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Abstract

Aquatic organisms respond to metal exposures by modulating uptake, elimination and detoxification
capacity and, therefore, it is difficult to link accumulation within fish to adverse chronic effects. When
fish are exposed to sublethal concentrations of metal, physiological responses follow a damage-repair
scenario with rapid uptake into the gills followed by transfer via the circulatory system and accumulation
into key organs such as the liver and kidney. Anthropogenic sources of cadmium (Cd) arise mainly from
mining, smelting, and refining sulphide ores of Zn, Pb and Cu (Norton et al., 1990). The free divalent ion
(Cd*") is the toxic form of Cd in water. Cd*" competes with calcium ions (Ca?*) for binding sites and
transport channels across the basolateral membrane of the gill. Ambient Ca is the primary cation
responsible for reduced Cd toxicity to species of trout, during both acute and chronic waterborme
exposures. The objective of this research was to examine the dynamics of chronically accumulated Cd
within tissues of rainbow trout (Oncorhynchus mykiss) during chronic (one month) sublethal waterborne
exposures to Cd (0.75 and 2.0 pg/L) in both moderately hard (140 mg/L as CaCOs) and moderately soft
(50 mg/L as CaCOs) water. Accﬁmulation was assessed on a tissue (gills, liver and kidney) and
subcellular levels. Tissues accumulated Cd in a time- and dose- dependent manner. Results indicate that
fish exposed to sublethal Cd concentrations in moderately soft water attained higher amounts of Cd in
gills, and more Cd bound to metal-sensitive fractions (mitochondria and proteins) in all tissues in
comparison to fish exposed to Cd in moderately hard water. Early mortality and ion-loss may link to
accumulation in metal-sensitive fractions (particularly within the gills). However, Cd concentrations in
metal-sensitive fractions continued to rise throughout both sublethal exposures suggesting damage-repair
mechanisms other than metallothionein are induced, or threshold Cd concentrations in tissues and metal-
sensitive fractions associated with adverse effects have not been exceeded. The kidney appeared to be
most capable organ to offer protection from Cd accumulation in metal-sensitive fractions, as Cd
dissipated from metal-sensitive fractions with time and dose. Also kidneys displayed the highest capacity

to induce detoxification of Cd by metallothionein.
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Chapter 1

Introduction



1.1 Cd in the Aquatic Environment

Metals in aquatic environments originate from many anthropogenic and natural sources. Metals are found
everywhere in the surface environment, usually at trace concentrations. Natural sources of Cd generally
arise from volcanic emissions, inputs from erosion and weathering of rocks, specific events such as forest
fires as well as cosmic fallout (Thornton 1983; Dias and Edwards 2003; Nordic Council of Ministers,
2003). All of these natural sources have the potential to enter aquatic environments through terrestrial
run-off and atmospheric deposition (Thornton 1983; Dias and Edwards 2003) These emissions are
involved in the global Cd cycle, but generally do not result in high concentrations within the environment
(Nordic Council of Ministers, 2003). Anthropogenic releases of Cd occur as a result of the mining,
smelting, and refining of sulphide ores of zinc (Zn), lead (Pb) and copper (Cu) (Norton et al., 1990). The
emissions from such processes may enter aquatic environments directly as effluents and/or through
atmospheric deposition (Boudou and Ribeyre, 1997; Canadian Council of Ministers of the Environment
(CCME), 1999; Dias and Edwards, 2003). Other industrial applications of Cd include nickel Cd batteries,
pigments, PVC stabilisers, plating and alloys. Disposal of Cd containing product/material into waste
streams accounts for major releases of Cd into the environment (Nordic Council of Ministers, 2003).

The concentration of trace-metals (including Cd) in sediment has been shown to be an important
measure of metal contamination, and can be used to assess historic metal contamination over long periods
of time (Keller et al., 1992). Metal concentrations in both water and sediment have been shown to be
elevated immediately downwind of point sources (for example, downstream from smelter stacks). These

concentrations decrease with increasing distance from the source (Keller et al., 1992).

1.2 The Influence of Water Chemistry on Cd Bioavailability

Throughout aquatic environments, Cd may be present in solution, in or on suspended particles and in
sediments. Within each of these phases, Cd is found in different chemical forms or species (e.g. CdCly,
CdCOs;, CdS, Cd(NOs),) that can alter the bioavailability at uptake sites (e.g. gills) of fish (Boudou and

Ribeyre, 1997). Water chemistry from site to site will differ as it is strongly influenced by the underlying



geology and watershed characteristics, including the type of sediment, vegetation and industrial
developments present. The formation of inorganic and organic Cd complexes alters the proportion of free
Cd*" so that it has reduced availability to the uptake sites on fish gills, the Ca** transporters (Playle 1993a;
Niyogi et al. 2008). Certain water chemistry variables (e.g. dissolved organic carbon, particulate matter
and sulphur containing compounds) can influence the concentration of freely available Cd ions in the
water due to complexation cffects, while others (e.g. hardness (Ca®*, Mg”"), Na*) may compete with Cd
uptake at the gills (Fig. 1.1).

Water hardness (particularly calcium concentrations) is often regarded as the most influential
factor regarding the sensitivity of fish to Cd (Playle et al., 1993b; Hollis et al., 2000b). The bioavailable
form of Cd is the free divalent ion Cd*" that resembles the divalent calcium ion (Ca*) in terms of radius
(R-Ca = 0.99A; R-Cd = 0.97 A), 2" charge and negative reduction potentials, thus it is thought to compete
with Ca-binding sites (i.e. Ca®" channels and ATPase pumps) on the gill (Verbost et al., 1988, 1989;
Playle, 1993b; Niyogi and Wood, 2004) (Fig. 1.1). Futhermore, the binding affinity of Cd to Ca-binding
sites (e.g. ion channels, transport proteins, ion-exchangers) located in fish gills is greater, which facilitates
the displacement of Ca by Cd, competitively inhibiting Ca transport (Verbost et al., 1987; 1988; 1989).
Thus free ionic Cd”* induces acute toxicity in freshwater fish by causing hypocalcaemia. During both
acute and chronic Cd exposures, branchial ion disruption ensues due to a reduction in the influx of
essential elements such as Ca?* and Na*, and inhibition of branchial ATPase activitics (Na*/K* and Ca?*)
(Verbost et al., 1989; Pratap and Wandelaar Bonga, 1993). ATPases are responsible for transporting
essential nutrients across the basolateral membrane of the gill into the fish’s internal environment
(Verbost ct al., 1988; 1989) (Fig 1.1). Ca?* is an essential element in fish, thus increased aqueous Ca?*
ions compete with the harmful Cd** ions to reduce uptake of potentially toxic metals at the gill (Wood et
al., 2006; Niyogi and Wood, 2004; Niyogi et al., 2008). For example, Hollis et al. (2000b) have shown
that mortality and tissue accumulation increased as Ca?* concentrations decreased throughout a 30 day

exposure to 2 pg/L of Cd. Many studies have shown a relationship between Cd** and Ca?* uptake and



regulation from both diet and aqueous sources (Zahouri et al., 2001; Baldisserotto et al., 2004; Hollis et
al., 2000; Wood et al., 2006). The protective effect of increased Ca?* ions and Cd** toxicity explains the

mitigating effects of water hardness on the toxicity of Cd (Allen, 2002).

1.3 Tissue Accumulation of Cd
When fish are exposed to sublethal Cd concentrations, initial damage and accumulation occurs at the

primary site of uptake, the gills (McDonald and Wood, 1993; Niyogi et al., 2008). The damage phase is
usually followed by a repair phase as essential element balance is restored and ATPase activity is
increased (McDonald and Wood, 1993). One mechanism involved during the repair phase is the internal
mobilization of metal binding proteins, such as metallothionein, that act to detoxify and store Cd (Roch et
al., 1986; Deeds and Klerks, 1999; Rose et al., 2006). However, Cd will continue to be taken up via
essential element pathways (e.g. Ca’") and be subsequently distributed through the internal environment
of the organism.

Cd has no essential role in cellular metabolism, thus specific mechanisms for internal regulation
do not exist. However, it has been proposed that the main strategies of regulation for essential metals can
be utilized for the non-essential metals, including excretion and internal storage without elimination
(Vijver et al., 2004). Accumulation of Cd by fish typically increases with increasing exposure
concentrations in water (Spry and Wiener, 1991). Accumulation of Cd displays a pattern of loading onto
the gills, followed by distribution to internal tissues (McGeer et al., 2000b; McGeer et al., 2007). Once Cd
enters the bloodstream, the levels and distribution of the metal will depend on a variety of factors
including blood distribution, tissue specific uptake processes and detoxification mechanisms. Usually
accumulated Cd will be slowly cleared from tissues (Wicklund Glynn, 1991). After the gills, fish
accumulate Cd primarily within the kidney along with substantial concentration increases within the liver.
Cd does not appreciably accumulate in muscle tissue of fish (Norey et al., 1990; Harrison and

Klaverkamp, 1989; Karaytug et al. 2007). Cd tissue accumulation, particularly in the kidney, has been



proposed as an indicator of chronic waterborne Cd exposure because this organ generally bioaccumulates
Cd to elevated levels (McGeer et al., 2000b) and is slowly eliminated (Hogstrand and Haux, 1991).
Chronically exposed fish returned to Cd-free water retain elevated Cd concentrations in the kidney, which
demonstrates the importance of the kidney as a storage organ (Benoit et al., 1976; Kumada et al., 1980;
Wicklund Glynn, 1991).

Cd accumulation 'within tissues (e.g. gills, liver and kidney) is a dynamic, time- and dose-
dependent process characterized by an initial phase of increasing tissue concentration that gradually
reaches stabilization, reflecting the pattern of damage, recovery, and acclimation with chronic metal
exposure (McGeer et al., 2000b). McGeer et al. (2000b) demonstrated that a 100 day Cd exposure (3 pg
Cd/L) with rainbow trout (Oncorhynchus mykiss) in moderately hard water showed that the half-time to
saturation of Cd within the liver and kidney takes longer in comparison to essential metals like Cu (less
than two weeks) which was suggestive of active Cu regulation.

Cd concentrations within tissue of fish have been examined in attempt to link long-term metal
exposure to toxic effects (Bergman and Dorward-King, 1997). Studies of invertebrates (Borgmann et al.,
2004; Ma, 2005) and fish (Marr et al., 1996; Hansen et al., 2002a) demonstrate links between metal
accumulation and chronic toxicity across a range of conditions. These studies suggest that accumulation
rate and concentrations of accumulated metal are important determinants associated with the development
of a toxic response. This pertains to the basic understanding of bioaccumulation kinetics and
physiological responses to metal exposure. For example, a relatively short-term exposure to a high
concentration of Cd might result in rapid accumulation of Cd in sensitive tissue compartments allowing
for minimal time to initiate an appropriate detoxification response (Meador et al., 2010). This in turn may
also lead to a toxic response that will be linked with a relatively low tissue concentration. A long-term
exposure to a lower concentration of Cd might result in continuous accumulation of Cd in sensitive
compartments but with an induction of a sufficient detoxification response (Meador et al., 2010). This
may not lead to the same toxic response despite resulting in tissue concentrations that are significantly
higher than those attained in the short term higher concentration exposure. Therefore, associating Cd
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concentrations in tissues with adverse effects must be interpreted with caution as there are several factors,
such as internal detoxification, influx and efflux rates that may cause uncertainty regarding tissue residues
as an indicator of toxicity (Meador et al., 2010). In general, metal accumulation in fish is complex and
depends on the specific mechanisms of uptake, regulation and elimination which vary among species,

tissues and metals.

1.4 Subcellular Distribution of Cd

Within tissues, Cd can enter cells and bind to physiologically sensitive target molecules (small peptides,
enzymes, RNA or DNA) and these can be in organelles (mitochondria, nuclei, endoplasmic reticulum)
and some of this binding may induce damage (Giguére et al., 2005). A variety of detoxification and
storage mechanisms within fish help to immobilize Cd including; binding to metal binding proteins such
as metallothionein and to a lesser extent, granule sequestration (Campbell et al., 2005, 2008; Kamunde
and MacPhail, 2008; Kamunde, 2009). Metallothionein has been identified as one of the mechanisms for
cellular sequestration of Cd employed by fish in response to increased ambient Cd (Kraemer et al., 2005;
Campbell et al., 2008; Roch et al., 1985; Olsson and Hogstrand, 1987). Binding to metallothionein
reduces the amount of freely available Cd in cells, thereby decreasing toxicity (Roesijadi, 1996). The
induction of metallothionein has been proposed by many studies as a biomarker for metal exposure (Roch
et al., 1986; Deeds and Klerks, 1999; Rose et al., 2006)

Subcellular Cd partitioning in fish species has received increasing attention as it provides
valuable information on metal toxicity and bioavailability (Campbell et al., 2008). Furthermore, pattern of
subcellular Cd distribution during chronic exposure in fish remains largely unexplored. The majority of
studies (Wallace et al., 2003; Campbell et al., 2005; Kraemer et al., 2005; Wang and Rainbow, 2006) on
the subcellular distribution of metal have divided metal accumulation in organisms into five subcellular
compartments; metal-rich granules (MRG), cellular debris, organelles (mitochondria, microsomes and
lysosomes), heat-sensitive proteins (HSP), and metallothionein-like proteins (MTLP). Studies have

grouped subcellular compartments into metal-sensitive pools (MSP) verses metabolically detoxified



(inactive or insensitive) pools (MDP) (Campbell et al., 2005, 2008; Kamunde and MacPhail, 2008,
Kamunde, 2009). The MSP includes mitochondria and HSP, whose functions may be impaired by Cd
accumulation, leading to toxicity (Rainbow, 2002; Campbell et al., 2008). The MDP includes MTLP, and
MRG (Campbell et al., 2008), and for the purpose of this study, MDP will also include the combined
microsomes + lysosomes fraction (ML) since studies examining metal partitioning in aquatic
invertebrates have shown that lysosomes can form detoxified concretions (George et al., 1982; 1983;
Sterling et al., 2007; 2010) and may be associated with metallothionein-metal degradation in both
invertebrates and vertebrates (Cousins, 1979; Bremner, 1991; Nassiri et al., 2001; Amiard et al., 2006).
The consequence, if any, of metal accumulation in cellular debris (mostly cell fragments) is poorly
understood.

Metal accumulation in tissues of fish is dependent upon the rate of uptake, storage and
elimination. Generally, internal storage of metal occurs in two compartments, which include biologically
in-active metal (BIM) and biologically active metal (BAM). The BIM is associated with detoxified metal
whereas the BAM is associated with metal-sensitive fractions which may link to adverse effects when
excessive metal accumulation ensues. The internal distribution and intracellular trafficking of metal is
dynamic and changes may occur rapidly which may or may not result in a toxic response. The current
working hypothesis for subcellular accumulation into metal-sensitive pools is the spill-over hypothesis
(Fig. 1.2), whereby below a certain threshold concentration (in tissues and/or exposure concentration) the
combined rate of excretion and detoxification mechanisms such as metallothionein and other metal-
binding proteins, can limit uptake into metal-sensitive compartments of the cell. However, an increase in
bioavailability of metal will cause an increase in uptake rate of that metal into the tissues. If this uptake
rate exceeds the combined detoxification and excretion rate, metal will spill-over into metal-sensitive
fractions, concentrations will rise and then exceed the threshold concentration that can be tolerated
leading to toxic effects (Rainbow, 2002; Wang and Rainbow, 2006). The concept of spill-over appeared
1o be validated by carlier studies (Sanders et al., 1983; Sanders and Jenkins, 1984) that examined the
relationships between bioavailable Cu in seawater and cytosolic Cu accumulation and distribution in crab
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larvae and impacts on growth. Important findings from these studies suggest that larvae could regulate
both the accumulation of Cu and the distribution of Cu within the cell, as concentrations in HSP remained
unchanged whereas increases in Cu associated with both MTLP were observed over the entire range of
Cu concentrations tested. However, studies (¢.g. Jenkins and Sanders, 1986) have not confirmed
regulation of Cd by other aquatic invertebrates (¢.g. polychaetus annelids) and suggest that ability to
regulate subcellular metal distribution can depend on differences between the metabolisms of essential
and nonessential metals or are species specific (Rainbow, 2002). Therefore, there remains some
uncertainty concerning the dynamics of metal accumulation within subcellular pools and linkages to

effects.

Recent data using fish as the test organism (Kraemer et al., 2005; Giguére et al., 2006; Campbell
et al., 2005, 2008; Kamunde and MacPhail, 2008), suggest that this hypothesis is too simplistic and may
not fully explain toxicity. Studies in the field with juvenile yellow perch (Perca flavescens) along a Cd
gradient, have shown that chronic exposures at low concentrations of Cd accumulated in liver metal-
sensitive fractions (particularly HSP), and did not find evidence of a threshold concentration that exists
whereby Cd did not accumulate in metal-sensitive compartments (Giguére et al., 2005; Campbell et al.,
2008; Kraemer et al., 2005). These studies have concluded that metal detoxification was imperfect and
did not confirm to predictions of the spill-over hypothesis. It should be noted that the majority of studies
have only examined subcellular partitioning of Cd within the liver, which is not the main storage organ
for Cd accumulation in fish during chronic exposures. In addition to field exposures, a recent study by
Kamunde (2009) exposed juvenile rainbow trout (Oncorhynchus mykiss) for 96 hrs to three Cd exposures
(5, 25 and 50 pg/L). The results revealed that the accumulation pattern over time was linear in the liver
and biphasic (characterized by initial rapid accumulation followed by saturation and/or decline) in the
gill. Generally, the pattern of accumulation within subcellular fractions of the gill and liver was similar in
comparison to total tissue accumulation patterns of each respective organ. However, the majority of Cd

accumulated in both HSP and MTLP fractions. Since Cd accumulated in potentially metal-sensitive



compartments throughout the duration of the exposure, there was no threshold concentration that

prevented spill-over into metal-sensitive compartments.

1.5 Objectives and Hypotheses

Currently, freshwater-quality criteria for aquatic life in water hardnesses ranging from 20 — 120 mg/L as
CaCO; recommends an acute limit of 0.6 — 4.8 pg Cd/L for acute exposures and a chronic limit of 0.3 —
1.3 pg Cd/L for chronic exposures, according to the U.S. Environmental Protection Agency (Thornton,
U.S. EPA-822-R-01-001, 2001). These are considerably different to the interim Canadian water quality
guideline for Cd for the protection of freshwater life that is established at 0.017 pg Cd/L (CCME, 1999).
This study will chronically expose fish to Cd within the salmonid family, particularly Oncorhsiynchus
mykiss (rainbow trout) as they are highly sensitive to Cd toxicity in comparison to bull trout (Salvelinus
confluentus) (Hansen et al., 2002b) and yellow perch (Perca flavescens) (Raynal et al., 2005). Nominal
concentrations of 0.75 and 2.0 pg Cd/L in combination with water hardness of 50 and 140 mg/L as
CaCO; will be used for our study which is relevant to both U.S and Canadian water quality criteria.

This objective of this research was to characterize the intracellular bioaccumulation of Cd in
rainbow trout (Oncorhynchus mykiss) during chronic waterborne exposures. Accumulation was studied at
both tissue and subcellular levels of organization in order to establish linkages between exposure, uptake,
detoxification and accumulation in toxicologically sensitive “pools” within the cell. Examining patterns
of tissue and subcellular distribution when rainbow trout (Oncorhynchus mykiss) are chronically exposed
to sublethal concentrations of waterborne Cd will help determine if tissues (liver, kidney and gills) differ
in their detoxification ability to protect Cd from accumulating within sensitive compartments
(mitochondria, HSP) of the cell. This in turn may help determine which tissues or fractions should be
focused on in order to link accumulation with Cd toxicity. Furthermore, this study will attempt to
determine if there is a threshold concentration within each tissue whereby Cd begins to accumulate in

sensitive fractions by testing the spill-over hypothesis. This project will also address the protective effects



of Ca** (a component of water hardness, measured as CaCO3) on bioavailability and accumulation of Cd
at both tissue and subcellular organizational levels. Increased ambient Ca** could offer stronger
competition with Cd** and influence the number of binding sites for Ca uptake and transport, and
indirectly Cd uptake at the gill. For the objectives mentioned above, the four working hypotheses related
to the response of rainbow trout (Oncorhynchus mykiss) to Cd exposure are as follows:
(1) tissue concentrations of Cd within rainbow trout (Oncorhynchus mykiss) will increase in a
time- and dose-dependent manner
(2) in comparison to liver and kidney, the gills will accumulate the majority of Cd in MSP and
will contain lower amounts of Cd bound to detoxified compartments (e.g. due to
metabolically active mitochondrial-rich transport cells that take up Cd)
(3) adverse effects (mortality or ion loss) are linked to spill-over of Cd into metal-sensitive
fractions (HSP and mitochondria)
(4) Ca? concentrations in moderately hard water will dampen increases of Cd in tissues in
relation to soft water and therefore “protect” against accumulation in metal sensitive

compartments
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Fig. 1.1 Adapted from Marshall (2002). Model of ion uptake in freshwater teleost fish gills. Uptake
involves mitochondrial-rich (MR) and pavement (P) cells. Solid lines indicate active transport whereas
dashed lines indicate uptake via diffusion through ion channels or passage across cell membranes. Co-
transporters and exchangers are represented by open ovals whereas ATPase pumps are represented by
solid circles.
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protecting
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Fig. 1.2 Adapted from Kraemer, 2005. Graphical representation of the spill-over hypothesis that predicts
metal detoxification is efficient at low concentrations of metal, and metal-sensitive cellular targets are
thus protected from excessive accumulation. Above a threshold exposure concentration (vertical dashed
line) the binding capacity of metabolically-detoxified fractions (e.g. metallothionein-bound) becomes
saturate and/or overwhelmed (dashed gray line) and metals spill-over into metal-sensitive fractions (solid
black ling).
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Chapter 2

Tissue and subcellular distribution of Cd during
chronic sublethal exposure in moderately hard
water to rainbow trout (Oncorhynchus mykiss)
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2.1 Abstract

Aquatic organisms respond to metal exposures by modulating uptake, elimination and detoxification
capacity and therefore it is difficult to link accumulation with chronic effects. When fish are exposed to
sublethal concentrations of metal, physiological responses follow a damage-repair scenario with rapid
uptake into the gills followed by transfer via the circulatory system and accumulation into key organs
such as the liver and kidney (McDonald and Wood, 1993). The purpose of this research was to understand
the distribution of chronically accumulated Cd within tissues of rainbow trout (Oncorhynchus mykiss) in
relation to physiological disruption (mortality and plasma ion concentrations). Accumulation was
assessed on a tissue (gills, liver and kidney) and subcellular levels. Fish were exposed to two sublethal
concentrations of Cd (0.75 and 2.0 pg/L) for 29 days in moderately hard water (140 mg/L as CaCO;, pH
7.2). Acute mortality (20% and 9% for low and high sublethal Cd concentrations) was observed and
ceased by day 4. Acute (96 hrs) plasma Na and Ca disruption occurred in both Cd exposure groups and
Ca levels in fish exposed to 2.0 ug Cd/L did not recover (1.2-2.2 mM Ca, controls = 2.5-3.2 mM Ca). Cd
accumulated in all tissues in a concentration and time dependent manner. At day 29, kidney and gill Cd
concentrations were comparable (~1.6-2.5 and 0.8-3.2 ug Cd/g wet tissue for gill and kidney respectively;
kidney exceeded gill in fish exposed to 2.0 pg Cd/L) and ~ 2.3 times higher than liver levels for both low
and high Cd exposed fish. MTLP and mitochondrial fractions were enriched with Cd and generally
contained the highest amount of Cd at day 29, for all tissues. Subcellular partitioning of Cd in all tissues
indicated acute spill-over in MSP which coincided with early mortality and reduced plasma ion
concentrations. The kidneys appeared to dissipate Cd from excessive accumulation in metal-sensitive
fractions (e¢.g. HSP) with time and exposure. However, accumulation of Cd in MSP was observed in both
liver and gills, particularly in the gills, as partitioning of Cd into metal-sensitive fractions (mitochondria
and HSP) continued to rise or remained elevated. These results must be interpreted with caution as

placing fractions into categories is likely an oversimplification.
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2.2 Introduction
Although some metals act as co-factors for many biomolecular processes, in vertebrates, Cd has no

essential role in cellular metabolism and can be toxic to aquatic organisms. Effects of chronic exposure to
waterborne Cd at sublethal concentrations include tissue accumulation, disturbances in whole-body or
plasma ion homeostasis and stress response parameters such as plasma cortisol and glucose (Haux and
Larsson, 1984; Giles, 1984; Pratap et al., 1989; McGeer et al., 2000a; Baldisserotto et al., 2004b; Fu et
al., 1990; Firat and Kargin, 2010). However, most of the effects are temporary with recovery if exposure
is prolonged (Haux and Larsson, 1984; Giles, 1984; Fu et al., 1990; McGeer et al., 2007), suggesting the
ability of fish to acclimate to waterborne Cd. The majority of studies (Hollis et al., 1999; Hollis et al.,
2000a; McGeer et al., 2007) describe acclimation as physiological changes (i.¢. increased biosynthetic
processes such as mobilization of metal binding proteins) that help repair earlier homeostatic disruption,
which can result in increased tolerance to acute challenges such as 96 h LCs, tests (lethal concentration

resulting in 50% mortality).

Fish encounter elevated Cd concentrations in their aquatic environment due to both natural and
anthropogenic sources, which usually results in elevated Cd bioaccumulation in tissues (Rainbow, 2007,
Kamunde, 2009). Studies have shown that Cd accumulates primarily in the kidney, gills, liver and gut,
and in general tends not to accumulate in the brain and skeletal muscle tissue of fish (Norey et al., 1990;
Harrison and Klaverkamp, 1989; Hollis et al., 2000). However elevated tissue concentrations of Cd are
not always associated with adverse effects (Kamunde, 2009). During chronic exposure to Cd and other
metals, fish can undergo acclimation by changes in physiological status and an increased tolerance and/or
resistance to Cd accumulation can develop (McDonald and Wood, 1993; Hollis et al., 1999; Wood, 2001;
McGeer et al., 2007). In addition to internal protection, some aquatic environments such as alkaline lakes,
may aid in dampening Cd accumulation due to the competition of Cd** with Ca?* for binding sites and
transport channels across the basolateral membrane of the gill (Verbost et al., 1988; 1989; Spry and

Wiener, 1991; Wood et al., 2006).
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The ability of fish to develop tolerance to Cd accumulation can be examined when fish are
chronically exposed to sublethal waterborne concentrations. Initial damage and accumulation occurs at
the primary site of uptake, the gills (Wicklund Glynn et al., 1991; McDonald and Wood, 1993), which
results in the reduction in the influx, stimulation of efflux of essential elements (¢.g. Ca?*, Na*) related to
inhibition of branchial ATPase activities (Na*/K* and Ca?* particularly the Ca*") and low plasma Ca**
levels develop (Verbost et al., 1987; 1988; 1989). The damage phase is usually followed by a repair phase
as essential nutrient influx and efflux rates are restored and re-establishment of homeostasis or a new
physiological set point occurs (McDonald and Wood, 1993) while tissue levels of Cd continue to rise.
This suggests the existence of mechanisms that internalize metal in forms that are biologically unavailable
to interact (metabolically detoxified) with metal-sensitive cellular targets (Kamunde, 2009; Liao et al.,
2010).

Metal detoxification is a process of maintaining low cytosolic metal concentrations (Sterling et
al., 2010). Mechanisms of detoxification include chelation and sequestration by soluble metallothionein-
like proteins in the cytosol and through the formation of insoluble particulate structures also know as
metal-rich granules (Lanno et al., 1987; Wallace et al., 2003). In fish, studies (Campbell et al., 2005;
Kraemer et al., 2005; Giguére et al., 2006; Kamunde et al., 2009) regarding the subcellular distribution of
Cd have shown that detoxification processes depend mainly on Cd binding to soluble thionein ligands in
the cytosol, which contains the majority of intracellular metal. Furthermore, metals such as Cd and Cu
mainly have affinity to nitrogen- or sulphur- containing ligands based on their specific ionic radius and
electronegativity (Nieboer and Richardson, 1980). Detoxification through sequestration and chelation is
accomplished either through interception of metal ions as they are taken up and trafficked through cellular
compartments or abstraction of them from metal-sensitive biomolecules (enzymes) and organelles
(mitochondria) (Amiard et al., 2006). Different regulatory mechanism may exist for essential and non-
essential metals (Rainbow, 2002). Essential metals may be subject to regulation including limiting metal

uptake and species-specific accumulation strategies with active excretion from the metal excess pool
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and/or storage in an inert form and/or excretion of stored (detoxified) metal. Major strategies to cope with
accumulation of non-essential metals are excretion from metabolically active pools and internal storage
without elimination, thus body concentrations tend to increase with increasing external concentrations
(Rainbow, 2002).

The existence of these metal-insensitive vs sensitive systems helped form the spill-over
hypothesis which suggests that there is a threshold concentration of metal that exists within tissues
whereby if exceeded, metal protective (detoxification) capacities become overwhelmed, and toxicity
ensues from excessive metal accumulation in sensitive cellular compartments that play significant roles in
cellular physiology (Rainbow 2002; 2007; Wallace et al., 2003). The spill-over concept was first
proposed by Winge et al. (1974) and although some studies have appeared to confirm it (Sanders et al.,
1983; Sanders and Jenkins, 1984), recent data using fish as the test organism suggest that this hypothesis
is too simplistic to fully explain toxicity (Kraemer et al., 2005; Giguere et al., 2006; Campbell et al.,
2005, 2008; Kamunde and MacPhail, 2008; Kamunde 2009). Furthermore, the majority of studies
testing the validity of the spill-over hypothesis have been conducted in the field along metal gradients
(Kraemer et al., 2005; Giguére et al., 2006; Campbell et al., 2005, 2008) or examining acute toxicity of
Cd to fish (Kamunde, 2009). The dynamics of subcellular partitioning of Cd during chronic exposures
remain largely un-explored.

Although metal toxicity may coincide with accumulation in sensitive compartments, it should not
imply that saturation of detoxification systems is a prerequisite to result in adverse affects within the fish
(Kamunde and MacPhail, 2008). Examining the pattern of intracellular metal binding will help determine
the functional significance of the metal and may reveal potential mechanisms of toxicity and fate of
accumulated metal (Sappal and Kamunde, 2009). For example, Cd bound to mitochondria impairs
oxidative phosphorylation with reduction in ATP production (Sokolova, 2004; Sokolova et al., 2005)
whereas Cd bound to metallothionein-like proteins reduces toxicity and imparts tolerance to Cd
accumulation (Hollis et al., 2001; Chowdhury et al., 2005). If Cd accumulates substantially in MSP
during the early phase of the exposure, then perhaps accumulation may link to early effects of Cd toxicity
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(i.e. hypocalcaemia) during the damage phase of sublethal chronic Cd toxicity. Furthermore, post damage
recovery may suggest that detoxification mechanisms experience an initial lag period before they are
capable to match up-take of Cd into sensitive compartments and/or changes in the partitioning of Cd from
metal-sensitive into detoxified pools may occur. This example of Cd accumulation could correspond to
the damage-repair model mentioned previously for prolonged exposures.

The objective of the present study therefore was to characterize the subcellular partitioning of Cd
in gill, liver and kidneys of juvenile rainbow trout (Oncorhynchus mykiss) during a 29-day sublethal
waterborne Cd exposure. It was predicted that Cd would accumulate in tissues and metabolically
detoxified pools in a time- and dose- dependent fashion. If mortality and plasma ion loss occur early
during the exposure, this will correspond to excessive Cd accumulation in MSP. If fish are able to recover
from initial damage, then there will be a shift from Cd partitioning from sensitive to detoxified pools.
Furthermore, each tissue will have different patterns of subcellular partitioning of Cd corresponding to
different physiological roles (i.e. detoxification (liver); storage or elimination (kidney) ionoregulation
(gill), and characterization of Cd bound to sensitive and detoxified compartments will reveal tissue

specific strategies of intracellular Cd accumulation.

2.3 Materials and Methods

2.3.1 Fish husbandry and holding conditions
Juvenile rainbow trout; 27.1 + 7.64 g (mean + SD, n = 100) were obtained from Rainbow Springs

Hatchery (Thamesford, ON, Canada). Initially, fish were held in 180-L tanks (2 tanks with 210 fish in
each) with water flowing to each tank at 700-mls min". Water was a 1:1 mix of well water and soft water
produced by reverse osmosis (500 mg/L as CaCOs;, 650 uS/cm, pH 7.6, 10.9 °C). Fish were acclimated to
moderately hard water by gradually decreasing the flow of the well water over a two-week period. Post
two-weeks, fish were randomly distributed among six 200-L polyethylene tanks (70 fish in each). A 60-L
polyethylene mixing head tank received 2.8-L/min of soft water plus 1.4-L/min of well water, for a total

of 4.2-L/min to achieve the chemistry of moderately hard water used for experimental exposures (140
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mg/L as CaCO;, 868 + 28 Ca, 480 + 16 Mg, 338 + 16 Na (all in pM, mean + 1 SD, n = 37)), with a
conductivity, pH and temperature of 220 uS/em, pH 7.1, 11.0 °C respectively. The mixing head tank
delivered water (2-L/min) to three smaller 11.2-L polyethylene head tanks that have equally divided
(split) outflows of water (700 mls/min) delivered to two fish tanks each. All water in head tanks and fish
tanks were well aerated. Fish were acclimated to their respective tanks for two weeks prior to Cd
exposure and fed at 2% of their body weight daily as a single meal (Bio Oregon Protein Inc., Warrenton,
OR).

