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ABSTRACT

In aquatic environments Cu is both a vital nutrient and an important toxicant.
Consequently fish require Cu as a micronutrient and can obtain this metal from either
water or their diet. Inadequate intake of Cu is associated with reduced growth and
development, while decreased growth rates, mortality and reduced swimming capacity
have been reported in fish when Cu accumulates in excess of cellular needs.
Characterization of Cu uptake is therefore critical in understanding the dynamics that
govern toxicity and the risks associated with exposure to an aquatic contaminant. While
mechanisms of waterborne uptake and toxicity are well understood, far less is known
about gastrointestinal Cu uptake in fish. /n vivo and in vitro techniques were therefore
used in this study to investigate dietary Cu uptake in freshwater rainbow trout.

The mid and posterior regions of the intestine emerged as important sites for Cu
absorption in trout, while the role of the stomach and anterior intestine in Cu absorption
requires further investigation. The intestinal uptake route was kinetically characterized as
a low affinity absorption pathway as compared to the branchial route. Cu uptake appeared
to occur via a hypoxia-resistant, carrier-mediated, saturable process which could be
fueled by Cu(I[)*" at concentrations typically found in the fluid phase of chyme in the
trout intestine.

Experimental manipulation of mucosal NaCl levels stimulated Cu uptake, Na;SO4
had an identical effect, implicating Na rather than the anion. These responses were

unrelated to solvent drag, osmotic pressure or changes in TEP. The presence of excess
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luminal Ag and L-histidine stimulated Cu and Na uptake indicating that a portion of Cu
transport was mediated by a Na-Cu co-transport system. Partial inhibition of Cu and Na
uptake by phenamil and hypercapnia stimulated Na and Cu transport suggest Cu entry
could also occur via the apical Na channel. The Na-dependent mechanism thus either
involves more than one component or a unique Na-Cu co-transport mechanism with these
combined characteristics mediates part of Cu uptake.

Cu uptake was sensitive to pH and competed by Fe and Zn implicating DMT1 in the
transport of Cu in the trout intestine. These factors had no effect on Na uptake, leading to
the identification of a Na-independent mechanism for Cu uptake in the trout intestine.
While the Na dependent nature of Cu uptake and Ag stimulated Cu transport argue
against a role for Ctrl in this process, Cu transport characteristics identified in this study
compare well with a recently identified Cu transporter in Ctrl deficient mouse embryonic

cells, indicating the existence of a similar transport mechanism in the trout intestine.
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THESIS ORGANIZATION AND FORMAT

This thesis is organized into four chapters. Chapter 1 provides a general introduction and
an outline of objectives set for this project. Chapters 2 and 3 are formatted as manuscripts
to be submitted for publication with minor revisions in peer-reviewed journals. Chapter 4
provides a summary of results and conclusions from Chapters 2 and 3.

Chapter 1: Introduction and project objectives.

Chapter 2: Digestive processing of Cu in vivo and physical characterization of Cu
uptake in vitro in freshwater rainbow trout.

Chapter 3: Mechanism of dietary Cu uptake in rainbow trout : evidence for a Na-
dependent and a Na-independent pathway.

Chapter 4: Summary of results and conclusions.
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Chapter 1

Introduction and project objectives.

Introduction

Copper — an element essential for life

The nutritional essentiality of (copper) Cu for animals was first established when
growth and hemoglobin improved after rats fed a cow's milk diet were supplemented with
Cu (Hart et al., 1928). Since then Cu has been recognized as an essential trace element
required for survival by all organisms from bacterial cells to humans. Cu ions undergo
unique chemistry due to their ability to adopt distinct redox states, either oxidized
Cu(II)** or the reduced state Cu(I)!*. Consequently, Cu ions serve as important catalytic
cofactors in redox chemistry for proteins that carry out fundamental biological functions
that are required for growth and development (Linder, 1991). The need for Cu, separate
from Fe, in hematopoiesis was established by Hart et al., (1928). This was followed by
the recognition of the fundamental need for Cu in energy metabolism (via cytochrome ¢
oxidase) and its function in connective tissue, particularly the cross-linking of elastin and
collagen by extacellular lysyl oxidase (O’Dell et al., 1961b). Many other Cu-containing
enzymes were discovered, including tyrosinase, needed for melanin pigment formation,
dopamine B-hydroxylase, necessary for catecholamine production, superoxide dismutase,
aiding in the disposal of potentially damaging radicals produced in normal metabolic

reactions, ceruloplasmin, a potential extracellular free-radical scavenger as well as a



ferroxidase, in blood plasma and other extracellular fluids (Linder,1991). Given such a
diverse and versatile role, the absolute requirement of Cu is easily understood.

The average intakes of Cu by human adults vary from 0.6-1.6 mg day'1
(Linder, 1991). This range translates into an intake of 10 pg (0.16nM) Kg™ day™ to 27 pg
(0.45nM) Kg! day™. Limiting the biological availability of Cu provides further evidence
of the vital nature of this element as Cu deficiency has reportedly produced more
characteristics of ischemic heart disease in animals than has any other nutritional insult
(Klevay, 1977). Inadequate intake of Cu is known to impede growth and development,
impair immune function (Jones, 1984), reduce circulating Fe levels (Holbein, 1980),
cause a significant enhancement of the acute and chronic inflammatory response (Jones,
1984) lead to loss of bone mineral density (Danks, 1988) and impaired hearing (Prohaska
et al, 1996). Cu deficiency is also reported to reduce Fe absorption in rats through
reduced expression of duodenal Hephaestin (Hp) protein (Reeves et al., 2005).

Reviewing the nutritional requirements of fish for dietborne metals, Watanabe et al.,
(1997) established an equally important role for Cu as a micronutrient in the piscine diet.
Cu is required in the diet of freshwater teleosts at concentrations of 0.8 pg Cu g™ dry diet
(Kamunde et al., 2002b) to 1.4 pg Cu g dry diet (Lanno et al., 1985b). Thus a trout fed a
diet of 2% its body weight would receive Cu at a dose of 16 pg (0.26nM) Kg* day™ to 28
pg (0.46nM) Kg™' day™.

As in mammals, Cu deficiency has been related to growth reduction in fish fed
reduced rations (Waiwood and Beamish, 1978; Collvin, 1984a). The essentiality of Cu

was further established by Kamunde er al, (2001) who reported reduced growth



associated with reduced food conversion efficiency in Cu-deficient rainbow trout
fingerlings. Ogino and Yang, (1980) similarly reported reduced growth in carp fed a Cu
deficient diet. The formation of cataracts in carp has also been linked to dietary Cu

deficiency (Satoh et al., 1983).

Copper — the potent toxicant

While it is clear that Cu is essential, it is also a potent cytotoxin when allowed to
accumulate in excess of cellular needs. Due to the special redox chemistry of cycling
between the oxidized and reduced forms, similar to that of Fe, Cu readily participates in
reactions that result in the production of highly reactive oxygen species (ROS) including
hydroxyl radicals (Halliwell and Gutteridge, 1984). Hydroxyl radicals are believed to be
responsible for devastating cellular damage that includes lipid peroxidation in
membranes, direct oxidation of proteins, and cleavage of DNA and RNA molecules. In
addition to the generation of ROS, Cu may manifest its toxicity by displacing other metal
cofactors (e.g. Zn) from their natural ligands in key cellular signaling proteins. In humans
Menkes disease is characterized by progressive neurological impairment and growth
failure in infancy resulting from Cu accumulation in the intestinal epithelial cells due to
the failure of Cu transport from the cytoplasm to the extracellular fluid. Wilson’s disease
is an autosomal recessive disorder characterized by accumulation of Cu in .the liver, due
to both failure of Cu incorporation into ceruloplasmin and export for biliary excretion,
leading to liver cirrohsis. The Cu toxicosis condition, in either case, is caused by

mutations of two closely related Cu-transporting ATPases MNK and WND, located



within the membrane of cells or cell organelles in the intestine and liver respectively, and
comprise proteins belonging to the P-type ATPase family of cation transporters (Bull and
Cox, 1994).

In unpolluted surface waters Cu is present at concentrations of < 1-10 pg L™ (Boyle,
1979), but concentrations in the vicinity of municipal and industrial effluents, particularly
from smelting, mining, refining and metal plating industries may be much higher (Hodson
et al., 1979; Spry et al., 1981). In fresh water, copper is primarily viewed as an
ionoregulatory toxicant, exerting substantial pathophysiologic effects at total
concentrations well below 100 ug L™ (Wood, 2001). The substantial surface area of the
gills in fish serves as an interface between the environment and blood, notably for
continuous diffusion of oxygen and the maintenance of ionic and acid-base balance by
active transport processes (Randall ef al., 1996). Metals (e.g. Cu®") are readily adsorbed
to or absorbed across the gill, and can cause deleterious effects in cellular structures
including the epithelium and pillar cells (Laurent and Perry, 1991). At environmentally
realistic concentrations, Cu inhibits branchial Na uptake (Lauren and McDonald, 1986)
which is needed to counter the passive diffusive Na loss in fresh water fish (Wood, 1992).
At a higher threshold, Cu also stimulates branchial Na efflux (Lauren and McDonald,
1986). Like Ag, Cu has a strong affinity for sulfhydryl groups which manifests in the well
documented inhibition of Na" K'-ATPase activity (Wood, 2001). Besides the effects on
branchial Na fluxes, a reduction of growth and appetite during Cu exposure has also been
reported (De Boeck ef al., 1995). Waterborne Cu exposure in fish can additionally cause

elevated plasma cortisol, plasma glucose and plasma ammonia levels (Lauren and



McDonald, 1985). Fish and other gill breathing aquatic organisms, are therefore more
likely to experience rapid changes in Cu uptake than terrestrial vertebrates, due to a
potentially direct branchial uptake of Cu from the water in addition to any dietary Cu
uptake.

Dietborne Cu toxicity to fish has been widely researched. The thresholds for Cu
toxicity via the diet have been established at > 1 mg Cu kg™ body weight d”' for channel
catfish, 1-15 mg Cu kg body weight d"! for Atlantic salmon, and 44 mg Cu kg body
weight d”' for rainbow trout (Clearwater ef al., 2002). Berntssen et.al., (1999a) observed
increased intestinal cell proliferation, intestinal apoptosis and metallothionein levels and
decreased growth rates of Atlantic salmon parr fed high levels of Cu in the diet.
Mortality, reduced swimming capacity, decreased growth rates, increased metallothionein
levels and food refusal have also been reported in rainbow trout under similar conditions
(Lanno et al., 1985b; Handy et al., 1999). Food refusal appears to be primarily associated
with lipid peroxidation of the food during storage leading to decreased diet palatability.
However, the metabolic cost linked with the increased energy required for Cu
detoxification is associated with the reduced energy available for activity and growth.
Mount et al., (1994) demonstrated that rainbow trout exposed to a Cu supplemented diet
experienced approximately 30% mortality which was attributed in part to Cu leaching
from the diet, resulting in toxic waterborne Cu exposure. Decline in absorption efficiency
with increasing dietary Cu levels has been well documented (Turnlund ef al, 1985;
Clearwater et al., 2000). It is likely that more than half the Cu content of the diet may

remain unabsorbed under these circumstances, and in turn this may generate toxic



waterborne Cu levels as faecal Cu. Thus under aquacultural operations such as sea pens
or lake pens environmental contamination by dietary Cu may have an adverse effect on
biodiversity and indirectly influence the health of other aquatic organisms.

Considering that Cu is both essential and toxic, organisms must implement uptake
mechanisms to extract Cu from nutrients, transport Cu across biological membranes and
deliver it to Cu-requiring proteins. Furthermore, precise regulatory mechanisms are
required to prevent the accumulation of Cu ions to toxic levels. The importance of
maintaining this critical balance is underscored by the existence of the two well-
characterized human genetic disorders in Cu transport, Menkes and Wilson’s disease
(Bull and Cox, 1994). Maintaining appropriate Cu homeostasis therefore demands a
critical orchestration between Cu uptake and distribution within cells, detoxification and
removal. Investigation of the processes by which these steps are regulated is clearly

warranted.

Mechanisms of Cu uptake :

Dietary Cu uptake in mammals

The maintenance of physiological levels of Cu is achieved in mammals almost
entirely by gastrointestinal absorption and biliary excretion (Schaefer and Gatlin, 1999).
Dietary Cu is absorbed in the stomach and intestine of mammals (Linder, 1991).
Generally, the efficiency of Cu absorption decreases with increasing Cu intake (Turnlund
et al., 1985). Although extensively researched, the mechanisms involved in uptake of Cu

across the apical membrane of enterocytes remain unclear. However, there is evidence



that absorption of Cu across the brushborder into the enterocyte, and the subsequent
transfer across the basolateral membrane into the blood occur by different mechanisms.
The transfer of Cu across the apical side of the mucosal cells of the small intestine was
originally thought to occur solely by diffusion as Cu®* jons (Linder,1991) or by
pinocytosis as Cu-protein complexes. However, Péna ef al., (1999) argued that diffusion
alone would not completely account for this transfer given the refined nature of Cu uptake
by unicellular organisms such as yeast. A role for a high-affinity Cu transport protein
hCtrl, first discovered in yeast and now known to be present in mammalian cells has
since been demonstrated (Zhou and Gitschier, 1997; Lee et al., 2000). Recent studies on
human hepatocyte cells (Lee et al, 2002) indicate stimulation of Cu uptake in cells
expressing transfected hCtrl. Several lines of evidence in this work including Cu uptake
kinetics, localization and assembly of hCtrl support the hypothesis that hCtrl functions
as a high affinity Cu transporter at the plasma membrane in human cells. In addition, the
natural resistance associated macrophage protein (Nramp2) system, the main iron
transporter in intestinal cells, may also mediate uptake of Cu through an energy
independent mechanism (Rolfs and Hediger, 1999). This protein exhibits an unusually
broad range of substrate specificity mediating the translocation of several divalent cations
including Mn®*, Cu**, Zn**, Cd**, Ni** and Pb** (Gunshin ef al,, 1997) and has therefore
been referred to as DMT1 (divalent metal transporter) (Andrews, 1999). DMT!1 has
recently been designated a physiologically relevant Cu transporter (Arredondo et al,
2003) in Caco-2 cells derived from the mammalian intestine based on evidence of an

intimate relationship between intestinal Cu and Fe transport. A third possibility is based



on amiloride sensitivity of Cu uptake in the rat intestine (Wapnir, 1991) where a positive
interaction between Cu and Na was demonstrated providing evidence for part of Cu
intake via apical Na channels or Na-linked transporters.

From the lumen of intestinal enterocytes Cu is distributed to specific cellular
compartments by Cu chaperones (hCox17, Hahl, CCS) for incorporation into Cu-
requiring proteins (Péna et al., 1999). Basolateral efflux of Cu is likely mediated by the
Menkes (MNK) protein, a Cu-translocating P-type ATP-ase (Camakaris et al., 1999; Péna
et al., 1999). The MNK protein appears to be involved in both the efflux of Cu from
intestinal epithelial cells and in providing Cu to secreted Cu-metalloproteins. The
localization of MNK protein is regulated by Cu concentrations (Petris et al., 1996). At
low cellular Cu concentrations the MNK protein is localized in the trans-golgi network
(TGN) where it delivers Cu to the secretory pathway. At elevated concentrations, Cu
induces the trafficking of MNK protein from TGN to the plasma membrane where it is
involved in Cu efflux to protect cells from potentially toxic Cu levels. Cu-regulated
trafficking of the MNK protein to the basolateral membrane of gut epithelial cells is
thought to be responsible for Cu absorption into the blood. Transfer of Cu across the
basolateral membrane is the rate-limiting step in intestinal Cu absorption (Linder and
Hazegh-Azam, 1996). Once absorbed into blood, Cu is bound to plasma albumin and
histidine (Linder, 1991) for transportation to the liver where it is incorporated to
ceruloplasmin and transported via the blood to other organs (Goode et al., 1989). Excess
Cu is excreted into the bile. The Wilson’s protein (another P-type ATPase) mediates both

these processes. While the bulk of plasma Cu is bound in ceruloplasmin, a small



proportion of circulating Cu is associated with amino acids (Cousins, 1985) and

transcuprien (Linder, 1991).

