" or net HCO3 secretion as

required, creating unique demands for subcellular control over surface
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expression of transporters. The data from this chapter leads me to
hypothesize that the H*-transporting NHEs are normally sequestered into
vesicles. During acidosis, the response of increasing synthesis of NHE
(genomic response) must be coupled with the insertion of new and existing
NHEs into the apical membrane (post-translational response), and together
this would ensure that acid secretion dominates over base secretion under
these conditions. This complements well with our study demonstrating
differential insertion of Na'/K*-ATPase and H*-ATPase in response to blood
alkalosis at the hagfish gill to allow net base secretion (see appendix Il and
(Tresguerres et al., 2007a)).

In summary, | have demonstrated that Pacific hagfish can restore
blood pH following an induced metabolic acidosis. This ability is likely enabled
via the increased synthesis of a NHE-like protein in the gill coupled with an

apparent translocation of this transporter to the apical region of the gill cells.
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Tables

Table 9. 1 Plasma [Na*] (mmol-L™") of the experimental Pacific hagfish

(Eptatretus stoutii) at the sampling times.

Time (h) (NaCl Infused) (HCI Infused)
0 473.67 +11.59 468.03 + 5.42
3 473.78 + 8.63 436.19 + 16.61"
6 470.88 + 7.81 458.05 + 10.67
9 517.89 + 9.34* 505.90 + 9.43*
12 529.64 + 5.62* 520.73 + 4.05*
18 522.35 + 9.29* 506.14 + 3.38*
24 531.02 + 8.89* 534.29 + 9.18*

Note: Values are means + s.e.m (N=5) from both NaCl and HCI infused

#

treatments. ” indicates significant differences between treatments for the

given time point (2-way-RM-ANOVA, Boneferroni post test, p<0.05). * indicate
significant differences from =0 h within each treatment (1-way-RM-ANOVA,
Dunnett’s post test, p<0.05).
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Table 9. 2 NHE2 L-IR staining patterns from NaCl-infused (control) and HCI-
infused Pacific hagfish following 24 h experiments.

Cytoplasmic Intermediate Apical

(%) (%) (%)

NaCl 73 2 202 73
HCI 54 +5 19+2 27 + 5*

Note: Descriptions of the staining patterns are found in results and figure 4. *

indicate values that are significantly higher between treatment groups
(p<0.05, Man Whitney one-tailed test) (N=3).
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Figure 9. 1 Blood parameters of Pacific hagfish (Eptatretus stoutii) injected

with either 250 mmol-L™' HCI (6000 pequiv.-kg™") or an equivalent volume of
500 mmol-L™" NaCl (mean + SE, N = 5).

A Blood pH. Asterisks indicate significant differences between the
experimental values (HCl-infused) and control values (NaCl-infused) for the
respective time period (two-way RM ANOVA, Bonferroni post hoc test, p <
0.05, N = 5). Letters indicate significant differences within the HCI-infused
group only to analyze the kinetics of the acid-recovery period (one-way RM
ANOVA, Bonferroni post hoc test, p < 0.05, N = 5). B Plasma total [COy].
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Representative Western blots of whole-gil A and whole-membrane B
fractions from NaCl- and HCI-infused Pacific hagfish. Asterisks represent
significant differences from control (NaCl) values (Student’s t test, p < 0.05, N
= 5).
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Figure 9. 3 Immunohistochemistry of NKA, VHA, and NHEZ2 in Pacific hagfish
gills.

Na*/K*-ATPase (A, B), V-H'-ATPase (C, D), and NHE2 L-IR (E, F) in
consecutive sections from NaCl- (A, C, E) and HCI- (B, D, F) infused Pacific
hagfish. Labelling patterns remain unaltered for Na*/K*-ATPase and V-H'-
ATPase in response to HCI infusions, whereas NHE2 L-IR demonstrates a
marked redistribution to the apical region of the cells as indicated by the
arrows in F. Scale bar = 10 ym

[7 s
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Figure 9. 4 High-magnification (1600x%) analysis of NHE2 immunoreactivity
Pictures showing the stereotypical NHE2 L-IR pattern for cytoplasmic A,
intermediate B, and apical C localization as quantified in Table 2. Scale bar =

10 um.
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Chapter X: Extremely high pH; in the anterior midgut of the yellow fever

mosquito

'A version of this chapter has been accepted for publication

Onken, H., Parks, S.K., Goss, G.G., and Moffett, D.F. Serotonin-induced high
intracellular pH aids in alkali secretion in the anterior midgut of larval yellow
fever mosquito Aedes aegypti L. Accepted for publication on May 21, 2009 by
the Journal of Experimental Biology MS ID#: JEXBIO/2009/030221.

Note: This work was carried out in collaboration with Dr. Horst Onken and Dr.
David Moffett in our laboratory at the University of Alberta. | contributed to the
intracellular pH observations of larval midgut cells as mentioned in this
chapter. This included hypothesis development, data analysis, carrying out
the actual experiments following sample preparation via Drs. Onken and
Moffett, thermodynamic analysis, and manuscript preparation. The other
components of the study that were performed elsewhere are referenced in the
discussion.
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Introduction
The anterior midgut (anterior stomach) of the larval mosquito is

responsible for generating a luminal pH that may be greater than 10, as
demonstrated first in intact animals by colorimetric methods using ingested
pH indicator (Dadd, 1975) and later confirmed by H* sensitive microelectrode
studies (Onken et al., 2008). The mechanisms of base secretion and/or acid
absorption involved have been studied with intact larvae, with semi-intact
preparations (Boudko et al., 2001a; Boudko et al., 2001b) and with fully
isolated, perfused gut segments (Onken et al., 2008). Immunohistochemical
observations (Zhuang et al., 1999) as well as the results of studies with intact
and semi-intact larvae have led to the general hypothesis that alkali secretion
is energized by a basolateral V-type proton ATPase (Boudko et al., 2001b), in
combination with an apical CI'/HCO3; exchanger (Boudko et al.,, 2001a). A
challenge for the latter part of the hypothesis is presented by the fact that
direct HCOg3™ secretion alone can generate only a moderately alkaline pH of
about 8.5. Therefore, attaining luminal pH values >10 as reported for the
larval mosquito midgut would be impossible by a simple exchange of CI" for
HCOj3". Consequently, it was hypothesized that achieving these high luminal
pH values would require a secondary uptake of H" from the lumen following
HCO3 secretion. Another alternative that is as yet unexplored is the possibility
that direct secretion of COs>, per se could also accomplish a high luminal pH.
However, this possibility has always been considered unlikely due to the very

low amounts of CO3> present at normal intracellular pH (pH;) values.
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In isolated and perfused midgut preparations, the transepithelial
potential (Vi) declines to a small, usually lumen-negative value within
minutes after the onset of perfusion with control saline (Clark et al., 1999;
Clark et al., 2000). Luminal alkalinization under these conditions is very slow
and hardly detectable (Onken et al., 2008). Application of submicromolar
serotonin causes a sustained increase in the Vi to values of the order of 10 -
40 mV lumen-negative. This response is maximal in about 20 minutes and is
accompanied by a significant stimulation of Iuminal alkalinization, as
measured in stopflow experiments using pH indicator dye or H'-selective
microelectrodes (Onken et al., 2008). Both the electrical and chemical
responses are reversible on washout of serotonin. It is probable that serotonin
is the major natural exogenous excitatory stimulus for epithelial transport and
motility in the midgut, and the gut indeed receives a rich serotonergic
innervation (Moffett and Moffett, 2005). On the other hand, roles for other
substances, either as intermediators or modulators, are also likely since the
gut also has a substantial population of enteroendocrine cells, and
modulatory effects of some neuropeptides have been reported (Onken et al.,
2004).

The present studies were performed to determine the consequences of
stimulation of alkali secretion on the intracellular pH (pH;) and to evaluate the
possibility of passive, conductive uptake of H* across the apical membrane as

part of this process.
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Results

pH; of anterior and posterior midgut cells under baseline conditions, and the

effect of serotonin

In these experiments, the hemolymph-side of the tissue was
superfused with standard mosquito saline while the lumen was perfused with
100 mmol I" NaCl buffered to pH 7.0. . In 71 regions of 10 anterior stomach
preparations the average pH; was found to be 6.89 + 0.15 (N = 10, + S.E.M.),
whereas the average intracellular pH was 6.87 + 0.28 (N = 4; + S.E.M.) in 19
regions of 4 posterior stomach preparations.

Addition of serotonin (0.2 pmol I'") led to a sustained increase in pH; in
the anterior midgut, from the control mean of 6.89 + 0.15 to 7.62 + 0.15 (N =
10, £ S.E.M.; P < 0.05). A representative time course of pH; after serotonin is
shown in Fig 10.2. In many cases, pH; values exceeded 8 — the maximal
value recorded was 8.66. The time-course of the pH; rise was similar to that of
the Vi response recorded in previous studies (Clark et al., 1999). In contrast,
in the four experiments in which measurements were made simultaneously
from the posterior midgut, either no significant changes, or modest
acidifications of pH;, were observed (see Fig. 10.2A+B). In the posterior
regions pH; before and after addition of serotonin was 6.87 + 0.28 and 6.94 +

0.25 (N =4, + S.E.M.; P > 0.05).
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pH;response to luminal pH = 10.0 in presence and absence of luminal Zn**

In these experiments, the lumen was initially perfused with 100 mM
NaCl buffered to pH 7.0. After the stability of the preparation was established,
serotonin was added to the bath. Following the maximal effect of serotonin,
the luminal perfusate was changed to pH 10.0 (buffered with 10 mmol I
TRIS; ‘alkaline Iuminal perfusate’) which would be more typical of
physiological conditions in an in vivo stimulated gut. A typical experiment is
shown in Fig. 10.3A. For 41 areas from 4 tissues the mean pH; with serotonin
was 7.77 £ 0.12 (N = 4, £ S.E.M.) and significantly rose to 8.58 + 0.14 (N = 4,
+ S.E.M.) with alkaline luminal perfusate (P < 0.05; see Fig. 10.3B). The
highest value recorded was 10.04. It is important to mention here that the pH-
dependence of the fluorescence excitation spectrum of BCECF-AM becomes
non-linear above a pH of 8.6. Therefore, results above a pH value of 8.6
should be interpreted with cautions as accurate calibrations are not possible.
We can only interpret these results as being above a pH of 8.6. Unfortunately,
there are no dyes available for accurate ratiometric pH imaging in the high pH
range.

To test the potential involvement of inward-directed H* conductive
channels in the alkalinization of the lumen we performed three additional
experiments where the luminal perfusate was pH = 10 and 22 total areas of
interest were monitored. ZnCl, (10 umol I') was included in the alkaline
luminal perfusate as a blocker of H* channels (DeCoursey, 2003). In these

experiments, the mean control value with serotonin was 7.11 £ 0.19 (N =3,
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S.E.M.) and after change to alkaline (pH = 10) luminal perfusate in the
presence of Zn®*, the mean pH; attained was 8.18 + 0.19 (N = 3, + S.E.M.).
The change in pH; in response to alkaline luminal perfusate in the presence of
Zn?* was not significantly different from those recorded in the absence of Zn?*
(P > 0.05). Furthermore, the rate of increase of pH; after changing to alkaline
luminal perfusate was also not affected (P > 0.05) by the presence of Zn?*

(see Fig. 10.4A).
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Discussion

Methodological aspects
The magnitude of the apparent change in pH; generated in the

serotonin response appears to violate the principle of homeostasis of the
intracellular milieu, and a careful consideration of its veracity is in order. In
principle, the fluorescence changes reported here could arise as an artifact, in
the absence of an actual general cytoplasmic pH change, in two ways. First,
the BCECF indicator dye might have become concentrated in an intracellular
sub-compartment which then became extremely alkaline as an effect of
serotonin, or second, the dye might be secreted or simply leak out of the
cells, and accumulate in an extracellular region that became alkaline as a
result of the effect of serotonin. However, neither of these possibilities seems
tenable. In the first case, the dye compartment giving rise to the artifact would
have to represent a significant fraction of the total dye contributing to the
optical signal. In preliminary studies conducted at high magnification, no
brightly fluorescing intracellular entities were noted in the dye-loaded tissue,
although some individual cells appeared to load dye more readily than others.
Additionally, the intercellular spaces were not seen to fluoresce brightly in
comparison to the cellular interiors, suggesting that alkaline compartments in
the cell would not contribute to the observed alkalinization of pH;. In the
second case, accumulation of the dye in the luminal solution would
presumably not be a source of optical signal, especially during continuous

luminal perfusion. Moreover, experiments where we performed stops and
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restarting of perfusion were never accompanied by a change in fluorescence
intensity, suggesting that, if dye were transported to the gut lumen, it did not
result in any significant signal relative to the cytoplasmic pool of BCECF. The
epithelial cells in the anterior midgut do not have a brush border. Only
relatively sparse and short microvilli were observed (Clark et al., 2005).
Consequently, entrapment of dye in an extracellular space formed by a thick
brush border can be excluded.

