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Abstract 

To address the need for dietary arsenic (As) research on freshwater fish. experiments 

were conducted to examine the uptake and toxicity of dietary As exposure in two species. 

First. a short-term prelirninary experiment was conducted to compare the accumulation, 

distribution, and toxicologicai effects of dietary As exposure in lake whitefish 

(Coregonus clupeaformis) and lake trout (Salvelinus namaycush). Dietary As 

concentrations that fish would consume, and the influence of brine shrimp on 

consumption of As were also deterrnined. Based on the results of this study, a longer- 

terrn experiment was conducted to investigate the uptake and toxicity of As in lake 

whitefish fed contarninated diets at nominal concentrations of O, 1. 10, and 100 pg As/g 

food (d.w.) for 10. 30, and 64 days. The pattern of As accumulation in fish tissues w s  

influenced by reduced feed consumption beginning on day 45 by fish fed the 100 pg As/g 

food. With the exception of the gdlbladder. significant As accumulation occurred in al1 

tissues examined from fish exposed to the 100 pg As/g food for 30 days. Significant 

accumulation of As occurred in livers and scales of fish fed the 10 pg As/g food for 30 

and 64 days. At the molecular level of organization, metallothionein (MT) induction 

occurred in fish fed the 100 pg Asfg food d e r  10 and 30 days. and in fish fed the 1 and 

10 pg As/g food for 64 days. Plasma lipid peroxide concentrations were unaltered within 

the 64 days of exposure. At the tissue and organ level, liver somatic index was 

significantly decreased in fish fed the 100 pg As/g food for 64 days, however. blood 

parameters were not affected by As exposure. Liver and gailbladder histopathology was 

obsewed in fish fed al1 As contaminated diets after each duration of exposure. Both 

organs were sensitive to As toxicity, as damage occurred with exposure to concentrations 



ris low as 1 pg As/g. WhoIe organisrn parameters were unaitered by As exposure. As 

residues in pyloric caeca, intestine, liver, and scales, hepatic MT induction, and 

histopathological alterations in Iiver and gallbladder are recomended for use as 

indicators of As exposure and toxicity in environmental monitoring programs. 
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Introduction 

Arsenic (As) is a metalloid belonging to the group of V(A) elernents. It ranks 20" 

in elemental abundance in the earth's crust and is present in virtually al1 rocks. soils. and 

water (Eisler. 1988). As can exist in four valence states: the metalloid (O), the trivalent 

states (-3 or +3), and the pentavalent state (+5) (Cullen and Reimer. 1989). In nature, As 

typically occurs in combination with sulphur, either alone or combined with various other 

metals, such as copper, lead, iron, nickel, and cobalt (CEPA, 1993). In water, As c m  

exist in both inorganic and organic forms, and in dissolved and gaseous states (Eisler. 

1988). 

Primarily, As is produced fiom flue dust generated during the smelting of copper, 

lead, and gold ores. In the past, As compounds were used as pesticides. herbicides. and 

insecticides in agriculture. Due to concems about the risks to human health in the 1970s. 

agricultural applications of As have declined, however. As pesticides and herbicides are 

still in use in the Cotton industry as well as for general weed and insect control. 

Presently. As is used mainly in the manufacturing of wood preservatives. It is also used 

in the production of glass and nonferrous alloys in the electronics industry (Eisler. 1988: 

CEPA. 1993: ATSDR. 1999). 

Natural sources of As in the environment include the erosion of As-containing 

rocks and soils, volcanic activity, and the release of volatile rnethylarsines from soil. The 

principal anthropogenic sources of As to the Canadian environment are the mining. 

smelting, and refining of metals, including gold. uranium. and base metals. Mining 

operations release substantial amounts of As into the environment in a number of ways, 

including atmospheric emissions, liquid effluent discharges, unusable tailings, and solid 



wastes on land (Eisler, 1988, CEPA, 1993). For example. the Mining Association of 

Canada (1999) reported that in 1998 rnining operations released a toial of 168 and 2.4 

tonnes of As. to air and water, respectively. Other anthropogenic sources of As include 

the combustion of fossil fiels, the use of pesticides and herbicides containing As 

compounds, and disposai of domestic and industrial wastes (CEPA, 1993). 

When Asz03 vapour is released into the atmosphere, it is removed by either dry 

deposition or rainfall, with rates of deposition being highest in areas closest to the source 

of emission. Once deposited into aerobic surface waters, As203 hydrolyses to form 

prirnarily arsenite (H3As03), which is thermodynamicaiiy unstable and tends to oxidize to 

form arsenates, mainly HzAsOd', and HASO~'~ (Cullen and Reimer, 1989; CEPA, 1993). 

Dissolved As is removed from most surface waters, as a resuit of biotic uptake, 

adsorption ont0 iron and manganese hydroxides or clay particles, fixation by organic 

matter, or by precipitation or coprecipitation, and is deposited in sediment with settling 

organic and inorganic particles (Hindmarsh and McCurdy, 1986; Eisler, 1988; CEPA, 

1993). 

In Canada, the release of As into the aquatic environment by metal mining 

operations has been regulated by the Metal Mining Liquid Effluent Regulations 

(MMLER) since 1977, as part of the Fisheries Act. For the purpose of the regulations. 

effluent is defined as mine water effluent, mil1 process effluent, effluent fiom tailings, 

treatment pond effluent or treatment facility effluent. as well as seepage and surface 

drainage fiom the site. The MMLER regulate the maximum effluent concentrations of 

sis substances, including As, considered to be deleterious to fieshwater life. The 



maximum acceptable concentration of As in treated liquid effluents is 500 p g R  

(AQUAMIN 1996). 

In 1993. the Assessrnent of the Aquatic Effects of Mining in Canada 

(AQUAMM) was initiated to determine if the MMLER were providing adequate 

protection of the aquatic environment. One of the key recomrnendations of this review 

was to design and implement a national environmentai effects monitoring (EEM) 

program for metal rnining (AQUAMIN, 1996). To date, the EEM program has been 

developed and implementation is planned for the fa11 of 2000. The purpose of this 

program is to evaluate the effects of mine effluent on the aquatic environrnent. 

specifically fish, fish habitat, and the use of the fisheries resourcc, as defined in the 

Fisheries Act. To do this, the EEM program requires mines to monitor fish and benthic 

invertebrates, and to collect supporting information on water quality, sediment. effluent. 

and sublethal toxicity testing (Environment Canada, 1 999). 

Aquatic life in Canada is also protected fiom As by the Canadian water quality 

guiddines (CWQG) and the interim Canadian sediment quality guidelines (CSQG). The 

CWQG for As, based on the protection of freshwater aquatic life, is 50 pg/L 

(Environrnent Canada. 1979). The freshwater interim CSQG for As consist of a low and 

a high value. The threshold effect level (TEL) represents the concentration of As below 

which adverse effects are expected to occur rarely and is 5.90 pg/g (d.w.). The probable 

effect level (PEL) represents the concentration of As above which effects are expected to 

occur frequently and is 17.0 pdg (d.w.) (Environrnent Canada, 1995). 

The release of mining wastes into fieshwater systems has resulted in 

concentrations of As exceeding the PEL by one to two orders of magnitude. For 



exarnple. Moira Lake, Ontario has been contaminated by mining and minerai processing 

wastes since the 1 8301s. Azcue and Nriaga (1 993) found the mean concentration of As in 

surficial sediments of Moira Lake to be 545 pg/g (d.w.), and the maximal concentration 

of As (1000 pg/g, d-W.) occurred at depths of 23-27 cm. Great Slave Lake has received 

wastes from gold mining operations and concentrations of As over 2800 pg/g (d.w.) have 

been measured in sediments (Mudroch et al., 1989). Also. sediment As concentrations 

exceeding 5000 pglg (d-W.) have been found in northern Saskatchewan lakes receiving 

effluents from uranium mining operations (Klaverkamp et al., 2000), and in lakes near 

Red Lake. Ontario, which have received gold-mining effluents for over 50 years (J.F. 

Klaverkamp. unpublished data). 

As is biologically available to aquatic organisms, including fieshwater fish, living 

in contaminated habitats. For example, the Clark Fork River. Montana. received large 

~rolurnes of mining wastes fiom 1880 to 1972, resulting in concentrations of As as high as 

404 pdg (d.w.) in sediments (Bnunbaugh et al.. 1994) and 43.1 pg/g (d-W.) in benthic 

invertebrates (Woodward et al., 1994). Brown trout (Salmo rrtrrra) collected from a 

contaminated site on the Clark Fork River had significantly higher concentrations of As 

in gill, liver, kidney, and pyloric caeca as compared to brown trout collected fiom a 

reference site (Farag et al., 1995). In addition, rock bass (Arnbloplifes rupesfris) CO tlected 

from Moira Lake were found to have elevated concentrations of As in intestine and bone 

plus scales (Azcue and Dixon, 1994). 

Laboratory and field exposures of freshwater fish to various forrns of As have 

resulted in a number of toxicological effects, including feed refusal, decreased growth, 

impaired reproduction, moderate anemia, and histopathological damage to organs, 



including Iiver, kidney, and gallbladder (Cockell et al, 1990; Sorenson, 199 1 ; CEPA, 

1993). 

The main route of As uptake by benthic-feeding fish is thrcugh ingestion of 

contaminated sediments and food (Sorenson, 199 1 ; Handy, 1996; ATDSR, 1998). The 

majority of As research on freshwater fish has, however, examined the uptake and effects 

of exposure to waterbome As (Sorenson, 1976; 1979a; 1979b; McGeachy and Dixon, 

1990; 1992: Rankin and Dixon, 1994), with the exception of a series of experiments that 

examined the effects of dietary As exposure in juvenile rainbow trout (Oncorhynchus 

mykiss) (Cockell, 1990). It is important, therefore, to conduct experirnents that examine 

both the uptake and toxicological effects of dietary As exposure in fieshwater fish found 

in Caaadian aquatic habitats contaminated by As, in order to determine tissues and 

parameters that can be used as sensitive and reliable indicators of As bioavai1abiIity and 

toxicity in environmental monitoring programs (AETE- 1999; Environment Canada 

1999). 

To address these research needs, experiments were conducted that exarnined the 

uptake and toxicity of dietary As exposure in two fieshwater fish species. First, a short- 

term preliminary experiment. with the following objectives. was completed. The first 

objective was to compare the accumulation, distribution, and toxicological effects of 

dietary As exposure in lake whitefish (Coregonus clzipeaformiF) and lake trout 

(Scrlvelinrcs namaycush). The second objective was to determine concentrations of As in 

food that the fish would consume and the third objective was to evaluate whether the 

addition of brine shrimp to food would increase feed consurnption of As contaminated 



diets. The results of the preliminary experiment (Chapter 1)  were used to determine the 

fis11 species, concentrations of As, and diet type used in the longer-term experiment. 

The longer-term experirnent had two objectives. The fim objective was to investigate the 

accumulation, and distribution of As in lake whitefish exposed by the dietary route of 

uptake. in order to determine tissues that can be used as indicators of As bioavailability in 

environmental monitoring programs (Chapter 2). The second objective was to examine 

the toxicological effects of dietary As exposure in lake whitefish at the molecular, tissue, 

organ, and whole organisrn Ievels of biological organintion, in order to determine 

parameters that can be used as sensitive and reliable indicators of As toxicity in 

environmental monitoring prograrns (Chapter 3). 



Chapter One 

The accumulation, distribution, and toxicological effects of dietary arsenic exposure 

in la ke w hi t e f ~  h (Coregonus clupeaformis) and la ke trou t (Suivelin us numaycush ). 



A bst tact 

A 20-day preliminary experirnent was conducted to compare the accumulation, 

distribution, and toxicological effects of dietary As exposure in lake whitefish 

(Coregontcs clupeaformis) and lake trout (Salvelinus namuycztsh). Toxicological effects 

of As were examined at the molecular, tissue, organ, and organism levels of biological 

organization. The influence of brine shrimp on the consumption of As contaminated 

diets was also examined. Each treatment group was exposed to a unique combination of 

one of three doses of As (0, 100. or 1000 pg As/g) and one of two types of diet (no 

shrimp (NS) or with shrimp (WS)), for a total of 6 treatment groups for each species. 

Modified feeding behavior occwred in lake whitefish and lake trout fed ail of the As 

contarninated diets, with the exception of the 100 pg As/g N S  food. Therefore, the 

addition of brine shrimp did not increase feed consumption of the As contaminated diets. 

Significant sites of As accumulation included stomach, pyloric caeca, intestine, liver, 

kidney. and gallbladder. Significant accumulation of As was not observed in bile or 

muscle. The pattern of As tissue distribution differed between lake trout and lake 

whitefish. At the molecular level of organization, dietary As exposure did not have a 

significant effect on metallothionein induction in either species. Concentrations of lipid 

peroxides were oniy significantly elevated in the plasma of lake trout fed the 1000 pg 

As/g WS food. however, this effect may have been partly the result of starvation. At the 

tissue and organ level, liver somatic indices decreased significantly in both species. 

whereas blood parameters were not affected in either lake trout or lake whitefish. There 

was a pronounced difference between the sensitivity of lake whitefish and lake trout 

tissues to histological alterations caused by As exposure, with damage occurring in 



gallbhdder, liver. kidney, pyloric caeca and intestine examined fiom Iake whitefish. 

Histological aiterations were not observed in simiiar tissues examined from lake trout. At 

the organism level. growth was considerably Iower in both species fed As contaminated 

diets. however. condition factors were not affected. Based on the results of this study. 

Iake whitefish were chosen to use in a longer-term expenment, which examined the 

accumulation, distribution. and toxicologicai effects of exposure to diets containhg 0, 1. 

10. or 100 pg As/g for 10,30, and 64 days of exposure (Chapters 2 and 3). 



1. Introduction 

Arsenic (As) ranks twentieth in elemenbl abundance in the earth's cnist and is 

present in virtually al1 rocks. soil, and water (Eisler, 1988). The erosion of As-containhg 

rocks and soils, and volcanic activity are natural sources of As to the aquatic 

environment. Anthropogenic sources of As include the mining. smelting, and refining of 

metals, the use of pesticides and herbicides containing As compounds, and the generation 

of power from cod (CEPA, 1993). 

The release of As into the aquatic environment as a result of anthropogenic 

activities has led to high concentrations of As in sediments and benthic invertebrates. For 

example, the Coeur d'Alene River in Idaho has received contamination from mining and 

smeltinç operations since 1885, resulting in concentrations of As as high as 179 and 47.8 

pg/g (d.w.) in sediments and benthic rnacroinvertebrates, respectively (Farag et al.. 

1998). Surficial sediment As concentrations in a coal-ash settling basin and downstream 

drainage basin in South Carolina were reported to be as high as 70.8 and 116.6 p d g  

(d-W.), respectively (Rowe et al., 1996). Also, lakes near Red Lake Ontario, which have 

received goId-mining effluents for over 50 years, contain concentrations of As exceeding 

5000 pg/g (d.w.) in surficial sediment (J.F. Kiaverkamp, unpublished data). 

As is biologically available to aquatic organisms, including fieshwater fish, living 

in contaminated habitats. For exarnple, a nmber  of organisms, inctuding bullfiog (Rana 

caresbeiana) tadpoles, bullfrog metamorphs, juvenile bIuegill sunfish (Lepomis 

rnacrochirtcs), adult mosquito fish (Gambusia afinis). and juvenile largemouth bass 

(Microprerus salmoides), collected from the coal-ash settling basin were found to contain 

rnean whoIe-body As concentrations of 3 1.87, 15.55, 2.61. 2.89, and 1.92 pg/g (d.w.), 



respectively. Concentrations of As were elevated compared to organisms collected fiom 

a reference site (Hopkins et al., 1999). Also. gizzard shad (Dorosoma cepedianrrm) 

collected from Lake Texoma, which has been contaminated by agricultural run-off and 

contains up to 209 pg As/g (d-W.) in sediment, were found to have whole-body A s  

concentrations as high as 34.0 pg/g (w.w.) (Hunter et ai., 1982). 

