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ABSTRACT

Ammonia excretion from the freshwater fish gill is thought to occur mainly via
passive diffusion of NH; aided by a favourable plasma-to-water ammonia gradient
sustained by a pH gradient formed by an acidified gill boundary layer. Rhesus (Rh)
proteins are the newest members of the ammonia transporter superfamily. In this thesis
research, ten rainbow trout Rh ¢cDNA sequences were cloned and characterized. Rhcg?2
mRNA and H'-ATPase mRNA and activity levels were upregulated in the trout gill
pavement cells in response to experimentally elevated plasma ammonia, concurrent with
enhanced ammonia excretion. Controversially, Rh proteins are thought to transport CO,.
However, Rh mRNA levels in most tissues of hypercapnia-exposed trout remained stable
suggesting that trout Rh proteins likely do not conduct CO,. Xenopus oocytes expressing
trout Rh proteins facilitated the bi-directional transport of methylamine, an ammonia
analogue. Methylamine transport was inhibited by ammonia and sensitive to a pH
gradient and the concentration of the protonated species. Use of the scanning ion
electrode technique (SIET) indicated that trout Rh proteins have an ammonia affinity
within the physiological range, which is greater than that for methylamine, and they
transport ammonia more rapidly than methylamine. A model of ammonia excretion in
the trout gill pavement cell is proposed wherein ammonia enters via basolateral Rhbg and
exits via apical Rhcg2, binding to these channels as NH4" but transiting as NH;  In the
gill boundary layer, NH3; combines with an H' ion released from H-ATPase and/or
Na"/H" exchange, forming NH,". As low-affinity, high-capacity ammonia transporters,

Rh proteins in the trout gill would exploit the favourable pH gradient formed by the

il



acidic boundary layer to facilitate rapid ammonia efflux when plasma ammonia levels are
elevated. Basal plasma ammonia levels are likely maintained by simple passive NHj

diffusion with a smaller role for Rh proteins under these conditions.
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INTRODUCTION
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1.1 Preface

This thesis presents a study of the ammonia transport mechanisms in the
freshwater rainbow trout, with particular emphasis on the role of Rhesus (Rh) proteins in
the gill. Over the course of the four-year period during which this doctoral thesis
research was carried out, there was an upsurge of research in the area of ammonia
transport both in mammals and in fish. This was due to the very recent addition of the Rh
proteins to the ammonia transporter superfamily. Consequently, during the same time
period as the papers representing Chapters 2 (Nawata ef al., 2007), 3 (Nawata and Wood,
2008), 4 (Nawata and Wood, 2009), and 5 (Nawata et al., 2009, in press) of this thesis
were sequentially published, a number of very relevant studies have been published by
other groups. Several reviews on ammonia transport in fish have also been published
recently which highlight the main findings detailed in Chapters 2, 3, and 4 (Perry et al.,
2009; Weihrauch et al., 2009; Wright and Wood, 2009). This Introduction will therefore
provide a brief background on ammonia transport in fish through to the first
characterizations of fish Rh proteins. Much of the content within this Introduction has
been introduced and discussed in the following chapters and therefore the reader is

forewarned of some overlap.

1.2 Background on ammonia transport in freshwater fish
As the major end product of nitrogen metabolism, ammonia must be excreted in
order to avoid toxic accumulation, and this is accomplished mainly via the gills in

freshwater fish (Smith, 1929). The interest in ammonia excretion and handling at the gill
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likely stems from early observations that elevated water ammonia levels were associated
with various problems such as gill damage, impaired ammonia excretion, toxicity, and
reduced growth and survival (e.g. Brockway, 1950; Fromm and Gillette, 1968;
Larmoyeux and Piper, 1973; Smart, 1976). Waste decomposition and high stocking
density contribute to high ammonia levels in aquaculture systems (Hargreaves, 1998)
while agricultural and industrial run-offs raise levels in aquatic environments (Jordan and
Weller, 1996). Understanding the strategies which aquatic organisms use to survive
under conditions of high environmental ammonia (HEA) is important for establishing
environmental and aquacultural guidelines (Wilkie, 1997; Wood, 1993). While the
studies on ammonia excretion in fish are voluminous (see reviews by Walsh, 1998;
Wilkie, 2002; Wood, 1993), the mechanism(s) involved remain unclear. Most of the
proposed mechanisms for freshwater fish involve passive diffusion of NH; or apical

Na"/NH," exchange, and are discussed in more detail in the sections below.

1.2.1 NH; or NH,"?

Total ammonia in aqueous solutions is the sum of the gaseous (NH3) and ionic
(NH4+) components. Throughout this thesis, the term ammonia or 7amm Will be used to
represent the sum of NH; and NH,", while the chemical symbols will be used to
specifically denote the unprotonated NH3 and the protonated NH,™ species. As a weak
base with a pK, between 9 and 10, ammonia exists mainly as NH;" (> 95%) in fish
plasma (Cameron and Heisler, 1983). As the freshwater gill epithelium is relatively

impermeable to cations, diffusion of NH," is thought to be minimal and the majority of
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ammonia likely diffuses out of the gill as NH; (Evans et al., 2005; Wilkie 1997, 2002).
The evidence for this is based on the plasma-to-water NHj3 partial pressure (Pnm3)
gradients, which correlate well with the ammonia excretion rates (Jamm). Jamm 1S reduced
in the presence of unfavourable Pny; gradients created by elevated water ammonia
(Cameron and Heisler, 1983; Wilson et al., 1994) or high water pH (Wilson ef al., 1998;
Wright and Wood, 1985). Stimulation of Jamm on the other hand, occurs in the presence
of favourable gradients created by high plasma ammonia levels (Avella and Bornancin,
1989; Salama, et al., 1999; Wilson et al., 1994) or low water pH (Wright and Wood,

1985).

1.2.2 Passive diffusion and the acid-trapping theory

The most widely accepted model of ammonia transport in the freshwater gill
involves the diffusion of NHj; across the gill into an acidic gill boundary layer wherein
NHj; is protonated to NH," (Wilkie, 1997, 2002) and this sustains the Pny3 diffusion
gradient. This boundary layer may be acidified by the hydration of expired CO,, which
produces HCOs™ and H" (Wright et al., 1986, 1989), or by H' ions released either from an
apical H'-ATPase or Na'/H" exchange system (Lin and Randall, 1990; Lin et al., 1994).
The favourable Pnys3 gradient created by this acidified layer is especially advantageous to

fish living in poorly buffered fresh water.



Ph.D. Thesis - C. M. Nawata McMaster - Biology

1.2.2.1 Carbonic anhydrase

Carbonic anhydrase present on the gill surface (Rahim et al., 1988; Wright ef al.,
1986) may be responsible for catalyzing the hydration reaction of expired CO, that
acidifies the gill boundary layer, but this remains a controversial issue (Henry and
Heming, 1998). Cytoplasmic carbonic anhydrase (CA2) in the gill cells however, is well
studied and is thought to be important for maintaining acid-base homeostasis (Henry and
Heming, 1988; Perry, 1986; Perry and Gilmour, 2006). The H' ions that are produced
from the hydration of CO, in the gill cells likely fuel the H'-ATPase or exit via an apical

NHE (Edwards et al., 2005).

1.2.3 The apparent linkage to sodium uptake

In 1938, Krogh proposed that Na'/NH4" exchange took place on the apical gill
epithelium of goldfish (Carassius auratus). Indirect evidence of this came later in
another study on goldfish, which showed that HEA inhibited ammonia excretion as well
as Na' uptake, while injection of ammonia had the opposite effect and stimulated Na"
uptake (Maetz and Garcia Romeu, 1964). This stimulation of Na uptake with ammonia
loading was confirmed in later studies (Salama et al., 1999; Wilson et al., 1994). Several
other studies have supported the idea that NH;" could replace H on a Na'/H" exchanger
(NHE) after observations that Jamn, decreased upon treatment with the sodium-proton
blocker, amiloride (e.g. Kirschner ef al., 1973; Lin and Randall, 1991; McGeer and Eddy,

1998; Wright and Wood, 1985; Yesaki and Iwama, 1992).
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1.2.4 Evidence against sodium involvement

Theoretical considerations suggest that NHEs present on the apical gill membrane
of freshwater fish may function in Na" uptake, but only within a very narrow range of
environmental parameters including high external pH or Na' (Parks er al., 2008).
Therefore, most workers believe that Na' uptake likely occurs via an epithelial Na"
channel energized by apical membrane H'-ATPase (Marshall, 2002; Potts, 1994). The
reduction of Jamm that was observed in studies that used amiloride may have been caused
not by the inhibition of Na" uptake via an NHE, but by amiloride’s other known action in
also blocking Na" channels. This would hyperpolarize the apical membrane potential and
thereby reduce H" pumping by the H'-ATPase (Potts, 1994) and concomitantly reduce
the acid-trapping ability. In support of this notion, some studies have shown that
increasing the external Na" had no effect on Jamm (Kerstetter et al., 1970; Salama et al.,
1999). Similarly removing Na" from the external medium (DeVooys, 1968; Kerstetter et
al., 1970; Wilson et al., 1994) or reducing Na" uptake with acetazolamide treatment, also
had no effect on Jamm (Kerstetter et al., 1970). Furthermore, during HEA, amiloride
almost completely blocked Na’ influx but Jamm continued, albeit at a reduced level

(Wilson et al., 1994).

1.3 Alternative ammonia transport mechanisms
While it remains unclear whether or not Na" is directly involved in the ammonia
excretion process, it is also not certain how much NHj actually diffuses across the gill

membranes since the lipid-to-water partition coefficient for NHj is only within the range
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of 0.04 and 0.08 (Evans and Cameron, 1986). Water-filled channels, if present, would
facilitate a much faster rate of NHj; diffusion (Wood, 1993). Moreover, it appears that
diffusion of NH; alone cannot account for all of the ammonia excreted from the gill.
Heisler (1990) proposed that above a threshold plasma ammonia level of 200 pmol e
diffusion is replaced by a carrier-mediated mechanism. Evidence for a carrier-mediated
transport has been demonstrated in a cultured trout gill cell preparation where Jamm was
correlated with a basolateral-to-apical membrane NH," electrochemical gradient (Kelly

and Wood, 2001), but how well this mirrors the in vivo situation is unknown.

1.3.1 Na'/K*-ATPase (NKA)

Since NH4" can substitute for K in the Na'/K'-ATPase (NKA) (Towle and
Holleland, 1987), basolateral uptake of ammonia by this route is possible. Salama et al.
(1999) however, reported that increasing amounts of NH," failed to activate the NKA of
the rainbow trout gill and instead proposed that most of the ammonia diffused into the
gill basolaterally as NH; while the rest entered via a Na'/H" (NH,")-ATPase, as proposed

earlier by Balm et al. (1988).

1.3.2 Rhesus (Rh) proteins

Ammonia transport has also been studied extensively in organisms that utilize
ammonia as a nitrogen source (Kleiner, 1981). It was only recently however, that the
genes and corresponding proteins for ammonia transporters were identified. The first

ammonia transporter genes were characterized in yeast (Mep) and plants (Amt) (Marini et
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al., 1994; Ninnemann et al., 1994). Shortly thereafter, based on sequence similarity,
mammalian homologues to the Mep/Amt proteins were identified as the Rhesus (Rh)
blood group antigens, normally recognized for their role in transfusion-incompatible
immune reactions (Marini et al., 1997). While the function of the unglycosylated Rh30
(30 kDa predicted molecular weight) proteins RhCE and RhD is unknown, the
glycoslyated Rh50 (50 kDa predicted molecular weight) proteins are believed to function
as ammonia transporters (Zidi-Yahiaoui et al., 2009). Three mammalian Rh
glycoproteins have been identified to date: RhnAG/Rhag, RhBG/Rhbg, and RhCG/Rhcg
(Huang and Peng, 2005; Huang, 2008). The terminologies RhAG, RhBG and RhCG are
dedicated to human tissues while Rhag, Rhbg, and Rhcg are reserved for non-human

tissues.

1.3.2.1 Tissue distribution in mammals

RhAG/Rhag is expressed predominantly on erythrocytes (RBCs) while
RhBG/Rhbg and RhCG/Rhcg are broadly distributed in tissues including the brain,
kidney, liver, ovary, skin, and testes (Huang, 2008; Liu et al., 2000, 2001). The Rh
proteins are expressed in an opposite and polarized orientation along the gastro-intestinal
tract of mice with Rheg oriented apically and Rhbg situated basolaterally (Handlogten et
al., 2005). In the kidney of the mouse and rat however, while Rhbg appears to be
exclusively basolateral in orientation, Rhcg is situated both apically and basolaterally

(Kim et al., 2009; Seshadri et al., 2006a),
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1.3.2.2 Function based on structure

Results from homology modeling and site-directed mutagenesis indicate that Rh
proteins are structurally and functionally similar to the ammonium transporter (AmtB) of
Escherichia coli (Callebaut et al., 2006; Conroy et al., 2005; Marini et al., 2006; Zidi-
Yahiaoui ef al., 2009). The X-ray structure of AmtB reveals that this trimeric membrane-
spanning complex functions as an NH3 channel (Khademi et al., 2004, Zheng et al.,
2004). Binding and deprotonation of NH," occurs in an external vestibule before NHj
passes through the channel and reprotonates upon exiting. The recently solved X-ray
structure of the Rh50 protein from Nitrosomonas europaea confirms similarities in the
channel, but some differences in the external vestibules of AmtB and Rh proteins (Li et
al., 2007; Lupo et al., 2007). The lack of a conserved NH4" binding site on the Rh
proteins suggests that the relative affinity of Rh proteins for NH;" may be lower than that
of AmtB. This may reflect the difference in ammonia transport requirements. NHj"
binding may be essential for bacteria in order to capture ammonia from very low
environmental concentrations whereas this feature may be less important in the
mammalian renal system, where ammonia is present in high millimolar concentrations

(Zidi-Yahiaoui ef al., 2009).

1.3.2.3 NHjs NHy or both? Electrogenic or electroneutral?
In 2000, Marini et al. reported that RhAG and RhCG expressed in Mep-deficient
yeast mediated the uptake of ammonia as well as the efflux of the ammonium analogue,

methylamine. This was followed subsequently by numerous functional studies involving
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the heterologous expression of the Rh proteins in cells or cell preparations. All three
mammalian Rh glycoproteins have been shown to transport ammonia or its analogue,
methylamine but considerable disagreement exists as to whether the species transported
is NH; or NH,". Electroneutral NH,"/H" exchangers, NH3 channels, electroneutral NH;
transporters, NH, " exporters, NH;/NH; transporters, and electrogenic NH," transporters
have all been proposed (for summary, see Javelle et al., 2007). The discrepancies in
these results may simply reflect differences in experimental methodology. Furthermore,
because many of these studies used Xenopus oocyte expression systems, interpretation of
results is complicated by non-specific endogenous NH3/NH,4" transporter activation in
these oocytes (Boldt et al., 2003; Burckhardt and Fromter, 1992; Cougnon et al., 1996).
Also, it has been argued that the commonly used radiolabeled analogue for ammonia,
['*C]methylamine is not a perfect tracer because transport affinities for methylamine and
ammonia differ (Bakouh et al., 2006) and also because the pK, for methylamine is higher

than that for ammonia (10.6 vs. 9.3).

1.3.2.4 The functional role of Rh proteins

It is unclear what function RhBG/Rhbg has in renal metabolism since it appears to
have no role under basal conditions or during chronic metabolic acidosis (Weiner and
Hamm, 2006). Chronic metabolic acidosis which normally increases renal ammonia
excretion, resulted in no change in Rhbg protein expression in rats (Seshadri et al.
2006a). Similarly, Rhbg knock-out mice had normal acid-base balance and the response

to chronic acid loading was also unaffected (Chambrey et al., 2005). Additionally, it was

10
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reported recently that RhBG is not expressed in detectable levels in the human kidney
(Brown et al., 2009). Rhcg however, does seem to be involved during chronic metabolic
acidosis. Increased total cellular Rhcg expression and changes in subcellular distribution
of Rhcg were observed under these conditions (Seshadri et al., 2006b). More recently,
knock-down studies in mice have confirmed that Rhcg is essential to renal ammonia

excretion (Biver et al., 2008; Lee et al., 2009).

1.3.2.5 The CO; debate

An ongoing controversy regarding Rh protein function is that they may also
transport CO,. The green alga, Chlamydomonas reinhardtii possesses both Amt and Rh
50 (Rh1) genes. Soupene et al. (2002) showed that C. reinhardtii grows rapidly in the
presence of CO; and that the Rhl protein was highly expressed under high CO,
conditions. Furthermore, knockdown of Rh1 with RNA interference impaired this high
rate of growth in the presence of elevated CO, (Soupene et al., 2004). More recently,
Endeward et al. (2006) reported that RBCs lacking RhAG (Rhyy) had reduced CO;
permeability and followed this with a study that demonstrated the transit of both NH3 and
CO; through the RhAG protein (Endeward et al., 2007). RhCG-expressing Xenopus
ooctyes were also shown to have increased CO, permeability (Bakouh ef al., 2006). To
further support the CO, transport function of Rh proteins, Li ef al., (2007) described in a
possible CO, binding site at the COOH-terminal end, in their structural study of the Rh50

protein of N. europaea.

11
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On the opposite side of the debate, Ripoche et al. (2006) presented evidence
indicating that Rhy,; ghost cell preparations had no change in CO, permeability. Also,
alterations in CO, concentrations did not affect the transcription levels of Rhl in N.
europaea (Weidinger et al., 2007). Similarly, there was no change in growth rate or yield
in Rh1 knockout mutants of N. europaea exposed to varying levels of CO, (Cherif-Zahar

et al., 2007).

1.3.2.6 Rh proteins in fish

Fish Rh genes were first identified in medaka (Oryzias latipes) (Kitano and
Saitou, 2000) and subsequently in several other fish species (Huang and Peng, 2005).
The first comprehensive characterization of Rh proteins in fish was carried out in the
pufferfish (Takifugu rubripes) (Nakada et al., 2007a). Rhag, Rhbg, Rhcgl, and Rheg?
were localized to specific regions of cells in the gill epithelium and these proteins, when
expressed in Xenopus oocytes, enhanced the transport of the ammonia analogue,
methylamine. No experimental manipulations were performed, but a hypothetical model
for ammonia excretion was presented. Specifically, it was proposed that Rhag in the
pillar cells function in conjunction with basolateral Rhbg and apical Rhcg2 in the gill
pavement cells to facilitate ammonia excretion out of the gill when plasma ammonia
levels are high. Additionally, in mitochondria-rich (MR) gill cells, an apical Rhegl and
basolateral Na'/K"-ATPase could cooperate as an auxiliary route of excretion to maintain
low plasma ammonia levels. This study was followed by another in the mangrove

killifish (Kryptolebias marmoratus) wherein Rh ¢cDNA sequences were identified in the

12



Ph.D. Thesis - C. M. Nawata McMaster - Biology

gill as well as in other tissues (Hung et al., 2007). Experimental exposure of these fish to
HEA induced changes in mRNA levels of Rheg? in the gills, Rhegl in the skin, and Rhbg

in the liver and muscle.

1.4 Hypotheses and objectives

Although there is clear evidence that Rh proteins are present in fish (Kitano and
Saitou, 2000; Huang and Peng, 2005; Hung et al., 2007; Nakada et al., 2007a), studies
that directly associate Rh proteins with enhanced ammonia excretion at the gill are
lacking. Similarly, although there is some evidence that CO, also passes through the Rh
channels, no physiological studies have been performed to test this hypothesis in fish.
Finally, although several functional studies have been carried out on heterologously
expressed Rh proteins (see Javelle et al., 2007) most have relied solely on the ammonia
analogue, methylamine, to characterize transport properties and none have been able to
directly measure the movement of ammonia. With this background in mind, this thesis
used molecular and physiological approaches to test the following five hypotheses, with a

particular emphasis on the gills:

1) A wide range of Rh proteins are present and differentially expressed in the tissues of

rainbow trout.

2) The mRNA expression levels of these trout Rh proteins will respond to both external

and internal ammonia loading.

13



Ph.D. Thesis - C. M. Nawata McMaster - Biology

3) The mRNA expression levels of other trout gill proteins thought to be involved in

ammonia excretion will also respond to ammonia loading, revealing functional synergies.

4) The mRNA expression levels of trout Rh proteins will respond to an elevation in

environmental CO, tension.

5) The transport characteristics of trout Rh proteins, when evaluated in a heterologous
expression system, will fit a model whereby the protonated form (NHy") is initially bound
and deprotonated, allowing only the unprotonated form (NH;) to pass through the

channel.

1.5 Overview of experimental chapters
1.5.1 Chapter 2

The focus of this chapter was to test hypothesis 1 and 3, and the external ammonia
loading part of hypothesis 2. Specifically, seven full-length Rh cDNA sequences (Rhag,
Rhbg-a, Rhbg-b, Rhcgl-a, Rhegl-b, Rh30-like2, and Rh30-like3) were cloned and
characterized in the trout gill and other tissues. Exposure to 48 hours of HEA revealed
that while ammonia excretion was initially blocked, it recovered over time. The recovery
of excretion against an apparent gradient was correlated with increases in the expression
- of Rhcg2 mRNA and H'-ATPase mRNA and activity in the gill at 12 hours. These
changes were localized to the gill pavement cells, and intracellular carbonic anhydrase

mRNA expression and activity was down-regulated in these same cells. While all of the

14
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genes analyzed except Rhegl and NHE2 responded, Rhcg2 and H'-ATPase were most
sensitive to HEA. Therefore the principal conclusion was that the pavement cells were
instrumental in the ammonia excretion mechanism with Rhcg2 and H'-ATPase
functioning in a cooperative manner to facilitate the removal of NH;" from the gill during

HEA.

1.5.2 Chapter 3

In this chapter, hypothesis 4 was tested. Three full-length Rhbg2 variants
(Rhbg2a, Rhbg2b, and Rhbg2c) were also identified. mRNA levels of Rh proteins were
assessed in the tissues of trout exposed to external hypercapnic conditions. External
hypercapnia lowered the water pH resulting in increased ammonia excretion and lower
plasma ammonia levels, however no changes in Rh mRNA levels were noted in the gill.
Addition of Hepes prevented acidification of the external water during hypercapnia and
normocapnia but resulted in reduced ammonia excretion, increased plasma ammonia, and
a downregulation of Rhcg2 in the gill and upregulation of Rhcg2 in the skin. These
changes in Rh mRNA expression appeared to reflect a response to high plasma ammonia
rather than a response to high CO,. Rhag mRNA levels in the RBCs decreased during
normocapnia and Hepes exposure, but increased during hypercapnia and Hepes exposure
and therefore it is possible that Rhag responded to both CO, and ammonia. Overall,
however, hypercapnia itself did not result in any significant changes in Rh mRNA levels

and therefore a role for Rh proteins in CO, transport was not supported.
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1.5.3 Chapter 4

Hypotheses 2 and 3 were tested in this chapter. Trout were infused with ammonia
so as to raise plasma ammonia levels without inducing HEA and the mRNA levels of Rh
proteins and other transporters and enzymes were assessed. Ammonia infusion resulted
in a rapid elevation of plasma ammonia with a concurrent increase in ammonia excretion.
It was observed in this study that the control saline infusion as well as the surgical
procedure itself also induced changes in gene expression. In general however, since
mRNA expression levels of the gill Rh proteins (Rhbg, Rhegl, and Rheg?) responded to
elevated plasma ammonia, and the mRNA of other gill proteins (NHE2, NKA and H'-
ATPase) responded as well, the pattern of gene expression in response to ammonia

infusion was similar to that observed after HEA exposure.

1.5.4 Chapter 5

This final experimental chapter tested hypothesis 5. Trout Rh proteins were
expressed in Xenopus oocytes and the transport of methylamine was measured using
[14C]methylamine while the transport of ammonia was tracked using the scanning ion
electrode technique (SIET). Trout Rh proteins facilitated the saturable and bi-directional
flux of methylamine across the oocyte membrane. The transport rates were sensitive to a
pH gradient with higher rates observed when H' gradients were steeper. Faster transport
rates also occurred when the concentration of the protonated species was increased. The
principal conclusion was that trout Rh proteins are low-affinity, high-capacity ammonia

transporters that bind NH4" but conduct NH; through the channel in a manner responsive

16
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to pH gradients. When plasma ammonia levels are elevated, Rh proteins would thereby
facilitate rapid ammonia efflux from the gill by exploiting the favourable pH gradient

formed by the acidified gill boundary layer.

1.6 Summary

Overall, the four experimental chapters of this thesis (Nawata et al., 2007; Nawata
and Wood, 2008; Nawata and Wood, 2009; Nawata ef al., submitted), as well as related
studies to which I contributed (Hung et al., 2007, 2008; Tsui ef al., 2009), have provided
considerable evidence that Rh proteins play a key role in ammonia excretion across the
gills of teleost fish. Together with the work of other groups (e.g. Braun ef al., 2009;
Nakada et al., 2007a,b; Shih et al., 2008), this research has opened up a new paradigm in
an area of comparative physiology that has been controversial for more than three

quarters of a century (Smith, 1929; Krogh, 1938; Wright and Wood, 2009).
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CHAPTER 2

AMMONIA EXCRETION IN RAINBOW TROUT (Oncorhynchus mykiss):
EVIDENCE FOR Rh GLYCOPROTEIN AND H'-ATPase INVOLVEMENT

18
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2.1 ABSTRACT

Branchial ammonia transport in freshwater teleosts is not well understood. Most
studies conclude that NHj diffuses out of the gill and becomes protonated to NH;" in an
acidified gill boundary layer. Rhesus (Rh) proteins are new members of the ammonia
transporter superfamily and rainbow trout possess genes encoding for Rh30-likel and
Rheg2. We identified seven additional full-length trout Rh ¢cDNA sequences: one Rhag
and two each of Rhbg, Rhcgl and Rh30-like. The mRNA expression of Rhbg, Rhegl,
and Rhcg2 was examined in trout tissues (blood, brain, eye, gill, heart, intestine, kidney,
liver, muscle, skin, spleen) exposed to high external ammonia (HEA; 1.5 mmol |
NH4HCOs, pH 7.95, 15°C). Rhbg was expressed in all tissues, Rhcgl was expressed in
brain, gill, liver and skin, and Rhcg2 was expressed in gill and skin. Brain Rhbg and
Rhegl were downregulated, blood Rh30-like and Rhag were downregulated, and skin
Rhbg and Rheg2 were upregulated with HEA. After an initial uptake of ammonia into
the fish during HEA, excretion was re-established, coinciding with upregulations of gill
Rh mRNA in the pavement cell fraction: Rhcg2 at 12 and 48 hours, and Rhbg at 48
hours. NHE2 expression remained unchanged, but upregulated H'-ATPase (V-type, B-
subunit) and downregulated carbonic anhydrase (CA2) expression and activity were
noted in the gill and again expression changes occurred in pavement cells, and not in
mitochondria-rich cells. Together, these results indicate Rh glycoprotein involvement in
ammonia transport and excretion in the rainbow trout while underscoring the significance

of gill boundary layer acidification by H-ATPase.
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2.2 INTRODUCTION

The current model of ammonia excretion from the freshwater teleost gill links
NHj diffusion to CO; hydration (Wilkie, 2002). Expired CO; is converted to HCO3™ and
H' by carbonic anhydrase (CA) in the gill mucus and the resulting acidified gill boundary
layer then traps NH; to NH," (Wright et al., 1986, 1989). In addition, this layer could
also be acidified by H' extruded from an apical vacuolar H'-ATPase (Lin and Randall,
1990, Lin et al., 1995). However it is acidified, this boundary layer creates a
microenvironment for a favourable transbranchial (blood-to-water) Pnys gradient that
facilitates ammonia excretion. This is especially advantageous during exposure to high
external ammonia (HEA), which reverses the normally positive ammonia gradient.
Indeed, abolishing this layer with HEPES buffer during HEA reduces Jamm (Wilson et
al., 1994).