Branchial Cu uptake in fish

In contrast with the mammalian model in which Cu metabolism involves the
regulation of uptake primarily via one (gastrointestinal) route of uptake and one-route of
excretion (hepatobiliary) (Linder and Hazegh-Azam, 1996; Schaefer and Gatlin, 1999),
fish possess two principal routes of Cu uptake, i.e. gut and the gills. Multiple pathways of
excretion possibly exist in fish including branchial, hepatobiliary and renal routes

Mechanisms of waterborne Cu uptake in fish have been the focus of recent research
(Wood, 2001; Grosell and Wood, 2002; Kamunde et al., 2002a, 2003; Pyle et al., 2003)
and several aspects of Cu uptake via the gills have now been characterized. Available
evidence indicates at least two mechanisms of Cu uptake in fish gills - the Cu-specific
and the Na-sensitive pathway (Grosell and Wood, 2002). Na uptake in fresh water fish
probably occurs via the proton-pump powered apical Na channel with subsequent export
into blood via the basolateral Na” K™ ATPase (Lin and Randall, 1995; Sullivan et al,
1995; Bury and Wood, 1999; Wood, 2001). Evidence that Cu enters the gill cell via the
apical Na channel has been provided directly from Na-competition experiments and
pharmacological studies (Grosell and Wood, 2002), and indirectly from manipulation of
the activity of Na uptake pathways through alterations in dietary Na (Kamunde et al.,
2003; Pyle et al,, 2003). The Cu-specific pathway is insensitive to Na-competition or to

pharmacological blockade of the apical Na channel (Grosell and Wood, 2002). This



pathway is less well characterized but apical entry is likely via an apical high affinity Cu
transporter, perhaps analogous or homologous to hCtrl. For both apical uptake pathways,
the basolateral export is likely through a Cu-ATPase. Although not conclusive the
sensitivity of branchial Cu uptake to vanadate, a blocker of P-type ATPase (Campbell ef
al., 1999) and partial cloning of a Cu ATPase with 80% homologies to mammalian MNK
(Grosell et al.,, 2001a) are strong pointers to the existence of a Cu-ATPase in fish gills.
The specific Cu-species that traverses the branchial epithelium has not been
characterized. However, the popular theory is that for both uptake pathways Cu*" may be
reduced to Cu'" by reductases on the gill surface before uptake (Grosell and Wood, 2002)
since comparable studies in other systems indicate that Cu-ATPase and hCtrl both
transport Cu'® (Harris, 2001; Lee et al, 2002). Surprisingly, recent evidence also
indicates that the so called divalent metal transporter DMT1 may also preferentially

transport Cu(I)'".

Dietary Cu uptake in fish

Investigating comparative aspects of waterborne versus dietary Cu uptake in
rainbow trout Kamunde et al., (2002a) demonstrated for the first time that at background
Cu levels in both media, uptake of dietary Cu was more than tenfold higher than that of
waterborne Cu, highlighting the importance of the gastrointestinal route relative to
branchial route of Cu uptake. Specific studies on uptake mechanisms of dietary Cu in fish
however have been rarely undertaken, but mechanisms of absorption similar to those in

mammals are speculated. The fish stomach environment is acidic (Fange and Groves,
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1979) and therefore is believed to free Cu from the food with subsequent partial gastric
absorption as in mammals (Kamunde et al., 2002a). However, the major role in Cu
absorption for rainbow trout was assigned to the intestine which is consistent with similar
observations by Clearwater et al., (2000) for rainbow trout and Handy et al, (2000) for
the African walking catfish. Intestinal uptake of Cu in fish is thought to occur via simple
diffusion for apical entry and biologically mediated transport for basolateral exit
(Clearwater et al., 2000; Handy et al., 2000). Nonetheless, the involvement of a putative
high-affinity transporter homologous to the hCtrl on the apical (brush border) membrane
cannot be ruled out. An analogue of hCtrl has recently been cloned from zebrafish
embryos (Mackenzie ef al., 2004) and while the precise location is unknown at present
the brushborder could be a possible site. In addition, recent studies on interactions
between dietary Cu and dietary Na in juvenile rainbow trout (Kjoss et al., 2004) revealed
that fish fed a high Na diet accumulated significantly higher whole body Cu levels than
fish that received no additional Na, suggesting the existence of a Na-sensitive transport
mechanism for Cu in the fish intestine, perhaps analogous to the Na-linked mechanism of
mammals (Wapnir, 1991). Handy et al.,, (2000) postulated that the basolateral limiting

step in Cu uptake in fish is via a Cu/anion symport and/or possibly a Cu-ATPase.

Synopsis:

It is apparent that the gastrointestinal route of Cu uptake has a major role in
establishing the nutritional and toxicological status of environmental Cu. Indeed,

Kamunde et al., (2002b) provide evidence of the diet being the preferred source of Cu to
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rainbow trout under normal dietary and waterborne conditions, contributing more than
90% of the body burden. Given this importance it i1s surprising that studies examining
mechanisms involved in dietary Cu transport in fish are limited. The mechanistic
characterization of dietary Cu uptake is therefore needed to explain the interaction of Cu
with other dietary components that may influence its bioavailability/toxicity and also
provide additional insight into homeostatic mechanisms operating at the gill and gut

which maintain the delicate balance between Cu nutrition and toxicity.

Project objectives

The characterization of the gastrointestinal Cu absorption route was the focus of the
research described in this thesis. In particular the objectives of this thesis were
1. To provide a relatively realistic portrayal of the natural passage of Cu along the
digestive tract in rainbow trout fed a normal diet containing typical background
levels of Cu. An in vivo disappearance test was designed which is described in
Chapter 2 to assess the site of Cu absorption and the relevant dose that would be
realistic for further characterization of the uptake process. This was followed by in
vitro studies in Chapter 2 using freshly prepared intestinal sacs to gain insight into
the physical characterization of Cu transport. Rate of Cu transport in different
segments, transport kinetics, effects of temperature, Cu speciation and effect of O,
depletion were specifically examined.
2. To ascertain the mechanistic nature of the pathway(s) involved in Cu uptake in the

trout intestine using the in vitro intestinal sac technique. In Chapter 3 possible Na-
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sensitive, DMT1- and Ctrl- mediated pathways were investigated with the aid of

pharmacological agents and competition studies.
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Chapter 2

Digestive processing of Cu in vivo and physical
characterization of Cu uptake in vitro in freshwater rainbow

trout.

Introduction

Copper (Cu) is an essential element found in all living organisms in the oxidized
Cu (ID** and reduced Cu (I)H states. Classified as a “trace metal”, Cu’s beneficial impact
is known to occur in the micromolar range (Harris, 1991). Cu is specifically required as a
catalytic cofactor in redox chemistry for proteins that carry out fundamental biological
processes such as respiration, normal cell growth and development. However, Cu also
participates in redox reactions that generate the hydroxyl radical, which causes
considerable damage to lipids, proteins and DNA. Cu imbalances in humans lead to
serious diseases such as Menkes syndrome and Wilson’s disease, characterized by the
inability to appropriately distribute Cu to all cells and tissues (Puig & Thiele, 2002).
Consequently, there is a fine balance between Cu deficiency and surplus which organisms
maintain via homeostatic control of absorption and excretion.

The physiology and toxicology of Cu in fish has been studied intensively
because of its use as a prophylactic agent in fish culture and its diffuse release from
industrial and domestic sources (eg. Cu plumbing) (Wood, 2001). Fish, are unique among
the vertebrates, a consequence of having two routes of metal uptake, the gills and the gut.

It is generally believed that fresh water teleosts have a daily dietary requirement of Cu in
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the region of 1.4 pg g'dry diet (Lanno et al, 1985b) or 28 ug (0.46nM) Kg' day™.
However, Kamunde et al., (2002b) showed that by considering the input from water when
determining Cu requirement in fish, as little as 0.8ug g™ Cu (16 ug (0.26nM) Kg'1 day'l)
in the diet is adequate to support normal growth in rainbow trout juveniles at normal
water Cu level of 3 pg L. The mechanisms of waterborne Cu uptake and toxicity to fish
are beginning to be well understood (Clearwater et al.,, 2002; Wood, 2001), however the
uptake of dietborne Cu in fish is not well characterized. While several studies have
indicated the diet to be the major source of Cu for fish under optimal growth conditions
(Miller et al., 1993; Handy, 1996), only Kamunde ef al., (2002a) have directly measured
the rate of Cu uptake from food. They reported that rainbow trout fed a control diet
spiked with ®*Cu took up Cu at a rate of 0.9 ng g ', ten times higher than the rate of
waterborne Cu uptake determined in control hard water during the same study.
Furthermore, few studies have assessed the mechanisms of gastrointestinal Cu uptake in
fish. Handy et al.,, (2000) have described concentration dependent changes in basolateral
Cu absorption across the catfish gut and postulated the presence of a Cu-ATPase and a Cu
/anion symport, while Q¢ analysis (Clearwater et al., 2000) suggested that apical entry of
Cu was by diffusion while basolateral exit was biologically mediated and is therefore the
rate limiting step in intestinal uptake of Cu in rainbow trout. These findings correspond
well to the model of Cu absorption in mammals, where an uptake phase independent of
the ATP status of the cell and an energy-dependent rate-limiting transfer step have been
described (Linder and Hazegh-Azam, 1996). It is also interesting that mammalian

intestinal Cu uptake primarily occurs in the small intestine (Wapnir and Stiel, 1987),
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whereas in fish, Cu uptake is reported to occur mainly in the mid/ posterior region of the
intestinal tract (Clearwater et al., 2000; Handy et.al., 2000; Kamunde et al., 2002a).

The study outlined in this chapter first utilized an in vivo disappearance test to
examine the digestive processing of Cu in intact trout fed a normal diet. Our objectives
were to measure typical Cu concentrations in the chyme and to gain quantitative insight
into Cu handling at various points along the digestive tract.

Having established the relevant dose and relative importance of different sites in Cu
absorption, in vitro preparations of freshly prepared intestinal segments were utilized to
gain insight into the physical processes governing transport kinetics. This “gut sac”
technique is useful in evaluating factors contributing to ion transport. It allows
manipulation of both mucosal and serosal solutions, eliminating ‘complications
encountered in vivo, arising from interactions of dietary components. It has been well
documented (e.g. Barthe ef al.,1999; Grosell and Jensen, 1999; Handy et al.,, 2000; Bury
et al., 2001; Grosell et al., 2004), that gut sacs maintain tissue viability for prolonged
periods and give reliable data in spite of being a closed system. The greatest advantage of
this technique is its high throughput, that allows a quick analysis of transport mechanisms
and provides relevant information for advanced research. Intestinal sacs were therefore
employed to characterize the concentration-dependence of Cu uptake (kinetic analysis)
followed by an evaluation of specific aspects of the absorptive process, notably the
potential role of temperature which is an important environmental factor determining the
uptake of metals by aquatic organisms. The energy-dependence of Cu uptake was also

examined utilizing O, depletion (anoxia) as an effective inhibitory tool for oxidative
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phosphorylation. The aim of the study was to provide insight into the basic mechanism by

which Cu is transported across the intestinal epithelium in fresh water trout.
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Methods

Acclimation

Rainbow trout (Oncorhyncus mykiss: weight 200-300g.) were obtained from
Humber Springs Trout Hatchery (Orangeville, ON, Canada). Fish were acclimated to the
laboratory in a 500 L tank supplied with aerated, flow-through, dechlorinated Hamilton
tap water from Lake Ontario (Na = 0.5 -0.6 mM, CI" = 0.7 mM, Ca =1.0 mM, hardness ~
140 ppm as CaCOj3, background Cu = < 16 pM, pH ~ 8 ; temperature =12 + 2°C). During
the two week acclimation period, fish were fed Martin’s commercial dried pellet feed (5-
pt) daily, at a ration of 2% wet body mass per day. The Cu content of the food was 27 ug
g’ dry wt. The trout were then starved for either 7-10 days for the in vivo tests or for 48 h
for the in vitro intestinal sac preparations. For each experiment trout were randomly

selected from the holding tank.

In vivo — Disappearance Test

Diet Preparation:

Experimental diet was prepared using the above fish feed ground to a fine powder in
a commercial blender and thoroughly mixed with equal quantity of NANOpure-II water
(Sybron/Barnstead, Boston, MA, USA) using a Popeil™ automatic pasta maker (Ronco
Inventions, llc, Catsworth,CA, USA). The mixture was manually repelleted to 5-pt. size
incorporating 8.5 grade (0.400 — 0.455 mm) lead glass ballotini beads (Jencons USA Inc.

Bridgeville, PA), at a fixed density (4% by dry mass of food), air-dried and refrigerated
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(McCarthy et al, 1992). Tests showed that the ballotini beads did not affect the

palatability of the food, which was readily consumed.

Disappearance test:

To characterize the digestive processing of Cu in trout, a disappearance test was
designed to follow the processing (uptake and secretion) of Cu along the digestive tract
from its oral input (from food) to the anus. Handling of Cu at various points along the
digestive tract was also investigated. Trout were starved for at least one week and then
fed the above specially prepared food that contained lead-glass ballotini beads. The lead-
glass beads act as a non-absorbable marker that can be used to quantify absorption. The
percentage of absorption of a given nutrient in the meal can be calculated by comparing
the nutrient:marker concentration in the chyme sample and in the test meal .

Fish were sampled at 2, 4, 8, 12, 24, 48 and 72 h after being fed. At each time
point 6 fish were sacrificed by a blow to the head and weighed. The gastrointestinal tract
was then tied with silk ligatures at the esophagus, stomach, anterior intestine, mid
intestine and posterior intestine boundaries. Initial trials had revealed that it took
approximately 8 h for the food to move from the stomach to the intestine, therefore
intestinal sections were sampled only for time points 8- 72 h post feeding. The entire gut
was then dissected out and x-rayed (43855 A, Single Cabinet, 110 Kv X- ray system —
Faxitron X-ray Corp., IL. USA). After x-raying, the contents of each section were placed
in 50 ml. Eppendorf tubes and mixed thoroughly. A sub sample of the contents was

centrifuged for 5 minutes at 13000 g to obtain supernatant which was placed into pre-
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weighed bullet tubes and frozen till further analysis. The remainder of the sample was
oven-dried for 48 h or till completely dry to determine water content, and then digested in
approximately five times volumes of 1IN HNOs (Fisher Scientific, trace metal grade).
Supernatant and digested chyme were analysed for Cu using graphite furnace atomic
absorption spectroscopy (GFAAS; Varian SpectrAA -220 with graphite tube atomizer
[GTA-110], Mulgrave, Australia) following manufacturer specifications for Cu-analysis.
National Research Council of Canada-certified analytical standards were run along with
the samples for quality control.

The number of beads in food and in the chyme in each gut section were counted from X-
ray micrographs to calculate food or chyme:bead ratio (beads g™ food or chyme).

Cu content was calculated as follows :

e Cupg g’ chyme/beads g chyme, which provided the ratio of Cu content to that
of a non-absorbed or secreted marker in the total chyme .

e Cu pg ml” superanatant / beads ml” supernatant, which provided the ratio of Cu
content to that of a non-absorbed or secreted marker in the supernatant.

e Cu content in the solid portion of chyme was calculated by subtracting the [Cu] in
supernatant from the [Cu] in the total chyme after correcting for water % of total
chyme.

e % water in total chyme was calculated as :

[total ml of water/total wt. of wet chyme] * 100

e Water:bead ratio was calculated as water(ml) g'l chyme / beads g'1 chyme.
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In vitro — Intestinal Sacs

Preparation of radioactive copper:

Dried Cu(NO3); (200 pg) was irradiated at McMaster nuclear reactor to achieve
radioactivity level of 0.6 mCi 64Cu, ( half life 12.9 h). After irradiation, the Cu(NO3), was
dissolved in 0.1 mM HNOs (400 pl), 0.01 mM NaHCO; (400 pl) and Cortland saline
(200 pl). The resuspended Cu was then added to mucosal saline to give a final

concentration of 3 pg ml™ or 50 pM in most trials.

Intestinal sac preparation:

Intestinal sacs were used to investigate the mechanism of Cu uptake. Fish were
killed by an overdose of MS-222 (0.25 g L) and the entire intestine was obtained by
dissection. The intestine was separated from the stomach just posterior to the pyloric
sphincter and from the rectum at the ilio-rectal sphincter and flushed with saline to
remove food and faeces. Subsequently, sacs were prepared from the anterior, mid and
posterior segments of the intestine. The regional division was made along obvious
morphological differences for the posterior section, while the remaining portion between
the pyloric aperture and the posterior region was split evenly into anterior and medial
sections. Each segment was fitted with a short length of heat flared PE-tubing (PE 50)
tied in place at the anterior end with double silk ligatures and was closed at the posterior

end with double silk ligatures. The catheter served to fill and drain the sac preparation.
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The sacs were filled with 1 ml of appropriate mucosal saline (Modified Cortland
saline in mM: NaCl 133, KCl 5, CaCL2H,0 1, MgSO47H,0 1.9, NaHCO; 1.9,
NaH,PO,-H,0 2.9, glucose 5.5, pH 7.4; Wolf, 1963) labeled with 0.04 mCi ml* %Cu
as CuNOs); or 0.04 uCi ml" #Na as NaCl (Amersham Pharmacia Biotech Inc.,
Piscataway, NJ, USA), the PE tubing was sealed, the sac preparation was blotted dry and
mass of the preparation determined to the nearest 0.1 mg (Sartorius GMBH Gottingen;
H110 ** V40, Germany). Subsequently, the sac preparation was placed in a fixed volume
(12 ml) of the modified Cortland saline serving as the serosal bath and constantly aerated
with 99.7% O, and 0.3% CO, (i.e. Pcoz = 2.25 torr) gas mixture. Temperature was
maintained between 13-15°C. Samples of mucosal and serosal saline were collected at the
start and end of the flux period which was routinely 2 h in duration and counted for **Cu
or ?Na activity by gamma counting. At the end of the flux period, the sac preparation was
removed from the flux chamber, blotted dry and reweighed, then drained completely, cut
open by a longitudinal incision and washed in saline and EDTA (1 mM, pH 7.9). The
washing procedure ensured removal of loosely bound **Cu. The preparation was blotted
dry and gently scraped to remove mucus and epithelial cells using a glass slide. The gross
surface area of the intestinal tissue was determined by tracing its outline onto graph paper
(Grosell and Jensen, 1999). The tissue, serosal samples, wash solutions and epithelial

scrapings were counted separately for gamma activity.
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Experimental series

Series 1. The time course of Cu uptake:

Isolated intestinal sacs were infused with 1 ml of ®Cu labeled mucosal saline.
Following flux periods of 1 h, 2 h and 4 h, the preparations were removed from the

bathing solution and sampled as detailed above.