Exposure of aquatic organisms to various forms of As has resulted in 

toxicoloçical effects, including feed refusal, decreased growth, impaired reproduction. 

moderate anemia, and histopathological damage to organs, including liver, kidney. and 

rrallbladder (Cockell, 1990; Sorenson, 1991 ; CEPA, 1993). As exposure has also been 
C 

reported to cause metallothionein (MT) induction in fieshwater fish (Schlenk. et al.. 

f 997). 

As a result of the high concentrations of As in sediments and invertebrates. the 

main route of As uptake by fish is dietary (Sorenson. 1991; Handy. 1996; ATSDR. 

1998). However, few studies have examined the uptake and effects of dietary As 

exposure in freshwater fish, with the exception of work by Cockell (1990). Therefore. it 

is important to conduct studies that link exposure and effects of As in order to determine 

reIiable indicators of As toxicity to be used in environmental monitoring programs 

(AETE. 1999, Environment Canada, 1999). 

The lack of dietary As research indicated a study, which investigated the uptake 

and effects of dietary As exposure in a freshwater fish, was needed (Chapters 2 and 3). 

Prior to conducting a long-term exposure, a preliminary esperiment, which had the 

following objectives, was first completed. The first objective was to compare the 

accumulation, distribution, and toxicological effects of dietary As exposure in lake 



white fis h (Coregonus clupeaforrnis) and lake trout (Salvelinus namaycush). The e ffects 

of As were assessed at several levels of biological organization. At the molecular level, 

MT concentrations in liver and kidney and lipid peroxides (LPO) in plasma were 

measured. At the tissue and organ levels, hematological parameters, liver somatic indices 

(LSI), and histopathology of liver, anterior and posterior kidney, stomach, pyloric caeca 

intestine. gallbladder, and spleen were evaluated. At the whole organism level, growth 

and condition factor were assessed. The second objective was to determine 

concentrations of As in food that the fish would consume and the third objective was to 

evaluate whether the addition of brine s h p  to food would irnprove the consumption of 

As contarninated diets. The form of As incorporated into the diet was arsenate, as this is 

the most comrnon f o m  of As in oxic littoral zones of freshwater habitats (Cullen and 

Reirner, 1 989; AQUAMIN, 1996). 

2. Materials and Methods 

2.1 Fish 

Lake whitefish were reared at the Freshwater institute and were 3.5 years of age 

at the beginning of the experiment. Initial body weights and fork lengths were 240 f 14.0 

g and 25 k 0.42 cm (mean f SE), respectively. Lake trout, reared at the Freshwater 

Institute, were 2 years of age at the beginning of the experiment. Initial body weights and 

fork lengths were 289 t 5.77 g and 30 + 0.20 cm (mean t SE), respectively. Fish were 

fcd an arnount of No. 3 trout pellets (Martin Feed Mills, Elmira, Ont.) equal to 0.5% of 

the total body weight per tank every Monday, Wednesday, and Friday of each week. 



Lake trout and lake whitefish were acclimated to al1 experimental conditions for 2 and 4 

weeks. respectively. 

2.2 Tanks 

Twenty-four lake whitefish were randomly distributed, 4 fish/tank, arnong six, 

200 L fiberglass tanks. Twenty-four lake trout were dso randomly distributed. 4 

fishltruik. aniong 6 additional, 200 L fiberglass tanks. Dechlorinated City of Winnipeg 

tap water. maintained at or below 8 pg C12/L by activated charcoal filtration and 

ozonation (Wagernann et al., 1987), was suppIied to the tanks. The tanks were 

individually aerated, and maintained on a one-pass water flow at 1.2 L/min. yielding 95% 

replacement of tank water in 9 hours (Sprague, 1973). Tank temperature. pH. and 

dissolved oxygen (DO) concentrations were measured each day. and are expressed as 

mean + SE. Temperature and pH were 1 1  + 0.02 OC and 7.6 f 0.01, respectively. The 

percent saturation of dissolved oxygen was 89 + 0.23 %. Concentrations of major ions. 

total anions and cations. organic acids, total dissolved inorganic and organic carbon. total 

suspended solids. conductivity, and alkalinity of water supplied to the tanks are presented 

in Cooley and Klaverkamp (2000). Photopenod was held constant at 1 1.5 hours of light 

and 1 1.5 hours of darkness, with 30-minute periods of 'dusk' and 'dawn'. 

2.3 Processing of Diets 

As was obtained as disodium arsenate heptahydrate fiom Sigma Chemical Co. 

(St. Louis, MO). Six diets were formulated using trout chow flour, which contained 42% 

crude protein, 16% cxude fat, 2% crude fiber, 5% ash, and 0.9% calcium (Martin Feed 



Mills, Elmira, Ont.) and deionized distilled water (DDW). Brine shnmp were added to 3 

of the 6 diets. Dies  1. 2, and 3 were constnicted as follows: 2 parts of trout chow flour 

and 1 part of DDW were combined to produce a O pg As/g control NS (no shrimp) diet. 

and disodiurn arsenate heptahydrate was combined with 2 parts of bout chow flour and 1 

part DDW to produce nominal As concentrations of 100 pg As& N S  food, and 1 O00 pg 

As/g N S  food. B i n e  shrimp were incorporated into diets 4, 5. and 6 as follows: 1 part of 

brine shrimp was combined with 3 parts of trout chow flour and 1 part of DDW to 

produce a O pç  As/g control WS (with shrimp) diet, and disodiurn arsenate heptahydrate 

was combined with 1 part of brine shrimp. 3 parts of trout chow trout flour and 1 part 

DD W to produce nominal As concentrations of 100 pg Aslg WS food, and 1 O00 pg Aslg 

WS food. The diets were combined using a commercial electric mixture. pelleted using a 

laboratory pellet mill, dried in a fan-ventilated chamber, and stored at -20°C until 

required for feeding. The measured concentrations of As in the NS diets were 0.69 f: 

0.06. 120 + 2 1. and 1 100 + 61 pg Aslg, in the control, low, and high dose food. 

respectively. The measured concentrations of As in the WS diets were 0.94 k 0.02. 160 5 

17. and 1300 f 50 pg Adg, in the control, low, and high dose food, respectively. The 

WS diets contained higher As concentrations after they were dned because they initially 

contained more water than the NS diets. due to the addition of brine shrimp when the 

diets were prepared. 

2.4 Experimental Design 

The treatments consisted of one of the three dose groups (0, 100, or 1000 pg 

As/@ and one of the two types of diets (no shrimp or with shrimp), for a total of 6 



treatment groups. Each of the 6 tanks of  lake whitefish and each of  the 6 tanks of lake 

trout were randomly assigned to one of the treatments. The sample size was 4 fish per 

treatrnent group. Lake whitefish and lake trout were fed the As-contaminated diets at 

0.5% of the total body weight per tank every Monday, Wednesday, and Fnday for 20 

days. Fish were administered the diets 8 times over the course of the expenment. 

2.5 Blood Sarnpling and Analvses 

On sampling day, fish were anesthetized in a pH-neutralized tricaine methane 

sulfonate (MS-222) (Sigma Chemical Co., St. Louis. MO) solution (338 mg/L). After 

anaesthetization, fish lengths and weights were measured, and a sample of blood was 

dnun from the caudal artery and vein using a 20-gauge needle and a 5 cc syringe nnsed 

with ammonium heparin. The blood sample was transferred to vacutainers containing 

ammonia heparin. For each fish, a portion of blood wos diluted 1200 in a standard red 

blood ce11 (RBC) diluting pipette with Hendrick's diluting solution. The RBC diluting 

pipette was shaken and placed on ice. M e r  12 fish were sampled. RBC counts were 

performed following the method described in Schreck and Moyle (1990). A portion of 

blood was also transferred to hematocrit capillary tubes, sealed. and centrifuged at 8000 g 

for 5 min using a DarnodEC Division Clinical Centrifuge (Needham. MA). Hematocnt 

was measured using a DamodEC Division microcapillary hematocrit reader (Needham. 

MA). Next, 20 PL of whole blood was pipetted into test tubes containing Drabkin's 

solution for measurement of hemoglobin concentrations. After all fish were sampled. 

hemoglobin measurements were made using the Sigma Diagnostics Total Hemoglobin 

Procedure No. 525 (St. Louis, MO). The vacutainers containing the rernainder of the 



whole blood for each fish were centrifuged for 3 min at 10 000 g. The phsrna was 

pipetted into 1.5 mL microcentrifuge tubes and fiozen at -90°C until lipid peroxide 

analysis was conducted using the K-Assay LPO-CC kit (Kamiya Biomedical Company, 

Seattle, WA). The detection limit of this kit was 2.0 nmoVrnL of plasma. Mean ceIl 

volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular 

hemoglobin concentration (MCHC) were determined fiom RBC counts, hemoglobin 

concentrations and hemoglobin values by standard equations (Schreck and Moyle 1990). 

2.6 Sam~ling. Removal. and Preparation of Tissues 

Following blood w-ithdrawal, tissues were removed for As, MT, and histological 

analyses according to the following procedures. The gallbladder was separated from the 

liver. The bile was removed with a 23-gauge needle and 3 cc syringe, placed in a 1 -5 mL 

microcentrifuge tube, and fiozen. A sub sample of the gallbladder was cut out and placed 

in Bouin's fixative and the remainder of the gallbladder was rinsed thoroughly with 

physiological saline and fiozen for As analysis. The liver was weighed. a sub sarnple 

was taken and placed in Bouin's fixative, and the remainder of the liver was fiozen. The 

entire gastrointestinal (GI) tract was removed from the abdominal cavity. The spleen was 

removed and subsamples of cardiac stomach, pyloric caeca, and intestine (sampled just 

after the pyloric caeca) were taken and placed in Bouin's fixative. The remaining 

stornach, pyloric caeca. and intestine were frozen. Following removal of the swim 

bladder, the anterior kidney was removed and a subsample of the posterior kidney from 

the mid region was excised and placed in Bouin's fixative. The remainder of the 

posterior kidney was removed and fkozen. A sarnple of the skeletal muscle postenor to 



the opercular bone and dorsal to the abdominal cavity was taken and frozen. Prior to A s  

analyses, the stomach and intestine were thawed and cleaned by squeezing out the 

contents, making a longitudinal incision, and scraping and blotting to remove As- 

containing food particles and feces. Liver and kidney were split into two samples and 

one sample was stored at -90°C until analyses of MT concentrations. while the other 

sample was stored at -20°C until As analysis. Al1 remaining tissues were stored at -20°C 

immediatel y after sampling until As analysis. 

2.7 Analvsis of Arsenic 

Eight tissues (stomach, pyloric caeca, intestine, gallbladder, bile, liver, kidney, 

and muscle) from lake whitefish and lake trout and food samples were analyzed for As 

using a borohydride reduction method (Vijan and Wood, 1974) according to the 

procedures outlined in Chapter 2. 

The detection limit (DL) of the Varian SpectrAA-20 atomic absorption 

spectrophotometer is 2.0 p a  or 0.05 pg/g based on 1.0 g tissue weight. Due to the fact 

that the weight of tissues used for the As analyses varied. the DL were tissue weight- 

dependent. The DL calculated for the 8 tissues exarnined frorn lake trout (LT) and lake 

whitefish (LWF) are reported as mean wet weights (pg As/g) + SE and were as fotlows: 

LT gallbladder 1.3 f 0.21, LWF gallbladder 1.3 + 0.15. LT liver 0.07 + 0.0 1. L W ?  Iiver 

0.09 + 0.01, LT and LWF pyloric caeca 0.09 + 0.01, LT stomach 0.08 + 0.00. LWF 

stomach 0.10 + 0.00, LT intestine 0.09 + 0.00, LWF intestine 0.18 + 0.01, LT kidney 

0.09 + 0.0 1, L W  kidney 0.14 t 0.01, and LT and LWF muscle 0.08 + 0.00. The DL for 

fish food was 0.27 t 0.04. 



2.8 Cornparison of As Concentrations to Literature Values 

In order to compare concentrations of As measured in the current study as wet 

weight to concentrations of As measured in previous studies as dry weight. dry weights 

were converted to wet weights based on the following caiculation: dry weight x 0.2 = wet 

weight calculated (Jarvinen and Ankley, 1999). The converted values are indicated by 

(W.W. calc.) in the discussion. 

2.9 Histopathological Analvsis of Tissues 

Samples of gallbladder, liver, spleen, stomach, pyloric caeca, intestine, anterior 

kidney, and posterior kidney were fixed in Bouin's fixative for 48 h. nnsed in 3 changes 

of 70% ethanol over the next 72 h, and stored in 70% ethanol until processing. Tissues 

were processed in an automated tissue processor (IL MVP Tissue Processor) using an 

ethano l/butanol series. Following processing, tissues were embedded in paraffin (Tissue 

Prep II). sectioned at 7 Fm, and mounted on g l a s  slides. Tissue sections were stained 

tvith Harris' haema~oxylin and eosin, following the method described in Edwards (1967). 

All chemicals were obtained from the Fisher Scientific Company (Fair Lawn, NJ). 

Qualitative histopathological examinations of lake whitefish and lake trout tissues 

were completed using a Zeiss Photomicroscope III. The following tissues were exarnined 

from lake whitefish: liver (al1 fish), kidney (al1 fish), gallbladder (al1 fish fed NS diets), 

pyloric caeca (al1 fish fed NS diets, 2 of 4 fish fed the 100 and IO00 pg As/g WS diets). 

intestine (al1 fish fed NS diets), anterior kidney (al1 fish fed NS diets), spleen (all fish fed 

NS diets), and stomach (ail fish fed NS diets). The following tissues were examined for 



Iake trout: liver (al1 fish), kidney (dl fish), pyloric caeca (2 of 4 fish fed the control NS 

diet. and al1 fish fed the 100 pg A d g  NS diet), anterior kidney ( d l  fish fed NS diets). and 

spleen (al1 fish fed NS diets, 1 of 4 fish fed the 100 and 100 pg As/g WS diets). 

Photomicrographs were taken with a Kodak DC120 Zoom digital canera using the 

Kodak Digital Science Microscopy Documentation 120 System (MDS 120) and Adobe 

PhotoDeluxe (version 2.0) software (Adobe Systems. Inc.). 

2.10 Metallothionein Analvsis 

Liver and kidney of lake whitefish and lake trout were prepared and analyzed for 

MT by the mercury saturation assay of  Dutton et al. (1993) as modified by Klaverkamp et 

ai. (2000b). 

2.1 1 Statistical Anaivses 

Statistical analyses were performed using SPSS version 9.0 and were based on the 

following references, Neter et al. (1996), Stevens (1992) and SPSS (1999). For each data 

set. the assumptions of an analysis of variance (ANOVA). normality and equal variance, 

were checked. Because the assurnptions were not met, the data sets were analyzed using 

a Kruskal-Wallis one-way ANOVA on ranks. Where differences were significant. 

treatment groups were hirther compared to controls using the Dunnett's multiple 

cornparison method. Al1 statistical analyses were conducted at an alpha level of 0.05. 



3. Results 

3.1 Feed Consurnption and Momholoaical - Indices 

A modification of feeding behavior, characterized by a fish taking a food pellet 

into its mouth aiid then spitting it out, was exhibited by lake trout and lake whitefish fed 

al1 of the As contaminated diets, with the exception of the 100 pg As/g N S  (no shrimp) 

food. Complete feed refusal occurred in lake trout fed the 1 O00 pg As/g NS food afier 10 

days of exposure, and in both lake trout and take whitefish fed the 1 O00 pg As/g W S  

(with stirimp) food afier 8 days of exposure. A surnmary of the modified feeding 

behavior exhibited by lake trout and lake whitefish over the course of the experiment is 

shown in Table 1. 