Despite the dominance of this NH; diffusion-trapping theory, many past studies
have supported the possibility of apical Na'/NH;" exchange (e.g. Kirschner et al., 1973;
Wright and Wood, 1985). It has been argued however, that freshwater cannot provide the
Na® gradients necessary to drive this exchange (Wilkie, 2002). Likewise, basolateral
entry of NH," into the gill via an Na'/NH;" exchanger (NHE) is unlikely since the
electromotive force for Na" is directed into the gill cytosol and NH;" cannot outcompete
the much more abundant Na' in the plasma for access to the NHEs (Wilkie, 2002). Also,
no evidence exists to support basolateral ammonia transport via NH;" substitution for K*
on the Na"/K™-ATPase in the freshwater gill, although there are reports of this occurring

in seawater fish (Mallery, 1993; Randall e al., 1999).
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Ammonia transport has been studied for decades in microorganisms but the
molecular identity and function of potential transporters involved were not elucidated
until recently. The genes and corresponding proteins were first identified as
methylammonium permease (Mep) in yeast (Marini et al., 1994) and the ammonium
transporter (Amt) in plants (Ninnemann et al., 1994). Based on sequence similarity,
mammalian homologues to the Mep/Amt proteins were identified as the Rh blood group-
related proteins: Rh30 and the glycoproteins RhAG/Rhag, RhBG/Rhbg, and RhCG/Rhcg
(Huang and Liu, 2001). The terminologies RhAG, RhBG and RhCG refer to human
tissue while Rhag, Rhbg, and Rhcg indicate non-human tissue (Weiner and Hamm,
2006). Rh30 and RhAG/Rhag are restricted to erythrocytes (RBCs) whereas RhBG/Rhbg
and RhCG/Rhcg are expressed in various other tissues (Huang and Liu, 2001; Liu e al.,
2000, 2001). The three glycoproteins conduct ammonia when expressed in heterologous
systems, although disagreement exists as to whether NH; or NHy" is transported (Javelle
et al., 2007). The non-glycosylated Rh30 proteins form part of the Rh complex with
RhAG on the RBC membrane, but their function is unknown (Westhoff, 2007; Westhoff
and Wylie, 2006).

Rh proteins have been identified in different fish species (Huang and Peng, 2005;
Hung et al., 2007; Nakada et al., 2007) and functionally, it has been shown that pufferfish
Takifugu rubripes Rh glycoproteins, like their mammalian counterparts, mediate the
transport of the ammonium analogue, methylammonium, when expressed in Xenopus
oocytes (Nakada er al., 2007). Recently we identified three Rh cDNA sequences in the

unexposed and HEA-exposed mangrove killifish Kryptolebias marmoratus (Hung et al.,
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2007). HEA exposure resulted in upregulated Rh mRNA expression in the gill, liver,
muscle, and skin. Two rainbow trout Rh genes (Rh30-likel and Rhcg2) were identified
in a previous study (Huang and Peng, 2005), but their tissue expression and potential
involvement in ammonia transport have not been investigated.

With this background in mind, the objectives of this study were to identify and
sequence Rh orthologues in the rainbow trout, to examine their expression pattern in
different trout tissues under control conditions and when exposed to HEA, and to
quantify the HEA-exposed gill expression of Rh orthologues as well as other proteins

thought to be involved in the ammonia transport process.

2.3 MATERIALS AND METHODS
2.3.1 Animals

Rainbow trout, [Oncorhynchus mykiss, (Walbaum); 178-260g], obtained from
Humber Springs Trout Hatchery, Ontario, Canada were used for all experiments. The
fish were held in dechlorinated Hamilton tapwater (moderately hard: [Na']=0.6 mequiv
L, [CI=0.8 mequiv L, [Ca™]=0.8 mequiv L, [Mg"]=0.3 mequiv L, [K*]=0.05
mequiv L™'; titration alkalinity 2.1 mequiv L'; pH ~8.0; hardness ~140 mg L™ as CaCOj
equivalents; temperature 12-16° C) and food was withheld for at least one week prior to
experimentation to stabilize the endogenous fraction of nitrogenous waste excretion
(Fromm, 1963). All fish were transferred to individual, darkened acrylic flux boxes
supplied with aerated, continuously flowing dechlorinated tap water at 15+0.5°C and

allowed to recover overnight prior to experimentation. All procedures used were
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approved by the McMaster University Animal Research Ethics Board and are in

accordance with the Guidelines of the Canadian Council on Animal Care.

2.3.2 High external ammonia (HEA) experiment

Six fish were exposed to a nominal total ammonia (7amm) concentration of 1.5
mmol L' NH;HCO; (pH 7.95+0.05, 15.0+£0.5°C) for 12 or 48 hours. Fluxes were
conducted during which time the water flow was stopped and the box volume was set to 4
L. For the 48-hour flux, a period of flow-through flushing was performed every 12 hours
to prevent toxic build-up of ammonia. Control fish (six each) were treated identically for
12 and 48 hours without the addition of ammonia.

Water samples (10 ml) were taken at 12-hour intervals, frozen at —20°C and later
assayed in triplicate for Tamm using a modified salicylate-hypochlorite method (Verdouw
et al., 1978). After the flux periods, the fish were anaesthetized with MS222 (~0.1 g L
Sigma, St. Louis, MO) and caudal blood was drawn into a heparinized syringe. Samples
were centrifuged to separate plasma from RBCs (2 min, 20,000 g), immediately frozen in
liquid nitrogen, stored at —70°C, and later analyzed enzymatically for plasma 7amm
(Raichem, Hemagen Diagnostics, Inc., San Diego, CA). Net flux rates of total ammonia
(JAmm, pmol kg'lh'l) were calculated as:

Jamm= (Tammi — Tammf) X V/(t x M)
where i and f refer to initial and final concentration (umol L™"), ¥ is water volume (L) in

the box, ¢ is the time elapsed (h) and M is the fish mass (kg). A negative Jamm indicates a
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net excretion of ammonia to the water. A positive Jamm indicates a net uptake of

ammonia into the fish.

2.3.3 Sequencing and characterization of rainbow trout Rh cDNAs
2.3.3.1 Tissue sampling

Gill and blood samples for cloning purposes were removed from fish that were
exposed to 1.5 mmol L NH4HCO; for 24 hours. Control samples for all subsequent
analyses were collected from fish that were held in individual flux boxes with flowing
dechlorinated tap water for 24 hours. Blood samples were collected (as described above)
immediately after anaesthetization and prior to tissue collection.

Preliminary studies indicated Rhbg expression on RBCs, so all analyses
subsequent to cloning were performed on saline-perfused tissues to minimize the
contribution of RBC mRNA to tissue levels. Samples of brain, eye, gill, heart, intestine,
kidney, liver, muscle, skin, and spleen were removed after the fish were anaesthetized,
placed on ice, and perfused free of blood with chilled, heparinized (50 i.u. ml™ lithium
heparin; Sigma) Cortland saline (Wolf, 1963). Perfusions were performed by cannulation
of the bulbus arteriosus with a 23-gauge butterfly needle attached to a peristaltic pump
and the ventricle was severed immediately after initiation of perfusion to allow for
drainage. Tissue samples were immediately frozen in liquid nitrogen and stored at —70°C

until analysis.
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2.3.3.2 RNA extraction and reverse-transcriptase PCR amplification

Total RNA was extracted from blood and tissues using Trizol (Invitrogen,
Burlington, ON, Canada), quantified spectrophotometrically and electrophoresed on 1%
agarose gels stained with ethidium bromide to verify integrity. First strand cDNA was
synthesized from 1 pg total RNA using an oligo(dT;7) primer and Superscript II reverse

transcriptase (Invitrogen). Samples were stored at —70°C.

2.3.3.3 Identification of Rh orthologues

Partial Rh30-like, Rhag, Rhbg and Rhegl sequences were obtained from ¢cDNA
of HEA-exposed blood or gill samples using primers (Table 2.1) designed from the trout
Rh30-likel sequence and pufferfish Rhag, Rhbg and Rhcg2 sequences (GenBank:
AY207445, AY618933, AY116074, AY116076 respectively). Polymerase chain
reactions (PCR) were carried out in a PTC-200 MJ Research thermocycler with Taq
DNA polymerase (Invitrogen) at 94°C (2 min), followed by 45 cycles of 94°C (30 s),
52°C (30 s) and 72°C (1 min). Products were electrophoresed on ethidium bromide-
stained 1% agarose gels and bands of appropriate size were excised and extracted using
the Qiaquick gel extraction kit (Qiagen Inc., Mississauga, ON, Canada). Purified gel
products were ligated to a pGEM-T easy vector (Promega, Fisher Scientific, Nepean, ON,
Canada), transformed into heat-shock competent Escherichia coli (XL-Blue, Stratagene,
Mississauga, ON, Canada), then grown on ampicillin LB agar plates. Colonies
containing the ligated product were inoculated into liquid media and grown overnight.

Plasmids were harvested using GeneJet Plasmid Miniprep Kit (Fermentas Canada Inc.,
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Burlington, ON, Canada) and sequencing was performed on an ABI 3100 Gene Analyzer
at the MOBIX Lab, McMaster University, Hamilton, ON, Canada. Primers designed
specific to the Rh orthologues (Table 2.1) were used to obtain full-length cDNA
sequences by 5" and 3" RACE (Smart RACE ¢cDNA amplification kit, BD Bioscience
Clontech, Mississauga, ON, Canada). Several clones of the 3" and 5" ends were
sequenced in both directions and full-length transcripts were determined by majority-rule
consensus using BioEdit (Hall, 1999). Sequences have been deposited into GenBank

(Table 2.2).

2.3.3.4 Phylogenetic, amino acid sequence identity, hydropathy and glycosylation

analysis

Phylogenetic analyses were conducted using ClustalW (Thompson et al., 1994)
and MEGA 3.1 software (Kumar et al., 2004) using the neighbour-joining method with
support for each node using 500 bootstrap replicates. Amino acid sequence analyses
were performed using BioEdit (Hall, 1999), hydropathy profiles were determined using
EMBOSS (Rice et al., 2000) and SPLIT 4.0 (Juretic ef al., 2002), and N-glycosylation
sites were predicted using NetNGlyc 1.0 Server

(http://www.cbs.dtu.dk/services/NetNGlyc/).

2.3.3.5 Tissue distribution (PCR)
Following the methods described above, total RNA and ¢cDNA were prepared

from the RBCs and saline-perfused tissues collected from the initial HEA experiment.

26



Ph.D. Thesis - C. M. Nawata McMaster - Biology

Distribution of Rh orthologues in control and HEA-exposed (48-hour) tissues was
determined using orthologue-specific primers (Table 2.1) with the PCR protocol
described earlier. Products were electrophoresed on ethidium bromide-stained 1.5%

agarose gels.

2.3.3.6 Tissue expression (qPCR)

Rh expression in tissues exposed to HEA for 12 and 48 hours was compared to
control tissues by quantitative real-time PCR (qPCR) using the cDNA prepared above
and orthologue-specific primers (Table 2.1).  Primer specificity was confirmed in
preliminary experiments and qPCR analyses were performed on an Mx3000P QPCR
System (Stratagene, Cedar Creek, TX). Reactions (20 pl) containing 4 pl of DNasel-
treated (Invitrogen) cDNA, 4 pmoles of each primer, 10 pl of Platinum SYBR Green
qPCR SuperMix-UDG (Invitrogen) and 0.8 pl of ROX (1:10 dilution) were performed at
50°C (2 min), 95°C (2 min), followed by 40 cycles of 95°C (15 s) and 60°C (30 s). Melt-
curve analysis confirmed production of a unique product and gel electrophoresis verified
presence of a single band. A non-reversed-transcribed sample controlled for possible
genomic DNA contamination. Elongation factor-la. (EF-1a; GenBank AF498320) for
gill and B-actin (GenBank AF157514) for other tissues had the most stable expression
across samples and were used as endogenous standards to calculate relative mRNA
expression by the standard curve method. Standard curves were generated by serial
dilution of a random mixture of control samples. To discriminate between erythroid and

non-erythroid Rhbg mRNA expression, unperfused samples of brain, kidney and liver
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were analyzed and compared to samples which had been perfused free of blood, using the

same methods as those described earlier.

2.3.3.7 Pavement cell and mitochondria-rich cell expression

Pavement and mitochondria-rich (MR) cells were isolated from gill epithelial
cells using a technique modified from Galvez et al. (2002). Whole branchial baskets
were removed from control and HEA-exposed fish and gill filaments were trypsin-
digested, passed through 96 um filters, treated with RBC lysis buffer and layered onto a
discontinuous Percoll density gradient. Pavement cells were harvested from the 1.03-
1.05 g ml”" interface and MR cells were harvested from the 1.05-1.09 g ml” interface.
Total RNA and cDNA were processed as described above from both cell fractions and

the mRNA expression of Rh was measured relative to B-actin.

2.3.4 Enzyme / transporter expression in the gill

Following the gPCR protocol outlined earlier, expression of H'-ATPase, (V-type,
B subunit; GenBank AF14002), carbonic anhydrase (cytoplasmic, CA2; GenBank
AY514870), four isoforms of Na'/K'-ATPase (ala, alb, alc, a3; GenBank: AY319391,
AY319390, AY319387, AY319388), and NHE2 (GenBank EF446605) was quantified in
control and HEA-exposed whole gill samples relative to EF-1a, and in control and HEA-
exposed pavement and MR cells relative to B-actin. Expression of Na’/K'-ATPase
isoforms ala and alb were quantified in the gill cell fractions, but as the results were

similar, only the results of ala are reported here.
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2.3.5 Enzyme activity in the gill
Enzyme assays were performed in triplicate on homogenates of gill tissues that
were perfused free of blood, extracted, and frozen from the previous HEA experiment.

Protein assays were performed using Bradford Reagent (Sigma) and BSA standards.

2.3.5.1 ATPase activity

Protocols for Na"/K'-ATPase (McCormick, 1993) and H'-ATPase (Lin and
Randall, 1993) assays were modified and adapted to measure activity levels in control
and HEA-exposed fish gills. Activities are reported as control activity (no inhibitor)
minus inhibitor-treated activity [ouabain for Na'/K"-ATPase and sodium azide with N-
ethymaleimide (NEM) for V-type H'-ATPase], measured at 340 nm in a kinetic
microplate reader (SpectraMAX Plus, Molecular Devices, Menlo Park, CA) at 15 s
intervals for 30 min. We obtained the same results for H' -ATPase activity using 10 uM

bafilomycin as an inhibitor, but are only reporting results obtained using NEM.

2.3.5.2 Carbonic anhydrase

Carbonic anhydrase activity was determined using the electrometric ApH method
(Henry, 1991). Briefly, samples were assayed in a pH 7.4 buffer (225 mmol mannitol, 75
mmol sucrose, 10 mmol Tris) held at 4°C and the reaction was initiated with 200 pl of
COs-saturated water. The reaction velocity was measured, using hydrogen and reference

electrodes (Kwik-Tip, World Precision Instruments, Sarasota, FL) attached to an
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Accumet XL15 pH meter (Fisher Scientific), over a 0.15 pH change and the activity

reported as the observed rate minus the uncatalyzed rate.

2.3.6 Statistical analysis

All data are presented as means + s.e.m. (r, number of fish). Values at each time
point were compared to control values using one-way analysis of variance (ANOVA)
with Fisher’s Least Significant Difference post-hoc test. Student’s #-test was used for
comparisons of 7amm and Jamm values and for comparisons between unperfused and

perfused tissues. Significance was set at 0=0.05.

2.4 RESULTS
2.4.1 High external ammonia experiment

Exposure to HEA initially resulted in net uptake of ammonia from the water into
the fish during the first 12 hours. Thereafter, net excretion of ammonia occurred and by
48 hours, Jamm exceeded the 12 and 48-hour control rates, which remained unchanged
(Fig. 2.1). Plasma Tamm levels in HEA-exposed fish were significantly higher than the
control value (Fig. 2.2) but they remained lower than water levels throughout the time
course. There is however, a noticeable upward trend towards 48 hours approaching a

toxic level (Lumsden et al., 1993), but no signs of stress were visible in these fish.
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2.4.2 Identification of Rh orthologues in trout

Seven Rh orthologue cDNA sequences were identified in this study. Phylogenetic
analysis (Fig. 2.3) showed that two sequences with different coding regions (CDS),
isolated from HEA-exposed RBCs, fell into a cluster of fish sequences described as
Rh30-like (designated Rh30-like2 and Rh30-like3). Another sequence, also isolated from
RBCs, fell into the Rhag cluster (designated Rhag). Two sequences with identical CDS
but different 3 "-untranslated regions (3°-UTR) were cloned from HEA-exposed gill and
these fell into the Rhbg cluster (designated Rhbg-a and Rhbg-b). A further two
sequences that differ only in the 3"-UTRs were identified in the HEA-exposed gill and
these fell into subgroup 1 in the Rhecg cluster (designated Rhegl-a and Rhegl-b). Amino
acid sequence analysis revealed that the Rh30-like2 sequence is 98.8% identical to the
previously identified Rh30-likel sequence and all Rh30-like sequences are 44.5-96.4%
similar to their counterparts in other fish. Rhag is 78.5-83.7%, Rhbg is 76.1-80.6 % and
Rhegl is 75.8-82.7% identical to their respective homologues in other fish (Fig. 2.4).
The CDS of the identified sequences vary in length from 1050-1463 nucleotides (Table
2.2) and hydrophobicity analyses of all sequences revealed 12 predicted transmembrane
domains (Fig. 2.5). Rhag, Rhbg and Rhegl have predicted N-glycosylation sites in the
extracellular domain at Asp45, Asp48 and Asp60 respectively. No potential

glycosylation sites were identified in the Rh30-like sequences.
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2.4.3 Tissue distribution and expression of Rh

PCR analysis of the various trout tissues revealed the presence of Rhbg in all
control and HEA-exposed tissues examined, including the blood (Fig. 2.6). Since Rhbg
was expressed in RBCs, it was important to ensure that expression in tissues nominally
cleared of blood was not due to residual RBCs. Taking into consideration mRNA copy
number, Rhbg was always higher in the unperfused tissues due to contribution from the
blood. The contribution of Rhbg mRNA from the blood however, was small compared to
that of B-actin and therefore the removal of blood in perfused tissues produced a more
profound reduction in the relative amount of B-actin. On average, perfusion of brain,
kidney, and liver reduced the Rhbg mRNA copy number by 1.7-fold, but B-actin copy
number was reduced by 6-fold. While this large reduction in B-actin expression
represents a substantial elimination of contaminating blood, the smaller reduction in
Rhbg indicates that Rhbg expression was originating from the tissues. As a result, Rhbg
mRNA expression was always higher in the perfused tissues when normalized to B-actin
(Fig. 2.7). Interestingly, Rhbg expression decreased significantly at 48 hours of HEA in
the perfused brain (Fig. 2.7), did not change in the HEA-exposed gill (Fig. 2.8), but
increased by almost 200-fold at 48 hours HEA in the skin (Fig. 2.9). Of particular note
also, is the increased Rhbg expression in the pavement cell fraction that is devoid of
contaminating RBCs after lysis treatment (see below and Fig. 2.114).

Rhegl was clearly detected in the gill and skin by PCR in both control and HEA
conditions and there was some evidence of expression in the brain and liver during HEA

as well (Fig. 2.6). Analysis by qPCR confirmed that Rhcgl mRNA was expressed in
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control and HEA conditions in brain, gill, liver and skin but the only significant change
noted was a decrease in expression at 48 hours of HEA in the brain (Fig. 2.10), parallel to
that seen with Rhbg in the brain at this time (cf. Fig. 2.7).

Although PCR analysis revealed Rhcg2 expression in the gill only (Fig. 2.6),
qPCR analysis also detected Rhecg2 in the skin and its expression increased about 9-fold
with 48 hours HEA (Fig. 2.9). In the HEA-exposed gill, Rhcg2 expression increased by
6.2-fold at 12 hours and remained elevated by 4.2-fold at 48 hours (Fig. 2.8).

Gill cell fractionation was performed to ascertain the cellular location of these
changes in expression. In the pavement cell fraction, there was no change in Rhcgl
expression but there was a 4.3-fold increase in Rhbg expression at 48 hours of HEA and
an 8.1 and 10.8-fold increase in Rhcg2 expression at 12 and 48 hours of HEA
respectively (Fig. 2.114). No significant changes in Rh mRNA expression were noted in
the MR cell fraction, though Rhcgl expression tended to fall (Fig. 2.11B).

With the Rh30-likel and Rh30-like2 sequences being nearly identical, only the
expression of Rh30-like2 and Rh30-like3 were analyzed. The expression of these as well
as Rhag decreased significantly to less than half the control value in RBCs exposed to 12

and 48 hours of HEA (Fig. 2.12)

2.4.4 Enzyme / transporter expression and activity in the gill
The expression of H-ATPase in the HEA-exposed gill increased by 2-fold at 12
and 48 hours (Fig. 2.134) and H'-ATPase enzyme activity increased significantly by 1.4-

fold at 48 hours HEA (Fig. 2.13D). CA2 expression decreased significantly at 48 hours to
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half of the control value (Fig. 2.13B) and this corresponded to a 1.7-fold decrease in CA
enzyme activity at 48 hours HEA (Fig. 2.13E). Expression of four a-isoforms of Na"/K'-
ATPase in the gill did not change significantly with HEA exposure (Fig. 2.13C) and
Na'/K'-ATPase enzyme activity also remained unchanged (Fig. 2.13F). Similarly,
NHE2 expression did not change significantly with control, 12 and 48 hours HEA values
of 1.00 £ 0.21, 1.82 £ 0.41, and 0.72 + 0.09, respectively (n=6).

In the pavement cells, there was no change in NHE2 expression but there was a
8.3-fold decrease in CA2 expression at 48 hours, a 3-fold increase in H'-ATPase
expression at 12 hours, and a 5.3-fold increase in Na'/K'-ATPase expression at 48 hours
HEA (Fig. 2.144). In MR cells, Na'/K"-ATPase was significantly downregulated by 5.6-
fold at 48 hours HEA while CA2, H'-ATPase, and NHE2 expression remained

unchanged (Fig 2.14B).

2.5 DISCUSSION

Marini ef al. (2000) first reported that RhAG and RhCG rescued the growth of
Mep-deficient yeast and that RhAG mediated efflux of methylammonium. Since then,
the role of Rh proteins as potential ammonia transporters has become an active area of
investigation. Previous work by Huang and Peng (2005) identified an Rh30-likel and
Rhcg2 gene in the rainbow trout, but the physiological significance of these genes has not
been explored. In the present study, we identified additional cDNA sequences encoding
for Rh30-like, Rhag, Rhbg, and Rhcgl and examined their potential involvement in

ammonia transport. Rh expression was studied exclusively at the mRNA expression
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level in the present investigation. An important next step in future studies will be to
quantify expression at the protein level, once suitable antibodies have been developed for
use in rainbow trout.

All sequences identified in this study have 12 predicted transmembrane domains,
a highly conserved characteristic observed in the Rh protein family (Huang and Liu,
2001). The Rh30-likel and Rh30-like2 sequences are identical, with the exception of a
single amino acid deletion and four amino acid substitutions in Rh30-likel (Fig. 2.4).
Rh30-like2 and Rh30-like3 differ only at the 3" end due to a 73 base pair (bp) deletion in
Rh30-like2. We also identified a partial Rh30-like4 sequence with a more varied CDS as
well as two variants of Rhag lacking the 12 predicted transmembrane spanning domains
typical of the other Rh family members.

These multiple Rh30-like and Rhag sequences are likely the result of
polyploidization events that occurred in the lineage leading to modern ray-finned fishes
(Wittbrodt et al., 1998). Salmonids have further undergone a recent (25-100 million
years ago) tetraploidization event (Allendorf and Thorgaard, 1984), resulting in
duplicated genes. Indeed, multiple Wilms’ tumor suppressor (Brunelli ef al., 2001) and
glutamine synthetase (Murray et al., 2003) genes in trout are likely the result of both
ancient and recent duplication events. It is possible therefore, that additional (yet
unidentified) Rh genes will be characterized in the future.

The cDNA sequences of Rhbg-a and Rhbg-b are identical with the exception of a
474 bp deletion in the 3'-UTR of Rhbg-b. Rhcgl-a and Rhegl-b are also identical,

except for a 299 bp deletion in the 3’-UTR of Rhcgl-b. Presumably the two Rhbg
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sequences are RNA splice variants from the same gene and this is likely the case for the
two Rhcgl sequences. Although we cannot speculate about the function of the Rhbg and
Rhcgl variants, it is reasonable to conclude £hat they are differentially expressed given
that 3"-UTRs are important for post-transcriptional regulation (Mazumder et al., 2003).
Furthermore, preliminary results using primers designed specifically to Rhbg-a suggest
that the Rhbg expression changes that we report here in the brain and skin (Figs. 2.7 and
2.9) likely reflect changes in Rhbg-b.

Both Rhbg and Rhegl are very similar (over 75%) to their counterparts in other
fish species, but there is more variability between the Rh30-like sequences (Fig. 2.4).
The Rh30-like sequences fall into a cluster of homologues related to the Rh30 proteins
(Fig. 2.3) that were first described in humans (Avent and Reid, 2000). There is about
60% amino acid similarity between trout Rhbg/Rhcg and human RhBG/RhCG, but trout
Rh30-like sequences are less than 31% similar to human Rh30 (not shown). This agrees
well with Huang and Peng (2005) who showed that Rh30 is more functionally divergent
across species than the other Rh genes. Rh30 proteins do not directly transport ammonia
but their membrane expression depends on the presence of RhAG (Westhoff, 2007). In
the present study, the mRNA expression of Rh30-like and Rhag followed the same
pattern of down-regulation in HEA-exposed RBCs (Fig. 2.12) suggesting that these
proteins could also be co-expressed together on the trout RBC membrane. Whether Rhag
is additionally expressed in pillar cells of the trout gill, as they are in the pufferfish

(Nakada et al., 2007), remains to be determined.
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Exposure to 1.5 mmol L™ NH,HCO; for 48 hours resulted in an initial net uptake
of ammonia into the fish with subsequent recovery of excretion (Fig. 2.1). This is
consistent with earlier investigations that reported the same phenomenon in both
freshwater and seawater fish exposed to high (up to 1 mmol L") external concentrations
of NH4Cl or (NH4),SO4 (Cameron, 1986; Cameron and Heisler, 1983; Claiborne and
Evans, 1988; Wilson and Taylor, 1992). These studies hypothesized that an active NH4"
extrusion mechanism is induced to counteract the inward diffusion of NHj, but active
NH," exchange has not yet been demonstrated in the freshwater teleost gill, leaving NH3
diffusion as the main route of excretion (Salama et al., 1999; Wilkie, 2002).

The lipid solubility of NH;3 is however only moderate at best (Evans and
Cameron, 1986; Wood, 1993) and a protein channel would greatly facilitate NH; passage
even under routine conditions. This is particularly advantageous when potentially toxic
concentrations of ammonia need to be transported out quickly. In HEA conditions, fish
need to counter the influx of ammonia as well as eliminate endogenously produced
ammonia. This became apparent at 48 hours of HEA when plasma Tamm approached
water T'amm (Fig. 2.2). Recovery of excretion after 12 hours and the increased Jamm at 48
hours (Fig. 2.1) was accompanied by the simultaneous upregulation of Rhcg2 at 12 and
48 hours (Fig. 2.8). This suggests that Rhcg2 is upregulated in response to HEA,
resulting in enhanced ammonia excretion.

Although Rhcg2 was upregulated during HEA, all three Rh mRNAs (Rhbg,
Rhegl, and Rheg2) were expressed in the whole gill and gill cell fractions during control

and HEA conditions (Fig. 2.8 and 2.11). Analysis of the gill cell fractions revealed that
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Rheg2 upregulation at 12 and 48 hours was accompanied by Rhbg upregulation at 48
hours and that these changes were occurring in the pavement cells and not in MR cells
(Fig. 2.11). Taken together, this suggests that while both cell types may be involved in
routine ammonia transport via Rh glycoproteins during control and HEA conditions,
pavement cells respond to HEA with an upregulation of Rhcg2, restoring excretion and
elevating rates above basal levels. Rhbg may be involved in the maintenance or further
regulation of this process. These ideas still need to be validated with trout-specific Rh
protein studies which will reveal whether changes in Rh protein levels or subcellular
distribution occur as they do in rat renal cells during metabolic acidosis (Seshadri et al.,
2006).

In the gill of the pufferfish, localization of Rh mRNAs and proteins suggests that
at least under basal conditions, Rhcgl is expressed apically and is confined to the MR
cells while Rheg2 and Rhbg are restricted to pavement cells in the apical and basolateral
regions respectively (Nakada et al., 2007). In the gills of the rainbow trout, on the other
hand, our findings, show that the trout Rh mRNAs are expressed in both the MR and
pavement cells under control conditions, but respond differentially under HEA: Rhbg and
Rheg2 expression increases in pavement cells only, while Rhegl expression does not
change in pavement cells but tends to fall in MR cells. Whether this discrepancy in
findings is due to species differences and whether or not the same polarized localization
of Rh glycoproteins occurs in the trout gill awaits further investigation.

Previous studies demonstrated that expired water passing over the gills of

freshwater fish is acidified by up to 1.5 pH units, depending on initial water pH and
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buffer capacity (Lin and Randall, 1990; Playle and Wood, 1989; Wright et al., 1989).
This acidified gill boundary layer traps excreted NH3 to NH4" (Randall and Wright, 1987;
Wilson et al., 1994), but whether the acidification is due to H arising from CO,
hydration or is a result of H" extruded by H'-ATPase, is unknown (Wilkie, 2002). In our
study, an increase in H'-ATPase expression and activity (Figs. 2.134 and D)
accompanied the Rhcg2 upregulation and recovery of ammonia excretion during HEA,
suggesting that H'-ATPase is responsible for the acidification. ~Moreover, this
upregulation of H'-ATPase occurred in the pavement cells (Fig. 2.14), indicating a
possible functional coupling with Rhcg2 which has also been hypothesized to occur in
the intercalated cells of the rat nephron (Eladari et al., 2002).