Series 2. Concentration - dependent Cu absorption:

Five treatment groups were employed: Cu in the mucosal saline was varied to
achieve concentrations of 1, 10, 50 100 and 500 pM. For the latter two treatments an
appropriate quantity of cold Cu(NOs;), solution was added to the saline in addition to %Cu

to achieve the desired concentration.

Series 3. Effects of temperature on Cu uptake:

The temperature-dependence of Cu uptake was examined at acclimation
temperature (13°C) and at 3 and 23°C. The latter two temperatures were achieved by
placing the vials containing intestinal sacs and serosal medium in an ice and hot water

bath respectively. This range of temperatures allowed examination of the Q¢ effect.

Series 4. Effect of ascorbic acid on Cu ion redox state:

Preference of the transport system(s) for Cu(II)** versus Cu(I)'* was evaluated in

the presence and absence of three concentrations of a reducing agent, ascorbic acid — 100
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uM, 500 pM and 2.5mM. Ascorbic acid has been consistently used to assess preference
of Cu()"* versus Cu(Il)*" in uptake studies (Arredondo er al, 2003; Zerounian et al.,
2003). pH of the luminal saline was maintained between 6.0-6.5 as ascorbate reportedly

shows decreasing “antioxidant efficiency” with increasing pH (Lucock et al., 1995).

Series 5. Anoxia induction :

Anoxia was induced by substituting the regular O3 (99.7%) / CO, (0.3%) gassing
with N> (99.7%) / CO, (0.3%). As a check on the efficiency of the treatment, in this series
Na uptake was measured using *Na in separate preparations under regular and anoxic

conditions.

Analytical techniques and calculations

In each experimental study the intestinal sac preparations were blotted in a
standardized fashion and weighed to the nearest 0.1mg (Sartorius GMBH Gottingen;
H110 ** V40, Germany) prior to and after the flux period to allow for calculation of net
fluid transport.

Net fluid transport rates were determined from the change in total mass of the sac
preparation over the experimental period. This was normalized by taking into account the
gross surface area of exposed epithelium and time elapsed.

Rate of fluid transport (FTR) was calculated as follows:

FTR =(IW —TW)/ISA /t

Where IW = Initial weight of sac preparation in mg.
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TW = Terminal weight of sac preparation after flux in mg.
ISA = Intestinal surface area in cm?
t=Timeinh

to yield a rate of net water movement from mucosal to serosal surface, expressed in
plem™ bl

Mucosal and serosal saline samples from the beginning and end of each flux were
measured for **Cu and **Na as applicable on a Canberra-Packard Minaxi Auto Gamma
counter 5000 Series (Meriden, CT, USA) with an on-board program for decay correction
of %*Cu. Samples of wash solutions, epithelial scrapings and the tissue layer from each
intestinal sac were counted separately for radioactivity. The wash solutions represented
loosely bound ®*Cu while epithelial scrapings accounted for a combination of mucus and
surface cells. The radioactivity incorporated into the tissue layer and the serosal sample at

the end of the flux period was considered as a conservative estimate of true Cu absorption

(see Results).

Cu uptake rate (UR) was calculated as follows:

UR = Tissue cpm / (SA*ISA*t)
Tissue cpm represents the total **Cu activity of the compartment measured
SA is the initial measured specific activity of the mucosal saline (cpm/pg)
ISA is the intestinal surface area in cm?
t is time in hours.

This produced a Cu accumulation rate (UR) expressed as pg cm 2h,
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Na uptake rate (UR) was calculated as follows:
UR = Tissue cpm / (SA*ISA*t)

Tissue cpm represents the total **Na activity of the compartment measured
SA is the initial measured specific activity of the mucosal saline (cpm/pumol)
ISA is the intestinal surface area in cm’.
t is time in hours.
This produced a Na accumulation rate (UR) expressed as pmol cm 2pt,
The concentrations of Cu and Na in mucosal saline were measured by graphite furnace
atomic absorption spectroscopy (GFAAS; Varian Spectra AA -220 with graphite tube
atomizer [ GTA-110], Mulgrave, Australia) and flame atomic absorption spectroscopy
( FAAS; Varian SpectrAA-220FS, Mulgrave, Australia) respectively for specific activity
calculations again following manufacturer specifications for Cu-analysis and using
approved standards as in the in vivo study.
Q10 values were calculated using the following equation ( Withers, 1992)

Qo= (R, / Ry) 10/ (X2TD]
where R, and R, are the Cu uptake rates at the two temperatures T, and T respectively.
Q1o values greater than 1.0 are generally considered representative of reactions that are

biologically mediated.
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Statistical analyses

Non-linear regression analyses of Cu uptake kinetics was performed with Sigma
plot for Windows version 8.0 in order to fit the parameters of the Michaelis-Menten
equation
Jin = Jmax * K / [X] + Km
where Ji, is the unidirectional influx rate, [X] is the concentration of substrate, Jyax is the
maximum transport rate when the system is saturated with substrate, and Kg, is the
concentration of substrate which provides a Ji, of half the J;,,,, value.

A one way analysis of variance (ANOVA) was generally used to compare the groups
followed by a least significant difference (LSD) test to detect difference between specific
means (SPSS10 for Windows). Statistically significant differences between control and
treated groups were evaluated by unpaired student’s t-tests (two-tailed). Data are reported

as means + S.E.M. (N) and differences were considered significant at p<0.05.
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Results

Cu profile - in vivo, in the gastrointestinal tract:

The objectives of the in vivo sampling study were two-fold: (i) to determine the
concentrations of Cu in the fluid phase of the intestinal contents in trout on the standard
commercial diet, such that relevant mucosal fluid concentrations could be used in
subsequent in vitro transport experiments; (ii) to assess the quantitative importance of the
various gastro-intestinal segments in Cu uptake in vivo. The first objective was met
simply by direct measurement of Cu concentrations in the supernatant (fluid phase) of the
gut contents (Fig. 2-1 C), which ranged from about 0.5 to 4 pg ml! (i.e. 8-63 uM).
However the second goal was complex and could not be achieved simply from
measurements of fluid phase (Fig. 2-1 C), solid phase (Fig. 2-1 B) and total Cu
concentrations (Fig. 2-1 A) in chyme, because there were substantial changes in both
water content (due to fluid secretion and absorption) and solid phase content (due to
digestion and absorption) as the chyme moved along the tract. Under such conditions, a
simple correction for % water (Fig. 2-2 A) is inadequate. Thus use of a non-absorbable
marker (ballotini beads) was essential to provide a point of reference for both water (Fig.
2-2 B) and Cu movements (Fig. 2-3 A,B,C). Overall, the measurements indicated that the
Cu-to-bead ratio in total chyme (Fig. 2-3 A) decreased significantly in the stomach at all
times relative to that in the food, suggesting significant Cu absorption by the stomach
wall (though see cavear in Discussion). Thereafter in the anterior intestine, the ratio

became more variable and increased back to the level in the original food (Fig. 2-3 A),
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suggesting net secretion of Cu in this section. Values then fell again in the subsequent two
sections, particularly the mid-intestine, indicating the latter as an important site of net Cu
absorption. Overall, the Cu-to-bead ratio decreased about 50% from food to posterior
intestine, indicating that about 50% of the Cu in the food was absorbed on a net basis.
Turning now to detailed spatial and temporal patterns, there was a substantial 3.5-
fold increase in % water in the stomach content chyme (Fig. 2-2 A) relative to the original
“dry” food (~ 15%), which gradually increased further to about 65% by 72 h. This was
explained by a net addition of fluid in the stomach, as demonstrated by marked increases
in the water-to-bead ratio in total chyme in this compartment. A further increase of %
water to about 85% in the anterior intestine in fact reflected an approximate tripling of the
water-to-bead ratio in the anterior intestine in the earlier sampling times (8-24 h)
indicating a further large net secretion of fluid into this compartment. However, at later
times (48-72 h), the water-to-bead ratio fell substantially in the anterior intestine,
indicating significant net fluid absorption. This temporal pattern was also reflected in the
mid- and posterior intestinal compartments (Fig.2-2 B), so even though % water remained
relatively constant at around 80% (Fig.2-2 A), there were large movements of fluid which
occurred against a background of a decreasing solid phase as nutrient digestion and
absorption progressed.
Much of the changes in Cu concentrations in the chyme were explained by
dilution or concentration due to these fluid movements. Thus net fluid addition in the
stomach largely accounted for the 50-65% decrease in Cu concentration in the total

chyme relative to its original concentration in the food (Fig.2-1 A). In the stomach
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contents, approximately 16% of the total Cu was present in the supernatant initially, the
remainder in the solid phase. While the Cu concentrations (Fig.2-1 B) and Cu-to-bead
ratios (Fig.2-3 B) in the solid phase of stomach contents did not change over time, those
in the supernatant (Fig. 2-1 C, 2-3 C) progressively decreased, supporting the
interpretation of significant Cu absorption through the gastric mucosa.

In the anterior intestine, the Cu concentration in the total chyme decreased only
modestly relative to that in the stomach (Fig. 2-1 A) despite the substantial fluid secretion
which occurred into this compartment at 8-24 h, seen in the tripling of the water-to-bead
ratio at this time (Fig.2-2 B). However, early dilution of Cu concentrations in the fluid
phase was somewhat greater (Fig. 2-1 C). At later times these trends in Cu concentration
reversed in both fluid phase (Fig. 2-1 C) and total chyme (Fig. 2-1 A), while Cu
concentration also gradually increased in the solid phase (Fig. 2-1 B). This occurred
coincident with later water removal (Fig. 2-2 B). Overall, there was clearly a net addition
of Cu in the anterior intestine, seen in the increases in Cu-to-bead ratios in this
compartment (Figs. 2-3 A,B,C).

In the mid and posterior intestines, progressive decreases over time in Cu
concentration (Fig. 2-1 C) and Cu-to-bead ratios (Fig.2-3 C) in the fluid phases occurred
against a background of simultaneous net water absorption, at least in the mid-intestine
(Fig.2-3 B). Cu concentrations in the total chyme (Fig. 2-1 A) and solid phase (Fig. 2-1
B) tended to increase or remain stable, while Cu-to-bead ratios in these phases (Fig.2-3
A,B) decreased relative to the anterior intestine but were relatively stable over time.

Clearly net Cu absorption occurred from the fluid phase in these segments.
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Cu uptake — In Vitro

Series 1. Time course and spatial pattern of intestinal Cu uptake:

Cu uptake rates and fluid transport rates in isolated intestinal segments of rainbow
trout were not significantly different in any compartment (Fig.2-4) when measured over
1 h, 2 h, or 4 h periods, suggesting that Cu and fluid uptake continued at a more or less
constant rate up to 4 h. Illustrative data for the mid intestine are shown in Fig. 2-4, A —F.
Most importantly, the sum of Cu uptake into the serosal fluid and muscle, chosen as a
conservative index of net Cu transport, was very constant over time (Fig. 2-4 B). Not
surprisingly, the “wash” compartment (Fig 2-4 D), representing Cu loosely bound to the
mucosal surface exhibited a tendency (non-significant) to contribute less with longer
measurement periods. On the basis of this data set, a 2 h incubation period was chosen for
all further experiments.

An analysis of the relative contribution of each compartment at 2 h to total Cu
accumulation (Fig. 2-5 A) revealed that 31.5% of overall Cu uptake could be attributed to
the serosal compartment while 17.5% of accumulated Cu was partitioned into the muscle
layer. These two compartments accounted for 49% of total Cu accumulation. The
washing protocol removed 42% of total Cu (i.e. loosely bound), while the epithelium
represented the smallest uptake compartment with 9% of accumulated Cu. While these
data are for the mid intestine, similar values occurred in the anterior and posterior
intestine respectively.

Cu uptake rate per unit surface area was approximately twice as great in the anterior

intestine at 4.2 ng cm™ h' relative to the mid and posterior intestine where uptake was 1.2
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ng cm? h! and 2.1 ng cm? h' respectively (Fig.2-5 B). For most treatments, the
responses of all three segments were similar, however, the anterior intestine preparations
yielded more variable results and tended to leak from the delicate caecal extensions,
hence data from the anterior intestinal preparations were not considered for further

comparisons.

Series 2. Concentration-dependent Cu absorption:

Over the range of Cu concentrations tested, Cu uptake appeared to be biphasic in
both mid and posterior intestine (Fig.2-6 A&B). A hyperbolic relationship was evident
between 1 and 100 pM, followed by a possible diffusive linear relationship when the
concentration was increased to 500 pM, suggesting that more than one component existed
for Cu uptake in isolated intestinal segments. The saturable component was well
characterized by the Michaelis Menten kinetics relationship (2 = 0.96 - 0.99) which
revealed a maximal Cu uptake rate (Jma) of 17 pmol cm™ h' with uptake half-saturated
(Km) at a Cu concentration of 31.6 uM in the mid intestine. The posterior intestine
exhibited saturation kinetics characterized by a maximum transport capacity (Jmax) of 41
pmol.cm™ h™ and an affinity of (Kg,) 78.5 uM. However, subtracting a possible diffusive
component from the hyperbolic relationship considerably reduced both Jya and Ky, in the
postetior intestine to 12 pmol cm™ h” and 18.9 pM respectively, similar to the mid
intestine. It was not possible to subtract a diffusive component from the data for the mid

intestine. There was no significant change in TEP over the range of Cu concentrations
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with values fluctuating from - 0.5 mV at the lowest Cu level to 1 mV at the higher
concentration in the mid intestine and from -1.3 mV to 0.5 mV in the posterior intestine.
These data facilitated selection of 50 pM (3 pug ml™) as the optimum range for all
subsequent experiments. The selection was based on two factors — the position of the data
point on the asymptote of the curves and the fact that in vivo data from intact trout fed a
regular diet at 2 % body weight revealed the presence of approximately 0.5-4 pg ml™ Cu
in the supernatant extracted from gut contents of stomach and intestine 2 h after initial

feeding (Fig. 2-1 C), suggesting this concentration to be environmentally realistic.

Series 3. Effect of temperature on Cu uptake:

Examination of temperature-dependence of Cu uptake rate, revealed a general
increase in Cu uptake in the serosal and muscle compartments of the mid and posterior
intestine when the incubation temperature was increased from 3 to 13°C and from 13 to
23° C (Fig. 2-7 A&B). Q¢ values ranging from 1.5 to 3.4 in the mid intestine and 1.9 to
4.6 in the posterior intestine with respect to the serosal and muscle layer strongly
suggested Cu is actively transported on an overall basis. Reducing or increasing the
temperature by 10°C, however considerably reduced Cu uptake rates in the epithelial
compartment of both mid and posterior intestine, Q;o values in the epithelial compartment

were therefore considerably lower ranging from 1.3 to 0.277.
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Series 4. Effect of ascorbic acid on Cu uptake:

Ascorbate had little influence on Cu uptake rates, and the small effects seen were
not dose-dependent (Fig.2-8). At the highest ascorbate concentration (2.5 mM), Cu
uptake was inhibited in the mid intestine. In contrast, uptake seemed slightly enhanced at
500 pM ascorbate in the mid intestine but this did not reach significance. These results

indicate that ascorbic acid has very little, if any, effect on intestinal copper absorption.