2.3.2 Cd Exposure

Two head tanks were used for Cd exposures at nominal concentrations of 0.75 and 2.0 pg Cd/L (as CdCl,,
VWR International, Mississauga, ON, Canada); the remaining head tank was used for control (nominal
0). Dissolved Cd concentrations measured in fish tanks were (means = 1 SEM (n)): 0.03 £ 0.002 (4) png
Cd/L (control), 0.71 £ 0.101 (6) ng Cd/L, 1.85 £ 0.119 (6) pug Cd/L (see Table 2.1 for all measured
exposure concentrations). All three exposure conditions (control (0), 0.75 and 2.0 pug Cd/L) occurred in
duplicates, therefore n = 140 fish for controls and n = 140 fish per treatment. Initially, head tanks and fish
tanks were spiked with appropriate volumes from a master stock of 1.0 g/L of Cd to achieve exposure
concentrations. Additionally, appropriate volumes of the master stock were added to two 10-L carboys,
each delivering Cd solution to the head tanks via pumps (FIM lab pump, Fluid Metering Inc., Oyster Bay
NY; 1.2-mls min™) to maintain the desired Cd concentrations in exposure tanks. The Cd solutions in cach
10-L carboy were renewed weekly. Water pH, conductivity (uS) and temperature were also measured
weekly using a pH meter (Mettler Toledo SevenGo™, Fisher Scientific) and conductivity and
temperature using a conductivity meter (YSI 30, Yellow Springs Instruments, Yellow Springs, Ohio).
2.3.3 Sampling

The exposure was carried out for 29 days and samples were collected on days 1, 4, 7, 17 and 29 and fish
were fed throuhgout the duration of the exposure except the day prior to sampling. At each sampling time,
both filtered (0.45 pm syringe filter; 22 mm Acrodise HT tuffryn membranes, Pall Corporation, Ann
Arbor, MI, USA) and un-filtered 10 ml water samples were taken from exposure tanks, acidified to 1% by
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adding 100 pl of concentrated HNO; (Trace Metal Grade, Fisher Scientic, Mississuaga ON).
Additionally, 3 fish per exposure replicate (n = 6 per treatment) were non-selectively netted and
euthanized with an overdose of 0.3 g/L tricaine methanesulfonate (Syndel Laboratories Ltd., Vancouver,
BC, Canada) buffered with a 0.6 g NaHCO; /L.

Blood samples were also taken from fish sacrificed for tissue and subcellular Cd accumulation to
measure plasma Na'and Ca® concentrations. Blood samples (300-1000 ul) were taken by caudal
puncture and collected in 1.5-mL centrifuge tubes containing 10 pL of lithium heparinized saline (100
units) to minimize clotting. Blood samples were immediately centrifuged at 10,000 g for 2 minutes.
Plasma was then removed using 1.5 mL insulin syringes, collected in new 1.5-mL centrifuge tubes and
stored at -20°C.

Tissue samples of liver, kidney and gills were collected from all sampled fish. All tissues were
rinsed for 10 seconds in deionized water, blotted dry then divided into two portions, saved in 1.5 mL
centrifuge tubes, frozen in liquid nitrogen then stored at -80°C until analysis of Cd content. One portion
of the tissue (liver, kidney, and gill) was used for total Cd concentration, while the remaining portion was
used for subcellular Cd accumulation analysis.

2.3.4 Analytical techniques

All liquid and dry chemicals were obtained from Fisher Scientific (Mississauga, ON, Canada) unless
otherwise mentioned. Plasma samples were thawed and diluted, 50 times for Ca®" and 1000 times for Na"
using ultra-pure water. Diluted samples were analysed for concentrations of both ions using atomic
absorption spectroscopy (AAS 880, Varian Inc, Palo Alto CA). Water Ca, Mg and Na were similarly
measured in flame mode (SpectraAA 880).

Gills, liver and kidney samples (75 - 300 mg) were weighed, thawed and digested in 5-fold of
their wet weight with 1N TraceMetal grade HNOs then baked for 3 hrs at 80 °C (Playle et al. 1993a,
1993b). After digestion, tissues were vortexed for 5 seconds, then centrifuged for 2 min at 10,000 rpm
(Spectrafuge 16M; Labnet International, Edison, NJ, USA), and left to settle. The supernatant was diluted

to 10- to 100-fold with 1% acidified (concentrated HNO; TraceMetal grade) ultra-pure water to measure
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Cd concentrations. Water and tissue samples were measured for Cd using graphite furnace atomic
absorption spectrophotometer (GFAAS; SpectraAA 880 GTA 100 atomizer, Varian, Mississauga,
Ontario). The concentration of Cd in all measured tissue and subcellular compartments are expressed as
ng/g wet weight

2.3.5 Subcellular distribution analyses

The differential centrifugation protocol of Kamunde and MacPhail (2008) was adapted for the isolation of
tissue subcellular compartments (1) a fraction comprised of nuclei, cell membranes, intact cells and
connective tissue, (2) a granule-like or resistant fraction, (3) mitochondria (heavy and light), (4) a fraction
combining microsomes and lysosomes (5) cytosolic heat-stable proteins (HSP) including
metallothioneins, and (6) cytosolic heat-denaturable proteins or enzymes (HDP; see Appendix A for
protocol).

Individual tissues (gill, liver, kidney; 100 - 500 mg) were homogenized on ice in phosphate-
buffered saline [PBS: 137 NaCl; 4.3 KCl; 4.3 Na,HPOy; 1.4 NaH,PO, (in mM), pH 7.2] at a dilution of
1:3 of their wet weight by using digital tissue homogenizers set at 20 RPM (Omni THQ, Omni
International, Marietta, GA, USA). The resulting tissue homogenates were initially centrifuged at 4°C,
800 g (IEC-CL31R Multispeed; Thermo Electron Corp., Milford, MA, USA) for 15 min. Separation of
the granule-like (P1) and supernatant containing the nuclei + debris (S2) fraction from the initial
centrifugation pellet was performed by (1) re-suspending the pellet (P1) in 0.5 ml ultrapure water, (2)
heating this suspension at 100°C for 2 min, (3) adding 0.5 ml of IN NaOH (Sigma-Aldrich, Nepean ON,
Canada), (4) heating again at 60-70°C for an hour and (5) centrifugation at 10 000 X g for 10 min at
20°C. Separation of mitochondria and lysosomes was performed using a two-step isolation protocol, by
centrifuging the S1 supernatant initially at 4°C, 3000 g for 15 min to isolate heavy mitochondria (P3) and
subsequently at 4°C, 10,000 g for 30 min to isolate the light mitochondria (P10; both heavy and light
mitochondria fractions were combined for analyses). The 10,000 g supernatant (S10) was further
ultracentrifuged at 4°C and 100,000 g (Optima MAX; Beckman Instruments, Mississauga, Ontario,
Canada) for 60 min, isolating the microsomes and lysosomes fraction (P4) and cytosol (S4). Separation of
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the HDP (P5) and HSP (S5 or metallotionein-like proteins, MTLP) was done by (1) heating supernatant
S4 at 80°C for 10 min, (2) cooling it on ice for an hour and (3) ultracentrifuging it at 50 000 x g for 10
min at 4°C. To ensure the purity of each pellet, they were rinsed three times in 1 ml of buffer solution and
spun for 10 min at 10 000 x g at 4°C. Upon isolation, all of the subcellular fractions were stored at -80°C
until analyzed for Cd accumulation.

All pelleted subcellular fractions were thawed and digested in a 5-fold of their wet weight with

IN HNO; (TraceMetal grade) for 3 hrs at 80°C, whereas the supernatants were digested in a 3- fold
volume of 1N HNQ; (TraceMetal grade) for 3 hré, also at 80°C. The digests were diluted accordingly
with 1% acidified (concentrated HNO; TraceMetal grade) ultra-pure water and concentrations of Cd in
pellets and supernatants were measured by GFAAS.

2.3.6 Quality control

For quality control, pre-prepared certified reference material (trace metal fortified Lake Ontario water
[TMDA-28.3 and TM 26.3]; National Water Research Institute, Burlington, ON, Canada) and blanks
(MilliQ water and solutions used for digestion) were analyzed by GFAAS together with experimental
samples.

With respect to subcellular compartmentalization in each tissue, in order to check for fraction
enrichment, cross-contamination, and potential rupture of organelles during the isolation process,
activities of marker enzymes, citrate synthase (mitochondria) and acid phosphatase (lysosomes) were
measured (Figs. 3.3.1 — 3.3.3) in the mitochondria and S10 supernatant fractions or microsome/lysosome
and S4 supernatant fractions for the latter (see Appendix A for isolation steps with differential
centrifugation protocol). Measurements of citrate synthase and acid phosphatise activity were adapted
from Srere (1969) and Bergmeyer (1974) respectively, using commercial kits (CS0720 and CS0740;
Sigma-Aldrich, Nepean, ON, Canada; see Appendix B for protocols). The enzyme assays were carried out
in 96-well plates and analysed using a microplate spectrophotometer set at 405nm (SPECTRAmax 190;
Molecular Devices Inc., Sunnyvale, CA, USA). Also, since one portion of the tissue (gill, liver and

kidney) was measured for total Cd content, this enabled the verification of the recovery of Cd in the
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various subcellular fractions by calculating the percentage recovery ({[sum of Cd burdens in the five
fractions/Cd burden in the whole tissue] x 100). Similarly, proportions (%) of Cd distribution in the
metal-sensitive pool (MSP; mitochondria (P10) and enzymes (P5)) and metabolically detoxified pool
(MDP; metallothionein-like proteins (S5), metal right granules (P2) and microsomes -+ lysosomes (P4)
were calculated in the same manner ([sum of Cd burdens in MSP or MDP/Cd burden in the whole tissue]
x 100).

2.3.7 Statistical analyses

Data are expressed as mean + 1 SEM. All graphs and statistical analysis were performed using the
computer software SigmaPlot 11.0 (Systat Software Inc. (SSI), San Jose, CA, USA) or SPSS 18.0 (SPSS
Inc. IBM Company Headquarters, Chicago, IL, USA). All data were checked for normality and
homogeneity of variances, and subsequently submitted to a two-way analysis of variance (ANOVA). All
accumulation data were subjected to Tukey’s honest significant difference (HSD) post hoc test and
plasma ion measurements were subjected to Dunnet’s post hoc test, to detect significant differences
among the means using P < 0.05.

Initially, to ensure the data agreed with distributional assumptions of the ANOVA and other
statistical tools, relationships between exposure variables (i.¢., treatments, time) and Cd bioaccumulation
(i.e., Cd concentrations in subcellular fractions of liver, gill and kidney, and total Cd concentrations in
cach tissue) were examined in bivariate scatterplots and tested by simple correlation (Pearson’s #) and
linear regression analyses using non-transformed data. The Kolmogorov—-Smirnov test was used to verify
that regression standardized residuals were normally distributed and homoscedasticity was checked by
examination of the biplots of residuals against predicted values (Bonneris et al., 2005).

The enzyme activity data for the subcellular method quality check were statistically analyzed
using a two-tailed unpaired f-test, P < 0.05. Plasma ion concentrations were statistically compared to
control values at each sampling day using one-way analysis of variance (ANOVA; Dunnet’s test, P <

0.05). Relationships between Cd accumulation in tissue and within the subcellular fractions were
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examined by linear regression analyses using Pearson’s #* value and relationships were reported

significant at p < 0.05.

Tissue and subcelluar Cd accumulation data were statistically analyzed using two-way ANOVA
with time and treatment as independent variables. Statistical comparisons were made between treatments
(control (0), 0.75 and 2.0 pg Cd/L) at each time point and within treatments throughout the 29-day
exposure (see Appendix D for Anova Tables). Proportional data of Cd distributions in MSP and MDP

were initially arcsine-transformed and subsequently submitted to a two-way ANOVA.

2.4 Results

2.4.1 Mortality and plasma ion concentrations

Mortality occurred at both exposure concentrations (075 and 2.0 ug Cd/L) during the early phase of the
exposure (days 1-5), resulting in 91% and 80% survival for both the low and high exposure
concentrations respectively (Fig. 2.4). There were no changes in plasma Na concentrations in trout
exposed to 2.0 pg Cd/L compared to controls; however trout exposed to 0.75 pg Cd/L had significantly
lower plasma Na concentrations, only on day 4 (Fig. 2.6), which was also true for plasma Ca
concentrations in the low Cd exposure group. Trout exposed to 2.0 pg Cd/L had significantly lower
plasma Ca concentrations in comparison to control values during the 30 day exposure (Fig. 2.5), and were
unable to recover back to control levels.

2.4.2 Total Cd burdens in tissues

Cd concentrations in all tissues were higher than background concentrations over the 29-day exposure to
2.0 ug Cd/L (Fig.2.7); the increases in all tissues except liver were significant by day 4. Similarly, Cd
concentrations were higher than control values in the gills and kidney during the 29-day exposure to 0.75
ug Cd/L (Fig 2.7); the increases in both tissues were significant by day 17 and onwards. At day 29,
kidney and gill Cd concentrations were comparable (kidney exceeded gill in fish exposed to 2.0 ug Cd/L)

and were 2 times higher than liver levels (Fig. 2.7) for both low and high Cd exposure groups. Kidney Cd
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levels increased 28 and 127 times (low and high Cd exposure) from control values (value + 1SEM (n);
0.025 +0.008 (30) png Cd/g wet weight; Figure 2.7). Liver Cd concentrations increased 13 and 80 times
from control values (0.015 + 0.001 (30) pg Cd/g wet weight) and gill Cd concentrations increased 30 and
34 times from control values (0.011 = 0.002 (30) pg Cd/g wet weight) for Cd exposed fish after 29 days

of exposure (Fig. 2.7).

2.4.3 Bioaccumulation and distribution of Cd in subcellular fractions

2.4.3.1 Marker enzyme assays and recovery of Cd
Citrate synthase and acid phosphatase activities (Figs. 2.1 — 2.3) were measured to examine both the level

of enrichment and integrity of the mitochondrial and microsomes + lysosomes fractions, and to determine
possible contamination of the cytosol. The citrate synthase activity was 8 times, 7 times and 10 times
higher in the mitochondrial fraction relative to the cytosol (30 - 80 pmole/ml/min), for the liver, kidney
and gills respectively, indicating significant enrichment with mitochondria. Measured mitochondrial
citrate synthase activity ranged between 350 — 500 pmole/ml/min for all tissues. Similarly, the ML
fraction was enriched with lysosomes, indicated by 24 times, 6 times and 5 times increase in acid
phosphatase activity compared to the cytosol (0 - 0.2 Units/ml), for the liver, kidney and gills
respectively. Measured lysosomal acid phosphatase activity ranged between 0.7 — 1.2 Units/ml for all
tissues. Cd concentrations in all subcellular fractions were summed and compared to the respective tissue
Cd burden. Recovery of Cd ranged between 85-97, 88-111 and 87-114 % for the gill, liver and kidney
respectively.

2.4.3.2 Subcellular Cd partitioning

The concentrations of Cd partitioning into subcellular compartments within the gills, liver and kidney of
trout exposed to waterborne Cd are shown in Figs. 2.8 — 2.10. Briefly, Cd concentrations in subcellular
fractions (cellular debris, metal-rich granules (MRG), mitochondria, microsomes+lysosomes (ML), heat-
sensitive proteins (HSP) and metallothionein-like proteins (MTLP)) from fish chronically exposed to

sublethal Cd were:
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Gill - mitochondria > cellular debris > MTLP > HSP > ML > MRG
Liver - MTLP > mitochondria > HSP > cellular debris > ML > MRG
Kidney - cellular debris > MTLP > MRG > ML > HSP > mitochondria

Cd concentrations in gill mitochondrial fractions (Fig. 2.8) gradually increased in fish exposed to
0.75 pug Cd/L and were significantly higher than control levels on days 17 and 29. Gill Mitochondrial
concentrations from fish exposed to 2.0 ug Cd/L significantly increased with time. In exposed fish, gill
cellular debris fraction (Fig. 2.8) Cd concentrations were higher than control levels, and concentrations
remained unchanged within each exposure group throughout all sampling days. The gill HSP fraction
(Fig. 2.8) Cd concentrations from the low Cd exposure group gradually increased during the first week,
peaked on day 7 when Cd concentrations were significantly higher than control levels, then declined. Cd
concentrations in the gill HSP fraction from the high Cd exposure group significantly increased with time
until day 17 and achieved significantly higher Cd concentrations in comparison to both control and low

Cd exposure values from days 7 — 29.

Liver metal-sensitive fractions did not accumulate Cd when exposed to 0.75 pg Cd/L, except
mitochondrial fractions gradually increased from background levels and were significantly higher by day
30 (Fig. 2.9). However, increases from both control values and concentrations attained by fish exposed to
0.75 pg Cd/L were apparent in all fractions in fish exposed to 2.0 pg Cd/L. The liver cellular debris
fraction (Fig. 2.9) significantly accumulated Cd during all sampling days and remained stable from days
4-29. Liver mitochondrial concentrations of Cd (Fig. 2.9) were higher than both control and low Cd
exposure levels by day 7 and continued to significantly rise. The liver HSP (Fig 2.9) fraction Cd

concentrations fluctuated but remained high in comparison fish livers from control and low Cd exposure.

Cd did not accumulate appreciably in mitochondrial kidney fractions of fish exposed to 0.75 pg
Cd/L (Fig. 2.10). However, fish exposed to 2.0 ug Cd/L experienced significant increase in Cd
concentrations by day 7 and onwards. The kidney HSP fraction (Fig. 2.10) initially accumulated
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significantly higher concentrations of Cd in comparison to control values on day 1 then declined for both
low and high Cd exposure groups. Fish exposed to 0.75 ng Cd/L demonstrated a gradual decline in HSP
Cd concentrations with levels comparable to control values by day 7 and onwards, whereas fish exposed
t0 2.0 pg Cd/L decreased to control levels by day 4, and remained relatively unchanged, with significantly
higher Cd concentrations on day 17 only. In contrast, kidneys from exposed fish gradually accumulated
Cd in cellular debris fractions (Fig. 2.10) and concentrations were elevated from control values after one
week of exposure; fish exposed 2.0 pg Cd/L attained higher amounts of Cd by day 4 and onward.

2.4.3.3 Cd partitioning in detoxified metal compartments

Figures 2.8 — 2.10 show the concentrations of Cd in the liver, kidney and gill in detoxified subcellular
fractions; MRG, ML, and MTLP. The gill MTLP Cd concentrations (Fig 2.8) gradually increased in
comparison to controls, and were significantly higher than control levels on day 29 for both the low and
high Cd exposure groups. Gill MRG contained the lowest amount of Cd (Fig. 2.8) however
concentrations in exposed fish were higher than control values (only after one week for the low Cd
exposure group). Cd concentrations in gill MRG remained unchanged in fish exposed to 0.75 pg Cd/L
and fluctuated in fish exposed to 2.0 ug Cd/L. Cd concentrations in gill ML (Fig. 2.8) gradually increased
in comparison to controls for fish exposed to 0.75 ug Cd/L and were significantly higher than control
levels on days 17 and 29. Fish exposed to 2.0 pg Cd/L attained higher amounts of Cd than both control
and low Cd exposed fish by day 7, coinciding with the highest Cd accumulation in ML fraction; however

there was a significant decreased between day 7 and 17.

The liver MTLP Cd concentrations (Fig. 2.9) of trout exposed to 0.75 pg Cd/L were significantly
higher than control values on days 1 and 7 and did not change appreciably between sampling days. Cd
concentrations in the MTLP fraction from trout livers exposed to 2.0 ug Cd/L increased significantly and
were higher than fish exposed to 0.75 ug Cd/L after one week. Liver ML fraction (Fig. 2.9) Cd
concentrations achieved significantly higher amounts by day 7, and Cd levels continued to increase

significantly with time. Liver MRG contained the lowest amount Cd (Fig. 2.9). Cd concentrations in
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MRG fluctuated in trout exposed to 0.75 pg Cd/L and attained higher amounts of Cd than control levels

on days 7 and 29; however Cd did not accumulate appreciably in MRG of fish exposed to 2.0 ug Cd/L.

The kidney MTLP Cd concentrations (Fig. 2.10) gradually increased. Cd concentrations in trout
exposed to 0.75 ug Cd/L were significantly higher than control levels on day 29, whereas concentrations
in trout exposed to 2.0 pg Cd/L increased significantly from day 7 and onwards, and attained higher
concentrations than both background and low Cd exposure levels. Kidney MRG and ML Cd
concentrations (Fig. 2.10) gradually increased in fish exposed to 0.75 ug Cd/L and Cd concentrations in
ML were elevated from control values after one week. Significant increases from control values were
attained from day 7 and onwards in both ML and MRG fractions from fish exposed to 2.0 ug Cd/L.
2.4.4 Metabolically active vs. metabolically detoxified Cd
Figure 2.11 displays the overall change in proportion of Cd (%) partitioned into MSP which includes
mitochondria and HSP; and MDP that is comprised of MTLP, MRG and ML in each tissue throughout
the 29-day exposure to waterborne Cd. Cd bound to MSP and MDP in the gill remained comparable to
control values, and varied with time and exposure (Fig. 2.11). Initially, there was significantly less Cd
bound to MSP on day 1 in 2.0 pg/L exposed fish, however, Cd concentrations appeared elevated from
control values after one week. Generally, decreased partitioning of Cd into MDP was observed in fish
gills exposed to 2.0 pg Cd/L, whereas Cd bound to MDP appeared to gradually rise, in comparison to
controls. The proportions of Cd bound to MSP ranged from 38-57% and 18-57% for low and high Cd
exposed fish respectively. The proportions of Cd bound to MDP ranged from 24-53% and 22-42 % for
low and high Cd exposed fish respectively. Background proportions of MSP and MDP ranged from 49-

53% and 37-42% respectively.

In the liver of Cd exposed fish (Fig. 2.11), it was observed that the proportion of Cd bound to MSP was
low during the first week of exposure (particularly in fish exposed to 0.75 pg Cd/L) and gradually rised,
whereas Cd bound to MDP remained elevated (particularly in fish exposed to 0.75 pg Cd/L), in

comparison to control values. The proportions of Cd bound to MSP ranged 21-51% and 29-44% for low
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and high Cd exposed fish respectively. The proportions of Cd bound to MDP ranged from 38-65% and
41-50% for low and high Cd exposed fish respectively. These values were comparable to control MSP

and MDP values ranging from 39-43% and 35-42% respectively.

The kidney partitioned Cd from MSP throughout the exposure (Fig. 2.11), as Cd bound to MSP declined
linearly in both low and Cd exposed fish. The proportion of Cd bound to MSP ranged from 11-47% and
4-30% for low and high Cd exposures respectively, whereas Cd bound to MDP in kidneys ranged from
38-65% and 40-60% respectively. Cd bound to MSP was significantly lower from control values (26-
30%) after one week of exposure to both Cd concentrations, whereas Cd bound to MDF remained
comparable to control values (49-53%) and appeared elevated in comparison to control levels on day 29.
2.4.5 Correlation between fraction Cd and total tissue Cd burdens

In order to indentify which subcellular fractions responded to the increases in Cd accumulation,
concentrations in each fraction (png/g; y-axis) were regressed against total tissue burdens (ug/g; x-axis).
Tables 2.2 — 2.4 show the coefficients of determination for the relationships between Cd concentrations in
cell fractions and the respective whole liver, kidney and gill concentrations. Correlations were determined
throughout the 29-day exposure, during the first week (days 1, 4 and 7) and after one week (days 7, 17
and 29) of exposure to observe potential differences in fractions that become particularly enriched with
Cd carly in the exposure and vice versa. In the liver, only the MRG fraction Cd concentrations were not
correlated with hepatic Cd, which was also true for the kidney HSP fraction and both cellular debris and
MRG fractions in the gill throughout the 29-day exposure. However, coefficients of determination )
changed between the first week of exposure and after one week of exposure within each subcellular
fraction from all tissues. Correlations between each fraction and the total hepatic Cd concentration
demonstrated a stronger relationship within ML, mitochondria and HSP subcellular fractions during the
first week of exposure; in contrast the kidney displayed stronger correlations among all subcellular

fractions after one week of exposure. Gill correlations between each fraction and total Cd burden were not
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significant during the first week of exposure, and were only significant within the MTLP fraction post one

week exposure and 7* values were less than 0.26 for all fractions compared to total gill Cd burdens.

2.5 Discussion

2.5.1 Plasma ion concentrations
Disturbances in plasma ion concentrations have been previously linked with metal exposure (Wicklund

and Runn, 1988; Richards and Playle, 1999; Reynders et al., 2008). In this study, plasma Ca and Na
concentrations in rainbow trout (Oncorhynchus mykiss ) were affected by Cd exposure (Fig. 2.5-2.6).
Trout exposed to 0.75 pg Cd/L had reduced levels of plasma Na and Ca on day 4. For trout exposed to 2.0
ng Cd/L no changes in plasma Na levels occurred, however plasma Ca levels remained lower than control
values throughout the duration of the exposure, suggesting that detoxification of Cd was imperfect, most
probably within gills since they play a significant role in serum Ca homeostasis (McDonald and Wood,
1993; Richards and Playle, 1999).

The survival of fish chronically exposed to Cd with low plasma Ca concentrations is consistent
with results from Van Campenhout et al. (2010) which found significantly lower Ca concentrations at the
sampling site associated with the highest environmental Cd pollution in gibel carp (Carassius auratus
gibelio). Similar results of reduced plasma Ca levels in rainbow trout (Oncorhynchus mykiss) after 24 hr
of Cd exposure (10 ug/L) in moderately hard water were obtained by Chowdhury et al. (2004). However,
a study done by Hollis et al. (2000b) reported no significant changes in plasma Ca concentrations to
rainbow trout (Oncorhynchus mykiss) exposed chronically to 2.0 ug Cd/L in four different Ca
concentrations (260 — 1200 uM Ca) in synthetic soft water. This study also demonstrated that trout
acclimated to increased ambient Ca concentrations resulted in a decrease in influx and binding availability
of Ca at the gills, which may contribute to reduced plasma Ca in fish within the present study. Waterborne
Cd causes toxicity in fish by decreasing plasma Ca concentrations due to Cd interfering with Ca
regulation at the gills (Verbost et al., 1989; McDonald and Wood, 1993; Richards and Playle, 1999;

Hollis et al., 1999). The work carried out by Verbost et al. (1988; 1989) demonstrated that there is a
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strong inhibition of basolateral Ca**ATPase activity which indirectly results in a blockade of apical Ca
channels. Due to the strong inhibition of Ca transport by Cd, plasma Ca levels may have been unable to
recover in fish exposed to 2.0 ug Cd/L, and Ca concentrations (868 + 28 uM) present in moderately hard
water (140 mg/L as CaCO:;) used in this study were too low for Ca to effectively compete with Cd
binding sites on the gill. Additionally, Cd exposure has been shown to disrupt gill epithelium (Oronsaye,
1989) which may lead to Ca efflux resulting in an increase of diffusive ion losses.

Consistent with results obtained in this study for trout exposed to 0.75 ug Cd/L, a study carried
out by Fu et al. (1990) also demonstrated a small but significant decrease in plasma Na at day 4 in tilapia
(Oreochromis niloticus) exposed to 10 pg Cd/L. However effects of Cd on Na balance in teleost fish are
variable. Reader and Morris (1988) observed an increase in plasma Na in brown trout (Salmo trutta)
exposed to clevated waterborne Cd, whereas studies (Pratap et al., 1989; Verbost et al., 1989;
Baldisserotto et al., 2004; Chowdhury et al., 2004) with brown trout (Salmo trutta), tilapia (Oreochromis
niloticus) and rainbow trout (Oncorhynchus mykiss) have demonstrated unperturbed plasma Na levels in
exposed fish. Although studies (Chowdhury et al., 2004; Garcia-Santos et al., 2005) have not reported
changes in plasma Na with clevated waterborne Cd concentrations, it has been shown that Cd can inhibit
the basolateral Na'/K"ATPase activity in gill and intestinal epithelium of many fish species
(Schoenmakers et al., 1992; Pratap and Wendelaar-Bonga, 1993; Atli and Canli, 2006). Another
possibility is that Cd can inhibit apical Na transport by binding to sensitive exchangers such as
inracelllular carbonic anhydrase, similar to mechanism of other metals (i.¢. silver and lead) described by
other studies with rainbow trout (Oncorhynchus mykiss) (Rogers et al., 2005). Briefly, carbonic anhydrase
provides H and HCOj;  ions for apical Na" and CI" uptake/exchangers sites of CI/HCOs™ (Rogers et al.,
2005). However, short term (3h) unidirectional Na influx in ranbow trout was not inhibited by 5 pg Cd/L
in soft water, but was exacerbated in combined Cd and Pb exposures in comparison to Pb exposure alone
(Birceanu et al. 2008). Potentially, other mechanisms for Cd disruption of plasma Na levels exist and

interactions with intracellular Cd and Na transport should continue to be explored.

31



2.5.2 Tissue Cd burdens
Overall, the 29-day uptake of Cd into tissues showed dose-, duration- and organ dependent differences in

which Cd concentrations in the gill were approximately 2-3 times those attained in the liver and kidney
during the first week of exposure (Fig. 2.7). This is not surprising since gills are in direct contact with the
environment. Cd accumulation and retention in gills during the early phase of exposure coinciding with
low Cd concentrations in internal organs (liver and kidney) is consistent with previous studies (McGeer at
al., 2000b, McGeer et al., 2007; Hollis et al., 2001; Szebedinzky et al., 2001) and may indicate that the
gill acts as a barrier in transfer of Cd thus limiting internalization and uptake of Cd in internal tissues. In
contrast, liver and kidney showed an early lag phase followed by a linear increase in Cd concentrations in
the kidney. Lag periods prior to Cd accumulation during chronic sublethal exposures have previously
been reported in rainbow trout (Oncorhynchus mykiss) (McGeer et al., 2007; Hollis et al., 2001;
Szebedinszky et al., 2001) and suggest that time is required to deliver Cd to internal target sites and is
possibly delayed by intracellular binding of Cd to ligands in the gill (Olsson and Hogstrand, 1987;
Wicklund Glynn, 1991). However, by day 29 the kidney accumulated comparable amounts of Cd to gills,

and exceeded concentrations in the gills for fish exposed to 2.0 pg Cd/L.

Both gills and kidney attained approximately 2-3 times higher concentrations of Cd compared to
liver at day 30 (Fig. 2.7). Additionally, absolute Cd accumulation was highest in kidneys, suggesting that
the kidney is an important organ for Cd accumulation. Previous studies (McGeer et al., 2000b; Hollis et
al., 2001; Szebedinszky et al., 2001) have demonstrated equal or higher concentrations of Cd (relative to
gills or liver) in kidneys of trout chronically exposed to sublethal waterborne Cd in moderately hard
water. Harrison and Klaverkamp (1989) found that kidney Cd burdens were retained even after the fish
were returned to Cd-free water, highlighting the significance of the kidney as a bioaccumulator of Cd.
The kidney Cd burden typically exceeds that of the liver (McGeer et al., 2000b; Hollis et al., 2001;
Szebedinszky et al., 2001). Cd has previously been described by Kumada et al. (1980) as a nephrotoxicant

due to selective internal accumulation of Cd in kidneys.
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2.5.3 Subcellular partitioning of Cd
Marker enzyme activity of citrate synthase and acid phosphatase were mearsured in order to check for

fraction enrichment, cross-contamination, and potential rupture of organelles during the isolation process
(Figs. 2.1 — 2.3) in the mitochondria and S10 supernatant fractions or ML and S4 supernatant fractions for
the latter (see Appendix A for isolation steps with differential centrifugation protocol). The liver, kidney
and gill enzyme marker activities varied between tissues. Citrate synthase and acid phosphatase activity
ranged from 7-10 times greater in mitochondrial fractions and ranged from 5-24 times greater in ML
fractions, in comparison to the associated cytosol, indicating significant enrichment of both fractions.
Measured mitochondrial citrate synthase activity ranged between 350 — 500 pmole/ml/min for all tissues
which was comparable to pooled liver citrate synthase activity measured by Kamunde and MacPhail
(2008) which ranged between 550-700 pmole/ml/min .Similarly, measured lysosomal acid phosphatase
activity ranged between 0.7 — 1.2 Units/mL and were comparable to pooled liver acid phosphatase

activity measured by Kamunde and MacPhail (2008) that ranged between 0.7-0.9Units/ml..