No rnortalities occurred during the experiment, however, on day 2, one lake 

whitefish fed the 1 O00 pg As/g W S  food exhibited overt toxicity, including impaired 

buoyancy control, and lethargy. The fish was sampled on day 2. decreasing the sarnple 

size of this treatment group to three fish. 

Growth of fish was calculated as the percentage change in wet weight from the 

initial body weight afier 20 days of exposure. Growth of lake whitefish fed both NS and 

WS As contaminated diets was not significantly different from the controts. However. 

growth of lake whitefish fed the high dose diets, both NS and WS, was considerably less 

than in the other groups (Figure 1 a). No significant differences in growth were obsewed 

in lake trout fed the NS As contaminated diets. Growth of lake trout fed the 1000 pg 

As/g WS food was significantly less than the control group (Figure 1 b). Consumption of 

NS and WS As contaminated diets for a 20-day period did not have a significant effect on 

the condition factors of lake whitefish or lake trout. The mean condition factors of lake 



whitefish fed the control, 100 pg A d g ,  and 1000 pg As/g NS diets and the control. 100 

pg As/g, and 1 O00 pg As/g WS diets were 1 -3 i 0.06, 1 -3 + 0.02, I -2 + 0.04, 1 -3 + 0.05, 

1.3 k 0.06, and 1.4 + 0.07, respectively. The mean condition factors of lake trout fed the 

control, 100 pg As/g, and 1000 pg As/g NS diets were al1 1.0 + 0.03. The mean 

condition factors of lake trout fed the control, 100 pg As/g, and 1000 pg As/g WS diets 

were 1 .O + 0.0 1. 0.92 f 0.04, and 1 .O + 0.03, respectively. Liver somatic indices (LSI) of 

both species were, however, significantly effected by consumption of As contaminated 

food. Lake whitefish fed both 100 and 1000 pg As/g WS food had significantly lower 

LSI than the control group (Figure 2a). Lake trout fed the 1000 pg As/g NS food were 

also found to have a significantly lower mean LSI than the control group. Although 

mean LSI of the lake trout fed the two As WS diets were less than the corresponding 

control group, no significant differences were observed (Figure 2b). 

3 -2 Accumulation of Arsenic 

Exposure of lake whitefish and lake trout to As contaminated food resulted in 

significant accumulation of As in the GI tracts of both species. Although concentrations 

of As increased with exposure to higher doses of As in the stomachs of lake whitefish fed 

the NS diets, no significant differences were observed. Lake whitefish fed the 1000 pg 

As/g WS food accumulated significant concentrations of As in stomach after 20 days of 

esposure (Figure 3a). Stomachs of lake trout fed both 100 and 1000 pg As/g NS food 

accumulated significant concentrations of As, whereas concentrations of As in stomachs 

of lake trout fed the WS diets were not significantly different (Figure 3b). 



Significant accumulation of As occurred in pyloric caeca of lake whitefish fed the 

1 O00 pg As/g NS food, as well as the 100 and 1000 gg As/g WS food (Figure 3c). 

Accumulation of As was significant in pyloric caeca of lake trout fed al1 of the As 

contarninated diets (Figure 3d). 

Lake whitefish fed the 100 and 1000 pg Adg N S  food, and the 1000 pg As/g WS 

food had significantly higher concentrations of As in intestine (Figure 3e). Significant 

accumulation of As only occurred in intestines of lake trout fed the 100 and 1000 pg As/€ 

N S  food, as concentrations of As in intestines of lake trout fed the WS diets were not 

significantly different (Figure 30 .  

As was absorbed interndy by lake whitefish and lake trout. as significant As 

accumulation occurred in the livers and kidneys of both species. Accumulation of As 

was significant in livers of lake trout and lake whitefish fed al1 As contaminated diets, 

with the exception of lake trout fed the 1000 pg As/g WS food (Figure 4a. and b). 

Significant accumulation of As occurred in kidneys of both species fed al1 As 

contarninated diets, with the exception of lake whitefish fed the 100 pg As/g N S  food 

(Figure 4c. and d). 

Accumulation of As occurred in gallbladders and bile of lake whitefish and Iake 

trout fed As contaminated diets, however, the only concentration of As that was 

significant occurred in gallbladders of lake trout fed 100 pg As/g N S  food (Figure 5). 

Although mean As concentrations were higher in several other groups. the high degree of 

variability between fish, low numbers of fish in each group, and the absence of bile 

samples from many fish contributed to a Iack of statistical significance. The 

concentrations of As in muscle of lake whitefish fed the NS and WS control diets and 



lake trout fed the NS and WS control diets were 0.35 k 0.06, 0.38 4 0.02, 0.46 f 0.07, 

and 0.47 + 0.02 pg Adg,  respectively. Feeding lake trout and lake whitefish As 

contarninated diets had no significant effect on As concentrations in muscle. 

3.3 Hematologv 

No significant changes were observed in the hematological variables of 

hematocrit. hemogiobin concentration, red blood ce11 count, mean ce11 volume, mean 

corpuscular hemogiobin, and mean corpuscular hemoglobin concentration for take 

whitefish or lake trout exposed to As contaminated diets for 20 days (Table 2). 

3.4 Biochemistry 

MT concentrations in Iivers and kidneys of lake trout and lake whitefish were not 

significantly different from the control groups after 20 days of exposure to As 

contarninated diets (Table 3). 

No significant differences in lipid peroxide (LPO) concentrations were observed 

in the plasma of lake whitefish fed either NS or WS As contarninated diets. Significantly 

higher concentrations of LPO were observed in the plasma of lake trout fed the 1000 pg 

As/g WS food. No other differences were observed between exposed and control 

concentrations of LPO in lake trout plasma (Table 3). 

3.5 Histopatho1og;v 

Macroscopically visible lesions of the gallbladder wall were observed in lake 

whitetish and iake trout fed 100 and 1000 pg As/g N S  and WS food. These overt lesions 



were observed more fiequently in both lake trout and lake whitefish fed the higher doses 

(NS and WS) of As. Lesions were characterized by hemorrhaging, diffuse whitening of 

the gallbladder wall, and a thickened appearance. ï h e  gallbladders contained very little 

or no bile. 

Histological alterations were not observed in any of the other tissues (pylonc 

caeca. liver, anterior and posterior kidney, and spleen) exarnined fiom lake trout exposed 

to As contaminated diets. Alterations were, however, obsewed in liver. kidney. pyloric 

caeca. intestine, and gailbladder examined fiom lake whitefish exposed to As 

contaminated diets. Alterations were not observed in anterior kidney, spleen, or stomach 

of Idce whitefish. Histological damage was obsewed in the pyloric caeca of lake 

whitefish fed ail As contarninated diets. This damage was characterized by an increase in 

the number of goblet (mucosal) cells, as well as an increase in the width of the lamina 

propria in the exposed fish, as cornpared to control lake whitefish (Figure 6). Similar 

alterations were o b s e ~ e d  in the intestines of lake whitefish fed the 1000 pg As/g NS 

food (Figure 7). Histological alterations, including sloughing of the epithelium. vascular 

dilation. and edema of the submucosal tissues, were observed in gallbladder walls of lake 

whitefish fed al1 As contaminated diets (Figure 8a, and b). Fibrosis of the gallbladder 

wall was also observed in lake whitefish fed the 1000 pg As/g NS food (Figure 8c). 

Lesions were observed in both liver and kidney of lake whitefish fed the 100 pg As/& NS 

food. Areas of focal necrosis, characterized by pyknotic nuclei. degenerating 

hepatocytes. and cellular debris. were observed in the liver (Figure 9). Smail areas of 

cellular degeneration, characterized by the presence of pyknotic nuclei and tubular debris, 

were observed in the collecting ducts of kidneys (Figure 10). 



1. Discussion 

A reduction in feed conswnption in response to a diet contarninated with As has 

been previously obsewed in fieshwater fish, birds, and mamrnals (Neiger and Osweiler. 

1989; Camardese et al., 1990; Cockell, 1990). The characteristics of the modified 

feeding behavior of lake whitefish and lake trout seen in the current study are consistent 

with the tnodified feeding behavior descnbed for juvenile rainbow trout (Oncorhynchus 

nzykiss) exposed to dietary disodium arsenate (Cockell and Hilton. 1988: CockeII et al., 

1991; Cockell et al.. 1992, Cockell and Bettger, 1993). Both the type of feed refisal, 

where a food pellet is taken into the mouth and subsequentîy rejected, and the early onset 

of modified feeding behavior observed in the current study suggest that chemoreceptory 

detection of As in the food was occwing. The addition of brine shrimp to the diets did 

not increase feed consumption of the As contaminated food by either lake whitefish or 

lake trout, as feed refusa1 occurred in both species fed diets with and without shrimp. 

Due to the reduction in feed intake that occurred to varying degrees in different 

treatment groups, the accumulation of As in lake whitefish and lake trout tissues is 

di fficul t to interpret according to dose-dependencies. However, some statements 

regarding which tissues accumulated As can still be made. As was absorbed dong the GI 

tract of both species. as significant accumulation of As occurred in the stomach. pyloric 

caeca. and intestine of both lake whitefish and lake trout. The greatest accumulation of 

As in these three tissues occurred in the pyloric caeca of both species. The 

concentrations were I .9 and 1.8 pdg (w.w.) in lake whitefish and Iake trout, respectively. 

In a previous study, brown trout (Salmo trutta) collected from the Clark Fork River. 



which contained 102 pg As/g (d-W.) in sediments (Brumbaugh et al., 1994), were found 

to have significantly higher concentrations of As in pyloric caeca (0.29 pg/g, w.w. calc.) 

as compared to fish collected from a reference site (Farag et al., 1995). This 

concentration is an order of magnitude lower than the concentrations observed in the 

c urrent study . In another study, rock bass (Amblopfifes nrpestris) collected fiom Moira 

Lake, Ontario, which contained 1000 pg As/g (d-W.) in sediments, were found to have 

increased As concentrations in intestine with contents (0.274 pgg, w.w.) (Azcue and 

Dixon. 1994). Similar concentrations of As in intestine were observed in the current 

study. even though concentrations of As were measured in the intestine without contents. 

The highest concentrations of As in the intestine of lake whitefish and lake trout were 

0.45 and 0.87 pg/g (w.w.), respectively. 

Afier absorption fiom the GI tract, As is distributed to the interna1 organs of lake 

trout and lake whitefish, as significant accumulation occurred in Iiver and kidney of both 

species. Previous laboratory and field studies have found liver and kidney to be 

important sites of As accumulation in freshwater fish. For example, juvenile rainbow 

trout (0. mykiss) exposed to dietary sodium arsenate at a dose of 104 pg As/g food for 16 

weeks accumulated significantly higher concentrations of As in liver (3.25 pg/g W.W. 

calc.) and kidney (5.71 pg/g, W.W. calc.) as compared to fish fed a control diet (Cockell et 

al.. 1991). Brown trout collected fiom the Clark Fork River also accurnulated 

signi ficantly higher concentrations of As in liver (0.32 pdg, w.w. calc.) and kidney (2.26 

pgg. W.W. calc.) as cornpared to fish collected fiom a reference site (Farag et al., 1995). 

The highest concentrations of As observed in the liver (1.14 and 1.8 1 pdg, W.W. in LWF 

and LT, respectively) and kidney (0.82 and 1.59 pdg, W.W. in LWF and LT, 



respectively) of lake trout and lake whitefish were similar to those observed in the 

previous studies. however, higher concentrations were observed in the liver as opposed to 

the kidney in the current study. 

Cornparisons between the accumulation and distribution of As in lake whitefish 

and lake trout tissues are difficult to make due to the reduction in feed intake. However. 

modified feeding behavior was not observed in either species fed the 100 pg As/g NS 

food. Therefore, modified feeding behavior was not a confounding factor on the results 

for these two treatrnent groups and valid cornparisons between them can be made. The 

distribution of As in tissues of lake whitefish fed the 100 pg As/g NS food was as 

follows: pyloxic caeca (1 -6 pg/g, w.w.) > liver (1.1 pg/g. w.w.) > bile (0.60 pg/g. w.w.) > 

muscle (0.41 pg/g, w.w.) > kidney (0.29 pg/g, w.w.) > intestine (0.13 pg/g, w.w.) > 

stomach (0.1 1 pdg, w.w.) > gallbladder (0.07 pg/g, w.w.). Concentrations of As were 

only significant in liver and intestine when compared to lake whitefish fed the control NS 

food. 

In cornparison, the pattern of As distribution in tissues of lake trout fed the 100 pg 

As/g NS food was different fiorn that of lake whitefish and was as follows: bile (2.3 pg/g, 

w.w.) > pyloric caeca (1.8 pg/g, w.w.) = liver (1.8 pg/g, w.w.) > kidney (1.1 pg/g, w.w.) 

> intestine (0.87 pg/g, w.w.) > gallbladder (0.79 pg/g, w.w.) > muscle (0.59 pdg,  w.w.) 

> stomach (0.56 pdg, w.w.). In this case, concentrations of As in pyloric caeca. liver. 

kidney, intestine, and stomach were significantly higher than in the same tissues of lake 

trout fed the control NS diet. The differences in As accwnulation and distribution 

between Iake whitefish and lake trout may be due to variation in uptake. storage. and 

elimination of As in the two species Cowe  et al., 1985). For example, pronounced 



mucosal sloughing of the GI tract was observed in al1 lake whitefish fed As contaminated 

diets begiming on day 3 of exposure. The sloughing was not observed to occur in lake 

trout. Lake whitefish may be able to decrease the entry of As into the GI tract by 

increasing mucus production in response to As exposure- As is known to accumulate in 

the mucosal tissue of chick intestines (FuIlmer and Wasserman, 1985). Continuous 

production and shedding of mucus layers in the GI tract c m ,  therefore, substantially 

decrease absorption of As (Langston and Spence, 1995). 

Reduced growth as a result of both aqueous and dietary As exposure has been 

previously observed in a number of organisms, including freshwater fish, and mallards 

(Gilderhaus, 1966; Pandey and ShuMa, 1982; Oladimeji et al., 1984b; Camardese et al.. 

1990; McGeachy and Dixon, 1990; Cockell et al., 199 1 ; Hofian et al., 1992; Rankin 

and Dixon. 1994; Stanley et al., 1994). In the current study, decreases in growth were 

evident in the majority of lake whitefish and lake trout fed As contarninated diets. 

However, a significant reduction in growth onIy occurred in lake trout fed the 1000 pg 

As/& WS food. The lack of significant differences in other groups may be due to inherent 

species differences and/or the high degree of variability within treatment groups. 

The reduction in growth observed in the current study may be due primariiy to 

reduced feed consumption, however, there is increasing evidence that As has a direct 

effect on growth, independent of an effect mediated by feed refusai (Cockell et al.. 1991: 

R d i n  and Dixon. 1994; Rowe et al., 1998; Hopkins, et al-, 1999). For example, Cockell 

et aI. (1991) conducted a pair-feeding study in which juvenile rainbow trout (0. mykiss) 

were fed diets containing 0, 49, or 182 pg As/g as sodium arsenate. The feed intake of 

the 49 and 182 pg As/g treatment groups was detennined and the same weight of the O 



pg As/g diet was fed to additional groups of fish, which were the "pair-fed control" 

groups. Cockell et ai. (1991) observed a reduction in growth in the "pair-fed control" 

groups. and a hrther reduction in growth in the fish fed comparable amounts of As 

contaminated diets, indicating As had a direct effect on growth independent of feed 

re fusal. 