Another significant aspect that bears consideration is that BCECF
fluorescence approaches maximum intensity at pH values above pH 8.6 and
extremely alkaline pH; values should be interpreted with caution. In our
experiments, this resulted in a very cautious interpretation of pH; in the
cytoplasm of serotonin stimulated cells, especially during high luminal pH
perfusion. Unfortunately, no such dye exists and the development of pH
sensitive indicators with an alkaline pK is necessary for accurate assessment

of pH; in this unique tissue.

Extremely alkaline intracellular pH in larval mosquito midgut cells

In the absence of serotonin the pH; of anterior and posterior midgut
cells is neutral to slightly acidic, as has been observed in many other tissues.
In the anterior midgut, addition of serotonin results in a significant
alkalinization of the intracellular medium, whereas the posterior midgut cells
do not respond to serotonin with a pH; change (see Fig. 10.2A+B).
Consequently, the increase of pH; seems to be a specific response of the

cells responsible for luminal alkalinization. Under more in vivo-like conditions,
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namely in the presence of an alkaline lumen, the pH; was observed to be
between 8 and 9. To our knowledge intracellular pH values of this magnitude
have never been observed before. At first sight this observation appears
surprising given the dogma of the necessity for pH; to be highly regulated for
proper metabolic function. However, this epithelial tissue is quite unique in
that it is responsible for generating an extremely alkaline secretion and an
alkaline intracellular medium is likely of mechanistic importance. If the cells
have a conventional pH; of about 7, the whole transepithelial pH gradient of
over 3 orders of magnitude would be carried by only the apical membrane
that faces the extremely alkaline midgut lumen. By generating (and tolerating)
a very alkaline intracellular medium the transepithelial pH gradient is
separated into two smaller steps at the basolateral and apical membranes.
Knowing that basolateral V-type H*-ATPases are activated by serotonin and a
necessary component of luminal alkalinization (Onken et al., 2008), we can
assume that activation of the basolateral V-ATPases is responsible for

generating the pH gradient across the basolateral membrane.

Proton-motive forces across the basolateral and apical membranes

From our measurements of intracellular pH (this chapter’s data) and
transmembrane voltages (Horst Onken and David Moffett data not shown) we
can calculate the independent proton-motive forces for the basolateral and
apical membranes in the presence of serotonin for two different conditions: i)
at a luminal pH of 7, and ii) at a more in vivo-like luminal pH of 10. At a

neutral pH on both sides of the epithelium, proton-motive forces of above 100
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mV dominate both membranes, favoring passive H* movements from the
extracellular solutions into the cell. In the presence of an alkaline lumen, the
transbasal proton-motive force is huge, almost 190 mV, whereas the proton-
motive force of the apical membrane is very small. The reversal potential of
the V-ATPase, as estimated in various insect systems, is of the order of 120-
180 mV (Beyenbach et al., 2000; Moffett, 1980; Moffett and Koch, 1988;
Pannabecker et al., 1992). Thus, the proton-motive force across the
basolateral membrane can be explained on the basis of H'-pumping by V-
ATPases in this membrane. Of course, it is informative to analyze how the
tissue can move from one state to the other, generating an alkaline luminal
pH. A controlled opening of a conductive pathway for H* in the apical
membrane could make use of the transapical proton-motive force at neutral
pH for transapical H* absorption until H is in equilibrium at a very alkaline
midgut lumen. Whereas the present study addressed the conductive pathway
in the apical membrane (see below), one question that needs to be
addressed in future studies is what determines the transapical voltage under
control conditions that is responsible for the high driving force for H* at neutral

pH in the lumen.

Implications of the results for the mechanism of strong midgut alkalinization

It seems to be well established that basolateral V-ATPase is driving
transbasal H* absorption and the overall transepithelial acid/base-transport.
Boudko and colleagues (Boudko et al., 2001a) analyzed anionic pathways in

the apical membrane and proposed that apical CI'/HCO3; exchange acts to
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alkalinize the anterior midgut lumen. However, in the isolated tissue, neither
DIDS nor CI-free salines affected the capability of the tissue for strong
luminal alkalinization (Onken et al., 2008). Based on immunohistochemical
observations, Okech and colleagues (Okech et al., 2008) proposed the
presence of acid absorption via electrogenic cation/2 H* exchangers in the
apical membrane. Indeed, the present studies (and electrical recordings not
shown) show that there would be a driving force of approximately 100 mV
which is sufficient for a 2H/Na* exchanger (see below). However, in previous
experiments (Onken et al., 2008) luminal amiloride did not inhibit luminal
alkalinization. Of course, if the transporter mediated K'/2H" exchange, the
driving forces would be favorable for both ions. However, in the same study,
Onken and colleagues (Onken et al., 2008) found that an increased luminal
K* concentration, reducing the driving force for the exchange, did also not
impair luminal alkalinization. Therefore, in the present study we addressed
the possibility of transapical absorption of H* through H* channels. The theory
is that the cell would excrete HCOs3™ followed by dissociation in the lumen and
apical resorbtion via an apical H" channel. However, micromolar Zn?*, used at
concentrations known to block different H* conductances (DeCoursey, 2003)
did not significantly affect the pH; change or the transepithelial voltage (see
Fig. 10.4). Moreover, the presence of luminal Zn** did not prevent luminal
alkalinization (Horst Onken and David Moffett data not shown). We recognize
that negative results in pharmacological approaches are not necessarily

conclusive. However, it could be expected that in the presence of H* channels
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a membrane would respond with significant voltage changes to alterations of
the transmembrane pH gradient. Since no such changes were observed in
microelectrode experiments (Horst Onken and David Moffett data not shown),
this suggests that apical H* channels have no importance for H* absorption
and strong alkalinization in this tissue.

Carbonic anhydrase is apparently not present in the cells of the
anterior midgut of Aedes aegypti (Corena et al., 2002) and inhibitors of this
enzyme were not effective to impede luminal alkalinization in vitro (Onken et
al., 2008). After finding the considerably alkaline pH; the missing cellular
carbonic anhydrase is less surprising, because high pH; values should
accelerate the hydration of CO, and the dissociation of carbonic acid,
reducing the usefulness of cellular CA. Smith and colleagues (Smith et al.,
2007) have observed extracellular carbonic anhydrase in the ectoperitrophic
space of larval malaria mosquitoes (Anopheles gambiae), and this suggests
that extracellular conversion of CO, to HCO5/COs% and absorption of protons
is involved in luminal alkalinization in this species. However, an extracellular
carbonic anhydrase has not been found in Aedes aegypti and the addition of
inhibitors of carbonic anhydrase to the holding water did not prevent the living
larvae from alkalinizing their anterior midguts (Horst Onken and David Moffett
unpublished observation). If secretion of either HCO3 or CO3? turns out to be
an important component of luminal alkalinization, the source of this HCOs
/CO3* must be addressed in future studies. Instead of respiratory CO, from

carbohydrate or lipid catabolism, HCO3™ from amino acid catabolism is also a
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candidate that must be addressed in the absence of measureable CA activity
(Fry and Karet, 2007). The latter hypothesis is especially attractive, because
amino acid catabolism also produces ammonia which has been found at high

concentrations in the mosquito hemolymph (Edwards, 1982a).

Implications of the results for future studies

In a previous study of strong alkalinization in isolated and perfused
midgut preparations (Onken et al., 2008) no experimental support was found
for the anionic (DIDS-sensitive CI/HCO3; exchange) or cationic (amiloride-
sensitive cation/H” exchange) pathways in the apical membrane that had
been proposed on the basis of results obtained with intact or semi-intact
larvae (Boudko et al., 2001a; Okech et al., 2008). Future studies with isolated
tissues should consider that both pathways may be present, but equally
potent to generate strong luminal alkalinization. Thus, experiments that
impede both mechanisms at the same time should be conducted.

The results presented herein suggested that perhaps a novel
mechanism for alkalinization of the lumen is present in this tissue. In Fig 10.5,
two possible models for net alkali secretion are presented that could be
present in the anterior midgut of the larval mosquito. The results of this
chapter cannot differentiate between these two possibilities and therefore |
will discuss each of these potential models separately.

In the first model, the main novel aspect is the proposal for direct CO3*
secretion via either an apical Na*/CO3?* co-transporter (NBC) or via a novel

Na*/HCO3/CO3* co-transporter (NBCC) operating in export mode. To our
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knowledge, there are no other reports of an NBC functioning in this particular
mode (NBCC) simply due to the relative paucity of intracellular [CO3?] present
in the cells. We have only represented NBCC in the proposed model for
clarity (Fig. 10.5A). It is extremely important to consider that fundamental
thermodynamic principles support the possibility that our models can operate
in the stimulated tissues (see chapter Il: (Parks et al., 2008)). It would be
highly advantageous for the tissue to directly secrete COs* as this would
negate the requirement for potentially deleterious H" import mechanisms. The
following equation describes the equilibrium point for the net driving forces for
a novel electrogenic NBCC as a function of the intra and extracellular
concentrations CO;*, HCO3  and Na*.

+ - 2~
Na'l py yrTinHCO L opy 4 op7in (€% 1

f = FV, +RT In2— . 3 _
[Na*], [HCO, ], [CO. 1,

(Equation 10.1)

The total CO, in the lumen under stimulated conditions has been
measured at 58 mM and the measured intracellular total CO, was ~50 mM
(Boudko et al., 2001a). Since the pK of the reaction HCOs — COs* + H* is
10.3, we can therefore set the pH of the luminal solution at pH=10.3 and
assume that the composition of the luminal fluid to be in equilibrium at 29 mM
CO5* and 29 mM HCOs". We also know that the measured value for [Na*] is
10 mM (Boudko et al., 2001a) and the luminal [Na'] in our perfusate is 100
mM Na®. Additionally, the Vg, has been measuered to be ~-90 mV (Horst

Onken and David Moffett data not shown). Rearranging the above equation
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and solving for the required intracellular carbonate levels required to drive the

transport yields the following equation:

21 _rea 21« |[INaTLL o [THCO; ], o ey, e :
[CO,” ], =[CO;" 1, [Na'] [HCO, ] e (Equation 10.2)

At a resting pH; of 7.0 (measured in this experiment) and a measured

intracellular total CO, of 50.1 mM (Boudko et al., 2001a), we can calculate the
relative amounts of CO3> present using the Henderson-Hasselbalch equation.
There would only be nominal amounts (~25 pM) of carbonate (COs%) present
inside the cells at the resting pH;. These concentrations would be completely
insufficient to allow uphill transport of COs* into the solution present in the
lumen. In fact, it would require an apical membrane potential of ~-204 mV to
drive this transport. However, at a pH; of 8.6, the estimated intracellular [CO5*
] will be ~1 mM, at pH; = 8.8, it would be 1.6 mM while for pH; = 9, the
estimated intracellular [CO5*] will be ~ 2.5 mM. It is important to note that
intracellular [CO5*] relative to overall measured total CO, will rise steeply as
pHi; rises closer to its pK of 10.3.

Substituting the measured concentrations of ions into the equation
above will yield the required intracellular [COs*] at the known membrane
potential (-90 mV) to allow transport of COs* out of the cell. At the measured
value of -90 mV, a [COs*]; of 2.03 mM would be required to drive transport
out via a putative NBCC. This value could be achieved at a pH; of 8.9 which is
approximately within the ranges of pH; in our experiments given the significant

limitations placed on us by the dye (see above). At a slightly more
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hyperpolarized Vapi of -100 mV, the required [CO5%]; would fall to 1.45 mM, or
the value reached at pH; = 8.77. Clearly, at these higher pH; values as
measured, the [CO5%]; should become sufficient for direct COs* transport via
a NBCC. Moreover, this clearly illuminates the need for an elevation of pH; to
aid in luminal alkalinization.