Intracellular metal-sensitive compartments including mitochondria and HSP accumulated Cd
early (on day 1), especially in the gill (Fig. 2.8-2.10). This could potentially indicate temporary saturation
of the capacity for Cd binding before induction of metal-binding proteins. Generally, gill metal-sensitive
compartments accumulated more Cd than in the respective liver and kidney compartments in Cd exposed

fish, which is undoubtedly due to the proximity and accessibility of waterborne Cd to the gill.

In both the liver and kidney, mitochondria appear to have a low capacity for Cd accumulation and
ranked low in terms of concentrations attained compared to the gills (Fig. 2.8; 2.10). Throughout the
duration of the exposure, trout exposed to 0.75 and 2.0 pg Cd/L accumulated approximately 2-6x and 8-
11x more Cd in gill mitochondrial fractions compared to the liver and kidney respectively. During the
first week of exposure, gill mitochondrial Cd concentrations increased, whereas liver and kidney Cd
experienced a lag period before substantial increases were attained, similar to tissue burdens of Cd (Fig.

2.8-2.10). These findings are consistent with the work of Kamunde et al., (2009) which demonstrated that
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Cd accumulated in the gill in a dose (5-50 pg Cd/L ) and time (96 hrs) dependent pattern similar to whole
Cd gill burdens, with minimal accumulation in the liver between 0 and 48 hrs. A study done by Kraemer
et al., (2005) with yellow perch (Perca flavescens) transplanted to a metal-impacted lake with Cd
concentrations of 1.7 nM for 70 days also confirmed low levels of Cd bound to organelles (mitochondria
and ML) in the liver. Mitochondria are important metal-sensitive organelles in which Cd accumulation
can impair oxidative phosphorylation resulting in ATP deficits, generate reactive oxygen species and cell

death (Belyaeva et al., 2001; Sokolova, 2004).

Elevated concentrations of Cd partitioning to HSP occurred on day 1 in all tissues of Cd exposed
trout (Fig. 2.8-2.10). However, after day 1 kidney HSP concentrations gradually declined in contrast to
the gill which continued to increase (Fig. 2.10), the liver pattern of Cd partitioning displayed a median
response with fluctuating Cd concentrations (Fig. 2.9). These results may indicate that the detoxification
mechanisms within the kidney were able to dissipate Cd from this sensitive fraction with time.
Discrepancies of Cd accumulation in liver HSP exist within the literature; numerous authors (Brown et
al.,, 1990; De Smet at al., 2001; Kamunde et al., 2009) reported increased Cd partitioning into HSP,
however lack of effect (Kraemer et al., 2005) and decreased partitioning (Giguére et al., 2006) have also
been observed. This is most likely due variable experimental parameters such as exposure concentrations,
water chemistry and fish species. Consistent with this study, Kamunde (2009) also observed early
partitioning of Cd into HSP of both liver and gills. HSP are considered a metal-sensitive fractions since
binding of metal can result in structural damage and perturb protein function, resulting in toxicity to fish

when Cd concentrations become elevated (Pruell and Engelnardt, 1980).

Initially the cellular debris fraction contained approximately 2x and 4x as much Cd in gills
compared to the kidney and liver respectively, while its contribution to the total Cd burden did not change
in gill and liver, but gradually increased with time and dose in the kidney (Fig. 2.8-2.10). High
concentrations of Cd in cellular debris fraction in the gill compared to that of the liver were also

demonstrated by Kamunde (2009). Cd accumation in cellular debris fractions is difficult to interpret since
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it is comprised of a heterogenous mixture of membranes, intact cells, and tissue fragments (Vijver et al.,
2004).

2.5.4 Subcellular partitioning of Cd into metabolically detoxified compartments

In trout, the metal-rich granule fraction appears to play a minor role in Cd sequestration and
detoxification in gills and liver (Fig. 2.8; 2.9) which attained the lowest concentrations of Cd in this study
and previous studies (Giguére et al., 2006; Kamunde, 2009). In contrast, this detoxification mechanism is
important in invertebrate species in which extremely high amounts of Cd are sequestered in granules
(Rainbow, 2002 and 2007). Similarly, this study demonstrated that fish kidneys may also employ granule
sequestration to detoxify Cd, as indicated by increases of Cd partitioning into MRG from exposed fish
with time (Fig. 2.10). Interestingly, a study done by Oronsaye (1989) examined histological changes in
kidneys of stickleback chronically exposed to dissolved Cd in hard water and observed excessive
formation of granular masses, particularly in the tubule lumina, suggesting that the kidneys were

excreting detoxified Cd.

The role of metallothionein in the sequestration and detoxification of Cd has been well
documented in fish (Olsson and Hogstrand, 1987; De Smet et al., 2001; Hollis et al., 2001; Chowdhury et
al., 2005). The MTLP fraction accumulated the highest concentration and % of the Cd burden which is
consistent with many previous studies (Kraemer et al., 2005; Giguere et al., 2006; Campbell et al., 2006;
2008; Kamunde et al., 2009). However, there appeared to be a lag period during the first week of

exposure in all tissues, whereby Cd gradually begins to accumulate in MTLP (Fig. 2.8-2.10).

In gills, lag periods were also observed by Wicklund Glynn (1988) and Kamunde (2009) in fish
exposed to elevated levels of Cd, suggestive of temporary saturation of metal-binding capacity followed
by the gradual synthesis of new metal-binding proteins. Delay of Cd accumulation into MTLP with
concurrent rapid accumulation of Cd in metal-sensitive compartments in gills may be tempting to
interpret as acute spill-over. Gills contain three main cell types; pavement, mucous and mitochondrial-

rich cells (Laurentt, 1984) that could be involved in Cd uptake, however much attention has focused on
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mitochondrial-rich cells due to their morphological appearance to that of transport cells. Waterborne Cd
enters branchial mitochondrial-rich cells by passing through apical Ca channels, whereas the transport of
Cd into the blood stream across the basolateral membrane occurs by an unknown mechanism, for Cd
itself tends to inhibit the high-affinity Ca®" -ATPase (Verbost et al., 1989; Playle et al., 1993a,b; Wood,
2001). Mitochondrial-rich cells are highly packed with mitochondria and rich in tubular endoplasmic
reticulum (Laurent, 1984), making these cells particularly sensitive to Cd accumulation. Additionally,
synthesis of metallothionein-like proteins occurs primarily in the mitochondrial-rich cells which
comprises the smallest proportion (<10%) of the branchial epithelial surface area (Potts, 1977) thus the
amount of metal-binding proteins produced is likely low. Initial rapid accumulation of Cd may
overwhelm the detoxification capacity of mitochondrial-rich cells, rendering Cd accumulation into highly
available sensitive fractions inevitable. Cd concentrations continued to significantly increase in both
sensitive and MTLP fractions after one week of exposure, suggesting that the gills may be using
additional mechanisms to help cope with potential consequences of accumulation. For example heat-
shock proteins help repair structural damage to proteins and are synthesized during Cd exposure in gills of
bivalves (Piano et al., 2004; Ivanina et al., 2008). Additionally, it could be that the gill is tolerant to
accumulation of Cd in sensitive fractions and has not exceeded a threshold concentration that may be

linked to adverse effects.

Slow rates of accumulation in the early stages of the exposure in the liver and kidneys (Fig. 2.9;
2.10) may be expected due to the same rationale of delayed tissue Cd accumulation mentioned previously.
Ultimately, Cd partitioning into MTLP in both liver and kidney contributed to the highest proportion of
total Cd. However, similar to gills, early Cd partitioning into metal-sensitive compartments
(mitochondria, HSP) was observed potentially indicating acute spill-over in both liver and kidney. In
contrast to gills, concentrations of Cd in metal-sensitive fractions declined or remained unchanged after
one week of exposure due to possible changes in partitioning of Cd or incoming Cd partitioned to newly

synthesized MTLP. Although previous studies have not examined subcellular distribution of Cd in
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kidneys, studies done by Hollis et al, (2001) and Chowdhury et al., (2005) observed the highest relative
increases in metallothionein concentrations in the kidney, followed by gills then liver, in fish chronically
exposed to waterborne Cd (3 pg Cd/L) in moderately hard water (140 mg as CaCOs/L). These findings
are consistent with the present study; Cd exposed fish sequestered the highest concentrations of Cd in
MTLP in the kidneys, followed by gills, then liver, similar to total tissue burdens of Cd (Fig 2.8-2.10),

indicating that accumulators of Cd rely heavily on the binding of Cd to intracellular thionein-rich ligands.

Partitioning of Cd into the ML fraction was minimal early in the exposure within all tissues (Fig.
2.8-2.10). Increases of Cd partitioning into ML were after one week of exposure, however concentrations
did not continue to increase in the gill or liver; only Cd concentrations in the kidney increased. These
results are consistent with Kamunde (2009) which demonstrated that Cd partitioning to ML fraction was
complex in the gills (some exposure doses (25 and 50 mg Cd/L) displayed similar plateaus and declines in
Cd concentrations) and liver absolute accumulation was minimal until 96 hrs of exposure. It has been
suggested that ML plays a role in detoxification (Kraemer at al., 2005) since it has been shown that metal-
bound to metallothionein and other metal-thiol conjugates are ultimately degraded in microsomes and
lysosomes in aquatic invertebrates (Viarengo et al, 1985; Barka et al., 2001; Nassiri et al., 2000) and
vertebrates (Cousin, 1979; Mehra and Bremner, 1985, cited in Bremner, 1991). Additionally, bound
metals have been shown to have different capacities to resist lysosomal degradation in vertebrates
(Cousins, 1979; Mchra and Bremner, 1985, cited in Bremner, 1991), possibly in order of increasing
resistance to lysosomal degradation: Cu > Cd > Zn, based on the stability of the disulphide links in their
molecular conformation. Due to complex role of ML to potentially detoxify, sequester, and release Cd
into other cellular components possibly by mechanisms similar to molluscs, crustaceans and annelids
(Langston et al., 1998; Ahearn et al., 2004), future research should focus on partitioning of Cd within this

fraction in fish to delineate the consequence, if any, of Cd accumulation.

In order to examine the relationship between subcellular fraction enrichment and tissue Cd

accumulation, simple linear regression analysis was performed (Tables 2.2-2.4). Correlations were
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determined throughout the 29-day exposure, during the first week (days 1, 4 and 7) and after the first
week (days 7, 17 and 29) of exposure to observe potential differences in fractions that become
particularly rich early in the exposure and vice versa. This will help reveal accumulation patterns at the
subcellular level that do not match whole tissue patterns. All fractions in the liver except MRG were
enriched with Cd, and slightly stronger correlations were observed during the first week of exposure.
Similarly, all fractions in the kidney except HSP were enriched with Cd, however slightly stronger
correlations were observed after one week of exposure. Cd accumulation in subcellular fractions did not
display a strong relationship to total gill burden. Fractions that were particularly enriched with Cd in all
tissues include MTLP and mitochondria. Thus, consequences of Cd accumulation, if any, could be related
to partitioning of Cd to MTLP and mitochondria.

2.5.4Partitioning of Cd into metal-sensitive and detoxified pools

In fish gills exposed to 2.0 pg Cd/L, Cd concentrations partitioned into the MSP (mitochondria and HSP)
varied with exposure and time, and values were comparable to controls after day one (Fig. 2.11). The gills
partitioned less Cd into MDP during the first week of exposure. Similarly, partitioning of Cd in the liver
into MSF also varied with time and exposure, however, in contrast to the gill, Cd bound to MDP appeared
to remain elevated in both high and low Cd exposed fish and was higher than control values on day 7 in
fish exposed to 0.75 pg Cd/L. In contrast to both liver and gill, Cd binding to MSP in the kiney declined
in both low and high Cd exposed fish, however a shift in Cd partitioning into MDP was not observed,
although levels appeared to be elevated in comparison to control values after one week (Fig. 2.11). The
lack of significant partitioning into MDF was most-likely due to substantial amounts of Cd bound to
cellular debris in the kidneys (Fig. 2.10). These results may indicate that the detoxification capacity of
the liver and particularly the kidney has not been exceeded during the 29-day exposure. Similar
observations have been made in juvenile rainbow trout (Oncorhynchus mykiss) liver and gills (Kamunde,
2009) and yellow perch liver (Giguére et al., 2006). These results indicate that fish gills are most sensitive

to waterborne Cd accumulation due to lower amount of Cd bound to MDP.
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The objective of the present study was to characterize the subcellular partitioning of Cd in gill,
liver and kidneys of juvenile rainbow trout (Oncorhynchus mykiss) during a 29-day sublethal waterborne
Cd exposure. The results indicated that all tissues did accumulate Cd in a time- and concentration-
dependent manner. It was predicted that acute toxic effects (mortality and ion loss) will correspond to Cd
accumulation in MSP, which was supported by these results in some tissues. The kidneys appeared to
dissipate Cd from excessive accumulation in metal-sensitive fractions (e.g. HSP) with time and exposure.
However, accumulation of Cd in MSP was observed in both liver and gills, particularly in the gills, as
partitioning of Cd into metal-sensitive fractions (mitochondria and HSP) continued to rise or remained
elevated. Additionally, it was predicted that there will be a shift from Cd partitioning from metal-sensitive
to detoxified pools which could be related to the recovery phase of the damage-repair-acclimation
scenario (McDonald and Wood, 1993). No significant shifts in Cd partitioning were observed during the
first week of exposure; however increased partitioning of Cd was observed in the kidney at day 29 in fish

exposed to 2.0 ug Cd/L.

Lastly, it was predicted that each tissue will have different patterns of subcellular Cd partitioning
corresponding to different physiological roles. Characterization of Cd bound to metal-sensitive and
detoxified compartments did reveal that the kidney is most efficient at detoxification as indicated by
decreased partitioning of Cd into MSP and contained the highest amounts of Cd bound to MTLP and
MRG in comparison to the liver and gills. The liver displayed intermediate detoxification capacity,
whereas the gills partitioned the lowest amount of Cd into MDP. With regard to determining which
particular fractions are enriched with Cd, the present study shows that: (a) the relative contribution to of
each fraction to total liver or kidney burden was reasonably constant with few exceptions (MRG in liver;
HSP in kidney) (b) complications arise when evaluating fraction enrichment of Cd in gills (c) MTLP and
mitochondria appear to be the most important metal binding ligands in gills, liver and kidney, thus both

should continue to be examined in future studies conceming the fate and potential consequences of
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chronic sublethal Cd exposure in fish. Overall, more knowledge and studies concerning subcellular

partitioning of Cd in tissues (particularly the kidney) of fish are strongly encouraged.
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Fig. 2.1 Acid phosphatase (A) and citrate synthase (B) activities in microsomes + lysosomes and
mitochondrial fractions (gray bars) and cytosol (black bars) of gills from control fish. Values are mean +
1 SEM, n = 6 fish. * Indicate significant difference from cytosolic fractions (unpaired t-test, p < 0.05)
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Fig. 2.2 Acid phosphatase (A) and citrate synthase (B) activities in microsomes + lysosomes and
mitochondrial fractions (gray bars) and cytosol (black bars) of livers from control fish. Values are mean +
1 SEM, n = 6 fish. * Indicate significant difference from cytosolic fractions (unpaired t-test, p < 0.05)
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Fig. 2.3 Acid phosphatase (A) and citrate synthase (B) activities in microsomes + lysosomes and
mitochondrial fractions (gray bars) and cytosol (black bars) of kidneys from control fish. Values are mean
+ 1 SEM, n = 6 fish. * Indicate significant difference from cytosolic fractions (unpaired t-test, p < 0.05)
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Fig. 2.4 The effect of Cd exposure to rainbow trout (Oncorhynchus mykiss) 27.1 g+ 7.64 SD,n=117)
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Fig. 2.5 The effect of waterborne Cd exposure to plasma Ca*" concentrations in rainbow trout
(Oncorhynchus mykiss) during 29-day exposure to control (nominal 0), 0.75 and 2.0 pg/L in moderately
hard water. Values are means + 1 SEM, n = 6. * indicates a significant difference compared to controls
(ANOVA; Dunnet’s test, p < 0.05)
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Fig. 2.6 The effect of waterborne Cd exposure to plasma Na~ concentrations in rainbow trout
(Oncorhynchus mykiss) during 29-day exposure to control (nominal 0), 0.75 and 2.0 pg/L in moderately
hard water. Values are means + 1 SEM, n = 6. * indicates a significant difference compared to controls
(ANOVA; Dunnet’s test, p < 0.05)
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Fig. 2.7 Dose- and time-course of Cd accumulation in rainbow trout (Oncorhiynchus mykiss) gill, liver
and kidney during 29-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne Cd. Values
are means = 1 SEM, n = 6 fish. * indicate significance compared to control values whereas ** indicate

significance from both control values and between treatment groups (Anova; Tukeys HSD, p < 0.05)
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Fig. 2.8 Dose- and time-course of Cd accumulation in gill subcellular fractions of rainbow trout
(Oncorhynchus mykiss) during 29-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne
Cd in moderately hard water. Values are means + 1 SEM, n = 6 fish. * indicate significance compared to
control values whereas ** indicate significance from both control values and between treatment groups
(Anova; Tukeys HSD, p < 0.05)
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Fig. 2.9 Dose- and time-course of Cd accumulation in liver subcellular fractions of rainbow trout
(Oncorhynchus mykiss) during 29-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterbome
Cd in moderately hard water. Values are means + 1 SEM, n = 6 fish. * indicate significance compared to
control values whereas ** indicate significance from both control values and between treatment groups
(Anova; Tukeys HSD, p < 0.05)
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Fig. 2.10 Dose- and time-course of Cd accumulation in kidney subcellular fractions of rainbow trout
(Oncorhynchus mykiss) during 29-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne
Cd in moderately hard water. Values are means + 1 SEM, n = 6 fish. * indicate significance compared to
control values whereas ** indicate significance from both control values and between treatment groups
(Anova; Tukeys HSD, p < 0.05)
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Fig. 2.11 Relative proportions (%) of Cd distributed between metal-sensitive and detoxified pools (MSP
and MDP) in rainbow trout (Oncorhynchus mykiss) during 29-day exposure to control (nominal 0), 0.75
and 2.0 pg/L of waterborne Cd in moderately hard water. Values are means = 1SEM, n = 6 fish. *
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(Anova,; Tukey’s HSD, p < 0.05)
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Table 2.1 Measured exposure concentrations of Cd from head tanks and fish tanks taken during the 29-
day exposure to juvenile rainbow trout (Oncorhynchus mykiss). Temperature of exposure water ranged
from 9.9 — 11.6 °C. Values are expressed as means = 1SEM (n); HT-F: filtered water samples from head
tanks; HT-UF: un-filtered water samples from head tanks; FT-F: filtered water samples from fish tanks;
FT-UF: un-filtered water samples from fish tanks.

Exnosure HT-F HT-UF FI-F FT-UF
Contral {0} D2 200043 CO620023(3 003=20.002{4) O.O82D.028(6)

]
e
(4]
H

G

(]

0.75ugCAL  D66:0.137(5) 0.7920.113{3) L.7I20.101{6) C.7$%0.06%(6)

vh
I
o]

20ugCdL PRT=025244) 20520565{2) 18520.119{8) 2.02=0.106(6)

52



Table 2.2 Linear regression analyses of Cd concentrations in rainbow trout (Oncorhynchus mykiss) gill
subcellular fractions against the total gill Cd concentrations throughout all sampling days (1-29), within
the first week (1-7) and after one week (7-29) of Cd exposure (0.75 and 2.0 pg Cd/L) in moderately hard
water. Values are coefficients of determination (#*) and asterisks indicate significance: * p < 0.05; ¥* p <
0.01; *** p < 0.001. NS: not significant; MT: metallothionein; M + L: microsomes + lysosomes; MTLP:
metallothionein-like proteins; Mito: mitochondria; MRG: metal-rich granules.

Subcellular Davs Days Days
Fraction 1-28 1-7 729
M+L 0.0684*% NS NS
MTLP 0.2535%%% NS G.125%
Mito 0.234%%% NS NS
Enzymes 0.138%% NS NS
Nuclei-debris N8 NS N8
MRG NS N§ NS
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Table 2.3 Linear regression analyses of Cd concentrations in rainbow trout (Oncorhynchus mykiss) liver
subcellular fractions against the total liver Cd concentrations throughout all sampling days (1-29), within
the first week (1-7) and after one week (7-29) of Cd exposure (0.75 and 2.0 pg Cd/L) in moderately hard
water. Values are coefficients of determination (+°) and asterisks indicate significance: * p < 0.05; ** p <
0.01; *** p < 0.001. NS: not significant; MT: metallothionein; M + L: microsomes + lysosomes; MTLP:
metallothionein-like proteins; Mito: mitochondria; MRG: metal-rich granules.

Subcellular Days Bays Davys
Fraction 1-29 1-7 7-29
M+L 0. 487F8% 752%FF [ 3971%F
MTLP 0.358%%F  Q.544%F%  .486% %
Mito 0.500%%%  ( pRTEFR  J 3Qo¥R
Enzymes 045 k% (305%¥F% O 434%HH
Nuclei-debris 0.303%%* (. 164% 0. 4774
MRG NS NS NS
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Table 2.4 Linear regression analyses of Cd concentrations in rainbow trout (Oncorhynchus mykiss)
kidney subcellular fractions against the total kidney Cd concentrations throughout all sampling days (1-
29), within the first week (1-7) and after one week (7-29) of Cd exposure (0.75 and 2.0 pg Cd/L) in
moderately hard water. Values are coefficients of determination (r*) and asterisks indicate significance: *
p <0.05; ¥* p <0.01; *** p <0.001. NS: not significant; MT: metallothionein; M + L: microsomes +
lysosomes; MTLP: metallothionein-like proteins; Mito: mitochondria; MRG: metal-rich granules.

Suhcellular Days Days Days
Fraction 1-29 1-7 7-28
M<+L 0.669%%% 0 182%F  0.615%4*
MTLP 0.657#%%  0.128%  0.501%%%
Mito 0.595%%* (.112*  0.5§3%+
Enzymes NS NS NS
Nuclei-debris 0.687%¥%  §.210% 0.645%%%
MRG 0.702%%%  Q315¥FF [ 655HHH
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Chapter 3

Tissue and Subcellular Distribution of Cd during
a chronic sublethal exposure to rainbow trout
(Oncorhynchus mykiss) in moderately soft water
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3.1 Abstract

In aquatic ecosystems, Cd concentrations are elevated over natural background levels due to a continuous
release from industrial and agricultural sources. During conditions of acute, high Cd exposure, the ability
of the fish to maintain branchial ionregulation and gas exchange is important for the survival of the fish.
Ionoregulation may also be affected during chronic sublethal Cd exposure however accumulation and
potential effects of Cd within internal organs such as the liver and kidney may gain importance
(McDonald and Wood, 1993). During chronic Cd toxicity, a damage-repair-acclimation scenario can be
observed in some physiological responses such as ionoregulation, however it is unclear if this scenario
pertains to other responses. The objective of this project was to characterize the bioaccumulation of Cd in
rainbow trout (Oncorfiynchus mykiss) during sublethal (0.75 and 2.0 pg Cd/L) chronic waterborne
exposure in moderately soft water (50 mg/L as CaCO;) in comparison to a previous study conducted in
moderately hard water (140 mg/L as CaCQO;). Accumulation was studied at both tissue and subcellular
levels of organization in order to establish linkages between exposure, uptake, detoxification and
accumulation in toxicologically sensitive pools within the cell. This study also examined metallothionein
induction in relation to tissue specific accumulation and subcellular partitioning of Cd. Induction of
metallothionein was greatest in kidney, followed by liver and gills as indicated by metallothionein
concentrations and Cd levels in MTLP. However, detoxification by metallothionein and other
mechanisms (granule and lysosomal sequestration) was imperfect, as Cd partitioned into metal-sensitive
fractions (mitochondria and HSP) throughout the course of the exposure. Similar to the previous study,
the kidneys appeared to dissipate Cd from MSP with time and exposure. Cd bound to MSP throughout the
duration of the exposure and thus elevated Cd concentrations were not linked to mortality and plasma ion
loss which were transient. Lastly, the protective effects of Ca®" were observed on both a tissue and
subcellular level, as lower amounts of Cd accumulated in tissues (particularly gills) and sensitive fractions

during chronic sublethal exposures in moderately hard water.
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3.2 Introduction
Cd is a highly toxic metal that is released into aquatic and terrestrial ecosystems by industrial activities

which poses a significant health risk to both human and wildlife when concentrations become elevated
from background values. In aquatic ecosystems, Cd concentrations are elevated over natural background
levels due to a continuous release from industrial and agricultural sources. Numerous physiological
impacts result from Cd exposure including disruption of ionoregulation, energy metabolism and stress
response elements (McGeer et al., 2010). During conditions of acute, high Cd exposure, the ability of the
fish to maintain branchial ionregulation and gas exchange is important for the survival of the fish.
Tonoregulation may also be affected during chronic sublethal Cd exposure however accumulation and
potential effects of Cd within internal organs such as the liver and kidney may gain importance
(McDonald and Wood, 1993). During chronic Cd toxicity, a damage-respair-acclimation scenario can be
observed in some physiological responses such as ionoregulation, however it is unclear if this scenario
pertains to other responses. Key factors that will most likely determine metal toxicity are tissue
distribution of accumulated Cd, intracellular Cd partitioning and the relationship between tissue burden
and toxic response. For example, Hollis et al. (2000a) demonstrated that fish previously exposed to Cd
(0.07 or 0.11 pg Cd/L) accumulated significantly less “new” Cd in their gills compared to controls when
exposed acutely to Cd concentrations below 25 pg/L in soft water. These findings suggest that fish
chronically exposed to Cd appear to develop a protective mechanism for reduced uptake and/or increased

detoxification of Cd (Hollis et al., 1999; Hollis et al, 2000a; Hollis et al., 2001).

The uptake of Cd in fish exposed to ambient waterborne Cd is primarily through the gills.
Numerous studies have characterized branchial Cd uptake and conclude that Cd*" is an analogue to Ca*,
thus Cd competes for Ca uptake pathways that exist at both the apical and basolateral membrane of
chloride cells (Verbost et al., 1988, 1989; Niyogi and Wood, 2004; Niyogi, 2008). Acute toxicity of Cd
occurs due to a decrease Ca uptake into the body of the fish which has been associated with the inhibition

of Ca**-ATPase and/or resulting blockade of Cd at apical voltage gated Ca ion chanels (Verbost et al.,
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1988, 1989). However, these effects can change depending on water hardness (Part et al., 1985; Carrol et
al., 1979). Numerous studies (Carrol et al., 1979; Calamari et al., 1980; Pirt et al., 1985; Davies et al.,
1993) have shown that protection against acute Cd toxicity is related to Ca concentrations in the water
(rather than Mg) thus Ca is the primary cation responsible for protective action in hard water. The
protective effects of Cd have been attributed to changes in gill permeability and/or competition between
Cd and Ca for binding sites at the gills (Calamari et al., 1980; Part et al., 1985). In soft water, lower

concentrations of Cd can generate toxic effects in fish compared to hard water.

Cadmium has been shown to elicit protective mechanisms against toxicity in fish during both
acute and chronic exposures (McDonald and Wood 1993; Hollis et al., 2001). A variety of detoxification
and storage mechanisms within fish help to regulate and immobilize Cd; these include, metal binding
proteins such as metallothionein, sequestration and storage in lysosomes (Amiard et al., 2006) and to a
lesser extent granules (Campbell et al., 2005, 2008; Kamunde and MacPhail, 2008; Kamunde, 2009).
Metallothionein has been identified as one of the mechanisms for cellular sequestration of Cd employed
by fish in response to increased ambient Cd (Roch et al., 1986; Olsson and Hogstrand, 1987; Kracmer et
al., 2005; Campbell et al., 2008), reducing the amount of freely available Cd in cells to interact with
metal-sensitive compartments, thereby decreasing toxicity (Kraemer et al., 2005). The induction and
metal binding abilities of metallothionein has been proposed in many studies as a biomarker for metal
exposure (Roch et al., 1986; Deeds and Klerks, 1999) and metallothionein biosynthesis may be a key step
in the transition from damage, to repair and acclimation phases during chronic Cd exposure (McDonald

and Wood, 1993).

Metallothionein is a low-molecular weight (6, 000 g/mol; Olsson and Haux, 1985), cysteine rich
protein that is important in the homeostatic control of essential metals (Cu, Zn) as they bind and store
metal for enzymatic and metabolic processes (Amiard et al., 2006). Non-essential metals such as Cd are
able to displace essential metals bound by metallothionein. The binding behaviour of metallothionein is

dominated by the chemistry of the thiol group, such that metals resembling the stoichiometric properties
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of Cu or Zn can also be bound by metallothionein (Templeton and Cherian, 1991). Synthesis of MTLP for
the detoxification (maintaining low cytosolic metal concentrations; Sterling et al., 2010) of Cd in target
tissues is known to play an important role in acquired tolerance during acclimation (Hollis et al., 2001,
Chowdhury et al., 2004).

Previous studies (Hollis et al., 2001; Chowdhury et al., 2005) examining metallothionein
induction during chronic waterborne exposures of Cd to rainbow trout (Oncorhynchus mykiss) have
shown that the kidney attained the highest increase in metallothionein levels in comparison to other
tissues, followed by the gill, then liver. These studies investigated the relationship between tissue-specific
Cd accumulation and metallothionein induction to determine whether metallothionein buildup
quantitatively matched Cd buildup in tissues (gills, liver and kidney). Although metallothionein
concentrations in all tissues increased throughout the 30 days of exposure, the increases were much less
than those of Cd based on a molar binding site basis (Hollis et al., 2001; Chowdhury et al., 2004).
Therefore, in order to assess the induction of metallothionein and metal-binding abilities, the subcellular
accumulation of Cd should be examined to quantify Cd in MTLP fractions, and other detoxified and
sensitive compartments to reveal how much protection metallothionein can offer against Cd toxicity at a
cellular level.

Generally, studies have confirmed that the increases in Cd accumulation during chronic
waterborne exposure occur in the order of kidneys > gills > liver (Szebedinszky et al. 2001; Chowdhury
et al. 2005; McGeer et al., 2010). However, partitioning of Cd between intracellular compartments within
tissues that accumulate Cd is poorly understood, and subcellular partitioning may be used as a potential
indicator of toxicity in fish during chronic sublethal exposures. Generally, studies (Wallace et al., 2003;
Kraemer et al., 2005; Kamunde, 2009) have examined five subcellular fractions; MRG, MTLP, cellular
debris, organelles (mitochondria, ML) and HSP. Different studies have further categorized fractions into
metal-sensitive (mitochondria and HSP) and metabolically detoxified (MRG, MTLP) pools. Contrary to
the spill-over hypothesis which claims that low ambient or tissue concentrations of metal will bind
entirely to MDP prior to spilling over into MSP, recent studies on fish collected in the field (Campbell et
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al., 2005; 2008; Giguére ct al., 2005; 2006; Kraemer et al., 2005) and in the laboratory (Kamunde, 2009)
revealed that Cd was associated with MSP along metal contamination gradients, independent of time and
tissue burdens. Potentially, differences in Cd concentrations may solely be explained by differences in the
number and affinity of Cd-binding sites within each tissue and fraction. Additionally, no redistribution of
Cd between subcellular pools was observed even at Cd concentrations that are indicative of stressful
conditions, thus aquatic organism tested to datec may not be able to regulate Cd distribution between
subcellular fractions

In the previous study (Chapter 2), tissue accumulation and subcellular distribution of Cd were
examined in juvenile rainbow trout (Oncorhynchus mykiss) chronically exposed to sublethal
concentrations (0.75 and 2.0 pg Cd/L) of waterborne Cd in moderately hard water. This study revealed
that acute toxic effects (i.e. mortality and ion loss) may link to Cd partitioning into metal-sensitive
compartments, particularly in the gill, however partitioning alone could not link to adverse effects as Cd
continuously spilled-over into sensitive fractions after one week of exposure. The kidneys contained the
highest amount of Cd bound to MTLP and the least amount of Cd bound to metal-sensitive compartments
by day 30 in fish exposed to 2.0 pg Cd/L. However, the pattern of subcellular partitioning of Cd may be
different in lower Ca (moderately soft; 50 mg/L as CaCO;) water due to changes that occur at the gills in
response to soft water acclimation (i.e. increased binding sites) to compensate for low ambient Ca (Hollis

et al., 2000b), which could also result in increased uptake of Cd into tissues.