Studies that have compared the standard metabolic rates (SMR) of bullfiog 

tadpoles (Rana catesbeiana) (Rowe et al., 1998) and bmded water sndces (Nerodia 

fasciatu) (Hopkins et al.. 1999) collected from a coal ash deposition basin and a 

downstream drainage swamp to the S M R  of tadpoles and snakes collected from a 

reference pond, have shed light on the cause of reduced growth in As exposed organisms. 

Sediments at the polluted site contained concentrations of As as high as 1 16.6 pg/g (d.w.) 

(Rowe et ai., 1996). Tadpoles and snakes collected fiom the polluted sites had 40%-97%. 

and 32% higher SMR. respectiveiy, than animals collected fiom the reference site. 

indicating that maintenance costs were substantially increased in individuals exposed to 

coal combustion wastes (Rowe et al., 1998; Hopkins et ai., 1999). In ectotherms. 

maintenance can account for greater than 80% of the total energy budget (Congdon et al.. 

1 982). therefore, an increase in allocation of energy to maintenance will reduce the total 

amount of energy available to production processes. including growth. Individuals could 

compensate for the increased energy required for maintenance by increasing the total 

amount of energy assimiiated, however, reduced feed consumption as a result of modified 

keding behavior makes this possibility unlikely. Therefore, one of the end effects in As 

esposed organisms is decreased growth, as observed in lake whitefish and Iake trout in 

the current study. Rowe et al. (1998) and Hopkins et al. (1999) have speculated that an 



increase in energetically costly processes including, transport and excretion of pollutants. 

stress-protein formations, and/or cellular repair mechanisms. resulted in the elevated 

metabolic rates observed in organisms exposed to coal combustion wastes, including As. 

Simiiar energetically costly processes likely occurred in lake whitefish and Iake trout 

exposed to dietary As. 

Typically. LSI have not been measured in experiments that have examined the 

effects of dietary As exposure on freshwater fish (Oladimeji et al.. 1984b: Cockell and 

Hilton, 1988; Cockell et al., 1991; Cockell et al., 1992; Cockell and Bettger, 1993). 

However. McGeachy and Dixon (1990) rneasured LSI of rainbow trout (0. mykiss) 

exposed to aqueous sodium arsenate at concentrations of O. 1 .S. 18, and 36 m& at j°C 

and 0. 1 S. 9. and 18 mg/L at 15°C for 1 1  weeks and found no significant differences in 

LSI between control and exposed fish at either temperature. Although a decrease in LSI 

was observed in mallard (Anus pfuryrhynchos) ducklings fed a diet containing 200 pg 

As/g as sodium arsenate for 4 weeks without the occurrence of feed refusal (Ho f i a n  et 

al., 1992), the significant reduction in LSI of lake whitefish fed the 100 and 1000 pg As/g 

WS food and lake trout fed 1000 pg Aslg NS food is likely due to the reduction in feed 

intake observed in the current study. Steffens (1989) reported that the hepatic effects of 

reduced feed intake and starvation become apparent quickly in fish. For example. 

AIbrecht (1967 in Steffens, 1989) found that the liver weight of 1-2 year old carp 

(C'prinus carpio) decreased by 30% after 7 days of fasting, and by over 40% after 15 

days. Lake whitefish fed the 1000 pg As/g W S  food and lake trout fed the 1000 pg As/g 

NS food were starved for 12 and 10 days, respectively, as a result of complete feed 



refusal. This is Iikely the main factor contributing to the decreased LSI observed in the 

current study. 

Exposure of freshwater fish to As has previously resulted in moderate anemia 

(Oladimeji et al., 1984b; Goel and Sharrna, 1987; Cockell et al., 1991; 1992), however, 

no significant alterations in blood parameters of lake whitefish or lake trout were 

observed. This is likely due to the short duration of exposure to As in the current study. 

For exampie. rainbow trout (Salmo grrirdneri) exposed to 10, 20, and 30 pg As/g diets 

did not show significant decreases in hemoglobin concentration untii after 8 weeks of 

exposure (Oladimeji et al., 1984b). Cockell et al. (1992) observed reduced blood 

hemoglobin concentrations, red blood ce11 counts. hematocrit, MCH, and MCHC in 

juveniie rainbow trout (O. nzykiss) fed a 55 pg As/g diet, however, these parameters were 

only measured after 8 weeks of exposure, therefore, it is not known when these 

alterations began. If a particular level of As must be maintained in blood for As to cause 

an effect on blood parameters, the absence of an effect in the current study may also be 

due to the feed refusal observed. Fasting of fish. however, is reported to cause an initial 

rise in RBC count, hemoglobin content, and hematocrit due to water loss. Afienvards, 

these parameters show a continua1 decline (Steffens, 1989). Neither effect was observed 

in the current study, even though complete feed refusal occurred for as long as 12 days in 

two treatment groups. 

The most pronounced difference between lake whitefish and lake trout exposed to 

dietary As is the presence or absence of histological alterations in the tissues exarnined. 

Histopathology was observed in five of the eight tissues examined fiom lake whitefish. 

including gallbladder, liver, kidney, pyloric caeca, and intestine, whereas no alterations 



occurred in the tissues exarnined from lake trout. It must be noted, however, that 

gallbladders of Iake bout were not assessed. Previous studies have found gallbladder 

lesions to be the most sensitive and reliable indicator of chronic dietary As toxicity in 

rainbow trout (0. mykiss) (Cockell, 1990). The absence of histological damage in tissues 

of lake trout was, however, not surprising, as previous studies examining the eRects of 

both aqueous and dietary As exposures in rainbow trout have reported no histological 

changes in kidney. liver, spleen, stornach, pyloric caeca, or intestine (Cockell. 1990; 

McGeachy and Dixon, 1990; Rankin and Dixon, 1994). Interestingly. lake whitefish 

appear to be more sensitive to dietary As exposure, with respect to histological effects. 

than either lake trout or rainbow trout. 

The macroscopic lesions observed in gailbladders of lake whitefish and lake trout 

exposed to al1 of the As contaminated diets had the same characteristics as lesions 

previoudy described for rainbow trout (0. mykiss) exposed to aqueous sodium arsenite 

(Rankin and Dixon. 1994) and sodium arsenate (McGeachy and Dixon, 1990), as well as 

dietary sodium arsenate (Cockell et al., 1 99 1 1. Histological aiterations. including 

sloughing of the epithelium, ederna and fibrosis of the submucosai tissues. observed in 

gallbladders of lake whitefish have also been previously described for juvenile rainbow 
CI 

trout (0. mykiss) exposed to concentrations of dietary arsenate ranging from 33 to 182 pg 

As/g (Cockell et al., 199 1). 

Both laboratory and field exposures of fish to As have resulted in similar 

alterations in Iiver and kidney as described in the current study for lake whitefish 

(Gilderhaus. 1966; Sorenson et al., 1979a; 1979b; Sorenson et al., 1980 Chang et al., 

1 998: Kotsanis and 1 liopoulou-Georgudaki, 1 999). Other Iiver alterations. including fatty 



infiltration. central or focal necrosis, cirrhosis, cytoplasmic vacuolation, nonspecific 

autolytic changes, hemosiderin granules, necrotic and fibrous bodies and nuclear and 

cytoplasmic As inclusions, have also been reported for green sunfïsh (Lepomis cyanellus) 

exposed to aqueous concentrations of sodium arsenate for various durations (Sorenson. 

1991). 

Histological alterations in pyloric caeca and intestine of lake whitefish were also 

observed in the current study. Sirnilar changes have not been previously reported for 

freshwater fish exposed to As, however, gastrointestinal hemorrhage and necrosis were 

o b s e ~ e d  in monkeys given arsenate for 2 weeks, and inflammation of the small intestine 

was observed after 4 weeks of exposure (ATSDR, 1999). 

MT is a low molecular weight, cysteine-rich, metal-binding protein that has been 

identified in vertebrates, invertebrates, and microorganisms (Mason and Jenkins. 1995). 

it fùnctions in the regulation of the essential rnetais Zn and Cu and the detoxification of 

these essential metals and certain non-essential metals. including Cd and Hg (Roesijadi, 

1992). MT induction has been promoted for use in environmental monitoring programs 

as a biomarker of metal exposure (Benson et al., 1990; CouitIard, 1997; AETE, 1999). 

Previous studies have shown As induces hepatic MT in tieshwater fish (Schlenk et al., 

1997: Das et al., 1998; Eller-lessen and Crivello, 1 W8a; l998b). For example, channel 

catfish (Ictalurzcs puncfafus) were treated with monosodium methyl arsonate (MSMA). 

sodium arsenite. and sodium arsenate. Fish were exposed to 0.0 1. 0.1, and 1 .O mg& of 

each compound for 1 week. Exposure to al1 compounds resulted in dose-dependent 

induction of hepatic MT, with significant induction occumng in fish exposed to 1 .O mg/L 

of MSMA and sodium arsenite (Schlenk et al., 1997). In the current study, however. 



significant induction of MT in liver or kidney of lake whitefish or lake trout did not 

occur. 

The lack of MT induction in Iake whitefish and lake trout Iiver and kidney rnay be 

due to one or more of the following reasons: (1) a progressive decline in As dose, (2) the 

length of exposure, (3) the induction of MT in other organs. andor (4) the srna11 sample 

size and high variability within treatment groups. First, due to reduced feed consumption 

of fish fed the As contaminated diets, the dosage of As was continually decreasing and 

eventually ceased in some treatrnent groups. If a critical minimum concentration of As is 

necessary to cause induction of MT, it may not have been reached during this exposure. 

Also, the length of exposure to As contaminated diets may not have been long enough to 

evoke MT induction, as concentrations of As necessary for induction may not have been 

reached afier 20 days. The third explanation for the Iack o f  MT induction is the possible 

induction of MT in tissues of lake whitefish and lake trout. which were not examined. 

MT induction is greatest in tissues that are involved in the uptake. detoxification, and 

excretion of metals. including liver, kidney, and intestine o f  aquatic anirnals (Roesijadi, 

1992: Roesijadi and Robinson, 1994). MT may have been induced in the pyloric caeca 

or intestine of Iake whitefish and lake trout, as significant accumulation occurred in these 

tissues. with particularly high accumuIation present in the pyloric caeca of both species. 

Finally. the absence of significant MT induction in lake whitefish and lake trout tissues 

may be explained by the small sample size used in the experiment, as well as the high 

variability observed within treatment groups, particularly in the liver of both species. 

Both factors make it dificult to detect significant differences between treatment groups. 



The peroxidation of cellular lipids by oxyradicals (free mdicals) is known as lipid 

perosidation (LPO). This process can alter the balance of fluidity and structure of 

subcellular and cellular membranes by damaging polyunsaturated fatty acids located in 

the membrane. The end result of LPO is often tissue damage and ce11 death (Winston and 

Di Giulio, 199 1; Kehrer. 1993). Metals that exist in more than one valence state and 

undergo intracellular oxidative-reduction reactions c m  initiate lipid peroxidation (Wills. 

1 985). These characteristics apply to As, however, results from previous studies that 

have exmined the effect of As on LPO in fish, birds and mammals have not been 

consistent. For example, Yanez et al., (1 991) found 10 pg/g of As to significantly induce 

LPO in heart tissue of rats afier 24 hours, whereas Schinella et al. (1996) exposed rats to 

the sarne concentration of As for 2 days and induction of LPO in liver was not observed. 

In addition, Camardese et al. (1990) found LPO decreased in liver of mallard (A. 

platyrhhvnchos) ducklings exposed to diets containing 30, 100' or 300 pg As/g for I O  

weeks. Hepatic LPO of channel catfish (IctaIurus puncrarzcs) exposed to 0.0 1. 0.1, and 

1 .O m d L  each of MSMA, sodium arsenite. and sodium arsenate was unaltered by any of 

the As treatments (Schlenk et al., 1997). Finally, hepatic LPO was induced in climbing 

perch (Anaclas restudinezrs) exposed to 1.5 mgJL of As for 48 h, however. significant 

induction was not present afier 30 days of exposure to 0.75 mg&. 

In the current study, a significant increase in LPO was only observed in the 

piasma of lake trout fed the 1000 pg As/g WS food. The induction of LPO in this 

treatment group may be due to feed refusal as opposed to As exposure, as starvation 

stimulates LPO in marnrnals (Shaheen et al.. 1996). Feed refusal also occurred in lake 

whitefish, however, inherent differences between species may account for the lack of 



LPO induction in lake whitefish. However, the lack of correlation between increased 

LPO concentrations and histopathological damage in lake whitefish is not consistent with 

the observations of Cooley et al. (2000), in experiments that examined the effects of 

dietary uranium exposure on lake whitefish. 

The absence of LPO induction observed in the majoriry of treaunent groups may 

be due to one or more of the following reasons. (1) LPO may have been induced in other 

tissues, such as liver, and the concentrations present in plasma were not high enough to 

detect signifiant differences. (2) As a result of feed refusal and/or length of exposure, 

the concentrations of As in tissues of lake whitefish and lake trout may not have been 

high enough to induce LPO. (3) LPO may have been initially increased and then 

declined, so that it was not present in plasma at the time of sarnpling. (4) Significant 

differences between treatment groups may not have been observed due to the small 

sample size used in the experiment, and the high variability observed within treatment 

groups. 

5. Conclusions 

In conclusion, modified feeding behavior occurred in lake whitefish and lake trout 

fed al1 of the As contaminated diets, with the exception of the 100 pg As/g NS food. 

Therefore, the addition of brine shrimp to the diets did not increase feed consumption of 

As. There were a number of differences between the pattern of As distribution in tissues 

of Iake trout and lake whitefish fed the 100 pg As/g N S  food for 20 days. At the 

molecular level of organization, the parameters examined were not altered by dietary As 

exposure, with one exception. LPO concentrations significantly increased in the plasma 



of lake trout fed the 1000 pg As/g WS food for 20 days. At the tissue and organ level, 

LSI were significantly decreased in both species due primarily to feed refusal. Blood 

parameters were not affected by As exposure in either species. There was a dramatic 

difference in the histological alterations observed in the tissues of lake whitefish and lake 

trout, with lake whitefish being the more sensitive species. .At the whole organism level 

of organization, decreased growth was only significant in lake trout fed the 1000 pg As/g 

WS Food, however, growth also appeared to be considerably lower in lake whitefish fed 

As contaminated diets. Condition factors were not affected by As exposure in either 

species. 

Based on these results, particularly the greater sensitivity to histological damage, 

lake whitefish were selected for use in a longer-term experiment that examined the 

accumulation, distribution, and toxicologicai effects of dietary As at 10, 30, and 64 days 

of exposure. Concentrations of As exposure chosen for the snidy were O, 1, 10, and 100 

pg As/g to reduce the risk that feed refusal would not occw. Further discussion of the 

accu~nulation and distribution of As in tissues of lake whitefish. as well as mechanisms of 

As uptake. can be found in Chapter 2. The toxicological effects of dietary As exposure in 

lake whitefish, including blood parameters, MT induction. LPO, and histopathology of 

Iiver and gallbladder are discussed in more detail in Chapter 3. 



Table 1. A summary of when modified feeding behavior and/or complete feed refusa1 

were observed over the course of a 20-day exposure of lake whitefish (LWF) and lake 

trout (LT) to 0, 100 and 1 O00 pg A d g  NS (no shrimp) food and 0, 100 and 1 O00 pp As/g 

WS (with shrimp) food. 

Species Treatment Croup 
Dose ( ~ g  Adg)  NS or WS 

Modified Feeding 
Behavior Began 

- 
- 

day 3 

- 
day 8 
day 3 

- 
- 

day 6 

- 

day 8 

Complete Feed 
Refusal Began 

- 
- 

day 8 

- 
- 

day 10 

dav 3 dav 8 







Figure 1. The growth of a) lake whitefish and b) lake trout fed two control d i e s  (O pg 

As/g NS, no shrimp and O ug As/g WS. with shrimp) and four As contaminated diets 

( 100 and 1000 pg As/g NS; l O0 and 1000 pg Adg WS) for a 20-day period. Growth was 

calculated as the percentage change in wet weight fiom the initial body weight. Data are 

expressed as mean (-+ SE). Asterisks denote means are significantly different from the 

control NS group or the control WS group (P < 0.05). 