The CA-catalyzed hydration of CO, normally fuels the H'-ATPase with H' in the
trout gill (Lin and Randall, 1991), so we expected to see an increase in CA expression
and or activity in conjunction with the upregulated H'-ATPase in HEA conditions.
Instead CA expression and activity were significantly decreased at 48 hours (Figs. 2.13B
and E), a response that again appeared specific to the pavement cells (Fig. 2.14), in
agreement with one study that reported inhibition of CA activity by HEA in trout
(ArasHisar et al., 2004). Downregulation or lowered CA activity suggests that CO; is no
longer the main source of H' for the H'-ATPase pump. Under ammonia-loaded
conditions, NH;" may be the major supplier of H". This correlates with the present model
of the ammonium transporter (AmtB) of E. coli which is structurally and functionally
similar to Rh proteins (Conroy et al., 2005; Marini et al., 2006; Zidi-Yahiaoui et al.,

2006). AmtB is a trimeric membrane-spanning complex (Conroy et al., 2004; Khademi
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et al., 2004; Zheng et al., 2004) functioning as an NH3 channel. The NH4" is de-
protonated before entering the channel so that it can pass through as NH; and re-
protonate after exiting (Khademi et al., 2004; Khademi and Stroud, 2006). Under HEA,
a continuous and abundant supply of H" stripped off from NH," entering the Rh channel
may be fuelling the H'-ATPase (Fig. 2.15), making elevated CA activity unnecessary.
Alternative routes of ammonia transport in the gill are via the NHE and Na'/K'-
ATPase. So far, only the giant mudskipper, Periophthalmodon schlosseri, is documented
to actively excrete NH;" by a basolateral Na'/K"-ATPase and an apical NHE during HEA
(Randall et al., 1999). The lack of evidence for ammonia transport via Na'/K'-ATPase in
the freshwater fish gill may be related to higher Na'/K'-ATPase activity levels in
seawater fish (Wilkie, 2002) however, not all seawater species display high enzyme
activity (Marshall and Bryson, 1998). In our study, HEA did not result in changes in
Na'/K'-ATPase at the transcript (Fig. 2.13C) or activity level (Fig. 2.13F) in whole gill
samples. Analysis of mRNA expression in the gill cell fractions however, revealed
upregulation in the pavement cells and downregulation in the MR cells (Fig. 2.14).
These opposing cell-specific differences may explain the absence of change in expression
and activity in the whole gill. Therefore, we cannot rule-out the potential for basolateral
NH," transport via this route until more cell-specific studies are performed. No changes
in NHE2 mRNA expression were seen in whole gill or the gill cell fractions (Fig. 1.14),
so a role for this transporter during HEA is not apparent. NH," transport through the gill

remains a possibility, but a mechanism has yet to be characterized.
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Results from this study revealed a wide tissue expression of Rh mRNAs with a
noted downregulation of Rhbg and Rhcgl occurring in the brain with HEA exposure
(Figs. 2.7 and 2.10). Since trout brain cells have only a limited capacity to detoxify
ammonia (Mommsen and Walsh, 1992), we could hypothesize that this downregulation
of Rh was a protective response to prevent ammonia over-loading into the cells.
Downregulation of Rhbg did not occur in the mangrove killifish brain in response to
similar HEA conditions (Hung et al., 2007) and this may reflect species differences: the
mangrove Kkillifish is very ammonia-tolerant (Frick and Wright, 2002) compared to the
trout (Mommsen and Walsh, 1992). Interestingly, Rh glycoproteins were not detected in
the pufferfish brain (Nakada et al., 2007).

During HEA, Rhbg and Rhcg2 were upregulated in the skin (Fig. 2.9). This was
surprising as the skin under normal conditions, contributes very little to total ammonia
excretion in freshwater teleosts in comparison to seawater species (Wood, 1993).
Upregulation of Rhcgl and Rhcg2 was also observed in the mangrove killifish skin
exposed to HEA or air (Hung et al., 2007). This species however, is known to volatilize
ammonia via the skin during air exposure (Litwiller et al., 2006). Whether the trout skin
also assumes an excretory role during HEA is not clear, but Rh proteins appear to play
some role in this tissue during HEA.

An important controversy regarding the function of Rh proteins is whether or not
they transport CO,. Chlamydomonas reinhardtii is a green algae with Amt and Rh (Rh1)
genes. When Rh1 is inhibited, ammonium uptake is unaffected but the growth increase

that normally occurs in high CO; is impaired. Elevating the CO, content of the growth
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medium increases Rhl expression (Kustu and Inwood, 2006; Soupene et al., 2004).
Also, RBCs lacking RhAG (Rhyy) have reduced CO, permeability (Endeward et al.,
2006) and RhCG-expressing oocytes have increased CO, permeability (Bakouh er al.,
2006). Contrary to this however, Ripoche et al. (2006) reported no change in CO,
permeability in Rhy,; ghost cell preparations. Future studies should include
investigations into the potential CO, transport via Rh proteins.

In summary, we identified seven full-length Rh ¢cDNA sequences in the rainbow
trout and evaluated the gene expression of these as well as Rhcg?2 at the transcript level in
the rainbow trout challenged with HEA. Rh mRNAs were expressed in many tissues and
changes in expression upon HEA exposure were noted in some. In the gill, the main site
of ammonia excretion, Rhcg2 expression as well as H-ATPase expression and activity
were upregulated during HEA and this coincided with the net recovery of ammonia
excretion. CA expression and activity were significantly downregulated at 48 hours of
HEA suggesting that CA is no longer fuelling the H-ATPase pump at this point.
Furthermore, pavement cells and not MR cells appear to be instrumental in the regulation
of ammonia transport during HEA since clear expression changes in Rh and enzymes
were occurring in this cell type only. The contribution of Rh glycoproteins and H'-
ATPase to enhanced ammonia excretion across the gill during HEA has been highlighted,
adding to our current knowledge and understanding of branchial ammonia transport in the

freshwater rainbow trout.
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2.6 TABLES AND FIGURES

Name Application Sequence (5°-3") Name Application Sequence (5°-3")
Rh30-like cloning-forward ccagacattcgtaaaggtgcag Rhag qPCR-forward ctggeggcecaatgatgttg
Rh30-like cloning-reverse catagctacccacggcaaatg Rhag qPCR-reverse atggcgaagaggtcagagtg
Rhag cloning-forward caacgcagacttcagcac Rhbg qPCR-forward cgacaacgacttttactaccge
Rhag cloning-reverse ccacaggtgtcctggatg Rhbg qPCR-reverse gacgaagccctgeatgagag
Rhbg cloning-forward catcctcatcatectetttgge Rhegl qPCR-forward catcctcagcectcatacatge
Rhbg cloning-reverse cagaacatccacaggtagacg Rhegl qPCR-reverse tgaatgacagacggagccaatce
Rhegl cloning-forward gggattcaacttcctgatcg Rheg2 qPCR-forward cctettcggagtcttcate
Rhegl cloning-reverse accaaaggtggagatgatgc Rheg2 qPCR-reverse ctatgtcgctggtgatgttg
Rh30-like 3" RACE gggacattceggtttcgegtagaagg CA qPCR-forward gccagtetcccattgacate
Rh30-like 5" RACE gcagctctcacaggeagtttctetette CA qPCR-reverse cctgtacgtcectgaaatgg
Rhag 3"RACE ccgatcatggcgaagaggtcagagtgg HATP qPCR-forward tcagccttggttgtgagatg
Rhag 5" RACE gacaatttcacagcactggccatectgg HATP qPCR-reverse caacattggtgggaaacagg
Rhbg 3"RACE ggtccagtacgacgatgagacagacgecaag  NHE qPCR-forward ttgttgagggtacggaggtg
Rhbg 5"RACE ctctattccgacatggatettgecceegtge NHE qPCR-reverse taccccagecacaagtatce
Rhegl 3"RACE cggtgctaggcaaggtgageccagte NKAla qPCR-forward ttgacctggatgaccacaag
Rhegl 5"RACE gactgggctcaccttgectageaceg NKAla qPCR-reverse ggatctccttagcccgaac
Rhbg PCR-forward cgacaacgacttttactaccge NKAI1b qPCR-forward tataagctggtggegacctc
Rhbg PCR-reverse agaacacgagccaccatcag NKA1b qPCR-reverse ggtcatccaggtcaacttee
Rhegl PCR-forward catcctcagcectcatacatge NKAlc qPCR-forward aggccatgaagaaggagagg
Rhegl PCR-reverse gtttetgtccageaggegte NKAlc qPCR-reverse taaggtcggtgecgtatttg
Rheg2 PCR-forward geacactgttcetgtggatg NKA3 qPCR-forward gcaaatcttctcccagcaag
Rheg2 PCR-reverse cagcaggatctceccaga NKA3 qPCR-reverse tcctgeaacactectctatgg
Rh30-like2 qPCR-forward getgetgeactgatatcaac B-actin qPCR-forward actgggacgacatggagaag
Rh30-like3 qPCR-forward attgcecatgggctttcac B-actin qPCR-reverse aggegtatagggacaacacg
Rh30-like2,3 qPCR-reverse cgeecegttgtgagatcate EFla qPCR-forward ggaaagtcaaccaccacag

EFla qPCR-reverse gataccacgctccctetcag

Table 2.1 Primers used for cloning, PCR, and qPCR analysis
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Orthologue GenBank 5°-UTR Coding 3°-UTR
accession region
number
Rh30-like2 EF062577 83 1263 265
Rh30-like3 EF062578 83 1050 551
Rhag EF667352 140 1305 358
Rhbg-a EF051113 188 1386 1080
Rhbg-b EF051114 188 1386 607
Rhegl-a DQ431244 73 1463 562
Rhegl-b EF051115 73 1463 215

Table 2.2 Accession number and size of each Rh ¢cDNA identified
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Figure 2.1 The effect of 48 hours of exposure to 1.5 mmol L' NH; HCO; on net
ammonia flux (Jamm). Negative values indicate excretion; positive values represent
uptake. Asterisks represent values significantly different from the 12 and 48-hour
controls (0 mmolL NH4HCO:s3). Control values are not significantly different from each
other (P<0.05). Data are means + s.e.m. (n=6-12).
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Figure 2.2 The effect of 48 hours of exposure to 1.5 mmol L' NH4HCO; on water and

plasma total ammonia (7amm). Asterisks represent plasma values significantly different
from water values (P<0.05). Data are means + s.e.m. (n=6-12).
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Figure 2.3 An unrooted phylogenetic tree of Rh homologue sequences in fish. Numbers
represent bootstrap values from 500 replicates.  Accession numbers appear in
parentheses. Asterisks indicate sequences identified in this study.
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Figure 2.4 Amino acid sequence alignments of fish Rh homologues. Accession numbers
appear in parentheses. Asterisks indicate sequences identified in this study.
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Figure 2.5 Hydropathy profile of rainbow trout Rhbg. Grey boxes indicate predicted
transmembrane regions.
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Figure 2.6 Tissue distribution of Rh glycoproteins as determined by PCR in rainbow
trout exposed to (4) 0 mmol L™ NH4HCOs and (B) 1.5 mmol L' NH4HCO;. These gels
show qualitative rather than quantitative expression. »n=3 for each Rh orthologue and
treatment.
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Figure 2.7 mRNA expression of Rhbg relative to B-actin in the blood and the unperfused
and perfused brain, kidney and liver of rainbow trout exposed to 0 mmol L' NH4HCO;s
(control) and 1.5 mmol L' NH,HCO; for 48 hours. Asterisk indicates significant
difference between control and 48-hour perfused brain (P<0.05). Data are means + s.e.m.
(n=6).
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Figure 2.8 mRNA expression of Rhbg, Rhcgl, and Rheg? relative to EF-1a expression
in the gills of rainbow trout exposed to 1.5 mmol L' NH,HCO; for 12 and 48 hours.
Significant differences from the control are indicated by an asterisk (P<0.05). Data are
means =+ s.e.m. (n=6).
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Figure 2.9 mRNA expression of Rhbg, Rhcgl, and Rhcg?2 relative to B-actin in the skin
of rainbow trout exposed to 1.5 mmol L' NH,HCO; for 12 and 48 hours. Significant
differences from the control are indicated by an asterisk (P<0.05). Data are means +
s.e.m. (n=6).
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Figure 2.10 mRNA expression of Rhegl relative to B-actin in the brain and liver of
rainbow trout exposed to 1.5 mmol L' NH4HCO; for 12 and 48 hours. Significant
differences from the control are indicated by an asterisk (P<0.05). Data are means +
s.e.m. (n=6).
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Figure 2.11 mRNA expression of Rhbg, Rhegl, and Rheg? relative to B-actin in (4)
pavement cells and (B) mitochondria-rich cells isolated from the gills of rainbow trout
exposed to 1.5 mmol L' NH4HCO; for 12 and 48 hours. Significant differences from the
control are indicated by an asterisk (P<0.05). Data are means + s.e.m. (n=6).
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Figure 2.12 mRNA expression of Rh30-like2 , Rh30-like3, and Rhag relative to (-actin
in the RBCs from rainbow trout exposed to 1.5 mmol L' NH4HCO; for 12 and 48 hours.
Significant differences from the control are indicated by an asterisk (P<0.05). Data are
means + s.e.m. (n=6).
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Figure 2.13 mRNA expression relative to EF-lo. of (4) H'-ATPase, (B) carbonic
anhydrase (CA2), and (C) Na'/K'-ATPase o-subunit isoforms and the enzyme activities
of (D) H'-ATPase, (E) carbonic anhydrase, and (F) Na'/K'-ATPase in the gills of
rainbow trout exposed to 1.5 mmol Lt NH4HCO; for 12 and 48 hours. Significant

differences from the control are indicated by an asterisk (P<0.05). Data are means +
s.e.m. (n=6).
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Figure 2.14 mRNA expression relative to B-actin of carbonic anhydrase, H-ATPase,
NHE2 and Na'/K"-ATPase (ala) in (4) pavement cells and (B) mitochondria-rich cells.

Significant differences from the control are indicated by an asterisk (P<0.05). Data are
means * s.e.m. (n=6).
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Figure 2.15 Schematic diagram of a gill cell showing Rhcg2-mediated NH3 transport
coupled to active H' secretion. The result is a net excretion of NH4 " across the apical gill
gill epithelium.
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CHAPTER 3

THE EFFECTS OF CO; AND EXTERNAL BUFFERING ON
AMMONIA EXCRETION AND RHESUS GLYCOPROTEIN mRNA
EXPRESSION IN RAINBOW TROUT
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3.1 ABSTRACT

Rhesus (Rh) proteins were recently characterized as ammonia gas (NHj)
channels. Studies indicate however, that Rh proteins also facilitate CO, transport in a
green alga and in human erythrocytes. Previously, we reported that Rh mRNA
expression in various rainbow trout tissues responded to high environmental ammonia.
To determine whether or not Rh proteins may also be involved in CO, transport in
rainbow trout, we examined the effects of 12-hour exposure to external hypercapnia (1%
CO; in air) on the Rh mRNA expression in the gill, skin, and erythrocytes. External
hypercapnic conditions lowered the water pH and facilitated ammonia excretion,
therefore we also studied the effects of hypercapnia and normocapnia in the presence of
10 mM Hepes-buffered water. Hepes treatment prevented water acidification, but
resulted in elevated plasma ammonia levels and reduced ammonia excretion rates.
Hypercapnia exposure without buffering did not elicit changes in Rh mRNA expression
in the gill or skin. However, Rhcg2 was downregulated in the gills and upregulated in the
skin of both normocapnia- and hypercapnia-exposed fish in Hepes-buffered water.
mRNA expression of a newly cloned Rhbg2 cDNA was downregulated in the skin of fish
exposed to buffered water and Rhag mRNA expression in erythrocytes was decreased
with exposure to normocapnia in buffered water, but not with hypercapnia exposure in
either buffered or unbuffered water. With the aid of Hepes buffering, we were able to
observe the effects of both CO, and ammonia on Rh mRNA expression, the resulting
pattern of which mirrored that in trout exposed to high environmental ammonia. This

suggests that the Rh mRNA changes were in response to high plasma ammonia rather
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than CO,, and therefore a dual function for Rh proteins is not evident from these results.
Rhag however, responded differentially to high CO, and high ammonia, suggesting a

possible dual role in the erythrocytes.

3.2 INTRODUCTION

Rh proteins are most commonly known for their role in erythrocyte antigenicity
(Avent et al., 2006). Several non-erythrocytic Rh proteins have now been identified in a
variety of species ranging from bacteria to mammals (e.g. Chain et al., 2003; Huang and
Peng, 2005; Weihrauch, 2006). Structural and functional studies have revealed that Rh
proteins are transporters of ammonia, a property shared with AmtB, their Escherichia coli
homologue (see reviews by Planelles, 2007; Van Kim et al., 2006; Weiner and Hamm,
2007). There is some conflict as to whether the primary substrate is NH; or NH4", but
most evidence points to NH3 (Javelle et al., 2007).

A number of different Rh orthologues have been characterized in fish (Huang and
Peng, 2005; Hung et al., 2007; Nakada et al., 2007 a, b; Nawata et al., 2007). While
Rhag appears to be limited to erythrocytes in mammals (Huang and Peng, 2005), it
occurs in both erythrocytes and pillar cells in the pufferfish, Takifugu rubripes (Nakada et
al., 2007b). Additionally, Nakada et al. (2007b) showed in pufferfish that while Rhbg
and Rhcg2 are situated basolaterally and apically in the pavement cells respectively,
Rhegl is located apically in mitochondria-rich cells. Exactly how these Rh proteins

function in ammonia transport in fish is not yet clear however, Rh mRNA expression
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levels do change in response to high external ammonia in some fish species (Hung et al.,
2007; Nawata et al., 2007), but not all (Nakada et al., 2007a).

The bulk of studies implicate Rh proteins in NH; transport, although there
remains the possibility that they also facilitate transfer of CO,, another readily hydrated
gas of similar size (Endeward et al., 2006; Kustu and Inwood, 2006). Soupene et al.
(2002, 2004) reported that the Rh1 protein of the green alga, Chlamydomonas reinharadltii,
was upregulated by high CO, and that the absence of Rhl impaired the growth of this
alga under high CO,, a condition that normally promotes rapid growth. Recently it was
demonstrated, using '*0 and mass spectrometry, that both NH3 and CO, pass through the
RhAG protein of human erythrocytes (Endeward er al., 2007). These two substrates
compete for entrance and passage through the RhAG channel, although the affinity
appears to be greater for NH; than CO,. Furthermore, structural studies performed on the
Rhl protein of the ammonia-oxidizing bacterium, Nitrosomonas europaea, revealed that
it may have a much lower ammonium affinity than the Amt proteins (Lupo et al., 2007)
and a possible CO, binding site at the COOH-terminal end has been described (Li et al.,
2007).

A few studies suggest however, that CO, is not transported through the Rh
channel. Ripoche et al. (2006) for example, found no difference in the permeability to
CO; in human erythrocyte membranes lacking RhAG, using a stopped-flow method.
More recently it was shown that both wild type (Weidinger er al., 2007) and Rhl

knockout mutants (Cherif-Zahar e al., 2007) of N. europaea, were unresponsive to CO,.
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Like ammonia, CO; in fish is believed to pass through membranes mainly in its
gaseous form (Henry and Heming, 1998), while the transport of CO; occurs in the plasma
in its hydrated form, HCOj;™ (Perry and Gilmour, 2002). A small amount of CO, exits the
apical gill epithelium as HCOs in exchange for Cl after being hydrated in the gill by
carbonic anhydrase and thus serves a role in acid-base regulation (Claiborne et al., 2002;
Perry, 1986; Perry and Gilmour, 2006).

In the present study, our goal was to determine if exposure to high external CO;
levels could elicit changes in Rh mRNA expression in rainbow trout gill, skin, and
erythrocytes, which would indicate a possible dual role for the Rh glycoproteins as NH3
and CO; channels. However, studying the effects of high CO, on Rh mRNA expression
in fish is problematic in that hypercapnia causes an increase in endogenous ammonia
production (Claiborne and Heisler, 1986). Increased ammonia excretion rates have also
been associated with exposure to external hypercapnia (Claiborne and Heisler, 1986) and
this may be due to the favourable plasma to water ammonia gradient created by the
lowered water pH as a result of the hydration of CO, in the water (Claiborne and Heisler,
1986; Larsen and Jensen, 1997; Lloyd and Herbert, 1960; Wright et al., 1989). Buffering
minimizes acidification of the water during hypercapnia, however this introduces the
confounding effect of abolishing the acidified boundary layer at the gill which normally
facilitates ammonia excretion (Salama et al., 1999; Wilson et al, 1994; Wright ef al.,
1986, 1989).

We therefore examined three experimental conditions on the mRNA expression of

Rh glycoproteins in trout: the effects of hypercapnia alone, hypercapnia with Hepes
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buffering, and effects of normocapnia with Hepes buffering. The hypercapnia treatment
chosen (1% CO; for 12 hours) directly duplicated a previous study in our lab in identical
water quality where internal acid-base and ion status (both extracellular and intracellular)
was monitored (Wood and LeMoigne, 1991). Additionally we analyzed the ammonia
excretion rates, plasma cortisol levels, and the mRNA expression of other gill
transporters possibly involved in ammonia excretion in each experimental condition.
Finally, we isolated three full-length Rhbg2 cDNA variants and assessed the mRNA

expression of these in the gill and skin.

3.3 MATERIALS AND METHODS
3.3.1 Animals

Rainbow trout (Oncorhynchus mykiss, Walbaum), weighing 170-240g, were
obtained from Humber Springs Trout Hatchery, Ontario, Canada and held in
dechlorinated Hamilton tapwater (moderately hard: [Na']=0.6 mequiv L', [CI]=0.8
mequiv L, [Ca™]=0.8 mequiv L', [Mg"*]=0.3 mequiv L, [K']=0.05 mequiv L;
titration alkalinity 2.1 mequiv L'; pH ~8.0; hardness ~140 mg L™ as CaCO; equivalents;
temperature 12-16° C) and fed ad libitum until one week before experimentation, during
which time food was withheld. Fish were transferred to individual, opaque boxes
supplied with aerated, flowing dechlorinated tap water (15+0.5°C) and allowed to recover
overnight. All procedures used were approved by the McMaster University Animal
Research Ethics Board and are in accordance with the Guidelines of the Canadian

Council on Animal Care.

72



Ph.D. Thesis - C. M. Nawata McMaster - Biology

3.3.2 Experimental conditions
3.3.2.1 Effect of external hypercapnia

Water flow was closed off to each box and the box water volume was set to 4 L.
Fish were exposed for 12 hours to a 1% CO, in air mixture (hypercapnia), provided by a
Wosthoff gas-mixing pump (Calibrated Instruments Inc., Ardsley, NY, USA), bubbled
into the water. Control fish were treated identically with a 12-hour exposure to 100% air

(normocapnia).

3.3.2.2 Effect of Hepes buffering

Bubbling of 1% CO, in air into the external water reduced the pH by
approximately 1.22 pH units, a similar reduction to that reported earlier by other
investigators (Larsen and Jensen, 1997; Wright ef al., 1988a). In order to minimize
acidification of the water while fish were exposed to hypercapnia, Hepes (Sigma; St.
Louis, MO, USA) was added to the external water to a nominal concentration of 10 mM
using a 1M stock solution adjusted to pH 8.0 with KOH. This maintained the pH within
the range of 7.76 and 7.39 during the course of 12 hours. To examine the effects of
Hepes buffering alone on ammonia excretion and mRNA expression, another set of fish

were exposed to normocapnia for 12 hours in the presence of 10 mM Hepes, as above.

3.3.2.3 Effect of high environmental ammonia (HEA)
In order to check some particular parameters highlighted in the results of the

hypercapnia and Hepes buffering exposures, a high environmental ammonia (HEA)
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exposure protocol identical to that used by Nawata et al. (2007) was repeated using an
ammonia concentration similar to that used by previous investigators (Cameron, 1986;
Cameron and Heisler, 1983; Claiborne and Evans, 1988; Wilson and Taylor, 1992;
Wilson et al., 1994). Trout were exposed to a nominal total waterborne ammonia (7amm)
concentration of 1.5 mmol L' NH4HCO;5 (pH 7.95 + 0.05) for 12 hours. During this
period the water flow was stopped and the box volume was set to 4 L. Water samples
were removed every 3 hours and total water ammonia concentration remained at 1.41 *

0.03 mmol L over the 12-hour period.

3.3.3 Analyses

Water samples (10 ml) were removed at 3-hour intervals, stored at —20°C and
later analyzed in triplicate for total ammonia (7amm) using a modified salicylate-
hypochlorite method (Verdouw et al., 1978). Because Hepes altered colour generation in
this assay, additional ammonia standards containing 10 mM Hepes were prepared and
analyzed in conjunction with the samples from the Hepes experiments. At the end of
each experiment, fish were anaesthetized with 0.1 g L™ MS222 (Sigma) and caudal blood
samples were collected into a heparinized syringe. Blood cells were separated from
plasma by centrifugation and both blood fractions were snap frozen in liquid nitrogen and

stored at —70°C.

Net flux rates of total ammonia (Jamm; pmol kg'h') into the water were
calculated as: Jamm= (Tammi — Tammy) X V/(t x M) where i and f'refer to initial and final

concentration (umolL™), ¥ is the box water volume (L), t is the time elapsed (h) and M is
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the fish mass (kg). A negative Jamm indicates net excretion into the water. Plasma total
ammonia was measured enzymatically (Raichem, Hemagen Diagnostics, Inc., San Diego,
CA, USA) and reported as pmol L.

External water pH was monitored with a Radiometer GK2401C low ionic strength

combination electrode thermostatted to the experimental water temperature.

3.3.3.1 Tissue sampling

Prior to tissue extraction, fish were perfused free of blood using Cortland saline
(Wolf, 1963) as previously described (Nawata et al., 2007). Samples of gill, skin, and
blood were removed, snap frozen in liquid nitrogen and stored at —70°C until later
processing. Gill samples from control fish were used for cloning of Rhbg2 and additional
samples of brain, gill, intestine, kidney, liver, muscle and skin were removed for

screening of Rhbg2 mRNA expression.

3.3.3.2 Total RNA isolation and reverse-transcriptase PCR amplification

Total RNA was extracted from blood and tissues using Trizol (Invitrogen,
Burlington, ON, Canada) and concentrations were quantified and checked for quality
with a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington,
DE, USA) and electrophoresed on 1% agarose gels stained with ethidium bromide, to
verify integrity. First strand cDNA synthesis was performed using 1 pg of DNasel-
treated (Invitrogen) total RNA with oligo(dT;7) primer and Superscript II reverse

transcriptase (Invitrogen).

79



Ph.D. Thesis - C. M. Nawata McMaster - Biology

Full-length ¢cDNA of Rhbg2 was obtained by 5°- and 3'-rapid amplification of
cDNA ends (Smart RACE cDNA amplification kit, BD Bioscience Clontech,
Mississauga, ON, Canada) using the RACE primers listed in Table 3.1 and the protocol
described previously (Nawata et al., 2007). Sequence analyses were performed with
BioEdit (Hall, 1999) and CLUSTAL W (Thompson et al., 1994). Hydropathy profile and
N-glycosylation site predictions were made using SPLIT 4.0 (Juretic et al., 2002), and
ScanProsite (de Castro et al., 2006), respectively.

Tissue distribution of Rhbg2 was determined by performing reverse transcriptase
PCR (RT-PCR) on the above-mentioned cDNA with the primer set listed in Table 3.1 at
35 cycles for Rhbg2 and 25 cycles for elongation factor (EF-1a). Products were
electrophoresed on 1.5% agarose gels stained with ethidium bromide and sequenced to

confirm identity.

3.3.3.3 mRNA expression

Quantitative real-time PCR (qPCR) was performed on the cDNA described above
using the primers listed in Table 3.1. Rh mRNA expression was assessed in the gill, skin,
and erythrocytes and the expressions of carbonic anhydrase (CA2; cytoplasmic), H'-
ATPase (v-type, B-subunit), NHE2, and Na'/K'-ATPase (NKA; ola-subunit) were
analyzed in the gill. Each 20 pl reaction contained 4 pl of cDNA, 8 pmoles of each
primer and 10 pl of RT? Real-Time SYBR Green/ROX PCR Master Mix (SuperArray,
Bioscience Corp, Frederick, MD). Analyses were performed at 95°C for 2 min, followed

by 40 cycles of 95°C for 30 s and 60°C for 1 min. Melt-curve analysis and gel
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electrophoresis verified presence of a single product. No-template controls and non-
reversed-transcribed controls were run in parallel. Data were extrapolated from standard
curves generated by serial dilution of one randomly selected control sample. Three
housekeeping genes, beta-actin, EF-1a, and 18S proved to be unstable across treatments

and data were therefore normalized to ng total RNA, another acceptable method of

normalization (Bustin, 2000, 2002).