The objective of this research was to characterize the bioaccumulation of Cd in rainbow trout
(Oncorhynchus mykiss) during sublethal (0.75 and 2.0 pg Cd/L) chronic waterborne exposure to juvenile
rainbow trout (Oncorhynchus mykiss) in moderatlely soft water (50 mg/L as CaCOs;) in comparison to a
previous study conducted in moderately hard water (140 mg/L as CaCQ;). Accumulation was studied at
both tissue and subcellular levels of organization in order to establish linkages between exposure, uptake,
detoxification and accumulation in toxicologically MSP within the cell. This study also examined

metallothionein induction in relation to tissue specific accumulation and subcellular partitioning of Cd.
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Examining patterns of tissue and subcellular distribution when rainbow trout (Oncorhynchus mykiss) are
chronically exposed to sublethal concentrations of waterborne Cd will help determine if tissues (liver,
kidney and gills) differ in their detoxification ability to protect Cd from accumulating within metal-
sensitive fractions (mitochondria, HSP) of the cell. Furthermore, this study tested the spill-over
hypothesis to determine if there is a threshold concentration within each tissue whereby Cd begins to
accumulate in metal-sensitive fractions. This research also examined the protective effects of waterborne
Ca® (a component of water hardness, measured as CaCO;) on accumulation of Cd at both tissue and
subcellular organizational levels. For the objectives mentioned above, the four working hypotheses
related to the response of rainbow trout (Oncorhynchus mykiss) to Cd exposure are as follows: (1) tissue
concentrations of Cd within rainbow trout (Oncorhynchus mykiss) will increase in a time- and dose-
dependent manner, (2) in comparison to liver and kidney, the gills will be most sensitive to Cd
accumulation and will contain lower amounts of Cd bound to detoxified compartments (e.g. due to
metabolically active mitochondrial-rich transport cells that take up Cd)) (3) adverse effects (mortality or
ion loss) are linked to spill-over of Cd into metal-sensitive fractions (HSP and mitochondria) and (4) Ca?*
concentrations in moderately hard water will dampen increases of Cd in tissues in relation to soft water

and therefore “protect” against accumulation in metal sensitive compartments.

3.3 Materials and Methods

3.3.1 Fish husbandry and acclimation
Juvenile rainbow trout; 32.4 + 12.2 g (mean + SD, n = 100) were obtained from Rainbow Springs

Hatchery (Thamesford, ON, Canada). Initially, fish were held in 180-L tanks (2 tanks with 170 fish in
each) with water flowing to each tank at 700 mls/min. Water was a 1:1 mix of well water and soft water
produced by reverse osmosis (500 mg/L as CaCOs, 650 pScm™', pH 7.6, 10.9 °C). Fish were acclimated to
moderately soft water by gradually decreasing the flow of the well water over a three-week period. After

acclimation to moderately soft water for two-wecks, fish were randomly distributed among six 200-L
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polyethylene tanks (50 fish per control tanks (2); 60 fish per exposure tanks (4)). A 60-L polyethylene
mixing head tank received 3.6-L/min of soft water plus 600 mls/min of well water, for a total of 4.2-
L/minto achieve the chemistry of moderately soft water used for experimental exposures (53.7 mg/L as
CaCOs: 360 £ 22 Ca, 178 + 13 Mg, 368 + 20 Na (all in uM, mean = 1 SD, n = 37)), with a conductivity,
pH and temperature of 90 uS/cm, pH 6.8, 9.3 °C respectively. The mixing head tank delivered water (1.4-
L/min) to three smaller 11.2-L polyethylene head tanks that have equally divided (split) outflows of water
(700 mls/min) delivered to two fish tanks each. All water in head tanks and fish tanks were well aerated.
Fish were acclimated to their respective tanks for two weeks prior to Cd exposure and fed at 2% of their
body weight daily as a single meal (Bio Oregon Protein Inc., Warrenton, OR).

3.3.2 Cd Exposure

Two head tanks were used for Cd exposures at nominal concentrations of 0.75 and 2.0 pg Cd/L (as CdCl,,
VWR International, Mississauga, ON, Canada); the remaining head tank was used for control (nominal
0). The measured dissolved concentrations in fish tanks were (means + 1 SEM. (n)): 0.01 £ 0.033 (4) pg
Cd/L (control), 0.73 + 0.063 (6) ug Cd/L, 1.82 +0.212 (6) ug Cd/L (sce Table 3.1 for all measured
exposure concentrations). The three exposure conditions (control (0), 0.75 and 2.0 pg Cd/L) occurred in
duplicates, therefore n = 100 fish for controls and n = 120 fish per treatment. Initially, head tanks and fish
tanks were spiked with appropriate volumes from a master stock of 1.0 g/L of Cd to achieve exposure
concentrations. Appropriate volumes of the master stock were added to two 10-L carboys, each delivering
Cd solution to the head tanks via rotator pumps (FIM lab pump, Fluid Metering Inc., Oyster Bay NY; 1.2-
mls/min) to maintain the desired Cd concentrations in exposure tanks. The Cd solutions in each 10-L
carboy were renewed weekly. Water pH, conductivity (uS) and temperature were also measured weekly
using a pH meter (Mettler Toledo SevenGo™, Fisher Scientific) and conductivity and temperature using a
conductivity meter (YSI 30, Yellow Springs Instruments, Yellow Springs, Ohio).

3.3.3 Sampling

The exposure was carried out for 30 days and samples were collected on days 1, 4, 7, 16 and 30, fish were
fed throughout the duration of the exposure except the day prior to sampling. At each sampling time, both
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filtered (0.45 um syringe filter; 22 mm Acrodise HT tuffryn membranes, Pall Corporation, Ann Arbor,
MI, USA) and un-filtered 10 ml water samples were taken from exposure tanks, acidified to 1% by
adding 100 pl of concentrated HNOs (Trace Metal Grade, Fisher Scientific, Mississuaga ON).
Additionally, 6 fish per exposure replicate (n = 12 per treatment) were non-selectively netted and
euthanized with an overdose of 0.3 g/L tricaine methanesulfonate (Syndel Laboratories Ltd., Vancouver,
BC, Canada) buffered with a 0.6 g NaHCQ; /L.

Blood samples were also taken from fish sacrificed for tissue and subcellular Cd accumulation to
measure plasma Na"and Ca** concentrations. Blood samples (300-1000 pl) were taken by caudal
puncture and collected in 1.5-mL centrifuge tubes containing 10 pL of lithium heparinised saline (100
units) to minimize clotting. Blood samples were immediately centrifuged at 10,000 g for 2 minutes.
Plasma was then removed using 1.5 mL insulin syringes, saved in new 1.5-mL centrifuge tubes and stored
at -20°C.

Tissue samples of liver, kidney and gills were collected from all sampled fish. All tissues were
rinsed for 10 seconds in deionized water, blotted dry then divided into two portions, saved in 1.5 mL
centrifuge tubes, frozen in liquid nitrogen then stored at -80°C until analysis of Cd content. One portion
of the tissue (liver, kidney, and gill) was used for total Cd concentration, while the remaining portion was
used for subcellular Cd distribution analysis. Tissue samples were not large enough to perform both tissue
and subcellular Cd accumulation, and metallothionein analyses on the same fish. Separate tissue samples
were collected, immediately frozen in liquid nitrogen and stored at -80 °C until analysis for
metallothionein concentrations.

3.3.4 Analytical techniques

All liquid and dry chemicals were obtained from Fisher Scientific (Mississauga, ON, Canada) unless
otherwise mentioned. Plasma samples were thawed and diluted, 50 times for Ca® and 1000 times for Na”
using ultra-pure water. Diluted samples were analysed for concentrations of both ions using atomic
absorption spectroscopy (AAS 880, Varian Inc, Palo Alto CA). Water Ca, Mg and Na were similarly
measured in flame mode (SpectraAA 880). For quality control, pre-prepared certified reference material
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(trace metal fortified Lake Ontario water [TMDA-28.3 and TM 26.3]; National Water Research Institute,
Burlington, ON, Canada) and blanks (MilliQ water and solutions used for digestion) were analyzed by
GFAAS together with experimental samples.

Gills, liver and kidney portions (75 - 300 mg) were weighed, thawed and digested in 5-fold of
their wet weight with 1N TraceMetal grade HNO; then baked for 3 hrs at 80 °C (Playle et al. 1993a,
1993b). After digestion, tissues were vortexed for 5 seconds, then centrifuged for 2 min at 10,000 rpm
(Spectrafuge 16M; Labnet International, Edison, NJ, USA), and left to settle. The supernatant was diluted
to 10- to 100-fold with 1% acidified (concentrated HNO; TraceMetal grade) ultra-pure water to measure
Cd concentrations. Water and tissue samples were measured for Cd using graphite furnace atomic
absorption spectrophotometer (GFAAS; SpectraAA 880 GTA 100 atomizer, Varian, Mississauga,
Ontario). The concentration of Cd in all measured tissue and subcellular compartments are expressed as
pg/s wet weight
3.3.5 Subcellular distribution analyses
The differential centrifugation protocol of Kamunde and MacPhail (2008) was adapted for the isolation of
tissue subcellular compartments (see fig.5.): (1) a fraction comprised of nuclei, cell membranes, intact
cells and connective tissue, (2) a granule-like or resistant fraction, (3) mitochondria (heavy and light), (4)
a fraction combining microsomes and lysosomes (5) cytosolic heat-stable proteins (HSP) including
metallothioneins, and (6) cytosolic heat-denaturable proteins or enzymes (HDP; see Appendix A for
protocol).

Individual tissues (gill, liver, kidney; 100 - 500 mg) were homogenized on ice in phosphate-
buffered saline [PBS: 137 NaCl; 4.3 KCI; 4.3 Na,HPO,; 1.4 NaH,PO, (in mM), pH 7.2] at a dilution of
1:3 of their wet weight by using digital tissue homogenizers set at 20 RPM (Omni THQ; Omni
International, Marietta, GA, USA). The resulting tissue homogenates were initially centrifuged at 4°C,
800 g IEC-CL31R Multispeed; Thermo Electron Corp., Milford, MA, USA) for 15 min. Separation of
the granule-like (P1) and supernatant containing nuclei + debris (S2) fraction from the initial
centrifugation pellet was performed by (1) re-suspending the pellet (P1) in 0.5 ml ultrapure water, (2)
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heating this suspension at 100°C for 2 min, (3) adding 0.5 ml of IN NaOH (Sigma-Aldrich, Nepean ON,
Canada), (4) heating again at 60-70°C for an hour and (5) centrifugation at 10 000 X g for 10 min at
20°C. Separation of mitochondria and lysosomes was performed using a two-step isolation protocol, by
centrifuging the S1 supematant initially at 4°C, 3000 g for 15 min to isolate heavy mitochondria (P3) and
subsequently at 4°C, 10,000 g for 30 min to isolate the light mitochondria (P10; both heavy and light
mitochondria fractions were combined for analyses). The 10,000 g supernatant (S10) was further
ultracentrifuged at 4°C and 100,000 g (Optima MAX; Beckman Instruments, Mississauga, Ontario,
Canada) for 60 min, isolating the microsomes and lysosomes fraction (P4) and cytosol (S4). Separation of
the HDP (P5) and HSP (S5 or metallotionein-like proteins, MTLP) was done by (1) heating supernatant
S4 at 80°C for 10 min, (2) cooling it on ice for an hour and (3) ultracentrifuging it at 50,000 g for 10 min
at 4°C. To ensure the purity of cach pellet, they were rinsed three times in 1 ml of buffer solution and
spun for 10 min at 10 000 x g at 4°C. Upon isolation, all of the subcellular fractions were stored at -80°C
until analyzed for Cd accumulation.

All pelleted subcellular fractions were thawed and digested in a 1-to 5-fold of their wet weight
with IN HNO; (TraceMetal grade) for 3 hrs at 80°C, whereas the supernatants were digested in a 3- fold
volume of 1IN HNOj; (TraceMetal grade) for 3 hrs, also at 80°C. The digests were diluted accordingly
with 1% acidified (concentrated HNO; TraceMetal grade) ultra-pure water and concentrations of Cd in
pellets and supernatants were measured by GFAAS.

3.3.6 Metallothionein analysis

Metallothionein concentrations in the tissues (gill, liver and kidney) of rainbow trout were determined
using a spectrophotometric method developed for marine organisms by Viarengo et al. (1997). In this
assay, a partially purified metallo-protein fraction is obtained by acidic ethanol/chloroform fractionation
of the tissue homogenate. In the extracts, metallothioneins are denatured by low pH and high ionic
strength, and quantified spectrophotometrically using the Ellman’s SH reagent (see Appendix C for

protocol).
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Tissue samples (200 - 700 mg) were homogenized on ice in homogenization buffer [0.5 M
sucrose, 20 mM Tris-HCI buffer, 0.5 mM PMSF (phenylmethylsulphonylfluoride) and 0.01 % B-
mercaptoethanol, pH 8.6] at a dilution 3 to 5 volumes of their wet weight by using an Omni THQ digital
tissue homogenizer set at 20 RPM (Omni International, Marietta, GA, USA). The homogenate was then
centrifuged at 30,000 x g for 45 min at 4 °C to obtain a supernatant containing metallothionein-like
proteins. The supernatant (250 uL) was then treated with ethanol/chloroform as described by Kimura et
al. (1979). Briefly, 265 ul of cold (- 20 °C) absolute ethanol and 20 pul of chloroform were added to
aliquots of supernatant, then centrifuged at 6000 x g for 10 at 4 °C. The supernatant was collected (300
pL) and combined with 20 pl of HCL (37%) and 900 pl of cold ethanol (100%). The sample was
maintained at -20 °C for one hour followed by centrifugation at 6000 x g for 10 min at 4 °C. The
metallothionein- containing pellet was then washed with 87 % ethanol and 1 % chloroform solution in
homogenizing buffer, then centrifuged at 600 x g for 10 min at 4 C. The pellet was resuspended in 150 pl
0.25 M NaCl and subsequently 150 ul of IN HCL containing EDTA 4 mM. Additionally, a volume of 1.2
ml 2 M NaCl containing 0.43 mM DTNB (5, 5-dithiobis-2-nitrobenzoic acid) buffered with 0.2 M Na-
phosphate, pH 8 (Ellmann, 1958) was then added to the sample at room temperature and vortexed. The
sample absorbance was evaluated at 412 nm and metallothionein concentration was estimated using
reduced glutathione (GSH) as a reference standard.

3.3.7 Statistical analyses

Data are expressed as mean + 1 SEM. All graphs and statistical analysis were performed using the
computer software SigmaPlot 11.0 (Systat Software Inc. (SSI), San Jose, CA, USA) or SPSS 18.0 (SPSS
Inc. IBM Company Headquarters, Chicago, IL, USA). All data were checked for normality and
homogeneity of variances, and subsequently submitted to a two-way analysis of variance (ANOVA).
Tukey’s honest significant difference (HSD) post hoc test was used to detect significant differences
among the means at a limit of p < 0.05, unless mentioned otherwise.

Initially, to ensure the data agreed with distributional assumptions of the ANOVA and other
statistical tools, relationships between exposure variables (i.e., treatments, time) and Cd bioaccumulation
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(i.e., Cd concentrations in subcellular fractions of liver, gill and kidney, and total Cd concentrations in
each tissue) or metallothionein concentration were examined in bivariate scatterplots and tested by simple
correlation (Pearson’s r) and linear regression analyses using non-transformed data. The Kolmogorov—
Smirnov test was used to verify that regression standardized residuals were normally distributed and
homoscedasticity was checked by examination of the biplots of residuals against predicted values
(Bonneris et al., 2005).

Plasma ion concentrations were statistically compared to control values at each sampling day
using one-way analysis of variance (ANOVA; Dunnet’s test, p < 0.05). Relationships between total tissue
Cd accumulation and Cd accumulation within the subcellular fractions were examined by linear
regression analyses using Pearson’s 7 value and relationships were reported significant at p < 0.05.
Additionally, Cd concentrations within the MTLP fraction and tissue metallothionein concentration were

also submitted to linear regression analyses.

Tissue Cd burdens, subcelluar Cd distribution and metallothionein concentration data were
statistically analyzed using two-way ANOVA with time and treatment as independent variables.
Statistical comparisons were made between treatments (control (0), 0.75 and 2.0 pg Cd/L) at each time
point and within treatments throughout the 29-day exposure (see Appendix D for Anova tables).
Proportional data of Cd distributions in MSP and MDP were initially arcsine-transformed and

subsequently submitted to a two-way ANOVA.

3.4 Results

3.4.1 Effects of Cd exposure
Mortality was minimal during the 30 day exposure with 0, 3 and 15% mortality for controls, 0.75 ug Cd/L

and 2.0 ug Cd/L exposures respectively; mortality ceased after one week (Fig. 3.1). Plasma Ca
concentrations (Fig. 3.2) significantly decreased in both treatment groups compared to controls within the

first 96 hrs of exposure. However, Ca ions recovered around day 7 in both treatment groups. By the end
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of the exposure Ca®* concentrations had returned to baseline levels. Plasma Na concentrations (Fig. 3.3)

displayed a similar acute ion loss-recovery pattern as seen with Ca although not statistically significant.

Metal accumulated in all tissues with time and exposure. In both sublethal Cd exposed fish,
gradual linear accumulation of Cd was observed in the kidney and liver, whereas accumulation of Cd in
the gills was biphasic and characterized by rapid Cd accumulation within the first week followed by
saturation and significant decline by day 30 (Fig. 3.4). Gills accumulated the most Cd throughout the
exposure and at day 30 contained 7-5x and 5-2x more Cd than liver and kidney, for fish exposed to 0.75
and 2.0 pg Cd/L respectively. In both sublethal Cd exposed fish, concentrations in gills and liver were
higher than background values by day 7 and onwards, whereas the kidney did not appreciably accumulate
Cd until day 30.

3.4.2 Bioaccumulation and distribution of Cd in subcellular fractions

The concentrations of Cd partitioning into subcellular compartments within the liver, kidney and gills of
trout exposed to waterborne Cd are shown in Figs. 3.5 — 3.7. Briefly, Cd concentrations in subcellular
fractions; cellular debris, metal-rich granules (MRG), mitochondria, microsomes+lysosomes (ML), heat-
sensitive proteins (HSP) and metallothionein-like proteins (MTLP), from fish chronically exposed to

sublethal Cd were:
Liver - mitochondria > ML > HSP > MTLP > cellular debris > MRG
Kidney - MTLP > cellular debris > HSP > MRG > mitochondria > ML
Gill - cellular debris > mitochondria > MRG = ML > MTLP > HSP

The recovery of Cd ranged from 91-105, 85-114 and 82-110 % for gill, liver and kidney subcellular

fractions in comparison to tissue Cd burdens.

Cd concentrations in gill HSP fraction peaked on day 4 and day 7 for low and high Cd exposed

fish respectively, and then significantly declined to levels above control values (Fig. 3.5). Gill cellular
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debris fraction Cd concentrations increased significantly with time and fish exposed to both sublethal Cd
concentrations attained comparable amounts (Fig. 3.5). Similarly, gill mitochondrial fraction Cd
concentrations gradually increased to levels higher than control values by day 7 and onwards, however Cd
concentrations in fish exposed to 2.0 pg Cd/L increased higher than both control and low Cd exposed fish

(Fig. 3.5).

Liver subcellular fractions gradually accumulated Cd when exposed to 0.75 ng Cd/L and attained
higher concentrations from control values at day 30; except Cd partitioning into cellular debris fluctuated
in fish exposed to both sublethal Cd concentrations (Fig 3.6). Mitochondrial Cd concentrations were the
highest amongst all fractions and significantly increased from control levels after one week of exposure

(Fig.3.6). Similarly, HSP Cd concentrations gradually increased and were significant at day 30 (Fig. 3.6).

Kidneys from fish exposed to 0.75 pg Cd/L did not accumulate Cd in cellular debris fractions
(Fig. 3.7). Kidney HSP fraction Cd concentrations in low Cd exposed fish gradually increased to levels
higher than control values on day 16 then remained unchanged; whereas fish exposed to 2.0 pg Cd/L
concentrations significantly increased with time (Fig. 3.7). Similarly, fish exposed to 2.0 ng Cd/L
significantly accumulated Cd with time in cellular debris fraction (Fig. 3.7). Kidneys accumulated the
lowest amount of Cd in mitochondria, however partitioning of Cd into mitochondrial fractions in fish
exposed to 2.0 pg Cd/L was observed (Fig. 3.7).
3.4.2.1 Cd partitioning into detoxified metal compartments
Figures 3.5 - 3.7 show the concentrations of Cd in the liver, kidney and gill detoxified subcellular
fractions; MRG, ML and MTLP. The gill MTLP Cd concentrations increased linearly in comparison to
controls, and were significantly higher than control levels after one week of exposure (Fig 3.5). Fish
exposed to both sublethal Cd concentrations partitioned comparable amounts of Cd into gill MTLP. Gill
MRG and ML Cd concentrations attained higher amounts in comparison control levels by day 7 and
onwards, however concentrations remained unchanged in fish exposed to 0.75 pg Cd/L whereas levels

continued to rise in fish exposed to 2.0 pg Cd/L (Fig. 3.5).
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The liver MTLP Cd concentrations (Fig. 3.6) of trout exposed to 0.75 ng Cd/L peaked on day 1 and were
significantly higher than control values on days 1 and 30, however concentrations did not change
appreciably between sampling days. In fish exposed to 2.0 ug Cd/L, MTLP Cd concentrations gradually
increased and were higher than both control and low Cd exposed fish by day 16 and onwards. Liver MRG
contained the lowest amount Cd (Fig. 3.6). Cd did not partition into MRG in trout exposed to 0.75 pg
Cd/L; however Cd concentrations significantly increased in MRG of fish exposed to 2.0 pg Cd/L.
Similarly, fish exposed to 2.0 ng Cd/L attained liver ML fraction Cd concentrations significantly higher

than control values by day 16 and onwards (Fig. 3.6).

The kidney MTLP Cd concentrations (Fig. 3.7) gradually increased. Cd concentrations in trout
exposed to 0.75 ug Cd/L were significantly higher on day 30, whereas concentrations in trout exposed to
2.0 ug Cd/L increased significantly after one week, attaining higher concentrations than both control and
low Cd exposure fish. Kidney MRG Cd concentrations (Fig. 3.7) gradually accumulated Cd in fish
exposed to 0.75 pug Cd/L whereas significant increases from control values and low Cd exposed fish were
attained by day 7 and onwards in fish exposed to 2.0 ug Cd/L.. ML fraction Cd concentrations gradually
increased and were higher than control values by day 30, and fish exposed to 2.0 ng Cd/L ML fraction Cd
concentrations fluctuated and were higher than control values on days 7 and 30 (Fig. 3.7).
3.4.2.2 Metal-sensitive vs. metabolically detoxified pools
Figure 3.8 displays the overall change in proportion of Cd (%) partitioned into metal-sensitive pool
(MSP) which includes mitochondria and HSP; and metabolically detoxified pool (MDP) which is
comprised of MTLP, ML and MRG, in each tissue throughout 30-day exposure to waterborne Cd. Fish
gills exposed to both sublethal Cd concentrations attained comparable amounts of Cd bound to MSP and
MDP, and partitioning into both pools varied with time and exposure (Fig. 3.8). In comparison to control
values (MSP: 37-42%; MDP: 39-43%), Cd bound to MSP in fish exposed to 2.0 ug Cd/L was similar (33-
43%), however partitioning of Cd into MDP was lower (29-45%) on days 1 and 7. In the livers of fish

exposed to low and high Cd concentrations, it was observed that the proportion of Cd bound to MSP
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ranged from 21-52% and 37-61% respectively, while the proportion of Cd bound to MDP ranged from
44-62% and 32-49% respectively (Fig. 3.8). Fish exposed to 0.75 pug Cd/L appeared to partition Cd into
MDP, whereas fish exposed to 2.0 appeared to partition Cd into MSP, particularly during the first week of
exposure. The proportion of Cd bound to MSP and MDP in kidneys of fish exposed to low and high Cd
concentrations ranged from 26-48% and 12-26% (MSP), 44-56% and 29-69% (MDP) respectively (Fig.
3.8). In comparison to control values (MSP: 29-31%), fish exposed to 2.0 ug Cd/L partitioned
significantly less Cd into MSP during each sampling day, whereas fish exposed to 0.75 pug Cd/L
partitioned comparable amounts of Cd. Although partitioning of Cd into MSP was low in fish exposed to
high Cd, there was no shift in partitioning into MDP during the first week of exposure. However, after

one week, more Cd was bound to MDP in fish exposed to 2.0 ug Cd/L.

3.4.3 Metallothionein concentrations
Metallothionein concentrations in all tissues increased during 30 day sublethal Cd exposure (Fig. 3.9).

Absolute metallothionein concentrations were greatest in livers followed by kidneys then gills. However
relative increases were greatest in kidney, with levels increasing 10 times from control values (6.10 +
0.77 (30) uM GSH/g), followed by levels increasing 3 times from gill control values (4.96 + 0.48 (30)
uM GSH/g), then 2 times liver control values (6.71 + 0.84 (30) uM GSH/g) after 30 days of exposure to
2.0 ug Cd/L (Fig. 3.9). Metallothionien concentrations did not differ in kidneys of fish exposed to 0.75 pg
Cd/L although concentrations were significantly higher than control values on day 7 only, whereas
concentrations in kidneys of fish exposed to 2.0 ug Cd/L increased significantly with time, higher than
control levels after one week of exposure. Liver metallothionien concentrations of Cd exposed fish were
comparable to control values however fish exposed to 2.0 pg Cd/L Cd gradually synthesized
metallothionein and levels were higher than control values at day 30. Metallothionein concentrations in
gills of trout exposed to 0.75 pg Cd/L peaked higher then control values on day 4, then remained
unchanged, whereas concentrations in trout exposed to 2.0 ug Cd/L significantly increased between days

4 and 7 and remained higher than control levels after one week.
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3.4.4 Correlation between fraction Cd and whole tissue concentrations
In order to indentify which subcellular fractions responded to the increases in Cd accumulation,

concentrations in each fraction (ug/g; y-axis) were regressed against total tissue burdens (pg/g; x-axis)
and Cd concentrations in MTLP fractions were regressed against tissue metallothionein concentrations
(ng/g; x-axis). Tables 3.2 — 3.4 show the coefficients of determination for the relationships between Cd
concentrations in cell fractions and the respective whole liver, kidney and gill concentrations.
Correlations were determined throughout the 30-day exposure, during the first week (days 1, 4 and 7) and
after one week (days 7, 17 and 29) of exposure to observe potential differences in fractions that become
particularly enriched with Cd early in the exposure and vice versa. In the liver, only the MRG fraction Cd
concentrations were not correlated with hepatic Cd, which was also true for the gill HSP fraction
throughout 30-day exposure to sublethal Cd. However, coefficients of determination (+*) changed
between the first week of exposure and after one week of exposure within each subcellular fraction from
all tissues. Correlations between each fraction and the total hepatic Cd concentration demonstrated a
stronger relationship within all fractions except HSP after one week of exposure; in contrast the gills
displayed stronger correlations among all subcellular fractions during the first week of exposure. Gill 7
values were less than 0.33 for all fractions compared to total gill Cd burdens. Kidney fractions that
became particularly enriched with Cd during the first week of exposure include ML, MTLP and
mitochondria, whereas nuclei-debris and MRG displayed greater enrichment after one week of exposure.
The relationship between MTLP fraction Cd concentration and measured metallothionein concentrations
were not significant during the first week of exposure; however the relationship was strongest in the
kidney, then liver throughout the 30-day exposure and after one week of exposure. Gill MTLP fraction Cd

concentrations were not related to metallothionein concentrations.

3.5 Discussion

3.5.1 Overview
The purpose of the current study was to observe tissue and subcellular Cd accumulation, and

physiological impacts of chronic Cd exposure in juvenile rainbow trout (Oncorhynchus mykiss) exposed
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to sublethal Cd concentrations in moderately soft water. Particular attention was focused on partitioning
of Cd into metal-sensitive and detoxified compartments, in comparison to the previous moderately hard
water study. In moderately soft water (present study) Cd partitioning into MSP (mitochondria, HSP) was
detected more frequently in all tissues than the study performed in moderately hard water. The sublethal
concentrations (0.75 and 2.0 pg Cd/L) to which the fish were chronically exposed in both moderately
hard and moderately soft water studies were high enough to result in significant amounts of Cd
accumulation in all tissues, particularly in fish exposed to 2.0 ug Cd/L. In the present moderately soft
water study, gill Cd burdens were the highest amongst tissues and displayed a biphasic pattern of
accumulation (rapid initial increase followed by saturation and/or decline), whereas in the previous study,
kidney Cd burdens were higher than gills after one month of exposure and both tissues accumulated Cd
with time.

3.5.2 Effects of Cd exposure

Fish exposed to Cd experienced the characteristic damage-repair phases in response to metal exposure
(McDonald and Wood, 1993), with acute symptoms such as Ca* ion loss (Fig. 3.2), tissue Cd
accumulation and lethality, followed by a recovery of the ionoregulatory system and/or physiological
changes (i.e. metallothionein induction) that result in increased tolerance to Cd accumulation. Plasma Na
concentrations also displayed a similar trend of ion loss-recovery although it was not significant (Fig.
3.3). Similar results of reduced plasma Ca levels in rainbow trout (Oncorhynchus mykiss) after 24 hr of
Cd exposure (10 pg/L) in moderately hard water were obtained by Chowdhury et al. (2004). However, a
study done by Hollis et al. (2000b) reported no significant changes in plasma Ca concentrations to
rainbow trout (Oncorhynchus mykiss) exposed chronically to 2.0 ug Cd/L in four different Ca
concentrations (260 — 1200 uM Ca) in synthetic soft water. Reduced plasma Ca concentrations are most
likely due to competition with Cd** for apical Ca®* channels, and non-competitive inhibition of the

basolateral Ca**-ATPase exchanger in gill mitochondrial-rich cells (Verbost et al., 1987; 1988; 1989).
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A successive distribution of Cd from the gills to the liver and kidney was observed after one week
(Fig. 3.4), when Cd concentrations in the gill became saturated and/or declined in fish exposed to both Cd
concentrations, which has been well documented in other chronic studies (Zia and McDonald, 1994;
Hollis et al., 2001; Szebedinszky et al., 2001; McGeer et al., 2007). Gills accumulated the most Cd
throughout the exposure, followed by kidney, then liver and at day 30 gills contained 5-2x and 7-5x and

more Cd than kidney and liver, for fish exposed to 0.75 and 2.0 pg Cd/L respectively.

In the previous chapter, acute toxic effects (i.c. mortality and ion loss) appeared to be more
severe, as serum Ca concentrations did not recover in moderately hard water fish exposed to 2.0 ug Cd/L
(Fig. 2.5) and experienced 9% and 20 % mortality (Fig 2.4) during the first 4 days of exposure (0.75 and
2.0 ug Cd/L) in comparison to the present study which resulted in 3% and 15% mortality (Fig. 3.1).
However, these effects may be due to differences in temperature between moderately hard (11.0 °C) and
moderately soft water (9.3 °C) Cd exposures. Also, fish acclimated to increased ambient Ca in moderately
hard water may not have been taking up as much Ca into the body. This is most likely due to decreased
unidirectional influx of Ca, and a decrease in affinity and binding sites at the gills for Ca, and indirectly
Cd, which has been demonstrated in the presence of Ca ions (medium and high concentrations) by the
work of Hollis et al. (2000b). Rainbow trout (Oncorhynchus mykiss) were exposed to background (257-
270 uM), low (257-270 uM), medium (600-938 pM) and high (1218-1235 uM) Ca concentrations, with
(2.0 pg Cd/L) or without Cd, in synthetic soft water. However, Hollis et al. (2000b) did not observe a
decrease in whole-body or plasma Ca concentrations. In comparison to total Cd burdens in both
moderately hard (Fig. 2.7) and moderately soft water (Fig. 3.4), the protective effect of Ca against Cd
uptake into the organs was strongest for the gills, followed by the kidney and then liver. With regard to
sublethal chronic Cd exposure in moderately soft water study, gill Cd burdens were the highest amongst
tissue burdens and displayed a biphasic pattern, and accumulated 2-4x more Cd in comparison to gills

from fish exposed to 2.0 pg Cd/L in moderately hard water, after one week of exposure.
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Increased Cd uptake in gills of moderately soft water acclimated fish is most likely attributed to
changes that occur at the gill during soft water acclimation in order to compensate for the low availability
of ambient Ca. These changes include; proliferation of mitochondrial-rich cells and increase in gill
surface Ca binding (both affinity and capacity; Reid et al., 1989), increased branchial Ca®>* -ATPase
activity (Filk and Perry, 1989), increased calmodulin concentrations in mucus (Filk et al., 1984), and an
increase in the affinity and capacity of the Ca transport mechanisms (Perry and Wood, 1985; Zia and
McDonald, 1994). For example, the work of Verbost et al., (1988; 1989) demonstrated that the affinity of
Ca®" -ATPase in rainbow trout (Oncorhynchus mykiss) is at least 100 times higher for Cd** than for Ca
which help maintain Ca®** homeostasis and limit branchial Ca®" uptake in fish. Verbost et al., (1988; 1989)
also demonstrated that Ca>* -ATPase activity is inhibited during Cd exposure. Consequently, this could
enhance the role of the gill to act as a barrier by limiting internalization of Cd into the bloodstream and
subsequent distribution to internal organs. This is particularly evident in the kidney; fish exposed to 2.0
pg Cd/L in soft water did not attain higher concentrations relative to controls until day 30, whereas
moderately hard water fish attained higher amounts of Cd after one week of exposure. These results were
consistent with another hard water and soft water comparison study done by Hollis et al., (1999; 2000) in
juvenile rainbow trout (Oncorhynchus mykiss), however sublethal concentrations of Cd were much lower
during the soft water exposure.