Figure 2. The liver somatic indices of  a) lake whitefish and b) lake trout fed two control 

diets (O pg Adg NS, no shrimp and O pg Aslg WS, with shrimp) and four As 

contaminated diets (100 and 1000 pg As/g NS;  100 and 1000 pg As/g WS) for a 2O-day 

period. Data are expressed as mean (k SE). .4sterisks denote means are significantly 

different from the control NS group or the control WS group (P < 0.05). 





Figure 3. The accumulation of  As in the stomachs of a) lake whitefish and b) lake trout, 

the pylonc caeca of  c) lake whitefish and d) iake trout, and the intestines of e) lake 

whitefish and f) lake trout fed two control diets (O pg Aslg NS- no shrimp and O pg Aslg 

WS. with shrimp) and four As contarninated diets (100 and 1000 pg Aslg NS; 100 and 

1000 pg Aslg WS) for a 20-day period. Data are expressed as mean (+ SE). Asterisks 

denote means are significantly different fiom the control NS group or the control WS 

group (P < 0.05). 
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Figure 4. The accumulation of As in the livers of a) lake whitefish and b) lake trout and 

the kidneys of c )  lake whitefish and d) lake trout fed two control diets (O pg Adg NS, no 

shrimp and O pg As/g WS, with shrimp) and four As contaminated diets (100 and 1000 

pg As/g NS; 100 and 1000 pg As/g WS) for a 20-day period. Data are expressed as 

mean (+ SE). Asterisks denote rneans are significantly different from the control NS 

group or the control WS group (P < 0.05). 
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Figure 5. The accumulation of As in the gallbladders of a) lake whitefish and b) lake 

trout and the bile of c )  lake whitefish and d) iake trout fed two control diets (O pg A d g  

NS. no shrimp and O pg As/g WS, with shrimp) and four As contaminated diets (100 and 

1 O00 pg As/g NS; LOO and 1000 pg As/g WS) for a 20-day period. Data are expressed as 

mean (+ SE). Asterisks denote means are significantly different fiom the control NS 

group or the control WS group (P < 0.05). 
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Figure 6. Low magnification micrographs of pylonc caeca fiom lake whitefish fed a) an 

uncontaminated NS (no shrimp) diet and b) a 1000 pg As/g NS diet for a 20-day period. 

L = lumen, E = epitheliurn, LP = lamina propria, MC = muscularis circularis, S = serosa 

and G = goblet (mucous) cells. Note the increase in number o f  goblet cells in the 

epitheliurn and increased width of the lamina propria in the pyloric caeca from the 

exposed lake whitefish. Bar = 160 Pm. H&E stain. 





Figure 7. High magnification micrographs o f  intestine fiom lake whitefish fed a) an 

uncontarninated NS (no shrimp) diet and b) a 1000 pg As/g NS diet for a 20-day penod. 

L = lumen. E = epithelium, LP = lamina propria, SC = stratum compacturn, SG = stratum 

granulosum, MC = rnuscularis circularis, ML = rnuscularis longitudinalis, S = serosa, and 

G = goblet (mucous) cells. Note the increase in number of goblet cells in the epitheliurn 

and increased width of the lamina propria in the intestine from the exposed lake 

whitefish. Bar = 60 Pm. H&E stain. 





Figure 8. a) High mapification micrograph of a gallbladder fiom lake whitefish fed an 

uncontminated NS (no shrimp) diet for a 20-day period demonstrating the lumen (L), 

epitheliurn (E), lamina propria (LP), lamina muscularis (LM), subserosa (SS), and serosa 

(S). Bar = 60 Pm. b) High magnification micrograph of a gallbladder fiom lake 

whitefish fed a 100 pg As/g NS diet demonstrating the lumen (L), epitheliurn (E), lamina 

propna (LP), lamina muscularis (LM), subserosa (SS), and serosa (S). Note the increased 

width of the subrnucosaf tissues (LP, LM, and SS) due to edema, and vascular dilation 

(VD). Bar = 60 Fm. c) High magnification micrograph of a gallbladder from lake 

whitefish fed a 1000 pg As/g NS diet demonstrating the lumen (L), epitheliurn (E). 

lamina propria (LP), and lamina muscularis (LM). Note the inflammation (1), 

characterized by vascular dilation (VD) and presence of Iymphocytes, as well as the 

fibrosis in the submucosal tissues. Bar = 60 Pm. H&E stain. 





Figure 9. a) High magnification micrograph of a liver fiom lake whitefish fed an 

uncontaminated NS (no shrimp) diet for a 20-day period demonstrating the arrangement 

of hepatocytes in two-ce11 thick cords (between the block arrows), separated by liver 

sinusoids containing erythrocytes (arrowhead). Bar = 18 Pm. b) High magnification 

micrograph of a liver from lake wliitefish fed a 100 pg A d g  NS diet demonstrating an 

area of focal necrosis, characterized by degenerating hepatocytes containing pyknotic 

nuclei (arrows). eosinophilic hepatocytes, and cellular debns (CD). Bar = 18 p m  H&E 

stain. 





Figure 10. a) High magnification micrograph of a kidney fiom lake whitefish fed an 

uncontarninated NS (no shrimp) diet for a 20-day period demonstrating the first segment 

of the proximal tubule (P 1 ), glomerulus (G), hematopoietic tissue (H), and collecting 

ducts (CD). Bar = 18 Pm. b) High magnification micrograph of a kidney fiom lake 

whitefish fed a 100 pg As/g NS diet demonstrating smdl areas of  ceIlular degeneration, 

characterized by pyknotic nuclei (arrows) and tubular debris (TD), in the co1Iecting ducts 

(CD). Bar = 18 Pm- H&E stain. 





Chapter Two 

Accumulation and distribution of arsenic in lake whitefish exposed by the dietary 

route of u p ta ke (Coregonus clupeaforrnis). 



Abstract 

In contaminated habitats, freshwater fish are exposed to As through consumption of 

contaminated food organisms and sediments. Due to the need for dietary As research in 

freshwater fish species, adult lake whitefish (Coregonus clupeaformis) were fed As 

contaminated diets at nominal concentrations of O, 1. 10, and 100 pg As/g food (d-W.) for 

10. 30. and 64 days. Liver, kidney, stomach, intestine. pyloric caeca gallbladder. skin 

and scales were analyzed for As content. The pattern of As accumulation in fish tissues 

was influenced by reduced feed consurnption beginning on day 45 by fish fed the 100 pg 

As/g food. Significant As accumulation occurred in al1 tissues examined from fish 

exposed to the 100 pg As/g food for 30 days, with the exception of gallbladder. Afier 30 

days of exposure, the highest concentration of As was observed in pyloric caeca of fish 

fed the 100 pg As/g food. Significant accumulation of As occurred in livers and scales of 

fish fed concentrations of As as low as 10 pg/g for 30 and 64 days. Muscle, gonad. 

spleen. gills, and bone of lake whitefish fed a control diet for 10 days and 100 pg As/g 

food for 10. 30, and 64 days were also analyzed for As content. As concentrations 

increased in gonads, spleen, and gills of fish fed the 100 pg Adg food for 30 days. 

Increased concentrations of As were observed in bone of fish fed the high dose food afier 

each duration of exposure. As concentrations did not increase in muscle of fish after 10, 

30. or 64 days of exposure. Analyses of As in pyloric caeca. intestine. liver and scales 

are recommended to evaluate the bioavailability of As to fish in environmental 

monitoring programs. 



1. Introduction 

The release of As into aquatic environments as a result of the mining. smelting, 

and refining of metais. as well as the b m i n g  of fossil bels. is of  great concem in both 

Canada and the United States (CEPA, 1993; ATSDR, 1998). The discharge of mining 

wastes into freshwater systems has resulted in extremely high concentrations of As in 

sediments and benthic invertebrates (Wagemann et al., 1978: CEPA. 1993; Azcue and 

Dixon. 1994; Brumbaugh et al.. 1994; Woodward et al., 1994). For example. sediment 

As concentrations up to 3500 pg/g (d.w.) have been found in K m  Lake, Northwest 

Tenitories. due to long-term As contamination from gold mining activities. Invertebrate 

organisms in this lake were found to contain levels of As a s  high as 820 pg/g (d-W.) 

(Wagemann et al., 1978). Surfilcial sediment As concentrations exceeding 5000 p d g  

(d.w) have been found in northern Saskatchewan lakes receiving effluents from uranium 

operations (Klaverkamp et ai., 2000a), and in lakes near Red Lake, Ontario that have 

receivrd gold-mining effluents for over 50 years (J.F. Klaverkamp. unpublished data). 

As is biologically available to fish living in contaminated habitats. For example, 

rock bass (Anrbloplires rupesfris) collected from Moira Lake. Ontario, which contains up 

to 1000 pg Aslg in sediments (Azcue and Nriagu. 1993). were found to have elevated 

concentrations of As in intestine and bones plus scales (Azcue and Dixon, 1994). 

Another example occurs in the Clark Fork River, Montana. which received large volumes 

of mining wastes from 1880 to 1972, resulting in high levels o f  As in sediments. 404 

pg/g (d-W.) (Brumbaugh et al., 1994), and benthic invertebrates, 43.1 pg/g (d.w.). 

(Woodward et al.. 1994). Brown trout (Salmo truffa) collected fiom a contaminated site 

on the Clark Fork River had significantly higher concentrations of As in gill, liver, 



kidney, and pytoric caeca as compared to brown trout collected from a reference site 

(Farag et al.. 1995). 

The main route of As uptake by benthic-feeding fish is through ingestion of As 

contaminated sediments and food (Leland and Kuwabara 1985; CIements. 199 1 ; 

Mclntosh. 199 1 ; Sorenson, 1991 ; Handy, 1996; Bergman and Dorward-King. 1997; 

ATDSR. 1998). Lab experiments on direct exposure to waterbome As simulate acute- 

catastrophic spills of As contaminated effluents, whereas dietary exposures are more 

relevant to chronic conditions experienced by fish in effluent receiving waters. The 

majority of laboratory research on As exposure in freshwater fish has focused on uptake 

of waterbome As across the gills (Sorenson, 1976; 1979a; 1979b; McGeachy and Dixon. 

1 990; 1992). with the exception of work conducted by Cockell (1 990). It is important, 

therefore. to conduct experiments that examine the accumulation and distribution of As in 

freshwater fish exposed to dietary As. in order to determine tissues that c m  be used as 

sensitive and reliable indicators of As bioavailability in environmental monitoring 

programs (AETE. 1999; Environrnent Canada, 1999). These types of experiments would 

also provide usehl information to guide studies on As ~oxicity in fieshwater fish. 

The objective of this study was to examine the accumulation and distribution of 

As in lake whitefish (Coregonus clupeaforrnis) exposed by the dietary route of uptake. at 

environmentally relevant concentrations for three durations of exposure. Lake whitefish 

was chosen because it is a benthic feeder, is widely distributed across Canada. and is a 

very valuable commercial freshwater fish species, as well an important part of the sports 

fishery (Bodaly. 1986; Craig, 1997). The form of As incorporated into fish food was 

arsenate. as this is the most common fonn of As in oxic littoral zones of fieshwater 



habitats (Cullen and Reimer, 1989; AQUAMW, 1996). Concentrations of As fed to lake 

whitefish were based on concentrations of As found in Canadian lakes and rivers and aiso 

on concentrations of As that lake whitefish would consume as determined in a 

prel iminary experiment (C hapter 1 ). 

2. Materials and Methods 

2.1 Fish 

Lake whi tefish (Coregonus clupeaformis) were reared at the Freshwater Institute 

and were 4 years of age at the beginning of the experiment. Initial body weights and fork 

lengths were 334 I 7.55 g and 29.2 k 0.204 cm (mean f SE). respectively. Fish were fed 

an arnount of No. 3 trout pellets (Martin Feed Mills, Elmira, Ont.) equal to 0.5% of the 

total body weight per tank every Monday, Wednesday, and Friday of each week. Fish 

were acclimated to al1 experimental conditions for a 5-week penod. 

2.2 Tanks 

Fish were randomiy distributed, 6 fisMtank, among twelve. 200 L fiberglass 

tanks. Dechlorinated City of Winnipeg tap water, maintained at or below 8 pg Clt/L by 

activated charcoal filtration and ozonation (Wagemann et al., 1 WU), was supplied to the 

tanks. The tanks were individually aerated, and maintained on a one-pass water flow at 

1.2 L/mig yielding 95% replacement of tank water in 9 hours (Sprague. 1973). Tank 

temperature, pH, and dissolved oxygen (DO) concentrations were measured every 

Monday. Wednesday, and Friday prior to feeding, and are expressed as mean It SE. 

Temperature and pH were 10 f 0.02 OC and 7.7 f 0.02. respectively. DO concentration 



was 1 1 + 0.04 mg$, which is 97 t 0.40% of saturation. Concentrations of major ions. 

total anions and cations, organic acids, total dissolved inorganic and organic carbon. total 

suspended solids, conductivity, and alkalinity of water supplied to the tanks are presented 

in Cooley and KIaverkamp (2000). Photoperiod was held constant at 1 1.5 hours of  light 

and 1 1.5 hours of darkness, with 30-minute periods of 'dusk' and 'dawn'. 

3.3 Processing of Diets 

As was obtained as disodium arsenate heptahydrate from Sigma Chemical Co. 

(St. Louis. MO). Aqueous disodium arsenate heptahydrate was incorporated into 3000 g 

of trout chow flour, containing 42% cmde protein, 16% crude fat, 2% crude fiber. 5% 

ash. and 0.9% calcium (Martin Feed Mills, Elmira, Ont.), and 1600 mL of deionized 

distilled water (DDW) using a commercial electric mixer to produce nominal As 

concentrations of 1 pg As/g food, 20 pg Aslg food, and 100 pg Aslg food. Trout chow 

flour was aiso processed without the addition of As to produce a O pg As/g control diet. 

The diets were pelleted using a laboratory pellet mill, dned in a fan-ventilated chamber. 

and stored at -20°C until required for feeding. The measured concentrations of As in the 

diets were 0.84 k 0.00, 1.8 k 0.01, 12 + 0.07, and 120 + 0.40 pg Aslg, in the control. low. 

medium, and high dose food, respectively. 

2.4 ExperimentaI Design 

The treatments consisted of a unique combination of one of the four dose groups 

(0. 1. 10. or 100 pg As/g) and one of the three exposwe penods (1 0, 30, or 100 days). 



Each of the 12 tanks was randomly assigncd to one of the treatments. The sample size 

was 6 fish per treatment group. 

Fish From four tanks, representing each of the four dose groups were to be 

sarnpled on days 10. 30, and 100 of the exposure penod. However, due to cornplete feed 

refusal by fish being fed the 100 pg Adg food afier 55 days of exposure, fish were 

sampled afier 10, 30, and 64 days of exposure. The dates of the sampling days were 

M a c h  13, April2, and May 6, 1998. 

2.5 Samplina. Removal. and Preparation of Tissues 

On each sampling day, fish were anesthetized with tricaine methane sulfonate 

(MS-722) (Sigma Chernical Co., St. Louis, MO) at a concentration of 438 mg/L. The 

solution \vas pH neutralized by addition of ammonium hydroxide. Fish were placed in 

the anesthetic for no more than 3 minutes and were removed when a tail pinch failed to 

elicit a response. Fish lengths and weights were measured and blood was withdrawn 

from the caudal artery and vein using a heparinized syringe. 