3.3.3.4 Plasma cortisol
Plasma cortisol levels were measured in duplicate on 25 pl samples by
radioimmunoassay (Cortisol '*’I RIA Kit, MP Biomedicals, Orangeburg, NY, USA) and

values are reported in ng ml™.

3.3.3.5 Statistical analysis

Data are presented as means + s.e.m. (n, number of fish). One-way analysis of
variance (ANOVA) followed by Fisher’s Least Significant Difference post-hoc test was
used to analyze both the effects of the experimental treatments, and the relative
abundance of Rhbg2 mRNA in the skin. One-way repeated measures ANOVA was used

to analyze ammonia excretion rates. Significance was set at 0=0.05.
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3.4 RESULTS
3.4.1 Identification of Rhbg2

Three Rhbg2 cDNA sequences were identified in this study (GenBank;
EU660221, EU660222, and EU660223). Two of these, designated Rhbg2a and Rhbg2b,
have identical open reading frames (ORFs) encoding for a protein 461 amino acid
residues long. Analysis showed a 98% amino acid sequence identity with the ORF of
Rhbgl (Fig. 3.14). These Rhbg2 variants are identical, but Rhbg2b has a 414 base-pair
deletion in the 3 -untranslated region (UTR). The ORF of the third cDNA, designated
Rhbg2c, is a truncated variant of the full-length ORF, with 166 amino acids deleted from
the COOH-terminal end. The last 18 amino acids form an alternative end (Fig. 3.14).
Rhbg2b and Rhbg2c additionally have four different 5’-UTR variants (herein termed
variants 1, 2, 3, and 4, in order of decreasing length) with an upstream ORF (uORF) that
would encode for a polypeptide of 6 amino acids. The longest 5’-UTR variant (variant 1)
has an additional uORF upstream to the common uORF that would encode for a
polypeptide of 26 amino acids (Fig. 3.1B). Rhbg2a has three of the four 5’-UTR variants
described; the longest one was not detected by RT-PCR analysis (Fig. 3.1C).
Hydrophobicity analysis revealed 12 predicted transmembrane domains and two putative
N-glycosylation sites for Rhbg2a and Rhbg2b (Asn48 and Asn212). The truncated
variant, Rhbg2c retains the same predicted N-glycosylation sites as the full-length

variants, but has only 8 predicted transmembrane domains (Fig. 3.14).

78



Ph.D. Thesis - C. M. Nawata McMaster - Biology

3.4.2 Tissue distribution and expression of Rhbg2

PCR analysis of the various trout tissues from control fish revealed that Rhbg? is
expressed in the brain, gill, intestine, skin, and possibly in the liver and muscle (Fig. 3.2).
The truncated form, Rhbg2c was only detected in the gill (data not shown). qPCR
analysis performed on control samples of gill and skin showed that the 5’-UTR variants
are present in equal abundance in the gill. In the skin however, variants 1 and 3 were
significantly more abundant than the other two. To examine whether or not these
variants respond differentially, we analyzed the expression in the skin of fish exposed to
hypercapnia in Hepes-buffered water. Expression of all four variants decreased such that

they were no longer differentially expressed (Fig. 3.3).

3.4.3 External hypercapnia

Exposure to external hypercapnia resulted in ammonia excretion rates that were
elevated significantly over both the 3 and 12-hour control rates during the course of the
exposure. The rates at 3 and 12 hours were 69% and 54% higher than the control rates,
respectively (Fig. 3.4). Plasma ammonia levels in these fish at 12 hours were not
significantly different from the control values (Fig. 3.5). There were no significant
changes in Rh glycoprotein mRNA expression in the gill or skin, although Rhcg2 was
decreased by almost 50% (Figs. 3.6 and 3.7). Similarly, no significant differences in
Rhag and Rh30-like2 mRNA expression were noted in the erythrocytes, however Rhag

was increased by about 1.7-fold (Fig. 3.8). Expressions of CA2, H'-ATPase, NHE2, and
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NKA mRNA in the gill were unchanged (Fig. 3.9). The plasma cortisol concentration

was not significantly different from that of the control fish (Fig. 3.10).

3.4.4 External hypercapnia with Hepes buffering

Throughout the 12-hour exposure to hypercapnia in Hepes-buffered water, trout
exhibited ammonia excretion rates that were significantly lower than those in fish
exposed to hypercapnia alone, with a 57% reduction at 3 hours and a 42% reduction at 12
hours. At 9 hours however, the rates were significantly increased above the 3-hour
control rates and by 12 hours they were not different from the 12-control rates (Fig. 3.4).
Plasma ammonia levels were significantly increased 2.3-fold above the control value
after 12 hours of exposure (Fig. 3.5). In the gill, CA2 and NHE mRNA levels were
significantly increased (Fig. 3.9) and Rhcg2 was a significantly decreased by 60% (Fig.
3.6). No significant changes were noted in the mRNA expression of Rhag or Rh30-like2
in the erythrocytes, although expression of Rhag was 2-fold higher than the control (Fig.
3.8). In the skin, there was a 67% reduction in Rhbg2 but a 30-fold increase in Rheg2.
Rhegl was decreased, but not significantly (Fig. 3.7). Plasma cortisol was not

significantly different from the control value at 12 hours (Fig. 3.10).

3.4.5 External normocapnia with Hepes buffering
The ammonia excretion rate in fish exposed to normocapnia in Hepes-buffered
water was not significantly different from the 3-hour control rate, throughout the 12-hour

exposure. However, there was a trend towards decreased excretion and by 12 hours, the
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rate was reduced to 71% of the 12-hour control value (Fig. 3.4). Plasma ammonia was
significantly elevated over the control value at 12 hours (Fig. 3.5). Rhcg2 mRNA levels
were significantly reduced in the gill to about half of the control level (Fig. 3.6), but no
changes were noted in the other gill mRNAs (CA2, H'-ATPase, NHE2, NKA; Fig. 3.9).
In the skin, while there was a 2-fold reduction in Rhbgl and a 4-fold reduction in Rhbg2,
Rhegl and Rheg2 expressions were increased by 4- and 58-fold, respectively (Fig. 3.7).
In the erythrocytes, there were 3-fold reductions in both Rhag and Rh30-like2 mRNA
expression (Fig. 3.8) and plasma cortisol levels were low, but not significantly different

from control values (Fig. 3.10).

3.4.6 High environmental ammonia

Because of the high nucleotide sequence identity between the Rhbgl and the
Rhbg2 cDNAs (the highest being 91.5%, between the Rhbgla and Rhbg2a variants), we
designed a primer set more specific for Rhbg1 than that used previously by Nawata ef al.,
(2007), and assessed the expression of Rhbgl and Rhbg2 in the gill and skin of HEA-
exposed fish. Both Rhbgl and Rhbg2 mRNA expression levels remained unchanged in
the gill during HEA (Fig. 3.6). In the skin, Rhbgl mRNA levels were not significantly
different from that of the control, but Rhbg2 mRNA expression was significantly down-
regulated by about 4-fold (Fig. 3.7). Expressions of Rhecgl and Rhcg2 mRNA in the gill
and skin, Rhag and Rh30-like2 mRNA in the erythrocytes, and CA2, H'-ATPase, NHE2,
and NKA mRNA in the gill were also measured and confirmed the results reported earlier

by Nawata et al. (2007) and are therefore not reported here. Plasma ammonia and
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cortisol levels were both significantly elevated above the control values by 10-fold and 4-

fold, respectively (Figs 3.5 and 3.10).

3.5 DISCUSSION

Recently, we established a link between Rh proteins and ammonia by showing
that rainbow trout exposed to high environmental ammonia (HEA) responded with
upregulated Rhcg2 mRNA expression in the gill (Nawata et al., 2007). This response
coincided with the re-establishment and enhancement of ammonia excretion that was
initially inhibited by the reversed plasma to water ammonia gradient. In the present
study, we used hypercapnia as a tool to assess the response of Rh mRNA transcription
levels to high CO; in the rainbow trout. This proved problematic in that, like the study by
Claiborne and Heisler (1986), hypercapnia caused an increase in internal ammonia
production as evidenced by the elevated rate of ammonia excretion (Fig. 3.4) without
alteration of plasma total ammonia concentration (Fig. 3.5). Bubbling of CO; into the
water lowered the pH, creating a sink for NH3, thus enhancing the rate of excretion. This
increased excretion rate was sufficient to maintain plasma ammonia at control levels (Fig.
3.5) and may explain why changes in Rh mRNA levels were not observed. Any effects
that elevated CO, may have had were not reflected as changes in mRNA transcription
levels in the gill or skin.

Buffering of the external water effectively reduced the acidification caused by the
CO,, but it also likely abolished the acidified gill boundary layer. It has been well

documented that the boundary layer, whether acidified by hydration of CO, by carbonic
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anhydrase in the mucus (Wright et al., 1986, 1989), or by release of protons from an
apical H'-ATPase (Lin et al., 1994; Lin and Randall, 1990), normally facilitates ammonia
excretion. Indeed, the present study confirms previous reports (Salama et al., 1999,
Wright et al., 1989) showing that there was a decline in the ammonia excretion rate when
fish were exposed to normocapnia in Hepes-buffered water, with the rate reduced to a
third of the control rate by 12 hours (Fig. 3.4). As a consequence of the reduced
excretion, plasma ammonia levels in these fish were elevated after 12 hours of treatment
(Fig. 3.5). Despite this elevation, and unlike HEA-exposed fish that also have high
plasma ammonia (Nawata et al., 2007), the Rhcg2 mRNA transcription level was
decreased in the gill (Fig. 3.6). Upregulated or enhanced ammonia transport capacity at
the gill would likely prove futile in the presence of Hepes since any protons formed or
released at the apical gill surface would be rapidly removed by the buffer, effectively
eliminating a favourable ammonia gradient.

However, in the skin of fish exposed to Hepes in the presence of normocapnia
both Rhegl and Rheg2 mRNA levels were highly elevated (Fig. 3.7). Rhcg2 exhibited
the greatest fold increase in mRNA expression suggesting that this protein may have a
dominant role in the skin, but this requires further investigation. Upregulation of Rhcg2
in the skin also occurred when excretion was blocked at the gill after 12 hours of
exposure to HEA (Nawata ef al., 2007). Fish skin is generally thought to have low
permeability (Fromm, 1968) and therefore its role in gas and ion exchange has been
largely ignored. A few studies have measured ammonia excretion from fish skin (see

Wood, 1993 for a review), but it appears that the skin has a secondary role to the gill if
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any, in freshwater fish. This may be true especially under normal circumstances, but
under conditions when excretion is blocked at the gill, the skin may become an important
alternate site of ammonia release and this possibility needs to be explored further in
freshwater species. Indeed the skin becomes a site of ammonia excretion via
volatilization during aerial exposure in the mangrove killifish, Kryptolebias marmoratus,
and skin Rh mRNA levels are also upregulated during this time (Hung et al., 2007).

The acid-base disturbance in response to hypercapnia has been well described in
catheterized fish (see Claiborne 1998; Heisler, 1993, for reviews). Catheterization was
avoided in the present study, as our initial trials indicated that catheterization alone may
alter Rh expression (Nawata and Wood, unpubl.). However, we used an exposure regime
in which the acid-base effects had been documented previously. In an identical 1% CO,
exposure protocol in Hamilton tapwater, chronically catheterized rainbow trout exhibited
a 0.3 unit depression in arterial pH at 3 hours with partial recovery by 12 hours (see Fig.
3.7 of LeMoigne and Wood, 1991). Although gill cell intracellular ion levels (Na" and CI
) declined, gill intracellular pH did not change.

The associated increase in acid excretion which helps correct internal pH by
building up internal HCO5™ levels during hypercapnia involves the hydration of CO; by
carbonic anhydrase within the gill (Henry and Heming, 1988; Perry, 1986; Perry and
Gilmour, 2006). Apically located H-ATPase and/or NHE may then be involved in the
release of protons into the water (Edwards et al., 2005). Although buffering during
hypercapnia would cause an internal elevation of both CO, and ammonia, results from

our study suggested that fish in this treatment group were responding to an acidosis
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induced by the high CO,. The upregulation of NHE2 mRNA levels in the gill
corresponds well with the findings of Edwards et al. (2005), who reported an increase in
NHE2-like protein expression in Fundulus heteroclitus exposed to external hypercapnia.
This suggests that although H'-ATPase is believed to play the major role in acid secretion
in freshwater teleosts (Edwards et al., 2005), NHE2 may also have a role during acidosis
in rainbow trout. H'-ATPase mRNA expression levels were not upregulated at 12 hours
(Fig. 3.9), but this should not be interpreted to mean that the corresponding protein is not
functional during acidosis. The expression levels of H-ATPase mRNA may in fact peak
as early as 2 hours after hypercapnia exposure (Perry et al., 2000) that could then result in
a sufficient quantity of protein by 12 hours. The increased CA2 mRNA levels that
occurred are also in agreement with previous studies that reported increased carbonic
anhydrase activity (Dimberg and Hoglund, 1987) and increased CA2 mRNA and protein
expression (Georgalis ef al., 2006) in the gills of hypercapnia-exposed trout.

Fish exposed to hypercapnia in Hepes-buffered water also experienced inhibition
of ammonia excretion at the gill as evidenced by the elevated plasma ammonia (Fig. 3.5)
as well as the excretion rates that were significantly lower than those of the hypercapnia-
exposed fish in unbuffered water (Fig. 3.4). Although the excretion rates started to rise at
9 hours (Fig. 3.4), the downregulation of Rhcg2 and H™-ATPase mRNA levels in the gill
indicate that these fish were probably not using the same mechanism to enhance
ammonia excretion as that used during HEA. Both treatments resulted in blockage of
ammonia excretion from the gill, but it appears that in hypercapnic fish, the primary

mRNA response in the gill was to CO, rather than high ammonia. Similar to the fish
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exposed to normocapnia in Hepes-buffered water, there was an upregulation of Rhcg2
mRNA in the skin (Fig. 3.7), again reinforcing the idea that this may be an alternate route
for ammonia excretion.

Previously we reported that Rhag as well as the Rh30-like mRNAs were down-
regulated during HEA, when plasma ammonia levels were high (Nawata ef al., 2007). In
the present study, both groups of fish exposed to Hepes-buffered water had elevated
plasma ammonia levels, albeit lower than HEA-exposed fish (Fig. 3.5), so we would have
expected a similar down-regulation of Rhag in these two groups. Fish exposed to
normocapnia did indeed exhibit lowered Rhag, however the hypercapnia-exposed fish did
not. Instead, the Rhag mRNA expression in the hypercapnia-exposed fish was increased
2-fold over that of the control fish, a response similar to that of the hypercapnia-exposed
fish in unbuffered water (Fig. 3.8). This suggests that Rhag was responding to both high
CO; and high ammonia, but in a differential fashion.

Ammonia accumulates in trout erythrocytes during hypercapnia (Wright et al.,
1988b). If Rhag allows passage of NHj, then downregulation when plasma ammonia
levels are elevated may be a protective response. Transport of NH; with CO, and H,O
into the erythrocyte would produce NH;" and HCO3™ and once HCO;' is exchanged for
CI', the formation of NH4Cl would lead to H,O uptake and result in swelling (Bruce,
2008). Also, the buffering effect of NH; could interfere with the Bohr and Haldane
effects, and therefore with O, and CO, transport. In human erythrocyte membranes,
RhAG forms a macrocomplex with a number of proteins including the band-3 anion

exchanger (AE1) and carbonic anhydrase, and this complex is thought to function in
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CO,/0O, gas exchange (Bruce et al., 2003). Trout erythrocytes also have AE1 present
(Michel and Rudloff, 1989), but whether or not it forms a similar complex with Rhag is
unknown. However, if Rhag functions as a CO; channel, then upregulation along with
AEI1 could be beneficial during hypercapnia when plasma HCOj5' is high.

It has also been speculated that the Rh30 proteins could allow CO, passage
(Callebaut et al., 2006), although Endeward et al. (2007) found no difference in CO,
uptake in erythrocytes lacking the RhD (Rh30) protein. Data from our study also
suggests that the Rh30-like proteins are not involved in CO, transport as there were no
notable changes in mRNA expression in erythrocytes from either of the two groups
exposed to hypercapnia (Fig. 3.8). Rh30-like2 mRNA expression however, was
downregulated in the fish exposed to normocapnia and Hepes, like HEA-exposed fish
(Nawata et al., 2007), suggesting a response to high ammonia only.

So far, studies have indicated that fish have multiple Rh genes (Huang and Peng,
2005; Hung et al., 2007; Nakada ef al., 2007a,b; Nawata et al., 2007) but the significance
of this seeming redundancy is unclear. Nakada et al. (2007b) proposed that Rhag in the
pillar cells of pufferfish may work in conjunction with the basolaterally located Rhbg and
apically situated Rhcg2 in the lamellae to keep plasma ammonia levels low, with
additional excretion aided by Rhcgl in the mitochondria-rich cells. Others have shown
that some Rh proteins may be dispensable like Rhbg in the mouse (Chambrey ef al.,
2005) and Rhl in the slime mold (Benghezal, 2001). Likewise, the physiological
significance of the multiple variants of Rhbg2 (Fig. 3.1) is puzzling, but the presence of

uORFs and splicing in the 5°- and 3-UTRs of the mRNAs suggests complex regulation

87



Ph.D. Thesis - C. M. Nawata McMaster - Biology

of this protein. uORFs have the potential to impact gene expression and some may serve
as cis-acting regulatory elements modulating translation of the main ORF (Meijer and
Thomas, 2002; Morris and Geballe, 2000). Similarly, the UTRs are involved in many
post-transcriptional pathways that control the localization, stability and translation
efficiency of mRNAs (Pesole ef al., 2001). The existence of a truncated version of the
Rhbg2 protein suggests yet another level of complexity. Truncation alters function
and/or intracellular location of some transporters while some alternative-splice products
negatively regulate the wild-type protein (Kitayama et al., 1999; Mangravite ef al., 2003).
Whether the truncated version of Rhbg2 functionally interacts with the full form or
whether it has a completely different function has yet to be analyzed.

Interestingly, the same 5-UTR Rhbg2 variants are present in both the skin and
gill, although in the gill they are expressed equally while in the skin they are expressed
differentially (Fig. 3.3). The downregulation of Rhbg2 that occurred in the skin with
Hepes treatment during both hypercapnia and normocapnia appears to be in response to
high plasma ammonia rather than high CO, as suggested by the unchanged expression in
the hypercapnia-treated fish in unbuffered water. To support this idea, we found that
HEA-exposed fish exhibited a similar down-regulation (Fig. 3.7). Rhbg was reported to
be nonessential during acidosis in knockout mice (Chambrey et al., 2005). Abundance of
Rhbg2 in fish skin may similarly be unnecessary during hypercapnia and HEA, and
instead Rhbg2 could have a different role other than ammonia transport.

Glucocorticoids are known for their role in regulating gene expression in

mammals and the same is likely true for fish (Mommsen ef al., 1999). Data from this
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study however, showed no correlation between Rh mRNA abundance and cortisol levels.
Plasma cortisol and gill Rhcg2 mRNA levels were both elevated during HEA but in the
two Hepes-exposed groups, Rhcg2 mRNA was elevated in the skin while the cortisol
remained at control levels (Fig. 3.10). A lack of correlation however, does not exclude
the possibility that cortisol could be involved either directly or indirectly in the control of
Rh protein expression. Indeed, cortisol levels need not be elevated in order to have an
influence on physiological processes (e.g. Wood et al., 2001) and other factors such as
the clearance rate and non-genomic actions of cortisol need to be taken into consideration
(Mommsen et al., 1999).

We have evaluated the expression of Rh protein mRNAs in rainbow trout exposed
to hypercapnic and normocapnic conditions in the presence and absence of Hepes buffer.
Previously, we showed that at the mRNA transcript level, Rh proteins clearly respond to
high ammonia conditions in rainbow trout tissues (Nawata et al., 2007). A similar
response to high CO, would suggest that Rh proteins may have a dual role as CO, and
NHj3 gas channels in trout tissues. Data from our present study revealed however, that
high CO, did not directly elicit changes in Rh mRNA transcription levels in the gill and
skin. Instead, the changes that did occur likely reflected responses to high plasma
ammonia, and thus reinforce the connection between the Rh proteins and ammonia. As
such, a dual role for Rh proteins in the rainbow trout is not apparent from this study.
There does remain however, the possibility that Rhag interacts with both CO, and

ammonia in the erythrocyte and further work is needed to clarify this.
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3.6 TABLES AND FIGURES
Name Forwaed | (r ; }/_e;s; Sequenes Application Accession #

Rhbg2 cctggetgtgaccecteggcattg / RACE EU660221
cteectggetgtgacceteggeattg

Rhbgl gaagatacaggacacgtgtg / qPCR EF051113
gatgcccagggttacgge

Rhbg2 ctgtgacccteggeattge / qPCR, EU660221
ggatctcaagtgtatgtat RT-PCR

Rhegl catcctcagcectcatacatgce / qPCR DQ431244
tgaatgacagacggagccaatc

Rheg2 cctettcggagtcettcate / qPCR AY619986
ctatgtegetggtgatgtig

Rh30-like2 getgetgeactgatatcaac / qPCR EF062577
cgcccgttgtgagatcate

Rhag ctggcggccaatgatgttg / qPCR EF667352
atggegaagaggicagagtg

CA gccagtctcecattgacate / qPCR AY514870
cctgtacgtcectgaaatgg

HAT tcagcecttggttgtgagatg / qPCR AF140002
caacattggtgggaaacagg

NHE tatggccattgtgacctgtg / qPCR EF446605
caggcctctccacactaagg

NKA ttgacctggatgaccacaag / qPCR AY319391
ggatctccttageecgaac

EFla ggaaagtcaaccaccacag / RT-PCR AF498320
gataccacgctccctctcag

Vi ggcagaccaactcatgtgtc / qPCR EU660222
gttgccgaattcgtcatgg

V2 ggactccctgeactecea / qPCR EU660222
gttcaactcagetecagage

V3 ggactcccactcteccate / qPCR EU660222
gttgccgaattcgtcatgg

V4 ggactctcccatcgceate / qPCR EU660222
gitgeogaattcgteatgg

Table 3.1 Primer list
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—————————
A Rhbgl  MINSATHIRIRLFMACIILEVIZIILFGILVEYDDE rmmxmms«muﬁ*n:“ £0¢
Rhlegls MINSATHLRLXKLEMACIILEVIZIX LW VEYDDETDARLIHKEZANGSSNYDNDEYYR €0
Rhbglc MIWSATHLRIKLPMACIILEVIZII LEGRLY ?DB&TM’!&MGS‘W%’WVR €0

Rhbgl  YPIFQOVEVMIFPIGPGFLMIPLORYGPSAVEINTILIAATALOWATIMOCEFVIGMAGGKIE 120
Rhipgla YPEPQOVEVMIPIOPGILMIFLORYGPSQVGINTLIARTALORATIMQCIVIEGMEGSKIE 120
Rhivg2c YPRFQOVEVMIPIGPGILMITLORYGIISVOIrNILIAATALORATIMQGEVAGMAGGKIE 127

. o ——————————
Rhbgl  VGIESMINADFCTGSVIISFGAVLGKTEPVQLIVMAVIEVILFAVREPIVLAVIGAKDAG 180
Rhbgla VEIESMINADFPCTGIVIISPGAVLGRTIFVQLIVEEVIESVILEAVREFIVLIVLGAKDASG 180
Rhbglc VEIDIMINADPCTGSVLISFGAVLGRTIPVQLLVMAVIZVILFAVHERIVIIVLGAKDAG 180

R FERE T TR
Rbkbgl  CERTIHTEGAYPCLMVARVLYRZNLIKSREANCSVYESDLPAMIGTIYIWMIWRETRIAY 240
Rhbgla GEHIIATFGAYTRLMVARVIYRPULIKSHERNCSVYESDLPAMIGTIYINHIWRATRERY 240
Rhibgls GEHTIRTIGAYPGLEVARVIYRFRLIDEIKHKEOSVYESDITAMIGTIYLUMEWREINEAY 240

Rhbgl  TRESDDQERTAMNTYYSLAACTIATYGLIAVVAEDGHLIMVEIQWAALAGGUVAVGTIAGIY 300
Rebgla TAEGDDQERTAMHTYYSLAACTIATYGLEAV ms:mm-gms’; VAVGIAGEM 300
Rhbgle TAEGIDCERTAMATYVSLAACTIATYSLEAVVARDEKLIMYRRLISS xS 4

Rhbgl  MLIPE T LEQRLKIQDTCEVRRLEGTPCULOAT VoA A 260
Rnizgla »zv;rsm:v@r_,a&:za L GPRFLIPILEQRLKICDTCOVERLEGHPGVLGAIVEATIA 260

Rhbgl RLA A OVYGOGMADYIEDIRSGOVERSPOGVRCETIIETT LG AL ORI TGETLNLPIY 420
Rhbgiz ALATKIVYGOGMADYFIDIGSGOVEASIQGIRGAIZLAVILEIALLGGLITCRILULRIY 420

Rhiogl  GAFPDIICTEDGIYWZILIPGEGGSQIEZLITVRIFDIADXLAA 4#1
RhbglZa GAFPDTILTEDGIYNE LW&&!&T”’R'F DEREXLAR 481

B GLARACCAACTCATETETCAGIOTGAGTOLICALTCCCTECACTOCCALTITCLTATCRS
s L 2 2 2 2 2 P AL F L 2 B2

ATCACTGCAGCTACCAGTOUT TG IGAGTGTTAGTICTATGI TACIGTETTCOCCELTCICE
S A X T N _ £ X _& ¥ ¢ N_L LT £ 2 R Y R

ASCTEAGTTCRAACTITTAACTATICACCOCTARGOCCATAGTCCAGAGCCAGRAGRACAL
$§ * v E L LTI X P ¢ G R 3 2L P G X

AGETAACCCTACAGLS
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Figure 3.1 (4) Sequence alignment of Rhbgl, Rhbg2a, and Rhbg2c. Lines above the
sequences represent putative transmembrane domains and asterisks indicate predicted N-
glycosylation sites. The alternative COOH-terminal end of Rhbg2c is underscored.
Shading highlights amino acid differences between Rhbgl and Rhbg2. (B) 5'-
untranslated region of the longest Rhbg2 variant. Two upstream open reading frames are
underscored. (C) Schematic representation of the mRNA variants identified in Rhbg?2.
Shading and stippling identifies regions of identity between variants. White background
represents the 5’-untranslated region, black background represents the open reading
frame, and gray background represents the 3’-untranslated region. Four variants were
detected in the 5 -untranslated regions, three of which were detected in Rhbg2a.