3.5.3 Subcellular Cd partitioning

Increased partitioning of Cd into metal-sensitive pool (MSP; includes mitochondria and HSP); was
observed during the first week of exposure, particularly at the higher exposure concentration (Fig. 3.8).
Shifts in Cd partitioning into MSP did not necessarily coincide with significant partitioning of Cd into
metabolically detoxified pool in comparison to control values, although Cd concentrations in fish exposed
to both sublethal concentrations in MDP significantly increased (MDP; includes MRG, ML and MTLP).
This is most like due to substantial amounts of Cd bound to cellular debris in all tissues (Fig. 3.5-3.7),
which was not accounted for when grouping fractions into generalized pools. Fish exposed to both Cd
exposures displayed comparable concentrations of Cd bound to MSP in gills compared to control values,
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however Cd partitioning into MDP was low, particularly in fish exposed to 2.0 pg Cd/L. In contrast, Cd
bound to MSP in kidneys of 2.0 pg Cd/L fish was lower than control values, and more Cd was bound to
MDP after one week of exposure. The liver displayed an intermediate response and partitioning of Cd

into MSP and MDP varied with time and exposure.

In comparison to the previous chapter, similar patterns of Cd partitioning were observed within
each tissue except dampened (Fig 2.11). Less Cd partitioning into MSP was observed, particularly within
the liver and kidney. Elevated binding of Cd to intracellular metal-sensitive compartments is most likely
related to changes in Cd uptake at the gills mentioned previously in fish acclimated to soft water which
delineate that Cd uptake in fish involves entry through apical Ca channels, binding to intracellular
proteins, and then diffusing through the basolateral membrane. Additionally, mitochondrial-rich cells are
densely packed with mitochondria and rich in tubular endoplasmic reticulum (Laurent, 1984), and
increased levels of intracellular Ca** binding proteins (i.e. calmodulin) may result in inevitable uptake of
Cd into sensitive fractions throughout the duration of the exposure. Evidently, accumulation in metal-
sensitive compartments may not be associated with adverse effects and tissues may be employing other
defense mechanisms that impart tolerance (discussed in detoxification section below). Alternatively,
threshold concentrations associated with adverse effects within gill MSP may not have been exceeded. It
is likely that Cd is absorbed into internal tissues from plasma via any of the same
transporters/mechanisms that are involved in branchial Cd uptake (McGeer at al., 2010). Indeed, stronger
relationships between fraction enrichment and total tissue Cd concentrations were apparent in the gills
and liver of fish exposed in moderately soft water (Tables 2.2-2.4 and Tables 3.2-3.4), which could reflect

increased available binding sites for Cd.

With regard to known metal-sensitive cell targets, mitochondria are considered toxicologically
sensitive subcellular targets for Cd toxicity (Belyaeva et al., 2001; Sokolova, 2004) and both studies
indicated that this fraction has the potential to become enriched with Cd in liver, kidney and gills during

chronic exposure (Tables 2.2-2.4 and Tables 3.2-3.4). According to the literature, Cd can inhibit the
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multi-enzyme mitochondrial electron transport chain (ETC), resulting in lower ATP production and
excess ROS production (Belyaeva et al., 2001; Sokolova, 2004). Additionally, both studies have
demonstrated a strong relationship between Cd bound to HSP and organ-level Cd accumulation (Tables
2.2-2.4 and Tables 3.2-3.4), particularly in the liver. HSP can be enzymatic or serve other cell functions
(e.g. structure), and are also considered sensitive to Cd. Potentially, Cd may compete with essential
metals for binding sites on HSP and induce cell disruption by damaging the integrity of the protein (Pruell
and Engelnardt, 1980).

The consequence, if any, of Cd accumulation in ML fraction is poorly understood. This is due to
the presence of two organelles with different roles. Some studies regard Cd accumulation in ML as
sensitive because microsomes contain fragmented endoplasmic reticulum which is responsible for protein
synthesis and transport, and glycogen storage (Fowler et al., 1989), while others claim sequestration of
metal in lysosomes is a primary detoxification mechanism and the ML fraction generally represents
lysosomes (Viarengo et al, 1985b; Barka et al., 2000; Nassiri et al., 2000). Indeed, fraction enrichment
with lysosomes was observed in the previous study (Fig. 2.1-2.3) in all tissues. Likewise, the
accumulation of Cd in cellular debris fraction is difficult to interpret since the debris pellet contains a
heterogeneous mixture of tissue fragments, cell membranes and un-broken cells (Wallace et al., 2003)
However, both chronic studies confirmed that these fractions have the potential to become enriched with
Cd, particularly in the liver and kidney (Tables 2-2-2.4 and Tables 3.2-3.4).

3.5.4 Metabolically detoxified Cd and metallothionein induction

Cd did not accumulate appreciably in liver MRG fractions, hence partitioning of Cd into MRG was not
related to total liver Cd accumulation in both moderately hard and moderately soft water studies (Table
2.2-2.4 and Tables 3.2-3.4), which is consistent with other studies examining the fate of subcellular Cd in
fish exposed to metal contamination gradients in the field (Campbell et al., 2005; Kraemer et al., 2005;
Giguere et al., 2006). However relationships were observed in kidney and gill tissue. Although gill tissue
may not be directly responsible for MRG formation, Cd exposure may induce granulocyte migration to
gills, which are potentially capable of Cd sequestration. The presence of Cd accumulation in granulocytes
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in the gills were observed by Zia and McDonald (1994) as indicated by the presence of dense labelling
(Cd'®) on the eosinophilic granulocytes within gill tissue and inside the blood vessels of the secondary
lamellae. Although the role of these white blood cells is poorly understood, the work of Powell et al.,
(1990) demonstrated that granulocytes migrate through blood capillaries within gill tissue of rainbow
trout (Oncorhynchus mykiss) and suggest that this migration may aid in immunological or defense

mechanisms.

Although previous studies have not examined subcellular distribution of Cd in kidneys, this study
and the previous study (Chapter 2) demonstrated that fish kidneys may also employ granule sequestration
to detoxify Cd, as indicated by increased Cd partitioning into MRG with time (Fig. 2.10 and Fig 3.7).
Additionally, a study done by Oronsaye (1989) examined histological changes in kidneys of stickleback
(Gasterostreus aculeatus ) chronically exposed to dissolved Cd and found excessive formation of
granular masses, particularly in the tubule lumina, suggesting that the kidneys were eliminating detoxified

Cd.

The detoxified cytosolic fraction is comprised of MTLP and thiol-rich peptides (gluthathione:
GSH). However, numerous studies examining detoxification mechanisms in liver revealed that metals
bound within the detoxified cytosol are largely bound to MTLP (Kraemer et al., 2005; Giguére et al.,
2006). Studies have confirmed that GSH levels decline in yellow perch (Perca flavescens) liver (Giguére
et al., 2005) and oyster (Crassostra virginica gmelin) hepatopancreas (Ivanina et al., 2008) with
increasing hepatic Cd and Zn concentrations along a metal contamination gradient. When fish are
exposed to Cd, they synthesize MTLP in kidney and liver (Kagi and Schaffer, 1988) to detoxify Cd and
protect against reactive oxygen species (Kagi and Schaffer, 1988; Norey et al., 1990; Bremner, 1991),
thus metallothionein induction is a key step in the transition from the damage phase to repair and
acclimation.

The present study showed that Cd accumulation in MTLP and induction of metallothionien and

Cd accumulation in MTLP was greatest in the kidney, followed by liver then gills (Fig. 3.5-3.7; Fig. 3.9).
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Although metallothionein concentrations were not measured in the previous study, concentrations of Cd
partitioning into MTLP were similar in the gill and kidney, and slightly higher in the liver of fish exposed
in moderately hard water, thus water hardness did not appear to influence metallothionein detoxification
during chronic Cd exposure. Additionally, literature values of Cd partitioning into MTLP (Kraemer et al.,
2005; Giguére et al., 2006; Kamunde 2009) and metallothionein induction (Hollis et al., 2001;
Chowdhury et al., 2005; Wagsongsak et al., 2007) are consistent with the results obtained in the present
studies.

It is believed that specific metal metabolisms exist within each tissue (Cinier et al., 1999). It is
well known that the liver is the primary organ for detoxification; however the present study indicated that
Cd accumulation was greatest in MTLP in the kidney during prolonged Cd exposure. A study done by
Wagsongsak et al., (2007) with sivler barb (Puntius gonionotus) revealed that MTLP mRNA expression
occurred faster in the liver than in the kidney at low Cd exposure concentration however MTLP
expression in the kidney was higher than that of the liver at higher exposure concentrations, thus liver
MTLP expression may be time-dependent whereas the kidney is likely to show dose-dependent
expression. Indeed, these findings may attribute to observations in the present studies, partitioning of Cd
into MTLP fractions in the liver and kidney gradually increased during both chronic sublethal exposures
to 0.75 pg Cd/L. Additionally, in the present moderately soft water exposure, the kidney appeared to be
more capable to protect accumulation in MSP and attained higher partitioning of Cd into MDP after one
week in fish exposed to 2.0 ug Cd/L in comparison to low Cd exposed fish. These results confirm that
each tissue will have different capacities to induce MTLP biosynthesis.

In comparison to the liver and kidney, gills have been shown to be the least capable of
sequestering or detoxifying Cd in the present studies and other studies (Hollis et al., 2001; Chowdhury et
al., 2005; Hansen et al., 2007; Wangsongak et al., 2007). However, is has been shown that fish are able to
recover from gill Cd burdens by reducing apical uptake into the gill during chronic exposures which may
have alleviated the strain on detoxification mechanisms in the present study (Hollis et al., 1999). The
results obtained in the present study indicated that detoxification offered by metallothionein becomes
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saturated after one week of exposure as metallothionein concentrations remained elevated but unchanged,
similar to total gill Cd burden, however Cd partitioning into MTLP increased linearly. Potentially, these
results suggest that MTLP in the gills initially bind to other molecules such as reactive oxygen species
during acute stages of Cd exposure, and is gradually replaced by Cd. An alternative approach is that the
stress protein response to Cd exposure in fish gill and liver is analogous to oysters (Crassostra virginica
gmelin). For example, a study done by Ivanina et al., (2008) revealed that in hepatopancreas (analogous to
fish liver) expression of MTLP mRNA increased 2-8 fold in response to Cd exposure whereas no such
increases were found in Cd-exposed gills. In contrast, heat-shock protein levels increased in Cd-exposed
gills but not in hepatopancreas. Furthermore, a study done by Hansen et al., (2007) examined the
induction and activity of oxidative stress proteins in brown trout (Salmo trutta) transplanted from a river
with low levels of metal to a high Cd/Zn contaminated river for 15 days and found that metalothionein
levels decreased whereas superoxide dismutase and catalase increased in gills. Thus future research
comparing the inducibility of different protective systems in different tissues is required in order fully
characterize the cellular fate and consequence of accumulated metal.

This objective of this project was to characterize the bioaccumulation of Cd during
sublethal (0.75 and 2.0 pg Cd/L) chronic waterborne exposure to juvenile rainbow trout (Oncorhynchus
mykiss) in moderately soft water (50 mg/L as CaCQOs;). Accumulation was studied at both tissue and
subcellular levels of organization in order to establish linkages between exposure, uptake, detoxification
and accumulation in toxicologically sensitive pools within the cell. This study will also examine

metallothionein induction in relation to tissue specific accumulation and subcellular partitioning of Cd.

Examining patterns of tissue and subcellular distribution when rainbow trout (Oncrohynchus
mykiss) are chronically exposed to sublethal concentrations of waterborne Cd revealed that the protection
offered by metallothionein was greatest in kidney, followed by liver and gills during chronic sublethal Cd
exposures to trout in moderately soft water. However, detoxification by metallothionein and other

mechanisms (granule and lysosome sequestration) was imperfect, as Cd partitioned into metal-sensitive
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fractions (mitochondria and HSP). In moderately soft water (present study) Cd partitioning into metal-
sensitive fractions was detected more frequently in all tissues (particularly internal tissues) than the study
performed in moderately hard water. This may be attributed to fish increasing available uptake sites for
Ca, which indirectly increases uptake mechanisms of Cd, during soft water acclimation in fish. Both
chronic Cd exposures in moderately hard and moderately soft water revealed that mitochondrial and
MTLP fractions were enriched with Cd in all tissues and should continued to be studied when examining
chronic toxicity. Also, Cd bound to MSP pools throughout the duration of the exposure, thus acute spill-
over into fractions persists in most tissues (particularly the gills, then liver), however kidneys were able to
dissipate Cd bound to MSP with time and appear to exhibit a dose dependent response. Lastly, the
protective effects of Ca® were observed on both a tissue and subcellular levels, as lower amounts of Cd
accumulated in tissues and sensitive fractions during chronic sublethal exposures in moderately hard
water. This may be attributed to fish increasing available uptake sites for Ca, which indirectly increases
uptake mechanisms of Cd, during soft water acclimation in fish. Future research should use radio-labelled
Cd to monitor uptake and intracellular trafficking within MSP and MDP to gain a better understand of the

dynamics of subcellular partitioning,.
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Fig. 3.1 The effect Cd exposure to rainbow trout (Oncorhynchus mykiss) (32.4 g+ 12.2 SD, n=100)
survival (%) throughout 30-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne Cd in
moderately soft water. Initially, n = 100 for control fish; n = 120 fish per treatment.
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Fig. 3.2 The effect of waterborne Cd exposure to plasma Ca®" concentrations in rainbow trout
(Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75 and 2.0 pg/L in moderately
soft water . Values are means + 1 SEM, n = 6. * indicates a significant difference compared to controls
(ANOVA; Dunnet’s test, p < 0.05)
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Fig. 3.3 The effect of waterborne Cd exposure to plasma Na* concentrations in rainbow trout
(Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75 and 2.0 pg/L in moderately
soft water. Values are means + 1 SEM, n = 6. Statistical comparisons made against control values at each
sampling day were not significant (ANOVA; Dunnet’s test, p < 0.05).
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Fig. 3.4 Dose- and time-course of Cd accumulation in rainbow trout (Oncorhynchus mykiss) gill, liver
and kidney during 30-day exposure to control (nominal 0), 0.75 and 2.0 ug/L of waterborne Cd in
moderately soft water. Values are means + 1 SEM, n = 6 fish. * indicate significance against control
values whereas ** indicate significance from both control values and between treatment groups at each
time point (day) (Anova; Tukey’s HSD, p <0.05)
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Fig. 3.5 Dose- and time-course of Cd accumulation in gill subcellular fractions of rainbow trout
(Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne
Cd in moderately soft water. Values are means + 1SEM, n = 6 fish. * indicate significance against control
values whereas ** indicate significance from both control values and between treatment groups at each
time point (day) (Anova; Tukey’s HSD, p < 0.05)
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Fig. 3.6 Dose- and time-course of Cd accumulation in liver subcellular fractions of rainbow trout
(Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne
Cd in moderately soft water. Values are means + 1SEM, n = 6 fish. * indicate significance against control
values whereas ** indicate significance from both control values and between treatment groups at each
time point (day) (Anova; Tukey’s HSD, p <0.05)
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Fig. 3.7 Dose- and time-course of Cd accumulation in kidney subcellular fractions of rainbow trout
(Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75 and 2.0 pg/L of waterborne
Cd in moderately soft water. Values are means + 1SEM, n = 6 fish. * indicate significance against control
values whereas ** indicate significance from both control and between treatment groups at each time
point (day) (Anova; Tukey’s HSD, p < 0.05)
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Fig. 3.8 Relative proportions (%) of Cd distributed between metal-sensitive and detoxified pools (MSP
and MDP) in rainbow trout (Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75
and 2.0 pg/L of waterborne Cd in moderately soft water. Values are means + 1SEM, n = 6 fish. * indicate
significance against control values whereas ** indicate significance between treatments and *** indicate

significance from both control values and between treatment groups at each time point (day) (Anova;
Tukey’s HSD, p < 0.05)
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Fig. 3.9 Concentrations of metallothionein-like proteins (uM GSH/g wet weight) in gill, liver and kidney
of rainbow trout (Oncorhynchus mykiss) during 30-day exposure to control (nominal 0), 0.75 and 2.0
ug/L of waterbome Cd in moderately soft water. Values are means + 1SEM, n = 6 fish. * indicate
significance against control values whereas ** indicate significance from both control values and between
treatment groups at each time point (day) (Anova; Tukey’s HSD, p < 0.05)




Table 3.1 Measured exposure concentrations of Cd from head tanks and fish tanks taken during the 30-
day exposure to juvenile rainbow trout (Oncorhynchus mykiss). Temperature of exposure water ranged
from 9.9 — 11.6 °C. Values are expressed as means + 1SEM (n); HT-F: filtered water samples from head
tanks; HT-UF: un-filtered water samples from head tanks; FT-F: filtered water samples from fish tanks;

FT-UF: un-filtered water samples from fish tanks.

Exposure HI-F HT-UF FI-F FI-UF

Control (1 G01=0.003{3) 0042003843y C.OI=0.033(3% LO05£0008(6)
.75 gg Cd'L G.77£B 28145y DEBTEOCO3(T) C73:£0.083 (8 OEI=0.15C {6}
20ugCdL 2OSECEE3{Y 2230401 (7Y LR2:0212(8y 2.19=0.226{6}
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Table 3.2 Linear regression analyses of Cd concentrations in rainbow trout (Oncorhynchus mykiss) gill
subcellular fractions against the total gill Cd concentrations throughout all sampling days (1-30), within
the first week (1-7) and after one week (7-30) of Cd exposure (0.75 and 2.0 pg Cd/L) in moderately soft
water. The Cd concentrations in the MTLP fractions and total liver Cd also were regressed against the
respective MT concentrations. Values are coefficients of determination () and asterisks indicate
significance: * p < 0.05; ** p < 0.01; *** p <0.001. NS: not significant; MT: metallothionein; M + L:
microsomes + lysosomes; MTLP: metallothionein-like proteins; Mito: mitochondria; MRG: metal-rich

granules.

Subceliular Days Days Days
Fraction i-28 1-7 729
M+L 0. 18G%** () 286*** NS
MTLP 0.0733%  0.303%** NS
Mito §.149%*  0.192%*% NS
Enzymes NS N§ NS
Nuclei-debris D21E¥FE Q3278 NS
MRG 0.222%%*  (0.300%* NS
MTLPws. MT NS NS NS
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Table 3.3 Linear regression analyses of Cd concentrations in rainbow trout (Oncorhynchus mykiss) liver
subcellular fractions against the total liver Cd concentrations throughout all sampling days (1-30), within
the first week (1-7) and after one week (7-30) of Cd exposure (0.75 and 2.0 ug Cd/L) in moderately soft
water. The Cd concentrations in the MTLP fractions and total kidney Cd also were regressed against the
respective MT concentrations. Values are coefficients of determination () and asterisks indicate
significance: * p < 0.05; ** p < 0.01; *** p <0.001. NS: not significant; MT: metallothionein, M + L:
microsomes + lysosomes; MTLP: metallothionein-like proteins; Mito: mitochondria; MRG: metal-rich

granules.

Subcellular Days Days Days
Fraction 1-29 1-7 7-29
M+L 0.787* D.S31HRF QT4
MILP 0.486%¥% N§ 0.8Q7%¥x
Mito 0.877%%%  D406%%* (. QI0***
Enzymes 0.744%%% 0§ S0%HF [T IRAE
Nuclei-debris 0.132%% NS 0.168*
MRG NS NS NS
MTLPvs MT 0.0858* NS 0.115%
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Table 3.4 Linear regression analyses of Cd concentrations in rainbow trout (Oncorhynchus mykiss)
kidney subcellular fractions against the total kidney Cd concentrations throughout all sampling days (1-
30), within the first week (1-7) and after one week (7-30) of Cd exposure (0.75 and 2.0 pg Cd/L) in
moderately soft water. The Cd concentrations in the MTLP fractions and total gill Cd also were regressed
against the respective MT concentrations. Values are coefficients of determination (+°) and asterisks
indicate significance: * p < 0.05; ** p < 0.01; *** p <0.001. NS: not significant; MT: metallothionein; M
+ L: microsomes + lysosomes; MTLP: metallothionein-like proteins; Mito: mitochondria; MRG: metal-
rich granules.

Subcellular Davs Davs Days
Fraction 1-29 I-7 7-29
M+L Q.0R97%* Q. 412%¥%  §0e72*
MTLP Q701FF% Q,760%¥F () GRE¥FH
Mito 0,0832%F 578%%%  D.O6R3F
Enzyvmes Q470%%%  Q331%%%  ( 453%%¥
Nuclei-debris 0.537%%% NS G, 574 4%
MRG 0.473%%%  0.0035% 0466+
MTLPvs. MT  0.236%%% NS 0,24k
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Chapter 4

General Discussion
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The objective of this project was to characterize the pattern of accumulation and subcellular
distribution within tissues (gill, liver and kidney) of rainbow trout (Oncorhynchus mykiss) over the course
of exposure to understand the relationships to damage-repair-acclimation events in the organism. Both
chronic sublethal Cd exposures in moderately hard and moderately soft water resulted in increases
accumulation of Cd in tissues with time and exposure. Examination of patterns of tissue and subcellular
distribution in rainbow trout (Oncorhynchus mykiss) chronically exposed to sublethal concentrations of
waterborne Cd revealed that protection from Cd accumulation in metal-sensitive fractions was greatest in
kidneys, followed by liver and gill. This was attributed to high amounts of Cd bound to MTLP and
metallothionein induction in kidneys, compared to liver and gills after one week of exposure. Both Cd
exposures in moderately hard and moderately soft water revealed that mitochondrial and MTLP fractions
become enriched during chronic Cd exposure and are important fractions that could help link
consequences, if any, of Cd accumulation in tissues during prolonged exposure. Furthermore, both studies
revealed that both low and high Cd exposed fish accumulated excessive amounts of Cd in MSP on day 1,
which could be interpreted as acute spill-over in the kidneys, however Cd accumulation in MSP in liver
and gills throughout the duration of the exposure . Lastly, the protective effects of Ca®* were observed on
both a tissue and subcellular level, as lower amounts of Cd accumulated in gills and metal-sensitive
fractions during chronic sublethal exposures in moderately hard water (see Table. 4.1 for comparison of

observed effects of Cd exposure).

The exposure concentrations of Cd (0.75 and 2.0 pg Cd/L) used in both chronic Cd exposures
were within an environmentally realistic range. Currently, freshwater-quality criteria for aquatic life in
water hardnesses ranging from 20 — 120 mg/L as CaCOs, recommends an acute limit of 0.6 — 4.8 pg Cd/L
for acute exposures and a chronic limit of 0.3 — 1.3 ug Cd/L for chronic exposures, according to the U.S.
Environmental Protection Agency (Thornton, U.S. EPA-822-R-01-001, 2001). Furthermore,
concentrations up to 5 ug Cd/L exist in North American surface waters (Spry and Wiener, 1991). Fish

exposed to the same sublethal Cd concentrations in both moderately soft (50 mg/L as CaCOs, 360 + 22
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puM Ca) and moderately hard water (140 mg/L as CaCO;, 868 + 28 uM Ca) displayed physiological
impacts associated with chronic Cd exposure. These include disruptions of ionoregulation (particularly
plasma Ca), increased accumulation of Cd in tissues and binding to metal-sensitive pools (particularly

during first week of exposure).

Mortality and plasma ion loss occurred early during both sublethal chronic Cd exposures in
moderately hard and moderately soft water. Plasma ion concentrations of fish exposed to both water
hardnesses alone were comparable, thus additional ions present in the exposure medium did not have an
impact on internal ionoregulation in fish. However, trout exposed to 2.0 ug Cd/L in moderately hard
water had significantly reduced plasma Na levels on day 4 (similar reduction was observed but not
significant in moderately soft water exposure), whereas fish exposed to both low and high Cd exposures
in moderately hard and moderately soft water displayed lower plasma Ca concentrations during the first
week of exposure. Interestingly, plasma Ca®* concentrations did not recover back to control values in fish
exposed to Cd in moderately hard water which contains more Ca ions that are available to compete with
Cd uptake at the gills. Reduced plasma Ca concentrations are most likely due to competition with Cd** for
apical Ca®* channels, and non-competitive inhibition of the basolateral Ca**-ATPase exchanger in gill
mitochondrial-rich cells (Verbost et al., 1987; 1988; 1989). Also, decreased unidirectional influx of Ca,
and a decrease in affinity and binding sites at the gills for Ca, and indirectly Cd, which has been
demonstrated in the presence of Ca ions (medium and high concentrations) by the work of Hollis et al.
(2000b) may contribute to reductions in plasma Ca. Rainbow trout (Oncorhynchus mykiss) were exposed
to background (257-270 uM), low (257-270 uM), medium (600-938 uM) and high (1218-1235 uM) Ca
concentrations, with (2.0 pg Cd/L) or without Cd, in synthetic soft water. However, Hollis et al. (2000b)
did not observe a decrease in whole-body or plasma Ca concentrations. Presumably, plasma Na” influx
and binding at the gill may also be lowered in response to increases in ambient Na however studies have

yet to report that Na* concentrations can influence Cd binding to fish gills (Niyogi et al. 2008).
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The sublethal concentrations (0.75 and 2.0 pg Cd/L) to which the fish were chronically exposed
in both moderately hard and moderately soft water studies were high enough to result in significant
amounts of Cd accumulation in all tissues, particularly in fish exposed to 2.0 ug Cd/L. The protective
effect of Ca against Cd uptake into the organs was strongest for the gills, followed by the kidney and then
liver. With regard to sublethal chronic Cd exposure in moderately soft water study, gill Cd burdens were
the highest amongst tissue burdens and displayed a biphasic pattern (rapid initial increase followed by
saturation and/or decline), and accumulated 2-4x more Cd in comparison to gills from fish exposed to 2.0
pg Cd/L in moderately hard water, after one week of exposure. This is most likely due to changes in gill
binding characteristics that occur when rainbow trout (Oncorhiynchus mykiss ) acclimate to low ambient
Ca®, such as a significant increase in binding sites (Hollis et al., 2000a, b; Niyogi et al., 2004). Increased
binding sites on the gill are believed to help compensate for ion loss of Ca from the fish to ion-poor water.
Furthermore, studies with chronically exposed trout that have been acclimated to Cd have also displayed
an increase in binding sites available at the gill, which is believed to reflect increased detoxification or

storage of Cd (McGeer et al., 2010)

In comparison, all tissues accumulated Cd with time; however kidney concentrations in exposed
fish were the greatest after 30-days of sublethal Cd exposure in moderately hard water. Fish exposed to
2.0 pg Cd/L accumulated 2-6x and 2-3x less Cd in kidney and liver respectively, in comparsion to fish
exposed to 2.0 ug Cd/L in moderately soft water during the first week of exposure. These results are
consistent with previous studies (Wicklund and Runn, 1988; Hollis et al., 2000b) that demonstrated
similar protective effects of Ca against Cd uptake with slower uptake of Cd into the gills with increasing
water Ca levels. This is likely due to competition between Cd and Ca for apical Ca*" channels/exchangers
and non-competitive inhibition of Ca*-ATPase activity at the basolateral membrane of the gill (Verbost

et al, 1987; 1988; 1989).

All tissues initially accumulated Cd in MSP (mitochondria and HSP) during chronic sublethal Cd

exposures in both moderately hard and moderately soft water. In moderately soft water, Cd spill-over into
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metal-sensitive fractions was detected more frequently in all tissues (particularly internal tissues) in
comparison to chronic sublethal Cd exposure in moderately hard water. This may be attributed to
increased uptake mechanisms of Cd, which share common pathways with Ca that are enhanced to
compensate for Ca ion loss during soft water acclimation in fish (e.g. increased binding sites on the gill

and/or increased intracellular calmodulin synthesis).

Both chronic studies revealed that the gills of rainbow trout (Oncorhynchus mykiss) are sensitive
to chronic sublethal waterborne Cd and displayed the lowest amounts of Cd partitioning into detoxified
fractions during the first week of exposure, whereas partitioning into metal-sensitive compartments varied
and may link to acute toxic effects (mortality and ion loss). However, this study only evaluated the
protective mechanisms offered by metallothionein, and it is highly likely that gills employ other
protective mechanisms that are involved with repairing any damage induced by Cd accumulation in
sensitive fractions. In contrast, the present chronic studies revealed that the kidney was most efficient at
detoxification via sequestration by MTLP (and to a lesser extent ML and MRG), and contained relatively

low amounts of Cd bound to mitochondria and HSP.

With regard to the spill-over hypothesis, the results indicated that acute spill-over occurs
particularly within the kidney, however accumulation in MSP was observed throughout the duration of
both sublethal Cd exposures in moderately hard and moderately soft water. Similar to previous studies
(Kraemer et al., 2005; Giguére et al., 2006; Campbell et al., 2005, 2008), the spill-over hypothesis may be
too simplistic to describe chronic accumulation or may only be applied to acute metal exposures. An
alternate spill-over hypothesis that can be applied to chronic metal exposure is depicted in Fig. 4.2. The
adjusted spill-over hypothesis predicts that metal-binding capacity is initially overwhelmed and is unable
to match metal uptake into the cell, thus excessive accumulation results in MSP. Future studies examining
the relationship between subcellular Cd partitioning and detoxification mechanisms should use a suite of

biomarkers, and also usedradio-labelled Cd'® in order to obtain more accurate measurements if the
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dynamics of Cd partitioning into and/or between subcellular fractions and consequences of accumulated

metal.
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Threshold Metal-detoxified pool
roncentration (e.g. metallothionein-bound)
protecting
MSP

Metal-Sensitive Fractions
(mitochondria, enzymes)

Damage Recovery

Metal Concentration in the subcellular fraction

Exposure gradient (tissues)

Fig. 4.1 Adapted from Kraemer, 2005. Graphical representation of the adjusted spill-over hypothesis for
prolonged metal exposure that predicts metal detoxification mechanisms (e.g. metallothionein-binding;
dashed gray line) are unable to match initial uptake of Cd into the cell, thus metal accumulates in MSP
and exceeds the threshold concentration (vertical dashed line) of metal accumulation which could be
linked to acute toxic effects. However, detoxification capacity increases with time and exposure; recovery
from initial damage occurs when Cd accumulation in detoxified pool exceeds uptake into the cell and
metal-sensitive fractions (solid black line).
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Table 4.1 Comparison of observed effects of Cd exposure in moderately hard water versus moderately
soft water exposures for juvenile rainbow trout (Oncorhynchus mykiss) exposed for one month

Measured Moderately hard water Moderately soft water

Parameter exposure to Cd (0.75 or exposure to Cd (0.75 or
2.0 ug/L 2.0 ug/L

Mortality 9%, and 20% at low and 3% and 15% at low and
high Cd exposures high Cd exposures

Plasmaions Acute Caand Naionloss  Acute Caion loss only
reductions in plasma Ca in fish exposed to
in fish exposed to 2.0 both low and high Cd
ug Cd/L exposures

Tissue Cd Greatest in Greatest in

burdens kidney > gill > liver at gill > kidney > liver at
day 30 day 30

Gill Trend of lower Trend of lower

subcellular  partitioning into MDP partitioning into MDP

partitioning

Liver Less Cd partitioning More Cd partitioning

subcellular  jnto MSP into MSP

partitioning

Kidney Trend of decreased Trend of decreased

subcellular  partitioning into MSP partitioning into MSP

partitioning  with time and dose with dose

103



Compiled References

Ahearn, G.A., Mandal, P K., Mandal, A., 2004. Mechanisms of heavy-metal sequestration and
detoxification in crustaceans: a review. J. Comp. Physiol. 174B, 439-452.

Allen, H.E., 2002. The biotic ligand model addresses effects of water chemistry on metal toxicity. In:
International Council of Mining and Metals (ICMM). Newark, Delaware USA. 7, 1-5.

Amiard, J.C., Cosson, R.P, 1997. Les metallothioneines. In: Lagadic, L., Caquet, T., Amiard, J.C.,
Ramade, F. (Eds.), Biomarqueurs en ecotoxicologie. Aspects Fondamentaux. Masson, Paris, pp.
53-66.