In the second model of secretion (see Fig. 10.5B), we suggest that the
bulk of the base could be secreted as HCOj3™ via an apical Na*/HCOj3™ co-
transporter (NBC) working in export mode followed secondarily by net acid
absorption via a cation/H" exchanger (see Fig. 10.5B). Such a mechanism
has been proposed recently (Okech et al., 2008).

Direct evidence for an electrogenic Na*/H" antiporter (NHA) is lacking
in our studies; furthermore, a NHA localized in the anterior midgut of
Anopheles gambiae apparently is not expressed to the plasma membrane
(Rheault et al., 2007). We performed a thermodynamic analysis to determine
if in fact it could function under the conditions found in the anterior midgut and
if the noted intracellular alkalinization would favor the operation of this
combined mechanism. The following equation describes the equilibrium point
for the net driving forces for an electrogenic NHA as a function of the luminal

pH and the membrane potential.

Hfi=H"* Na'], * glPn/RTl (Equation 10.3)

[Na"],
Substitution of known parameters allows us to solve for the maximum

luminal pH that can be generated to still enable the proper functioning of an

NHA with varying pHi. The results shown in Table 10.1 demonstrate that an
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increase in pH; directly favors higher pH_ values via the action of an apical
NHA. At a pH; of 7.0, the maximum luminal pH that can be generated would
only be pH 9.0. However, a pH; of 8.5 would allow for a pH_ of 10.52 which
falls within measured values for both in vivo and in vitro studies of these
parameters and demonstrates the necessity for intracellular alkalinization to
achieve the high luminal pH values. As mentioned above we are limited in our
ability to accurately measure pH; above 8.6. However, in many traces, the
noted fluorescence intensity was far above the highest calibration values
suggesting that the pH; of the anterior midgut does indeed reach levels far
greater than 8.6. These extreme pH; values would allow an even greater
alkaline pH__ to exist.

An important task for the future is to identify and characterize those
transporters that are responsible for the transapical voltage, because this is a
significant component of the transapical proton-motive force (see above).
Finally, our finding of an extremely high intracellular pH raises numerous
questions about the challenges that this condition would place on other
metabolic functions in this unique tissue and these questions will form the

basis of future study.
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Tables
Table 10. 1 Maximum pH_ attainable as a function of intracellular pH using an

apical electrogenic NBC coupled to an NHA

The maximum pH_ attainable refers to the pH in the lumen that could still
theoretically allow an electrogenic NHA to function in bringing H" into the cell
from the lumen. These calculated values assume [Na']; = 10 mM, luminal Na*
=100 mM, and Vg = -90 mV.

pH; Maximum pH__ attainable
7.0 9.02
75 9.52
8.0 10.02
8.5 10.52
9.0 11.02
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Figure 10. 1 Experimental set-up for pH; monitoring of regions in the midgut
of larval (4™ instar) Aedes aegypti.

A DIC image of the midgut preparation as observed on the experimental
apparatus (scale bar 200 um). B Corresponding fluorescence image (f495nm)
of the same midgut from figure A following loading of the pH sensitive dye
BCECF-AM. Dotted boxes represent regions of interest that were used to
observe ratiometric fluorescence changes (scale bar 200 um). C
Representative traces of four regions of interest in the midgut and their
corresponding fluorescence ratios (f495nm/f440nm) generated from excitation
of cells loaded with BCECF-AM. This graph demonstrates the ability to
observe changes in fluorescence ratios that can then be converted to pH;

values by using the high K*-nigericin calibration for each individual cell.
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Figure 10. 2 Effects of serotonin on the intracellular pH (pH;) in isolated and
perfused anterior or posterior midguts.

A pH; time-courses of representative areas of interest from the anterior (red)
and posterior (black) midgut of larval (4" instar) Aedes aegypti, showing the
influence of addition of 0.2 umol I"! of serotonin (arrow) to the hemolymph-
side bath. Hemolymph-side bath: oxygenated mosquito saline (pH = 7).
Luminal perfusate: NaCl (100 mmol I', pH = 7). B Average pH; values for
anterior (N = 71 areas of interest of 10 different tissues) and posterior (N = 19
areas of interest of 4 different tissues) midguts before and after addition of

serotonin.
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Figure 10. 3 Influence of luminal pH = 10 on pH; in the anterior midgut.

A pH; time-course of a representative area of interest from the anterior midgut
of larval (4" instar) Aedes aegypti, showing the influence of hemolymph-side
addition of serotonin (0.2 pmol I'") in presence of hemolymph-side mosquito
saline (pH = 7) and luminal NaCl (100 mmol I, pH = 7), and the effect of an
increase of the luminal pH (pH,) to 10. B Average pH; for anterior midguts (N =
41 areas of interest of 4 different tissues) under control conditions, after
hemolymph-side addition of serotonin, and after switching to a luminal

perfusate of pH = 10.
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Figure 10. 4 Effect of luminal ZnCl, (10 pmol I'") on the rate of pH;
alkalinization after switching to luminal pH = 10 in the presence of serotonin
Control: 41 areas of interest of 4 different tissues. In the presence of Zn**: 22

areas of interest from three different tissues.
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Figure 10. 5 Potential modes of transport in the anterior midgut of the
mosquito Aedes aegypti used to achieve luminal alkalinization.

A Alkalinization of the lumen is achieved via an apical Na*/COs* co-
transporter of unknown stoichiometry. This process is initiated by 5-HT
stimulation of basolateral H'-ATPase pumping and an unusually high
intracellular pH. COs* is proposed to be derived from either amino acid (aa)
catabolism or CO; hydration and subsequent H* removal. B In this model,
luminal alkalinization is achieved by the coordinated action of an apical
electrogenic Na*/HCO3™ co-transporter of unknown stoichiometry (n) and an
apical electrogenic Na'/H" antiporter (NHA). Upon secretion into the lumen,
HCOj5 is converted to COs* and H" and the H" is re-absorbed into the cell via
a NHA and then pumped across the basolateral membrane by the action of a
basolateral H* ATPase. The other components of the model are the same as

described for part A of this figure.
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General Summary
My thesis provides a comprehensive analysis of Na*, H", CI, and

HCOj transport in a variety of aquatic animals, with a principal focus on the
function of gill MR cells. By investigating both the pH; properties of isolated
cells and whole animal responses to blood a/b disturbances my research has
resulted in the significant advancement of our knowledge of ion and a/b
transport. Although the bulk of my work was performed on rainbow trout,
certain conclusions were strengthened using the isolated crab gill preparation,
dogfish, or the primitive hadfish illustrating the power of a comparative
approach. Finally, my collaborative research into the mechanisms of larval
mosquito midgut cells pH; behaviour has changed our thinking on how we
interpret pH; regulation and challenges long standing dogma in this area. By
integrating these studies from a diverse range of animals | have been able to

provide novel insights into our understanding of ion and a/b physiology.

Rainbow Trout and Neohelice granulata (South American Rainbow Crab)

Combining chapters |Il, IV, and VI-VIIl | have provided a
comprehensive model for both individual cell pH; regulation and whole animal
ion and a/b regulation in rainbow trout gill MR cells. While in chapter II, | laid
out a detailed mathematical analysis of the thermodynamic constraints on ion
transport in FW. These analyses have provided a framework for my data
interpretations throughout the thesis and provide significant strength to the
analysis. They also provide important considerations for what type of

transporters could function theoretically in FW qill cells and have challenged

268



other researchers to critically evaluate their own models of transport to fit
within these constraints. While we have yet to realize the complete gill ion
transport model, new transporters are being added to it as the information
becomes available and we are making progress in developing these models.
Importantly, my research suggests that we need to use caution in the
proposal of function of specific gill ion transporters based on presence or
absence of a particular transporter alone.

The main finding of chapter IV was a novel model for transepithelial
Na® uptake in FW fish. My data indicates that Na* moves into the blood
across the basolateral membrane primarily via an electrogenic NBC as
opposed to the exclusive use of NKA as had been originally thought for
decades. This was shown in one functionally identified MR cell population
only and gave the first distinct proof for two functionally different types of MR
cells. | also support the use of an apical Na* channel as opposed to NHE in
this chapter based on phenamil sensitivity and this led to my further research
in chapter VI where | provide some insight into the possible Na* channel
molecular identity.

In chapter V | presented data from work on the estuarine crab N.
granulata. Using a properly polarized and intact gill epithelia preparation lead
me to report that the crab uses the same Na® transport mechanism as
described in chapter |V for trout.

In chapter VII, | transitioned into providing functional evidence for the

ClI" and HCO3" exchange mechanisms in trout gill cells. | described the first
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functional evidence for CBE in isolated gill MR cells and also provided the first
ever indication of a CI" dependent NHE in any fish species.

| rounded out my work on MR cell membrane transport by focusing
specifically on pH; recovery from acidosis in chapter VIII. These data provided
interesting insights into the buffering capacity of these cells. | also proposed a
basolateral NHE1-like transporter that requires PKC involvement for
activation. These data are the first step in our understanding of cellular
signaling mechanisms that control membrane transport in gill MR cells. This
chapter also provides a direct linkage of functional behaviours to identified
PNA* and PNA" MR cell subtypes confirming my earlier description of
functionally distinct MR cell subtypes based on differential pH; responses to
ion manipulation within a mixed population of MR cells.

The following paragraphs will expand on the major conclusions of my
thesis and explore future directions that were not addressed in the individual

data chapter discussions.

Na" transporting mechanisms

In this thesis, | have proposed models for Na* transport that involve
Na* channels, NBCs (coupled to both HCO3 and potentially CO,*), NHEs,
and CI" dependent NHEs. Some of these mechanisms are involved in the
directional movement of Na* across the cell while others appear to be used in

pH; regulation as represented in figure 11.1.
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Transepithelial Na* uptake model

For years, Na* was thought to cross the basolateral membrane via the
abundant NKA located there (Evans et al., 2005). This was not exclusive to
fish however as only the HCO3 reabsorbing mechanism in the kidney was
shown to transport Na* across the basolateral membrane in a way other than
the NKA. There were a few studies indicating the role of basolateral NBC
(Hirata et al., 2003; Perry et al., 2003a; Scott et al., 2005) leading up to my
functional description that helped to interpret what was originally a confusing
data set (as discussed in chapter V). This mechanism of transepithelial Na*
uptake (at least the basolateral portion) is now cited as the accepted model
for the FW fish gill (Evans, 2008; Hwang and Lee, 2007; Katoh et al., 2008;
Yan et al., 2007). The only molecular information for NBC in trout gill is from
Perry’s group (Perry et al., 2003a) and this area holds rich potential for future
research. A trout specific NBC antibody needs to be developed to pair with
gene expression studies at a whole animal level. These assays would be
useful for analyzing various environmental conditions (pH and salinity) that
either act to enhance or inhibit ion transport. In addition, a detailed
immunogold transmission electron microscopy study of NBC subcellular
localization in gill MR cells would help solidify its role in Na* transport.
Furthermore, direct biochemical characterization of the amino-acid sequence
in trout NBC should be performed. In the mammalian literature, there is a
proposed metabolon arrangement with a physical linkage of CA to the C-

terminal domains (Ct) of both the AEs and NBCs (Gross et al., 2002; Loiselle
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et al., 2004; McMurtrie et al., 2004; Pushkin et al., 2004; Sterling et al., 2001;
Vince et al., 2000; Vince and Reithmeier, 1998; Vince and Reithmeier, 2000).
This association enhances the concentration gradient for HCO3™ transport with
CA providing a “shuttling” of substrate similar to the enzyme metabolons (for
review see (McMurtrie et al., 2004)). However, this hypothesis has recently
been disputed by Walter Boron’s group (Lu et al., 2006; Piermarini et al.,
2007b). Direct fusion of CA Il to NBCe1-CT did not enhance NBCe1 current
which is an index of HCOs transport for this protein (Lu et al., 2006).
Theoretical arguments were also presented indicating the unlikelihood of CA
Il acting to enhance HCO3™ or CO5* transport in a HCO5™ driven system (Lu et
al., 2006). Furthermore, the binding of pure SLC4-Ct (AE1) peptides (rather
than GST fusion proteins) to CA Il was not found to occur in any of the
combinations tested (Piermarini et al., 2007b). These authors do not rule out
the possibility of a HCO3™ transporting metabolon in vivo but suggest it must
occur in a different fashion than originally proposed. Since then, another CA
isoform (CA 1X) has been shown to bind to members of the AE family
(Morgan et al., 2007) and the HCOs3" transport metabolon hypothesis is still
debatable. As | propose a metabolon-like model for trout (chapter IV), protein
analysis of fish NBC will be necessary for the detailed understanding of
transepithelial Na* uptake at the FW fish gill.

| attempted to look at NBC in hagfish gills using both
immunohistochemistry and western blotting (data not shown). Although

interesting staining patterns were noticed, particularly around the blood
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vessels, the antibody specificity for hagfish was questionable and therefore
strong conclusions could not be made. However, assessing NBC function in
marine species such as the dogfish and hagfish will be important for
understanding the universal nature of this Na* transporting mechanism. To
my knowledge, the only information for NBC in any marine fish ion
transporting mechanisms is from the pufferfish (Takifugu obscurus) intestine
(Kurita et al., 2008). Nothing is known about its potential role in marine fish
gill, kidney, or rectal gland ion transport and this is an area of research
waiting to be exploited.