91



Ph.D. Thesis - C. M. Nawata McMaster - Biology

)
- s 5, 3
o E 17 i O
8 3 =2 5 ¢ % £ P2
nm m O £ X O =2 u Z
Rhbg2
EF-1a

Figure 3.2 Tissue distribution of Rhbg2 in rainbow trout exposed to control conditions
(100% air for 12 hours) as determined by reverse transcriptase PCR. Elongation factor

(EF-1a) was used as an internal control. (NTC; no template control).
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Figure 3.3 Relative abundance of 5 -untranslated region variants (v1,2,3.4) in the gill
under control conditions (12-hours exposure to 100% air) and skin during control
conditions and after 12 hours of exposure to hypercapnia (1% CO; in air) in 10 mM
Hepes-buffered water. Expression data were normalized to ng total RNA concentration.
Different letters indicates significant differences in mRNA abundance between variants
in the skin during control conditions. Data are means + s.e.m. (#=6).
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Figure 3.4 The effect of 12-hour exposures of rainbow trout to: hypercapnia (1% CO;
in air) in unbuffered water, hypercapnia in 10 mM Hepes-buffered water, and
normocapnia (100% air) in Hepes-buffered water on the net ammonia flux (Jamm).
Control fish were exposed to normocapnia for 12 hours in unbuffered water. The
negative values indicate excretion into the water. Crosses represent values significantly
different from the 3-hour control value. Asterisks represent values significantly different
from the 12-hour control value. Control values are significantly different from each other
(P<0.05). Data are means + s.e.m. (n=6-10).
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Figure 3.5 Plasma total ammonia after 12 hours of exposure of rainbow trout to 1% CO;
in air (CO;y), 1% CO; in air with 10 mM Hepes buffered-water (CO, + Hepes), 100% air
with 10 mM Hepes-buffered water (Air + Hepes), and high environmental ammonia
(HEA; 1.5 mmoL NH4HCOs3). Control fish were exposed to 100% air for 12 hours in
unbuffered water. Asterisks represent plasma values significantly different from the
control value (P<0.05). Data are means + s.e.m. (#=6-10).
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Figure 3.6 Gill Rh mRNA expression in rainbow trout after 12 hours of exposure to 1%
CO3 in air (CO3), 1% CO; in air with 10 mM Hepes buffered-water (CO, + Hepes), 100%
air with 10 mM Hepes-buffered water (Air + Hepes), and high environmental ammonia
(HEA; 1.5 mmoL NH4HCOs3). Control fish were exposed to 100% air for 12 hours in
unbuffered water. Expression data were normalized to ng total RNA concentration with
the control value set to one. Asterisks indicate significant difference from the control

(P<0.05). Data are means + s.e.m. (#=6).
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Figure 3.7 Skin Rh mRNA expression in rainbow trout after 12 hours of exposure to 1%
CO; in air (CO»), 1% CO; in air with 10 mM Hepes buffered-water (CO, + Hepes), 100%
air with 10 mM Hepes-buffered water (Air + Hepes), and high environmental ammonia
(HEA; 1.5 mmoL NH4HCOs3). Control fish were exposed to 100% air for 12 hours in
unbuffered water. Expression data were normalized to ng total RNA concentration with
the control value set to one. Asterisks indicate significant difference from the control
(P<0.05). Data are means =+ s.e.m. (#=6).
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Figure 3.8 Erythrocyte Rh mRNA expression in the rainbow trout exposed to 12 hours of
to 1% CO; in air (CO;), 1% CO, in air with 10 mM Hepes buffered-water (CO; + Hepes),
and 100% air with 10 mM Hepes-buffered water (Air + Hepes). Control fish were
exposed to 100% air for 12 hours in unbuffered water. Expression data were normalized
to ng total RNA concentration with the control value set to one. Asterisk indicates
significant difference from the control (P<0.05). Data are means * s.e.m. (#=6).
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Figure 3.9 The effect of 12-hour exposure to 1% CO; in air (CO,), 1% CO; in air with 10
mM Hepes buffered-water (CO, + Hepes), and 100% air with 10 mM Hepes-buffered
water (Air + Hepes) on the mRNA expression of carbonic anhydrase (CA2), H'-ATPase,
NHE2, and Na'/K"-ATPase a-la (NKA) in the gills of rainbow trout. Control fish were
exposed to 100% air for 12 hours in unbuffered water. Expression data were normalized
to ng total RNA concentration with the control value set to one. Significant differences
from the control are indicated by an asterisk (P<0.05). Data are means + s.e.m. (#=06).
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Figure 3.10 Plasma cortisol levels after 12 hours of exposure to 1% CO; in air (CO,), 1%
CO; in air with 10 mM Hepes buffered-water (CO, + Hepes), 100% air with 10 mM
Hepes-buffered water (Air + Hepes), and high environmental ammonia (HEA; 1.5 mmoL
NH4HCOs3). Control fish were exposed to 100% air for 12 hours in unbuffered water.
Asterisk indicates significant difference from the control value (P<0.05). Data are means
+ s.e.m. (n=6-10).
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CHAPTER 4

mRNA ANALYSIS OF THE PHYSIOLOGICAL RESPONSES
TO AMMONIA INFUSION IN RAINBOW TROUT
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4.1 ABSTRACT

We recently reported that tissue levels of Rhesus (Rh) mRNA in rainbow trout
changed in response to high external ammonia (HEA). To investigate whether or not
these changes could be due to elevated plasma ammonia levels, we infused rainbow trout
for 12 hours with 140 mmol L NH4HCO3, or with 140 mmol L NaCl as a control for
the effects of infusion. We also analyzed the effects of dorsal aortic catheterization
alone, without infusion. Catheterization alone resulted in an elevated ammonia excretion
rate, a downregulation of Rhbg mRNA in the brain, and mRNA upregulations of Rhbg,
Rhegl, and Rheg? in the gill, Rhbg and Rhegl in the skin, and Rhag in the erythrocytes.
In NH4HCO3s-infused fish, plasma cortisol peaked at 6 hours, erythrocyte Rhag mRNA
was downregulated, gill Rhbg, Rhegl, and Rhcg2 mRNA were upregulated, and skin
Rhbg mRNA was also upregulated. NaCl infusion resulted in elevated plasma ammonia
and ammonia excretion rates as well as gill mRNA upregulations of Rhbg, carbonic
anhydrase, NHE2, H-ATPase, Na'/K'-ATPase. Taken together, the results indicated
that infusion of NH4HCO; induced a similar pattern of Rh transcript changes as that seen
when fish were exposed to HEA. Secondly, catheterization alone, as well as isotonic
NaCl infusion, significantly altered mRNA levels, highlighting the necessity for careful
data interpretation and inclusion of appropriate controls for gene expression studies in
fish that have undergone anaesthesia/surgery and infusion procedures. Lastly, elevated
plasma ammonia and cortisol may both be involved in the signaling mechanism for Rh

gene regulation.
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4.2 INTRODUCTION

Like most freshwater teleost fish, rainbow trout are ammoniotelic, excreting the
majority of their nitrogenous waste in the form of ammonia across the gills (Wood,
1993). Elevated levels of environmental ammonia due to pollution in natural waters and
those associated with aquacultural systems can lead to elevated internal levels of
ammonia which can have detrimental effects on the health of fish (Eddy, 2005;
Mommsen and Walsh, 1992; Randall and Tsui, 2002). Therefore the understanding of
ammonia handling at the gill has been the subject of much research over the years and the
general consensus is that ammonia gas (NH3) is excreted across the gills by simple
diffusion aided by an acidified gill-water boundary layer that traps NH; to NH,", in
freshwater fish (Wilkie, 2002). This model of ammonia excretion however, is now being
modified by the identification of the newest members of the ammonia transporter
superfamily, the Rhesus (Rh) proteins. In mammals, Rhag is erythroid-specific whereas
Rhbg and Rhcg are non-erythroid proteins present in renal and extra-renal tissues (Huang
and Liu, 2001). These Rh proteins appear to function as ammonia channels (likely for
NH3, but possibly for NH4+) with the additional, albeit controversial function of Rhag as
a CO; channel (see Cartron, 2008).

Rh proteins have also been identified in several fish species (Huang and Peng,
2005; Hung et al., 2007; Nakada et al., 2007a, b; Nawata et al., 2007). In two species,
the mangrove killifish and the rainbow trout, exposures to high external ammonia (HEA)
concentrations have been associated with changes in tissue levels of Rh mRNA, notably

the upregulation of Rhcg2 mRNA in the gill (Hung et al., 2007; Nawata et al., 2007). In
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the rainbow trout, this upregulation of Rhcg2 coincides with the resumption and
enhancement of ammonia excretion that was initially blocked by the reversed plasma to
water ammonia gradient created by the HEA treatment (Nawata et al., 2007).

In mammals, an increase in ammonia metabolism induced by chronic metabolic
acidosis or reduced renal mass is associated with an increase in Rhcg protein expression
(Kim et al., 2007; Seshadri et al., 2006) and Rhcg knockdown mice have impaired
ammonia excretion (Biver et al., 2008). Therefore a clear link has been established
between ammonia and Rh proteins in both fish and mammals. Presently however, little is
known about the signaling pathway regulating Rh gene expression.  Studies with
rainbow trout suggest that the observed changes in tissue Rh mRNA levels are directly
linked to elevated plasma ammonia levels after exposure to HEA, or when ammonia
excretion is blocked at the gill after exposure to Hepes buffer (Nawata et al., 2007,
Nawata and Wood, 2008). We wanted to further examine this relationship between
plasma ammonia levels and Rh mRNA expression, this time by elevating the plasma
ammonia concentration in rainbow trout via infusion of 140 mmol L' NH4HCO;
(approximately isotonic to the blood plasma). NH4HCO5 infusion avoids the well-known
acidosis-inducing effects of ammonium salts containing strong anions (e.g. NH4Cl or
(NH4),SO,4 - Cameron and Heisler, 1983; McDonald and Prior, 1988; Salama et al., 1999;
Wilson et al., 1994). Comparable infusion with 140 mmol L™ NaCl served as a control
for the effects of isotonic volume loading. These procedures however require prior

anaesthesia and the surgical placement of a dorsal aortic catheter. Currently nothing is
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known about the potential impact that catheterization or infusion may have on gene
expression.

The use of chronic indwelling dorsal aortic catheters has greatly facilitated
physiological studies in fish, allowing for repeated blood sampling and infusion of
substances with minimal disturbance to the fish (e.g. Goss and Wood, 1990; McGeer and
Eddy, 1998; Salama et al., 1999; Wilson et al., 1994; Yesaki and Iwama, 1992).
Although it has been well recognized that anaesthesia and surgical procedures impose
stress on fish (Houston, 1990; Soivio and Nynholm, 1975), the fact that this stress may
bias the results in physiological studies has been largely overlooked. Indeed it is
commonly assumed that once the plasma cortisol in surgically manipulated fish has
reached basal levels after a period of recuperation, the fish are physiologically stable
(Tashjian and Hung, 2005). At the molecular level however, the picture may be very
different. In fact it has been shown in mammalian studies, that surgical manipulations
can have an impact on gene expression (e.g. Gerloff et al., 1999; Lin et al., 2006; Zhao et
al., 2004) and therefore incorporation of appropriate controls is necessary in gene
expression studies involving surgical procedures.

The objectives of this study were two-fold. The ﬁrsf was to determine whether or
not elevated internal plasma ammonia concentrations achieved by ammonia infusion
could elicit a similar pattern of mRNA expression in trout tis‘sues as that when trout were
exposed to HEA as previously reported (Nawata et al., 2007). The second goal was to
determine whether or not surgical procedures or infusion alone could influence mRNA

expression levels. An uncatheterized (no-surgery) control and a catheterized control were
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included to determine the effects of the surgical procedures, and a NaCl-infusion control
was employed to examine the effects of infusion itself. The tissue mRNA expression
levels of Rhag, Rhbg, Rhcgl, and Rhcg2, as well as carbonic anhydrase (CA2), H'-
ATPase, Na'/H" exchanger 2 (NHE2), and Na'/K'-ATPase (NKA) were analyzed.
Ammonia excretion rates, and levels of plasma ammonia and cortisol were also

evaluated.

4.3 MATERIALS AND METHODS
4.3.1 Experimental animals

Rainbow trout, Oncorhynchus mykiss (Walbaum), weighing 176-265g, were
acquired from Humber Springs Trout Hatchery, Ontario, Canada and held in
dechlorinated Hamilton tapwater ([Na']=0.6 mequivL™", [C]]=1.8 mequiv L', [Ca™]=0.8
mequiv L™, [Mg™1=0.3 mequiv L, [K*]=0.05 mequiv L™; titration alkalinity 2.1 mequiv
L', pH ~8.0; hardness ~140 mg L' as CaCO; equivalents; temperature 12-16° C).
Feeding was suspended one week prior to experimentation. Fish were fitted with dorsal
aortic catheters under anaesthesia (0.07 g L™ neutralized MS222, Sigma; St. Louis, MO),
transferred to individual darkened boxes with aerated, flowing tap water (15+ 0.5°C) and

allowed to recover for a minimum of 48 hours before experimentation.

4.3.2 Infusions and analyses
Fish were infused over a period of 12 hours with 140 mmol L' NH,HCO; (pH

7.8) or as an infusion control, separate fish were infused with 140 mmol L' NaCl (pH
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7.8). The infusion rate was set at the lowest allowable with a polystaltic pump (Buchler
Instruments, Inc., Kansas, MO), resulting in an average rate of 6.18 + 0.34 ml kg'l hl. A
set of catheterized fish were not infused and served as a catheterized control and an
additional set of fish that did not undergo surgery served as an additional (no-surgery)
control.

Ammonia excretion rates were measured in both sets of control fish as well as in
the infused fish after 3, 6, 9, and 12 hours of infusion. During this time, the boxes were
closed off to water flow for one hour and the box water volume was set to 4 L. A 10-mL
water sample was removed at the beginning and end of each flux period, frozen at —20°C
and later assayed for total ammonia (Tamm) in triplicate, using a modified salicylate-
hypochlorite method (Verdouw et al. 1978). Net flux rates of total ammonia (Jamm.
umol kg'h™") were calculated as:

Jamm™= (Tammi — Tammp) X V/(t x M)
where i and f are respectively, initial and final concentration (pmol L"), ¥ is box water
volume (L), 7 is the total flux time (h) and M is fish mass (kg). A negative Jamm indicates
a net excretion of ammonia to the water.

Blood samples (400 pl) were collected via the dorsal aortic catheter at 3, 6, 9, and
12 hours. The infusion line was disconnected, cleared with Cortland saline (Wolf, 1963)
and blood was drawn into the catheter three times prior to withdrawing the sample in
order to minimize contamination with infusate. In the case of uncatheterized fish, blood
samples were removed via caudal puncture after terminal, rapid anaesthetization with

neutralized MS222 (0.1g L"). The durations of these caudal collections were always
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under 30 s in order to minimize blood chemistry alterations due to anaesthetization and
handling stress. Samples were immediately centrifuged to separate plasma from
erythrocytes (2 min, 20,000 g). Plasma samples were frozen in liquid nitrogen and stored
at —70°C and later analyzed in duplicate for 7amm by enzyme assay (Raichem, Hemagen
[ 125

Diagnostics, Inc., San Diego, CA) and for cortisol by radioimmunoassay (Cortiso

RIA Kit, MP Biomedicals, Orangeburg, NY).

4.3.3 Tissue sampling

Tissues were extracted from fish at the end of 3, 6, and 12 hours of NH;sHCO;
infusion, and at the end of 3 and 12 hours of NaCl infusion. After blood samples were
removed, fish were terminally anaesthetized with neutralized MS222. Although the
contribution of erythroid Rhbg mRNA to the overall Rhbg mRNA expression in trout
tissues is extremely low (Nawata et al., 2007), the same protocol that was used in this
previous study was maintained; tissues were perfused with ice-cold, heparinized Cortland
saline via the bulbus arteriosus in order to minimize erythrocyte contamination. Brain,
gill and skin were quickly excised and flash frozen together with the erythrocytes
(separated from plasma as described above), in liquid nitrogen and stored at —70°C. The
same procedure was carried out for both sets of control fish. For the two infused groups,
gill samples were analyzed at all sample times while erythrocytes, brain, and skin
samples were analyzed at the 12-hour time point. Similarly, only 12-hour samples were

analyzed in both control groups.
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4.3.4 RNA extraction and cDNA synthesis

Total RNA was extracted from erythrocytes and tissues with Trizol (Invitrogen,
Burlington, ON), quantified with a Nanodrop spectrophotometer (ND-1000; Nanodrop
Technologies, Wilmington, DE), and electrophoresed on 1% agarose gels stained with
ethidium bromide to verify integrity. First strand cDNA was synthesized from 1 pg total
RNA (DNasel-treated, Invitrogen) with an oligo(dT;7) primer and Superscript II reverse

transcriptase (Invitrogen).

4.3.5 Real-time quantitative PCR (qPCR)

Rh mRNA expression was assessed in the brain, gill, skin, and erythrocytes and
carbonic anhydrase (CA2; cytoplasmic), H'-ATPase (v-type, B-subunit), NHE2, and
Na'/K"-ATPase (NKA; ala-subunit) mRNA expression was analyzed in the gill using
the cDNA described above and primers previously published (Nawata et al., 2007).
Reactions (20 pl) containing 4 pl of cDNA, 8 pmoles of each primer, and 10 pl of RT?
Real-Time SYBR Green/ROX PCR Master Mix (SuperArray, Bioscience Corp,
Frederick, MD) were performed at 95°C for 2 min, followed by 40 cycles of 95°C for 30
s and 60°C for 1 min. Production of a single product was verified by melt-curve analysis
and gel electrophoresis. No-template controls and non-reversed-transcribed controls
were run in parallel. Values were extrapolated from standard curves generated by serial
dilution of one randomly selected control sample. The expression of three reference

genes, beta-actin, elongation factor (EF1-a) and 18S proved unstable across treatments,
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therefore data were normalized against ng total RNA, an acceptable normalization

method (Bustin, 2000, 2002) as described previously (Nawata and Wood, 2008).

4.3.6 Statistical analysis

Data are presented as means =+ s.e.m. (n, number of fish). The effects of NaCl and
NH4HCO3; infusions were analyzed by one-way analysis of variance (ANOVA), followed
by Fisher’s Least Significant Difference post-hoc test. A paired t-test was used to

compare the two control sets. Significance was set at a=0.05.

4.4 RESULTS
4.4.1 Ammonia and cortisol responses

Catheterization (which involved anaesthesia and surgery) caused a significant 2.5-
fold elevation in ammonia excretion relative to the no-surgery control (Fig. 4.1). Infusion
of 140 mmoL L™ NH4HCOj5 resulted in an average ammonia-loading rate of 918 pmol
kg'1 h™! and the ammonia excretion rate of NH4HCOs-infused fish was elevated at all time
points relative to both controls. By 12 hours the ammonia excretion rate exceeded the
ammonia loading rate and was elevated 7-fold over the no-surgery control rate and 3-fold
over that of the catheterized control (Fig. 4.1). The ammonia excretion rate in NaCl-
infused fish was elevated by an average of 3.5-fold above the no-surgery control level at
3, 6 and 12 hours, but the rates were not significantly different from those of the

catheterized control (Fig. 4.1).
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Plasma ammonia levels were not significantly different in the two control groups
of fish, but were significantly elevated in the NH;HCO;-infused fish at all time points,
reaching a level 29-fold above that of the controls by 12 hours (Fig. 4.2). The NaCl-
infused fish also had increased plasma ammonia levels after 6 hours and were 1.7-fold
higher than the controls by 12 hours (Fig. 4.2). Plasma cortisol levels were not
significantly different between the two control groups but were elevated 6.8-fold over
both control levels after 6 hours of NH;HCO; infusion (Fig. 4.3). However, this effect
disappeared by 12 hours of infusion. Plasma cortisol concentrations were not

significantly altered by NaCl infusion.

4.4.2 Expression of Rh genes

In the gills, the mRNA expression levels of Rhbg, Rhcgl and Rheg2 were
significantly increased in the catheterized control when compared to the no-surgery
control by 4-, 2-, and 4.7-fold, respectively. Similarly, gill mRNA levels of Rhbg,
Rhegl, and Rheg? in the NH;HCOs-infused fish were all elevated at 6 hours and by 12
hours, Rhbg was still 7-fold higher while Rheg2 was 12-fold higher than the levels in the
no-surgery controls. At 3 hours, gill Rhbg mRNA in the NaCl-infused fish was 10.5-fold
higher than that in the no-surgery controls (Fig. 4.4). There were no significant
differences between the catheterized control fish and either set of infused fish.

Erythrocyte Rhag mRNA was significantly upregulated in the catheterized
controls by 2-fold relative to the no-surgery control (Fig. 4.5). After 12 hours of

NH,4HCO; infusion, Rhag was significantly down-regulated by 7-fold when compared to
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levels in the catheterized control fish, but there was no significant difference when
compared to the no-surgery control levels. Similarly, no significant change was seen in
Rhag expression in the erythrocytes after 12 hours of NaCl infusion when compared to
that in both controls (Fig. 4.5). Rhcgl and Rhcg2 are not expressed in trout erythrocytes
and Rhbg is very weakly expressed (Nawata et al., 2007) therefore, these mRNAs were
not analyzed.

Brain levels of Rhbg mRNA were about 50% lower in the catheterized control
fish when compared to no-surgery controls, but there were no significant changes after 12
hours of either NaCl or NH4sHCO; infusion when compared to either of the control groups
(Fig. 4.64). In the skin, both Rhbg and Rhcgl mRNA were significantly elevated in the
catheterized control when compared to the no-surgery control by 3- and 2-fold
respectively (Fig. 4.6B). Rhbg mRNA was elevated 5-fold in the skin of NH4HCO3-
infused fish at 12 hours compared to the no-surgery controls. However, there were no

significant differences between the catheterized control fish and either group of infused

fish (Fig. 4.6B).

4.4.3 Expression of other transport genes in the gills

Catheterization alone resulted in a 10-fold elevation of gill CA2 mRNA and 3
hours of NaCl infusion elevated the level to almost 28-fold over the no-surgery control
(Fig. 4.7). Catheterization also caused a 4-fold increase in gill NHE2 mRNA expression
when compared to the no-surgery control (Fig. 4.7). At 3 hours however, NHE2 mRNA

expression in the gills of the NaCl-infused fish was significantly higher than both
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controls while in the NH4HCOj; -infused fish, the expression was elevated 5-fold over the
no-surgery control at 6 and 12 hours. Gill H'-ATPase mRNA expression was similar in
both controls but 3 hours of NaCl infusion resulted in a 3-fold increase in H'-ATPase
mRNA over that in the controls (Fig. 4.7). NH4HCOj5 infusion also resulted in 3.5-fold
higher levels of H'-ATPase mRNA in the gills compared to that in the no-surgery
controls at 3 and 12 hours. NKA mRNA levels in the gill were similar in the no-surgery
and catheterized controls (Fig. 4.7). However, 3 hours of NaCl-infusion resulted in a 6-
fold increase and 12 hours of NH4HCO; infusion caused a 4.5-fold increase in NKA

mRNA when compared to that in both control sets of fish.

4.5 DISCUSSION

4.5.1 Overview

The recent identification of the Rh glycoprotein ammonia transporters has fueled several
studies related to ammonia transport in fish (Hung et al., 2007, 2008; Nakada et al.,
2007a,b; Nawata et al., 2007; Nawata and Wood, 2008; Shih er al., 2008; Tsui et al.,
2009). In two of those studies (Nawata et al., 2007; Nawata and Wood, 2008) an
association was made between high plasma ammonia levels and changes in Rh mRNA
expression in rainbow trout tissues. These high plasma ammonia levels were achieved
after trout were exposed to high external ammonia (HEA) or after the acidified gill
boundary layer was eliminated with Hepes treatment. In the present study, plasma
ammonia levels were elevated in rainbow trout via infusion with NH4HCOs. This

ammonium salt was chosen to avoid acidosis, although we have previously shown that
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acidosis produced under hypercapnic conditions had no effect on Rh mRNA expression
(Nawata and Wood, 2008). This allowed us to correlate changes in Rh mRNA levels to
changes in plasma ammonia levels and at the same time, assess the relative impact of
surgical procedures (includes anaesthesia) and infusion on the results. The results clearly
show that elevated plasma ammonia levels as well as surgical procedures and infusion
have marked effects on physiology and on the mRNA expression levels of Rh and other
genes. However, in general, internal ammonia loading induced a similar pattern of Rh

transcript changes as that seen when fish were exposed to HEA.

4.5.2 The influence of surgical procedures and infusion

Catheterization of the dorsal aorta under anaesthesia, followed by recovery, so as
facilitate serial blood sampling and infusion of substances for physiological studies in
fish has a long history (see Tashjian and Hung, 2005), but the possible influence of this
surgical procedure on gene expression has not been explored. From the present study, it
was clear that catheterization alone (followed by 48h recovery), without infusion,
resulted in many changes in mRNA expression levels when compared to the no-surgery
control. Dramatic differences were seen in Rh mRNA levels in the gill; the mRNA
expressions of all three Rh genes were significantly elevated (Fig. 4.4). These
catheterized control fish also had an elevated ammonia excretion rate (Fig. 4.1),
suggesting that endogenous ammonia production was high. This increased ammonia
excretion, possibly facilitated by an upregulation of Rh ammonia transporters, likely

explains the unaltered control levels of plasma ammonia (Fig. 4.2).
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What is not clear however, is which component of the surgical procedure may
have affected mRNA levels. Anaesthetics are known to alter the blood chemistry of fish
(Iwama et al., 1989), so it is plausible that they could also elicit changes in mRNA levels.
Although it is possible to study the effects of anaesthesia alone on mRNA expression, it
is not possible to isolate the influence of the surgery itself since anaesthesia is a requisite
part of the surgical procedure. Therefore, the effects of the surgical procedures could
have been due to the anaesthesia, the surgery, or a combination of both. If indeed
anaesthesia has an effect on mRNA expression levels, then timing could make a
difference. A 48-h recovery period was used in the present study. In future studies, it will
be worthwhile to evaluate the effects of anaesthesia alone on mRNA expression levels
and plasma parameters, and also to investigate whether or not there are any correlations
between the time elapsed following anaesthesia/surgery and changes in these parameters.

Studies that utilize infusion to examine physiological parameters typically
incorporate isotonic NaCl infusion as a control. This causes expansion of the extracellular
fluid volume and diuresis, but generally has little effect on plasma Na and Cl levels or
acid-base status (e.g. Curtis and Wood, 1992; Goss and Wood, 1990; Vermette and Perry,
1987a,b,c). The infusion rate employed in the present study was 1.5-2-fold higher than
that used in these earlier studies and it was apparent from our data that this NaCl infusion
induced changes in ammonia metabolism and gene expression. Both plasma 7amm and
the ammonia excretion rates were elevated at most time points (Figs 4.1, 4.2). Like the
catheterized control, this suggests that endogenous ammonia production was high, but the

elevated plasma ammonia levels during NaCl infusion additionally indicate that the rate
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of ammonia excretion was insufficient to keep up with the production of endogenous
ammonia. Furthermore, the elevation in plasma ammonia was apparently not of
sufficient magnitude to elicit the same changes in Rh mRNA expression as seen in the
NH4HCOs-infused fish (Fig. 4.4). The only change noted was the upregulation of Rhbg
mRNA at 3 hours and this mRNA was also upregulated in the catheterized controls. This
upregulation appears to be unrelated to plasma ammonia since a similar upregulation did
not occur in the NH4HCOs-infused fish (Fig. 4.2). As with catheterization alone, NaCl
infusion did not significantly elevate cortisol levels (Fig. 4.3).

Previous studies on trout which used lower rates of isotonic NaCl infusion,
showed negligible disturbances of blood acid-base status or plasma NaCl levels (Curtis
and Wood, 1992; Goss and Wood, 1990; Vermette and Perry, 1987a,b,). However, in
humans at least, metabolic acidosis can result from high rates of NaCl infusion because
the anion gap is reduced - i.e. HCO; concentration is reduced (Constable, 2003;
Scheingraber er al., 1999). In fact when we examined other gill proteins, the
upregulations at 3 hours of NKA and H'-ATPase (Fig. 4.7) were clearly related to the
NaCl-infusion itself and not to the surgical procedure since there were no differences
between the two control levels of these mRNAs. Indeed Perry et al. (2006) reported that
NKA mRNA and protein expression were upregulated in trout that were subjected to high
NaCl loading through the diet. Similarly, although NHE2 mRNA was upregulated in the
catheterized control, it was further upregulated over this control at 3 hours after NaCl-
infusion, suggesting that NaCl-infusion itself stimulated the upregulation of NHE2

mRNA (Fig.4.7). There was also an upregulation of CA2 at 3 hours, but this mRNA was
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also upregulated in the catheterized control, suggesting that the change may be due in
part to the surgical procedures (including anaesthesia). CA2, NHE2, and H'-ATPase
have all been implicated in the branchial acid secretion mechanism of fish at the
transcript level (Edwards et al., 2005; Georgalis et al., 2006; Perry et al., 2000).
Therefore, the upregulations of CA2, NHE2, and H'-ATPase mRNA in the NaCl-infused
fish may be indicative of an acidosis resulting from the high rate of infusion and reduced
anion gap, and/or a response to extracellular volume expansion. Overall, we conclude
that despite the elevated plasma ammonia level and ammonia excretion rate, isotonic
NaCl infusion resulted in changes in mRNA levels that reflected responses to the side-

effects of infusion itself, rather than specific responses to ammonia.

4.5.3 Responses to internal ammonia loading

In trout, natural elevations in plasma ammonia that occur post-prandially are
approximately 3-fold higher than the control level (Bucking and Wood, 2008; Wicks and
Randall, 2002a,b). Similar elevations occur after strenuous exercise (Mommsen and
Hochachka, 1988; Wood, 1988). Our present study was designed to elevate plasma
ammonia to levels 10-fold or greater above the control value, comparable to levels
attained previously with HEA exposure (Nawata ef al., 2007; Nawata and Wood, 2008).
This was done in order to determine whether or not the changes in Rh mRNA expression
were in response to high plasma ammonia, rather than to externally elevated ammonia.
Although these values were unnaturally elevated and approaching levels thought to be

toxic (Wilkie, 2002), no mortalities occurred. Indeed it has been reported that trout
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survived a seven-day external exposure to 2000 pmol L™ NH,Cl with circulating plasma
ammonia levels elevated 10-fold above that of the control (Tsui et al., 2009).

NH4HCOj3 infusion resulted in the upregulations of Rhbg and Rhcg2 mRNA in
the gill (Fig. 4.4) similar to HEA-exposure which resulted in mRNA upregulations of gill
Rheg? after 12 hours, and Rhbg in the gill pavement cells after 48 hours as demonstrated
previously (Nawata et al., 2007). As with the HEA-exposed fish, these upregulations
appeared in conjunction with enhanced ammonia excretion (Fig. 4.1). Unlike the HEA-
exposed fish however, expression of Rhcgl mRNA was also elevated in the gill (Fig.
4.4). Tt is possible that an early peak in Rhcgl mRNA also occurred under HEA
conditions but was missed during the time course of the study, or it could be a response
that was specific to NH4HCOj; infusion. Since it only occurs after infusion of NHsHCO;
and not after infusion of NaCl, this suggests that it was a response related to high plasma
ammonia and not the infusion itself.