Amiard, J.C., Amiard-Triquet, C., Barka, S., Pellerin, J., Rainbow, P.S., 2006. Metallothionein in aquatic
invertebrates: Their role in metal detoxification and their used as biomarkers. Aquat. Toxicol. 76,
160-202.

Atli, G., Canli, G., 2006. Enzymatic responses to metal exposure in a freshwater fish Oreochromis
niloticus. Comp. Biochem. Physiol. 145C, 282-287.

Baldisserotto, B., Kamunde, C., Matsuo, A., Wood, C.M., 2004b. A protective effect of dietary calcium
against acute waterborne cadmium uptake in rainbow trout. Aquat. Toxicol. 67, 57-73.

Barka, S., Pavillon, J.F., Amiard, J.C., 2001. Influence of different essential and non-essential metals on
MTLP levels in the copepod Tigriopus brevicornis. Comp. Biochem. Physiol. C 122, 287-296.

Beckmann, B.R., Zaugg, W.S., 1988. Copper intoxication in Chinook salmon (Oncorhynchus
tshawytscha) induced by natural springwater: effects on gill Na+, K+, -ATPase, hematocrit, and
plasma glucose. Can. J. Fish. Aquat. Sci. 45, 1430-1435.

Belyaeva, E.A., Glazunov, V.V, Nikitina, E.R., Korotkov, S.M., 2001. Bivalent metal ions modulate
Cd2+ effects on isolated rat liver mitochondria. J. Bioenerg. Biomembr. 33, 303-318.

Benoit, D.A., Leonard, EN., Christensen, G.M. Fiandt, J.T., 1976. Toxic effects of cadmium on three
generations of brook trout (Savelinus frontinalis). Trans. Am. Fish. Soc. 105, 550-560.

Bergman, H.L. and Dorward-King, E.J., 1997. Reassessment of metals criteria for aquatic life protections.
SETAC Tech. Pub. Series. SETAC Press, Pensacola, USA.

Bergmeyer, H.U., 1974. In Methods of Enzymatic Analysis (Bergmeyer, H.U,, ed.), 2" Edn., p. 129,
Academic Press, New York.

Birceanu, O., Chowdhury, M.J., Gillis, P.L., McGeer, J.C., Wood, C.M., Wilkie, M.P., 2008. Modes of
metal toxicity and impaired branchial ionoregulation in rainbow trout exposed to mixtures of Pb
and Cd in soft water. Aquat. Toxicol. 89, 222-231.

Bonneris, E., Perceval, O., Masson, S., Hare, L., Campbell, P.G.C., 2005. Sub-cellular partitioning of Cd,

Cu and Zn in tissues of indigenous unionid bivalves living along a metal exposure gradient and
links to metal-induced effects. Environ. Pollut. 135, 195-208.

104



Borgmann, U., Norwood, W. P., Dixon, D. G., 2004. Re-evaluation of metal bioaccumulation and chronic
toxicity in Hyalella azteca using saturation curves and the biotic ligand model. Environ. Pollut.
131, 469-484.

Boudou, A. and Ribeyre, F., 1997. Aquatic ecotoxicology: from the ecosystem to the cellular and
molecular levels. Eviron. Health Perspect. 105, 21-35.

Bremner, 1., 1991. Metallothionein and copper metabolism in liver. In: Riordan, J.F., Vallee, B.L., (Eds.),
Methods in enzymology. Metallobiochemistry, Part B: Metallothionein and related molecules,
vol. 205. Academic Press Inc., San Diego, 584-591.

Brown, D.A., Bay, S.M., Hershelman, G.P., 1990. Exposure of scorpionfish (Scorpaena guttata) to
cadmium: effects of acute and chronic exposures on the cytosolic distribution of cadmium, copper
and zinc. Aquat. Toxicol. 16, 295-310.

Burkhardt-Holm, P., Bernet, D., Hogstrand, C., 1999. Increase of metallothionein immune-positive
chloride cells in the gills of brown trout and rainbow trout after exposure to sewage treatment
plant effluents. Histochem. J. 31, 339-346.

Calamari, D., Marchetti, R., Vailati, G, 1980. Influence of water hardness of cadmium toxicity to Salmo
gairdneri Rich. Water Res. 14, 1421-1426.

Campbell, P.G.C., Giguére, A., Bonneris, E., Hare, L., 2005. Cadmium handling strategies in two
chronically indigenous freshwater organisms—the yellow perch (Perca flavescens) and the
floater mollusc (Pyganodon grandis). Aquat. Toxicol.72, 83-97.

Campbell, P.G.C., Kraemer, L.D., Giguére, A., Hare, L., Hontela, A., 2008. Subcellular distribution of
cadmium and nickel in chronically exposed wild fish: inferences regardingmetaldetoxification

strategies andimplications for settingwater quality guidelines for dissolved metals. Human Ecol.
Risk Assess. 14, 290-316.

Canadain Council of Ministers of the Environment. 1999. Canadian water quality guidelines for the
protection of aquatic life: Cadmium. In: Canadian environmental quality guidelines, 1999,
Canadian Council of Ministers of the Environment, Winnipeg.

Carrol, J.J, Ellis, S.J., Oliver, W.S., 1979. Influences of harness constituents on the acute toxicity of
cadmium to brook trout (Salvelinus fontinalis). Bull. Environ. Contam. Toxicol. 22, 575, 581.

Chowdhury M.J., Pane E.F., Wood C.M., 2004. Physiological effects of dietary cadmium acclimation and
waterborne cadmium challenge in rainbow trout: respiratory, ionoregulatory, and stress
parameters. Comp. Biochem. Physiol. 139, 163-173.

Chowdhury, M.J., Baldisserotto, B., Wood, C.M., 2005. Tissue-specific cadmium and metallothionein
levels in rainbow trout chronically acclimated to waterborne or dietary cadmium. Arch. Environ.
Contom. Toxicol. 48, 381-390.

Cinier, C.C., Ramel, M.P., Faure, R, Garin. D, Bouvet, Y., 1999. Kinetics of cadmium accumulation
and elimination in carp Cyprinus carpio tissues. J. Comp. Biochem. Physiol. 122, 345-352.

105



Cousins, R.J., 1979. Metallothionein synthesis and degradation: Relationship to cadmium metabolism.
Environ. Heal. Persp. 28, 131-136.

Dang, Z.C., Flik, G., Ducouret, B., Hogstrand, C., Wendelaar Bonga, S.E., Lock, R.A.C., 2000. Effects of
copper on cortisol receptor and metallothionein expression in gills of Oncorhynchus mykiss.
Aquat. Toxicol. 51, 45-54.

Davies, P.H., Gorman, W.C., Carlson, C.A., Brinkman, S.R., 1993, Effect of hardness on bioavailability
and toxicity of cadmium to rainbow trout. Chem. Sp. Bioavail. §, 67-77.

Dias, G.M. and Edwards, G.C., 2003. Differentiating natural and anthropogenic sources of metals to the
environment. HA E R A. 9, 699-721.

Deeds, J.R. and Klerks, P.L., 1999. Metallothionein-like proteins in the freshwater oligochaete
Limnodrilus udekemianus and their role as a homeostatic mechanism against cadmium toxicity.
Environ. Pollut. 106, 381-389.

De Smet, H., De Wachter, B., Lobinski, R., Blust, R., 2001. Dynamics of (Cd,Zn)- metallothioneins in
Toxicol. 52, 261-289.

Ellmann, G. L., 1958. A calorimetric method for determining low concentrations of mercaptans. Arch.
Biochem. Biophys., 74, 443-450.

EPA, 2001. United State Environmental Protection Agency. Update of ambient water quality criteria
for cadmium. EPA-822-R-01-001. 166 pg.

Farag, A. M., Stansbury, M. A, Hogstrand, C., Macconell, E., Bergman, H. L., 1995. The physiological
impairment of free-ranging brown trout exposed to metals in the Clark-Fork river, Montana.
Canadian Journal of Fisheries and Aquatic Sciences, 52(9), 2038-2050.

Filk, G., Perry, S.F., 1989. Cortisol stimulates whole body calcium uptake and the branchial calcium
pump in freshwater rainbow trout. J. Endocrinol. 120, 75-82.

Filk, G., Rus, ] H.V, Wendelaar Bonga, S.E., 1984. Evidence for the presence of calmodulin in fish
mucus. Eur. J. Biochem. 138, 651-654.

Firat, O., Kargin, F., 2010. Individual and combined effects of heavy metals on serum biochemistry of
nile tilapia Oreochromis niloticus. Arch. Environ. Contram. Toxicol. 58 (1), 151-157.

Fowler, B.A,, Lucier, G.W., Hayes, A.W., 1989. Organelles as tools in toxicology. In: Hayes, A W. (Ed.).
Principles and metods in toxicology. Raven Press LTD., New York, NY., 815-833.

Fu, H., Lock, R.A.C. and Wendelaar Bonga, S.E. (1989). Effect of cadmium on prolactin cell activity and
plasma electrolytes in the freshwater teleost Oreochromis mossambicus. Aquat. Toxicol. 14: 295-
306.

Fu H., Steinbach O.M., van den Hamer C.J A., Balm PHM., Lock R.A.C, 1990. Involvement of
cortisol and metallothionein-like proteins in the physiological responses of tilapia (Oreochromis
mossambicus) to sublethal cadmium stress. Aquat. Toxicol. 16, 257-270.

106



Garcia-Santos, S., Fontainhas-Fernandes, Wilson, .M., 2005. Cadmium tolerance in the nile tilapia
(Oreochromis niloticus) following acute exposure: Assessment of some ionoregulatory
parameters. In WileyInterScience. Wiley Periodicals, Inc. www.interscience.wiley.com.

George, S. G., 1982. Subcellular accumulation and detoxication of metals in aquatic animals. In:
Physiological Mechanisms of Marine Pollutant Toxicity (W B. Vemnberg, A. Calabrese, F. P
Thurberg, F. J. Vernberg, Eds.), Academic Press, New York, pp. 3-52.

George, S. G., 1983. Heavy metal detoxication in the mussel Mytilus edulis-composition of Cd
containing kidney granules (tertiary lysosomes). Comp. Biochem. Physiol. 76C, 53-57.

Giguere, A., Campbell, P. G. C., Hare, L., 2005. Metal bioaccumulation and oxidative stress in yellow
perch (perca flavescens) collected from eight lakes along a metal contamination gradient (Cd, Cu,
Zn, Ni). Canadian Journal of Fisheries and Aquatic Sciences, 62(3), 563-577.

Giguere, A., Campbell, P.G.C., Hare, L., Couture, P., 2006. Sub-cellular partitioning of cadmium, copper,
nickel and zinc in indigenous yellow perch (Perca flavescens)sampled along a polymetallic
gradient. Aquat. Toxicol. 77, 178-189.

Giles, M.A., 1984. Electrolyte and water balance in plasma and urine of rainbow trout (Salmo gairdneri)
during chronic exposure to cadmium. Environ. Toxicol. Chem. 8, 87— 97.

Hansen, B.H, Romma, S., Aaberg Garmo, O., Pedersen, S.A., Olsvik, P.A., Andersen, R.A., 2007.
Induction and activity of oxidative stress-related proteins during waterborne Cd/Zn-exposure in
brown trout (Salmo trutta). Chemosphere, 67, 2241-2249,

Hansen, J. A, Lipton, J., Welsh, P. G., Morris, J., Cacela, D., Suedkemp, M. J., 2002a. Relationship
between exposure duration, tissue residues, growth, and mortality in rainbow trout

(Oncorhynchus mykiss) juveniles sub-chronically exposed to copper. Aquat. Toxicol. 58, 175
188.

Hansen, J.A., Welsh, P.G., Lipton, J., Cacela, D., Dailey, A.D., 2002b. Relative sensitivity of bull trout
(Salvelinus confluentus) and rainbow trout (Oncorhynchus mykiss) to acute exposures of
cadmium and zinc. Environ. Toxicol. Chem. 21, 67-75

Hansen, B.H., Romma, S., Garmo, O.A., Pedersen, S.A., Olsvik, P.A., Andersen, R.A., 2007. Induction
and activity of oxidative stress-related proteins during waterborne Cd/Zn-exposure in brown trout
(Salmo trutta). Chemosphere, 67, 2241-2249,

Harrison, S.E, Klaverkamp, J.F., 1989. Uptake, climination and tissue distribution of dietary and aqueous
cadmium by rainbow trout (Salmo gairdneri Richardson) and lake whitefish (Coregonus
clupeaformis Mitchill). Environ. Toxicol Chem. 8, 87-97.

Haux, C., Larsson, A., 1984. Long-term sublethal physiological effects on rainbow trout, Salmo gairdneri,
during exposure to cadmium and after subsequent recovery. Aquat. Toxicol. 5, 129-142.

107


http://www.interscience.wilev.com

Hollis, L., McGeer, J.C., McDonald, D.G., Wood, C.M., 1999. Cadmium accumulation, gill Cd binding,
acclimation, and physiological effects during long term sublethal Cd exposure in rainbow trout.
Aquat. Toxicol. 46, 101-119.

Hollis, L., McGeer, J.C., McDonald, D.G., Wood, C.M., 2000a. Effects of long term sublethal Cd
exposure in rainbow trout during soft water exposure: implications for biotic ligand modeling.
Aquat. Toxicol. 51, 93-105.

Hollis, L., McGeer, J.C., McDonald, D.G., Wood, C.M., 2000b. Protective effects of calcium against
chronic waterborne cadmium exposure to juvenile rainbow trout. Environ. Toxicol. Chem. 19,
2752- 2734.

Hollis, L., Hogstrand, C., Wood, C.M., 2001. Tissue-specific cadmium accumulation, metallothionein -
induction, and tissue zinc and copper levels during chronic sublethal Cd exposure in juvenile
rainbow trout. Arch. Environ. Contam. Toxicol. 41, 468-474.

Ivanina, A V., Cherkasov, A.S., Sokolova, .M., 2008. Effects of cadmium on cellular protein and
gluthathione synthesis and expression of stress proteins in eastern oysters, Crassostra virginica
gmelin. ]. Exper. Biol. 211, 577-586.

Jenkins, K.D., Sanders, B.M., 1986. Relationships between Free Cadmium Ion Activity in Seawater,
CadmiumAccumulation and Subcellular Distribution, and Growth in Polychaetes. Environ.
Health Perspectives, 65, 205-210.

Kigi, JHR., Nordberg, G.F., 1979. In Metallothionein eds. Birkhauser Verlag, Basel Switzerland.
Kigi, J HR,, Schaffer, A., 1988. Biochemistry of metallothionein. J. Biochem. 27, 8509 — 8515.
Kamunde, C. 2009. Early subcellular partitioning of cadmium in gill and liver of rainbow trout

(Oncorhynchus mykiss) following low-to-near-lethal waterborne cadmium exposure. Aquatic.
Toxicol. 91, 291-301.

Kamunde, C., MacPhail, R., 2008. Bioaccumulation and hepatic speciation of copper in rainbow trout
(Oncorhynchus mykiss) during chronic waterborne copper exposure. Arch. Environ. Contam.
Toxicol., 54, 493-503.

Karaytug, S., Erdem, C., Cicik, B., 2007. Accumulation of cadmium in the gill, liver, kidney, spleen,
muscle and brain tissues of Cyprinus carpio. Ekoloji 63, 16-22.

Keller, W., Gunn, J. M., Yan, N. D. 1992. Evidence of biological recovery in acid-stressed lakes near
Sudbury, Canada. Environ. Pollut. 78(1-5), 79-85.

Kraemer, L.D., Campbell, P.G.C., Hare, L., 2005. Dynamics of Cd, Cu and Zn accumulation in organs
and sub-cellular fractions in field transplanted juvenile yellow perch (Perca flavescens). Environ.
Pollut. 138, 324-337.

Kumada, H., Kimura, S., Yokote, M., 1980. Accumulation and biological effects of cadmium in rainbow
trout. Bull. Jpn. Soc. Sci. Fish. 46, 97-103.

108



Langston,W.J., Bebianno, M.J, Burt, G R., 1998 Metal handling strategics in molluscs. In:
Langston,W.J., Bebianno, M.J. (Eds.),MetalMetabolism in Aquatic Organisms. Chapman and
Hall, London, pp. 219-284.

Lanno, S.M,, Hicks, B., Hilton, J W, 1987. Histological observations on intrahepatocytic copper-
containing granules in rainbow trout reared on diets containing elevated levels of copper. Aquat.
Toxicol. 10, 251-263.

Laurent, P. 1984, Gill internal morphology. In Hoar, W.S., Randal, D.J (Eds). Fish physiology. Academic
Press, 10A, 73-183. New York, NY.

Li, J., Quabius, E.S., Wendelaar Bonga, S.E., Flik, G, Lock, R A.C., 1998. Effects of water-borne copper
on branchial chloride cells and Na'/K'-ATPase activities in Mozambique tilapia (Oreochromis
mossambicus). Aquat. Toxicol. 43, 1-11.

Liao, C-M. Ju, Y-R., Chen, W-Y ., 2010. Subcellular partitioning links BLM-based toxicokinetics for
assessing cadmium toxicity to rainbow trout. Wiley Periodicals, Inc.
www.interscience.wiley.com.

Ma, W. C. W, 2005. Critical body residues (CBRs) for ecotoxicological soil quality assessment: Copper
in earthworms. Soil Biol. Biochem. 37, 561-568.

Marr, J. C. A, Lipton, J., Cacela, D., Hansen, J. A., Bergmann, H. L., Meyer, J. S, Hogstrand, C., 1996.
Relationship between copper exposure duration, tissue copper concentration, and rainbowtrout
growth. Aquat. Toxicol. 36, 17-30.

Marshall, W.S., 2002. Na', CI', Ca ** and Zn®" transport by fish gills: retrospective review and
prospective synthesis. J. Exp. Zool. 293, 264-283.

McDonald, D.G., Wood, C.M., 1993. Branchial mechanisms of acclimation to metals in freshwater fish.
In: Rankin, J.C., Jensen, F.B. (Eds.), Fish Ecophysiology. Chapmanand Hall, London, 297-321.

McGeer, J.C., Nadella, S., Alsop, D.H., Hollis, L., Taylor, L.N., McDonald, D.G., Wood, C.M., 2007.
Influence of acclimation and cross-acclimation of metals on acute Cd toxicity and Cd uptake and
distribution in rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 84, 190-197.

McGeer, J.C., Niyogi, S., Smith, D.S., 2010. Cadmium. Chapter X in Homeostasis and Toxicology
of Non-Essential Metals, Wood, C.M. and Brauner C. (editors) Fish Physiol. 32, Academic
Press.

McGeer, J.C., Szebedinszky, C., McDonald, D.G., Wood,C.M., 2000a. Effects of chronic sublethal
exposure to waterborne Cu, Cd or Zn in rainbow trout 1: iono-regulatory disturbance and
metabolic costs. Aquat. Toxicol. 50, 233-245.

McGeer, J.C., Szebedinszky, C., McDonald, D.G., Wood,C.M., 2000b.Effects of chronic sublethal

exposure to waterborne Cu, Cd or Zn in rainbow trout 2: tissue specific metal accumulation.
Aquat. Toxicol. 50, 245-256.

109


http://www.interscience.wilev.com

Meador, J., McCarty, L.S., Escher, B.I., Adams, W.J., 2010.10th Anniversary Critical Review: The
tissue-residue approach for toxicity assessment: concepts, issues, application, and
recommendations. J. Environ. Monit. 10, 1486-1498.

Morgan, T.P., Grosell, M., Gilmour, K.M., Playle, R.C., Wood, C.M., 2004. A time course analysis of
silver accumulation and Na" and CI uptake inhibition under flow-through conditions in
freshwater rainbow trout. Am. J. Physiol. Regul. Integr. Comp. Physiol. 287, 234-242.

Nassiri, Y., Rainbow, P.S., Amiard-Triquet, C., Rainglet, F., Smith, B.D., 2000. Trace metal
detoxification in the ventral caeca of Orchestia gammarellus (Crustacea: Amphipoda). Mar. Biol.
136, 477-484.

Neary, B. P., Dillon, P. J., Munro, J. R. & Clark, B. J., 1990. The Acidification of Ontario Lakes: an
Assessment of their Sensitivity and Current Status with Respect to Biological Damage. Ontario
Ministry of the Environment Report, Dorset, Canada, 171 pp.

Neiboer, E., Richardson, D.H.S., 1980. The replacement of the non-descript term ‘heavy metals’ by a
biologically and chemically significant classification of metal ions. Environ. Pollut. 1, 3-26.

Niyogi,S., Wood C.M., 2004. The Biotic Ligand Model, a flexible tool for developing site-specific water
quality guidelines for metals. Environ. Science Technol. 38, 6177-6192.

Niyogi, S., Kent, R., and Wood, C.M., 2008. Effects of water chemistry variables on gill binding and
acute toxicity of cadmium in rainbow trout (Oncorhynchus mykiss): A biotic ligand model (BLM)
approach. Comp. Biochem. Physiol.- C 148:305-314.

Nordic Council of Ministers. 2003. Cadmium review. Scandinavian political organisation. Report No. 1,
CRL, EHN. 4, 1-24.

Norey, C. G., Brown, M.W., Cryer, A. & Kay, J., 1990. A comparison of the accumulation, tissue
distribution and secretion of cadmium in different species of freshwater fish. Comp. Biochem.
Physiol., 96C, 181-184,

Norton, S. A, Dillon, P. J., Evans, R. D., Mierle, G. & Kahl, J. S., 1990. The history of atmospheric
deposition of Cd, Hg, and Pb in North America: Evidence from lake and peat bog sediments. In:

Sources, Deposition, and Canopy Interactions, Vol. 3, Acidic Precipitation, ed. S. E. Lindberg, A.
Page & S. A. Norton, Springer-Verlag, 73-102.

Olsson, P. and Hogstrand, C., 1987. Subcellular distribution and binding of cadmium to metallothionein
in tissues of rainbow trout after exposure to Cd in water. Environ. Toxicol. Chem. 6, 867-874.

Oronsaye, J.A.O., 1989. Histological changes in the kidneys and gills of the stickleback, Gasterosteus

aculeatus L, exposed to dissolved cadmium in hard water. Ecotoxicol. Environ. Safety 17, 279
290.

Pagenkopf, C.K., 1983. Gill surface interaction model for trace metal toxicity to fishes: role of
complexation, pH, and water hardness. Environ. Sci. Technol. 17, 342-347.

Pirt, P., Svanberg, O., Kiessling, A, 1985. The availability of cadmium to perfused rainbow trout gills in
different water qualities. Water Res. 19, 427-434.

110



Perry, S.F., Wood, C.M., 1985. Kinetics of branchial calcium uptake in the rainbow trout: effects of
acclimation to various external calcium levels. J. Exp. Biol. 116, 411-433,

Piano, A., Valbonesi, P., Fabbri, E., 2004. Expression of cytoprotective proteins, heat shock protein 70
and metallothioneins, in tissues of Ostrea edulis exposed to heat and heavy metals. Cell Stress
Chaperones 9, 134-142.

Playle, R.C., Dixon, D.G., Burnison, K., 1993a. Copper and cadmium binding to fish gills: Modification
by dissolved organic carbon and synthetic ligands. Can. J. Fish. Aquat. Sci. 50 (12), 2667-2677.

Playle, R.C., Dixon, D.G., Burnison, K., 1993b. Copper and cadmium binding to fish gills: estimates of
metal-gill stability constants and modelling of metal accumulation. Can. J. Fish. Aquat. Sci. 50
(12), 2678-2687.

Playle, R.C., 1998. Modelling metal interactions at fish gills. Sci. Tox. Environ. 219, 147-163.

Potts, W.T.W.,, 1997. Transport of tons and water in animals. In Gupta, B.L., Moreton, R., Oschman, J.,
Wall, B. (Eds). Academic Press, New York, NY.

Powell, M.D., Wright, G.M, Burka, J.F., 1990. Eosinophilic granule cells in the gills of rainbow trout,
Oncorhynchus mykiss : evidence of migration? J. Fish. Biol. 37, 495-497.

Pratap H.B., Fu H., Lock R.A.C., Wendelaar Bonga S.E., 1989. Effect of waterbomne and dietary
cadmium on plasma ions of the teleost Oreochromis mossambicus in relation to water calcium
levels. Arch. Environ. Contam. Toxicol. 18, 568-5735.

Pratap, H.B., Wendelaar Bonga, S.E., 1993, Effect of ambient and dietary cadmium on pavement cells,
chloride cells, and Na'/K'-ATPase activity in the gills of the freshwater teleost Oreochromis
mossambicus at normal and high calcium levels in the ambient water. Aquat. Toxicol. 26, 133
150.

Pruell, R.J., Engelnardt, F.R., 1980. Liver cadmium uptake and catalase inhibition and cadmiumthionein
production in killifish (Fundulus heteroclitus) induced by experimental cadmium exposure. Mar.
Environ. Res. 3, 101-111.

Rainbow, P.S., 2002. Trace metal concentrations in aquatic invertebrates: why and so what? Environ.
Pollut. 120, 71-80.

Rainbow, P.S., 2007. Trace metal bioaccumulation: models, metabolic availability and toxicity. Environ.
Int. 33, 576-582.

Raynal, N.J., Hontela, A., Jumarie, C., 2005, Cadmium uptake in isolated adrenocartical cells of rainbow
trout and yellow perch. Comp. Biochem. Physiol. 140C, 374-382.

Reader J.P., Morris R., 1988. Effects of aluminum and pH on calcium fluxes, and effects of cadmium and
manganese on calcium and sodium fluxes in brown trout (Salmo trutta L.). Comp. Biochem.
Physiol. C. 91, 449-457.

Reynders, H., Bervoets, L., Gelders, M., De Coen, W.M.,, Blust, R., 2008. Accumulation and effects of
metals in caged carp and resident roach along a metal pollution gradient. Sci. Total Environ. 391,
82-95.

111



Ricard, A.C., Daniel, C., Anderson. P., Hontela, A., 1998. Effects of subchronic exposure to cadmium
chloride on endocrine and metabolic functions in rainbow trout Oncorhynchus mykiss. Arch.
Environ. Cont. Toxicol. 34, 377-381.

Richards, J.G., Playle, R.C., 1999. Protective effects of calcium against the physiological effects of
exposure to a combination of cadmium and copper in rainbow trout (Onchorhynchus mykiss).
Can. J. Zool. 77, 1035-1047.

Ried, S.D., 1989. Metal-gill surface interactions in rainbow trout, Oncorhynchus mykiss. Ph.D. thesis,
McMaster University, Hamilton, Ont.

Roch, M., Noonan, P., McCarter, J.A., 1986. Determination of no effect level of heavy metals for rainbow
trout using hepatic metallothionein. Wat. Res. 20, 771-774.

Roesijadi, G., 1996. Metallothionein and its role in toxic metal regulation. Comp. Biochem. Physiol.
113C, 117-123.

Rogers, J.T., Patel, M., Gilmour, K.M., Wood, C.M., 2005. Mechanisms behind Pb-induced disruption of
Na' and CI balance in rainbow trout (Oncorhynchus mykiss). Am. J. Physiol. Regulatory
Integrative Comp. Physiol. 289, 463-472

Rose, W.L., Nisbet, R M., Green, P.G., Norris, S., Fan, T., Smith, E H., Cherr, G.N., Anderson, S.L.,
2006.Using an intergrated approach to link biomarker responses and physiological stress to
growth impairment of cadmium-exposed laval topsmelt. Aquat. Toxicol. 80, 298-308.

Sanders, B.M., Jenkins, K.D., 1984, Relationships between free cupric ion concentrations in sea water
and copper metabolism and growth in crab larvae. Biol. Bull. 167, 704-712.

Sanders, B.M., Jenkins, K.D., Sunda,W.G., Costlow, J.D.J., 1983. Free cupric ion activity in seawater:
effects on metallothionein and growth in crab larvae. Science 222, 53-55.

Sappal, R., Kamunde, C., 2009. Internal bioavailability of waterborne and dictary zinc in rainbow trout,
Oncorhynchus mykiss: Preferential dextoxification of dietary zinc. Aquat. Toxicol. 93, 166-176.

Shoenmakers, T.J.M., Klaren, P. HM., Filk, G., Lock, R.A.C, Pang, P.K.T., Wendelaar Bonga, S.E.,
1992. Actions of cadmium on basolateral plasma membrane proteins involved in uptake by fish
intestine. J. Membr. Biol. 127, 161-172.

Simkiss, K., Taylor, M.G., 1995. Transport of metals across memebranes. In Metal speciation and
bioavailability in aquatic systems. Edited by Tessier, A., Turner, D.R.. Jon Wiley and Sons, New
York. 1-44.

Sokolova, .M., 2004. Cadmium effects on mitochondrial function are enhanced by elevated temperatures
in a marine poikilotherm. Crassostrea virginica Gmelin (Bivalvia: Ostreidae). J. Exp. Biol. 207,
2639-2648.

Sokolova, .M., Ringwood, A.H., Johnson, C., 2005. Tissue-specific accumulation of cadmium in
subcellular compartments of eastern oysters Crassostrea virginica Gmelin (Bivalvia: Ostreidae).
Aquat. Toxicol. 74, 218-228.

112



Sorensen, EM.B., 1991. Cadmium. In Metal poisoning in fish. CRC. Press, Boca Raton, Florida. pp.
175-234.

Spry D.J., Wiener, J.G., 1991. Metal bioavailability and toxicity to fish in low-alkalinity lakes: A critical
review. Environ. Pollut. 71, 243-304.

Srere, P.A., 1969. Citrate Synthase. Methods Enzymol. 13, 3-11.

Sterling, K.M., Mandali, P.K., Roggenbeck, B.A., Ahearn, S E., Gerencser, G.A., Ahearn, G.A., 2007.
Heavy metal detoxification in crustacean epithelial lysosomes: role of anions in the
compartmentalization process. J. Exp. Biol. 219, 3484-3493,

Sterling, K.M., Roggenbeck, B., Ahearn, G.A., 2010. Dual control of cytosolic metals by lysosomal
transporters in lobster hepatopancreas. J. Exp. Biol. 213, 769-774.

Sunderman, F.W., Grbac Ivankovic, S., Plowman, M.R., Davis, M., 1996. Zn(2+)- induction of
metallothionein in myotomal cell nuclei during somitogenesis of Xenopus laevis. Mol. Reprod.
Dev. 43, 444-451.

Szebedinszky, C., McGeer, J.C., Gordon McDonald, D., Wood, C.M., 2001. Effects of chronic Cd
exposure via the diet or water on internal organ-specific distribution and subsequent gill Cd
uptake kinetics in juvenile rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 20
(3), 597-607.

Szuster-Ciesiclska, A., Stachura, A., Slotwinska, M., Kaminska, T., Sniezko, R., Paduch, R., Abramczyk,
D., Filar, J., Kandefer-Szerszen, M., 2000. The inhibitory effect of zinc on cadmium-induced cell
apoptosis and reactive oxygen species (ROS) production in cell cultures. Toxicology 145, 159-
171.

Templeton, D. M, Cherian, M. R., 1991. Toxicological significance of metalothionein. Meth. Enzimol.,
205:11-24, 1991.

Thornton, I. Applied environmental geochemistry. New York: Academic Press, London. 1983, 117-123.
U.S. Environmental Protection Agency (EPA). 2001. 2001 update of ambient water quality
criteria for cadmium. U.S. EPA Office of Water. Washington, DC. EPA-822-R-01-001.

Van Campenhout, K., Goenaga Infante, H., Hoff, P.T, Moens, L., Goemans, G., Belpaire, C., Adams, F.,
Blust, R., Bervoets, L., 2010. Cytosolic distribution of Cd, Cu and Zn, and metallothionein levels
in relation to physiological changes in gibel carp (Carassius auratus gibelio) from metal-impacted
habitats. Ecotox. Environ. Saf. 73, 296-305.

Verbost P.M,, Flik G, Lock R.A., Wendelaar Bonga S.E., 1987. Cadmium inhibition of Ca2p uptake in
rainbow trout gills. Am. J. Physiol. 253, 216-221.

Verbost P.M,, Flik G., Lock R.A.C., Wendelaar Bonga S.E., 1988. Cadmium inhibits plasma membrane
calcium transport. J. Membr. Biol. 102, 97-104.

Verbost P.M., Van Rooij J., Flik G., Lock R.A.C., Wendelaar Bonga S.E., 1989. The movement of

cadmium through freshwater trout branchial epithelium and its interference with calcium
transport. J. Exp. Biol. 145, 185-197.

113



Viarengo, A., Palmero, S., Zanicchi, G., Capelli, R., Vaissiere, R. and Orunesu, M., 1985. Role of
metallothioneins in Cu and Cd accumulation and elimination in the gill and digestive gland cells
of Mytilus galloprovincialis. Lam. Mar. Envir. Res. 16, 23-36.