The other half of the proposed apical Na* uptake mechanism involves
a VHA. Although VHA inhibitors are expensive, it would be useful to conduct
specific experiments with isolated MR cells and the inhibition of VHA. These
experiments would have to be carefully designed as with ion substitution and
isolated cells, you essentially drive transport without the need of endogenous
active transport mechanisms. Therefore, ion substitution control experiments
would be required using low concentrations of ions to mimic a more realistic
FW ion exposure. Following this VHA could be inhibited during the ion
substitution to prevent Na* uptake from occurring. If this experimental setup
requires VHA, inhibitors such as bafilomycin would be as effective in
abolishing the Na* induced acidification as phenamil and DIDS were shown in
chapter IV. PNA* and PNA" MR cell identification will be necessary in these
experiments to avoid confusing results as a basolateral and apical localization

of VHA have been proposed for each cell type respectively (for review see
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chapter Il and (Tresguerres et al., 2006a)). VHA inhibitors can also be tested
in recovery from acidosis in MR cells in Na* free and CI" free conditions. Na*
free recovery was demonstrated to be mostly due to a CBE mechanism in this
thesis however the contribution of VHA to pH; regulation remained unresolved
in these cells.

The final piece of the overall transepithelial Na® uptake model as
proposed in my thesis is in the missing Na* channel molecular identity. As this
has been discussed at great length in chapters Il and VI | will not dwell on this
topic here. However, it has recently been shown that ASIC1 and ENaC
subunits can form functional heteromeric channels (Meltzer et al., 2007). This
phenomenon opens up the possibility of a hybrid-like Na* channel existing in
fish that has escaped current molecular cloning strategies. As the functional
role of ASICs and heteromeric channels remains relatively unknown, there is
a distinct possibility of a fish Na® conducting channel being realized as further
characterizations of Na* transport are made in other tissues. Furthermore, it
would likely be wise to pursue the full cloning and characterization of ASIC4.2
in rainbow trout following the experiments that | described for zebrafish in
chapter VI. This would be useful as the physiological experiments are much
easier to perform, control, and measure in trout. This coupled to our cell
isolation and characterization procedures would possibly make trout a more
attractive model to pursue to molecular characterization of ASIC4.2 than

zebrafish.
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Na'/H" exchangers

As demonstrated in chapter I, | am not convinced of the use of an
NHE in apical Na* uptake from low ionic strength FW given the current body
of evidence. However, as further information becomes available this view may
change. Regardless, there is still a need for understanding NHE function in
gill MR cells as they contribute to pH; regulation and potentially whole animal
ion homeostasis. Molecular information for NHE in FW fish gills only became
available during the tenure of my PhD research. An original goal of my thesis
was to create stable cell lines transfected with the known fish NHE
sequences. This can be done in NHE deficient cell cultures (eg. Chinese
hamster ovary cell line (AP-1 cells)) that lack endogenous NHE activity. | still
feel that this is important work for the field of fish ion transport as it will enable
extensive and direct transporter profiling. Pharmacological profiling (amiloride,
phenamil, EIPA and others) and substrate requirements (K, for Na* and H")
would only be provided by this experimental approach and this information is
essential to corroborate the data on NHE in FW fish whole animal and
molecular studies. This is of particular importance with the controversy over
phenamil and amiloride pharmacology for FW Na® uptake as discussed in
chapter II.

In my thesis | present two uniqgue NHE mechanisms in trout MR cells,
an NHE1-like transporter requiring PKC for activation and a Cl'-dependent
NHE. Furthering our understanding of these transport mechanisms would

also benefit from the cell line expression experiments described above. |
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made preliminary attempts to clone the CI-NHE from trout gill. This is a
difficult transporter to clone as only one sequence is available (Sangan et al.,
2002). Furthermore, the sequence is highly homologous to NHE1 but is
approximately half as long making it difficult to design primers without cloning
out the standard NHE1 instead. This challenge is compounded by the lack of
trout NHE1 molecular information. A unique 62 amino-acid sequence exists in
the C-terminal of the cloned CI-NHE. | designed various reverse primers in
this unique C-terminal region with forward primers designed against
homologous regions of CI-NHE and zebrafish NHE1. Promising sequences
were obtained with an exact match of the reverse primer sequence however
the open reading frame was insufficient and various other degenerate primers
need to be explored. Upon successful cloning of the trout CI-NHE a long term

goal could be the functional characterization in a cell expression system.

Functional characterization of MR cell subtypes

A key goal of my thesis was to provide direct functional evidence that
would clarify the presence of distinct MR cells at the FW gill. My data in
chapters IV, VII, and VIII provide conclusive functional differences for at least
two distinct MR cells at the gill. A nice integration of results occurred with the
data from these 3 chapters with regards to individual MR cell function. Na*
free recovery from acidosis, higher resting pH;, and increased buffering
capacity were found in PNA™ cells compared to PNA".

To further the characterization of MR cell subtypes, further pH; imaging

experiments need to be carried out with identified PNA* and PNA" cells using
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the Alexa fluor dyes. This will be of particular importance with future cellular
signaling studies (described below) to establish the potential for differential
control of ion transport between MR cell subtypes. Molecular gene expression
will also be helpful to support the proposed ion transport models in this thesis.
A key experiment would be to magnetically isolate populations of MR cells
and look for molecular expression of the NBC. According to my data | would
predict that expression should be found in PNA™ cells and not PNA" cells, or at
least be overrepresented in PNA" cells. Obtaining completely pure
populations of PNA™ and PNA" MR cells is a potential limiting factor in this
analysis. Even a few contaminating cells could result in confounding gene
expression results due to the amplification aspect of the molecular
techniques. If this is a problem the possibility of performing laser capture and
microdisection for obtaining PNA" and PNA" MR cells should be explored.
Intact gill epithelia could be stained with PNA-FITC or PNA-TRITC to identify
cells of interest and then the tissue obtained could be used for direct
molecular comparisons with RT and Q-PCR. The molecular cloning of trout
NHE1 and potentially Cl-dependent NHE could also then be assessed in this
manner. Finally, immunocytochemistry on isolated MR cell subtypes would be
useful following the development of effective antibodies (Abs) for the various
transporters implicated in this thesis. (see Ab section below).

Changes in the percentage of kidney intercalated a and [ cells
(analogous to the trout PNA" and PNA™ MR cells) in response to acid-base

disturbances remains debatable (Schuster, 1993). However, application of the
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CA inhibitor acetazolamide which causes an acute systemic acidification and
pH; alkalinization resulted in a decrease in the percentage of B cells and
increase in a cells in the rat cortical collecting duct (Bagnis et al., 2001).
Based on this information | would propose that similar changes in gill MR cell
subtype expression are possible in relation to systemic a/b disturbances. We
know that the relative expression of PNA" and PNA" MR cells can be altered
at the gill as it has been shown to occur in response to seawater acclimation
(Hawkings et al., 2004). Therefore whole animal blood acidification
(hypercarbia) or alkalinization (HCOs; infusions) experiments should be
performed to look at changes in MR cell subtype density at the gill. | would
predict that appropriate changes in gill MR cell subtype expression will be
observed matching that found in the mammalian kidney. Therefore increased
PNA" MR cell numbers should occur in response to acidosis compared to
PNA™ MR cells and vice versa for alkalosis. These effects at the gill could be
even more noticeable than the kidney due to the rapid rate at which gill
epithelia are remodeled in response to environmental change. These
experiments will be useful in determining the MR cell subtypes in vivo role for
a/b regulation.

Another area of interest for the further characterization of trout gill MR
cell subtypes would be to perform concanavalin A (conA) staining. As
discussed in chapter | this marker is utilized for identifying MR cell subtypes in
zebrafish skin and gill ionocytes (Lin et al., 2006). It would be useful to assess

conA staining in trout to see if there is a commonality with zebrafish. This is of
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particular importance as the zebrafish begins to dominate the ion and a/b
transport field due to its wealth of genetic information. However, it is still
difficult (or near impossible) to perform the physiological measurements of
blood chemistry to validate the a/b and ion challenges used in zebrafish.
Therefore, elucidating any MR cell markers that are common to both trout and
zebrafish will help greatly in our data interpretations. With regards to this
point, differential binding of lectins on the surface of one MR cell versus
another is still an unknown phenomenon. It would be interesting as a long
term goal to investigate possible differences in protein glycosolation that vary
between MR cell subtypes. Western blotting analysis of MR cell subtypes with
fish specific Abs could be used to explore this question. This would help
clarify the MR cell markers binding properties and could provide functional
insights for membrane transporting proteins as well.

Genetic tools are not as readily available for trout use as they are for
other fish (i.e. zebrafish). RNA interference (RNAI) is a technique used to
cause gene knockdown however its use has achieved limited success thus
far in fish (Schyth, 2008). As discussed by Schyth, most efforts have focused
on embryo studies and fish cell lines. As the use of RNAi improves in fish it
will be important to keep the technique in mind as a long term research goal.
This would enable knockdown of key components in the ion transport
machinery, such as the NBC, and assess the influence on whole animal
physiology. A major impediment to RNAi use in vivo involves the delivery of

the small interference RNA (siRNA) into the cells to initiate the RNAi cascade.
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This is because siRNA molecules do not readily cross the membrane of
mammalian cells (reviewed by (Dykxhoorn and Lieberman, 2005)). One
technique being tested for in vivo siRNA delivery is referred to as
hydrodynamic delivery. In this technique, large volumes of siRNAs are
injected intravenously and effectively taken up into the cells of well
vascularized tissues such as the kidney and lung (Dykxhoorn and Lieberman,
2005; Lewis et al., 2002; McCaffrey et al.,, 2002). It is proposed that this
volume load induces high venous pressure and the siRNAs are
“hydroporated” into the cells (Dykxhoorn and Lieberman, 2005; Zhang et al.,
2004). Therefore, as the gill is extremely well vascularized, this technique
could potentially be applied for fish gill functional studies in the future.
Obviously this is a more long-term goal but it would be a very promising
molecular technique to identify the importance of individual gill membrane
transport proteins for overall ion and a/b homeostasis.

A final area of interest to explore would be the effect of feeding status
on MR cell subtype expression at the gill. The influence of feeding on gill MR
cell transport in zebrafish was discussed at great lengths in chapter VI. This
has piqued my curiosity to investigate how the regular feeding status of
experimentally reared animals compares to that found in the wild. | would be
interested in a more detailed study of the changes in gene expression that are
induced by the cessation of feeding alone. Traditionally, all of the experiments
performed in fish involve starvation during experimentation or pre-starvation

for a given period of time. Does this potentially affect gene expression to a
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point where animals are already under an altered gene expression pattern
compared to the actual experiment of interest? If so this could have a great

impact on our interpretations of molecular data from MR cell subtypes.