In HEA-exposed trout, the mRNA expression and activity of CA2 were decreased
while the NHE2 mRNA expression remained unchanged (Nawata et al., 2007). In the
current study, the mRNA expression levels of CA2 in NH4HCOs-infused fish remained
unchanged and the NHE2 mRNA levels were significantly elevated at 6 and 12 hours,
relative to the no-surgery control (Fig. 4.7). Both of these mRNAs were elevated in the
catheterized controls and therefore true levels of CA2 mRNA could have been masked by
the upregulation caused by the surgical procedures (including anaesthesia). Similarly,
elevations of NHE2 may also be related to these surgical procedures and not to the

infusion. It is possible however, that at very high concentrations of plasma ammonia,
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NHE2 is recruited into the ammonia excretion mechanism. A recent in vitro study
showed that NHE2 mRNA levels increased after cultured rainbow trout gill epithelia
were pre-exposed to 2 mM NH4Cl and 1000 ng ml™” cortisol (Tsui et al., 2009). In the
present study, the plasma ammonia was very close to 2 mM by 12 hours of NH;HCO3
infusion, but in the HEA study, plasma ammonia levels only reached about half of this
value (Nawata et al., 2007). Additionally, Ivanis et al. (2008) reported that NHE2
mRNA levels in rainbow trout increased in the presence of cortisol. Elevated cortisol
levels were observed at 6 hours of NH;HCO; infusion in the present study (Fig. 4.3) and
therefore could have also contributed to the upregulation of NHE2 mRNA.

The early elevation of H'-ATPase mRNA at 3 hours, which was also seen in the
NaCl-infused fish, is likely a consequence of the infusion and not the surgical procedures,
since levels in the two control sets were not significantly different from each other (Fig.
4.7). The later upregulation of H'-ATPase mRNA at 12 hours however, does correspond
with the elevation of H'-ATPase activity and mRNA level seen after 12 and 48 hours of
HEA exposure (Nawata et al., 2007), thus reinforcing the importance of this transporter
in the acid-trapping model of ammonia excretion. Finally, the upregulation of NKA
mRNA at 12 hours (Fig. 4.7) corresponds with the upregulation seen in the gill pavement
cells of HEA-exposed trout after 48 hours of exposure (Nawata et al., 2007).

Previously, it was shown that both Rhbg and Rhcgl were downregulated in the
brain after 48 hours of HEA (Nawata ef al., 2007). In the present study, the surgical
procedures (including anaesthesia) resulted in a significant downregulation of Rhbg in

the brain, but infusions of either NaCl or NH4HCOj3 did not lead to significant changes
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(Fig. 4.64). The fact that a downregulation of Rhbg occurred in the catheterized controls
suggests that this change may be related to other factors, rather than high ammonia levels.
A finer time-line analysis would clarify this.

A recent report by Shih et al. (2008) confirmed the involvement of skin Rh
proteins in ammonia excretion using Rhcgl knockdown zebrafish larvae. In the present
study there was an upregulation of Rhbg at 12 hours in the skin of NH4HCO;-infused
fish, and an upregulation of both Rhbg and Rhegl in the skin of the catheterized controls
(Fig. 4.6B). These skin Rh expression changes were less pronounced than those during
HEA exposure (Nawata et al., 2007) or Hepes exposure (Nawata and Wood, 2008) in
trout, or HEA exposure in the mangrove killifish (Hung et al., 2007) where Rhegl and/or
Rhcg2 were also upregulated. This suggests that Rh gene responses in the skin may
differ with treatment.

The decrease in Rhag mRNA in the erythrocytes of NHsHCO;-infused fish (Fig.
4.5) was also observed previously in erythrocytes of HEA- and Hepes-exposed fish
(Nawata et al., 2007; Nawata and Wood, 2008). Since the Rhag mRNA levels were
actually upregulated in the catheterized controls, the downregulation that occurred after
NH4HCO; infusion was likely in direct response to the elevated plasma ammonia and not
related to either the surgical procedures or infusion alone. We speculate that this may
help protect erythrocyte respiratory functions against deleterious effects of high plasma
ammonia, an area worthy of future study. The significance of the downregulation of
Rhag when plasma ammonia levels are high is not clear but the fact that it was

upregulated after the surgical procedure along with the other Rh mRNAs in the gill
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suggests that is responding to plasma ammonia and that there may be a negative feedback

response when ammonia levels reach a certain threshold.

4.5.4 Does cortisol play a role in Rh gene expression and ammonia excretion?

Cortisol treatment has been shown to upregulate the transcript levels of a number
of genes in fish including the aforementioned NHE2 (Ivanis et al., 2008) and several
genes involved in osmoregulation (Kiilerich et al., 2007; McCormick et al., 2008) but a
clear relationship between cortisol levels and Rh mRNA expression was not established
in earlier in vivo experiments on rainbow trout (Nawata and Wood, 2008). However in in
vitro experiments with cultured trout gill epithelia pre-exposed to a combination of
ammonia and cortisol, there was an upregulation of both Rhbg and Rhcg2 mRNA, while
treatment with ammonia or cortisol alone failed to produce a similar effect (Tsui ef al.,
2009). This suggests that cortisol and elevated ammonia act synergistically, and indeed,
there were synergistic effects on the ammonia permeability of the cultured epithelium.
Whether or not cortisol or ammonia can independently induce changes in Rh transcript
levels in vivo remains to be determined.

The time course of NH4HCO; infusion used in the current study revealed a
transient increase of cortisol at 6 hours (Fig. 4.3) and this cortisol surge may have
contributed to the subsequent increase in Rh mRNA seen at 6 and 12 hours (Fig. 4.4). In
the gulf toadfish, a similar transient surge in cortisol was found to be responsible for an
increase in hepatic glutamine synthetase activity, mRNA, and protein (Hopkins et al.,

1995; Kong et al., 2000). The transitory nature of cortisol increases could explain why a
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clear correlation between elevated levels of plasma ammonia (or Rh mRNA) and cortisol
were not detected earlier (Nawata and Wood, 2008) despite the apparent linear
relationship between plasma ammonia and cortisol levels observed by Ortega et al.
(2005). Also, the fact that chronically elevated levels of cortisol do not increase plasma
ammonia or ammonia excretion rates (DeBoeck et al., 2001; Hopkins et al., 1995;
McDonald and Wood, 2004), whereas acute exposure by injection does (Chan and Woo,
1978), reinforces the idea that pulses in cortisol are stimulatory in fish. Indeed,
chronically elevated cortisol levels may have an autoregulatory effect, decreasing the
affinity and number of glucocorticoid receptors (Shrimpton and Randall, 1994).

Taken together, these observations suggest that both pulses of plasma cortisol and
elevated internal ammonia levels are involved in the regulation of Rh genes at the
transcript level. Future studies should also investigate Rh changes in trout following
feeding or exercise events since both cortisol (Bry, 1982; Milligan, 1996) and plasma
ammonia and ammonia excretion rates (Bucking and Wood, 2008; Mommsen and
Hochachka, 1988; Wicks and Randall, 2002a,b; Wood, 1988) are naturally elevated for

short periods in these situations.

4.5.5 Conclusions

In summary, infusion of NH4HCO; resulted in elevated plasma ammonia and
increased ammonia excretion rates with patterns of Rh mRNA expression in trout tissues
(erythrocytes, gill, and skin) similar to that seen when plasma ammonia levels were

elevated after HEA exposure. Inclusion of a no-surgery control revealed that surgical
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placement of the dorsal aortic catheter (and associated anaesthesia) resulted in an increase
in ammonia excretion rate accompanied by the upregulation of all three Rh mRNAs in
the gill. Whether or not the changes resulted from the anaesthesia itself, the surgery
alone, or a combination of both these factors remains unknown. Similarly, results from
NaCl infusion reflected changes from these surgical procedures as well as effects
associated with the high rate of NaCl infusion alone. What is clear however, it is that any
changes associated with NH4HCO; infusion would have gone undetected if either the
catheterized control or the NaCl infusion were used alone as a control. Finally, the
results suggest that a transient surge in cortisol along with elevated plasma ammonia may
be key components in the regulation of Rh genes and the subsequent control of ammonia

transport in the rainbow trout.
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Figure 4.1 The ammonia excretion rates (Jamm) in rainbow trout infused with 140 mmol
L' NaCl or 140 mmol L' NHsHCO5 over a course of 12 hours. The no-surgery control
fish did not undergo experimental manipulation. The catheterized control fish underwent
anaesthesia and surgery for catheter placement, but were not infused. The negative
values indicate excretion into the water. Single asterisks represent values significantly
different from the no-surgery control, crosses indicate significant difference from the
catheterized control, and double asterisks indicate a significant difference between the
two control values (P<0.05). Data are means + s.e.m. (n=6-9).
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Figure 4.2 Plasma total ammonia (Tamm) in rainbow trout infused with 140 mmol 1
NaCl or 140 mmol L' NH4HCO3 over a course of 12 hours. The no-surgery control fish
did not undergo experimental manipulation. The catheterized control fish underwent
anaesthesia and surgery for catheter placement, but were not infused. Asterisks represent
plasma values significantly different from both control values. Controls were not
significantly different from each other (P<0.05). Data are means * s.e.m. (n=0).
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Figure 4.3 Plasma cortisol levels during 12 hours of infusion with 140 mmol L™ NaCl or
140 mmol L' NH;HCOs. The no-surgery control fish did not undergo experimental
manipulation. The catheterized control fish underwent anaesthesia and surgery for
catheter placement, but were not infused. Asterisk indicates significant difference from
both control values. Controls were not significantly different from each other (P£<0.05).
Data are means + s.e.m. (#=6).
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undergo experimental manipulation. The catheterized control fish underwent anaesthesia
and surgery for catheter placement, but were not infused.
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(n=6).
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Figure 4.5 Erythrocyte Rhag mRNA expression in rainbow trout after 12 hours of
infusion with 140 mmol L' NaCl or 140 mmol L NH4HCO;. The no-surgery control
fish did not undergo experimental manipulation. The catheterized control fish underwent
anaesthesia and surgery for catheter placement, but were not infused. Expression data
were normalized to ng total RNA concentration. The single asterisk indicates a
significant difference from the catheterized control. Double asterisks indicate significant
difference between the control values. There were no significant differences between the
no-surgery control fish and both sets of infused fish (P<0.05). Data are means * s.e.m.
(n=6).
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Figure 4.6 Rh mRNA expression in the (4) brain and (B) skin of rainbow trout after 12
hours of infusion with 140 mmol L™ NaCl or 140 mmol L' NH;HCO;. The no-surgery
control fish did not undergo experimental manipulation. The catheterized control fish
underwent anaesthesia and surgery for catheter placement, but were not infused.
Expression data were normalized to ng total RNA concentration. The single asterisk
indicates a significant difference from the no-surgery control value. Double asterisks
indicate significant difference between the control values. No significant differences
were noted between the catheterized control fish and both sets of infused fish (P<0.05).
Data are means * s.e.m. (n=6).
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Figure 4.7 The effect of 12 hours of infusion with 140 mmol L NaCl or 140 mmol L'
NH;HCO; on the mRNA expression of carbonic anhydrase (CA2), H-ATPase, NHE2,
and Na'/K'-ATPase a-la (NKA) in the gills of rainbow trout. The no-surgery control
fish did not undergo experimental manipulation. The catheterized control fish underwent
anaesthesia and surgery for catheter placement, but were not infused. Expression data
were normalized to ng total RNA concentration. Single asterisks indicate significant
differences from the no-surgery control and crosses indicate a significant difference from
the catheterized control value. Double asterisks indicate a significant difference between
the control values (P<0.05). Data are means * s.e.m. (#=6).
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CHAPTER S

FUNCTIONAL CHARACTERIZATION OF RHESUS GLYCOPROTEINS FROM
AN AMMONIOTELIC TELEOST, THE RAINBOW TROUT, USING OOCYTE
EXPRESSION AND SIET ANALYSIS
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5.1 ABSTRACT

Recent experimental evidence from rainbow trout suggests that gill ammonia
transport may be mediated in part via Rhesus (Rh) glycoproteins. In this study we
analyzed the transport properties of trout Rh proteins (Rhag, Rhbgl, Rhbg2, Rhcgl,
Rheg2, Rh30-like) expressed in Xenopus oocytes, using the radiolabeled ammonia
analogue, [14C]methy1amine, and the scanning ion electrode technique (SIET). All of the
trout Rh proteins, except Rh30-like, facilitated methylamine uptake. Uptake was
saturable with K, values ranging from 4.6 - 8.9 mmol L. Raising external pH from 7.5
to 8.5 resulted in 3-4 fold elevations in Jp, values for methylamine; K, values were
unchanged when expressed as total or protonated methylamine. Efflux of methylamine
was also facilitated in Rh-expressing oocytes. Efflux and influx rates were stimulated by
a pH gradient, with higher rates observed with steeper H gradients. NH4ClI inhibited
methylamine uptake in oocytes expressing Rhbgl or Rhcg2. When external pH was
elevated from 7.5 to 8.5, the K; for ammonia against methylamine transport was 35-40%
lower when expressed as total ammonia or NHy", but 5-6 fold higher when expressed as
NH;. With SIET we confirmed that ammonia uptake was facilitated by Rhag and Rhcg?2,
but not Rh30-like proteins. Ammonia uptake was saturable, with a comparable Jmayx but
lower K, value than for total or protonated methylamine. At low substrate
concentrations, the ammonia uptake rate was greater than that of methylamine. The K,
for total ammonia (560 pmol L) lies within the physiological range for trout. The
results are consistent with a model whereby NH," initially binds, but NH; passes through

the Rh channels. We propose that Rh glycoproteins in the trout gill are low affinity, high
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capacity ammonia transporters that exploit the favourable pH gradient formed by the
acidified gill boundary layer in order to facilitate rapid ammonia efflux when plasma

ammonia concentrations are elevated.

5.2 INTRODUCTION

While ammonia is an important nitrogen source for the growth of bacteria, fungi
and plants, it is the major end product of nitrogen metabolism in ammoniotelic animals.
Transport of ammonia across membranes is therefore essential for the maintenance of
homeostasis in these organisms. The classical view has been that the lipid soluble gas
phase (NH3) of ammonia passes readily through membranes whereas the ionic phase
(NH4") requires carriers in order to cross membranes (Kleiner, 1981). This view is now
being challenged by the recent identification of genes for ammonia transporters in yeast
(MEP) and plants (Amt), followed later by the discovery that Rhesus (Rh) blood group
proteins are related to these transporters (Marini et al., 1994, 1997; Ninnemann et al.,
1994).

The X-ray structure of the Escherichia coli ammonia transporter (AmtB) revealed
that NH; and not NH," is the species that passes through the channel. NH is
deprotonated in the periplasmic vestibule of AmtB before NH3 passes through the pore
and reprotonates in the cytoplasmic vestibule (Khademi et al., 2004; Zheng et al., 2004).
Comparison of the recently solved structure of the Rh protein (Rh50) from the bacteria
Nitrosomonas europaea with AmtB, showed similarities in the pore but differences in the

external vestibule which may reflect a lower affinity or a weaker sequestering capacity
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for NH,4" in the Rh proteins (Li et al., 2007; Lupo et al., 2007). Although a few reports
have suggested that CO; could also pass through the Rh channels (Endeward et al., 2007;
Kustu and Inwood, 2006; Li et al., 2007; Soupene et al., 2002, 2004), the numerous
functional studies that have been performed to date support the view that both Amt and
Rh proteins facilitate ammonia transport (Javelle et al., 2007).

In mammals, RhAG/Rhag proteins are mainly confined to erythrocytes but
RhBG/Rhbg and RhCG/Rhcg are located in several key tissues related to ammonia
metabolism such as the brain, liver, kidney and gastrointestinal tract (Handlogten et al.,
2005; Huang, 2008; Liu et al., 2000, 2001). In fact, recent knock-down studies in mice
revealed that Rhcg protein expression was necessary for renal ammonia excretion (Biver
et al.,2008; Lee et al., 2009).

Unlike ureotelic mammals, most fish are ammoniotelic and excrete large amounts
of ammonia, mostly through the gills rather than through the kidney. The first study that
linked fish Rh proteins to ammonia excretion identified in pufferfish gills, apical Rhcg2
and basolateral Rhbg in the pavement cells, apical Rhegl in the mitochondria-rich cells,
and apical and basolateral Rhag in the pillar cells (Nakada ef al., 2007a). Rhbg, Rhegl,
and Rhcg2 have also been identified in the gills and skin of the air-breathing mangrove
killifish (Hung et al., 2007). Thereafter, it was reported that Rhcg2 mRNA expression
levels in the adult rainbow trout gill paralleled restoration of ammonia excretion in the
face of elevated external ammonia (Nawata et al., 2007) and levels of Rhcg2 mRNA in
larval rainbow trout correlated with an increase in ammonia excretion rate over

developmental time (Hung et al., 2008). Similarly, Rhcgl mRNA expression in larval
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zebrafish coincided with increased ammonia excretion (Nakada e al., 2007b) while
knockdown of Rhag, Rhbg, and Rhcgl in the same larval species led to a decrease in
ammonia excretion (Braun et al., 2009; Shih ef al., 2008). Also, an in vitro cultured gill
epithelium system demonstrated that increased ammonia permeability caused by pre-
exposure to elevated ammonia and cortisol, as well as the exposure to apical freshwater
low in Na', was associated with increased Rhcg2 mRNA (Tsui et al., 2009). These data
have been further examined in several recent reviews (Perry et al., 2009; Weihrauch et
al., 2009; Wright and Wood, 2009).

Functional studies of Rh proteins have been hampered by the lack of a specific
inhibitor as well as a long-lived radiotracer for ammonia. Researchers have therefore
relied on the heterologous expression of Rh proteins in cells or cell-preparations in
conjunction with the radiolabeled ammonia analogue, ['*C]methylamine, to study Rh
protein function. The first detailed study of Rh proteins in fish showed that Xenopus
oocytes expressing pufferfish Rh proteins exhibited an increased uptake of methylamine
(Nakada et al., 2007a). Our goal was to further characterize the functional properties of
these potentially important gill ammonia transporters of rainbow trout. Trout Rhag,
Rhbg1, Rhbg2, Rhcgl, Rheg2 and Rh30-like proteins were expressed in Xenopus oocytes
and ['*C]methylamine was used to characterize the transport properties of these proteins.
In addition, we used the scanning ion electrode technique (SIET) (Ammann, 1986) to
directly confirm that ammonia transport was also facilitated, and to characterize ammonia

uptake kinetics in Rh-expressing oocytes and in H,O-injected (control) oocytes.

148



Ph.D. Thesis - C. M. Nawata McMaster - Biology

5.3 MATERIALS AND METHODS
5.3.1 Reagents and solutions

All chemicals and reagents used in this study were obtained from Sigma (St.
Louis, MO, USA) unless otherwise noted. The standard oocyte bath solution was ND96
containing (in mmol l"): 96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, 5 HEPES, pH 7.5. Sterile
ND96 for long-term storage of oocytes contained 2.5 mmol I"' sodium pyruvate, 1 mg ml°
! penicillin-streptomycin and 50 pg ml”' gentamicin (Gibco, Long Island, NY, USA).
Low K*ND96 contained 0.2 mmol I KCI and Na'/K-free ND96 contained 98 mmol 1"
N-methyl-D-glucamine-Cl in substitution for NaCl and KCl. The acidification buffers
adjusted to pH 6.8 or pH 6.4 contained (in mmol 1™): 55 NaCl, 60 sodium acetate, 1.8

CaCly, 1 MgCl,, and 10 HEPES.

5.3.2 Plasmid constructs and cRNA synthesis

Rh ¢cDNAs were isolated from rainbow trout gill and erythrocytes as previously
described (Nawata et al., 2007; Nawata and Wood, 2008) and amplified with high fidelity
taq polymerase (Invitrogen, Burlington, ON, Canada) using primers (Table 5.1) flanking
the coding region of each gene. Correct sequences were verified after cloning into a
pGEM T-easy vector (Promega, Fisher Scientific, Nepean, ON, Canada). The Rh cDNAs
were then subcloned by blunt-end ligation into the XAhol and Spel restriction sites of a
pXT7 vector containing Xenopus beta globin 3" and 5-UTR sequences flanking the
cloning site (courtesy of G. Goss, University of Alberta). In-frame insertion of cDNAs

was confirmed by sequencing. Linearization with Smal was followed by proteinase K
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treatment (1 mg ml™, Invitrogen) and phenol/chloroform extraction. The linearized
constructs were then transcribed and capped (Ambion, Austin, TX, USA) in vitro with T7
RNA polymerase (Fermentas, Burlington, ON, Canada). The resulting cRNAs were
purified by phenol/chloroform extraction and quantified spectrophotometrically
(Nanodrop, ND-1000, Wilmington, DE, USA) and assessed for quality on a 1% agarose

gel.

5.3.3. Preparation of oocytes

Stage V-VI oocytes were collected from adult female Xernopus following an
established protocol (Ceriotti and Colman, 1995). Briefly the frogs were anaesthetized in
0.1% MS222 for approximately 20 min. Excised ovarian tissue was placed in Ca**-free
ND96 solution containing collagenase (1 mg ml™) and gently agitated for 30 min. The
oocytes were then rinsed three times in Ca®'-free ND96, three times with ND96, and then
allowed to recover overnight at 18°C in sterile ND96. Frogs were humanely euthanized
after the final oocyte collection. All procedures used were approved by the McMaster
University Animal Research Ethics Board and are in accordance with the Guidelines of

the Canadian Council on Animal Care.
5.3.4 Injection of oocytes

Oocytes isolated the previous day were injected with 38.6 nl of cRNA (0.5 ng nI’

" for a total of 18.5 ng using a Nanoliter 2000 Injector (World Precision Instruments,
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Sarasota, FL, USA). Control oocytes were injected with 38.6 nl of RNase-free H,O.

Experiments were performed 3-5 days post-injection.

5351 4C]methylamine studies

Experiments were performed at room temperature in 200 pl of uptake buffer
which contained: low K" ND96, 0.5 uCi ml” ['*C]methylamine (Dupont, New England
Nuclear, Boston, MA, USA), and 20 pumol I of unlabeled methylamine. Incubation
times ranged from 15 to 60 min depending on each experiment, described in more detail
below. Three groups of three oocytes were assayed for each experimental point; each
group was considered to represent one replicate. At the end of each assay, oocytes were
washed three times with 2 ml of ice-cold, unlabeled uptake buffer and immediately
solubilized in 200 pl of 5% SDS. Radioactivity was measured in 5 ml of Ultima-Gold
AB scintillation cocktail (Perkin Elmer, Toronto, ON, Canada) by liquid scintillation
counting (Tri-Carb 2900 TR; Perkin Elmer). H,O-injected (control) oocytes were run in
parallel in all assays. The focus of our study was on trout Rhcg2 since according to
previous studies, mRNA levels of this protein responded the most to elevated levels of
ammonia (e.g. Nawata er al., 2007; Tsui et al., 2009). Other trout Rh genes were
included in the assays to evaluate whether the same principles applied, and to ensure that

the protocols were working properly, but not all genes were used in all tests.
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5.3.6 Methylamine kinetics

The methylamine uptake rates measured over 20 min incubation periods in 0.02,
0.2, 1, 2, 10, and 15 mmol 1'concentrations of methylamine were used to determine the
kinetic profile. Endogenous uptake rates in control oocytes were subtracted from the test
oocyte uptake values. The concentration dependence of methylamine was described in
terms of Jmax and Ky, values by using non-linear regression to fit the Michaelis-Menten

equation to the experimental data using Sigma Plot version 10.0.

5.3.7 NH/Cl inhibition

Total ammonia concentrations used for NH4Cl inhibition studies were verified
enzymatically by measuring the formation of L-glutamate catalyzed by L-glutamate
dehydrogenase, an assay linear to 600 pmol 1" with reproducibility of + 5% (Riachem,
Cliniga Corp., CA, USA) and concentrations of NH3; and NH4" were calculated using the
Henderson-Hasselbalch equation with a pK, value of 9.25 (Cameron and Heisler, 1983)
for ammonia. A pK, value of 10.66 (CRC Handbook of Chemistry and Physics, 2005)
for methylamine was used to determine the unprotonated (MA) and protonated (MA™)
fractions of the K, values. The inhibition constant (K;) of ammonia against methylamine
uptake was determined using the equation:

Ki=ICso/(1+ ¢/Kp)

where ICs is the concentration of NH4Cl, NH,", or NH; that reduces the uptake by 50%,
c is the substrate concentration, and K, is the substrate concentration permitting half-

maximal uptake of methylamine.
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5.3.8 Measurements of ammonia uptake using the scanning ion electrode technique
(SIET)

Transport of ammonia into or out of an oocyte produces gradients in NHy"
concentration in the unstirred layer adjacent to the oocyte surface. These gradients can
be calculated from the voltages recorded by an NH, -selective microelectrode moved
between two points within the unstirred layer. While the great majority (>95%) of the
ammonia will exist as NH; at the pH value (7.5) set by the buffer in the present
experiment, it may have moved across the oocyte membrane as NHj3, or as NH,", or both.
Thus the microelectrode can be used to measure “apparent NH;" flux” which is
approximately equivalent to total “ammonia flux”, the term used here. Ammonia flux
can then be calculated from the NH;" concentration gradients measured in the unstirred
layer using Fick’s law, as described below. Measurement of fluxes in this way is the
basis of the scanning ion electrode technique (SIET), which allows fluxes to be
repeatedly measured in near real-time at multiple sites on the oocyte surface. Extensive
descriptions of the use of SIET are reported in Rheault and O’Donnell (2004) and Donini
and O’Donnell (2005).

SIET measurements were made using hardware from Applicable Electronics
(Forestdale, MA, USA) and automated scanning electrode technique (ASET) software
(version 2.0) from Science Wares Inc. (East Falmouth, MA, USA). Each oocyte was
placed in a 35 mm diameter petri dish filled with 5 ml of Na'/K'-free ND96. Reference
electrodes were made from 10 cm lengths of 1.5 mm borosilicate glass capillaries that

were bent at a 45° angle, 1-2 cm from the end, to facilitate placement in the sample dish.
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Capillaries had been filled with boiling 3 mol I"' KCl in 3% agar and were connected to
the ground input of the Applicable Electronics amplifier through a Ag/AgCl half cell.

Micropipettes for NH,'-selective microelectrodes were made from 1.5 mm
unfilamented borosilicate glass capillaries pulled on a Flaming-Brown P-97 pipette puller
(Sutter Instruments, Novato, CA, USA) to tip diameters of 3 to 5 um. The micropipettes
were backfilled with 100 mM NH4Cl and tip-filled with a 200 pm long column of NH4"
Ionophore I, Cocktail A (Fluka, Buchs, Switzerland). This ionophore is sensitive to
interference from K™ and Na’ and the calibration and bathing solutions were therefore
based on Na'/K'-free ND96. NH, -selective microelectrodes for use with SIET were
calibrated in 0.1, 1 and 10 mmol I"' NH4" in Na'/ K*-free ND96 resulting in a Nernstian
slope of 57.2 + 0.3 mV log unit” (»=7). The NH,"-selective microelectrode was initially
placed 5-10 pm from the surface of the oocyte. The microelectrode was then moved a
further 50 um away, perpendicular to the oocyte surface. The “wait” and “sample”
periods at each limit of the 50 um excursion distance were 5.5 and 0.5 s, respectively.
Voltage differences across this excursion distance were measured three times at each of
four sites located 25 um apart over the surface of the oocyte. Voltage differences were
corrected for electrode drift measured at a reference site 20 mm away from the oocyte.
Voltage differences (AV) were converted to the corresponding NH4" concentration
difference by the following equation (Donini and O’Donnell, 2005):

AC = Cp x 10" — Cy

where AC is the NH;" concentration difference between the two limits of the excursion

distance (umol cm_3), Cp is the background NH," concentration in the bathing medium,
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AV is the voltage gradient (mV), and S is the slope of the electrode between 0.1 and 1
mmol 1”' NH,". Concentration differences were used to determine the ammonia flux
using Fick’s law of diffusion:
Jamm = Dnua(AC/AX)

where Jamm is the net flux in pmol em 2 s ', Dnua is the diffusion coefficient of NH,"
(2.09 x 107 cm? s'l), AC is the NH4" concentration gradient and AX is the excursion
distance between the two points (cm). Ammonia uptake rates were determined
immediately after oocytes were exposed to 0.1, 0.3, 1, 3, and 10 mmol "' NH4Cl. Non-
linear regression to fit the Michaelis-Menten equation was used to determine the Jmax and
K values (Sigma Plot version 10.0). The endogenous uptake measured in the H,O-
injected oocytes was not subtracted from the control uptake rate as it was in the

methylamine uptake kinetic analysis.