Series 5. Cu /Na uptake in response to anoxia;

Anoxia had no significant effect on the uptake of Cu in either the mid or posterior
intestine (Fig. 2-9 A; B). However anoxia significantly inhibited Na uptake by 40% in the
mid intestine (Fig. 2-9 A) and 20% in the posterior intestine (FIG. 2-9 B). Note that the
absolute rate of Na uptake is about 5 orders of magnitude greater than Cu uptake on a

molar basis.
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Discussion

Site of Cu absorption

Cu-to-bead ratios in total chyme in the posterior intestine when compared to
parallel values in the food indicate an apparent absorption of about 50% of the ingested
Cu in the food after 72 h (Fig. 2-3A). By way of comparison, Berntssen et al., (1999b)
measured an apparent Cu retention of 25% in Atlantic salmon fry reared for 3 months on
a standard diet. Cu retention efficiency of 9% was reported in juvenile rainbow trout fed a
1.5% ration of standard food for 35 days (Kamunde and Wood, 2003) while Kjoss ef al.,
(2004) observed similar values of 11-15% in trout over an exposure period of 28 days.
Infusion of a single oral dose of $4Cu in trout resulted in 12% internalization of the dietary
dose after 72 h (Clearwater et al, 2000). These values are all considerably lower
compared to the present study which is not surprising as the earlier measurements are
based on net retention efficiency, and therefore undoubtedly underestimate absorption
efficiency because they are lowered by excretory losses. However, our method of
measuring disappearance of Cu from food after a single meal in a previously starved fish
may have maximized absorption efficiency. Studies on nutrient bioavailability reveal that
the efficiency of absorption decreases with increasing food intake (Brett and Groves,
1979) due to increases in gut evacuation time and passage of faeces. The human
gastrointestinal system can reportedly absorb 30-40% of ingested Cu from a standard diet
(Wapnir, 1998) but Turnlund ef al., (1989) noted that the rate of Cu absorption in humans

varied inversely with Cu intake and could be as low as 12% with very high Cu intakes.
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An important caveat to our conclusion that absorption efficiency was about 50% is the
possibility of Cu leaching from the food into the water in the few seconds prior to
ingestion. If this had occurred, it would have caused an artificial increase in the apparent
absorption of Cu. In this case, the Cu-to-bead ratio in the stomach at 2 h (Fig.2-3 A)
would be a more realistic reference point for the Cu-to-bead ratio in the ingested food.
Consequently, comparing the Cu-to-bead ratio in the stomach to that in the posterior
intestine would indicate that only about 25% of Cu in the food is absorbed, rather than
50%.

However, if Cu is not leached from the food prior to ingestion, the considerable
decline in Cu-to-bead ratio from food to stomach implicates the stomach as a major site
of Cu absorption in the rainbow trout. In humans it is generally thought that the acidic
environment in the stomach releases dietary Cu from food conjugates and facilitates
peptic digestion (Gollan, 1975).This is followed by partial absorption in the stomach
though most of the absorption occurs in the intestine. It is possible that the acidic
environment of the fish stomach (Fange and Groves, 1979) may similarly solubilize the
metal from the food, leading to partial absorption through the gastric epithelium as in
mammals. However it appears to be controversial in mammals whether the contribution
of the stomach is important relative to that of the various intestinal segments (Linder,
1991).

It is imperative therefore, that future studies measuring dietary Cu uptake
consider the prospect of Cu leaching from food prior to ingestion. Simulating the mean

exposure time of the feed pellets to water, and/or measurement of Cu release into the tank
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could fulfill this objective. It will be equally important to examine the possibility of Cu
absorption through the stomach using in vitro techniques.

Using the in vitro data of Fig. 2-5B for rates of Cu transport across the various
intestinal segments, together with representative measurements of total intestinal surface
area in a 250 g trout, we estimate that unidirectional **Cu uptake rates measured in vitro
summed along the entire intestinal tract would amount to approximately 740 ng kg! b
(Table 2-1). In comparison whole body unidirectional Cu uptake rates in vivo during a 48
h dietary %*Cu exposure in juvenile rainbow trout were approximately 900 ng kg! n!
(Kamunde et al,, 2002a). This suggests that the intestine can account for most of the
dietary Cu absorption in the rainbow trout, leaving only a small contribution from the
stomach. Further examination of the spatial distribution of Cu in vitro reveals a 5-10 fold
higher Cu uptake rate in the anterior intestine compared to the mid and posterior regions
(Fig. 2-5B) which is consistent with evidence from Clearwater et al., (2000) suggesting
that ~ 80% of an absorbed **Cu dose originally infused into the stomach of adult rainbow
trout is found in the anterior intestinal tissue, 20% in the mid- and posterior intestinal
tissue and <1% in the stomach tissue after 72 h. In juvenile rainbow trout, Kamunde and
Wood, (2003) reported 50% of net Cu accumulation in the anterior intestine compared to
20% in the posterior and 10% in the mid intestine. It appears from the above that both in
vitro unidirectional Cu uptake as seen in the present study, and net Cu flux observed in
earlier studies (Kamunde and Wood, 2003) is considerably higher in the anterior intestine.

Against this consistent background localizing the bulk of unidirectional Cu uptake

to the anterior intestine, it is therefore very interesting that the in vivo “disappearance
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test” using the Cu-to-bead ratio analysis clearly demonstrated that the anterior intestine is
not a site of net Cu uptake, but rather a site of net Cu addition to the chyme. This is
demonstrated by substantial increases in the Cu-to-bead ratios in this compartment
relative to the preceding compartment the stomach (Fig.2-3A). The obvious conclusion is
that although unidirectional uptake of Cu is high in this region, there is an even higher
efflux component which significantly elevates the Cu-to-bead ratio in the chyme.
Notably, this is also a site of substantial fluid addition to the chyme, as indicated by the 3-
fold increase in the water-to-bead ratio in this segment (Fig.2-2B). Biliary, pancreatic and
intestinal wall secretions may all play a role in this region. Indeed the presence of high
levels of free amino-acids and small peptides with Cu-binding properties in bile and
pancreatic secretions has been well documented in mammals (Gollan and Deller, 1973;
DiSilvestro et al., 1983). Several studies have identified the presence of high affinity Cu-
binding macromolecules in mammalian bile (Owen, 1964b; Frommer, 1971; Gollan,
1975) that are responsible for the poor absorption of biliary Cu, thereby ensuring that it
stays in the tract. In adult trout which had been starved, Grosell et al., (2001b) measured
a mean bile flow of 75 pl kg™ h™' and calculated hepatobiliary Cu excretion rates of 0.75
nmol kg™ h™ - 1.6 nmol kg™ h™ which can account for an addition of approximately 40 ng
kg' h! of Cu to the anterior intestinal chyme. Biliary secretions are greatly stimulated by
food intake (Linder, 1991) thereby likely increasing the release of bile-borne Cu into the
intestine many fold above this value after a single meal, as in the present study.

Additional investigation of the factors responsible for the net efflux of Cu into the
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anterior intestinal contents, such as cell sloughing, pancreatic secretions and the changing
flow and composition of bile after feeding is clearly warranted.

In contrast to the anterior intestine, the present in vivo data clearly indicated a
decline in the Cu-to-bead ratios in the mid and posterior intestinal regions relative to the
anterior intestine, with progressive absorption from the fluid phase in these compartments
(Fig.2-3). Substantial unidirectional Cu uptake was also measured in these regions in vifro
(Fig.2-5) suggesting an important role for the mid and posterior intestine in Cu uptake.
Indeed, since the Cu-to-bead ratios in total chyme of the anterior intestine are the same as
those in the original food (Fig. 2-3A), it could be argued that all net Cu absorption occurs
in the mid and posterior intestine in vivo. In an in vivo study in trout using radioactive
%4Cu, Clearwater et al., (2000), demonstrated ~ 20% was absorbed by the mid and
posterior intestinal tissues, and <1% was found in or on the stomach after a 72 h
exposure. A detailed in vitro study of gastrointestinal tissues of the African walking
catfish (Clarias gariepinus) indicated that, similar to rainbow trout, net Cu uptake was
greater in the middle and posterior intestine rather than in the esophagus stomach or
anterior intestine (Handy et al., 2000). An earlier study using oral Cu exposure in trout
(Handy et al, 1999) was in accord with these results as increased metallothionein
induction in response to elevated diet-borne Cu occurred in the intestine rather than the
stomach or esophagus. Kamunde ef al., (2002a), suggest that the posterior intestine is the
most active site for unidirectional Cu uptake in juvenile rainbow trout, followed in

decreasing order by the pyloric cecae + anterior intestine, mid intestine and stomach.
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Characterization of Cu uptake in the trout intestine

The unidirectional uptake of Cu in the trout intestine measured as a function of Cu
concentration can be described by two mechanisms. The differential dose-response
relationship observed (Fig.2-6) indicates a saturable component at low Cu concentrations
(1-100 uM), suggesting a carrier-mediated process. This component was superceded by a
possible linear diffusive pathway at Cu concentrations of 500 uM. Similar Cu uptake
characteristics have been determined for intestinal Cu transport in mammals and one
other fish species.

Bronner and Yost, (1985) and Wapnir and Steil, (1987) described Cu uptake as
arising from a combination of transport via a saturable, carrier-mediated process plus a
non-mediated diffusive component for mouse duodenum and rat jejunum respectively.
Bronner and Yost, (1985) interpreted their data to conclude that at low Cu concentrations,
almost all the Cu is absorbed by the saturable carrier, while at higher concentrations
increasing amounts appear to be absorbed by diffusion. Cu uptake via a saturable carrier
has been described more recently in polarized Caco-2 cell monolayers, derived from
mammalian intestine (Arredondo et al, 2000; Zerounian ef al, 2003), in mouse
embryonic cells (Lee ef al.,, 2002) and in the African walking catfish (Handy et al., 2000).

Additional evidence for the presence of a carrier-mediated component to Cu
uptake can be derived from the significant increase in Cu uptake with increase in
temperature. According to the Arrehenius equation, Qo values measure the increase in a
reaction velocity when standardized to a ten degree increase in temperature. Qo values

greater than 1.5 are generally considered to represent a biologically mediated process
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(usually one assisted by an enzymatic reaction and/or transporter), while a Qo below 1.5
usually indicates a process dependent on the physicochemical properties of the reaction
constituents (Hoar, 1983). In the present study, Qo values approaching or exceeding 2.0
for Cu uptake into the serosal and muscle compartments (Fig.2-7- i.e. basolaterally
effluxed Cu) in both the mid and posterior intestine suggest that the basolateral transport
of Cu is biologically mediated. Qo values lower than 1.5 measured from the epithelial
compartment indicate a non-mediated apical route of Cu uptake. Possibly, the latter may
become the rate-limiting process for transport across the entire mucosal epithelium at
higher Cu concentrations where the diffusive mechanism appears to predominate (Fig.2-
6). Indeed this observation is in accord with an earlier study in vivo in rainbow trout
(Clearwater et al., 2000). This investigation, using a similar Q¢ analysis, concluded that
intestinal uptake of Cu probably occurred via simple diffusion across the apical
membrane while a biologically mediated process was responsible for basolateral exit.
Intestinal Fe uptake in the European flounder was also reported to involve a carrier-
mediated process in addition to simple diffusion (Bury ef al., 2001).

The affinity of the saturable Cu uptake component determined in the present study
for the mid and posterior intestine respectively (Ky, = 31.6 uM in mid intestine, 78 uM, or
18.9 uM with correction for linear component in posterior intestine; Fig.2-6) was in the
range of Cu concentrations normally found in the fluid phase of the chyme in vivo (8-63
uM; Fig.2-1C). These values are similar to that (K, = 21 uM) obtained in the rat intestine
(Wapnir and Steil, 1987) and comparable to the affinity of mouse embryonic cells for

Ctrl-independent Cu transport, reported to be ~ 10 uM (Lee et al,, 2002). K,,’s between
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11-15 uM have also been measured for rat hepatocytes in the absence or presence of
histidine (Darwish et al., 1984).

Whether the saturable process discerned for Cu uptake in the trout intestine was
governed by a single transporter is debatable as Cu may be transported by more than one
transport system, with different affinities and capacities. Several potential transporters are
expressed by mammalian enterocytes (Linder, 1991) though conclusive evidence as to
which ones are functionally important in vivo is still lacking. Currently, carrier-mediated
Cu uptake is believed to be facilitated by the high affinity Ctrl and/or the divalent metal
transporter 1 (DMT1) (Rolfs and Hediger, 2001) in the mammalian intestine.

Interestingly, branchial Cu uptake in fresh water rainbow trout similarly reveals
saturation kinetics at low Cu concentrations for both the Na-sensitive and insensitive
components and a linear relationship when Cu concentrations were raised (Grosell and
Wood, 2002). However, the branchial affinity for Cu uptake in trout as reported by
Grosell and Wood, (2002) was approximately three orders of magnitude lower with Kp,
=7.1 nM — 9.6 nM for the Na-sensitive and insensitive components respectively.
Branchial transporters have to work at the much lower Cu levels (nM) which are normally
present in water while the trout intestine is a much lower affinity absorptive pathway that
functions at the much higher Cu levels (uM) which are normally present in the fluid
phase of the chyme (Fig.2-1C). Despite the lower affinity, a maximum transport capacity
of about 11 pmol g h™! was calculated on a whole body basis for the trout intestine which
is comparable to maximum branchial Cu uptake (Jmax = 3.5 pmol.g’ h! for “Na-

insensitive” Cu uptake and 21.2 pmol.g™" h™ for “Na-sensitive Cu uptake”) (Grosell and
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Wood, 2002). Kamunde ef al.,, (2002a) have assigned a greater role for the dietary route
of Cu uptake in juvenile rainbow trout as uptake rates of dietary Cu were > 10-fold higher
than uptake rates of waterborne Cu. At least in part, this discrepancy may reflect the fact
that Kamunde et al, (2002a) worked at background Cu concentrations rather than
saturating Cu concentrations of the two transport epithelia. This discrepancy could also be
a result of differences between kinetics governing transport in intact animals versus a
closed in vitro system.

Ascorbic acid was used to reduce Cu(I)** to Cu(I)'* in the mucosal solution to test
which form of Cu was the preferred form for transport (c.f. Arredondo et al., 2003;
Zerounian et al., 2003). However there was negligible effect of ascorbic acid on Cu
uptake rates by the trout intestine over a large range of concentrations tested. This result
suggests, either that the valence of Cu present does not matter or more likely that
sufficient quantities of endogenous reductase are already present on the intestinal
epithelium. Therefore exposure to additional levels of a reducing agent would not be
expected to augment Cu uptake. The latter implies that Cu(I)l+ is the transported form.
Indeed the presence of endogenous plasma membrane reductases capable of reducing Cu
has been reported in mammalian brush border membranes (Knopfel and Solioz, 2002).
Bell et al., (2002) have noted the presence of relatively high concentrations of glutathione
disulphide and suggest that Cu(II)** entering the cell would be immediately reduced by
glutathione to Cu()!*. In either case, the results indicate that Cu uptake rates are not

influenced by change in the redox state of the Cu ion in bulk solution, an important
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consideration for the design of future in vitro experiments intended to analyze the
mechanism of Cu transport (Chapter 3).

Our findings are contrary to those from Arredondo et al., (2003) in Caco-2 cells
(derived from mammalian intestine) where the presence of ascorbate in the medium was
considered necessary to obtain significant apical Cu uptake but correspond completely
with data from Zerounian et al., (2003) in Caco-2 cell monolayers showing no significant
effect of a range of ascorbic acid concentrations on Cu uptake. An earlier study using
intestinal segments in rats (Van Campen and Gross, 1968) reported a 37% reduction in
absorption of an intraduodenal dose of Cu (1 pg = 16 pmoles total; volume dilution not
reported) in the presence of 2.5 mg (16 pumoles total; volume dilution not reported) of
ascorbate. A similar small inhibition of Cu uptake was observed at the mid intestine with
50 uM Cu and 2.5 mM ascorbate in the present study (Fig. 2-8A). Possibly this could be a
non-specific effect of the high ascorbate concentration used since using a similar
approach as Van Campen and Gross, (1968), Zerounian et al., (2003; citing unpublished
observations from S. Allerton and M.C. Linder) found no effect of 1 mg (6 pmoles total;
volume dilution not reported) ascorbate on the rate of appearance of *Cu in blood and
organs after 1 h. Lanno ef al., (1985a) examined the effect of adding different amounts of
ascorbic acid (0-10,000 mg kg™) to a diet containing excessive Cu concentrations (800
mg kg™) known to cause a decrease in growth rate of juvenile rainbow trout. Their results
indicated that ascorbic acid had no measurable effect on Cu uptake or metabolism. Using
Cu balance studies in rats on high ascorbate diets, Johnson and Murphy, (1988) also did

not find an effect on apparent Cu absorption. We therefore conclude that for future
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experiments measuring Cu uptake rates in the trout intestine (Chapter 3) Cu (I)** can be
the species employed in the luminal medium as the redox state of the Cu ion had little
effect on Cu uptake rates.

In cases of severe O, limitation, most cells and tissues cannot continue to meet the
energy demands of active ion transporting systems and therefore reduce or shut down
these processes via inhibition of Na'K'ATPase activities and/or ion channel
“arrest”(Hochachka, 2001). Anoxia can therefore be used as an effective inhibitory tool to
characterize ion transport via energy driven pathways. In the present study, the anoxia
was nominal (gassing with 99.7% N, 0.3% CO,) and is probably best considered extreme
hypoxia. Our observation that this treatment significantly inhibited Na uptake (Fig.2-9) in
the trout intestine conforms with earlier studies citing inhibition of active intestinal
transport of Na in the jejunum of rat exposed to extreme hypoxia (Lifshitz et al., 1986).
Nevertheless, 60-80% of Na uptake continued in the present study (Fig.2-9) suggesting
that transport processes in teleost gut may be quite resistant to low oxygen.