Following removal of tissues for histological analyses (Chapter 3), tissues were 

removed and frozen, according to the procedures outlined in Cooley and Klaverkarnp 

(2000), for biochemicd and As analyses, with the fotlowing exceptions. The gallbladder 

was separated from the liver and four of the six gatlbladders from each treatment group 

were cut in half, rinsed thoroughly with physiological saline and fiozen for As analysis. 

The pyloric caeca and spleen were removed from the gastrointestinal (GI) tract and 

frozen. Prior to As analyses, the stomach and intestine were thawed and cleaned by 

squeezing out the contents, making a longitudinal incision, and scraping and blotting to 



remove As-containing food particles and feces. Liver and kidney were stored at -90°C 

until biochemical anaiyses were complete, afier which they were stored at -20°C until As 

analysis. Al1 remaining tissues were stored at -20°C immediately after sampling until 

As analysis. 

2.6 Analvsis of Arsenic 

Eiglit tissues (gallbladder? liver, pylonc caeca, stomach. intestine, kidney. skin. 

and scales) from fish in al1 treatment groups were analyzed for As. For five tissues 

(muscle, gonad, spleen. gill, and bone), only samples from the day 10 control group and 

the high dose treatment groups at each duration of exposure were analyzed for As. 

Tissue and food samples were analyzed for As using a borohydride reduction method 

(Vijan and Wood, 1974). A sub-sarnple of wet tissue or food was digested with a 

combination of nitric (4 mL), sulfuric (0.5 mL) and perchloric (1 mL) acids for 5 hours at 

1 30°C. followed by 2 hours at 200°C. Afier addition of water (1 5 rnL) and hydrochlonc 

acid (7.5 mL), the solution was cooled and adjusted to 25 mL with water. Arsine gas was 

generated from this solution by the automated addition of 2% sodium borohydnde 

(reagent grade) and 10% potassium iodide (reagent grade) solutions, and swept by an 

argon gis Stream into an electricaily heated quartz tube fumace (800°C) installed in the 

burner cavity of a Varian SpectrAA-20 atomic absorption spectrophotometer. 

Al1 acids used for sample digestions were trace metal analysis grade. and al1 water 

was distilled and deionized. The test tubes were washed with 10% hot nitric acid. 

forlowed by multiple rinses with distilled, deionized water prior to use. A commercial As 

atomic absorption standard stock solution of 1 O00 mg As/L was used to make a range of 



standards (0, 10, 25, 50, 75, 100 pg As/L). These standards were run before and afier 

each block of 18 sarnples to ensure accurate As concentrations were calculated. To 

verie  analyticai accuracy, Certified Reference Materials for Trace Metals (National 

Research Council of Canada, NRC) were digested and analyzed concurrently with tissue 

samples. Three reference materials were used. including dogfish musde (dom-2), 

dogfish liver (doit-2), and lobster hepatopancreas (tort-2). Duplicates of each of the 

reference materials were run every 18 sarnples and measurements were accepted when 

concentrations were within 5% of the known concentration of As. 

Water sarnples were collected in 250 mL acid-washed Nalgene bottles fiom the 

four tanks remaining on day 63 of the experiment. The samples were acidified to 0.5% 

nitric acid and were analyzed directly for As content. 

The detection limit (DL) of the Varian SpectrAA-20 atomic absorption 

spectrophotometer is 2.0 pg/L or 0.05 pg/g based on t .O g tissue weight. Due to the fact 

that the weight of tissue used for the As analyses varied, the DL were tissue weight- 

dependent. The DL calculated for the 13 tissues exarnined are reported as mean wet 

weights (pg As/@ $I SE and were as follows: gallbladder 0.94 + 0.15, b e r  0.07 + 0.00, 

pyloric caeca 0.08 + 0.00. stomach 0.09 f 0.00, intestine 0.12 + 0-01. kidney 0.07 + 0.00. 

muscle 0.07 I 0.00, gonads 0.09 + 0.01, spleen 0.16 + 0.02, gill 0.07 t 0.00. bone 0.09 ? 

0.0 1. skin 0.05 + 0.00. and scales 0.05 Ifr 0.00. The DL for fish food was 0.14 + 0.02. 

2.7 Cornparison of As Concentrations to Literature Values 

In order to compare concentrations of As rneasured in the current study as wet 

weight, to concentrations of As rneasured in previous studies as dry weight, dry weights 



were convened to wet weights based on the following calcuiation: dry weight x 0.2 = wet 

weight calculated (Jwinen and Ankley, 1999). The converted values are indicatrd by 

(w.w. calc.) in the discussion. 

2.8 Statistical Analvses 

Statistical analyses were performed using SPSS version 9.0 and were based on the 

following references, Neter et al. (1 W6), Stevens (1992) and SPSS (1 999). For each data 

set. the assumptions of an analysis of variance (ANOVA), normality and equal variance. 

were checked. If the assurnptions were not met the necessary transformations were 

preforrned. A two-way ANOVA was used to evaluate interaction between dose and 

duration. Because interactions were found to occur, each data set was split into subsets. 

First. to test for dose effects, concentrations of As in lake whitefish were separated into 

subsets for each duration. After the ANOVA assurnptions were checked for each subset 

of data. one-way ANOVAs were conducted and where significant, treatment group 

means were further compared to controls using the Dunnett's one-tailed multiple 

comparison procedure. To test for duration effects, concentrations of As in Iake 

whitefish tissues were also separated into subsets for each dose. After the ANOVA 

assumptions were checked for each subset of data, one-way ANOVAs were conducted 

and where significant, treatment group means were m e r  compared using the 

Bonferroni two-tailed multiple comparison procedure. If more than one nomormal 

population was found in a data subset, concentrations of As in lake whitefish tissues were 

analyzed using a Kmskal-Wallis one-way ANOVA on r a d s  within each duration or 

within each dose. Treatment group means were fiirther compared using the Bonferroni 



multiple cornparison procedure. Al1 statistical analyses were conducted at an alpha level 

of 0.05. 

3. Results 

3.1 Feed Consum~tion and Growth 

A modification of feeding behavior, characterized by a fish taking a food pellet 

into its mouth and then spitting it out, was observed in lake whitefish fed the highest 

concentration of As, 100 pg Adg, begiming on day 45 of exposure. Aithough this 

behavior occurred several times, some pellets were still being consmed between days 45 

and 52. However. by day 55, complete feed refusal was occumng. Food continued to be 

offered until day 64 when the experiment was terminated. Even though feed refusal 

occurred in the high dose treatment group, grawth of lake whitefish fed both 

uncontarninated and As contarninated food continued throughout the experiment. 

Growth of fish in the high dose group, however, was considerably less than in the other 

groups (Figure 1). 

No mortalities occurred during the experiment, however. on day 15 one fish fed 

the 100 pg As/g food exhibited signs of overt toxicity, including impaired buoyancy 

control. a failure to eat, and lethargy. This fish was sampled on day 15, decreasing the 

sample size of the day 64, high dose treatrnent group to five fish. 

The gonads of lake whitefish were in an advanced state of maturation on al1 

sarnpling days, with the exception of two males sarnpled on day 10 (one male exposed to 

the low dose food. and one male exposed to the high dose food). 



3.2 Accumulation of Arsenic 

Exposwe of lake whitefish to the highest concentration of As resulted in 

significant accumulation in ail tissues examined from the GI tract. with the exception of 

aallbladder (Figure 2a, b, c, and d). Significant As accumulation occurred in stomachs of - 
fish fed the high dose food &er both 10 and 30 days of exposure (Figure 2a). Pyloric 

caeca of fish fed the highest concentration of As had significant accumulation after each 

duration of exposure (Figure Zb), and there was significant accumulation of As in 

intestines of fish fed the high dose food after both 30 and 64 days of exposure (Figure 

2c). Although As accumutation did occur in gallbladders of fish fed the highest 

concentration of As for both IO and 30 days, these results were not significant due to a 

high degree of variability between fish d o r  the small sarnple size of 4 fish per group 

(Figure 2d). 

Arsenic was absorbed intemally by lake whitefish. as significant As accumulation 

occurred in both liver and kidney of fish fed the high dose food afier each duration of 

exposure (Figure 2e, and f). Significant accumulation of As also occurred in livers of 

tish fed the medium dose food, 10 pg As/g, afier both j0 and 64 days of exposure. 

Significant As accumulation occurred in both skin and scales of fish fed the 

higliest concentration of As (Figure 2g, and h). There was significant accumulation of As 

in skin of fish fed the 100 pg As/g food for 30 and 64 days. The results for day 10 are 

difficult to interpret, due to the apparent abnormally high concentration of As in the skin 

of fish fed the control food at this duration. Significant As accumulation occurred in the 

scales of fish fed the high dose food for each duration of exposure. After 30 and 64 days 



of exposure. significant accumulation also occurred in scales of fish fed the 10 pg As/g 

food. 

The distribution of As in eight tissues of lake whitefish fed 100 pg As/g food for 

10. 30, and 64 days is presented in Figure 3. The accumulation of As in fish tissues was 

not duration-dependent, with the greatest accumulation of As occurring afier 30 days of 

exposure in al1 tissues, except gallbladder. The descending order of mean As 

concentrations measured at day 30 was as follows: pyloric caeca (5-1) > liver (4-4) > 

intestine (4.0) > gallbladder (2.5) > kidney (0.76) 2 stomach (0.75) > scales (0.48) > skin 

(0.29). 

As concentrations in muscle, gonads, spleen. gill, and bone of Iake whitefish fed a 

control diet for 10 days and 100 pg As/g food for 10, 30. and 64 days are shown in Table 

1. Due to the fact that As analyses were not conducted for al1 veaunent groups, statistical 

analyses could not be conducted for these tissues. However. statements about the 

accumulation of As in these tissues can still be made. As concentrations did not increase 

in lake whitefish muscle over 10, 30, or 64 days of exposure. As concentrations 

increased in gonads, spleen, and gill of lake whitefish fed the 100 pg As/g food for 30 

days. Increased As concentrations were observed in bone of lake whitefish fed the high 

dose food afier each duration of exposure. 

As exposure rates for each treatment group were calculated using both initial and 

final (at sampling) wet body weights in order to determine reduction in As exposure due 

to growth dilution throughout the experiment. Cumulative totals of ingested As were also 

caiculated (Table 2). A decrease in exposure rate occurred in each treatment group due to 

fish growth over each duration of exposure. 



4. Discussion 

Decreased consumption of As contaminated diets and modified feeding behaviors 

have been observed in a nurnber of studies that examined exposure of rainbow trout 

(Oncorhynchus mykiss) to arsenate (Cockell and Hilton, 1988: Cockell et al., 1991; 

Cockell et al.. 1992; Cockell and Bettger, 1993). However, in these experiments, 

dteration of feeding behavior began as early as the first or second day of feeding. as 

compared to afier 45 days of exposure in the current study. The mechanism that mediates 

decreased feed consumption in tish exposed to As is not well understood. Both the type 

of feed refusal, where a food pellet is taken into the mouth and then rejected, and the 

eariy onset of the behavior obsemed in rainbow trout exposed to dietary As, indicates 

chemoreceptory detection of As in the food. Although the characteristics of feed refusal 

were similar in the current study, the response was not irnmediate; indicating that 

chemoreceptory detection of As in the food was not likely to be the sole reason for 

decreased feed consumption by lake whitefish. 

An alternative explanation for the altered feeding behavior of lake whitefish rnay 

be elucidated fiom the results of a study that exposed rainbow trout (0. mykiss) to 

waterbome As (Rankin and Dixon, 1994). In the study, an alteration in feeding response 

of fish exposed to aqueous arsenite was observed within 1 day of exposure. The food 

offered to rainbow trout was not contaminated with As, suggesting that the depression of 

feeding activity k v a s  not mediated through chemoreceptory detection of  the toxicant, but 

through some other mechanisrn(s). Erosion of  the mandibular and olfactory regions in 

rainbow trout exposed to 9.64 mg arsenitek was also observed by Rankin and Dixon 



(1 994) and it was postulated that decreased feed consurnption may be associated with a 

loss of chemoreception, resulting in the inability of fish to smell and taste food. 

Although similar lesions were not observed in lake whitefish. the aitered feeding 

behavior observed in the current study may be consistent with impaired chemoreception. 

For example. lake whitefish approached the food pellets and took them into their mouths 

when pellets were initially dropped into the tank water. An inability to taste the pellet 

and discem it was food may have caused the fish to spit out the pellet. Therefore, a loss 

of chemoreception is a plausible explanation for the altered feeding behavior observed in 

this study. In addition, gastrointestinal distress, indicated by mucosal sloughing of the GI 

tract. of lake whitefish fed the high dose food may have also contributed to the decreased 

feed consumption observed. Additional research, which examines the effects of As on 

chemoreception in fieshwater fish, is needed. 

The distribution of As in lake whitefish tissues is consistent with previous studies 

that have examined As distribution in other freshwater fish species following both 

aqueous and dietary As exposures. In this study on lake whitefish, significant 

accumulation of As occurred in stomach. pyloric caeca intestine. liver, kidney. skin. and 

scales. Gallbladder, gonads. spleen, gill, and bone also showed increased As 

concentrations. Sorenson (1979a) conducted an aqueous exposure of green sunfish 

(Lepomis cyanellus) to 60 pg As/g as sodium arsenate for 2,4. and 6 days. Increased As 

accumulation occurred in combined gallbladder and bile tissues, liver, spleen. and 

kidney. Similarities were observed in the current study, with the exception of gallbladder 

and bile. Sorenson (1979a) suggested that the high concentrations of As found in the 

gallbladder and bile were likely associated with the bile and not the gallbladder. however, 



this is disputed by the results of the current study in which elevated As concentrations 

were measured in the gallbladder tissue with the bile removed. Cockell et al. (1992) and 

Cockell and Bettger (1993) also analyzed gallbladder and bile sarnples separately fiom 

juvenile rainbow trout (0. mykiss) exposed to dietary arsenate and elevated As 

concentrations were found in both. Cockell et al. (1 991 ; 1992), and Cockell and Bettger 

(1  993) also found increased As concentrations in liver and kidney of rainbow trout. 

AIthough the distribution of As in tissues of fieshwater fish is similar for both 

aqueous and dietary As exposures, the accumulation of As in fish tissues is much higher 

for aqueous exposures. Concentrations of As measured by Sorenson ( I  979a) in tissues of 

green sunfish (L. cyanellus) exposed to 60 pg/g sodium arsenate in the water for 2,4. and 

6 days were one to two orders of magnitude greater than concentrations of As measured 

in lake whitefish tissues in the current study. For example, concentrations of As in liver, 

kidney. spleen. and gill of green sunfish afier 6 days of exposure were 47.7. 14.2. 18.9. 

and 3.8 pg/g (w.w.), respectively (Sorenson. 1979a), whereas concentrations of As in 

liver. kidney, spleen. and gill of lake whitefish after 30 days of exposure to 100 pg As/g 

food were 4.4, 0.76,0.76, and 0.64 pg/g (w.w.), respectively. 

The accumulation of As in tissues of rainbow trout exposed to dietary As is 

sinlilar to the accumulation of As rneasured in tissues of lake whitefish and is lower than 

the concentrations of As measured in aqueous exposures (Cockell and Hilton, 1988; 

Cockell et al., 1991; Cockell et al., 1992; Cockell and Bettger. 1993). For example. 

juvenile rainbow trout fed 58 pg As/g food accumulated 5.9 1, 6.09, and 3.05 pg/g (w.w. 

calc.) in liver and 6.92, 7.4-4, and 3.92 pg/g (w.w. calc.) in gallbladder f i e r  7, 28, and 56 

days of exposure, respectively (Cockell and Bettger, 1993). Similarly, lake whitefish fed 



100 pg As/& food accumulated 1.6, 4.4. and 0.88 pg/g (w.w.) in liver and 8.4, 2.5, and 

0.45 pg/g (w.w.) in gallbladder, afier 10, 30, and 64 days of exposure, respectively. 