5.3.9 Data analysis
All data shown are means + s.e.m with N = number of replicates or for SIET, N =
number of oocytes. Statistical significance was determined by Student’s unpaired -test

followed by Bonferonni adjustment using Systat version 10.0. o was set at 0.05.

5.4 RESULTS
5.4.1 Methylamine uptake
Methylamine uptake rates were measured in 20 pmol I methylamine over a

period of 60 min in control oocytes and in oocytes expressing Rhag, Rhcg2, Rhbgl, and
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Rh30-like proteins. The uptake rates of the Rh30-like-injected oocytes and the control
oocytes were not significantly different from each other (Fig. 5.1). However, expression
of Rhag, Rhbgl, or Rhcg2 enhanced the uptake rate when compared to those of the
control and Rh30-like-expressing oocytes. Rhag-expressing oocytes maintained an
uptake rate that was 6-fold greater that of the control oocytes throughout the time course.
The rate in Rhbgl-expressing oocytes was 4.5-fold higher than the control oocytes at 10
min and 3.5-fold higher at 60 min. Similarly, the rate in Rhcg2-expressing oocytes was

4-fold higher than the control oocytes at 10 min and 3-fold higher at 60 min.

5.4.2 Kinetics of methylamine uptake

The rate of methylamine uptake was measured in oocytes expressing Rhag,
Rhbgl, Rhbg2, Rhcg2 over increasing methylamine concentrations (0.02 - 15 mmol )
at pH 7.5. Endogenous uptake rates measured in control oocytes were subtracted from
test oocyte uptake rates. Uptake rates were saturable as a function of methylamine
concentration. The Jy.x values (in pmol/oocyte/min) were: 191.1 £+ 36.0 (Rhag), 106.1 =
15.0 (Rhbgl), 87.4 + 11.3 (Rhbg2), and 194.7 + 35.9 (Rhcg2), with the values for Rhag
and Rhcg2 being significantly greater than for the other two. The respective
concentrations permitting half-maximal uptake (K) were: 7.8 + 3.4 (Rhag), 6.8 + 2.4
(Rhbgl), 4.6 + 1.7 (Rhbg2), and 8.9 + 3.6 mmol 1" (Rhcg2), none of which were
significantly different from the others (Fig. 5.2). To test the effect of pH on the uptake
kinetics of methylamine, we performed the same test on Rhbgl and Rhcg2-expressing

oocytes, at pH 8.5. There was some variability in the responses at the highest
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methylamine concentrations tested, but overall the results again indicated saturating
relationships (Fig. 5.3). Compared to the J.x values obtained at pH 7.5, the values at pH
8.5 increased significantly by about 4-fold in Rhbgl-expressing oocytes (440.8 = 69.9
pmol/oocyte/min) and about 3-fold in Rhcg2-expressing oocytes (663.6 = 102.7
pmol/oocyte/min), while the K, values did not change significantly when expressed as
total or protonated methylamine (Fig. 5.3; Table 5.2). However, K, values increased 8-

10 fold (significant for Rhcg2 only) when expressed as the unprotonated form (Table 2).

5.4.3 pH-sensitive transport

The apparent sensitivity of methylamine uptake to pH led us to a more in-depth
investigation of this observation. Methylamine uptake rates in control oocytes and those
expressing Rhag, Rhbgl, Rhbg2, Rhegl, and Rheg2, were measured for 60 min in uptake

buffers at a substrate level of 20 umol 1" set at pH 6.5, 7.5, and 8.5. The substrate

concentration of 20 pumol 1! was chosen since saturation of transport did not occur over
time at this concentration (see Fig. 5.1). Uptake rates of all Rh-expressing oocytes
decreased at pH 6.5 and increased at pH 8.5 when compared to rates at pH 7.5 (Fig. 5.4).
Notably, the rates in Rhag- and Rhcg2-expressing oocytes were 3.5-fold higher at pH 8.5
than the rates at pH 7.5 and the rate in Rhbgl-expressing oocytes was over 4-fold greater
at pH 8.5 than at pH 7.5. The rates were significantly higher at pH 7.5 than at pH 6.5 for
Rhag-, Rhbgl-, Rhbg2-, and Rhcg2-expressing oocytes.

To further test the pH dependence of methylamine transport, Rhag-, Rhbg2-, and

Rhcg2-expressing oocytes were acidified following established methods (Tsai et al.,
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1995; Westhoff ef al., 2002). Oocytes were incubated in sodium acetate at pH 6.8 or pH
6.4 for 25 min, washed once in ice-cold unlabeled uptake buffer and transferred to
radiolabeled ['*C]methylamine uptake buffer (20 pmol 1" methylamine, pH 7.5) for 15
min. Uptake rates from controls were subtracted from the rates measured in the acidified
and untreated oocytes. Control oocytes had an average intracellular pH of 7.29 + 0.09
and therefore the intracellular to extracellular pH difference in untreated oocytes was
approximately 0.2. Intracellular acidification at both pH 6.4 and 6.8 resulted in a 2-fold
increase in uptake in Rhbg2 and Rhcg2-expressing oocytes and a 4-5 fold increase in
uptake in Rhag-expressing oocytes, when compared to the rate in unacidified oocytes
(Fig. 5.5). Additionally, the uptake rate in Rhag-expressing oocytes acidified at pH 6.4

was significantly higher than those acidified at pH 6.8.

5.4.4 Efflux of methylamine

To determine whether or not Rh proteins facilitate bi-directional methylamine
transport, we measured the efflux of methylamine from control oocytes and Rhag-,
Rhbgl-, Rheg2-expressing oocytes. Oocytes were incubated in ['*C]methylamine (20
pmol 1) uptake buffer at pH 8.5 for 60 min and then quickly washed with ice-cold,
unlabeled uptake buffer three times before being transferred into unlabeled uptake buffer
without methylamine at pH 8.5 or pH 6.5 for 15 min. Radioactivity in the oocytes and
buffer was counted separately. Efflux rates were expressed as the percent of the total
initial radioactivity in the oocytes that appeared in the buffer during the 15 min efflux

period. Control oocytes released a similar amount of methylamine (5% and 4%) at pH
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6.5 and 8.5 (Fig. 5.6). Effluxes from Rhag-, Rhbgl-, and Rhcg2-expressing oocytes at
pH 6.5 (22%, 14%, and 17%, respectively) and at pH 8.5 (7%, 8%, and 9%, respectively)
were significantly greater than those from the control oocytes. Additionally, significantly
greater effluxes were observed at pH 6.5 compared to pH 8.5 in all the Rh-expressing

oocytes.

5.4.5 Inhibition by NH ,CI

Next, we examined the kinetics of methylamine uptake in the presence of NH4Cl
in order to characterize the substrate specificity of the Rh proteins. Methylamine uptake
was measured in Rhbgl and Rhcg2-expressing oocytes at a constant methylamine
concentration of 20 pmol 1" in the presence of increasing concentrations of total
ammonia (80-3500 pmol 1) which takes into account the background total ammonia
concentration of 80 pmol I in the oocyte bath medium (Fig. 5.7). External buffer pH
was set to either 7.5 or 8.5 and control oocyte uptake rates were subtracted from test
oocyte uptake rates. The K; values measured at pH 7.5 were similar for Rhbgl- and
Rhcg2-expressing oocytes at 2.45 + 0.31 and 2.53 + 0.21 mmol 1", respectively
(expressed as total ammonia). The values measured at pH 8.5 were also similar with 1.61
+ 0.04 mmol 1" for Rhbgl and 1.55 + 0.06 mmol 1" for Rhcg?2 (Fig. 5.6). Compared to
the values at pH 7.5, these K values at pH 8.5 were moderately reduced by 35-40% when
expressed as total ammonia or NH,', but greatly raised by 5-6 fold when expressed as

NH; (Table 2). Both of these changes were significant.
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5.4.6 Ammonia uptake measured by SIET

We used SIET to further verify whether or not ammonia is a true substrate of the
Rh transporters. Ammonia uptake rates were measured in control oocytes and oocytes
expressing Rhag, Rhcg2, and Rh30-like proteins exposed to 100 pumol I NH,CI at pH
7.5. In Fig. 5.8., SIET rates have been expressed both in traditional units (pmol/cmz/s)
and in pmol/oocyte/min by taking into account the surface area of the oocytes (~0.031
cm?).  All oocytes facilitated ammonia uptake but the rates in Rhag- and Rhcg2-
expressing oocytes (18.5 = 1.1 and 17.4 + 0.5 pmol/oocyte/min, respectively) were
significantly higher by 1.5-fold than the rate in control oocytes (12.0 + 0.6
pmol/oocyte/min). Notably, oocytes expressing Rh30-like protein exhibited no increase
in ammonia uptake rate, consistent with the findings for methylamine uptake (Fig. 5.1).
To compare ammonia uptake rates to those of methylamine, the [14C]methylamine uptake
rates of H,O-, Rhag-, Rhcg2-injected oocytes at a methylamine concentration of 100
umol I were calculated from the Michaelis-Menten curves generated earlier (Fig. 5.2).
Methylamine uptake rates were much lower than the ammonia uptake rates (10-fold
lower in H;O-injected oocytes and about 4-fold lower in Rhag and Rhcg2-expressing

oocytes).

5.4.7 Kinetics of ammonia uptake measured by SIET
Finally, we measured the kinetics of ammonia uptake using SIET. Oocytes
expressing Rhcg2 and control oocytes were exposed to increasing concentrations of

NH,CI (0.1-10 mmol 1) at pH 7.5 (Fig. 5.9). Uptake of ammonia by Rhcg2-expressing
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oocytes displayed saturation kinetics with a Jmax of 63.3 + 0.6 pmol/cm®/s, or 118 + 1
pmol/oocyte/min. The latter was not significantly different from the Jia.x value measured
earlier for methylamine (195 + 36 pmol/oocyte/min; Fig. 5.2). K values (in mmol 1™)
were 0.56 + 0.26 for NH4Cl, 0.55 + 0.26 for NH4", and 0.010 + 0.005 for NH;. These
were much lower than the respective values for total and protonated methylamine, but
comparable for unprotonated methylamine (Table 2). Uptake by control oocytes saturated
much later with a Jy.x of 137.5 £ 17.3 pmol/cmz/s and K, values (in mmol l") of 5.6 £
1.5, 5.5 £ 1.5, and 0.09 + 0.03 for NH4Cl, NH,;", and NH; respectively. The Jnax value
(137.5 + 17.3 pmol/cm*/s) was also significantly higher. There were no significant
differences in the uptake rates between the control oocytes and the Rhcg2-expressing
oocytes at 0.1 and 0.3 mmol 1", however at 1 mmol 1", the uptake rate was significantly
higher (3-fold) in the Rhcg2-expressing oocytes than in the control oocytes. At 10 mM,
the uptake rate in Rhcg2-expressing oocytes was significantly lower (1.8 fold) than that

in the control oocytes.

5.5 DISCUSSION

The recent addition of the Rh proteins to the ammonia transporter superfamily has
sparked renewed interest in the area of ammonia transport in fish (Perry et al., 2009;
Weihrauch et al., 2009; Wright and Wood, 2009). Indeed there is increasing evidence
that Rh proteins are involved in the gill ammonia transport mechanism(s). We observed
earlier that experimental elevations in plasma ammonia in rainbow trout resulted in

enhanced ammonia excretion as well as an upregulation of gill Rhcg2 mRNA levels
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(Nawata et al., 2007; Nawata and Wood, 2009). In light of these findings, the aim of our
present study was to characterize the functional properties of trout Rh proteins in an
effort to understand what role these proteins may play in gill ammonia transport.

With one exception (Rh30-like protein), all trout Rh proteins expressed in
Xenopus oocytes facilitated uptake of the ammonia analogue, methylamine, with rates 3-
6 fold greater than that seen in control oocytes (Fig. 5.1). The uptake was also saturable,
suggesting a carrier-mediated process (Figs 5.2, 5.3). This is in accordance with previous
studies which- showed that human, murine, and pufferfish Rh proteins expressed in
Xenopus oocytes also facilitated methylamine uptake (Ludewig, 2004; Mak et al., 2006;
Mayer et al., 2006; Nakada et al., 2007a; Westhoff er al., 2002). Interestingly, all
transport rates at 1 mmol 1" appeared to fall below the curve. Whether or not this is
random variation or a true characteristic of the trout Rh proteins is not clear but this was
not due to systematic error since experiments were conducted at different times with
fresh solutions. However, it could represent an additional transport system of lower
affinity and higher capacity superimposed on a higher affinity, lower capacity system.
Further experiments using a series of low methylamine concentrations would be needed
to evaluate this possibility.

More importantly for the first time in any system, we showed by direct
measurement using SIET that these proteins also facilitated the uptake of ammonia, the
purported natural substrate. Ammonia has also been demonstrated to be the natural
substrate for RhAG expressed in MEP-deficient yeast (Marini et al., 2000). At least for

the one protein (Rhcg?) tested in detail with this more difficult approach, the uptake was

162



Ph.D. Thesis - C. M. Nawata McMaster - Biology

saturable with a K, (560 pmol 1) within the physiological range for total ammonia in
trout (Fig. 5.9), and considerably below the K, for the analogue methylamine (8850 pmol
1'1; Fig. 5.2; Table 5.2). When compared at the same low substrate concentration, these
proteins facilitated a greater transport rate of ammonia than of methylamine (Fig. 5.8).
Furthermore NH4Cl inhibited methylamine uptake with K; values for total ammonia
which were also considerably lower than the K, values for methylamine. Overall, we
believe these data provide strong evidence that these Rh proteins are important in
facilitating ammonia transport across cell membranes, such as those in the gill
epithelium.

The trout Rh30-like protein did not enhance methylamine uptake (Fig. 5.1) or
ammonia uptake (Fig. 5.8). Similarly, human Rh30 proteins (RhD and RhCE) which are
present in the erythrocyte membrane do not facilitate methylamine or ammonia transport
(Ripoche et al., 2004; Westhoff and Wylie, 2006). Homology modeling of the human Rh
proteins and AmtB has shown that several residues in the channel differ between
AmtB/RhAG/RhBG/RhCG and the Rh30 (RhD/RhCE) proteins, and could possibly
explain the difference in transport properties (Zidi-Yahiaoui et al., 2009).

There was enhanced uptake of methylamine into Rh-expressing oocytes at an
external alkaline pH and a reduction in uptake rate at an external acidic pH (Fig. 5.5).
The same effect of pH on uptake rates has been seen in studies on human RhAG, RhBG,
RhCG (Ludewig, 2004; Mayer et al., 2006; Westhoff et al., 2002), murine Rhcg and
Rhbg (Mak et al., 2006), as well as AmtB (Javelle er al., 2005). At least for Rhag, it

appeared that the transport rate was not only sensitive to the direction of the pH gradient,
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but also to the magnitude of the gradient with greater uptake observed at pH 6.4 than at
pH 6.8 (Fig. 5.4). A simple explanation for these observations is that the transport rate
depends upon the concentration of the unprotonated species (MA) since a one-unit pH
change would increase or decrease the MA concentration by 10-fold. However, the
situation is not that simple. If the transport rate depended only on the concentration of
MA, we would expect to see approximately equivalent increases and decreases in rate,
since these assays were run at a total methylamine concentration of 20 pmol I, right at
the bottom of the kinetic uptake curves (Fig. 5.2). However, despite a 10-fold decrease in
MA from pH 7.5 to pH 6.5 and 10-fold increase in MA from pH 7.5 to pH 8.5, the uptake
rates observed in Rh-expressing oocytes did not change by a similar fold. Rather, the
changes were in the order of 3-5 fold per pH unit (Fig. 5.4). The explanation for this
likely lies in the fact that the position of the kinetic curves was not constant, but also
shifted with pH (Fig. 5.3). Indeed, based on the observed changes in the Kp and Jmax
values (Fig. 5.3, Table 5.2), we can calculate for Rhbgl and Rhcg2 that at a total
methylamine concentration of 20 pmol 1", the transport rate would have increased by 3-5
fold as pH was increased from 7.5 to 8.5, exactly as was observed (Fig. 5.3). It is
important to note that this conclusion is independent of whether the substrate is
considered to be MA or MA". If MA is the true substrate, the fact that the increase in
transport rate was only 3-5 fold rather than 10 fold is because the affinity decreased
markedly at higher pH (i.e. Ky expressed as MA increased 6-10 fold; Table 2). If MA™
is the true substrate, then K, did not change appreciably at higher pH (Table 2), and the

fact that transport rate increases 3-5 fold is entirely due to the observed increase in Jyax.
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It is unclear why K, should change with pH, so a conservative conclusion is that MA™ is
the species that binds initially to the transporter, but the transport itself is sensitive to a
pH gradient.

Similar conclusions may be drawn from the inhibition studies. When pH was
increased from 7.5 to 8.5, the K; for NH; increased 5-6 fold, whereas the K; for NH;"
changed only moderately (decreases of 35-40%). While the K; values for NH," were
lower than the K, values of MA®, the K; values for NH; were higher than the K., values
of MA (Table 2). Why the natural substrate should have a higher K; than the analogue
Km, and why the value should change greatly with pH is again unclear, but supports the
conclusion that the protonated species binds to the transporter. Importantly, however,
this does not indicate whether it is the protonated or unprotonated form that is actually
transported.

Overall, this argues against NH; as the species binding to the Rh proteins, in
accordance with conclusions made previously regarding mammalian RhAG, Rhbg and
Rheg (Ludewig, 2004; Mak et al., 2006; Mayer et al., 2006; Westhoff et al., 2002).
Indeed in a physiological context this is reasonable, considering that the majority of
ammonia (>95%) in fish plasma is present in the protonated form (Wood, 1993). If this
is the case, then why does the pH gradient have a substantial influence on Rh protein-
mediated methylamine transport in the oocyte expression system (Figs 5.3, 5.4, 5.5, and
5.6)? Similarly, why does the pH gradient influence ammonia efflux across cultured
branchial epithelia in vitro (Kelly and Wood, 2001) and trout gills in vivo (Wright and

Wood, 1985; Wilson et al., 1994; Wright et al., 1986, 1989)? We suggest that this is
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because the actual species moving through the Rh channel is the unprotonated form, such
that both the upstream de-protonation reaction and the downstream re-protonation
reaction (“acid trapping”) are a function of the ambient pH. This is almost impossible to
distinguish from NH,"/H" exchange, and functionally the two processes would be the
same in their net effect (Ludewig, 2004) and therefore we cannot rule out the possibility
that NH;" or that both NH; and NH;" pass through the channel. Indeed there is
considerable discordance in the conclusions made from the numerous functional studies
on Rh proteins with respect to the mechanism involved (for summary, see Javelle et al.,
2007).

Not only was methylamine uptake facilitated in Rh-expressing oocytes, but
enhanced efflux was also observed, and this was similarly dependent upon a pH gradient
with the greatest efflux rate observed at a low external pH (Fig. 5.5). Bi-directionality
has also demonstrated in yeast expressing RhAG and RhCG (Marini et al., 2000; Mayer
et al., 2006; Westhoff et al., 2004) or Rh50 from N. europaea (Weidinger et al., 2007).
This property would be particularly beneficial for erythrocytes. Rhag in erythrocytes
could facilitate ammonia loading from the tissues and the subsequent unloading of
ammonia at the gill where it can ultimately be eliminated into the external water, as
depicted in the model of Wright and Wood (2009). A bi-directional function however,
appears counterintuitive in the gill where unidirectional flow or excretion of ammonia is
necessary. Nevertheless, the data of Tsui e al. (2009) suggest that the upregulation of Rh
proteins in the cultured trout gill epithelium in vitro conferred a bi-directional increase in

ammonia permeability. An acidified gill boundary layer has long been thought to aid in
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ammonia excretion in vivo (Wilson et al., 1994; Wright et al., 1986, 1989). This property
would also create a favourable pH gradient for optimal transport by the Rh proteins and
facilitate vectorial ammonia movement out of the gill. At the same time, this acidified
layer would form an inwardly unfavourable H' gradient that could potentially slow the
influx of ammonia into the gill through the Rh channels when external ammonia
concentrations are elevated. In fact, we demonstrated earlier that when the acidified
boundary layer in trout was abolished with HEPES, there was a down-regulation of
Rhcg2 mRNA in the gill and a reduction in ammonia excretion (Nawata and Wood,
2008). Therefore one possible regulatory mechanism conferring unidirectionality in trout
gill Rh proteins may be the pH or a H" gradient. Models have been recently proposed
wherein functional coupling of Rh proteins to apical H'-ATPase pumps and/or Na"/H"
exchange mechanisms facilitate ammonia trapping in an acidic gill boundary layer (Tsui
et al., 2009; Wright and Wood, 2009).

Amt and Rh proteins share a common ancestor and coexist in many organisms,
but higher vertebrates have retained only the Rh genes. This suggests that the Amt and
Rh proteins have evolved different functions (Huang, 2008). Indeed structural studies
revealed differences between the Rh and Amt proteins, especially in the external
vestibule where critical residues thought to be essential for NH," binding are lacking or
are not conserved in the Rh proteins (Lupo et al., 2007; Zidi-Yahiaoui et al., 2009).
These differences may reflect different ammonia transport requirements. Bacteria need
to assimilate ammonia from very low micromolar environmental concentrations, thus

necessitating a high affinity NH," trapping mechanism. Mammals and fish, on the other
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hand, must dispose of ammonia, which is normally present in the millimolar range in the
mammalian renal system (Knepper ef al., 1989) and in the high micromolar range in fish
plasma (Wood, 1993), and therefore high affinity NH," trapping would be less critical.
In fact, AmtB proteins are only induced in bacteria when external ammonia
concentrations are limiting (Javelle ef al., 2004). However in the rainbow trout, Rh
transcripts were detectable under control conditions but were upregulated when plasma
ammonia concentrations were elevated (Nawata et al., 2007; Nawata and Wood, 2009).
These differences are also reflected in the different binding affinities for methylamine.
For the trout Rh proteins the K, values ranged from 4.6 to 8.9 mmol l'l, whereas the K,
for AmtB was reported to be 200 pmol 1" (Merrick et al., 2001).

The concentration of NH4Cl required to inhibit the uptake of methylamine was
similar for both Rhbg and Rheg? (2.5 mmol 1" at pH 7.5 and 1.6 mmol I at pH 8.5)
(Table 2). This suggests that these two proteins have a similar affinity for ammonia.
Murine Rhbg however, had a much higher affinity for both methylamine and ammonia
than Rheg, with K; values for NH4Cl of 0.5 mmol I for Rhbg vs. 2.9 mmol I"" for Rheg
(Mak et al., 2006). It was proposed that in the mammalian kidney, a higher affinity
basolateral Rhbg and a lower affinity apical Rheg in the collecting duct could facilitate
the vectorial transport of ammonia from the interstitium to the lumen where there is an
increasing ammonia gradient (Mak ef al. 2006; Westhoff and Wylie, 2006). In fish, it is
not certain whether all species and all types of gill cells have an apical Rhcg and a
basolateral Rhbg. Although this is the case in pufferfish gill pavement cells, it is not the

case in pufferfish gill mitochondria-rich cells (Nakada et al., 2007a). Moreover, it was
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reported recently that Rheg is present both apically and basolaterally in the mouse kidney
(Kim et al., 2009). In the trout gill, favourable plasma-to-water ammonia and pH
gradients, plus the high intracellular ammonia levels and low extracellular ammonia
levels (Wood, 1993), may be more important in regulating unidirectional flow than the
differential binding affinities of basolateral and apical Rh proteins. Furthermore, we still
cannot rule out passive diffusion of ammonia out of the gill as a significant mode of
excretion under basal conditions. Indeed evidence from studies on the cultured trout gill
epithelium indicates that there is a large diffusive component to ammonia excretion (Tsui
et al., 2009). The relatively high K, values of the trout Rh proteins suggest that these are
low-affinity, high capacity transporters that would function optimally when plasma
ammonia concentrations are elevated. In support of this idea, it has been proposed that
above a certain threshold concentration of plasma ammonia (200 pumol 1), a carrier-
mediated process replaces passive ammonia transport out of the gill (Heisler, 1990).

The difficulty and discrepancies in determining how Rh proteins transport
ammonia may be inherent in the different methodologies used and in the case of native
Xenopus oocytes, a unique handling of ammonia. Although there are exceptions (e.g.,
Kikeri et al., 1989; Waisbren et al., 1994), most eukaryotic cells are more permeable to
NH; than NH,". These cells, when exposed to ammonia, display a classic biphasic rise
and fall of intracellular pH (pH;) (basis of the pre-pulse method) caused by the influx of
NH; followed by a lower influx of NH4" (Boron and DeWeer, 1976). Xenopus oocytes
are exceptional in that exposure to high ammonia concentrations (> Immol 1™") leads to a

paradoxical fall in pH;, depolarization, and an inward current (Bakouh ef al., 2004; Boldt
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et al., 2003; Burckhardt and Burckhardt, 1997; Burckhardt and Fromter, 1992). These
changes are thought to be caused by an initial rapid diffusion of NHj3 into the oocyte that
causes an alkalinization close to the oocyte surface which subsequently activates
nonselective cation channels in which NH4" could enter (Boldt et al., 2003; Cougnon et
al., 1996). Low concentrations of ammonia (<1 mmol 1) however, cause little change in
pHi and no inwardly induced current (Bakouh et al., 2004; Holm et al., 2005; Mayer et
al., 2006).

We measured the uptake of ammonia into Rhcg2-expressing oocytes using SIET
and observed saturation uptake kinetics with a Kj,, for NH4Cl of 560 pumol I* (Fig. 5.9).
The early saturation of uptake in Rhcg2-expressing oocytes compared to the control
oocytes suggests that the rapid influx of ammonia mediated by Rhcg2 (at 1 mmol )
resulted in the rapid accumulation of intracellular ammonia, which likely reduced the
gradient for further uptake at higher external ammonia concentrations. Also, since Rh
proteins function bi-directionally, efflux may have been enhanced when intracellular
ammonia levels became elevated. Endogenous NH,  uptake pathways, triggered by
external ammonia concentrations >1 mmol 1", likely explain why the ammonia uptake
rate into the control oocytes was similar to that of the Rhcg2-expressing oocytes at 3
mmol 1", and surpassed the rate in Rheg2-expressing oocytes at 10 mmol I~

Although control oocytes demonstrated endogenous uptake of ammonia, the
Rhcg2-expressing oocytes had a greater affinity for ammonia and facilitated uptake more
rapidly at a lower concentration. Plasma ammonia concentrations in fasted fish are

typically under 500 pmol 1" and closer to 100-200 pmol " (Wood, 1993) but
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postprandially, levels can increase more than 3-fold (Bucking and Wood, 2008; Wicks
and Randall, 2002). Concentrations approaching 2 mmol 1" in salmonids cause toxicity
(Lumsden et al., 1993) and it was around this concentration (between 1-2 mmol 1'") when
ammonia uptake by Rhcg?2 started to saturate.

Rhcg2-mediated ammonia influx followed the same kinetic profile as that
reported for RhCG-expressing oocytes, where inward currents saturated as a function of
ammonia concentration with a K, of 468 pmol 1! for NH4Cl (Bakouh et al., 2004).
While these K, values fall within the physiological range for trout, the K; values for
methylamine inhibition by NH4Cl measured in this study as well as in previous reports
(Ludewig, 2004; Mak et al., 2006; Mayer et al., 2006) seem high (2-3 mmol 1™, and the
values also differed moderately between pH 7.5 and pH 8.5 (Table 2). Inhibition studies
may be confounded by the endogenous uptake of ammonia by Xenopus oocytes, which
appeared to be greater than the endogenous uptake of methylamine (see Fig. 5.8). Our
results suggested that when the concentrations were low (0.1-0.3 mmol I'"), ammonia
entered the oocytes mainly via an endogenous pathway(s), whereas higher concentrations
(1-10 mmol I"") were Rh-mediated (Fig. 5.9). Therefore low concentrations of NH4Cl
would be relatively ineffective at reducing Rh-mediated methylamine uptake.
Additionally, application of high NH4CI concentrations acidify Xenopus oocytes (Bakouh
et al., 2004; Burckhardt and Fromter, 1992; Cougnon ef al., 1996; Nakhoul et al., 2005),
a factor that would further stimulate methylamine uptake. The result would be an

underestimation of the ability of NH4Cl to inhibit methylamine uptake.
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It was concluded recently, based on pH measurements on the oocyte surface, that
NH; rather than NH," fluxes predominate in native oocytes and that expression of AmtB
in oocytes enhances these NH; fluxes (Musa-Aziz et al., 2009). Although it is still
premature to make definitive conclusions about the transport mechanism of Rh proteins,
the evidence seems to point more in favour of NHj rather than NH;" transport through
these channels. One possible interpretation of the dependence of transport on the pH
gradient is that uptake is mediated by an exchange of NH;" with H', but a diffusion
trapping mechanism is equally plausible. Regardless, both mechanisms are chemically
equivalent to NH;3 uptake. We suggest that NH," is deprotonated before NH; enters the
Rh channel, however we cannot rule-out the possibility that trout Rh proteins function as
electroneutral NH,/H" exchangers as suggested for the mammalian Rh proteins
(Ludewig, 2004; Mak ef al., 2006). Our understanding of trout Rh protein function is far
from complete, and structural studies would be informative.