In contrast, Cu uptake in the trout intestine did not show any significant change in
response to anoxia. Few studies have examined the effect of O, depletion on Cu uptake
rates in vertebrates. A possible explanation for the above response could be that ATP
generated from anaerobic glycolysis was sufficient to maintain Cu transport as the energy
demand for Cu ATPase activity may be far less compared to Na'/K'-ATPase, which is
considered to be the cell’s dominant energy utilizer. Indeed, Hogstrand et al., (2002)
reported an unexpected and marked increase rather than inhibition in Ag influx and -

accumulation in response to cyanide treatment in the intestine of the European flounder
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(Platichthys flesus). In the same species Lennard and Huddart, (1992) demonstrated that,
while hypoxia caused a reduction in contractile force and membrane potential of the
heart, no significant changes in mechanical activity or membrane potential occurred in
gut tissues. Intestinal tissues may be well adapted to function under hypoxic or anoxic
conditions.

In conclusion, our results confirm the mid and posterior regions of the intestine as
important sites of Cu absorption, suggest that the anterior intestinal region plays a
complex role in bidirectional Cu transport and indicate a need for further investigation
into the possible role of the stomach in Cu absorption in the fresh water rainbow trout. As
well, we provide evidence that Cu uptake occurs via a hypoxia-resistant, carrier-mediated,
saturable process which can be fueled by Cu(II)** at concentrations which are typical of
those in fluid phase of the chyme in vivo in the trout intestine. The study opens an
opportunity to investigate the nature and identity of the specific carriers and /or ion-
channels involved in this process and gain further insight into factors governing intestinal

uptake of Cu in rainbow trout.
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Figure Legends:

Fig.2-1. Cu concentration in digestive tract contents of each section. (A) Cu
concentration in total chyme. (B). Cu concentration in solid phase. (C) Cu concentration
in fluid phase. Values are means + SEM (n = 6). Statistical significance within the same
compartment was tested by ANOVA followed by least signiﬁcant difference (LSD) test.
Means labeled with different letters show significant differences between different time
points. Statistical significance with respect to the previous compartment was tested using
paired t-tests. Asterisks denote significant decrease from previous compartment at same
time point and squares represent significant increase from previous compartment at same

time point.
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Fig. 2-2. (A) % water in total chyme along the digestive tract (B) Water : bead ratio in
total chyme. Statistical significance within the same compartment was tested by ANOVA
followed by least significant difference (LSD) test. Means labeled with different letters
show significant differences between different time points. Statistical significance with
respect to the previous compartment was tested using paired t-tests. Asterisks denote
significant decrease from previous compartment at same time point and squares represent

significant increase from previous compartment at same time point.
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Fig. 2-3. Cu:bead ratio in digestive tract contents of each section. (A) Cu:bead ratio in
total chyme. (B). Cu:bead ratio in solid phase.(C) Cu:bead ratio in fluid phase. Values are
means + SEM (n = 6). Statistical significance within the same compartment was tested by
ANOVA  followed by least significant difference (LSD) test. Means labeled with
different letters show significant differences between different time points. Statistical
significance with respect to the previous compartment was tested using paired t-tests.
Asterisks denote significant decrease from previous compartment at same time point and

squares represent significant increase from previous compartment at same time point.
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Fig.2-4. Time course of Cu accumulation in the isolated mid intestinal segment of

rainbow trout, exposed to 50 uM Cu. Values are means + SEM (n = 5 at each time point).

64



Q

Q

(723

J
=

+

w©

[}

o

[}
(%}

m

o N O Wvw O v O
<t M M N N v - O

wo Bu [n
}-Y - [n2]

r©

o

Q.

w

C

g

o

3

[T

<

W o 9w o w o
n v T M ™M

_‘.: 2 U0 s|1l ajes podsued) pinjy

4h

2h

1h

4h

2h

1h

@
2
4
:.u\ -+ o« o~
-4 z-wo Bu [n9]
2
‘©
(2]
g
[=]
©
[
- [yl N
) N.Eu bu [n9o]

4h

2h

1h

4h

2h

1h

g
<
E
2
°© =
s o
a
]
| <
w
~ [ap] N ~ o
wo Bu [n
1Yz o]
)
O
<~
=4
o o~
o
o
2
Q
[72]
o]
= S
(3] ~N At o
wo Bu [n))

1z



Fig.2-5 A. Relative Cu accumulation, expressed as a proportion of total accumulation in
serosal, muscle, rinse and epithelial compartments of trout mid intestinal segment over a
2 h measurement period. (B) Cu uptake rates in vitro in anterior, mid and posterior
sections of the intestine, using isolated intestinal segments of rainbow trout. Values are
means + SEM (n = 5 per treatment). Statistical significance was tested by ANOVA
followed by least significant difference (LSD) test; Means labeled with different letters

are significantly different (p<0.05).
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Fig. 2-6. Cu uptake kinetics in isolated intestinal segments (A- mid intestine; B-posterior
intestine) from rainbow trout exposed to five different Cu concentrations at 1 pM,

10 uM, 50 uM, 100 uM & 500 uM. Means + SEM (n=3 per treatment).
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Fig. 2-7. In vitro Cu uptake rate in isolated intestinal segments (A- mid intestine; B —
posterior intestine) of rainbow trout at 3°C, 13°C and 23°C. Values are means + SEM
Statistical significance was tested by ANOVA followed by least significant difference

(LSD) test. Means labeled with different letters are significantly different (p<0.05).
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Fig. 2-8. Effect of ascorbate on Cu uptake rates (A- mid intestine; B-posterior intestine)
Values are means + SEM (n=5 per treatment). Statistical significance was tested using
one way ANOVA. Means labeled with different letters are significantly different

(p<0.05).
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Fig. 2-9. Cu and Na uptake rates in isolated intestinal segments (A- mid intestine; B —
posterior intestine) from rainbow trout exposed to anoxia. Values are means + SEM (n=5
per treatment).Statistical significance was tested using unpaired t-tests (2-tailed). Means

labeled with asterisks are significantly different (p<0.05).
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Table 2-1. Unidirectional Cu uptake rate in intestinal segments of rainbow trout
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Table 2-1.

Region Unidirectional Cu Surface area ~ Unidirectional Cu
uptake rate uptake rate
ngcm? h! cm™ ng h’!

Anterior 4.4 30 132

intestine

Mid 1.6 11 17.6

Intestine

Posterior 22 16 35.2

intestine

Total intestinal Cu uptake rate for a 250 g fish = 184.8 ngh™ or
7392 ng kg h!
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Chapter 3

Mechanism of dietary Cu uptake in rainbow trout : evidence

for a Na- dependent and a Na-independent pathway.

Introduction

Dietary (copper) Cu intake by humans is thought to be in the region of 0.6-1.6 mg
day™, or about 0.4-0.9 ng g’ !, (Linder and Hazegh-Azam, 1996). In trout, Kamunde et
al, (2002 a) directly measured a very similar value (~ 0.9 ng g h™) for dietary Cu
uptake. In humans, Cu is reported to be taken up from the diet in the upper small intestine
(duodenum and early jejunum) and is rapidly dispersed to the intracellular Cu chaperone
proteins prior to efflux from the enterocyte through a mechanism probably involving the
Menkes ATPase (Sharp, 2003). However, despite the essentiality of Cu, the mechanisms
involved in its uptake across the apical membrane of enterocytes remain unclear.

Investigating the role of Na with respect to Cu transport in the lumen of jejunal and
ileal segments, in the perfused rat intestine, Wapnir and Stiel, (1987) demonstrated an
association between Cu and Na in the luminal phase of Cu absorption. Further
investigation of this association using an in situ perfusion procedure in the rat intestine
revealed an inhibition of Cu uptake in the presence of amiloride, an inhibitor of Na
channels and some Na-linked transporters (Wapnir, 1991), providing evidence for Cu

entry via a Na-linked mechanism, such as an apical Na channel.
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Two other possible candidate proteins responsible for the absorption of dietary Cu
in mammals have emerged; the divalent metal transporter 1 (DMT 1) and Cu transporter 1
(Ctr1).When expressed in Xenopus oocytes, DMT1 was shown to be capable of
transporting a range of divalent metals including Fe**, Zn?*, Cu**, and Mn”* (Gunshin ef
al., 1997). Ctrl has also been shown to have Cu transport activity in transfected cell lines,
displaying a substrate preference for Cu (I) i.e. Cu'" (Lee er al, 2002). However,
mammalian Ctr] mRNA expression is not regulated following dietary Cu restriction (Lee
et al, 2000) in human Caco-2 cells or following exposure to high Cu conditions
(unpublished data cited by Sharp, 2003). This is in contrast to yeast Ctrl, which is
transcriptionally regulated by Cu availability (Dancis et al., 1994). Alternatively Sharp,
(2003) has reported that high Cu levels could modify the expression of DMT1 in Caco-2
cells and suggest that DMT1 and not Ctrl acts as the major intestinal Cu transporter.
Arredondo et al.,, (2003) have recently demonstrated an association between Cu and Fe
transport and suggest that, rather surprisingly DMT1 preferentially transports monovalent
Cu (I) (i.e.Cu™™) relative to Cu (II) (i.e. Cu **) in cultured Caco -2 cells.

Several transport proteins involved in cellular Cu uptake have thus been identified in
mammals; in contrast, very little is known about the mechanisms of Cu metabolism in
lower vertebrates, including fish. Fish resemble higher vertebrates at the organ level with
respect to Cu homeostasis which entails regulated uptake, distribution and excretion
(Grosell et al,1998 a,b; Kamunde et al, 2001). However, fish possess two potential
routes of uptake frorn the environment, from the water via the gills and from the diet via

the digestive tract. Recent studies investigating interactions between branchial and
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gastrointestinal uptake of Cu (Kamunde et al, (2001, 2002 a,b) provide evidence that
under normal levels of Cu in the water and food, rainbow trout sources over 80% of its
Cu from food. Howzver, while the mechanisms of waterborne Cu uptake have been the
focus of most current research, mechanisms of dietary Cu uptake in fish have received
little attention.

Several aspects of the mechanisms of waterborne Cu uptake in fish have now been
characterized. Two pathways of branchial Cu uptake have been identified, namely the Cu-
specific and Na-linked pathways. Evidence that Cu enters the gill cell via a Na- channel
has been provided directly by Na-competition experiments and by pharmacological
studies (Grosell and Wood, 2002). Kamunde and Wood, (2003) and Pyle et al., (2003)
have demonstrated that increased dietary Na intake resulted in reduced branchial uptake
of Na, accompanied by a reduction in branchial Cu uptake. Together these studies provide
considerable evidence for a Na-associated Cu transport mechanism in the fish gills.

The Cu-specific pathway is insensitive to Na-competition or to pharmacological
blockade of the apical Na-channel in the gills (Grosell and Wood, 2002).This pathway is
believed to involve the high affinity Cu transporter (Ctr) analogous to hCtrl (Lee et al.,
2000). An orthologue of hCtrl has recently been cloned in zebrafish embryos (Mackenzie
et al., 2004) and while its precise location is yet to be identified, the gill and intestine
appear to be prime candidates. Vanadate (P-type ATPase blocker) sensitivity of branchial
Cu uptake (Campbell ef al., 1999) and partial cloning of a Cu-ATPase (Grosell et al,

2001a) provide evidence for basolateral export of Cu via a Cu ATPase in the fish gills.
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Available literature therefore suggests certain similarities between mammalian gut
and fish gill Cu transport. However despite these recent gill findings, and the knowledge
that diet is the dominant route of Cu uptake, transport mechanisms for Cu in the fish gut
remain poorly understood. In the African walking catfish, removal of Na from the luminal
saline tends to slow Cu absorption in the intestine (Handy et al, 2002) reinforcing
evidence for a shared route of uptake of these nutrients.

Isolated intestinal sacs in rainbow trout were effectively used in the preceding study
(Chapter 2) to investigate the basic mechanisms of Cu uptake. In agreement with earlier
studies using a similar technique (Barthe et al.,1999; Grosell and Jensen, 1999; Handy et
al., 2000; Bury et al.,, 2001; Grosell et al.,, 2004), the intestinal sacs maintained viability
for the 4 h duration of the flux period with mid- and posterior intestinal preparations
yielding consistent results. The study demonstrated that uptake of Cu appeared to be
biologically mediated in these sections and occurred by a saturable process. The
involvement of a specific carrier or a channel-mediated transport mechanism was
indicated.

The main aim of the present study was therefore a mechanistic characterization of
the pathway(s) involved in Cu uptake in the mid- and posterior intestine of the rainbow
trout using the in vitro gut sac technique. Possible Na-sensitive Cu uptake was assessed
by manipulation of Na levels in the gut lumen and use of relevant pharmacological agents
that are known inhibitors of Na transport. The role of amino acids was investigated using
L- and D-histidine and Pco, elevation at constant pH was used to investigate the possible

contribution of a proton pump. The potential of DMT1 and Ctrl to mediate Cu transport
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was investigated through examination of pH sensitivity, known to stimulate both transport
proteins and the possibility of inhibition of Cu uptake in the presence of 10-fold excess of
other divalent metals. Transepithelial potential (TEP) in these experiments was measured
to determine whether any of the observed effects on Cu transport were mediated by

changes in the voltage gradient.
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Methods

Acclimation

Rainbow trout (Oncorhyncus mykiss: weight 250-300g.) were obtained from
Humber Springs Trout Hatchery (Orangeville, ON., Canada) and acclimated as described
in Chapter 2 to dechlorinated Hamilton tap water from Lake Ontario (Na = 0.5 -0.6 mM,
Cl = 0.7 mM, Ca =1.0 mM, hardness ~ 140 ppm as CaCOs3, background Cu =< 16 pM,
pH ~8 ; temperature =12 + 2°C). During the two week acclimation period, fish were fed
Martin’s commercial dried pellet feed (5-pt, Cu content = 27 pg g" dry wt.) daily, at a
ration of 2% wet bocly mass per day. Prior to a sampling day, fish were not fed for 48 h to

clear the gut of ingesta. For each experiment trout were randomly selected from the

holding tank.

In vitro — Intestinal sacs

Intestinal sacs were used to analyse the mechanism of Cu uptake, which was
evaluated at a single concentration of 50 pM (3 pug ml™) **Cu as Cu(NOs), chosen on the
basis of the in vivo sampling and results of Chapter 2. Trout were euthanised by an
overdose of MS-222 (0.25 g L), the intestine was excised and placed in ice cold saline.
Intestinal sacs were made from mid and posterior intestine segments according to
protocol from Chapter 2. In brief, the posterior end of each intestinal segment was tightly
sealed by double silk ligatures, while at the anterior end a small PE-50 catheter was

secured in place, allowing administration of experimental solutions. The resulting
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intestinal sacs were filled with 1 ml of mucosal saline containing radiolabeled **Cu 0.04
mCi ml” as Cu(NO;); (Nuclear Research Reactor McMaster University) or 0.04 pCi m]”!
22Na as NaCl-Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) in a modified
Cortland saline (in mM: NaCl 133, KC1 5, CaCly-2H,0 1, MgSO4-7H;0 1.9, NaHCO;
1.9, NaH,PO4 H,O 2.9, glucose 5.5, pH 7.4; Wolf, 1963).The catheter was heat-sealed
and the preparation blotted dry, weighed (to the nearest 0.1 mg) and immersed in a
serosal bath containing 12 ml of the modified Cortland saline. During the flux period, the
serosal saline was aerated with 99.7% O; and 0.3% CO, (i.e. Pco» = 2.25 torr) gas
mixture, temperature 13-15° C. Following a 2 h flux period, intestinal sacs were drained,
reweighed, thoroughly rinsed (with 1 mM EDTA in saline) and the mucosal surface
scraped with a glass microscope slide. The intestinal surface area was determined using
the method of Grosell and Jensen, (1999). Samples of scrapings (epithelium), intestinal
tissue remaining after scraping (muscle layer), the serosal flux bath (serosal layer) and the
wash solutions were counted for **Cu or ?*Na activity in a Canberra-Packard Minaxi
Auto Gamma 5000 Series (Meriden, CT, USA) Auto Gamma counter with an on-board

program for decay correction of **Cu.

TEP Measurements

For selected treatments, transepithelial potential measurements were performed on
sac preparations of mid and posterior intestine bathed with mucosal saline on the mucosal
surface and serosal saline on the serosal surface. TEP was measured using agar/salt

bridges (3 M KCl in 4% agar) connected through Ag/AgCl electrodes to a Radiometer
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PHM 82 standard pH meter (Radiometer; Copenhagen). All TEP values are expressed
with mucosal reference at 0 mV, while the sac preparation was exposed to mucosal and
serosal salines of appropriate composition. Tip potential was routinely less than 1 mV,
and the electrodes were checked for symmetry. The mucosal side was accessed via the
cannulation catheter and the serosal side via the outside bathing solution. Triplicate

measurements over a S-minute period were averaged.