Immunohistochemistry

Few fish specific antibodies for the various ion-transporting proteins
have been developed. Consequently, other antibodies have been used,
generally from mammalian origin, which has generated confusion due to low
Ab specificity. Gradually (since the turn of the millennium) Ab’s raised against
fish specific peptides have been developed and published for killifish VHA
(Katoh et al., 2003) Japanese dace VHA, CA II, NHE3, NBC1, and aquaporin
3 (Hirata et al., 2003), eel NKA (Mistry et al., 2001), Atlantic stingray NHE3
(Choe et al., 2005), and NHEZ2 of sculpin and dogfish to name a few (Catches
et al., 2006). In trout, Perry’s group have taken the first step in specific
transporter localization by performing in-situ RNA probe analysis of NHE2 in
gill tissue (lvanis et al., 2008b). This paper suggested NHE2 is located
apically in the PNA™ MR cells which conflicts with previous suggestions for the
role of PNA" cells in CI" uptake (Galvez et al., 2002; Goss et al., 2001a;
Tresguerres et al.,, 2006a). However, in-situ analysis cannot demonstrate
specific cellular localization and for this reason a trout NHE antibody needs to
be developed. This will help to clarify the controversial FW Na® uptake
mechanism. Microscopic analysis for NHE protein in trout gill can then be

performed as suggested for NBC above.
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Signaling control of MR cell ion transport

An area that remains unresolved in the fish literature (and other
systems for that matter) is the mechanisms of pH and ion sensing and
subsequent initiation of ion transport. Early work on the hormone prolactin
implicated it as a FW-adapting hormone in fish (Pickford and Phillips, 1959)
and cortisol was suggested to act as a SW-adapting hormone with respect to
maintaining ion homeostasis (Pickford et al., 1970). Since these early studies
the role of prolactin and cortisol has expanded and numerous additional
circulating hormones, peptides, and neurotransmitters have all been shown to
regulate ion transport at the gill in FW and SW animals (for excellent reviews
see: (Evans, 2002; Marshall, 2003; McCormick, 2001). These molecules
initiate cellular signaling cascades that ultimately adjust rates of membrane
transport in gill MR cells. However, little is known about these signaling
mechanisms controlling ion transport and the isolated MR cell preparation
used in my thesis is an excellent model system to pursue these questions in
the future. | will discuss potential mechanisms to explore below.

PMA stimulation of NHE1-like pH; recovery in my thesis is the first step
in our understanding of direct control over membrane transport in gill MR
cells. Currently our lab is following up on this data by investigating the
dopamine (DA) signaling pathway. Serotonin (5-HT) pathways will also be
explored as discussed below. So far apomorphine (a DA receptor agonist)

has been shown to alkalinize gill MR cells potentially via an NHE or VHA
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mediated mechanism (Ryder, Parks, and Goss unpublished results) and this

work will be expanded in the near future.

Protein kinases

A number of protein kinases have been demonstrated to phosphorylate
NHE1 and increase its activity. These kinases include the growth factor-
mediated p90 ribosomal S6 kinase (RSK) (Takahashi et al., 1999), protein
kinase C (PKC) (Fafournoux et al., 1991), calcium calmodulin-dependent
protein kinase (Fliegel et al., 1992), p160 Rho-associated kinase (ROCK)
(Tominaga and Barber, 1998; Tominaga et al., 1998), and the extracellular
signal-regulated kinase (ERK) (Wallert et al., 2005). NHE1 has also been
shown to be controlled by members of the mitogen activated protein kinases
(MAPK) but in turn also regulate the MAPK pathway (for review see
(Pedersen et al., 2007). As there are a large number of kinases associated
with  NHE1 control in other systems, it will be important to proceed
strategically with the analysis of trout NHE signalling interactions. Obviously
the most important point is to obtain the NHE1 molecular information for trout
and then analyse the sequence for predicted kinase binding domains in
relation to other characterised NHE1s. Following these predictions we would
be able to pursue individual or combined kinases accordingly. In the
immediate future as we have found PKC and dopamine stimulation of an
NHE1-like mechanism in trout gill MR cells, pharmacological profiling of these

transporters should be pursued.
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PKC is a diverse gene family with nine different isoforms (Roffey et al.,
2009). Consequently, there are a number of potential pharmacological
blocking agents to choose from when designing PKC experiments. These
inhibitors range in their specificity and effectiveness (for review see (Roffey et
al., 2009)). However, it would be possible using different PKC inhibitors to
isolate the isoform responsible for activating ion transport in gill MR cells.
These pharmacological results would then enable further detailed molecular
characterization (at a gene and protein level) of the PKC signalling pathway
with respect to gill ion transport.

Another area of signalling to address is on the potential
activation/inactivation of other transporters in MR cells. An alternative
explanation for the PMA results in chapter VIII was in the inhibition of a
basolateral NBC. Therefore it will be important to asses the cellular signalling

mechanisms controlling NBC function in the Na* uptake mechanism.

Dopamine and serotonin: influence on ion transport

DA and serotonin (5-hydroxytryptamine, 5-HT) are well established as
a control point in ion transport particularly in insect model systems. Both DA
and 5-HT stimulate saliva production in the cockroach salivary glands (Just
and Walz, 1996; Rietdorf et al.,, 2003; Walz et al., 2006). However, these
amines act via different mechanisms as 5-HT stimulation produced a protein-
rich saliva while DA stimulation resulted in a protein free saliva (Just and
Walz, 1996). 5-HT was also shown ~40 years ago to cause secretion in the

salivary glands of the blowfly Calliphora vicina (Berridge, 1970). This salivary
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gland secretion is driven by an apical VHA that is activated by elevated cAMP
levels following 5-HT stimulation of adenylyl cyclase (Dames et al., 2006;
Heslop and Berridge, 1980; Rein et al., 2008; Zimmermann et al., 2003). A
universal control has been suggested for VHA activity with respect to the
assembly/disassembly of the holoenzyme (for review see (Beyenbach and
Wieczorek, 2006)). The VHA consists of two complexes (termed V4 and V,)
and only the fully assembled VHA will function properly (Beyenbach and
Wieczorek, 2006). This assembly of VHA is how salivary production and ion
transport is regulated by 5-HT in the blowfly salivary glands. 5-HT stimulates
the assembly of the VHA holoenzyme (Zimmermann et al., 2003) that is
mediated intracellularly by cAMP (Dames et al., 2006). It has recently been
shown that stimulation of VHA by cAMP is mediated by PKA and not cAMP
directly (Rein et al., 2008). None of this type of information exists for fish VHA
function and regulation. Therefore, any future experiments with 5-HT and gill
ion transport should pay close attention to the assembly of the VHA
holoenzyme.

5-HT influence on pH; has been observed in blowfly salivary glands
due to its enhancement of H* secretion as described above. 5-HT caused an
acidification of pH; at low doses however it also induced multiphasic
responses in higher concentrations (Schewe et al., 2008). This was the
opposite effect of the expected pH; alkalinization that would occur as a result
of enhanced VHA activity. The authors propose that 5-HT induces an

increase in cellular respiration and cytosolic proton accumulation that masks
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the pH; alkalinizing effect of VHA stimulation (Schewe et al., 2008). They also
propose that the higher doses of 5-HT that cause multiphasic responses are
indeed due to the stimulation of VHA (Schewe et al., 2008). The influence of
5-HT on pH; characteristics in this study combined with my results from
mosquito gut cells in chapter X make 5-HT a prime candidate for future
studies on gill MR cell pH; homeostasis. | predict that 5-HT will result in an
alkalinization of pH; in MR cells by stimulating VHA. This should occur in both
MR cell subtypes as they both are proposed to utilise VHA for driving
transepithelial ion transport. Following 5-HT experimentation on ion transport
in these cells, the intracellular signalling mechanism can be teased out with
pharmacological and molecular profiling.

DA induced an acidification of pH; in salivary ducts of the cockroach
Periplaneta americana (Hille and Walz, 2007). However, this study focussed
on the pH; recovery from DA induced acidosis and not the mechanism of DA
acidification. This contrasts with our preliminary results showing DA induced
alkalinization in gill MR cells. Understanding the mechanism behind DA
induced pH; changes in trout MR cells will be the first step in describing any
dopamine related signalling pathways that control gill ion transport.

DA binds to different membrane receptors (grouped into D1 and D2
receptor families) and these receptors initiate distinct cellular messaging
pathways and have distinct pharmacology (reviewed by (Le Foll et al., 2009)).
Preliminary results using Spiperone (an inhibitor of D1 receptors) have

blocked the apomorphine induced alkalinization in gill MR cells implicating the
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D1 pathway for activation (Ryder, Parks, and Goss unpublished results).
Extending the investigation of the receptor binding profile of DA in gill MR
cells will be an important step in the future understanding of ion transport

control mechanisms at the qgill.

Neuronal control of MR cell ion transport

Recently, the neuronal control of gill ion transport has been gaining
experimental support (Jonz and Nurse, 2008). 5-HT immunoreactive neurons
have been shown in the zebrafish gill filaments and lamellae (Jonz and
Nurse, 2003) and appear to be a common feature of gill filaments in teleost
fish (Sundin and Nilsson, 2002). The presence of serotonergic neurons at the
FW qill strengthens the proposed 5-HT experiments for isolated MR cells
suggested above. Recent immunofluorescence confocal analysis has
revealed innervation of the zebrafish gill MR cells at the basolateral region of
the cell (Jonz and Nurse, 2006). Due to the abundance of NKA present in this
region of the cell it was suggested that perhaps the NKA is controlled
neuronally and therefore regulates ion transport in MR cells (Jonz and Nurse,
2006; Jonz and Nurse, 2008). This is an interesting concept as
neurotransmitters such as dopamine have been shown to inhibit or stimulate
NKA activity in a tissue specific manner (for review see (Pedemonte and
Bertorello, 2001)). To my knowledge, there are no published reports of DA
innervation in the fish gill of any species, however, DA innervation is well
established in mussel gills (Carroll and Catapane, 2007), and DA storage and

release from the vasculature of the eel has been reported previously
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(Kraschinski et al., 1996) indicating that both 5-HT and DA could play a role at
the gill. The potential neuronal control of NKA has broad implications for gill
ion transport as NKA has been implicated for a long time to act as an
energetic step in the overall gill transport mechanism (Evans et al., 2005).
Understanding the effects of 5-HT and DA on this transporter and others at
the qill holds great promise for future study in the control of acid-base and ion
transport in fish. As a series off neurotransmitters and peptides have been
shown to mediate ion transport across the opercular epithelium including
stimulation of CI" extrusion via adrenergic receptors (reviewed by (Jonz and
Nurse, 2008)) it is reasonable to assume that a similar control of ion transport

can occur in the gill MR cells.

Soluble adenylyl cyclase (sAC)

In his PhD thesis, Martin Tresguerres suggested the role of sAC in
HCOj3 sensing and stimulation of base secretion at the dogfish gill. He has
followed this up during his postdoctoral position and has now characterized
dogfish sAC at a biochemical level (Tresguerres et al. PNAS submitted MS#
2009-04630). This enzyme is now confirmed in HCO3™ sensing with results
from protein, cellular, and whole animal studies (Tresguerres et al. PNAS
submitted MS# 2009-04630). This work suggests that HCO3 acts as a
primitive hormone to regulate ion transport at the gill and is perhaps a
universal HCO3; sensor. Obviously it will be interesting to extend this
hypothesis to MR cell function in FW trout. Experiments on isolated gill MR

cells that elevate HCO3; concentrations to stimulate ion transport can be
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performed while monitoring pH; changes. Then using sAC inhibitors (KH7,
4CE) a pharmacological role for sAC in HCO3™ sensing in MR cells could be
established. The work proposed above would be combined with molecular
cloning of trout sAC from the gill. This molecular information would be vital as
sAC is not found in the zebrafish genome database which is an interesting
anomaly that will need further explanation. The trout MR cell model provides

an excellent means to study this question.

Pacific hagfish

Working on the systemic acid (chapter IX) and base (appendix II)
recovery mechanisms in the Pacific hagfish culminated in a description of a
single MR cell subtype achieving both functions. The implications for both
acid and base secretion within the same cell involve differential insertion of
proteins into the apical and basolateral membranes and this is covered
extensively in chapter IX and appendix Il. Clearly, a co-ordinated cellular
signaling pathway controls these protein movements and this can be an area
of future research. An obvious first choice would be to look at the sAC
pathway and its role in HCO3 sensing as the base recovery mechanisms
appears to be similar to that described in dogfish. This would help to extend
the description of sAC as a universal HCO3; sensor. Furthermore, sAC could
be involved in the acid secretion mechanism as well by initiating NHE
translocation within the cell. Both of these hypotheses can be tested via
whole animal acid and base infusions coupled with sAC inhibitors and

subsequent immunohistochemistry and western blotting.
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Another area remaining in the hagfish acid-recovery mechanism is the
NHE molecular identity. | performed numerous cloning attempts in this regard
(“data” not shown), however, the hagfish NHE remains elusive. The primitive
nature of the hagfish and its unique ability to recover from extreme acidosis
makes the cloning of hagfish NHE an attractive task for comparative ion

transport physiology.