The functional characteristics of trout Rh proteins we observed in this study agree
well with the findings reported for humans, mice, and pufferfish. Trout Rh proteins
facilitated the movement of both methylamine and ammonia across the Xenopus oocyte
membrane and the rates were dependent upon the concentration of the protonated species
as well as upon the pH gradient. Therefore, the mechanism may involve binding of
NH,", but transport of NHj3. Using SIET, we obtained a Ky, of 560 pmol I"! for ammonia
uptake in Rhcg2-expressing oocytes, a value that lies within the physiological range for
trout. This suggests that Rhcg2 is a low affinity, high capacity ammonia transporter that

could exploit the acidified gill boundary layer and facilitate rapid efflux of ammonia from
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the trout gill when plasma ammonia levels are elevated. Basal plasma ammonia levels on
the other hand, are likely maintained by passive diffusion of NH3 out of the gill and Rh

proteins may have a lesser role under these conditions.
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5.6 TABLES AND FIGURES
Name Forward / reverse sequence (5°- 3") Accession #

Rhag ggagactattaccacaagcc / ctcactttcccatctctage EF667352
Rhbgl gaccaactcatgtgtcagcettgag / getgecacatcetggttgtac EF051113
Rhbg?2 cgacaacgacttttactaccge / gtacaaccaggatgtggcage EU660221
Rhegl gecegtctttctecataaggeace / ccageaggagteegtgtaggataggace | DQ431244
Rhcg? gtacttactcagcctceace / gagtgeggttgtetgttgg AY619986
Rh30-like | gacattccggtttcgegtag / gattggttcattgctctectgac EF062577

Table 5.1 Primer list for cloning
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5 K;
pH | MA/MA™ MA" MA NH3/NH," NH;" NH;
(umol Iy | (umol Iy | (umol 1) | (umol1™") | (umol1™) | (umol 1)
Rhbgl 75| 6822.0+ | 6817.3 4.7 + 24475+ | 24140+ | 381z
2368.8 2367.2 1.6 30.5 30.5 30.5
85| 4659.8+ | 46278+ | 32.0= 1607.1+ | 1382.1+ | 2184=
2089.3 2075.0 14.4 43 * 43 * 43 *
Rheg2 75| 88499+ | 8843.8+ 6.1+ 25248+ | 24787+ | 392+
3600.9 3598.4 2.5 20.5 20.5 20.5
85| 8566.5+ | 8507.6+ | 589+ 1552.8+ | 13409+ | 2121+
2969.1 2948.7 20.4 * 58 % 58* 58%

Table 5.2 Protonated and unprotonated fractions of K, for methylamine and X; values for
ammonia as an inhibitor of methylamine uptake at pH 7.5 and 8.5. Asterisks represent
significant differences from the corresponding pH 7.5 values. Means + s.e.m. (n = 3) for
groups of 3 oocytes.
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Figure 5.1 Rh-facilitated methylamine uptake. Time course of ['*C]methylamine
uptake (pmol/oocyte) measured in Rhag-, Rhbgl-, Rhcg2-, Rh30-like-, and H>O-injected
control oocytes at pH 7.5. Uptake in Rh30-like-injected oocytes was not significantly
different from that of control oocytes. In each case, the concentration of methylamine
was 20 umol I"'. Data shown are means + s.e.m. (#=3) for groups of 3 oocytes.
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Figure 5.2 Methylamine uptake kinetics at pH 7.5. Uptake rates (pmol/oocyte/min) of
['*C]methylamine in Rhag-, Rhbgl-, Rhbg2- and Rhcg2-expressing oocytes were
measured over a concentration range of 0.02-15 mmol 1" methylamine set at pH 7.5.
H>O-injected control oocytes were run in parallel and control uptake values have been
subtracted from test oocyte values. Values are means * s.e.m. (#=3) for groups of 3

oocytes.
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Figure 5.3 Methylamine uptake Kinetics at pH 8.5. Uptake rates (pmol/oocyte/min) of
['*CJmethylamine in Rhbgl- and Rhcg2-expressing oocytes were measured over a
concentration range of 0.02-15 mmol I"! methylamine set at pH 8.5. H,O-injected control
oocytes were run in parallel and control uptake values have been subtracted from test
oocyte values. Dashed lines represent the corresponding uptake rates at pH 7.5. Values
are means * s.e.m. (#=3) for groups of 3 oocytes.
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Figure 5.4 The effect of external pH on methylamine uptake. [*C]methylamine
uptake rates (pmol/oocyte/min) were measured in HO-, Rhag-, Rhbgl-, Rhbg2-, Rhegl-,
and Rhcg2-expressing oocytes for 60 min at an external pH of 6.5, 7.5, and 8.5. In each
case, the concentration of methylamine was 20 pmol 1. Asterisks represent significant
differences between the rates at pH 8.5 and those at pH 6.5 and pH 7.5. Crosses
represent significant differences between pH 6.5 and pH 7.5. Values are means * s.e.m.
(N=3) for groups of 3 oocytes.
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Figure 5.5 The effect of intracellular acidification on methylamine uptake.
['*C]methylamine uptake (pmol/oocyte/min) was measured in Rhag-, Rhbg2-, Rhcg2-
expressing oocytes that were acidified in sodium acetate (pH 6.4 or 6.8) for 25 min.
Untreated oocytes (intracellular pH 7.29 + 0.09) were not incubated in sodium acetate. In
each case, the concentration of methylamine was 20 pumol 1. Asterisks indicate a
significant increase in uptake rates in the acidified oocytes compared to the untreated
oocytes. The cross indicates a significant difference between the pH 6.4 and pH 6.8
uptake rates in Rhag-expressing oocytes. H,O-injected control oocytes were run in
parallel and control uptake values have been subtracted from test oocyte values. Values

are means * s.e.m. (N=3) for groups of 3 oocytes.
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Figure 5.6 Methylamine efflux. H,O-, Rhag-, Rhbg-, and Rhcg2-injected oocytes were
incubated for 60 min in buffer containing 20 pmol 1" ["*C]methylamine at pH 8.5.
Oocytes were then washed and added to fresh buffer containing 0 umol 1" methylamine
at pH 6.5 and 8.5. Radioactivity in the buffer and oocytes was counted separately.
Results are expressed as the percent radioactivity that appeared in the buffer after 15 min.
Asterisks indicate significantly lower methylamine release from H,O-injected oocytes
compared to Rhag-, Rhbgl- and Rhcg2-injected oocytes. Crosses indicate significantly
lower efflux at pH 8.5 compared to pH 6.5. Values are means + s.e.m. (n=3) for groups
of 3 oocytes.
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Figure 5.7 Inhibition of methylamine uptake with NH,CL ['*C]methylamine
concentration was held constant at 20 umol 1". Uptake rates (pmol/oocye/min) of
Rhbgl- and Rhcg2-expressing oocytes were measured in the presence NH4Cl ranging
from 80-3500 pmol 1" at an external pH of 7.5 and 8.5. H,O-injected control oocytes
were run in parallel and control uptake values have been subtracted from test oocyte
values. Dashed lines represent the ICsy values. Corresponding K; values are listed in
Table 5.2. Values are means + s.e.m. (#=3) for groups of 3 oocytes.
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Figure 5.8 Ammonia uptake. The uptake rate of ammonia in pmol/cm®/s (left axis) and
pmol/oocyte/min (right axis) measured with the scanning ion electrode technique (SIET)
in H,O-, Rhag-, Rhcg2-, and Rh30-like-injected oocytes exposed to 100 umol 1" NH4CL.
Asterisks indicate significant differences from the ammonia uptake rates in H,O-injected
oocytes. Data are means + s.e.m. (n=6-10). Inset hatched bars represent corresponding
['*C]methylamine uptake rates of H,O-, Rhag-, Rhcg2-injected oocytes at a methylamine
concentration of 100 pmol 1.
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Figure 5.9 Kinetics of ammonia uptake. The uptake of ammonia (pmol/cm?*/s) was
measured with the scanning ion electrode technique (SIET) in Rhcg2-, and H,O-injected
oocytes over the concentration range of 0.1-10 mmol I NH4Cl. Asterisks represent
significant differences between the uptake rates in the H,O-injected oocytes and the

Rhcg2-expressing oocytes at the corresponding NH4Cl concentration. Data are means *
s.e.m. (n=5-8).
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CHAPTER 6

DISCUSSION
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6.1 Preface

The involvement of Rh proteins as potential modulators of gill ammonia excretion
was analyzed in the freshwater rainbow trout and five hypotheses were tested. The initial
hypothesis was that a number of Rh genes are present in the trout gill as well as in other
tissues. Cloning several Rh ¢cDNAs from the trout gill and determining their tissue
distribution evaluated this hypothesis. Following this positive result, a second hypothesis
was that these Rh genes would respond to experimental manipulations that elevated the
plasma ammonia concentrations. Therefore Rh mRNA expression levels, as well as
ammonia excretion rates were monitored following exposure to HEA and ammonia
infusion. A third hypothesis was that other transporters and enzymes thought to be
involved in the ammonia excretion mechanism in the trout gill would also respond to
ammonia loading. This was tested by measuring the mRNA levels of these proteins in
the ammonia-loading experiments mentioned above. A fourth hypothesis postulated that
Rh proteins would also respond to an increase in external CO,. Rh mRNA levels were
therefore measured in tissues after trout were exposed to environmental hypercapnia.
The final hypothesis was that trout Rh proteins function as ammonia transporters by
binding NH4" and conducting NH3. This was tested in Xenopus oocytes expressing trout
Rh proteins using ['*C]methylamine to characterize the transport of the ammonia
analogue methylamine, and SIET to measure ammonia transport. The major conclusions

are highlighted below.
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6.2 Many Rh genes are present in the rainbow trout

As detailed in Chapters 2 and 3, a total of ten Rh ¢cDNA sequences were identified
in the trout tissues. Ancient and recent genome duplication events in salmonids
(Allendorf and Thorgaard 1984; Wittbrodt et al., 1998) may provide at least a partial
explanation, but the reason for the seeming redundancy of these Rh genes in trout is
unknown. Interestingly, only fish have two Rhcg genes (Huang, 2008). Rhbgl had the
broadest tissue distribution, but all of the Rh cDNAs were present in the gill, except for
Rhag and Rh30-like which may be restricted to the RBCs. A similar pattern of tissue
distribution was reported in the mangrove killifish (Hung et al., 2007), but in the
pufferfish, these genes were restricted to cells in the gill epithelium and in the erythroid

tissues (Nakada et al., 2007a).

6.3 Trout Rh mRNA levels change in response to both HEA and ammonia infusion
Exposure to HEA (Chapter 2) resulted in an initial net uptake of ammonia into the
fish that resulted in an elevated level of plasma ammonia. This was followed by the
subsequent recovery and enhancement in the rate of ammonia excretion after 12 hours.
Likewise, ammonia infusion (Chapter 4), which quickly elevated the plasma ammonia,
was accompanied by an increased ammonia excretion rate. In both cases, the mRNA
expression levels of Rhcg2 were significantly elevated in the gill. Rhbgl mRNA was
also upregulated in the pavement cell fraction, but only after 48 hours of HEA and was
similarly upregulated with ammonia infusion. mRNA levels of Rhcgl did not change in

response to HEA but were upregulated after ammonia infusion. Overall Rhcg?2 in the gill
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appeared to be the most sensitive gene, responding quickly to elevations in plasma
ammonia, whereas Rhbg and Rhcgl responded later and only when levels were very
high. The expression of Rhbg, Rhcgl, and Rhcg2 mRNA was greatest in the pavement
cell fraction of the gill epithelium. Since the pavement cells constitute the greatest
proportion of cells in the branchial epithelium (Evans ef al., 2005; Perry, 1998; Wilson
and Laurent, 2002), they would likely be the powerhouses of ammonia excretion in the

freshwater trout gill.

6.4 Other trout gill proteins also respond to elevated plasma ammonia

As discussed in Chapter 1, other proteins in the gill are thought to be involved in
the ammonia transport mechanism, either directly or indirectly. This thesis focused on
four particular proteins: H'-ATPase, NHE2, NKA, and cytoplasmic carbonic anhydrase
(CA2). The transcript levels of all of these proteins changed in response to high plasma

ammonia as described in more detail below.

6.4.1 Importance of H'-ATPase and an acidified gill boundary layer

It has long been thought that a gill boundary layer, acidified by H-ATPase and/or
the hydration of CO,, facilitated ammonia excretion (Lin and Randall, 1990; Lin ef al.,
1994; Wright et al., 1986, 1989). Results from Chapters 2, 3, and 4 confirmed a role for
H'-ATPase and an acidified gill boundary layer. Upregulated H'-ATPase mRNA levels
and enzyme activity accompanied the increase in plasma ammonia, enhanced ammonia

excretion, and upregulated Rhcg2 mRNA levels when plasma ammonia was elevated by
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HEA exposure. The same upregulation of H'-ATPase mRNA coincided with the
upregulated Rhcg2 mRNA and elevated plasma ammonia and ammonia excretion rates
achieved after ammonia infusion. Elimination of the acidified boundary layer by Hepes
resulted in the exact opposite effect. Ammonia excretion was reduced and both H'-

ATPase and Rhcg2 mRNA levels were downregulated.

6.4.2 NHE2 and NKA may be involved in the ammonia excretion mechanism

No changes in NHE2 mRNA expression were observed in whole gill or in the
pavement and MR gill cell fractions after HEA exposure (Chapter 2) however, after
ammonia infusion, NHE2 mRNA levels were elevated (Chapter 4). Tsui et al. (2009)
reported that in a cultured gill cell preparation, NHE2 transcripts were elevated after pre-
exposure to very high (2 mmol L") basolateral NH4CI concentrations. This reinforces the
possibility that NHE2 may have role in the ammonia transport mechanism, especially
after plasma ammonia reaches very high levels as occurred after ammonia infusion.

HEA exposure did not result in changes in NKA at the transcript or activity level
in whole gill samples, however there was an upregulation of NKA mRNA in the
pavement cell fraction after 48 hours (Chapter 2). Similarly, after ammonia infusion,
NKA mRNA levels were upregulated (Chapter 4). Therefore, NKA may also have a role
during the ammonia excretion process, again when the plasma ammonia levels are highly
elevated. However, whether this transporter is directly involved (i.e. replacement of K
with NH4") or whether it is upregulated in association with increased NHE2 activity and

an accompanying increase in Na' uptake, is unclear.

196



Ph.D. Thesis - C. M. Nawata McMaster - Biology

6.4.3 Carbonic anhydrase (CA2) is downregulated during HEA

HEA exposure resulted in the downregulation of CA2 mRNA and activity levels
(Chapter 2). This same response by CA2 mRNA was observed in a cultured trout gill
cell system after pre-exposure to high basolateral ammonia (Tsui ef al., 2009). Ammonia
infusion however, did not result in a change in CA2 mRNA levels (Chapter 4). The
surgical procedure itself that was used to infuse ammonia resulted in an upregulation of
CA2 mRNA, and therefore it is possible that the true response by CA2 was masked by
the procedure. The downregulation of CA2 is difficult to interpret. If ammonia is
deprotonated before passing through the Rh channels as is the case with AmtB, then
elevated plasma ammonia levels would result in an accumulation of excess of
intracellular H" ions as NHj passes through the apical Rh channel. Therefore, the lowered
abundance and activity of CA2 suggests that this enzyme is no longer the only source of
H" ions for the H'-ATPase, but that the excess H' ions produced after NH,"
deprotonation are also fueling the H'-ATPase and/or a exiting via an apical NHE.
Wright and Wood (2009) however, suggest that because approximately 10-fold more CO,
is excreted across the gill than ammonia, it is the CO, hydration reaction that fuels the
H'-ATPase and therefore the downregulation of CA2 prevents intracellular acidification.
Furthermore, there is now evidence (Hirata et al., 2003; Perry et al., 2003; Scott et al.,
2005; Parks et al., 2007) that a Na'/HCO;" co-transporter (NBC1), fuelled by CA2, could
function as a “3 HCOs™ + 1 Na™ transporter removing HCO;™ and Na” from the gill cell
into the plasma across the basolateral membrane, in addition to the traditional role of

NKA in this regard. Exit of intracellular HCO;" is equivalent to H' entry in acid-base
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terms, so again, downregulation of CA2 would limit intracellular acidification. Clearly,
more research is needed to determine the role of CA2 when plasma ammonia levels are

elevated.

6.5 Trout Rh mRNA levels do not change in response to high external CO,

External hypercapnia lowered the water pH and enhanced the ammonia excretion
rate (Chapter 3). As a result, plasma ammonia was maintained at low levels and no
changes in Rh mRNA levels were noted. Hepes buffering reduced the acidification
caused by the external hypercapnia but also eliminated the acidified gill boundary layer
(Chapter 3). There was decreased ammonia excretion and elevated plasma ammonia with
a concurrent downregulation of Rhcg2 in the gill and upregulation of Rheg2 in the skin
after exposure to Hepes during both normocapnia and hypercapnia. These changes in Rh
mRNA levels appeared to reflect a response to the high plasma ammonia rather than to
high CO,. The mRNA expression levels of other gill proteins, specifically the
upregulation of NHE2 and CA2, reflected a response to an acidosis. Overall the results
supported the conclusion that trout Rh proteins do not function as CO, gas conduits.
However, because Rhag mRNA levels in the RBCs decreased during normocapnia and
Hepes exposure, but increased during hypercapnia and Hepes exposure, the possibility

that Rhag responds to both ammonia and CO, cannot be ruled out.
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6.6 Trout Rh proteins bind NH;" but transport NH;

Measurements of ammonia uptake by heterologously expressed proteins in
Xenopus oocytes are difficult due to a lack of either a long-lived radiotracer for ammonia
or probes to measure intracellular ammonia. Therefore, ['*C]methylamine is most
commonly used to study the transport properties of Rh proteins expressed in oocytes.
SIET allows for sensitive and direct measurements of ammonia flux and this technique
was employed in addition to ['*C]methylamine in the study of Chapter 5. Oocytes
expressing trout Rh proteins facilitated the saturable transport of methylamine. This
transport was sensitive to a pH gradient and to the concentration of the protonated
species. These trout Rh proteins also facilitated the transport of ammonia. Notably, both
the affinities and transport rates for ammonia were higher than those for methylamine.
Ammonia uptake by Rhcg2-expressing oocytes was saturable with a Ky, of 560 pmol =
a value that lies within the physiological range for trout. Together the results of these
experiments indicate that trout Rh proteins are low affinity, high capacity ammonia
transporters that function optimally when plasma ammonia levels are elevated. Binding
and deprotonation of NH," likely occurs before NH; passes through the Rh channel and
the presence of an acidified gill boundary layer provides a favourable pH gradient that

allows for the rapid transport of ammonia out of the gill.

6.7 Other studies on the involvement of Rh proteins in ammonia transport in fish
The discovery of an Rh-like ammonia transporter in the gills of the shore crab
(Carcinus maenas) (Weihrauch et al., 2004), followed by a comprehensive phylogenetic

study of Rh genes by Huang and Peng in 2005, stimulated a number of other recent
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investigations into the role of Rh proteins as ammonia transporters in fish. A brief

overview these studies is presented in the following sections.

6.7.1 More evidence for Na" involvement in ammonia excretion

As mentioned in Chapter 1, a long-standing debate is whether or not Na" uptake is
linked to ammonia excretion in freshwater fish gills. Two recent studies have provided
further evidence for this linkage. Nakada et al. (2007b) reported that Rhcgl mRNA was
upregulated in zebrafish larvae exposed to low external Na™ conditions. Similarly, in a
cultured trout gill preparation, pre-exposure to low apical Na’ resulted in an upregulation
of Rhcg2 mRNA (Tsui et al., 2009). In the model proposed in Chapter 2, an apical
Rheg2 and H™-ATPase function cooperatively such that each NH; molecule which passes
out of the apical Rh channel, combines with a H' ion released from the H'-ATPase to
form NH,4". Upregulation of Rhcg2 would result in an increase in NH; efflux with a
concomitant increase in H' -ATPase activity and production of NH,". This would provide
the driving force necessary for Na' uptake through Na” channels and may explain why
ammonia loading, which stimulated ammonia excretion, also stimulated Na™ uptake in
many studies (Maetz and Garcia Romeu, 1964; Salama ef al., 1999: Wilson et al., 1994).
Tsui et al. (2009) also observed that pre-treatment of the cultured trout gill epithelium
with specific inhibitors of H'-ATPase, NHE2, and Na" channels resulted in an inhibition
of ammonia excretion. They therefore proposed a model linking Na* uptake with
ammonia excretion via an apical Na'/NH;" exchange complex consisting of different

transporters (Rh proteins, H'-ATPase, NHE2, and Na" channels) functioning together.
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6.7.2 The linkage between Rh proteins and H'-ATPase in zebrafish larvae

Using in situ hybridization and immunostaining, Nakada et al. (2007b) localized
Rhegl to the apical region of a subpopulation of vacuolar-type H'-ATPase mitochondria-
rich cells (HRCs) on the yolk sac of zebrafish larvae 3 days post fertilization (dpf) and in
the HRCs in the gills of 4-5 dpf larvae. Subsequently, Shih et al. (2008) showed with
SIET that both ammonia and H" excretion occurred from these HRCs of the yolk sac skin
in the zebrafish larvae. Inhibition of H'-ATPase with bafilomycin or morpholino
knockdown of Rhegl reduced ammonia efflux, indicating a coupling of ammonia efflux

A 1
to H' ion release.

6.7.3 Rh proteins in the early life stages of fish

Apart from the studies performed on zebrafish larvae described above, two
additional studies have examined Rh genes and proteins in the early life stages of fish. In
2008, Hung et al. reported that Rhbg, Rhcgl, and Rhcg2 mRNA were all expressed in
rainbow trout embryos and that mRNA expression levels of Rhcg2 correlated with an
increase in ammonia excretion rates over developmental time. Later, Braun ef al. (2009)
used morpholino knockdown experiments to show that each of the proteins, Rhag, Rhbg,

and Rhcgl were essential to normal ammonia excretion in zebrafish larvae.

6.7.4 Amphibious air-breathing fish
Rh proteins have also been identified in two amphibious air-breathing fish: the

mangrove killifish (Kryptolebias marmoratus) (Hung et al., 2007) and the Asian
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weatherloach (Misgurnus anguillicaudatus) (Moreira-Silva et al., 2009). In the latter,
Rhcgl was co-localized with H'-ATPase in the gill and the mRNA levels of Rhegl
increased with aerial exposure. The importance of an acidified gill boundary layer was
also demonstrated in the weatherloach after inhibition of H'-ATPase with bafilomycin
treatment decreased net ammonia flux and increased plasma ammonia levels. Although
Hung et al. (2007) did not measure gill Rh mRNA levels after aerial exposure, Rhegl and
Rhcg2 mRNA expression in the skin of the mangrove killifish increased with this
treatment. It was reported earlier that ammonia was volatilized from the skin surface of
the mangrove killifish (Frick and Wright, 2002; Litwiller et al., 2006) and therefore it
was proposed that Rh proteins in the skin might be mediating this process. In their
review, Weihrauch et al. (2009) incorporated Rhcgl and Rheg2 proteins into a model of
ammonia volatilization from the cutaneous surface of the mangrove killifish during air
exposure. Included in the model are the basolateral entry of NH3 via Rhbg with the
additional entry of NH," to generate the high intracellular ammonia and Pnyu3 levels

necessary to facilitate NH3 transport to the skin surface.

6.7.5 Marine elasmobranch

Urea is retained in the tissues of elasmobranchs at high concentrations for osmotic
water retention (Anderson 2001; Ballantyne 1997; Perlman and Goldstein 1998).
Recently, Anderson et al. (2009) used quantitative real-time PCR to demonstrate that
Rhbg was present in the intestine, rectal gland and kidney of the little skate (Leucoraja

erinacea). It has been proposed that a significant amount of urea may be reabsorbed
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across the intestinal epithelia in elasmobranch fish (Wood et al., 2007). However
because the relative mRNA expression of the urea transporter was several-fold lower than
that of Rhbg in the little skate tissues, Anderson ef al. (2009) hypothesized that ureolytic
bacteria hydrolyze urea to ammonia in the gut such that these fish are forced to reabsorb

nitrogen in the form of ammonia via Rhbg.

6.8 Overall implications of work

This thesis reports research that has identified Rh proteins as additional
components to the gill ammonia excretion mechanism of rainbow trout. We can now
revise the model of ammonia transport at the trout gill to include these transporters (Fig.
6.1). In particular, Rhcg?2 in the pavement cells, together with H'-ATPase that acidifies
the gill boundary layer, appear to be key players. Ammonia enters the cell via a
basolateral Rhbgl and/or Rhbg2 and exits the cell via an apical Rheg2. A H' ion is
stripped off NH;" as it enters Rhcg?2 so that only NH; passes through the channel. In the
gill boundary layer, NH;3 combines with a H' ion released from H'-ATPase and/or NHE2
and forms NH;". Basolateral NBC1 and NKA may also be recruited into this process to
facilitate the simultaneous uptake of Na'. As low affinity high capacity ammonia
transporters, Rh proteins would facilitate the rapid transport of ammonia out of the gill by
exploiting the favourable pH gradient formed by the acidified gill boundary. Rh proteins
would function optimally when plasma ammonia levels are elevated whereas basal levels

of plasma ammonia are likely maintained mainly by the passive diffusion of NH3.
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6.9 Future directions

Although we can now include Rh proteins in the model of trout gill ammonia
excretion, results from this thesis work have also generated several questions that remain
to be answered. Described below are three topics that would be of particular interest for

further investigation.

6.9.1 Localization and distribution of trout Rh proteins

In the revised model of trout gill ammonia transport, it is assumed that Rheg2 is
limited to the apical region while Rhbg1/Rhbg?2 is located in the basolateral region of the
pavement cells. This assumption is based on the immunohistochemical study by Nakada
et al. (2007a) that localized Rheg? to the apical side and Rhbg to the basolateral region of
the pufferfish pavement cells. It is not certain however, whether or not the same
distribution of Rh proteins occurs in all fish species (Wright and Wood, 2009).
Therefore, trout Rh antibody production followed by immunohistochemical analyses of
the gill would be informative. Trout Rh specific antibodies would also be useful to
determine levels of protein changes in response to elevated plasma ammonia and to

verify whether or not these changes correlate with mRNA expression levels.

6.9.2 A role for trout skin in ammonia excretion?
Although fish skin is thought to have a minimal role in ammonia excretion in
freshwater fish (Wood, 1993), Shih ef al. (2008) recently reported that Rhegl in the skin

of freshwater zebrafish larvae facilitated ammonia excretion. Results obtained from this
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thesis work also provide evidence that Rh-mediated ammonia transport may occur in the
skin of the adult freshwater trout. Both the presence of Rh mRNA in the skin and the
observation that expression levels of these correlated with elevations in plasma ammonia
suggest that they may be facilitating ammonia passage across the skin. The skin may be
an alternative route for ammonia elimination especially when ammonia excretion is
blocked at the gill by HEA or well-buffered water (e.g. Hepes treatment), however
studies are needed to confirm this possibility. Divided chambers used to isolate the gills
from the rest of the fish body (e.g. Ip et al., 2004; Sayer and Davenport, 1987) or Ussing

chambers would be useful for clarifying this.

6.9.3 Signaling mechanism of trout Rh genes

The regulatory mechanism of Rh protein expression is currently unknown.
Cortisol has been shown to regulate the transcript levels of a number of genes (e.g. Ivanis
et al., 2008; Kiilerich et al., 2007; McCormick et al., 2008). As noted in Chapter 4,
infusion of ammonia resulted in a cortisol surge followed later by the upregulation of Rh
mRNA in the gill. Plasma cortisol levels also increase markedly during HEA exposure in
trout (Ortega et al., 2005; Tsui et al., 2009). A transient surge in cortisol was associated
with an increase in the activity, mRNA, and protein levels of glutamine synthetase in the
liver of the gulf toadfish (Hopkins et al., 1995; Kong et al., 2000). Similarly, cultured
trout gill epithelia pre-exposed to cortisol and ammonia responded with upregulations of
Rhbg and Rhcg2 mRNA levels. (Tsui et al., 2009). Very recently, two glucocorticoid

response elements (GRE) were identified in the promoter region of gulf toadfish
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glutamine synthetase (Esbaugh and Walsh, 2009). Therefore, it would be interesting to
determine whether or not GREs are similarly present in Rh genes and this could be
accomplished by analyzing the promoter regions of the corresponding genomic DNA

sequences.

Water Pavement cell Plasma

.........................................

. .

o ‘e
0 o,

Figure 6.1 Proposed model of ammonia excretion in the pavement cell of the freshwater
rainbow trout gill.
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