Experimental Series

Series 1. Effect of Na on Cu uptake:

To examine the effect of increasing Na concentration on Cu uptake, five treatment
groups were employed. NaCl levels in mucosal saline were altered to achieve Na
concentrations of 3 mM, 35 mM, 70 mM, 140 mM and 280 mM while serosal saline
remained at 140 mM. Osmolality was measured using a 5100C vapor pressure osmometer
(Wescor Inc. Utah, USA). At control levels of 140 mM Na, measured osmolality of the
modified Cortland saline was 280 mOsm. Thus osmolality of mucosal saline at 3, 35 and
70 mM Na was raised from 37, 80 and 187 mOsm respectively to 280 mOsm with 125 —
260 mM mannitol. This ensured that there was no osmotic gradient. For the 280 mM Na
treatment, measured osmolality of the mucosal saline was 494 mOsm so the osmolality of
serosal saline was raised to this value with 231 mM mannitol. Following a 2 h flux

period, intestinal sacs were sampled as per the protocol described.
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Series 2. Role of solvent drag in Cu absorption:

To evaluate whether solvent drag contributed to Cu uptake, osmolality of mucosal
saline as compared to serosal was increased by 300 mOsm using 330 mM mannitol. This
created a gradient for inhibition/reversal of mucosal to serosal fluid transport. Gut sacs
were infused with this osmotically elevated mucosal saline spiked with $%Cu and

following a 2 h flux period, sampled as described previously.

Series 3. Osmotic pressure

Observations of stimulated Cu uptake in the presence of elevated mucosal Na
raised the possibility that elevated osmolality, rather than elevated NaCl could be
responsible (even in the absence of a solvent drag effect). To test this possibility,
osmolality of the mucosal saline was raised to 494 mOsm to mimic osmolality at 280 mM
Na using mannitol, while Na concentration in mucosal saline was maintained at control
levels of 140 mM. Osmolality of the serosal saline was raised accordingly to be iso

osmotic with mucosal saline.

Series 4. Effect of Cl substitution by SO4 on Cu uptake:

To evaluate whether observed response to NaCl manipulation in Series 3 was
related to changes in Cl rather than in Na concentration, the Cortland saline was modified
to ensure substitution of all Cl ions by SOy ions. The following saline was used — (in mM)
Na,S0y4, 133; K2S04, 5; CaS04, 1; MgS047H,0, 1.9; NaHCO;, 1.9; NaH,PO4H0, 2.9;

glucose, 5.5; pH 7.4. Three treatment groups were employed by altering Na;SO4
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concentration in ths mucosal saline to obtain 70 mM, 140 mM and 280 mM Na. In all
cases salines were osmotically compensated with mannitol as in Series 3 to ensure the

same osmolality of mucosal and serosal saline.

Series 5. Effect of phenamil:

To test the possible involvement of the apical Na channel in gut Cu and Na
uptake, phenamil (RBI. Sigma-Aldrich Canada), an amiloride analogue that is an
irreversible Na charmnel inhibitor (Garvin et al,, 1985; Kleyman and Cragoe, 1988) was
employed at a concentration of 100 uM, dissolved in 0.1% DMSO (Caledon lab. On.
Canada). Gut sections of control and treatment groups were incubated in 0.1% DMSO
and 100 pM phenamil + 0.1% DMSO (both in mucosal saline) respectively for 1 h. After
this preincubation period, control an.d phenamil-treated gut sections were thoroughly
rinsed in saline to remove traces of DMSO and phenamil. This procedure eliminated any
potential problem with phenamil-**Cu complex formation possibly rendering Cu
unavailable for uptake. Gut sacs were then infused with appropriate mucosal saline to

separately measure Cu and Na uptake.

Series 6. Influence of CO»:

In these experiments, the serosal saline was gassed with 0.3% CO; (Pco2 = 2.25
torr) in O; (control), 1% CO, (7.5 torr) in O and 3% CO, (22.5 torr) in O, delivered from
a Wosthoff gas mixing pump (Bochum, Germany). The goal was to use elevated Pco; to

drive any proton pump which might be present, and to assess its possible role in Cu and
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Na uptake. Mucosal and serosal saline were pre- equilibrated with these gases prior to the
2 h flux period and appropriate gassing of serosal saline was continued throughout the
experiment. The pH of the saline was kept at 7.4 using the Henderson-Hasselbalch
equation

pH = pK + 1log[HCOs3] / (¢ CO;) (Pcop) to calculate the necessary NaHCOj;
concentration required to maintain this pH. Na levels in the saline were accordingly
adjusted by reducing NaCl to accommodate the additional NaHCOs, and the pH was

checked to ensure that it remained at 7.40 + 0.05.

Series 7. L. & D-histidine mediated Cu and Na uptake:

To test the possible effects of amino acids, 10 mM solutions of either L - or D -
histidine (Sigma Aldrich) were added to the mucosal saline. L- histidine is known to be
the major Cu(Il)-binding amino acid in human serum and the complex is considered to be
the physiologically important transport form of Cu(II), which may occur either via ligand
exchange or mediated via a histidine transporter on the brush border membrane (Lau &
Sarkar, 1971). Osmolality of the serosal saline was raised using mannitol to accommodate
addition of 10 mM histidine on the mucosal side. Solutions were made fresh on the day of

experiment.
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Series 8. Ag competition study:

500 pM AgNO; (Sigma Aldrich), 10- fold excess in relation to Cu, was added to
mucosal saline. Ag is known to enter via Na channels in the trout gill (Bury & Wood,
1999) but to augment Na transport in other systems (Klyce and Marshall, 1982;
Rangachari and Matthews, 1985). Cl salts in the saline were substituted with SOy salts as
in Series 4 to avoid precipitation of Ag. The stock solution of Ag(NO3), was prepared

fresh and stored in the dark.

Series 9. Effect of pH on Cu uptake:

To assess the effect of pH on Cu uptake, the pH of mucosal saline was adjusted to
6.0, 7.4 and 8.0 using IN H,SO4 and 2N KOH respectively. The saline was buffered with
addition of 10 mM MES (Sigma-Aldrich). MES belongs to a range of “better buffers”,
tertiary amines which do not complex metals (Kandegedara and Rorabacher, 1999).The

pH of serosal saline was maintained at the optimal 7.4 range.

Series10. Cation competition:

500 uM ZnSO4 or Fe(NOj;)s, 10-fold excess in relation to Cu was added to
mucosal saline, Zn and Fe are known to be transported by DMT1 (Gunshin et al., 1997).
Cl salts in the saline were substituted with SOy salts to avoid precipitation of the cations
(in mM) NaySOy4, 133; K3S04, 5; CaSO4 1; MgS04-7H,0, 1.9; NaHCO;, 1.9;

NaH,P0O4H0, 2.9; glucose, 5.5; pH 7.4.
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Analytical techniques and calculations

In each experimental study the intestinal sac preparations were blotted and
weighed to the nearest 0.1 mg ( Sartorius GMBH Gottingen; H110 ** V40; Germany)
prior to and after the 2 h flux to allow for calculation of net fluid transport.

Net fluid transport rates were determined from the difference in total mass of the sac
preparation over the experimental period. This was normalized by taking into account the
gross surface area of exposed epithelium and time elapsed.
Rate of fluid transport (FTR) was calculated as follows :
FTIR=(IW -TW)/ISA /t
Where IW = Initial weight of sac preparation in mg

TW = Terminal weight of sac preparation after flux in mg

ISA = Intestinal surface area in cm®

t=Time in h

to yield a rate of net water movement from mucosal to serosal surface, expressed in
pl em™ h!

Mucosal and serosal saline samples from the beginning and end of each flux were
measured for®*Cu and *Na as applicable on a Canberra-Packard Minaxi Auto Gamma
counter 5000 Series (Meriden, CT, USA) with an on-board program for decay correction
of *Cu. As described in Chapter 2, since the wash solutions represented loosely bound
Cu and epithelial scrapings were a combination of mucus and surface cells, the
radioactivity incorporated into the tissue layer and the serosal sample at the end of the

flux period was considered as a conservative estimate of true Cu absorption (see Results).
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Cu uptake rate (UR)) was calculated as follows:

UR = Tissue cpm / (SA*¥*ISA*t)
Tissue cpm represents the total $4Cu activity of the compartment measured
SA is the initial measured specific activity of the mucosal saline (cpm/pg)
ISA is the intestinal surface area in cm?
t is time in hours

This produced a Cu accumulation rate (UR) expressed as pg cm 2 h™.

Na uptake rate (UR) was calculated as follows:

UR = Tissue cpm / (SA*ISA*t)
Tissue cpm represents the total *Na activity of the compartment measured
SA is the initial measured specific activity of the mucosal saline (cpm/pmol)
ISA is the intestinal surface area in cm”
t is time in hours

This produced a Na accumulation rate (UR) expressed as pmol cm 2 h™.

The concentrations of Cu and Na in mucosal saline were measured by graphite
furnace atomic absorption spectroscopy (GFAAS; Varian SpectrAA -220 with graphite
tube atomiser[ GTA-110],Mulgrave,Australia) and flame atomic absorption spectroscopy
( FAAS; Varian SpectrAA — 220 FS, Mulgrave, Australia) respectively for initial specific

activity calculations following manufacturer specifications for Cu-analysis. National
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Research Council of Canada-certified analytical standards run at the same time were
within the specified range.

The geochemical equilibrium modeling program MINEQL+ (Version 4.01;
Environmental Rescarch Software) was used to determine the effect of pH on Cu (II)

speciation.

Statistical analyses

A one way analysis of variance (ANOVA) was generally used to compare the
groups. Differences between specific means were then compared with a least significant
difference (LSD) test (SPSS10 for Windows). Statistically significant differences between
control and treated groups were evaluated by unpaired student’s t-tests (two-tailed). Data

are reported as means + S.E.M. and differences were considered significant at p<0.05.
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Results

Series 1. Effect of Na gradients on Cu uptake:

Fig.3-1(A;B) illustrates Cu uptake rate in isolated intestinal segments from rainbow
trout in response to manipulation of mucosal NaCl levels over the range 3-280 mM. A
concentration-dependent increase in the rate of Cu uptake is observed with Cu absorption
increasing significantly from 0.49 ng cm™ h' at 3-35 mM Nato 1.5 ng cm?h! at 140 mM
Na and 4.8 ng cm™ h' at 280 mM Na in the mid intestine. Cu uptake in the posterior
intestine was more or less uniform at the lower Na concentrations but dramatically
increased from 1.2 ng cm™ h™' at 140 mM Na to 3.5 ng cm™ h! at 280 mM Na. This
approximately 2-fold increase in Cu uptake with increasing Na concentration indicates a
stimulatory effect of Na on Cu uptake. Serosal transepithelial potential (TEP) measured
against a mucosal reference set at 0 mV was -6 mV at 3 mM Na in the mid intestine (Fig.
3-1 C). Increasing Na concentration resulted in a progressively less negative TEP with
values of +1.2 mV at 280 mM Na. The trend was similar in the posterior intestine (Fig. 3-

1 D).

Series 2. Effect of solvent drag on Cu uptake:

Cu uptake occurred simultaneously with considerable fluid transport and net water
flux was elevated 2-5 fold with increasing mucosal Na concentration in both mid and
posterior intestine (Fig.3-2 A;B). In view of the increased fluid uptake accompanying

increased mucosal Na concentration and increased Cu transport in Series 1 (Fig 3-1), this
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series evaluated whether solvent drag was responsible for the increased Cu uptake.
However, reversing fluid transport by manipulation of the osmotic gradient had no effect

on Cu transport rate in either segment (Fig.3-3 A; B), indicating that solvent drag was not

involved.

Series 3. Influence of osmotic pressure:

Increasing the osmolality of the mucosal fluid to 495 mOsm with mannitol
(serosal fluid set to the same level) to mimic the 280 mM Na level had no significant
effect on Cu uptake in either mid or posterior intestine (Fig.3-4 A ; B ), eliminating the

possible role of osmotic pressure in stimulating Cu uptake.

Series 4. Possible Cl dependency of Cu uptake:

Replacing all Cl with SO4 confirmed the Na-dependent pattern of Cu uptake in
Fig.3-1 (A; B). A 2-fold increase in Cu uptake rate with increasing Na concentration from
70 to 280 mM (as Na;SO4) was observed in the mid and posterior intestine (Fig.3-5 A;B)
similar to that seen with Na present as NaCl (Fig. 3-1) suggesting Cu uptake to be
sensitive to Na and insensitive to Cl. As with NaCl manipulation, TEP exhibited an

increasing serosal side positive trend with the increase in Na concentration (Fig.3-5 C;

D).
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Series 5. Effect of phenamil on Cu and Na uptake:

Mid and posterior intestinal segments exposed to 100 uM phenamil exhibited an
approximate 35% and 20% decrease in Cu and Na uptake respectively (Fig.3-6 A;B)
compared to drug-free, DMSO solvent controls. Pretreatment with 100 uM phenamil did
not significantly influence TEP which remained unchanged at 1 mV and 0 mV in the mid

and posterior segments respectively (data not shown).

Series 6. Influence of elevated CO;:

Inducing hypercapnia by changing gassing of serosal saline from 0.3% CO; to 1%
and 3% CO; (at constant pH = 7.4) caused a general trend of elevated Cu uptake which
was significant (Fig.3-7 A;B) at the highest CO, concentration in both the mid and
posterior intestine (3-fold increase). Na uptake was also elevated in both segments by
about 50%, which was significant at 1% CO,, with no further rise at 3% CO, (Fig.3-7 C
& D). Hypercapnia did not induce any significant change in TEP which remained stable

at 1 mV and 0 mV in the mid and posterior segments respectively (data not shown).

Series 7. L & D-histidine mediated Cu /Na uptake:

The presence of 10 mM L- histidine significantly increased both Cu and Na
uptake. Cu uptake rate exhibited a 3 fold increase in the mid intestine while Na uptake
showed a significant 40% increase. Similar trends were seen in the posterior intestine

with Cu uptake increasing 2 fold and uptake of Na by about 50% (Fig.3-8 A; B).
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Exposure to 10 mM D-histidine however had no significant effect on the uptake of either

Cu or Na when compared to controls (Fig.3-8 C; D).

Series 8. Effect of Ag on Cu and Na uptake:

The presence of 500 uM AgNO; in the mucosal saline significantly increased
transepithelial uptake of Cu 3 fold in the mid intestine and doubled Cu uptake rate in the
posterior intestine. Similarly, Na uptake rate increased by a significant margin of 50% in
the mid intestine (Fig.3-9 A;B).Transepithelial potential increased significantly from
+ 0.75 mV in control mid intestine preparations and - 0.25 mV in posterior intestine
sections to approximately + 2 mV in both sections of Ag treated groups, displaying a

strong serosal side pesitive trend (Fig.3-9 C ; D).

Series 9. Influence of luminal pH on Cu and Na uptake:

Cu uptake in rainbow trout intestine appeared to be sensitive to variation in
luminal pH. There was no significant difference in Cu uptake when pH of mucosal saline
was lowered from 7.4 to 6.0. However, Cu uptake declined by approximately 50% in the
mid intestine when pH of mucosal saline was raised to 8.0 (Fig. 3-10 A; B). Similar
trends of significantly lower rates of Cu uptake were observed in the posterior intestine at
pH 8.0. The geochemical equilibrium modeling program MINEQL+ (Version 4.01;
Environmental Research Software) was used to determine the effect of pH gradients on
Cu (II) speciation (Fig.3-11). About 60% of the total concentration of Cu was present as

Cu®" at pH 7.4, increasing to 90% at pH 6.0. However a steady decrease in % total
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concentration of Cu®* was evident as pH increased particularly beyond 7.4, and only 18%
of the total concentration of Cu remained as Cu®* at pH 8.0. The decline in Cu?*
correlated with a steep increase in the % total concentration of CuCOs;.

Na transport and speciation on the other hand were unaffected with change in pH as
uptake of Na was nct significantly different between segments maintained at a mucosal
pH of 6.0, 7.4 or 8.0 (Fig.3-10 A & B). Na" accounted for 99.5% and Na,SO, for 0.5% of
total Na (Fig. 3-11 B). Variation of pH did not influence TEP significantly which
remained unchanged at -1 mV and -0.5 mV in the mid and posterior intestine respectively

(data not shown).

Series 10. Cation competition

The presence of 500 uM ZnSO4 in the mucosal saline significantly decreased
transepithelial uptake of Cu by 75% in the mid intestine and 40% in the posterior intestine
(Fig. 3-12 A; B). Similarly, Cu uptake rate significantly declined by 80% in the mid
intestine when exposed to 500 uM Fe(NOs); while a modest inhibition of 20% (non-
significant) was seen in the posterior intestine (Fig. 3-12 C ; D). There was no effect of
either cation on Na uptake rates in the mid or posterior intestine. Transepithelial potential
increased marginally from + 0.75 mV in control mid intestine preparations to 1.2 mV on
exposure to Zn and from - 0.25 mV to + 0.5 mV in the posterior intestine. This modest
serosal side positive trend was not significant. There were no changes in TEP upon

exposure to Fe (data not shown).
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Discussion

Our data provide evidence for two possible pathways of intestinal Cu uptake in
rainbow trout. Based on observations of a greater transport of Cu in the presence of Na,
one of these uptake pathways appears to be Na-dependent. A second mechanism of Cu
uptake apparently involves a specific metal transporter with features similar to a recently
characterized Cu transporter from Ctrl-deficient embryonic cells in mammals (Lee ef al.,
2002) and clearly accounts for a portion of Cu transport. Evidence that this pathway of Cu
uptake was not dependent on Na is based on the sensitivity of Cu uptake to pH and
competition with other divalent cations, these factors having no effect on Na transport.
While referring to these mechanisms as Na-dependent and Na-independent Cu uptake we
take into account the diverse responses of Cu transport to various treatments and suggest
that within each category, the existence of more than one component of Cu uptake is

possible.