Larval mosquito midgut cells

In chapter X we found that the anterior midgut cells of the larval
mosquito (Aedes aegypti L) demonstrated an increase in pH; that reached the
alkaline limits of BCECF-AM detection. These data opposed the current
dogma of the absolute requirement for pH; regulation to maintain proper
cellular function. It is important to realize that this apparent disruption of pH;
homeostasis could be utilized to achieve the extreme luminal alkalinization of
the gut. Therefore, we must consider other unique transport challenges in this
light where pH; manipulations can be used to aid in overcoming unfavourable
gradients. This has been proposed in fish MR cells for potential localized
regions of high or low pH within the cytoplasm that can help drive particular
transporters (see chapter II).

Understanding the use of altered pH; in overall ion transport requires
the development of fluorescent markers that are functional in the more acidic
and alkaline ranges. These projects are currently being explored in our lab in
collaboration with the lab of Dr. Robert E. Campbell in the department of

chemistry. As alluded to in chapter X, it will also be interesting to analyse
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various mosquito gut enzyme kinetics to determine how they are affected by
these large elevations in pH;. This unique model system holds promise for

uncovering new interpretations of various homeostatic principles.

Conclusion

| am confident that this PhD thesis provides a substantial advance for
the understanding of gill ion and a/b homeostasis. My data has resulted in
new models for ion transport in gill MR cells while providing the physiological
evidence to support previously suggested models as well. | have tried to
convey the importance of thermodynamic constraints on ion transport
throughout this thesis. When extending the study of these challenging ion
gradients, it will remain important to focus on the basic thermodynamic
limitations on certain ion transport models.

In my opinion, the most significant advance from this thesis was the
functional descriptions of gill MR cell subtypes. The full characterization of
these subtypes is required to confirm the overall mechanisms of ion and a/b
transport at the freshwater and seawater fish gill. This information will prove
to be of environmental relevance for predicting how fish respond to changing

conditions in their natural habitat.
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Figure 11. 1 An overall 2 MR cell model for ion and acid-base transport at the
FW rainbow trout gill integrating the data described throughout my thesis.
Intracellular activation of NHE via PKC is indicated by zig-zag arrow. CA =

carbonic anhydrase.
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Appendix I: Regulation of ion transport by high HCOs' in isolated gills of

the crab Neohelice (Chasmagnathus) granulata’

'A version of this chapter has been published previously.

*Tresguerres, M., *Parks, S. K., Sabatini, S. E., Goss, G. G. and Luquet, C.
Regulation of ion transport by pH and [HCO37] in isolated gills of the crab
Neohelice (Chasmagnathus) granulata. American Journal of Physiology-
Regulatory Integrative and Comparative Physiology 294, R1033-R1043,
2008. * Both authors contributed equally to all aspects of this work.
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Introduction
Please refer to the introduction for chapter V as it is a common

introduction to both this appendix and that chapter.
Results

Elevation of Vi and apH by HCOg3 in isolated perfused gills.

Switching from control [HCO37] saline of 2.50 mmol/l to the "high
[HCO37] pH 7.81" (12.50 mmol/l HCOj3") saline caused an immediate and
significant elevation in Vi from 3.02 £ 0.47 to 4.83 + 0.88 mV (n =6, P <
0.05). This effect was fully reversible, since Vi returned to its basal value after
reintroducing the original control saline (3.15 + 0.49 mV). A subsequent
application of a saline with control [HCO3] but with a higher pH of 7.81 did not
have any significant effect on Vi (2.83 £0.45 mV, n = 6, P > 0.05). However,
the saline with high [HCO37] and a control pH of 7.75 induced a significant
increase on Vi, of a similar magnitude to the "high [HCO37] pH 7.81" saline
(5.17 £ 0.88 mV, n = 6, P < 0.05). These results indicate that an increase in
the saline [HCO3], and not pH, is the stimulus that ultimately causes the
elevations on V.. Consequently, only the "high [HCO3;7] pH 7.75" saline was
used for the pharmacological characterization. These results are shown in
Fig. 12.1, A and B.

Gills perfused with the control saline secreted an apparent H" flux (Ju+)

of —43.72 + 22.5 pequiv-kg™-h~". Perfusion with "high [HCOs] pH 7.81" saline
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induced the reversion in secretion to an apparent HCO3™ flux (Jucos ) of 84.7
14.4 pequiv-kg™-h~". Therefore, the net change (Jeirol — Jbicars) iN JHcos was of
128.5 + 31.6 pequiv-kg”-h™" (P < 0.05; n = 5, Fig 12.1 C). This indicates that
the elevations in Vi are accompanied by net base efflux across the qill

epithelium.

Pharmacological characterization.

To test whether carbonic anhydrase (CA) is involved in the Vi
response to high [HCO37], we added 200 pmol/l acetazolamide into the high
[HCO37] perfusate. Acetazolamide completely and reversibly abolished the
increased Vi (Fig. 12.2, A and B). Bafilomycin is a specific inhibitor of V-H"-
ATPases at nanomolar concentrations (Drose and Altendorf, 1997).
Basolateral application of bafilomycin (100 nmol/l) did not exert any significant
effect on the HCO; -stimulated Vi, suggesting that V-H*-ATPase is not
important in this process (Fig. 12.2, A and C). On the other hand, ouabain (5
mmol/l) almost completely blocked Vie both during control (not shown) and
high [HCOs7] conditions (Fig. 12.2D), demonstrating that Na*-K*-ATPase is
the major driving force for the transepithelial transport of ions. To identify the
basolateral route of exit of H* from the cells into the hemolymph space, we
tested the effect of basolateral amiloride (1 mmol/l). This treatment completely
and reversibly blocked the HCO3; -stimulated V4, suggesting that basolateral
Na*/H* exchangers (NHE) are critical for the overall transepithelial transport
mechanism activated by high [HCO3;7] (Fig. 12.3, A and B). Importantly,

amiloride did not have any effect on the basal Vi, and it completely but
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reversibly blocked the HCO;3;- induced response when added prior to
elevating [HCO3] (Fig. 12.3C). This indicates that the putative NHE are
specifically recruited for the base secreting mechanism. This finding also
shows that the concentration of amiloride used does not significantly affect
Na*-K'-ATPase function.

Our last two experimental series were designed to test for the
involvement of apical CI/HCOs;  exchangers. Introduction of Cl -free
conditions produced a significant decrease in V4, which reflects the
importance of CI™ for the basal ion transport mechanism (see 24, 30, 40). An
increase of [HCOs] under Cl-free conditions did not result in the typical
stimulation of Vi, indicating that CI~ ions must be present for the HCO3™
stimulation to occur (Fig. 12.4, A and B). Returning to normal Cl™-containing
conditions did not restore the original Vi, probably because the unnatural CI™-
free saline induced a new basal steady state of ion transport. However, the qill
epithelium was able to respond with the typical increase in Vi to an elevation
in [HCO37], indicating that it was still healthy and functional (Fig. 12.4, A and
B). Finally, we tested the effect of apical DIDS (1 mmol/l) on the Vi stimulated
by HCOs™, but this treatment did not result in any significant changes in Vi

(Fig. 12.4C). Apical SITS (2 mmol/l) was also without any significant effect on

Vie (NOt shown).
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Discussion
Increasing [HCO37] by 10 mmol/l elevated both Vi and base secretion

to the apical medium. An equivalent increase in pH alone did not have any
effect on V. This indicates that an electrogenic transepithelial base secretion
mechanism is activated directly by [HCOs3;]. The pharmacology profile
suggests that the mechanism activated by high [HCOs3] is different from those

described in our previous studies (see below).

Carbonic Anhydrase (CA)

As mentioned for the low pH stimulation of Vi in chapter 5, CA was
imperative in the high HCOs3™ stimulation of Vi as well. On the basis of current
models for branchial A/B regulation in aquatic animals (Perry and Gilmour,
2006), it is likely that both extracellular and intracellular CA are involved in the
response to elevated [HCO37]. In fact, both types of CA are present in the
posterior gills of C. granulatus (Genovese et al., 2005). Extracellular CA
would dehydrate H* and HCOj3™ into CO,, which can diffuse inside the ion-
transporting cells. CO2 can then be re-hydrated back into H* and HCOs
intracellularly (as mentioned in chapter 5) providing the substrate for the
HCOj3; secretion mechanism. As mentioned in chapter 5, additional studies
are required to determine the role of both CA types in the HCOj3™ secretion

model at the crab qill.
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Responses to high [HCOj3].

A priori, we were expecting that basolateral V-H*-ATPases energized
the secretion of HCO3;™ as suggested for hagfish (Tresguerres et al., 2006b;
Tresguerres et al., 2007a), elasmobranchs (Tresguerres et al., 2005;
Tresguerres et al., 2006c¢; Tresguerres et al., 2007b), and teleost fish (Chang
and Hwang, 2004; Perry and Gilmour, 2006; Tresguerres et al., 2006a).
However, the [HCO;3;]-dependent Vie was insensitive to 100 nmol/l
bafilomycin. Importantly, this was in contrast to the low pH-stimulating
mechanism (see chapter 5), indicating that the dose of bafilomycin used is
effective in inhibiting V-H*-ATPase in isolated perfused gills. On the basis of
the inhibition of the HCOs™-induced Vi by amiloride, we conclude that the
basolateral route of exit for H* in crab gills during HCO3™ stimulation is via a
member of the NHE family. Candidate targets for the amiloride sensitivity are
some of the NHEs present in the gills of several crustaceans (Kimura et al.,
1994; Towle et al., 1997; Towle and Weihrauch, 2001). Importantly, at least
some crustacean NHE isoforms are electrogenic and transport two Na* for
each H* (Kimura et al., 1994; Shetlar and Towle, 1989). However, it is not
clear whether the electrogenic NHE is located in the basolateral or apical
membrane from those studies. Moreover, our study clearly demonstrates that
the driving force for HCO3™ secretion and H* reabsorption is Na'-K*-ATPase,
as seen in the inhibitory effect of ouabain.

Finally, the lack of HCO3;™ stimulation in CI™-free conditions suggests

the involvement of apical CI'/HCO3;™ exchangers of some sort (Fig. 12.5).
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However, apical application of DIDS and SITS did not have any significant
effect in the stimulated V4. It is interesting to note that apical SITS produced a
small but significant inhibition of 16% under hypo-osmotic stimulating
conditions, and of 45% in similar, but Na*-free, perfusion saline (Genovese et
al., 2005). This was interpreted as indicative of the involvement of a CI”
/HCO3;~ exchanger in Cl-uptake. Lack of SITS/DIDS inhibition in our
experimental conditions indicates that either a different, DIDS/SITS-
insensitive, CI'/HCO3~ exchanger participates in the HCO3; -induced V. or that
these drugs did not cross the cuticle in our experiments.

We have only found one similar study in the literature, performed in
isolated perfused gills of the shore crab Carcinus maenas (Siebers et al.,
1994). This study concluded that the gill could detect an elevated pH of 8.10
in the perfusate (hemolymph space) and reabsorb H* to restore a normal pH
of 7.70. However, a saline with high pH but without HCO3™ did not increase H*
reabsorption significantly, which suggests that the actual stimulus was [HCO3~
] or at least that HCO3~ was necessary to the base secretion mechanism.
Siebers and colleagues (Siebers et al., 1994) tested a variety of ion-
transporting protein inhibitors, but only ouabain affected Vi, and H”
reabsorption simultaneously. It is thus possible that C. maenas, unlike C.
granulatus, relies on electroneutral ion transport for gill A/B regulation.
Nonetheless, both isolated gill epithelia demonstrated an ability to detect and
correct A/B disturbances, a feature that might be common to crustaceans and

other aquatic organisms.
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Figure 12. 1 Effect of [HCO37] and pH on Vi and base efflux in isolated
perfused gills.