Modiîïed feeding behavior of juvenile rainbow trout and lake whitefish contributed to the 

decrease in As concentration with continued exposure in both studies. 

A cornparison of the results of the current study and field studies exarnining As 

accumulation shows that uptake of As through the diet results in a similar pattern of As 

tissue distri bution. independent of whether fish are exposed to As contaminated 

commercial food, or As-contarninated nahuai diet items and sediment. The degree of 

accumulation of As in freshwater fish tissues does, however, differ between fish exposed 

to As-contaminated diets in the lab and fish coilected fiom As-contaminated Iakes and 

rivers. For example, brown trout (Saho irufta) collected fiom the Clark Fork River, 

Montana, were found to have significantiy higher As concentrations in pyloric caeca 

(0.29 p@g. w.w. calc.), liver (0.32 pg/g, W.W. calc.), kidney (2.26 pg/g, W.W. calc.). and 

gill (0.29 pg/g. W.W. calc.), as compared to fish collected from a reference site (Farag et 

al.. 1995). Concentrations of As were not measured in the stomach or intestine. The site 

in the Clark Fork River where the brown trout were collected contained 102 pg As/g 

(d.w.) in the sediments (Brumbaugh et al., 1994), which is similar to the concentration of 

As in the high dose food used in the current study. Although As did accumulate in the 

same tissues in lake whitefish, the pattern of As accumulation \vas different. The highest 

concentration of As in these four tissues of lake whitefish was measured in pyloric caeca 

(5.1 pg/g. w.w.). followed by liver (4.4 pdg, w.w.), kidney (0.76 pg/g, w.w.), and gill 

(0.64 pdg, w.w.). In another snidy, Azcue and Dixon (1994) found increased As 

concentrations in bone plus scales (0.274 pdg w.w.) and intestine with contents (0.406 



pg/g w.w.) of rock bass (Arnbloplires rupesb-is) collected form Moira Lake. Ontario. 

Although the concentration of  As measured in the sediments of Moira Lake ( 1000 pg 

As/g d-W.) was an order of magnitude higher than the concentration of As in the high 

dose food used in the current study, As accumulated to a greater degree in bone (0.57 

pdg.  w-W.), scales (0.48 pg/g, w-W.), and intestine (4.0 pdg. w.w.) of lake whitefish. 

Azcue and Dixon (1994) could not distinguish between the As in the intestine itself and 

the As in the contents. The results of  the cunent study, however, show that As is in fact 

accumulated in the intestinal wall of lake whitefish, as well as other areas of the GI tract, 

including the stomach and pyloric caeca. Azcue and Dixon (1 994) also measured 0.2 1 

&g (w.w) of  As in the liver o f  rock bass, which is much lower than the 4.4 pg/g (w.w.) 

of As measured in the liver of lake whitefish. 

The above cornparisons indicate that although the distribution of As in the tissues 

of freshwater fish fed As contaminated commercial diets in the laboratory and fish 

collected from As contaminated habitats is similar, there are substantial differences in the 

arnount of As accumulated in the various tissues. These differences may be due to one or  

more of the following factors: 1) The bioavailabiIity and absorption of As fiom natural 

diet items and sediments may be different fiom the absorption of As from an As- 

contaminated commercial diet; 2) Fish living in contarninated habitats consume both 

inorganic and organic forms of As, whereas only an inorganic fonn of As was used in the 

current study; and/or 3) As may be absorbed and excreted differently by different species 

of freshwater fish. Additional research that examines the differences in accurnulation 

between fish exposed to dietary As in the lab and fish exposed to As in the field is 



needed. Field studies, which examine the accurnulation and distribution of  As in lake 

wlii tefish collec ted from As contarninated habitats, would also be use fùl. 

The mechanisms of accumulation of As in Iake whitefish tissues were not 

investigated in this study. Once ingested by mamrnals and fish. As is absorbed fiom the 

GI tract and enters the circulation. As rapidly leaves the blood and is distributed to other 

tissues (Klaassen. 1 974; Cockell et al ., 1992; Fowle et al., 1 992). The liver is a major site 

of As accumulation, and has been found to readily bind As. Studies involving both 

mammals and fish have shown that As is deposited primarily in the nuclei, and to a lesser 

degree in the cytoplasm o f  hepatocytes (Klaassen, 1 974; Sorenson, 1979b). Elevated 

liver As concentrations may also be the result of deposition in the mitochondria of 

hepatocytes. Mammalian studies have indicated that arsenate is actively taken up by rat 

liver mitochondria and an As-binding component within mitochondria has been isolated 

(Fowler. 1977). As accumulation in lake whitefish liver also reflects the essential role 

this organ plays in detoxification (Sorenson, 1991). Metabolism of As in the liver 

involves the reduction of arsenate to arsenite, and the subsequent methylation to the 

mono- and di-methyl fonns in both mammals and fish (Penrose, 1975; Oladimeji et al.. 

1979; Fowle et at.. 1992; Shiomi et al., 1996). Methylation is thought to be detoxifjring 

and to aid in the excretion of  As (Fowle et al., 1992). Arsenite and the two organic fonns 

of As are actively excreted by the liver into the bile (Cockell and Bettger. 1993). It is 

thought that the excretion o f  organic As into the bile involves an active transport system 

(KIaassen, 1974: Penrose. 1975; Gregus and Klaasscn, 1986). 

High concentrations of As in fish gallbladder are the result of absorption of 

arsenite from the lumen (Cockell and Bettger, 1993). Elevated As concentrations cause 



alterations in the cells o f  the gallbladder wail. resulting in macroscopically visible lesions 

(Cockell and Bettger, 1993; Chapters 1 and 3). As absorbed by the blood across the 

aallbladder wall is retumed to the b e r ,  as the cystic vein drains the vascular plexus of 
C 

the gallbladder wall and joins the portal vein as it enten the liver (Cockell and Bettger. 

1993). Additionally, As which enters the GI tract through excretion in the bile is retumed 

to the liver via enterohepatic circulation (Klaassen, 1974; Gregus and Klaassen, 1986). 

Cockell and Bettger (1993) postulated that substantial accumulation of As in the liver 

rnay be the result of continued re-exposure through portai circulation. In saimonids, the 

bile enters the GI tract at the end of the pyloric stomach (Yasutake and Wales. 1983). 

The continued exposure of As to the GI tract may also be a factor in the higher 

concentrations of As observed in the pyloric caeca, and intestine, as compared to the 

stomach of lake whitefish in the current study. 

As, which initialiy enters the circulation afier absorption fiom the GI tract, is 

distributed to a number of other tissues in addition to the liver. The accumulation of As 

in the kidney and gill may reflect the excretory roles of these organs (Oladimeji et al., 

1984a). As is transported across the proximal tubule in the kidney (Ginsburgh and 

Lotspeich. 1963; Ginsburgh, 1965). Brown et al. (1  976) found that exposure of rats to 

sodium arsenate in dnnking water resulted in As accumulation in the mitochondria of the 

proximal tubular cells of  the kidney and caused decreased state 3 respiration and 

respiratory controls by uncoupIing oxidative phosphoqlation. The rnechanism by which 

oxidative phosphorylation becomes uncoupled is related to the competitive arsenate 

substitution for inorganic phosphate, resulting in the formation of an unstable arsenate 

ester that spontaneously decomposes (Fowler, 1977; Hindmarsh and McCurdiy, 1986). 



The elevated As concentrations measured in the spleen of lake whitefish exposed to the 

high dose food rnay be a resuit of filtration of blood through the spleen, as well as the 

blood storage function of this organ (Sorenson, 199 1). 

As accumulation in bone, skin, and scaies is due to the afinity of A s  to bind to 

the high number of sulfhydryl groups in these tissues (Cullen et al.. 1984. Hindmarsh and 

McCurdly, 1986; Li et al., 1991; Fowle et al.. 1992), and to the analogous chernical 

behavior of arsenate and phosphate (Squibb and Fowler, 1983; Fowle et al., 1992). Bone 

and skin are known sites of As deposition in marnmals (Luckey and Venugopal. 1977; 

Fowle et al.. 1992). There is increasing evidence of As deposition in bone, skin, and 

scales of freshwater fish. For example, rock bass collected from an As contaminated 

habitat had elevated concentrations of As in bone and scales (Azcue and Dixon. 1994). 

Increased concentrations of As were also measured in skin of rainbow trout (Sairno 

pirdneri) fed diets containing 10, 20, and 30 pg As/g as sodium arsenite for 2, 4. 6. and 

8 weeks (Oladimeji et al., 1984b). The elevated As concentrations measured in the skin 

of lake whitefish and rainbow trout may also indicate that this organ acts as an additional 

route of excretion (Heath, 1987). 

Several factors may have contributed to the absence of duration-dependent As 

accumulation in lake whitefish, including feed refusal. growth of fish, andor an increased 

excretory efficiency over the course of the experiment. These factors would lead to a 

decrease in the accumulation of As in fish tissues especially at day 64, as compared to 

day 30. The combined effects of feed refusai and growth of fish resulted in decreased 

exposure to As over the course of the experiment. A similar pattern of accumulation. 

with initialIy high concentrations, followed by lower concentrations with continued 



exposuce, has been reported for long-term exposures of rainbow trout (O. mykiss) to 

waterborne arsenate (McGeachy and Dixon. 1990) as well as both waterborne (Rankin 

and Dixon. 1994) and dietary (Oladimeji et al., 1984b) arsenite. This indicates that the 

decreased accumulation of As observed in lake whitefish rnay not only be due to 

decreased exposure to As, but also to more efficient excretion of As with continued 

exposure. Dixon and Sprague (1981) found that preexposed fish accumulated less As 

during a subsequent exposure than naive fish, and they conctuded that improved 

excretory efficiency due to preexposure to As was occurring. Rankin and Dixon (1994) 

have suggested that the mechanism of improved excretory efficiency likely involves the 

enhancement of the biochemical pathways necessax-y for the conversion of inorganic As 

to the major As excretion products, the organoarsenicals. 

5. Conclusions 

The results of this experiment can be used to guide environmental monitoring 

prograrns that assess the bioavailability of dietary As to freshwater fish in areas where As 

contamination is a concern. Analyses of As in liver, pyloric caeca intestine, and scales 

are recommended for evaluating the bioavailability of As to freshwater fisli. Liver is 

particularly important because it is vulnerable to As toxicity at the molecular, tissue. and 

organ levels of biological organization as descnbed in Chapter 3. Liver and scales appear 

to be the most sensitive indicators of dietary As exposure, as significant accumulation of 

As occurred in fish fed concentrations as low as 10 pg As/g. Scales may also bc 

particularly useful for monitoring As bioavailability in environmental monitoring 



prograrns because samples could be obtained from fish without sacrificing the animal. 

Analysis of As in muscle is not recommended for determinkg As bioavailability to fish. 

There are a nurnber of relevant issues, which require further research with respect 

to As accumulation and distribution in freshwater fish. It is important to determine how 

the bioavailability of As in natural diet items. such as zooplankton and benthic 

inverte brates. compares to the bioavailability of As in contaminated commercial food 

used in this experiment. It is also necessary to Iink tissue As concentrations to effects of 

dietary As exposure in both laboratory and field studies. Studies that examine the 

mechanisms and kinetics of accumulation, distribution, and the depuratior. of As in 

freshwater fish exposed to dietary As are needed. For example, an experiment which 

determines whether preexposure to dietary As results in lower As accumulation in fish 

tissues would provide M e r  evidence for more efficient excretion of As with continued 

exposure. The mechanism by which this occurs also needs to be investigated. In 

addition, the mechanism that mediates decreased feed consurnption in fish exposed to 

both d i e t q  and waterborne As also needs to be exarnined m e r .  It would also be 

useful to determine whether bone and scales serve as long-term storage sites of As and 

whether As is remobilized from these tissues afier exposure ceases. 



h h h  



Table 2. Exposure rates and cumulative totals of ingested As in lake whitefish fed 

contaminated diets for 10. 30. and 64 days. Exposure rates were calculated using both 

initial and final wet body weights (IBW and FBW. respectively). The reduction in 

exposure due to fish growth is expressed as a percentage decrease from the initial 

exposure rate. 
- -- - - - - 

Treatment Group Exposure Ratea Reduction in Exposure Cumulative Total 

Due to Fish ~ r o w t h ~  of Ingested Asa 

(pg As/g body wtiday) (% decrease from 

initial exposure) 

D ~ Y  Dose Using IBW Using FBW Using IBW Using FBW 
10 control 0.00 0.00 0.00 0.02 0.02 

low 0.00 0.00 0.00 0.04 0.03 
medium 0.02 0.02 0.00 0.23 0.22 

high 0.23 0.22 4 -3 2.3 2.2 

30 control O .O0 0.00 0.00 0.06 0.05 
low 0.00 0.00 0.00 O. 12 0.1 1 

medium 0.03 0.02 33 0.76 0.69 
h igh 0.25 0.24 4 .O 7.5 7.2 

64 control 0.00 0.00 0.00 0.1 1 0.10 
low 0.00 0.00 0.00 0.24 0.22 

medium 0.03 0.02 33 1.6 1.4 
high 0.2 1 0.19 9.5 13 12 

L'alculations ot exposure rates and cumulative totals of ingested As were made as 

follows: 

( 1  ) Exposure rate = [feed consumption per tank of fish per exposure penod (g) / IB W 

or FB W (g)] * 1/ exposure penod (days) * measured die- As concentration (pg 

As/g diet) 

(2) Cumulative total of ingested As = [feed consumption per tank of fish per exposure 

period (g) / IBW or FBW (g) ]  * measured dietary As concentration (pg As/g diet) 
b Reduction in exposure (%) = (exposure rate(bScd on ~ B W )  - exposure rate(t,,,d .. FBW) / 

exposure rate(bued on i ~ ~ )  * 100 



Figure 1. The weight gain of lake whitefish fed a control diet and three As contaminated 

diets for IO. 30, and 64 days. Data are expressed as rnean final body wet weight - mean 

initial wet body weight for each treatment group. 
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Figure 2. The accumulation of As in eight tissues of lake whitefish fed a control diet and 

tliree As contaminated diets for 10, 30, and 64 days: (a) stomach, (b) pyioric caeca, ( c )  

intestine. (d) gallbladder. (e) liver, ( f )  kidney, (g) skin, and (h) scales. Data are expressed 

as mean (+ SE). Asterisks denote means are significantly different fiom the control at 

that duration (P < 0.05). 
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Figure 3. The distribution of As in eight tissues, liver (liv.), kidney (kid.), stomach 

(sto.), intestine (int.), pyloric caeca (PC), gallbladder (GB). skin. and scale, of lake 

whitefish fed 100 pg As/g food for 10, 30, and 64 days. Data are expressed as mean (+ 

SE). 





Chapter Three 

Toxicologicul effects of arsenic in lake wbitefish (Coregonus clupeaformh) 

exposed by the dietary route of uptake. 



Abstract 

Due to the need for research that examines the effects of dietary As exposure in 

freshwater fish. the toxicological effects of dietary As exposure in lake whitefish 

(Coregonus clupeafurmis) were assessed at the molecular, tissue, organ. and organism 

levels of biological organization. Adult lake whitefish were fed As contarninated diets at 

nominal concentrations of O. 1, 10, and 100 pg As/g food (d-W.) for 10. 30. and 64 days. 