Na-dependent Cu uptake

A notable finding of this study was the observation of a Na concentration-
dependent increase in Cu uptake (Fig.3-1) which provides compelling evidence that Na
may be involved in the uptake of Cu in trout intestine. Na-sensitive Cu transport has been
earlier described in rainbow trout gills (Grosell and Wood, 2002) however the mechanism

at the gills where branchial Cu uptake was reduced with increasing ambient Na
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concentration is diametrically different from our observation of stimulated Cu uptake
across the intestinal epithelium.

Under normal physiological Na levels and symmetrical conditions the measured
TEP for Cu uptake was about -1.5 mV. The teleost intestine in general exhibits a serosa-
negative transepithelial potential of a few mV when bathed in symmetrical saline
solutions, unlike the serosa-positive mammalian intestine (Loretz, 1995). The observed
serosa-negative potential in the teleost intestine is established as a result of excess net CI
absorption over Na absorption reflecting differential permeability of this leaky epithelium
to the two ions (Field et al.,1978; Loretz, 1983). It therefore follows that variation of Na
levels in the mucosal saline leading to assymetrical conditions would influence TEP,
thereby affecting ion transport. However, serosal transepithelial potential (TEP) was
progressively less riegative with increasing Na levels (Fig. 3-1, C; D), suggesting that
stimulation of Cu uptake was not related to changes in TEP as the trend towards a serosa-
positive electrical gradient with increasing luminal Na would have provided progressively
less assistance for the transport of positively charged Cu ions.

Increasing the osmolality of the luminal fluid to mimic the highest Na concentration
had no significant effect on Cu uptake (Fig.3-4) eliminating osmotic pressure as an
explanation. Furthermore, the contribution of solvent drag and the nature of the
accompanying anion are unimportant (see below). Thus the interaction of Na with Cu
transport appears to be direct rather than indirect. In accord with the present results, Na-
dependent stimulaticn of Cu uptake has also been demonstrated in the jejunum and ileum

of rat (Wapnir and Steil, 1987), though its exact mechanism remains unclear. In trout the
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intestinal Na-Cu interaction appears to be important in vivo as well as in vitro. Very
recently Kjoss ef ai., (2004) found that juvenile rainbow trout that received the highest
dietary Na along with high dietary Cu showed the highest Cu retention and the highest
whole-body Cu at the end of the exposure period, a result which was considered to reflect
a positive interaction between Cu and Na transport in the gastrointestinal tract.

Enhanced Cu uptake paralleled a simultancous and dramatic increase in fluid
transport (Fig. 3-2), raising the possibility that the former was a solvent drag effect.
However, since the increase in Cu uptake rate was essentially unaffected even under
conditions of osmotically manipulated reversal in net water flux (Fig. 3-3), solvent drag
was not associated with the Na-stimulated transport of Cu. Handy et al., (2000) excluded
the effect of solvent drag on Cu uptake in the intestine of the African walking catfish as
absolute rates of Cu transfer into the serosal perfusate were higher than those for water,
and Cu uptake to the serosal solution occurred when the net water flux was in the
opposite direction. Wapnir and Steil, (1987) have shown that Na-associated Cu
absorption in the rat intestine was not related to water fluxes as maximum Cu absorption
corresponded with minimum net water absorption.

When CI was replaced with SO4 an identical response of Na-dependent stimulation
in Cu uptake was observed at the highest Na concentration (Fig. 3-5) which was
independent from changes in TEP, suggesting Cu uptake to be insensitive to Cl and that
the nature of the accompanying anion is unimportant. These results are contrary to
observations of Handy e? al., (2000) in the African walking catfish who reported a 10-fold

reduction in the rate of Cu uptake when Cl was removed simultaneously from both
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mucosal and serosal solutions in the African walking catfish. The authors related this
decrease in Cu uptake to an inhibition of Cu/anion symport resulting from the blockade of
DIDS-sensitive basolateral Cl transporters. However, Wapnir, (1991) did not find any
significant effect of furosemide on Cu absorption in the rat intestine, a drug which
inhibits an electroneutral Na—K-2 Cl co-transporter, suggesting that the latter is not
involved in Cu passage across the jejunal apical membrane in these animals.

The partial inhibition of both Cu and Na uptake with 100 uM phenamil, an
amiloride analogue (Fig. 3-6) suggests that these two nutrients share a common apical
uptake mechanism and implicates the apical Na channel in the process. Wapnir, (1991)
provided evidence linking the transport of Cu to the apical Na channel in the rat intestine,
specifically a considerable reduction in Cu absorption with 1 mM amiloride. This
observation, together with earlier findings that the presence of luminal Na stimulated Cu
transport (Wapnir and Steil, 1987) led to the proposal of Na-associated Cu transport
(Wapnir, 1991). The results from the present study with trout intestinal sacs also
correspond with a reported inhibition of Cu uptake in rainbow trout gills exposed to 100
uM phenamil (Grosell and Wood, 2002). However, Grosell and Wood, (2002) reported a
discrepancy between the inhibitory effect of phenamil on Na and Cu uptake, phenamil
inhibiting Na uptake more effectively than Cu uptake. This is not the case in the trout
intestine where phenamil equally inhibited both Na and Cu uptake. When taken together
with our finding of stimulated Cu uptake with increasing Na levels in the trout intestine in

contrast to inhibition of Cu uptake by increasing Na levels at the trout gills, this clearly
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indicates that Na-dependent Cu uptake in the trout intestine occurs via a mechanism
different from that found in the gills.

Another piece of evidence suggesting some sort of linkage between Na and Cu
transport in the trout intestine was the significant increases in both Na and Cu transport
observed under induced hypercapnia (Fig. 3-7). Several lines of evidence from previous
studies in isolated frog skin and urinary bladder of the water turtle (Harvey, 1992;
Ehrenfeld and Garcia-Romeu, 1977; Schwartz and Steinmetz, 1977) indicate that active
H" excretion is dependent on availability of CO, and the uptake of Na. The former
provides the source of protons from the catalysed hydration of CO; and the latter provides
the electrically balancing positive charge via entry through apical Na channels which are
electrically coupled to the proton pumps. Examining factors regulating proton transport in
the urinary epithelia of water turtle Al-Awqati et al, (1983a) found that one of the
mechanisms by which CO, causes the change in H transport is by rapid increases in the
number of these proton pumps. A similar CO,-stimulated increase in H® extrusion and
perhaps also in the number of functional proton pumps, can explain the increased uptake
of Na under induced hypercapnia in the trout intestine. If Cu can also move through the
Na channel in the trout intestine as indicated by the phenamil results (Fig. 3-6) then the
elevated uptake of Cu and Na (Fig.3-7) would occur via a common mechanism.

Additional evidence of linkage between Na and Cu transport in the trout intestine
was provided by the marked effect of Ag in stimulating both Cu and Na uptake (Fig.3-9).
The result was surprising inasmuch as Ag is known to inhibit Na uptake at the gills in

rainbow trout (Morgan ef al., 1997) and vice versa (Bury and Wood, 1999) but again

102



reinforces the differences between the Na-Cu interactions at the two epithelia. The
presence of Ag in the lumen resulted in a significantly more positive serosal TEP (Fig.3-
9) indicating that the stimulated transport was unrelated to the change in voltage as it
occurred against the electrical gradient as with the stimulation of Cu transport by
increasing luminal Na (Fig.3-1). This suggests that Ag activates some sort of dual Na-Cu
transport mechanisra in the trout intestine. In support of this suggestion are several reports
wherein Ag appears to increase the apical conductance to Na in a variety of epithelia such
as the rat ileum (Clarkson and Toole, 1964), toad skin (Gerencser et al., 1977), toad
bladder (Walser, 1970) and frog skin (Curran, 1972; Li and DeSouza, 1977) with the
increased entry of Na contributing to the current generated.

Examining the effects of Ag on ion transport and permeability of the rabbit corneal
epithelium, Klyce and Marshall, (1982) found that Ag increases the conductance of the
apical membrane of the corneal epithelium to cations, primarily Na. This effect was
attributed to a rapid stimulation of cation conductance in the transcellular pathway and a
slower non-selective increase in the permeability of the paracellular pathway. While
Klyce and Marshall, (1982) described an apparent lack of amiloride-sensitive Na
conductance in the corneal epithelium of rabbit, Curran, (1972) reported that the Ag
induced Na conductance was independent of the amiloride sensitive Na channel which is
normally present in frog skin. Consistent with these data Li and de Souza, (1976) reported
reduced amiloride sensitivity of overall Na transport across the frog skin after treatment

with Ag. Collectively these observations argue against a Na-channel/H'-ATPase or Na/H"
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exchange system and point towards an alternate pathway possibly involving a facilitated
Na-Cu co-transport system.

The presence of L- histidine in the transport medium promoted Cu and Na uptake in
the trout intestine (Fig.3-8). It is well known that several amino acids are transported into
cells against large concentration gradients and the mechanism for a good proportion of
amino acids is entirely by a co-transport involving Na. Specifically Curran et al.,(1967)
established a positive relationship between unidirectional influxes of Na and amino acids
across the mucosal border of rabbit ileum and provided evidence that interactions
between Na and amino acid transport depend in part on a common entry mechanism at
the mucosal border of the intestine. Results obtained using the brush-border membrane
vesicle technique dernonstrate that in fish the energy source for amino acid transport is
also the Na gradient (Ferraris and Ahearn, 1984; Balocco et al., 1993; Storelli et al.,
1986; Vilella et al, 1989). In Dicentrarchus labrax, a marine fish cultivated in the
Mediterranean, neutral amino acids with linear side chains were reported to be
transported via saturable Na-dependent routes (Boge et al,1985). In Xenopus laevis
oocytes expressing the neutral and basic amino acid transporter (NBAT) Ahmed et al.,
(1997) showed that transport of histidine at physiological pH (7.5) was via a Na-
dependent mechanism with a stoichiometry of 1:1 (histidine:Na). Based on this evidence
it is reasonable to propose that the stimulation in Na uptake (Fig. 3-8) was likely mediated
by a L-histidine transporter.

The preference ¢f Cu for amino acid residues bearing N or S ligands and the

formation of Cu(I)-S-His homo-polynuclear clusters (Bell et al., 2002) has been
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documented. Bingham and McArdle, (1994) demonstrated that L- histidine enhances the
uptake of Cu in mammalian hepatic cells. Similar results have been obtained in placental
cells (Mas and Sarkar, 1992). In vitro studies have demonstrated that L-histidine can
facilitate Cu uptake in mammalian brain (Hartter and Barnea, 1988) by a high-affinity
process analogous to that of neutral amino acids. Histidine forms a ternary complex with
albumin-Cu(I)** and induces the protein to release Cu as a histidine-Cu(II)** complex a
process that modulates the availability of Cu to the cell. The formation of the Cu(II)**-L-
histidine complex enhances the cellular uptake of Cu as the complex produced from weak
intramolecular H-bonding interactions is considered to be particularly favourable for the
transport of Cu in the hydrophobic environment of biological membranes. Although a
major effort has been made to study the Cu(Il)**-L-histidine system, the exact
mechanism by which the complex provides Cu to crucial enzymes remains unclear
(Deschamps et al., 2004). L-histidine clearly allows ready access of Cu to the transport
mechanism but evidence that the histidine ligand itself penetrates the cell is debated
(McArdle et al., 1990). L-histidine may stimulate Cu uptake either by facilitating the
release of Cu to the transport moiety or the enhanced transport may be mediated
specifically by a histidine transporter.

In the present study L- and D-steroisomers were used in an attempt to resolve the
precise mechanism involved in L-histidine stimulated Cu uptake. The rationale for this
was that mammalian intestinal histidine transport is far greater for L- than for D-histidine
(Gibson and Wiseman, 1951). In contrast to L-histidine, D- histidine did not stimulate

either Cu or Na uptake (Fig.3-8), the data therefore support a stercospecific action of
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histidine on Cu uptake. Based on this evidence of a stereoselective response to histidine
for stimulated Cu uptake and a parallel L-histidine-dependent Na uptake, it is likely that
the stimulatory effect was a consequence of Cu-Na co-transport via a histidine transporter
located on the apical membrane of the trout intestine.

Overall, our data clearly implicate a Na-dependent mechanism in mediating at
least a portion of Cu transport across the trout intestine, but there is a dichotomy in the
results. On the one hand, phenamil partially inhibits both Na and Cu transport and
hypercapnia stimulates both Na and Cu transport, results which are best explained by both
Cu and Na entering through an apical Na-channel as in the trout gill (Grosell and Wood,
2002). On the other hand, elevated luminal Na stimulates rather than competitively
inhibits Cu transport and the presence of Ag and of L-histidine stimulate both Na and Cu
transport, results which are best explained by some sort of Na-Cu co-transport system.
The answer may lie in the presence of more than one Na-dependent mechanism or
alternatively in the presence of a unique Na-Cu co-transport mechanism with these
unusual combined characteristics. For example, with respect to the phenamil effect
amiloride and its analogues have been reported to inhibit a wide range of Na transport
mechanisms in addition to the apical Na-channel notably the Na'/H" and Na'/Ca’
exchangers, Na'/K'- ATPase , Na-glucose and Na-alanine co-transporters (Kleyman and
Cragoe, 1988). The possibility that phenamil could have blocked one of these cotransport

mechanisms cannot therefore be excluded.
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Na-independent Cu uptake

Metal metabolism is known to be greatly influenced by medium pH (Campbell
and Stokes, 1985). In addition two of the possible candidate proteins responsible for the
absorption of dietary Cu in mammals are recognized to be pH sensitive. Ctr1 is stimulated
by low extracellular pH and the transport of metal ions by all the members of the
NRAMP family, which includes DMTI1 is driven by protons (Nelson, 1999). The
functional characteristics of DMT1 determined by Gunshin et al., (1997) suggest that the
transport of metal jons is coupled to the co-transport of H' down its electrochemical
gradient which ensures uptake of divalent cations, even at trace amounts. In the present
study we assessed the pH sensitivity of Cu uptake to ascertain if either of these
transporters are involved in the intestinal transport of Cu in trout.

An effect of pH on Cu uptake was not evident when pH was lowered to 6.0,
however a marked decrease in Cu uptake was observed when pH was raised to 8.0 (Fig.
3-10). These effects were specific to Cu and not Na transport suggesting the presence of a
non Na-dependent pathway for Cu uptake that demonstrates characteristics of DMT1 or
Ctr] mediated transport. However, the pH effect upon intestinal Cu uptake in rainbow
trout could also be explained by altered Cu speciation, related to the decline in % total
concentration of Cu(II)** as it is replaced mainly by CuCOs at high pH (Fig. 3-11). If the
latter were the case, it might suggest that Cu transport is dependent on the presence of
Cu(II)** as the primary substrate and thereby allude to a role for DMT] in Cu transport

according to the traditional view that DMT1 preferentially transports the divalent forms
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of metals (Gunshin ef al., 1997). However Arredondo ef al., (2003) recently demonstrated
that DMT1 preferentially transports Cu(I)'* over divalent Cu(II)ZJr in cultured human
intestinal Caco-2 cells. Further complicating interpretation is the fact that treatment with
ascorbate had no effect on Cu uptake (Chapter 2) indicating either that the valence of Cu
present is not critical or that sufficient quantities of endogenous reductase (ER) are
present on the intestinal epithelium of trout. The presence of endogenous plasma
membrane reductases capable of reducing Cu has been reported in mammalian brush
border membranes (Knopfel and Solioz, 2002). If this were the case the ER would reduce
Cu(I)** to monovalent Cu(I)'" which would be taken up more readily by Ctrl (Sharp,
2003). However Ctrl is inhibited rather than stimulated by Ag’ in contrast to our data
(Lee et al, 2002), a detail that moderates its likely contribution in Cu uptake.
Furthermore, although both Ctrl and DMT1 are expressed in mammalian enterocytes,
higher levels of Ctrl are expressed in other tissues and conclusive evidence for the
localization of the protein to the apical membrane has been provided only for DMTI
(Andrews, 2000; Trinder et al, 2000). A major role for Ctrl in cellular Cu uptake has
been established only in the brain and its functional relevance in other tissues such as the
intestine remains to be defined (Sharp, 2003). Indeed, mammalian Ctrl mRNA
expression is not regulated following dietary Cu restriction (Lee et al., 2000) or exposure
to high Cu conditions (unpublished data cited by Sharp, 2003).

A number of different trace metals are absorbed from the diet and it has been
suggested that the divalent metal transporter (DMT1) represents a common uptake

pathway for these important micronutrients in mammals (Yamaji et al., 2001). At the
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gene level this transporter has been identified in fish (Donovan et al., 2002; Dorschner
and Phillips, 1999) and Bury and Grosell, (2003) have recently implicated it in the
branchial uptake of iron in the zebrafish. We investigated the possible influence of Fe and
Zn on Cu uptake to determine if these micronutrients share a common uptake path across
the intestinal epithelium in rainbow trout.