A: Vi representative trace. B: Vi, summary statistics. C: base secretion. Both
solutions had a pH of 7.75. All solutions were symmetrically applied to both
perfusate and bath. 2.5 and 12.5 is the [HCO3] in millimoles per liter. The
asterisks indicate statistical differences with the control (2.50 mmol/l| HCO3",
pH 7.75) (P < 0.05; n = 6; one-way repeated-measures ANOVA and Dunnett's

multiple comparison posttest or paired Student's t-test).
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Figure 12. 2 Effects of basolateral acetazolamide, bafilomycin, and ouabain
on the HCO3 -activated V.

A: representative trace showing a trial experiment in which both drugs were
applied to the same preparation, but the data shown in B are from
independent experiments. B: acetazolamide (200 pymol/l) summary statistics
(n=7).
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Figure 12.2 Continued. C: bafilomycin (100 nmol/l) summary statistics (n =
6). D: ouabain (5.00 mmol/l) summary statistics (n = 4). Control saline, 2.50
mmol/l HCO3™. 12.5 is the [HCO3] in mmol/l. pH of all saline solutions was
adjusted to 7.75. The asterisks indicate statistical differences with the control

(P < 0.05; one-way repeated-measures ANOVA, Dunnett's multiple

comparison posttest).
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Figure 12. 3 Inhibition of HCO3 -induced Vi activation by basolateral
amiloride.

A: representative trace. B: summary statistics showing amiloride inhibition of
the activated Vi. C: summary statistics showing amiloride during control
conditions and prevention of the HCOj3;  stimuation. Vi, transepithelial
potential difference. Control saline, 2.50 mmol/l HCO3™. 12.5 is the [HCO3] in
millimoles per liter. Amiloride (1.00 mmol/l) was added in the basolateral
perfustate. pH of all salines was adjusted to 7.75 *Statistical differences with
the control (P < 0.05; n = 5; one-way repeated-measures ANOVA, Dunnett's

multiple comparison post test).
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Figure 12. 4 Lack of HCO3 -induced Vi activation in Cl"-free conditions and
DIDS and SITS inhibition.

A: representative trace of a Cl™-free experiment. B: summary statistics of CI™-
free. C: summary statistics of DIDS. Control saline, 2.50 mmol/IrHCO3™-CI™-
free: control saline with all the CI™ substituted by NO3™. 12.5 is the [HCO37] in
millimoles per liter. DIDS: 1.00 mmol/l added into the apical bath. SITS (2.00
mmol/l) produced the same results as DIDS (not shown). pH of all salines
was adjusted to 7.75. The letters indicate different levels of statistical
significance (P < 0.05; n = 5; one-way repeated-measures ANOVA, Tukey's

multiple-comparisons or Dunnett's multiple-comparison posttest).
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Figure 12. 5 Overall model for HCO3™ and H* secretion in one cell type at the

crab gill.

This model combines data for HCO3™ secretion from this appendix and H*
secretion from chapter V and is complemented by previous studies in this
crab (Luquet and Ansaldo, 1997; Luquet et al., 2002b; Onken et al., 2003;
Towle and Weihrauch, 2001) and other aquatic organisms (chapter 4 and
(Parks et al., 2007b). The molecular identity and exact stoichiometry of the
transporters is unknown, and a question mark (?) indicates that no direct
evidence exists for the involvement of the transporter. CA, carbonic
anhydrase; NBC, Na'/HCOj3~ cotransporter; NKA, Na'-K*-ATPase; VHA, V-
type H*-ATPase.
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Appendix Il: Recovery from blood alkalosis in the Pacific hagfish

(Eptatretus stoutii): Involvement of gill V-H*-ATPase and Na*/K*-ATPase'

'A version of this chapter has been published previously.

*Tresguerres, M., *Parks, S. K. and Goss, G. G. (2007). Recovery from blood
alkalosis in the Pacific hagfish (Eptatretus stoutii): Involvement of gill V-H'-
ATPase and Na'/K’-ATPase. Comparative Biochemistry and Physiology a-
Molecular & Integrative Physiology 148, 133-141.* Both authors contributed
equally to all aspects of this study.
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Introduction
The hadfish qill epithelium has abundant mitochondria-rich (MR) cells

(Bartels, 1992; Elger and Hentschel, 1983; Mallatt and Paulsen, 1986), where
ion transport-related proteins such as Na'/K'-ATPase (NKA), carbonic
anhydrase (CA), Na'/H" exchanger (NHE) and vacuolar proton ATPase
(VHA) are located (Choe et al., 1999; Choe et al., 2002; Edwards et al., 2001;
Mallatt et al., 1987; Tresguerres et al., 2006b). Based on the role of these
proteins in fish (see (Evans et al., 2005)), and the fact that hagfish are
osmoconformers (Morris, 1965), it is likely that the role of the MR cells is the
transport of acid/base relevant ions between the blood and seawater.

To date, the role of hagfish gills in acid/base regulation has mostly
been limited to the study of acid secretion. In particular, acid infusions have
been used to induce blood acidosis in order to study acid secretion at the
whole animal (McDonald et al., 1991) and molecular levels (Edwards et al.,
2001). These studies concluded that hagfish have a substantial capacity for
overcoming an acidic load, and that a Na'/H" exchanger (NHE) protein is
probably involved in the branchial mechanism for acid secretion. Other
evidence for NHE presence in hagfish gills have been provided from
immunohistochemistry and western blot experiments (Choe et al., 2002;
Tresguerres et al., 2006b). | have further strengthened the role for NHE in
hagfish gill acid secretion as described in chapter IX (Parks et al., 2007a). On
the other hand, we are aware of only one study on base secretion in hagfish

(Evans, 1984). This study reported that the Atlantic hagfish Myxine glutinosa
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was unable to secrete base when placed in Cl -free seawater, suggesting the
existence of a CI/HCO3; exchange system. More recently, we found VHA
immunoreactivity in the gill epithelium of the Pacific hagfish Eptatretus stoutii
(Tresguerres et al., 2006b). Based on current models for base secretion in
gills of marine elasmobranchs (Piermarini and Evans, 2001; Tresguerres et
al., 2005; Tresguerres et al., 2006c), we proposed that VHA is involved in
reabsorbing protons to the blood and in energizing HCO3; secretion to the
water (Tresguerres et al., 2006b).

In order to study the responses to blood alkalosis, hagfish were
injected with NaHCOs; (6000 pmol kg™") into the subcutaneous sinus and
blood pH and total CO, (TCO3) were monitored for 6 h. We also induced long-
term alkalosis by repeated infusions of NaHCO3 (6000 pmol kg™') over a 24 h
experiment. Our results show that hagfish restore their blood pH by 6 h after
each alkaline load, and suggest that basolateral VHA plays a role in the base-
secretory mechanism. The methods in this study followed those described in

‘methods and materials” for hagfish acid recovery experiments.
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Results

6 h. Blood and plasma variables

At t =0, blood pH was 7.78 + 0.04 and 7.69 £ 0.03 pH units in NaCl-
infused (control) and base-infused hagfish (BIH), respectively (P >0.05, n =6).
The NaCl injection did not significantly affect blood pH in control hagfish (7.82
1+ 0.03 and 7.81 £ 0.05 pH units at t = 1 and 6 h, respectively). In contrast, the
6000 pmol kg™' HCO3™ injection produced an increase in blood pH at t = 1h
(8.05 = 0.05 pH units), which was significantly higher compared to control,
NaCl-injected fish (P < 0.05, n = 6). Blood pH in BIH returned to control
values by t = 6 h (7.85 + 0.08 pH units). These results are shown in Fig.
13.1A.

Plasma total CO, (TCO;) essentially followed the same pattern as
blood pH (Fig. 13.1B). Control hagfish had TCO, values of 7.32 + 0.57, 6.26 +
0.71 and 5.92 + 1.19 mmol CO, I"" at t = 0, 1 and 6 h, respectively (n = 6).
TCO; in BIH started at a significantly lower value at t = 0 (5.48 £ 0.52 mmol
CO; I"). However, the effect of the HCO3™ injection was evident at t = 1 h
(21.82 + 2.91 mmol CO; I""), when TCO, was significantly higher compared to
control hagfish. Similar to blood pH, TCO; in BIH had returned to control
values by t = 6 h (8.85 + 1.83 mmol CO, ") (P > 0.05, n = 6). Plasma [Na’]

and [CI'] did not differ between treatments or times.
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6 h. Na'/K'-ATPase and V-H'—-ATPase gill immunohistochemistry

NKA and VHA gill immunolabeling patterns 6 h after the injections
were similar in control and BIH (Fig. 13.2). Most cells that were labelled by
one antibody also were labelled by the other antibody, indicating that both
transporters exist in the same cells, or at least in a majority of cells. At the
cellular level, both NKA and VHA immunolabeling occurred throughout the
cell. These results are similar to those obtained for non-injected hagfish
(Tresguerres et al., 2006b). Sections incubated with no primary antibody
showed no staining as demonstrated in a previous publication that |
collaborated on (Tresguerres et al., 2006b) and represented again in Fig 13.2

G.

6 h. Na'/K'-ATPase and V-H'-ATPase gill abundance

The a-NKA antibody recognized a single band of ~105 kDA, while
staining with the a-VHA antibody resulted in a single band of ~70 kDa. Both
bands were absent in control blots that were incubated without primary
antibody (not shown, see (Tresguerres et al., 2006b)). There were no
significant differences in NKA or VHA abundance between gills from control
and BIH, neither in whole gill homogenates (not shown) nor in the fraction

enriched in cell membranes (Fig. 13.3).

24 h. Blood and plasma variables

In this experimental series, four bolus 6000 pmol kg~' HCO3~ doses

were injected into the subcutaneous sinus at t = 0, 6, 12 and 18 h. During the
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first 12 h, blood pH showed a pattern similar to the 6 h experiment described
in the previous section. There were significant increases in blood pH of BIH
compared to control fish 3 h after each injection (8.13 + 0.06 vs. 7.84 +0.03
pH units at t =3 h; 8.16 £ 0.04 vs. 7.94 £ 0.03 pH unitsatt=9 h, P<0.05; n
= 7 in both cases), but they were fully compensated 3 h later (8.07 + 0.04 vs.
7.97 £0.03 pH unitsatt=6 h; 8.01 £ 0.03 vs. 7.98 £ 0.04 pH units at t =12 h,
P> 0.05 in both cases). Between 12 and 24 h, blood samples were withdrawn
every 6 h instead of every 3 h. While this impaired the temporal resolution of
our study, it was done in an effort to prevent anemia. Blood pH did not
statistically differ between BIH and controls at t = 18 h (7.99 + 0.05 vs. 7.97
0.05 pH units) and t = 24 h (8.05 £ 0.05 vs. 7.92 + 0.08 pH units). Blood pH
as a function of time is shown in Fig. 13.4A.

TCO; in control fish remained between a minimum of 2.80 +1.10 mmol
CO; I"" at t = 18 h and a maximum of 7.00 +1.80 mmol CO, " at t = 12 h.
TCOz in BIH was maximum 3 h after the first HCO;™ infusion, when it reached
13.26 + 2.90 mmol CO, I”' (P < 0.05 compared to controls at the same time).
In the remaining sampling times TCO, from BIH was not significantly different
compared to controls (Fig. 13.4B). Importantly, this includes t = 9 h (3 h after
the second injection) (6.13 + 0.08 vs. 3.07 + 1.12 mmol CO, I"", P> 0.05).

Plasma [Na*] and [CI] are shown in Table 13.1. [Na*] from control and
BIH were not different from each other at any sampling time. However, [Na']
at t=9 and 12 h were significantly higher compared to t = 0 for both control

and BIH, probably due to the higher [Na'] concentration of the infusion
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solutions compared to hagfish plasma. [CI'] values were more variable than

[Na™], and did not differ significantly between treatments or times.

24 h. Na'/K'-ATPase and V-H'-ATPase gill immunohistochemistry

NKA and VHA immunoreactivity patterns after the 24 h experiments
were similar to those from the 6 h experiments. Both proteins were localized
mostly in the same cells, and the immunolabeling occurred throughout the cell

(Fig. 13.5).