Viarengo, A., Nott, J.A., 1993. Mechanisms of heavy metal cation homeostasis in marine invertebrates.
Comp. Biochem. Physiol. 404C, 355-372.

Viarengo, A., Ponzano, E., Dondero, F., Fabbri, R., 1997. A simple spectrophotometric method for
metallothionein evaluation in marine organisms: an application to mediterranean and antarctic
molluscs. Mar. Environ. Res. 44 (1), 69-84.

Vijver, M.G,, Van Gestel, C. A., Lanno, R. P., Van Straalen, N. M., Peijnenburg, W. J., 2004, Internal
metal sequestration and its ecotoxicological relevance: a review. Environ. Sci. Technol. 38, 4705
4712.

Wallace, W.G., Lee, B.-G., Luoma, S.N., 2003. Subcellular compartmentalization of Cd and Zn in two
bivalves. 1. Significance of metal-sensitive fractions (MSF) and biologically detoxified metal
(BDM). Mar. Ecol. Prog. Ser. 249, 183-197.

Wang, W.-X, Rainbow, P.S., 2006. Subcellular partitioning and the prediction of cadmium toxicity
to aquatic organisms. Environ. Chem. 3, 395-399.

Wang, Y., Fang, J., Leonard, S.S., Rao, KM.K,, 2004, Cadmium inhibits the electron transfer chain and
induces reactive oxygen species. Free Rad. Bio. Med. 36, 1434-1443,

Wangsongsak, A., Utarnpongsa, S., Kruatrachue, M., Ponglikitmongkol, M., Pokethitiyook, P.,
Sumranwanich, T., 2007. Alterations of organ histopathology and metallothionein mRNA
expression in silver barb, Puntius gonionotus during subchronic cadmium exposure. J. Environ.
Science 19, 1341-1348.

Wicklund Glynn, A., 1991. Cadmium and zinc kinetics in fish: studies on water-borne 109Cd and 65Zn
turnover and intracellular distribution in minnows Phoxinus phoxinus. Pharmacol. Toxicol. 69,
485-491.

Wicklund, A., Runn, P., 1988. Calcium effects on cadmium uptake, redistribtuiong and elimination in
minnow, Phoxinus phoxinus, acclimated to different calcium concentrations. Aquat. Toxicol. 13,
109-122.

Winge, D., Krasno, J., Colucci, A.V., 1974, Cadmium accumulation in rate liver: correlation between
bound metal and pathology. In: Hoekstra, W.G., Suttie, J.E., Ganther, HE., Maentz, W. (Eds),
Trace element metabolism in animals. University Park Press, Baltimore, 500-502,

Wood, C.M. 2001. Target organ toxicity in marine and freshwater teleosts, Vol. 1, Organs, ed. D. W.
Schlenk, W.H. Benson. Taylor and Francis: Washington, DC. 1-89.

Wood, C.M,, Franklin, N.M., Niyogi, S., 2006. The protective role of dietary calcium against
cadmium uptake and toxicity in freshwater fish: an important role for the stomach.
Environ. Chem. 3, 389-394.

Zia, S., McDonald, D.G., 1994. Role of the gills and gill chloride cells in metal uptake in the freshwater
adapted rainbow trout, Oncorhynchus mykiss. Can. J. Fish. Aquat. Sci. 51, 2482-2492.

114



Zahouri, M.A, Pyle, G.G., Wood, C.M,, 2001. Dietary Ca inhibits waterborne Cd uptake in Cd-exposed
rainbow trout, Oncorhynchuss mykiss. Comp. Biochem. Physiol. 130, 347-356.

115



Appendix A: Subcellular Distribuiton Protocol
Adapted from Kamunde and MacPhail (2008; 2009)

Note: Keep everything frozen until ready. Use 1% HNO; to sterilize tools. When sampling store tissues
in liquid nitrogen. Weigh all tubes that will contain pellets prior to beginning analyses. If the tissue
weighs less than 200 mg then add buffer 3-fold tissue wet weight. If tissue weighs more than 200 mg add
buffer 4-fold tissue wet weight. Keep tissues on ice before first homogenization step and during
subsequent steps prior to heat denaturation.

1) Homogenize liver in 0.9% NaCl OR PBS solution using Omni THQ set at ~ 20 RPM until
uniform. Use the same settings to each tissue to maintain consistency.
2) Subject tissue to 800 x g for 15 mins at 4 °C

Isolation of MRG

Notes: Decant supernatant (S1) into weighed bullet tube, store S1 in freezer (-40 or -80). After adding
ultra pure water vortex each tube before heating to make sure pellet isn’t at the bottom. After you obtain a
pellet, rinse 1-2 times (in buffer) to increase purity of pellet.

3) Re-suspend P1 in 0.5 ml ultra pure water and heat at 100 °C for 2 mins

4) Add 0.5 ml of 1IN NaOH and heat to 60 -70 °C for 1 hr *Vortex before heating

5) Centrifuge at 10,000 g for 10 min at 20 °C

6) Decant S2 (cellular debris) into new tube. Re-suspend pellet (P2) in 500-1000 uL buffer and
rinse for 10 mins at 10 000 g at 20 °C *Weigh Pellet

Isolation of MTLP and HSP

Unthaw (on ice or in waterbath) supernatant (S1) and subject it to 3000 g for 15 mins at 4 °C to isolate
light mitochondria (P3). Decant supernatant (S3) into a new tube and spin for 10,000 g for 30 mins at 4°C
to isolate heavy mitochondria (P10). Rinse pellets twice with 500-1000 pl of buffer at 10,000 g for 10
min at 4 °C. Vortex each time after buffer is added. Decant and store pellet in fridge or freezer. * Weigh
pellet

7) Decant supernatant S10 into 3 mL Beckman centrifuge tubes and spin at 100,000 g (43,000
RRM) for 60 min at 4 °C to obtain P4 (microsomes + lysosomes).

8) Decant supernatant (S4) back into bullet tube and denature it with heat at 80 °C for 10 mins.
Place on ice for 1 hr. Poor supernatant back into 3 ml tube and centrifuge at 50,000 g (30,000
RPM) for 10 min at 4 °C to obtain P5 (HSP). Decant S5 (MTLP) into bullet tube and store in
freezer.

9) For P4 and P5, add 1 ml of buffer to 3 ml tube after decanting supernatant and break up the pellet
via flicking or vortexing quickly before transferring back to 1.5 ml bullet tubes. Rinse pellets with
500-1000 pl ml buffer at 10,000 g for 10 mins at 4°C before storing.

Cd Analyses

Pellet:
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Unthaw pellet

Digest with 1:5 1IN HNO; and vortex

Place in oven at 80 °C for 3 hrs

Spin at 10,000 g for 10 min at 20 °C

Supernatant:

Equate uL with mg and perform a 1:2 or 1:3 acid digest. Usually take 200 to 500 puL of sample.
Note: To convert measured fraction absorbance into pg Cd/g wet tissue weight:

1) Convert absorbance to concentration using equation of the standard curve

2) Multiply concentrations by dilution factor

3) Add fraction weight with amount of acid added to obtain the total volume in the tube

4) Multiply the total volume by concentration to obtain total amount of Cd in tube, divide by 1000 to

obtain ng
5) Divide amount of Cd in tube by the tissue weight to obtain pg Cd/g wet tissue weight (multiply

by 1000 to convert to ng Cd/g wet tissue weight
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Appendix B: Quality Control Assays

Acid Phosphatase (Lysosomes)

Adapted from Bergman, (1969), Dr. Tania Ng and Sigma acid phosphatase protocol (CS0740)
Solutions:

- Citrate Buffer - 0.1 M, pH 4.8, 4 °C (sodium citrate: 0.1M 36.3 ml + citric acid: 0.1 M 13.7 ml,
diluted to 100 ml and adjusted with IN HCI)

- Substrate solution — 0.042 g 4-nitrophenyl phosphate salt D(Tris) salt (-20 °C)into 6 ml buffer
(15.2 mM) (enough for 12 std + 60 samples)

Standards:

- Original stock (200 pl; 180 mU/ pl): take 28 ul of acid phosphatase enzyme (1285.7 mU/ pl) into
172 ul buffer
- Diluted substock (200 pl; 4.5 mU/ pl): take 5 pl from original stock into 195 pl buffer

From diluted substock: Std 5 (0.49 mU/ pul): 33 ul diluted substock into 270 ul buffer
Std 4 (0.26 mU/ pl): 17 pl substock into 280 pl buffer

Std 3 (0.1225 mU/ pl): 75 pl std 5 into 225 pl buffer

Std 2 (0.645 mU/ pl): 75 wd std 4 into 225 pl buffer

Std 1 (0.0306 mU/ pl): 75 pl std 3 into 225 pl buffer

Blank: 300 pl buffer

Protocol:

1) Pre-set the waterbath temperature to 37 °C and microplate reader to 37 °C, end point absorbance
at 405 nm

2) Put 0.5 N NaOH solution in water bath

3) Dilute samples by adding 10 pl sample into 240 ul buffer (25x)

4) Note: For pellets, resuspend in buffer via sonication (low). Sonicate supernatants

5) Transfer 50 pl standard or sample into each well, 2 replicates each

6) Prepare fresh substrate solution and transfer 50 ul into each well by repeator pipet

7) Shake for 10 sec, then incubate at 37 °C for 30 mins

8) Pipet 200 ul NaOH to each well (yellow colour formed) to stop reactions

9) Shake for 10 sec and read at 405 nm
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Calculations:

Units/ml = (Asos [sample] — Ayos [blank])*0.05*0.3*DF

Asos[standard] x Time xVenz

DF = dilution factor of original sample

Time = time of incubation at 37 °C in mins

Venz = volume of enzyme sample added to the assay in ml

0.05 concentration (umole/ml) of 4-nitrophenol in the std. solution

0.3 = 0.3 ml, the total assay volume including stop solution

Unit definition: one unit of acid phosphatase will hydrolyze 1 umole of 4-nitrophenol phosphate per
minute at pH 4.8, 37 °C

Citrate Synthase (mitochondria)

Adapted from Srere (1969), Dr. Tania Ng and Sigma citrate synthase protocol (CS0720)

Solutions:

Tris-HCl buffer (125 mM, pH 8)

Oxaloacetic acid (10 mM in buffer/1.32 mg/ml, 1 week use only, -20 °C, usually prepare 10 x
200 pl

Acetyl Co-A trilithium salt (30 mM in ulra-pure water, 40 pl each centrifuge tube, -20 °C) -5, 5
dithiobis-2-nitrobenzoic acid (DTNB, 10 mM in 100 % ethanol, 40 pl each centrifuge tube, -20
oC)

Citrate synthase substock (8.8 mU/ul in buffer, 50 pl each bullet tube, -20 °C)

Protocol (followed by Sigma Citrate Assay kit):

1)
2)
3)
4)
5)

Set microplate reader to 25 °C, kinetic reading at 10 sec interval for 90 sec, 412 nm
Set waterbath to 25 °C and defrost chemicals in waterbath

Dilute samples by adding 10 pl sample into 490 ul buffer (50x)

Note: For pellets, re-suspend in buffer and sonicate, supernatants are sonicated as well
Preparde standard concentrations:

Std 5 (2.75 mU/pul): 50 ul standard substock into 110 ul buffer

Std 4 (1.375 mU/pl): 80 pl std 5 into 80 pl buffer

Std 3 (0.567 mU/ul): 13 ul std 5 into 50 pl buffer

Std 2 (0.284 mU/ul): 13 pl std 4 into 50 pl buffer

Std 1 (0.153 mU/ul): 10 pl std 4 into 80 ul buffer
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Blank: 50 pl buffer

6) Pipet 10 pl standard or sample into cach 96-well plate cell (3 replicates)

7) Mix 40:40 3520 ul (18 reactions) acetyl co-A, DTNB and buffer as the reaction mixture solution
(each well: 2 pl acetyl co-A, 2 pl DTNB, 176 pl buffer)

8) Pipet 180 pl reaction solution into each well using repeator pipet (200 pl for 18 reactions)

9) Shake 10 sec in microplate reader

10) Read absorbance at 10 sec for 90 sec at 412 nm (total activy: change of abs/sec)

11) Calculate the net activity (total activity — endogenous activity)

Calculations: units (umole/ml/min) = (AA4,)/min x V(ml) x DF

€™ x L(cm) x Venz (ml)
DF: dilution factor of the original sample
V (ml): the reaction volume (0.2 ml for 96-well plate)
Venz(ml): volume of the enzyme sample in mi
€™ (mM' cm™): the extinction coefficient of TNB at 412 nm is 13.6

L (cm): pathlength for absorbance measurement (for 96 well-plates, pathlength = 0.552 cm)
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Appendix C: Metallothionein Protocol
Adapted from Viarengo (1997) and Dr. Tania Ng

Solutions to prepare or acquire prior to performing the assay:
Homogenization Buffer, pH 8.6 — Total volume: 100 ml or 0.100L milliQ

Note: Final volume is 101 ml. PMFS is photosensitive and must be stored in the dark at -4 °C. Ethanol
must be cold (store at -40 °C). B-mercaptoethanol must be used in the fumehood.

Solution Final Calculations
Concentration
Sucrose 500 mM Mass (g) =342.31g*0.100L *0.5 M
MW: 34231 Mass (g) = 17.1155 g
Tris HCI 20 mM Mass (g) =157,6 g* 0.100 L * 0.02 M
MW: 157.2 Mass (g) =0.3152 ¢
PMFS 100 mM Mass (g)=1742g*0.001L*0.1 M
*Ethanol as MW: 174.2 Mass (g) =0.01722 g
solvent
B-mercaptoethanol | % From 98% pure solution (14.3 M)
MW 78.13
9.13 puL into 100 ml solution:
1094.8 g/L = 109.48 g/ 100 ml
109.48 g/ 100 m1 = 0.01 g/X
X =.009134 ml/100 ml

NaCl
NaCl 250 mM Mass (g) =58.44 g * 0.050 L * 0.250 M
MW:58.44 | Mass(g)=0.7305g
Na(Cl 20M Mass (g) =58.44g*0200L*2M
MW: 5844 | Mass(g)=23376¢g
NaCl 125 mM Mass (g) =58.44g* 0200 L *0.125 M
MW: 58.44 | Mass(g)=1461g
Tris-HCl
Tris-HCl 20mM Mass (g) = 157.6 ¥ 0.100 L * 0.02 M

MW: 157.6 Mass (g) =0.3152 ¢

Ethanol - (100%) at -20 °C

122



Chloroform — (100%) at -20 °C

HC1 - (37 %)

Ethanol - Chloroformium and Tris-HC1 (20 mM) — pH 8.6
- Combine 3, 4, and 5 to make a solution containing; a) 12 % Tris-HCl
b) 87 % Ethanol
¢) 1 % Chloroform

Solutions to prepare the day of analyses:

EDTA Solution (50 ml)
EDTA 4 mM Mass (g) =292.2g*0.50L
PM 2922 Mass (g) = 0.05844
HCl IN (37%) 4.94 ml into 45.06 ml milliQ H,O
MW 36.46
DTNB
DTNB 20 mM Mass (g) =396.3g*0.050 L * 0.02M
*Methanol as solvent MW: 396. 3 Mass (g) =0.3963 g
Working Buffer — pH 8.0
Phosphate Buffer 200 mM Mass (g) =268.07 * 0.200 L * 2M
Na2HPO4.7H20 MW: 268.07 Mass (g) = 10.7228 ¢

Note: Must be made at room temperature. Combine with NaCl (b) for a total volume of 200 mL MilliQ
H,O
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Standard Preparation:

EDTA solution EDTA 2mM Mass (g) =292.2* 0.200 L * 0.002 M
(200ml) MW: 292.2 Mass (g) = .11688 g
HC10.5 N=0.5M | 9.87 ml into 190.13 ml MillQ H,O
100 ml — blank 37%
100 ml - GSH MW: 36.46
NaCl (¢)
GSH solution 500 uM Mass (g) =307.3 ¥ 0.100 L (EDTA sol’n) *
MW: 307.3 0.0005M
Mass (g) = 0.015365 g

Dilutions: Total volume = 10 ml

Concentration (uM) EDTA solution (ml) GSH solution (ml)
15 9.7 0.3
30 9.4 0.6
50 9 1
90 8.2 1.8
200 6 4
300 4 G
400 2 8
Protocol
1) Homogenize (minimum of 0.075 g) tissue: 5 ml of homogenization buffer/ g wet tissue
2) Centrifuge at 30,000 g for 45 mins at 4 °C
3) Take 250 pl of supernatant and add 265 pl of cold ethanol (100%) and 20 p of cold chloroform
(100%). *Vortex
4) Centrifuge at 6000 g for 10 mins at 4 °C
5) Take 300 ul of supernatant and add 20 pl of HCI (37%) plus 900 ul cold ethanol (100%), vortex,

and incubate at -20 °C for 1 hour

Note: During one hour break, add 21.5 pl of DNTB solution every 1 ml of working buffer required
(usually 10 ml will suffice)

6)
7

8)
9)

Centrifuge at 6000 g for 10 mins at 4 °C and keep the pellet

Add to the pellet 200 pl of ethanol-chloroform (and Tris-HCI) solution, homogenize, then add
800 pl of the same solution and vortex

Centrifuge at 6000 g for 10 mins at 4 °C and keep the pellet

Add to the pellet 150 pl of (a) NaCl 250 mM solution and 150 pl of EDTA 4 mM + HCI In
solution, homogenize
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10) Add 100 pl of each sample to bullet tubes filled with 1.2 ml of working buffer + DNTB solution
and vortex

11) Add 100 pl of each standard (GSH) to 1.2 ml of working buffer + DNTB solution and vortex

12) Add 350 pl of each sample and standard mixed with the working buffer + DNTB to 96-well
plates (3 replicates each)

13) Read at 412 nm (stable for several hrs)

Calculations: 0.12 * [GSH]/1000) * (1/0.05) * (535/300) * (300/100) = uM GSH/g wet tissue
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Appendix D: ANOVA Tables

1) Sublethal chronic Cd exposure in moderately hard water

Table 1.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for total Cd in the
liver within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of exposure. S indicates significant
difference between means (P <0.05) and NS that they are not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17
4 | NS 4 NS 4 | NS
7 | N5 NS 7 NS NS 718 §
17 i NS NS NS 17 | NS NS NS 17| & S NS
29 i NS NS NS NS 28 i NS NS NS NS 221 S § NS NS

Table 1.0.1 Results from two-way ANOVA for total Cd in the liver. DF = degrees of freedom, SS = sum
of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF S8 MS F P
Exposure 2 11.301 5.651 127.642 <0.001
Day 4 2.392 {.598 13.508 <0.001
Exposure x Day 8 3.762 0.470 10,622 <0.001
Residual 75 3.320 0.0443
Total 89 20.775  0.233

Table 1.1-1.6 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing individual subcellular
fraction Cd concentrations in the liver within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of
exposure. S indicates significant difference between means (P <0.05) and NS that they are not

Metal-rich granules (MRG)

control 0.75pgCd /L 2.0ug/L
Days; 1 4 7 17 Days; 1 4 7 17 Days | 1 4 7 1i7
4 NS 4 NS 4 | NS
7 NS NS 7 i NS NS 7 | NS NS
17 iNS NS NS 17 i NS NS NS 17 | NS NS NS
29 iINS NS NS NS 229 'S NS NS NS 29| NS NS NS NS
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Table 1.1.1 Results from two-way ANOVA for total Cd in the liver MRG fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F =F statistic, P =P value

Source of Variation DF 55 MS F P
Exposure 2 0.00241 0.0012¢ 9,650 <0.001
Day 4 {.000594 0.000149 1,191 (.322
Exposure x Day 8 0.00101 0.0001261.009 0.437
Residual 75 £.00935 0.000125
Total 89 (.0134 0.000150

Microsomes + Lysosomes (ML)

control 0.75ug Cd /L 2.0ug/L
Days| 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17
4 | NS 4 NS 4 | NS
7 | NS NS 7 NS NS 7178 S
17 | NS NS NS 17 | NS NS NS 171 S S NS
29 | NS NS NS NS 29 | NS NS NS N§ 281§ S § S

Table 1.2.1 Results from two-way ANOVA for total Cd in the liver ML fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF 55 MS F P
Exposure $.0867 0.0434 40472 <0.001

L]

Day 4 $.0221 0.00552 5.155 £.001
Exposure x Day 8 0.0565 0.00706 6.587 <£.001
Residual 75 £.0804 0.00107
Total 89 0,246 0.00276
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Metallothionein-like proteins (MTLP)

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17
4 NS 4 NS 4 | NS
7 N5 NS 7 NS NS 718 S§
17 | NS NS NS 17 | NS NS NS 17| § S S8
29 | NS NS5 NS NS 28 | NS NS NS NS 29| S S § NS

Table 1.3.1 Results from two-way ANOVA for total Cd in the liver MTLP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS F P
Exposure 2 8.530 {.265 203.806 <(.001
Day 4 8.0934 0.0233 17.850 <0Q.001
Exposure x Day 8 0.234 0.0292 22.462 <0.001
Residual 75 0.0875 0.00130
Total 89 {.855 0.0107
Cellular-debris
control 0.75ugCd /L 2.0pg/L
Daysi 1 4 7 17 Days| 1 4 7 17 Daysi 1 4 7 17
4 NS 4 NS 4 |5
7 NS NS5 7 NS NS 7 | NS5 NS
17 ¢ NS NS NS 17 | NS NS NS 17| 5 NS NS
28 ¢ NS NS NS NS 29 | NS NS N5 NS 29 S NS NS NS

Table 1.4.1 Results from two-way ANOVA for total Cd in the liver cellular-debris fraction. DF = degrees
of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF S5 MS F P
Exposure 2 0.0591 0.0455 85.743 <0.001
Day 4 0.0028% 0.0007131.234 (.34
Exposure x Day 8 0.00508 £.0006351.088 0.374
Residual 75 0.0433 0.000578
Total 89 0,150  0.00169
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Mitochondria

control
Days 1 1 4 7 17

4 NS

7 NS NS
17 { NS NS NS
28 I NS NS NS NS

0.75ugCd/L
Days| 1 4 7 17
4 | NS
7 | NS NS
17 | NS NS NS
29 { NS NS NS NS

pays| 1 4 7 17
4 | NS

718 S
17 S S NS
2218 S S NS

Table 1.5.1 Results from two-way ANOVA for total Cd in the liver mitochondria fraction. DF = degrees
of freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF SS VIS F P
Exposure 2 0.372 0.186 95.794 <{(.001
Day 4 0.144  0.0359 18.501 <D.GD1
Exposure x Day 8 D.164 0.0205 10,530 <0.001
Residual 75 0.146  0.00194
Total 89 0.825 £.00827
Heat-sensitive proteins (HSP)
control 0.75ugCd /L 2.0ug/L
Daysy ¥ 4 7 17 Days; 1 4 7 17 Days) 1 4 7 17
4 | NS 4 | NS 4 | NS
7 | NS NS 7 | NS NS 715 S
17 ¢ NS NS NS 17 i NS NS NS 17 | NS NS NS
29 0 N5 NS NS NS 29 I NS NS NS NS 29| S S S NS

Table 1.6.1 Results from two-way ANOVA for total Cd in the liver HSP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F =F statistic, P = P value

Source of Variation DF S5 MS F P
Exposure 2 0.275 3.138 123.821 <0.00%
Day 4 £.0333 0.00833 7.498  <0.00%
Exposure x Day 8 0.0555 0.00683 6.235 <3.001
Residual 75 0.0834 0.0011%
Total 89 ¢.447 0.00503
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Table 2.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for total Cd in the
kidney within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure. S indicates significant
difference between means (P <0.05) and NS that they are not

controt 0.75ugCd /L 2.0ug/L
Days, 1 4 7 17 Days| 1 4 7 17 Days | 1 4 7 17
4 | NS 4 | NS 4 | NS
7 | NS NS 7 | NS NS 71§ NS
17 | NS NS NS 17 { NS NS NS 17|18 § 8§
29 i NS NS NS NS 29 iNS S S5 NS 28/ 8 S S 8

Table 2.0.1 Results from two-way ANOVA for total Cd in the kidney. DF = degrees of freedom, SS =
sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF 58 MS F P
Exposure » 24,296 12148 175.857 <0.001
Day 4 16,212 4.053 58.672 <0.001
Exposure x Day 8 20.622 2.578 37.316 <0.001
Residual 75 5.18%  0.0691
Total 89 66.312 (.745

Table 2.1-2.6 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing individual subcellular
fraction Cd concentrations in the kidney within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of
exposure. S indicates significant difference between means (P <0.05) and NS that they are not

Metal-rich granules (MRG)

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 17 Days| 1 4 7 17  Days| 1 4 7 17
4 NS 4 | NS 4 | NS
7 NS NS 7 NS NS 718 S
17 | NS NS NS 17 | NS NS NS 171 S S NS
29 | NS NS5 NS NS 29 | NS NS NS NS 28| S § S §
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Table 2.1.1 Results from two-way ANOVA for total Cd in the kidney MRG fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 85 MS F P
Exposure 2 0.379 0.180 84.113 <0.001
Day 4 0116  0.0290 12.855 <«0.001
Exposure x Day 8 $.159 0.0198 8.800 <0.001
Residual 75 {.169 0.60225
Total 89 0.823 0.00925
Microsomes + Lysosomes (ML)
A} control Bj0.75ugCd /L C)2.0ug/L
Daysi 1 4 7 17 Days 1 4 7 17 Days| 1 4 7 17
4 NS 4 | NS 4 | NS
7 NS NS 7 | NS NS 7|1 S NS
17 . NS NS NS 17 NS NS NS iZ| s S 5§
29 ¢ NS NS NS NS 2831 NS S NS NS 29| S § § NS

Table 2.2.1 Results from two-way ANOVA for total Cd in the kidney ML fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 3 IS F P
Exposure 2 0.243 0.12% 77.127 <0003
Day 4 0.191 0.0477 30.274 <0.001
Exposure x Day g 0.227 00284 18043 <0.00%
Residual 75 0.118 3.00157
Total 89 0.774 8.0G875
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Metallothionein like-protein fraction (MTLP)

control
Daysi 1 4 7 17
4 NS
7 iNS NS
17 INS NS NS
29 :NS NS NS NS

0.75ugCd /L 2.0ug/L
Days] 1 4 7 17 Days| 1 4 7 17
4 | NS 4 | NS
7 | NS NS 7 | NS NS
17| NS NS NS 17/ S S
29/ S S S 225 s s

Table 2.3.1 Results from two-way ANOVA for total Cd in the kidney MTLP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS F P
Exposure 2 1.589 0.785 56.356 <D.0D1
Day 4 2.422 0.606 42950 <«0.001
Exposure x Day 8 1.759 0.220 15.589 <0.001
Residual 75 1.057 0.0141
Total 89 6.828 0.0767
Cellular-debris
control 0.75ug Cd /L 2.0ug/fL
Days| 1 4 7 17 Days; 1 4 7 17 Days | 1 4 7 17
4 NS 4 | NS 4 | NS
7 NS NS 7 I NS NS 7 | NS NS
17 I NS NS NS 7 /s § S 17| 8§ S NS
29 | NS NS NS NS 29 1S S NS NS 29| § & s s

Table 2.4.1 Results from two-way ANOVA for total Cd in the kidney cellular-debris fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F =F statistic, P = P value
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Source of Variation DF 5S MS F P
Exposure 2 1.960  0.980 65.616 <0.001
Day 4 1.188  0.297 19.895 <0.001
Exposurex Day 8 1.058 0.132 8.860 <(.00%
Residual 75 1.120 8.0149
Total 89 5.327 0.0588
Mitochondria
control 0.75ugCd /L 20ug/L
Days; 1 4 7 _17 Days 1 4 7 17 Days| 1 4 7 _1?
4 S 4 | NS 4 | NS
7 NS S 7 | NS NS 7 | NS NS
177 NS NS S 171 NS NS NS 17/ § S
2. § NS S NS 291 NS5 NS NS NS 28| S S § NS

Table 2.5.1 Results from two-way ANOVA for total Cd in the kidney mitochondria fraction. DF =

degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF sS MS F 4
Exposure 2 0.012¢ 008598 22.180 <0.001
Day 4 0.00584 0.00146 5.420  <«<0.001
Exposure x Day 8 0.0282 0.00365 13,550 <D.001
Residual 75 0.0202 0.000259
Total 89 0.0672 0.000755
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Heat-sensitive proteins (HSP)

control
Days| 1 4 7 17
4 | NS

7 | NS NS
17 i NS NS NS
281 NS NS NS NS

0.75ug Cd /L
Dayss ¥ 4 7 17
4 | NS
7 | NS NS
177 NS NS NS
291 NS NS NS NS

2.0pg/L
Days) 1 4 7 17
4 | S
71 S NS
171 S NS NS
29| S NS NS NS

Table 2.6.1 Results from two-way ANOVA for total Cd in the kidney HSP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF 55 MS F P
Exposure 2 0.8836 0.0418 25388 <0.001
Day 4 0.0584 0.0146 8.865 <(0.001
Exposurex Day 8 0.0489 0.00623 3.787 <(.001
Residual 75 0.123 0.00165
Total 89 0.315 0.00354

3.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for total Cd in the gills
within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure. S indicates significant
difference between means (P <0.05) and NS that they are not

control
Days| 1 4 717
4 NS

7 | NS NS
17 | NS NS NS
29 | NS NS NS NS

0.75ugCd /L
Days| T 4 7 17
4 | NS
7 | N5 NS
17 i NS S NS
29 |'S S s S
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Bays | 1 4 7 17
4 | NS
7 | NS NS
1718 § S
231 S S S NS




Table 3.0.1 Results from two-way ANOVA for total Cd in the gills. DF = degrees of freedom, SS = sum
of squares, MS = mecan square, F = F statistic, P = P value

Source of Variation DF ss MS F p
Expasure 2 0.737 .369 £5.348 <0.001
Day 4 $0.388  .0969 17.189 <0.001
Exposure x Day 8 0.253 0.0317 5.614 <0.001
Residual 75 0.423 0.00564
Total 89 1.801 0.0202

Table 3.1-3.6 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing individual subcellular
fraction Cd concentrations in the kidney within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of
exposure. S indicates significant difference between means (P <0.05) and NS that they are not

3.1 Metal-rich granules (MRG)

control 0.75ugCd /L 2.0pg/L
Days; ¥ 4 7 17 Days| 1 4 7 17 Days| ¥ 4 7 17
4 NS 4 | NS 4|5
7 (NS NS 7 | NS NS 7| NS §
17 | NS NS NS 17 | NS NS NS 17 | NS NS NS
22 | N5 NS N5 NS 29 | NS NS NS NS 281 NS 5 NS NS

Table 3.1.1 Results from two-way ANOVA for total Cd in the gill MRG fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF gs Ms £ P
Exposure 2 0.0383 .0196 57.308 <0.001
Day 4 0.00239 0.000597 1741 0.150
Exposure x Day 8 0.00738 .000923 2.692 0.032
Residual 75 0.0257 0.000343
Total 89 0.0748 0.000840

3.2 Microsomes + Lysosomes (ML)
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control 0.75ugCd /L 2.0ug/fL
Days | 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17

4 NS 4 | NS 4 | NS

7 NS NS 7 | NS NS 7|8 &

17 | NS NS NS 17 | S NS NS i7/5 S§ 5§

29 | NS NS NS NS 29 | NS NS NS NS 291§ S S NS
Table 3.2.1 Results from two-way ANOVA for total Cd in the gill ML fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF S5 MS F P
Exposure 2 0.307 3.154 43.123 <0001
Day 4 0.213 £.0532 14919 <0.001
Exposure x Day 8 G.258 0.0323 9.064 <0.001
Residual 75 0.267 3.08356
Total 89 1.046 3.0118
3.3 Metallothionein-like proteins (MTLP)
contro} 0.75ugCd /L 2.0ug/L
Days | 1 4 7 17 Days| T 4 7 17 Days| 1 4 7 17
4 NS 4 | NS 4 | NS
7 NS NS 7 | NS NS 7 | NS NS
17 | NS NS NS 17 | NS NS NS 17 | NS NS NS
29 | NS NS NS NS 28 | § S s S 28 S S § S

Table 3.3.1 Results from two-way ANOVA for total Cd in the gill MTLP fraction. DF = degrees of

freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF s8s8 MS F P
Exposure 2 0.926 0.463 15.266 <(.001
Day 4 3.419  0.855 28.167 <0.001
Exposure x Day 8 1.824 0.228 7.513 <0001
Residual 75 2.276  0.0303
Total 89 8.444  (0.0948
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3.4 Cellular-debris

control 0.75pgCd/L 2.0ug/L
Days| 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17
4 | NS 4 NS 4 | NS
7 | NS NS 7 NS NS 7 | NS NS
17 NS NS NS 17 | NS NS NS 17| NS NS NS
289 1 NS NS NS NS 29 | NS NS NS NS 25| NS NS NS NS