Results of these studies reveal significant inhibition of Cu uptake in the presence
of 10-fold greater Fe (500 uM Fe(NOs)3) or Zn (500 uM ZnSOy). The response was more
pronounced for both treatments in the mid intestine where a maximum inhibition of
approximately 80% vvas observed (Fig. 3-12). Na uptake rate remained unchanged in the
presence of either cation providing additional evidence for the presence of a non Na-
dependent pathway for Cu transport, via a specific metal ion transporter.

The inverse relationship of Cu uptake to luminal Fe content suggests a role for
DMT1 in the uptake of Cu in trout intestine. DMT1 has also been implicated in the
transport of Cu in human intestinal Caco-2 cells (Arredondo et al., 2003). Evaluating Fe
competition for Cu transport Arredondo et al., (2003) observed significant concentration-
dependent inhibition in Cu uptake with Fe?*. 80% and 90% inhibition of Fe uptake was
also evident at a Cu : Fe ratio of 10:1 and 100 : 1 respectively. In the same study an
approximate 50% inhibition in Cu uptake was reported in cells transfected with DMT1
antisense oligionucleotides, suggesting that at least 50% of Cu transport is mediated by
DMT1. Tennant et al., (2002) provide additional evidence that these metals may utilize
the same apical transporter, demonstrating that a 100-fold excess of Cu reduces Fe uptake

by 50% in Caco-2 TC7 cells. These cells when cultured in high Cu medium also showed
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decreased expression of DMT1 protein and mRNA, similar to the down-regulation of
intestinal Cu uptake observed in vivo (Turnlund et al., 1989) following exposure to high
dietary Cu levels, giving further credence to a role for DMT1 in Cu absorption. The
presence of a regulated divalent Fe transport process has been suggested in the intestine
of the marine flounder as increased Fe(II)** bioavailability and an up-regulation of iron-
binding proteins was observed in response to haemoglobin depletion (Bury ef al., 2001).
The preferential transport of Fe(II)2+ relative to Fe(III)**, the dependence of Fe uptake on
the proton gradient and identification of the zebrafish ortholog of DMT1 (Donovan et al.,
2002) suggest that Fe is most likely transported via DMT1 (Bury and Grosell, 2003).
Taken together the present evidence of Cu-Fe interactions in the trout intestine and the
identification of DMT1 in the zebrafish argue that Cu uptake in the trout intestine occurs
in part via DMTT1.

The comparable inhibition of Cu uptake in the trout intestine by 10-fold excess of
Zn (Fig. 3-12) is also in accord with the involvement of DMT1 (Gunshin et al., 1997),
though other explanations are possible, such as Zn-Cu competition for binding-sites on
intestinal metallothionein which may play a role in Cu uptake (Fischer et al., 1981). In
mammals, several investigators have reported inhibition of Cu absorption when dietary or
intra-luminal Zn:Cu ratios were from 500:1 to 1000:1 (Oestreicher and Cousins, 1984;
Evans ef al, 1970; Van Campen, 1969). Wapnir and Lee, (1993) reported a reduced
capacity of the small intestine to take up Cu from the intestinal lumen in rats fed five
times their normal recommended dietary Zn level. Condomina ef al., (2002) observed a

concentration-dependent inhibition of Zn uptake in the presence of Cu in the rat intestinal
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segments in vitro. In rainbow trout Glover and Hogstrand, (2003) reported significant
inhibition of intestinal Zn absorption in the presence of equimolar Cu levels. While
several studies have been designed to elucidate the mechanism of this interaction, the
consensus seemed to implicate metal binding protein metallothionein (MT). Given the
greater affinity of Cu to bind to MT (Hogstrand and Wood, 1996) a competitive
interaction between Zn and Cu for MT was believed to influence the absorption of either
metal (Shears and Fletcher, 1983). However, Masters et al., (1994) and Reeves, (1998)
reported reduction of Cu uptake with high dietary Zn in mice lacking the MT gene,
suggesting that MT induction was not entirely responsible for reduced Cu absorption.
Decreased cellular uptake of Zn in response to Fe treatment (Talkvist et al., 2000) in
human intestinal Caco-2 cells when considered against similar responses of Cu to
elevated Fe levels (Arredondo ef al., 2003) suggest that these metals may utilize the same

apical transporter.

Conclusion

At least two types of transporters emerge as obvious contenders for the intestinal
uptake of Cu in rainbow trout, one Na-dependent, the other metal specific. Based on our
evidence that treatments which accelerate Na transport also accelerate Cu uptake, while
treatments which depress Na transport inhibit Cu uptake, we propose a novel Na-
dependent mechanism of Cu uptake, possibly involving a Na-Cu co-transport on the
amino acid transporter or a unique Na-Cu co-transporter on the brush border membrane

of trout intestine runring off the Na gradient. A contribution from Cu uptake via an apical
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Na channel is also possible. Based on pH sensitivity and inhibition of Cu uptake with Fe
and Zn DMT]1 appears as the other likely candidate, although a role for Ctrl cannot be
excluded. Interestingly another transporter has been identified in Ctrl deficient mouse
embryonic cells (Lee er al., 2002), that transports Cu in the absence of Ctrl with Km ~ 10
uM, in a saturable, time, temperature and pH dependent manner. The transport is
competed by Zn, but function is not affected by Ag or ascorbate. It is possible that such a
transporter exists in the trout intestine as the present study has reported almost identical

Cu transport characteristics.
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Figure Legends:

Fig. 3-1. Effect of increasing luminal Na (as NaCl) on Cu uptake rate (A- mid intestine;
B- posterior intestine) and transepithelial potential (C-mid intestine; D-posterior
intestine) in isolated intestinal segments from rainbow trout. Plotted values represent
means + SEM (n=5 per treatment). Statistical significance was tested by ANOVA
followed by least significant difference (LSD) test. Means labeled with different letters

are significantly different (p<0.05).
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Fig. 3-2. Effect of increasing luminal Na (as NaCl) on fluid transport rate in isolated
intestinal segments (A- mid intestine ; B- posterior intestine) from rainbow trout. Plotted
values represent means + SEM (n=5 per treatment). Statistical significance was tested by
ANOVA followed by least significant difference (LSD) test. Means labeled with different

letters are significantly different (p<0.05).
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Fig. 3-3. An analysis of the possible relationship between solvent drag and Cu uptake rate
in isolated intestinal segments (A- mid intestine; B- posterior intestine) from rainbow
trout. Cu uptake rate measured in the presence and absence of net water efflux. Values
represent means + SEM (n=5 per treatment). Statistical significance was tested using
unpaired t-test (2-tailed). Means labeled with asterisks are significantly different

(p<0.05).
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Fig.3-4. Cu uptake in isolated intestinal segments (A- mid intestine ; B- posterior
intestine) from rainbow trout as a function of serosal and mucosal osmolality varied with

mannitol. Values represent means + SEM (n=5 per treatment).
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Fig. 3-5. Effect of increasing luminal Na as (Na;SO4) on Cu uptake rate (A- mid
intestine; B- posterior intestine) and transepithelial potential (C -mid intestine; D-
posterior intestine) in isolated intestinal segments from rainbow trout. Plotted values
represent means + SEM (n=5 per treatment). Statistical significance was tested by
ANOVA followed by least significant difference (LSD) test. Means labeled with different

letters are significantly different (p<0.05).
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Fig 3-6. Effect of pre incubating isolated intestinal segments (A- mid intestine; B-
posterior intestine) from rainbow trout in 100 pM phenamil (an irreversible Na-channel
blocker) on Cu and Na uptake. Values are means + SEM (n=5 per treatment). Statistical
significance was tested using unpaired t- test (2 — tailed). Means labeled with asterisks

are significantly different (p<0.05).
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Fig. 3-7. Cu and Na uptake rates in isolated intestinal segments from rainbow trout
bathed in solution gassed with 0.3, 1 and 3.0 % CO; in O,. Values are means + SEM
(n=5 per treatment). Statistical significance was tested using one way ANOVA followed
by least significant difference (LSD) test. Means labeled with different letters are

significantly different (p<0.05).
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Fig. 3-8. Influence of 10 mM L- histidine (A- mid intestine; B- posterior intestine) and

10 mM D- histidine (C- mid intestine & D- posterior intestine) upon Cu and Na uptake in
isolated intestinal segments from rainbow trout. Values are means + SEM (n=5 per
treatment). Statistical significance was tested using unpaired t- test ( 2- tailed). Means

labeled with asterisks are significantly different (p<0.05).
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Fig. 3-9. Influence of luminal AgNO; at 500 uM on Cu and Na uptake (A- mid intestine;
B- posterior intestine) and TEP (C- mid intestine; D- posterior intestine) in isolated
intestinal segments from rainbow trout. Values are means + SEM (n=5 per treatment).
Statistical significance was tested using unpaired t-test (2-tailed). Means labeled with

asterisks are significantly different (p<0.05).
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Fig. 3-10. Influence of luminal pH buffered with 10 mM MES on Cu and Na uptake in
isolated intestinal segments (A- mid intestine; B- posterior intestine) from rainbow trout.
Values are means + SEM (n=5 per treatment). Statistical significance was tested using
one way ANOVA. Means labeled with different letters are significantly different

(p<0.05).
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Fig. 3-11. Cu (A) and Na (B) speciation as a function of variable mucosal pH, derived
from the geochemical speciation program MINEQL + (Version 4.01; Environmental

Research Software).
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Fig. 3-12. Influence of lurninal ZnSO4 (A- mid intestine; B- posterior intestine) and
Fe(NO3);3 (C- mid intestine; D- posterior intestine) at 500 uM on Cu and Na uptake in
isolated intestinal segments from rainbow trout. Values are means + SEM (n=5 per
treatment). Statistical significance was tested using unpaired t-test (2—tailed). Means

labeled with asterisks are significantly different (p<0.05).
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Chapter 4:

Summary of results and conclusions

Characterization of intestinal Cu uptake in the rainbow trout:

Absorption efficiency of dietborne Cu ranged between 25-50% which was
comparable to reported absorption efficiency in humans (Wapnir, 1998) and other fish
species (Berntssen et al.,,1999). The mid and posterior intestine emerged as important
sites of net Cu absorption. Unidirectional Cu uptake appeared to be many-fold higher in
the anterior intestine in vitro but this appeared to be superceded by an even greater efflux
component in vivo attributing a complex role of bidirectional Cu transport to this region.
The data presented here also suggest that substantial Cu absorption occurred in the
stomach in vivo. It remains to be determined however whether this was an artifact
resulting from Cu leaching into the water prior to ingestion, since a comparison of
unidirectional whole body Cu uptake rates reported in vivo (Kamunde et al., 2002a) with
in vitro measurements of unidirectional Cu uptake along the entire intestinal tract in the
present study reveals that the intestine can account for most of the dietary Cu absorption
in rainbow trout, leaving only a small contribution from the stomach.

The basic mechanisms of intestinal Cu uptake appear to be conserved between fish
and mammals. Two components of uptake were determined. A saturable and therefore
carrier-mediated pathway at lower Cu concentrations was superceded by a possible

diffusive pathway at higher Cu concentrations. Q;¢ analysis of Cu uptake provided further
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evidence that basolateral transport of Cu was biologically mediated while apical uptake
probably occurred via simple diffusion.

The affinity for Cu uptake was lower in the trout intestine (i.e. higher K,) when
compared to the gills but nevertheless within the range of affinity constants derived from
investigations of mammalian intestinal uptake. Uptake of Cu was hypoxia-resistant and
fueled by Cu(I)*" as substrate, with endogenous reductases in the intestinal epithelium
possibly reducing Cu to Cu(I)!" to facilitate the uptake process. The relative affinity of the
gill and intestine for Cu together with differential effects of Na (inhibition at gill,
stimulation at gut) strongly suggest the mechanism(s) of uptake differ considerably

between these two routes.

Mechanisms of Cu uptake in the trout intestine:

The present study describes two pathways of Cu uptake in the trout intestine, one
Na-dependent and the other metal specific. These mechanisms may be the same as in
mammals. An amiloride-sensitive Na pathway for Cu uptake has been reported in the rat
intestine (Wapnir, 1991) while dietary Cu uptake via metal specific transporters in
mammals has been the focus of most recent research (Lee et al., 2002; Sharp, 2003;
Arredondo et al, 2003; Zerounian et, al, 2003). Fig. 4.1 summarizes the various
mechanisms that may contribute to intestinal Cu uptake in O. mykiss based on the results
of the present study.

In response 1o treatments that augment Na transport, Cu uptake increased leading to

the proposal of a novel Na-dependent mechanism of Cu uptake involving a Na-Cu co-
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transport. The facilitation of Cu uptake by L-histidine but not D-histidine provides
evidence that the amino acid transporter could have mediated this process. L-histidine
associated Cu uptake appears to be a phylogenetically conserved process with several
instances of L-histidine facilitated Cu uptake being reported in mammals (Bingham and
McArdle, 1994; Hartter and Barnea, 1988). Alternatively, the possibility of a unique Na-
Cu co-transport mechanism located on the brush-border, fueled by the Na gradient is an
interesting prospect which definitely requires further investigation. Small proportions of
both Cu and Na uptake were inhibited with phenamil, an amiloride analogue and Na-
channel blocker, while exposure to hypercapnia stimulated the uptake of Cu and Na.
These responses irdicate a part of Cu uptake could occur via the apical Na-channel.
However, the possibility that phenamil could have blocked a Na-nutrient co-transport
mechanism which also transports Cu cannot be excluded.

The data presented in this study relate the inhibition of Cu uptake at high pH to the
decline in concentration of Cu(II)**. Taken together with the contention that endogenous
reductases located on the brush border possibly reduce Cu(I)** required as the substrate
to Cu()'", thereby facilitating Cu uptake, the evidence compares well with DMT1 being
recognized as a physiologically relevant Cu()'* transporter in mammals (Arredondo ef
al., 2003). Additional support for DMT1 mediated Cu uptake comes from the substantial
inhibition of Cu uptake with 10-fold excess of Fe and Zn. While DMT1 has been
characterized as the mammalian Fe transporter (Andrews, 2000), uptake of Zn and other
divalent metal ions via this pathway has also been established (Gunshin et al., 1997).

Although a role for Ctrl in Cu uptake cannot be excluded, the Na-dependent nature of Cu
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uptake in the trout intestine and the fact that Ag stimulates Cu uptake make this
possibility less likely as Ctrl is inhibited rather than stimulated by Ag (Lee ef al., 2002)
in contrast to our data. The characteristics of Cu uptake defined in the present study are
commensurate with features of the recently characterized Cu transporter in mouse

embryonic cells deficient in Ctrl (Lee ez al., 2002).

Relevance of research:

The results described here show that certain manipulations in vitro stimulated
quantitative Cu transport while others caused inhibition. For example, greater Cu uptake
was found to occur with increasing Na levels and addition of L-histidine to the luminal
saline. Potentially, adding Na and/or L-histidine to the diet could improve absorptive
efficiency and enhance fish growth and productivity, addition of excess Cu to diets would
be less desirable owing to its potentially toxic effects and regulatory limitations. Indeed
the facilitated transport of Cu in the presence of excess L-histidine has found application
for the use of Cu(Il)-L-histidine complex as a therapeutic agent to treat Menkes disease
(Deschamps et al., 2004). Menkes disease is characterized by extremely low intestinal Cu
absorption in humans.

Identification of intestinal uptake pathways for transition elements like Cu is vital
for understanding the factors governing their assimilation, metabolism and homeostasis.
Given the essential and at the same time toxic nature of Cu, such information that outlines
factors affecting dietary Cu bioavailability could be useful in the prediction of Cu

toxicity. The physiological characterization of dietary Cu uptake therefore provides
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knowledge on bioavailability and homeostatic physiology which determine the toxic
effects of Cu. Incorporation of such factors into models developed for environmental
regulation of Cu has important implications for environmental protection. For example
one significance of these findings from a nutritional and environmental risk assessment
perspective must lie in the indication that dietary NE; excess or deficiency may be

significant risk factors in Cu homeostasis.
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Figure 4.1 Schematic diagram of a conceptual model for transcellular Cu uptake

pathways in the trout intestine.

The pathways of transcellular Cu uptake in part are linked to Na, possibly involving Cu
co-transport with Na on the amino acid transporter. Alternatively, the presence of a
unique transporter in the trout intestine is hypothesized which runs off a Na gradient and
co-transports Cu. Phenamil sensitivity of Cu uptake appears to indicate Cu entry via the
apical Na channel, however it is also possible that phenamil could have inhibited a Na-Cu
—nutrient co-transport mechanism.

A second pathway of Cu uptake is independent of Na effects, sensitive to pH and
competed by Fe and Zn implicating DMT1 in the process. It is likely that external
Cu(I)** is reduced to Cu(I)'* by an endogenous reductase. It also remains possible that

Cu()" could enter via a Ctrl like transporter.
Abbreviations : ATP — Adenosine 5° triphosphate; AAT — Amino acid transporter;

CR - Copper Reductase; Ctr1-Copper transporter 1; DMT1- Divalent metal transporter 1

ENaC- Epithelial Na Channel
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