24 h. Na'/K'-ATPase and V-H'-ATPase gill abundance

Control and BIH had similar NKA levels in whole gill homogenates
(1.28 = 1.19 vs. 1.87 = 0.34 a.f.u., respectively, n = 7), as estimated from
western blots. However, VHA abundance was higher in BIH compared to
control hagfish (2.83 + 0.65 vs. 1.24 + 0.21 a.f.u., P < 0.05, n = 7), indicating
that blood alkalosis had induced an upregulation of VHA synthesis (Fig. 13.6).

When samples enriched in gill cell membranes were used for western
blotting, we found that membrane-bound NKA had decreased in BIH
compared to controls (0.63 + 0.08 vs. 0.98 + 0.10 a.f.u.), while membrane-
bound VHA abundance had increased in the same group (1.82 + 0.26 vs.

1.08 £ 0.13 a.f.u.) (P < 0.05, n =7 in both cases) (Fig. 13.7).
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Discussion
Our results show that hagfish can readily recover from acute (6 h

experiments) and repeated (24 h experiments) blood alkalosis events. Some
of the possible routes for reducing blood [HCO3] are production of alkaline
urine, accumulation in body tissues or red blood cells (rbc), simple diffusion to
seawater, and intestinal or branchial secretion. If we consider the low urinary
output of hagfish (Morris, 1965) and their almost non-existent rbc permeability
to HCO3; (Peters et al., 2000), these two options can be discounted. Although
HCO; diffusion to seawater cannot be fully discounted, some characteristics
of the blood pH and plasma TCO, profiles argue against it. In particular, if
diffusion was the main component of the HCO3™ clearance, we would expect
the repeated HCO;3; injections to exert similar changes in blood pH and
plasma HCO; . For example, the first injection elevated blood pH from 7.80 +
0.07 10 8.13 £ 0.02 pH units at t = 3 h (ApH = 0.33 £ 0.07 pH units), while the
second injection only elevated blood pH from 8.07 £ 0.04 to 8.16 £ 0.04 pH
units (ApH = 0.09 = 0.03 pH units). The effect is most evident in the lack of
significant change in TCO, 3 h after the second HCO3™ injection (f = 9 h).
These results indicate that an active mechanism for HCO3; secretion had
been upregulated and remained active to prevent greater changes in blood
parameters after the subsequent HCO3; loads.

We have no data to refute the possible transport of HCO3 into the
intracellular compartment, for example the muscle. However, this mechanism

would likely affect intracellular pH and [HCO3] enormously. Regulation of
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blood pH like we observed in our study does not seem to be adaptive if it
comes at the expense of dramatic changes in those intracellular parameters.

Given the established role of gills in acid/base regulation in
elasmobranch and teleost fishes (Evans et al., 2005), and the changes in
branchial NKA and VHA reported in this study, it is likely that branchial HCO3™
secretion plays a major role in the recovery from blood alkalosis. However,
the putative role of intestinal HCO3; secretion (Grosell, 2006; Taylor and
Grosell, 2006) deserves further investigation.

Current evidence suggest that NKA, VHA (this study) and also an
NHEZ2-like protein (-Ip) (Tresguerres et al., 2006b) are located in the same
cells. However, there is a minority of cells that are not immunolabeled for all
the transporters. This is likely an artifact of using the various antibodies in
consecutive sections as explained in detail in (Tresguerres et al., 2005;
Tresguerres et al., 2006b). Despite these technical difficulties, the majority of
cells that label for one transporter also label for the other two, indicating that
the vast majority (if not all) of cells have NKA, VHA and NHE2-Ip.

In the short-term (6 h), there were no significant changes in NKA or
VHA abundance in whole gill or cell membranes. However, blood pH and
TCO;, fully recovered by the end of the experimentation period. This indicates
that the already present base-secretory machinery was sufficient and in place
to handle the HCO3; load. Possible short term activation of base secretory
mechanisms includes direct activation by an increase in substrate

concentration ([HCO3]) and/or post-translational modification such as
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phosphorylation/de-phosphorylation. However, we were unable to accurately
measure NKA activity and VHA activity in hagfish gills using the McCormick
method (McCormick, 1993). Optimization of the assay for hagfish specific
conditions is required to complete this type of analysis.

The long-term (24 h) experiments give more insights into the cellular
mechanism for base secretion. The increase in VHA abundance in whole qill
homogenates is indicative of upregulation of this enzyme in response to
HCO;3 load. In addition, increased VHA abundance in the gill cell membrane
enriched fraction demonstrates that this ATPase inserts into the cell
membrane in response to HCO3™ load. Our centrifugation protocol would not
separate the apical from the basolateral membrane. However, the
immunolabelled sections suggest that VHA labelling does not occur on the
apical membrane. Therefore, it is likely that VHA insertion under our
experimental conditions is into the basolateral membrane. At first sight, this
seems to be in contradiction with our immunohistochemistry results, which
show a cytoplasmic-like VHA immunolabelling. However, hagdfish gill MR cell
basolateral membrane forms a tubular system that occupies most of the cell
cytoplasm (Bartels and Welsch, 1986). Therefore, combining the western
blotting, immunohistochemistry and ultrastructure data, we believe that VHA
inserts into the basolateral tubular system during blood alkalosis. However,
immunogold experiments are required in order to definitely confirm this
hypothesis. The function of this insertion would be to reabsorb H" to the blood

and help with the extrusion of HCO3; to seawater via an apical anion
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exchanger yet to be identified. This putative anion exchanger could be
subjected to additional activation mechanisms in order to increase HCO3™
secretion.

A complementary explanation for the increased VHA abundance in the
membrane-enriched fraction would be that the newly synthesized units of the
enzyme (or of the V, complex) are assembled together in the endoplasmic
reticulum (ER) like it has been demonstrated in yeast (Graham et al., 1998).
In that case, we predict that the holoenzyme would subsequently migrate and
insert into the basolateral membrane. Unfortunately, separation of the plasma
membrane from Golgi or ER by differential centrifugation is extremely difficult
and hampered by the fact that specific markers (e.g. antibodies) to detect
those compartments are not available.

NKA abundance is reduced in the cell membrane enriched fraction of
HCOj3; infused hagdfish. Since NKA abundance does not change in whole gill
samples, this is likely due to removal of NKA from the basolateral membrane
during blood alkalosis. Similar insertion/removal of NKA units has been
proposed to regulate Na* absorption in the mammalian kidney (Beltowski et
al., 2004, Beltowski et al., 2003). In fish gills, NKA is involved in acid secretion
(Evans et al., 2005). Therefore, removal of NKA from the basolateral
membrane during blood alkalosis is likely related to a concomitant reduction
in H* secretion to the water, which would help in counteracting alkalosis.

Combining all the evidence, it is likely that blood acid—base regulation in the
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hagfish is achieved by differential insertion of the relevant ion-transporting
proteins into either the apical or the basolateral membrane of the MR cells.

The NaHCOs; loads in our experiments were rather abrupt. For
example, in similar experiments in dogfish, the HCO3; load was infused
gradually and continuously over the experimentation period (Tresguerres et
al., 2005; Tresguerres et al., 2006c). It is unclear whether or not hagdfish in the
wild experience blood alkalosis of this magnitude. However, the robust
regulatory mechanism described in our study suggests that hagfish may
experience periods of significant blood alkalosis naturally. Some possible
sources of alkaline stress include respiratory disturbances related to
conditions found in the deep-sea waters or a blood post-feeding alkaline tide
as has been reported for elasmobranchs (Wood et al., 2005). Regarding this
last possibility, we have recently shown that VHA translocates into the
basolateral membrane of dogfish gill cells during a post-feeding alkalosis
(Tresguerres et al., 2007b).

Comparisons to the branchial acid/base regulatory mechanisms from
fish relatives are almost unavoidable when discussing results obtained from
hagfish due to their primitive status. Briefly, a basolateral VHA acting for
HCO;™ secretion and H* reabsorption matches the proposed models for acid—
base and ionic regulation in freshwater lampreys (Choe et al., 2004), marine
(Piermarini and Evans, 2001; Tresguerres et al., 2005; Tresguerres et al.,
2006c¢) and freshwater elasmobranchs (Piermarini and Evans, 2001), and

some marine (Catches et al.,, 2006) and freshwater (Tresguerres et al.,
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2006a) teleosts. We conclude that hagfish have gill MR cells for systemic
acid—base regulation (see (Mallatt et al., 1987)), and that at least some of the
components of the gill CI/THCO3  exchange systems present in existing fish
(namely, VHA) indeed evolved before the vertebrates entered freshwater (see

(Evans, 1984)), since they are present in the primitive hagfish.
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Tables
Table 13. 1 Plasma [Na'] and [CI"] of hagfish at the sampling times.

[Na®] [CI]
Time () (mmol.I'" (mmol.I'"
0 44010 £ 8.17 45117 + 27 .11
3 429.11 £ 9.95 479.14 + 53.33
5 436.89 + 11.34 481.56 + 36.36
9 488.59 + 7.93 * 501.52 + 30.86
19 477.29 £9.94 * 491.93 + 29.30
18 460.07 £ 7.94 439.28 + 28.60
o4 463.66 + 9.90 452.94 + 31.20

Note: Values are means + s.e.m (n=14) from the combination of NaCl- and

NaHCOs-infused hagfish. The asterisks indicate significant differences

compared to =0 (1-way RM-ANOVA, Dunnett's post-test).
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Figure 13. 1 6 h hagdfish base infusion experiments.

Blood parameters of hagfish injected with either 250 mmol I”' NaHCO3~ (6000
Mequiv. kg'1) or an equivalent volume of 500 mmol I NaCl (Mean £ S.EM., n
= 6). A Blood pH. B Plasma total [CO;]. * P < 0.05 compared to the control
value (NaCl) of the respective time (2-way-RM-ANOVA, Bonferroni's post
test).
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Figure 13. 2 6 h experiments Na'/K'—~ATPase and V-H'-ATPase
immunoreactivity (IR).

Gill consecutive sections from NaCl-injected (A,B) and NaHCOs-injected
(C,D) hadfish (6 h experiments). A, C = Na'/K'-ATPase IR. B, D = V-H"-
ATPase IR. Scale bar = 10 um. G Previously published control image of
hagfish gill immunohistochemistry (Tresguerres et al., 2006b) lacking primary

antibody. Scale bar = 50 pym.
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Figure 13. 3 6 h experiments NKA and VHA abundance

Na’/K'-~ATPase A and V-H'-ATPase B abundance in gills from sham (not-
infused), NaCl- and NaHCOs-infused hagfish. These data are from cell
membranes, but whole gill homogenates showed the same trend. No
significant differences were found between treatments (1-way ANOVA) (n =
4-6).
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Figure 13. 4 24 h hadfish base infusion experiments.
Blood parameters of hagfish injected with either 250 mmol I”' NaHCO;™ or
500 mmol I”' NaCl (Mean + S.E.M., n = 6). The arrows indicate 6000 pequiv.
kg™ injections of HCO3™ or equivalent volume or NaCl A Blood pH. B Plasma
total [CO;]. * P < 0.05 compared to the control value (NaCl) of the respective
time (2-way-RM-ANOVA, Bonferroni's post test).

323



Figure 13. 5 24 h experiments Na'/K'—~ATPase and V-H'-ATPase

immunoreactivity (IR)
Gill consecutive sections from NaCl-injected (A, B) and NaHCOgs-injected

(C,D) hagfish (6h experiments). A, C = Na'/K'-ATPase IR. B, D = V-H'-
ATPase IR. Scale bar = 10 um.
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Figure 13. 6 24h NKA and VHA whole gill abundance.
Na’/K'~ATPase A and V-H'-ATPase B abundance in whole gill
homogenates from NaCl- and NaHCOs-infused hagfish (24h). * P < 0.05

compared to the control value (NaCl) (Student's t-test) (n = 7).

325



>

1.59

1.04

0.5

Na'/K'-ATPase
abundance (a.f.u.)

NaCl NaHCO ;
Treatment

w

2.54

2.0

1.5+

1.0

V-H'-ATPase
abundance (a.f.u.)

NaCl NaHCO ,;
Treatment

Figure 13. 7 24h NKA and VHA gill cell membranes abundance
Na’/K'-ATPase A and V-H'-ATPase B abundance in gill cell membranes
from NaCl- and NaHCOs-infused (24h) hagfish. * P < 0.05 compared to the
control value (NaCl) (Student's t-test) (n = 7).
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