Table 3.4.1 Results from two-way ANOVA for total Cd in the gill cellular-debris fraction. DF = degrees

of freedom, SS = sum of squares, MS = mean square, F =F statistic, P = P value

Source of Variation OF 85 Ms F P
Exposure 2 1.885 {.847 89.630 <0.001
Day 4 0.0497 00124 1174 0.3:#9
Exposure x Day 8 0.0581 0.00726 0.687 0.701
Residua} 75 0.793  0.0106
Total 89 2.796 0.0314
3.5 Mitochondria
control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 17 Days| ¥ 4 7 17 Days| 1 4 7 17
4 | NS 4 | NS 4 | NS
7 NS NS 7 | NS NS 71 S NS
17 | NS NS NS 17 i NS NS NS 17| S 5 NS
289 | NS NS NS NS 28 S S S S 291 S S S NS

Table 3.5.1 Results from two-way ANOVA for total Cd in the gill mitochondria fraction. DF = degrees
of freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF S5 MS F p
Exposure 2 2.952 1.476 42.236 <0001
Day 4 2534 0.633 18.124 <0001
Expasure x Day 8 1.521 0.1590 5.43%  <0.001
Residuatl 75 2.621 .0349
Total 89 8.627 0.108
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3.6 Heat-sensitive proteins (HSP)

control
Days| 1 4 7 17
4 | NS
7 NS NS
17 | NS NS NS
29 | NS NS NS5 NS

0.75ug Cd /L
Days; 1 4 7 17
4 | NS
7 NS NS
17 i NS NS NS
29 | NS NS NS NS

2.0pg/L
Days\ 1 4 7 17
4 | NS
718 S
7/ § 5
21 S S S NS

Table 3.6.1 Results from two-way ANOVA for total Cd in the gill mitochondria fraction. DF = degrees
of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 5% MS F P
Exposure 2 1.758 0.880 78.537 <0.001
Day 4 0.485 0.124 11.045 <0.001
Exposure x Day B 1.178 0.147 13.143 <0.001
Residual 75 0D.840  0.0112
Total 89 4.272  0.0480

2) Sublethal chronic Cd exposure in moderately soft water

Table 4.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for total Cd in the liver
within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure. S indicates significant
difference between means (P <0.05) and NS that they are not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| ¥ 4 7 16 Days) 1 4 7 16
4 |NS 4 NS 4 | NS
7 |INS NS 7 NS NS 7 | N5 NS
16 |NS NS NS 16 | N5 NS NS i | § S 5
30 INS NS NS5 NS 30 | S 5 S NS 30| S s § S

Table 4.0.1 Results from two-way ANOVA for total Cd in the liver. DF = degrees of freedom, SS = sum
of squares, MS = mean square, F = F statistic, P = P value
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Source of Variation DF 55 MS F P

Exposure 2 2.416 1.208 51.529 <0.001
Day 4 2.785 0.696 28,699 <0001
Exposure x Day 8 2.430 0.304 12.858 <0001
Residual 75 1.758 0.0234

Total 89 9.389 0.145

Table 4.1-4.6 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing individual subcellular
fraction Cd concentrations in the liver within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of
exposure. S indicates significant difference between means (P <0.05) and NS that they are not

4.1 Metal-rich granules (MRG)

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Daysi 1 4 7 16 1 4 7 16
4 | NS 4 | NS 4 | NS
7 NS NS 7 NS NS 7 1S NS
16 | NS NS NS 16 | NS NS NS 16 | S S NS
30 | NS NS NS NS 30 | NS NS NS NS 30| S S NS NS

Table 4.1.1 Results from two-way ANOVA for total Cd in the liver MRG fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF S5 MS F P
Exposure 2 0.00954 0.00477 38.605 <0.001
Day 4 0.00268 0.000672 5.445 <(.001
Exposure x Day 8 0.0038G G.0004753.843 <(.001
Residual 75 0.00926 0.000123
Total 89 0.0253 0.000284
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4.2 Microsomes + Lysosomes (ML)

control 0.75ugld /L 2.0ug/L
Days|] 1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 NS 4 NS 4 | NS
7 | NS NS 7 NS N5 7 | NS NS
16 | NS NS NS iI6 | NS NS NS 165 § 5§
30 [ NS NS5 NS NS 30 | NS NS NS NS 30[s § § &S

Table 4.2.1 Results from two-way ANOVA for total Cd in the liver ML fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF $5 MS £ P
Exposure 2 0.140 00700 48.656 <0.001
Day 4 0.124 00308 21.498 <0001
Exposure x Day 8 .149 80186 12.8303 <0.0063
Residual 75 0.108 0.00144
Total 89 0.520 0.00585
4.3 Metallothionein-like proteins (MTLP)
control 0.75ugCd /L 2.0ug/t
Days| 1 4 7 16 Days| 1 4 7 1& Days| L 4 7 16
4 | NS 4 |'S 4 | NS
7 NS NS 7 ) NS 7 | NS NS
16 | NS NS NS 16 1 S NS NS 16 | NS NS NS
30 | NS NS NS NS 30 | NS S NS NS 30|s S s S

Table 4.3.1 Results from two-way ANOVA for total Cd in the liver MTLP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation oF 55 pAS F P
Exposure 2 0.00886 0.00443 21.256 <0.G01
Day 4 0.00938 0.00235 11.263 <0001
Exposure x Day 8 0.0161 0.00202 9.684 <{.001
Residual 75 0.0156 (.000208
Total 89 0.0500 0.000562
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4 4 Cellular-debris

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days| ¥ 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 NS NS 7 | NS NS
16 | NS NS NS 16 | NS NS NS 16 | NS NS NS
30 | NS N5 NS NS 30 | NS S NS NS 30 ] NS NS NS NS

Table 4.4.1 Results from two-way ANOVA for total Cd in the liver cellular-debris fraction. DF = degrees
of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 58 MS F P
Expasure 2 0.00162 0.000809 17.712 <0001
Day 4 0.000299 0.00D0748 1.638 G.174
Exposure x Day 8 {.000523 0.0000654 1.431 0.198
Residual 75 0.00343 0Q.0000457
Total 89 0.00587 0.0000559
4.5 Mitochondria
control 0.75pugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 |NS 4 NS 4 | NS
7 |INS NS 7 NS NS 7 S NS
16 NS NS NS 16 | NS NS NS 6| S NS NS
30 |NS NS NS NS 30 | S s § S 30| S S5 s

Table 4.5.1 Results from two-way ANOVA for total Cd in the liver mitochondria fraction. DF = degrees
of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS P
Exposure 2 g.1i6 0.0579 47,339 <0.001
Day 4 0.0939 0.0235 19.204 <0.001
Exposure x Day 8 0.0658 0.00822 6.730 <0.001
Residual 75 0.0917 0.00122
Total 89 0.367 0.00412
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4.6 Heat-sensitive proteins (HSP)

control 0.75ugCd/L 2.0pg/L
Days| 1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 NS NS 7 NS NS
16 | NS NS NS i6 | NS NS NS 16 | NS NS NS
30 | N§ NS NS NS 30| 5 5 N5 § 30| S S s 5§

Table 4.6.1 Results from two-way ANOVA for total Cd in the liver HSP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation S5 MS p
Exposure 0.027C 8.0135 18181 <0001
Day 0.0493 00123 17.5317 <0001
Expasure x Day G.0386 (0.00482 £.855 <(3.001
Residual 0.0527 0.000703
Total 0.168 G.00188

Table 4.7 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for metallothionein
concentrations in the liver within each treatment (control, 0.75 and 2.0 ng Cd/L) by day of exposure. S
indicates significant difference between means (P <0.05) and NS that they are not

controf 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| ¥ 4 7 16 Days| 1 4 7 16
4 N5 4 NS 4 | NS
7 NS NS 7 NS Ns 7 | NS NS
16 | NS NS NS 16 | NS NS NS 16 | NS NS NS
30 | NS NS NS NS 30 | N5 N5 NS NS 30| NS § NS N§
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Table 4.7.1 Results from two-way ANOVA for liver metallothionein concentrations. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F =F statistic, P = P value

Source of Variation DF SS MS F P
Exposure 2 489.492 244746 314.337 <D.0O01
Day 4 101.777 25.444 1.450  0.214
Exposure x Day 8 347.936 43.492 2.548 0.016
Residual 75 1280.34717.071
Total 39 2219.551 24,939

Table 5.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for total Cd in the
kidney within each treatment (control, 0.75 and 2.0 pug Cd/L) by day of exposure. S indicates significant
difference between means (P <0.05) and NS that they are not

control 0.75ugCd /L 2.0ug/L
Days, 1 4 7 16 Days;, 1 4 7 16 Days| 1 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 NS NS 7 | NS NS
16 | NS NS NS 16 | N§ NS NS 16 | NS NS NS
30 | NS NS NS NS 30 | NS NS N& NS 301§ S § S

Table 5.0.1 Results from two-way ANOVA for total Cd in the kidney. DF = degrees of freedom, SS =
sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF SS8 MS F P
Exposure 2 7.3312 3.656 17.388 <0.001
Day 4 16,681 4.170 19.834 <0.001
Expasure x Day 8 18.181 2.273 10.808 <0.001
Residual 75 15.768 0.210
Total 89 57.843 0.651

143



Table 5.1-5.6 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing individual subcellular
fraction Cd concentrations in the kidney within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of
exposure. S indicates significant difference between means (P <0.05) and NS that they are not

5.1 Metal-rich granules (MRG)

control 0.75ugCd /L 2.0pug/L
Days| 1 4 7 15 Days| 1 4 7 16 Days| 1 4 7 18
4 NS 4 NS 4 | NS
7 NE NS 7 NS NS 718 NS
16 | NS NS NS 16 | NS NS NS 16 | § NS NS
30 | NS NS NS NS 30 | NS NS NS NS 30 | § 5 § 5

Table 5.1.1 Results from two-way ANOVA for total Cd in the kidney MRG fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 3 MS F p
Exposure 2 0.0654 0.0347 57.263 <0.001
Day 4 0.0412 00103 156,889 <0.001
Exposure x Day 8 0.0467 (0.00584 9.641 <{.001
Residuat 75 0.0454 {.000606
Tatal 89 0.203 0.00228
5.2 Microsomes + Lysosomes (ML)
control 0.75ugCd /L 2.0ug/L
Days, 1 4 7 18 Days| 1 4 7 16 Days| 1 4 7 16
4 |NS 4 | NS 4 | NS
7 [NS NS 7 [ NS NS 7 1S NS
16 [NS NS NS 16 | NS NS NS 16 | NS NS NS
30 |NS NS NS NS 30 | S S § 5§ 3] S S NS NS
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Table 5.2.1 Results from two-way ANOVA for total Cd in the kidney ML fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF 55 mMS F P
Exposure 2 .0009830.000491 15,553 <0.001
Day 4 0.00207 0.000517 156.353 <0.001
Exposure x Day 8 0.00159 0.000199 6.294 <0001
Residual 75 0.00237 0.0000316
Total 89 0.00701 0.0000788
5.3 Metallothionein-like proteins (MTLP)
control 0.75ugCd /L 2.0pg/L
Days, 1 4 7 16 Days| 1 4 7 16 Days | 1 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 | NS NS 7 | NS NS
16 | NS NS NS 16 | NS NS NS 6|5 S S
30 | N5 NS NS NS 30| S S S S 30| S 5 S S

Table 5.3.1 Results from two-way ANOVA for total Cd in the kidney MTLP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF sS MsS P
Exposure 2 0.978 .489 81.04% <0.001
Day 4 2.238 0.560 92.781 <0.001
Expasure » Day 8 2.100 0.262 43.526 <0.001
Residual 75 0.452 0.00603
Total 39 5.768  0.0648
5.4 Cellular-debris
control 0.75ugCd /L 2.0pg/L
Daysy 1 4 7 16 Days, 1 4 7 16 Days| 1 4 7 16
4 | NS 4 | NS 4 |5
7 | NS NS 7 | N5 NS 7 |S NS
16 | NS NS NS i6 | NS NS NS 16| § NS NS
30 | NS NS NS NS 30 | NS NS NS NS 3¢S S S 8§
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Table 5.4.1 Results from two-way ANOVA for total Cd in the kidney cellular-debris fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F =F statistic, P =P value

Source of Variation DF 39 MS P
Exposure . 0.216 0.108 167.814 <0.001
Day 0.0545 0.0136 21.220 <0.001
Exposure x Day 00923 G.0115 17960 <0.001
Residual 0.0482 (.000642
Total 0.411 0.00461
5.5 Mitochondria
control 0.75ugCd /L 2.0ug/t
Days| 1 4 7 16 Daysf 1 4 7 16 Days| I 4 7 16
4 | NS 4 1 NS 4 | NS
7 | NS NS 7 | N§ NS 7 | NS NS
16| NS NS NS 16 | N§ NS NS 16 | NS NS NS
30| NS NS NS NS 30 | S S § 5§ 30| NS NS NS NS

Table 5.5.1 Results from two-way ANOVA for total Cd in the kidney mitochondria fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS P
Exposure ' 0.0395 0.0197 12383 <0001
Day 0.0551 40138 8.651 <0.001
Exposurex Day .0648 0.00810 5.083 <0001
Residual 75 0,120 0.008159
Total 289 0.27% £.00313
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5.6 Heat-sensitive proteins (HSP)

control 0.75ugCd /L 2.0pg/L
Days, 1 4 7 16 Days | 1 4 7 16 Days| 1 4 7 16
4 | NS | 4 | Ns 4 | NS
7 NS NS 7 NS NS 7 NS NS
i6 | NS NS NS i6 | § S NS 161 § S NS
30 | NS NS NS NS 30 | S S NS NS 36| S s § S

Table 5.6.1 Results from two-way ANOVA for total Cd in the kidney HSP fraction. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 M5 F P
Exposure 2 0.0482 G.0243% 31.332 <Q.001
Day 4 0.0595 G.0142 19.359 <0.001
Exposure x Day 8 0.0485 0.00606 7.889 <0.001
Residual 75 0.6575 (0.000769
Total &9 0.2314 0.00240

Table 5.7 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for metallothionein
concentrations in the kidney within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure. S
indicates significant difference between means (P <0.05) and NS that they are not

control 0.75ugld /L 2.0ug/L
Days| 1 4 7 16 Days) 1 4 7 16 Days| 1 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 N: NS 7 | NS NS
16 |[NS NS NS i6 | NS NS NS i6 | NS NS NS
30 |NS NS NS NS 30| NS NS NS NS 30 | S S S S
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Table 5.7.1 Results from two-way ANOVA for kidney metallothionein concentrations. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF 85 S F P
Exposure 2 3383.486 1691.7436.360 0.003
Day 4 3370.983 842.748 3.168 0.018
Exposure x Day 8 7898.647 ©87.331 3.712 4.040%
Residual 75 19950.980 266.013
TJotat 89 34604.107 388.810

Table 6.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for total Cd in the gill
within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure. S indicates significant
difference between means (P <0.05) and NS that they are not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days|] 1 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 S NS 7 | NS NS
16 | NS NS NS 6 | S S S 6| S S S
30 | NS NS N5 NS 30 | NS NS NS S 30| S NS NS §

Table 6.0.1 Results from two-way ANOVA for total Cd concentrations in the gills. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 58 MS F P
Exposure z 483.310 241.655 38.638 <0.001
Day 4 455,351 113.838 18.673 <0.001
Exposure x Day 8 263.722 32,965 5.407 <(.001
Residual 75 457.231 6.096
Total 89 1659.614 18.647

Table 6.1-6.6 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing individual subcellular
fraction Cd concentrations in the gills within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of
exposure. S indicates significant difference between means (P <0.05) and NS that they are not
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6.1 Metal-rich granules (MRG)

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 NS 4 N5 4 | NS
7 NS NS 7 NS NS 715
16 | NS NS NS5 i6 | S S NS i6| 5 5 NS
30 | NS NS N5 NS 30 | NS N5 NS NS 30|55 S S NS
Table 6.1.1 Results from two-way ANOVA for total Cd concentrations in the gill MRG fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value
Source of Variation BF ss MS F P
Exposure 2 0.871 £.435 53.557 <0.001
Day 4 3.445 0,132 16.375 <0001
Exposure x Day 8 0.341 0.0426 6,220 <(3.001
Residual 75 0.514  {£.00685
Total 89 2.174 0.0244
6.2 Microsomes + Lysosomes (ML)
control 0.75ugCd /L 2.0ug/L
Days|1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 INS 4 NS 4 | NS
7 |NS NS 7 |S NS 7 | NS NS
16 |[NS NS NS 16 | NS NS N5 6| S S 5
30 [NS NS NS NS 30 | NS NS NS NS 36|sS S S5 S

Table 6.2.1 Results from two-way ANOVA for total Cd concentrations in the gill ML fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P =P value

Source of Variation DF 55 MS F P
Exposure 2 3.863 1.931 47.31431 <0.001
Day 4 2.2684  0.566 13.818 <«0.001
Exposure x Day L) 3.758 0.470 11.4694 <0.001
Residual 75 3.073 0.0410
Total 89 12.858 0.146
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6.3 Metallothionein-like proteins (MTLP)

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| ¥ 4 7 16 Days| 1 4 7 16
4 NS 4 | NS 4 | NS
7 NS NS 7 | NS NS 7 | NS NS
16 | NS NS NS i | S S S i6|S S &
30 | NS NS NS NS 30 | S S S S 3B S s § §

Table 6.3.1 Results from two-way ANOVA for total Cd concentrations in the gill MTLP fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS F P
Exposure 2 1.500 0.750 47.221 «<0.001
Day 4 2.431 3.688 38.260 <0.001
ExposurexDay 8 1.285 0.161 10,113 <0601
Residual 75 1.192 0.0159
Total 89 6.408 8.0720
6.4 Cellular-debris
control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 [ NS 4 | NS 4 | NS
7 | NS NS 7 1S S 718 S
16 | NS NS NS i | S § S 16| S S NS
30 | NS NS NS NS 30| 8§ § NS 30| S S5 NS NS

Table 6.4.1 Results from two-way ANOVA for total Cd concentrations in the gill cellular-debris fraction.
DF = degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS F P
Exposure P Q.893 4.847 139.498 <«0.001
Day 4 5.554 1.635 45.207 <0.001
Exposurex Day 8 3.868 0.487 13.738 <0.001
Residual 75 2.660  0.0355
Total 89 23.004 0.258
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6.5 Mitochondria

control 0.75pgCd /L 2.0ug/fL
Days| 1 4 7 16 Days| 1 4 7 186 Days| 1 4 7 16
4 NS 4 NS 4 | NS
7 NS NS 7 | S NS 7 1S NS
16 | NS NS NS i6 | S NS NS is| 8§ S §
30 | NS NS NS NS 30 | § S NS NS 30|S S S NS

Table 6.5.1 Results from two-way ANOVA for total Cd concentrations in the gill mitochondrial fraction.
DF = degrees of freedom, SS = sum of squares, MS =mean square, F = F statistic, P = P value

Source of Variation DF 53 NS F P
Exposure 9,028 4.514 £6.946 «0.001
Day 8.210 2.052 30.440 <.801
Exposure x Day 5.606 8.826 12.248 =<0.001
Residual 5.057 0.0674
Total 28.90C 0.325
6.6 Heat-sensitive proteins (HSP)
control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days| 1 4 7 16
4 | NS 4 | NS 4 1S
7 | NS NS 7 | NS NS 718 S
16 | NS NS NS 16 | NS NS NS 16| NS NS S
30 | NS NS NS NS 30| S NS S NS 30| S NS S NS
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Table 6.6.1 Results from two-way ANOVA for total Cd concentrations in the gill HSP fraction. DF =
degrees of freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF S5 MS F P
Exposure 2 0.745 0.372 45.961 «<0.001
Day 4 3.256  0.0640 7.888 <0.001
Exposure x Day 8 0.403 0.0504 6223 <(.001
Residual 75 0508  0.00810
Total 89 2.011 0.0226

Table 6.7 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing means for metallothionein
concentrations in the kidney within each treatment (control, 0.75 and 2.0 ng Cd/L) by day of exposure. S
indicates significant difference between means (P <0.05) and NS that they are not

control 0.75ugCd /L 2.0pg/L
Days| 1 4 7 1is Days| 1 4 7 16 1 4 7 16
4 NS 4 | S 4 | NS
7 | NS NS 7 | NS NS 7 | NS ns
16 | NS NS NS 16 | NS NS NS 16| S § NS
30 | NS NS NS NS 30 | NS NS NS NS 30| § S NS NS

Table 6.7.1 Results from two-way ANOVA for gill metallothionein concentrations. DF = degrees of
freedom, SS = sum of squares, MS = mean square, F = F statistic, P = P value

Source of Variation DF S5 MS F P
Exposure 2 631.740 315.870 7.388 0.001
Day 4 647.246 3161.811 3,785  0.607
Exposure x Day 8 557.736 69.717 1.631 0.130
Residual 75 3206.61742.755
Total g9 5043.339 56,667

3) Subcellular partitioning of Cd into MSP and MDP

Table 7.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MSP in
the liver within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed in
moderately hard water. S indicates significant difference between means (P <0.05) and NS that they are
not
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control 0.75ugCd /L 2.0ug/L

Days| 1 4 7 17 Days| 1 4 7 17 Days | 1 4 7 17
4 | NS 4 | NS 4 | NS

7 | NS NS 7 | NS NS 7 | NS NS

17 | NS NS NS 17 | NS NS ns 17| NS NS NS
29 | NS NS NS NS 23 {5 S S NS 29| NS NS NS NS

Table 7.0.1 Results from two-way ANOVA for Cd bound to MSP in the liver of fish exposed to sublethal
concentrations of Cd in moderately hard water. DF = degrees of freedom, SS = sum of squares, MS =
mean square, F = F statistic, P =P value

Source of Variation DF 55 MS F p
day 4 0.366 £$.04314 2.309 G.066
exposure 2 0.176 0.0878 4.8%59 0.010
day x exposure 8 0.291 0.0364 2.028 0.054
Residual 75 1.345 D.G179
Total 89 1.977 0.0222

Table 7.1 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MDP
in the liver within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed in
moderately hard water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17
4 | NS 4 | NS 4 | NS
7 | NS NS 7 | NS NS 7 | NS NS
17 i NS NS NS 17 | NS N5 nNs 17 | NS NS NS
29 | NS NS NS NS 29 | NS NS S5 NS 29| NS NS NS NS

Table 7.1.1 Results from two-way ANOVA for Cd bound to MDP in the liver of fish exposed to
sublethal concentrations of Cd in moderately hard water. DF = degrees of freedom, SS = sum of squares,
MS = mean square, F = F statistic, P =P value

Source of Variation DF S5 MS F P
day 4 0.120 0.029% 1.127 0.350
exposure 2 (.268 0.134 5.048 0.608
day x exposure 8 0.274 0.0342 1.288 0.263
Residual 75 1.991 0.0266
Totat 89 2.653 0.0298
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Table 7.2 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MSP in
the kidney within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of exposure for fish exposed in
moderately hard water. S indicates significant difference between means (P <0.05) and NS that they are

not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 17 Days| T 4 7 17 Days | 1 4 7 17
4 NS 4 1S 4 | NS
7 NS NS 7 |S NS 7S NS
17 | NS NS NS 17 1S S NS i7/8 S NS
28 i NS NS NS NS 29 1 S S NS 281 s S NS NS

Table 7.2.1 Results from two-way ANOVA for Cd bound to MSP in the kidney of fish exposed to
sublethal concentrations of Cd in moderately hard water. DF = degrees of freedom, SS = sum of squares,
MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 AiS F P
day 4 .463 0.116 i7.254 <0001
EXposure 2 0.224 2112 16,7272 <0.001
day x exposure 8 0.310  0.0387 5778 <0001
Residual 75 {.503 0.00670
Jotal 82 1.499  0.0168

Table 7.3 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MDP
in the kidney within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed
in moderately hard water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/t
Days{ 1 4 7 17 Days| 1 4 7 17 Days | 1 4 7 17
4 | NS 4 | NS 4 | NS
7 | NS NS 7 | NS NS 7 | NS NS
17 | NS NS NS 17 | NS NS Ns 17 | NS NS NS
29 | NS NS NS NS 29 1S S NS NS 29| NS NS NS NS
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Table 7.3.1 Results from two-way ANOVA for Cd bound to MDP in the kidney of fish exposed to
sublethal concentrations of Cd in moderately hard water. DF = degrees of freedom, SS = sum of squares,
MS = mean square, F = F statistic, P = P value

Source of Variation DF §S MS F P
davy 4 0.261 0.0653 3.624 0.009
exposure 2 0.0292 (.0i46 0.810 0.449
day x exposure 8 0.237 0.0206 1.643 0.127
Residual 75 1.352 (0.0180
Total 89 1.879 ,0211

Table 7.4 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MSP in
the gill within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed in
moderately hard water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/L
Days{ 1 4 7 17 Days| 1 4 7 17 Days| 1 4 7 17
4 NS 4 NS 4 |5
7 NS NS 7 NS NS 715 NS
17 i NS NS NS 17 | NS NS NS 171 8 NS NS
29 i NS NS NS NS 29 | NS S 5 NS 29| 5 NS NS NS

Table 7.4.1 Results from two-way ANOVA for Cd bound to MSP in the gill of fish exposed to sublethal
concentrations of Cd in moderately hard water. DF = degrees of freedom, SS = sum of squares, MS =
mean square, F = F statistic, P = P value

Source of Variation OF 55 MS F P
day 4 0.209 0.0523 4.79¢  0.002
eXposUre 2 0.0597 0.0299 2.737 0.071
day x exposure 2 0.558 (0.0688 6.385 <0.001
Residual 75 0.818 0.0DiD9
Total 89 1.645  0.0185
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Table 7.5 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MDP
in the gill within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of exposure for fish exposed in
moderately hard water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0pg/L
Days| 1 4 7 17 Days| 1 4 7 17 Days | 2 4 7 17
4 | NS 4 | NS 4 | NS
7 | NS NS 7 | NS NS 7 | NS S
17 | NS NS NS 17 | NS NS NS 17 | NS NS NS
29 | NS NS NS NS 29 |S NS NS NS 28| NS NS NS NS

Table 7.5.1 Results from two-way ANOVA for Cd bound to MDP in the gill of fish exposed to sublethal
concentrations of Cd in moderately hard water. DF = degrees of freedom, SS = sum of squares, MS =
mean square, F = F statistic, P = P value

Source of Variation DF SS MsS F P
day 4 0.2147 00543 3.778 0.007
exposure 2 0.120 0.0601 4.177 0.019
day x exposure 8 0.330 00413 2.88 0.008
Residual 75 1.079 (.0144
Tetal 89 1.747  0.0196

Table 8.0 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MSP in
the liver within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed in
moderately soft water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Bays| 1 4 7 16 Days | 1 4 7 16
4 | NS 4 |S 4 |8
7 | NS NS 7 |S NS 715 NS
16 { NS NS NS 1615 N5 NS 16 | NS 5 NS
30 | NS NS NS NS 30 1S NS § NS 305 S NS NS
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Table 8.0.1 Results from two-way ANOVA for Cd bound to MSP in the liver of fish exposed to sublethal
concentrations of Cd in moderately soft water. DF = degrees of freedom, SS = sum of squares, MS =
mean square, F = F statistic, P =P value

Source of Variation BF S8 MS F p
day 4 0.265  0.0662 9.681 <0.001
exXposUre 2 0.223 0.0613 8.863 <0.001
day X exposure 8 G266  0.0333 4.855 <(.001
Residual 75 0.513  0.00684
Total 859 1.167 0.0131

Table 8.1 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MDP
in the liver within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed in
moderately soft water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/L
Daysi 1 4 7 16 Days| 1 4 7 16 Days | 1 4 7 16
4 NS 4 |8 4 (5
7 { NS NS 7 | NS NS 7 | NS NS
16 i NS N5 NS 16 | NS NS NS 16| NS § NS
30 i NS NS NS NS 30 {S NS NS NS 30| NS S NS NS

Table 8.1.1 Results from two-way ANOVA for Cd bound to MDP in the liver of fish exposed to
sublethal concentrations of Cd in moderately soft water. DF = degrees of freedom, SS = sum of squares,
MS = mean square, F = F statistic, P = P value

Source of Variation DF 8S MS F P
day 4 0.128  0.0321 4.492 0.003
exposure 2 D.126 0.0630 §8.824 <0.001
day x exposure 8 0.124  0.0154 2.3163 0.040
Residual 75 0.536 G.007314
Total 89 0.914  0.0103
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Table 8.2 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MSP in
the kidney within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of exposure for fish exposed in
moderately soft water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75pgCd /L 2.0ug/L
Days| 1 4 7 16 Days| ¥ 4 7 16 Days | 1 4 7 16
4 NS 4 NS 4 | NS
7 | NS NS 7 S NS 7135 NS
16 | NS NS NS i6 | S NS NS 16 | NS NS NS
30 | NS NS NS NS 30 | NS NS NS NS 30| NS NS NS NS

Table 8.2.1 Results from two-way ANOVA for Cd bound to MSP in the kidney of fish exposed to
sublethal concentrations of Cd in moderately soft water. DF = degrees of freedom, SS = sum of squares,
MS = mean square, F = F statistic, P = P value

Source of Variation DF S5 IS F P
day 4 0.116 0.0280 4,830  0.001
exposure 2 0.533 0.266 44 827 <0.001
day x exposure 8 0.115 0.0144 2418 (4.027
Residual 75 0.446  0.00594
Total 89 1.210 80136

Table 8.3 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MDP
in the kidney within each treatment (control, 0.75 and 2.0 ug Cd/L) by day of exposure for fish exposed
in moderately soft water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| 1 4 7 16 Days | 1 4 7 18
4 NS 4 NS 4 | NS
7 NS NS 7 NS NS 7 | NS NS
16 | NS NS N5 16 i NS NS NS I | S S NS
30 { NS NS NS NS 30 | NS NS NS NS 30 S s § §

158



Table 8.3.1 Results from two-way ANOVA for Cd bound to MDP in the kidney of fish exposed to
sublethal concentrations of Cd in moderately soft water. DF = degrees of freedom, SS = sum of squares,
MS = mean square, F = F statistic, P = P value

Source of Variation DF 55 MS F P
day 4 0.335 0.0838 11.191 <0.001
exposure 2 0.06376 0.0388 2.511 D.088
day x exposure g 0.353 0.0441 5.888 «<0.001
Residual 75 0.562  0.00749
Total 89 1.287  0.Di4s

Table 8.4 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MSP in
the gill within each treatment (control, 0.75 and 2.0 pg Cd/L) by day of exposure for fish exposed in
moderately soft water. S indicates significant difference between means (P <0.05) and NS that they are
not

control 0.75ugCd /L 2.0ug/L
Days| 1 4 7 16 Days| T 4 7 16 Pays | 1 4 7 16
4 | NS 4 | NS 4 | NS
7 | NS NS 7 | NS NS 7 | NS NS
16 | NS NS NS 16 | NS NS NS 16| NS NS NS
30 | NS NS NS NS 30 | NS NS NS NS 30 | NS NS NS NS

Table 8.4.1 Results from two-way ANOVA for Cd bound to MSP in the gill of fish exposed to sublethal
concentrations of Cd in moderately soft water. DF = degrees of freedom, SS = sum of squares, MS =
mean square, F = F statistic, P =P value

Source of Variation DF 58 MS F P
day 4 0.0704 ©0.0176 1.640 0.173
exposure 2 2.187 £.0934 B.706 <0(.001
day x exposure 8 0.0792 0.00990 0.8922 0.503
Residual 75 0.805 0.0107
Total 89 1.141 0.0128
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Table 8.5 Results from ANOVA post-hoc tests (Tukey’s HSD) comparing partitioning of Cd into MDP
in the gill within each treatment (control, 0.75 and 2.0 png Cd/L) by day of exposure for fish exposed in
moderately soft water. S indicates significant difference between means (P <0.05) and NS that they are

not
controf
Days| 1 4 7 16
4 | NS
7 | NS NS
16 | NS NS NS
30 | NS NS NS NS

0.75ugCd /L 2.0pg/L
Days| 1 4 7 18 Days | 1 4 7 16
4 NS 4 | NS
7 NS NS 7 | NS NS
16 {5 NS NS 16 | NS NS NS
30 1 S NS NS NS 30, S NS § NS

Table 8.5.1 Results from two-way ANOVA for Cd bound to MDP in the gill of fish exposed to sublethal
concentrations of Cd in moderately soft water. DF = degrees of freedom, SS = sum of squares, MS =

mean square, F = F statistic, P = P value

Source of Variation DF 88 MS F P
day 4 0.0256 000639 0.870 0.486
exposure 2 0.6517 0.0259 3.521 0.G35
day » exposure 8 0.271 £.0339 4.609 <0.001
Residual 75 0.551 0.00735
Total 50 0.8%9 6.0101
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