Rrduced feed consurnption was observed in lake whitefish fed the 100 pg As/g food. 

b e g i ~ i n g  on day 45 of exposure. At the molecular level of organization, metailothionein 

(MT) induction occurred in lake whitefish fed the 100 pg As/g food after 10 and 30 days. 

and in fish fed the 1 and 10 pg As/g diets for 64 days. Dietary As exposure did not have 

a significant effect on lipid peroxide &PO) concentrations in plasma of lake whitefish 

fed As contarninated diets within the 64 days of exposure. At the tissue and organ level. 

the mean liver somatic index decreased significantly in lake whitefish fed the 100 pg 

As/g food for 64 days, however, blood parameters were not affected by exposure to As 

contaminated diets. Liver and gallbladder histopathology was observed in lake whitefish 

fed al1 As contaminated diets after each duration of exposure. Histopathology observed 

in liver included nuclear, architectural and stmctural aiterations, areas of inflammation, 

and focal necrosis. Sloughing of the epithelium. dilation of vascular elements. 

inflammation, edema, fibrosis, and increased width of the submucosa, were some of the 

alterations observed in gallbladders of lake whitefish fed As contaminated diets. Both 

organs were sensitive to As toxicity, as damage occurred with exposure to dietary 

concentrations of As as low as 1 pdg. M o l e  organism parameters were unaltered by 

dietary As exposure. Based on the results of this study, histopathological alterations in 



liver and gallbladder, and hepatic MT induction are recommended as sensitive and 

reliabIe indicators of As toxicity for use in environmental monitoring programs. 



1. Introduction 

The release of As into aqiüitic environments as a result of anthropogenic 

activities. including the mining, srneking' and refuiing of metals, and the combustion of 

fossil fuels, has led to high concentrations of As in sediments and benthic invertebrates 

(CEPA, 1993; Rowe et al., 1996; ATSDR, 1998: Farag et al., 1998). This is of great 

concem in both Canada and the United States, as As is biologically available to aquatic 

organisms. including fish? living in contaminated habitats (Azcue and Dixon, 1994, Farag 

et al.. 1995, Hopkins et al., 1999). Exposure of aquatic organisms to As has also resuited 

in a number of toxicological effects (Cockell, 1990; Sorenson, 199 1 ; CEPA, 1993). 

Although the main route of As uptake by benthic-feeding fish is dietary 

(Sorenson, 1 99 1 ; Handy. 1996; ATSDR, l998), the majority of studies on As toxicity in 

freshwater fish have examined the effects associated with uptake of waterbome As across 

the gills (Sorenson, 1976; 1 979a; 1979b; McGeachy and Dixon, 1990: f 992; Rankin and 

Dison. 1994). An exception is the recent work conducted by Cockell (1990) on juvenile 

rainbow trout (0. mykiss). I t  is important, therefore, to conduct experiments that examine 

the toxicological effects of As in freshwater fish exposed by the dietary route of uptake, 

in order to determine parameters that c m  be used as sensitive and reliable indicators of 

As toxicity in environmental monitoring programs (Abemathy, et al., 1999; AETE, 1999; 

Environment Canada, 1999). 

The results reported in the previous manuscript (Chapter 2) established that As 

was absorbed by the gastrointestinal (GI) tract of lake whitefish (Coregonus 

clupeaformis) and accumulated in liver. kidney, stomach. pyloric caeca, intestine, skin, 

and scales. The objective of the current study was to examine the toxicological effects of 



As in lake whitefish exposed by the dietary route of uptake, at environmentally relevant 

concentrations, for ùiree durations of exposure. To provide a thorough evaluation of fish 

health, the effects of As were assessed at several levels of biological organization (Adams 

et al., 1999). At the molecular level, metallothionein (MT) concentrations in liver and 

kidney. as well as lipid peroxides (LPO) in plasma were measured. At the tissue and 

organ levels, hernatological pararneters. liver somatic indices (LSI), and histopathology 

of liver, and gallbladder were evaluated. At the whole organism level, wet weights. Fork 

lengths. growth rates and condition factor were assessed. The chernical species of As 

incorporated into the diet was arsenate because this is the most cornmon form of As in 

oxic littoral zones of fieshwater habitats (Cullen and Reimer. 1989; AQUAMIN, 1996). 

2. Materials and Methods 

2.1 Fish and Ex~erirnental Design 

Lake whitefish were reared at the Freshwater Institute and were 4 years of age at 

the beginning of the experiment. Initial body weights and fork lengths were 334 I 7.55 g 

and 29.2 + 0.204 cm (mean + SE). respectively. Lake whitefish were fed a commercial 

diet containing one of four doses of As (O, 1, 10, or 100 pg As/@ for one of three 

esposure petiods (10, 30. or 64) days. The composition, processing. and source of the 

food are described in Chapter 2. There were a total of 12 treatrnent groups with a sample 

size of 6 fish per group. Originally, the third exposure period was to be 100 days. 

however. due to complete feed refusa1 exhibited by lake whitefish fed the 100 ~g As/& 

food after 55 days of exposure. the experiment was terminated on day 64. Descriptions 

of tank pararneters, fish holding, and fish sarnpling and dissection are given in Chapter 2. 



2.2 Blood Sampling and Analyses 

On each sampling day, fish were anesthetized in a pH-neutralized tricaine 

methane sulfonate (MS-222) (Sigma Chernical Co., St. Louis, MO) solution (438 mg/L). 

After anaesthetization. fish lengths and weights were measured, and a sarnple of blood 

was drawn fiom the caudal artery and vein using a 20-gauge needle and a 5 cc syringe 

rinsed with ammonium heparin. The blood sarnple was transferred to vacutainers 

containing EDTA. For each fish, a portion of blood was diluted 1200 in a standard red 

blood ce11 (RBC) diluting pipette with Hendrick's diluting solution. The RBC diluting 

pipette was shaken and placed on ice. After 12 fish were sampled, W C  counts were 

performed following the method described in Schreck and Moyle (1 990). A portion of 

blood was also transferred to hematocrit capillary tubes, sealed. and centrifuged at 8000 g 

for 5 min using a Darnon/IEC Division Clinical Centrifuge (Needham, MA). Hematocrit 

was measured using a DamonAEC Division microcapillary hematocrit reader (Needham, 

MA). Next. 20 pL of whole blood was pipetted into test tubes containing Drabkin's 

solution for measurement of hemoglobin concentrations. After al1 fish were sampled. 

hemoglobin measwements were made using the Sigma Diagnostics Total Hemoglobin 

Procedure No. 525 (St. Louis, MO). The vacutainers containing the remainder of whole 

blood for each tish were centrifüged for 3 min at 10 000 g. The plasma was pipetted into 

1.5 mL microcentrifuge tubes and frozen at -90°C until lipid peroxide anaIysis was 

conducted using the K-Assay LPO-CC kit (Kamiya Biomedical Company. Seattle. WA). 

The detection limit of this kit was 2.0 nrnol/mL of plasma. Mean celi volume (MCV). 

mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration 



(MCHC) were deterrnined fiom RBC counts, hemoglobin concentrations and hemoglobin 

values by standard equations (Schreck and Moyle 1990). 

2.3 Tissue Sarnuling 

Following blood withdrawal, tissues were removed for MT, and histological 

analyses according to the following procedures. The gallbladder was separated from the 

liver and the bile was removed with a 23-gauge needle and 3 cc syringe. Bouin's fixative 

was injected into the gallbladder of hvo of the six fish from each treatment group before 

placing it into a via1 to complete fixation. The gallbladders of the other four fish in the 

treatment group were processed for As analysis (Chapter 2). The liver was weighed. and 

a sub sample (approximately 5 mm3) was taken and placed in Bouin's fixative. 

Following removal of the swim bladder, the kidney was excised. The kidney and the 

remainder of the liver were placed in WhirlPac bags, frozen on dry ice and stored at 

- 9 0 ' ~  until MT analysis. 

2.4 Momhornetric Parameters 

Morphometric parameters were calculated using the following formulae: (a) 

Percent change in fork length = post-treatment length (cm) - pre-treatment length (cm) / 

pre-treatment length (cm) x 100, (b) Percent change in wet weight = post-treatment 

weight (g) - pre-treatment weight (g) / pre-treatment weight (g) x 100. (c) Condition 

factor = weight (g) x 10' / length (cm) x 103, and (d) Liver somatic index = liver weight 

(g) 1 body weight (g) - liver weight (g) x 100. 



2.5 Metallothionein Anal~sis 

Liver and kidney samples from lake whitefish were prepared and anaiyzed for MT 

by the mercury saturation assay of Dutton et al. (1993) as modified by Klaverkamp et al. 

(2000b). 

2.6 Histo~athoiogica~ Analvsis of Tissues 

Gallbladders. and samples of liver were fixed in freshly prepared Bouin's fixative 

for 48 h, washed in 3 changes of 70% ethanol over the next 72 h, and stored in 70% 

ethanol until processing. Tissues were processed in an automated tissue processor (IL 

MVP Tissue Processor) using an ethanoihutanof series. Following processing. tissues 

were embedded in paraffin (Tissue Prep II), sectioned at 7 Pm. and mounted on g las  

s lides. The tissue sections were stained with Harris' haematoxylin and eosin, following 

the method described in Edwards (1967). Al1 chemicals were obtained from the Fisher 

Scientific Company (Fair L a w ,  NJ). 

Liver histopathdogy was examined using both qualitative and semi-quantitative 

approaches. An area equal to 4 mm x 4 mm was examined from the liver of each fish. 

Alterations were examined semi-quantitatively by ranking the severity of tissue lesions 

using a method similar to Schwaiger et al. (1997). Ranking was: grade O = no 

pathological alterations, grade 1 = mild atterations, grade 2 = moderate alterations, and 

grade 3 = severe alterations. An overaI1 assessment value of the alterations observed in 

the liver of each individuai fish was detennined fiom the ranking. These data were used 

to calculate mean assessment values (MAV) of liver alterations for each treatment group. 

Ai terations to cellular morphology and structure, nuclear appearance, cytoplasm 



appearance, staining, sinusoids, and presence of vacuolation, inflammation, and 

regeneration were al1 considered when assessing liver histopathology as recommended by 

Trikashima and Hibiya (1995) and Bernet et al. (1 999). 

Gallbladder histopathology was assessed using both qualitative and quantitative 

ap proaches. The gallbladder wall was exarnined for alterations, including sloughing of 

the epithelium, folding of the epithelium and lamina propria, dilation of  vascular 

ekments, inflammation, edema. and fibrosis in the submucosa. The quantitative method 

was used to determine the width of the epithelium of the gallbladder wall and the total 

width of the submucosa, which includes the lamina propria, stratum compactum and 

stratum granulosum, lamina muscularis, subserosa, and serosa. The straturn compactum 

and stratum granulosum are considered as one layer, because they are difftcult to 

distinguish using light microscopy. Measurements were made on projected rnicroscopic 

images with a digitizer (Summagraphics Bit Pad, Fairfield, CT) using SigrnaScan 

(version 3.90) software (JandeI Scientific, Corte Madera, CA). For each gallbladder, the 

widths of the epitheliurn and submucosa were measured at 4 points around the wall. The 

centermost coordinates of each gallbladder section were determined using a vernier scale, 

and widths were measured at points on the wall directly north, south, east, and west of the 

center. From these measurernents, the mean ratio of the width of the submucosa to the 

width of epithelium (submucosa (pm) / epitheliurn (pm)) (SME) was calculated for each 

treatment group. Statistical analyses were not conducted on these data as only two of the 

sis gallbladders of Iake whitefish fiom each treatment group were examined for 

histopathology. 



Histopathological examinations of tissues were completed using a Zeiss 

Photornicroscope III. Photomicrographs were taken with a Kodak DC 120 digital canera 

using the Kodak Digital Science Microscopy Documentation 120 System (MDS 120) and 

Adobe PhotoDeluxe (version 2.0) software (Adobe Systems, Inc.). 

2.7 Statistical Analyses 

Statisticai analyses were performed using SPSS version 9.0 and were based on the 

fotlowing references. Neter et al. (1996), Stevens (1992) and SPSS (1999). For each data 

set. the assumptions of an analysis of variance (ANOVA), normality and equal variance. 

were checked. I f  the assumptions were not met the necessary transformations were 

prefonned. A two-way ANOVA was used to evaluate interaction between dose and 

duration. Because interactions were found to occur, each data set was split into subsets. 

First. data sets were separated into subsets for each duration. to test for dose effects. 

Afier the ANOVA assurnptions were checked for each subset of data at each duration. 

one-way ANOVAs were conducted and where significant, treatment group means were 

further compared to controls using the Durinett's two-tailed multiple comparison 

procedure. Data sets were also separated into subsets for each dose, to test for duration 

effects. After the ANOVA assumptions were checked for each subset of data for each 

dose, one-way ANOVAs were conducted and where significant, treatment group means 

were further cornpared using the Bonferroni multiple cornparison procedure. If more 

than one nonnormal population was found in a data subset, the Kmskal-Wallis one-way 

ANOVA was conducted on ranked data within each duration or each dose. Where 

differences were significant, treatment group means were further compared using the 



Bonferroni multiple cornparison procedure. Al1 statistical analyses were conducted at an 

alpha lcvel of 0.05. 

3. Results 

3.1 Feed Consurnption and Momholoaical Indices 

Lake whitefish fed the 100 pg As/g food exhibited modified feeding behavior 

afier 45 days of exposure. The behavior was characterized by a fish taking a food pellet 

into its mouth and then spitting it out, however. some pellets of food continued to be 

consumed between days 45 and 52. After 55 days of exposure, complete feed refiisal 

occurred in al1 fish in the treatment group until the experiment was terminated on day 64. 

Growth rates, expressed as the mean increase in wet weight fiom the initial body weight 

per day, of lake whitefish fed As contarninated diets were not significantly different from 

the controls on any sampling day. However, trends of decreasing growth rates were 

observed in al1 treatment groups (Figure 1). Consurnption of As contaminated diets for 

10. 30, or 64 days did not have signitïcant effects on percent change in wet weights, 

percent change in lengths, or condition factors of lake whitefish with respect to the 

control group at each duration (Tables 1 and 2).  LSI of lake whitefish fed As 

contaminated diets for 10 and 30 days did not differ from control values. Although LSI 

were reduced in lake whitef sh fed 1, 10. and 100 pg As/g diets for 64 days. a significant 

difference was only observed in lake whitefish fed the high dose food (Table 2 ) .  The sex 

ratios of the treatment groups are shown in Table 1. Gonads of lake whitefish were in an 

advanced state of maturation on al1 sarnpling days, with the exception of two males 

sampled on day 10 (Chapter 2). 



3.2 Hematologv 

No significant changes were observed in the hematological variables of 

hematocrit. hemoglobin concentration, red blood ce11 count, mean ce11 volume, mean 

corpuscular herl~oglobin, and mean corpuscular hemoglobin concentration for lake 

whitefish fed As contaminated diets after 10. 30, or 64 days of exposure as compared to 

control values (Table 3). 

3 -3 Biochemistrv 

Consumption of As contaminated diets had significant effects on MT 

concentrations in livers of lake whitefish afier each duration of  exposure. Significant MT 

induction occurred in livers of iake whitefish fed the 100 pg As/g food after 10 and 30 

days of exposure. At day 64, MT was significantly induced in b e r s  of lake whitefish fed 

the 1 and 10 pg As/g food. however, significant MT induction did not continue in livers 

of fish fed the high dose food (Figure 2a). Significant MT induction did not occur in the 

kidneys of exposed lake whitefish at any duration of exposure (Figure 2b). 

No significant differences in lipid peroxide (LPO) concentrations were observed 

in the plasma o f  lake whitefish fed As contaminated diets for 10, 30, or 64 days (Table 3). 

3.4 Gross PathoIoev 

At each sarnpling day. the only macroscopically visible lesion observed was in the 

gallbladders of  lake whitefish exposed to the 100 pg Aslg food. On sampling day 10, 

two of the six fish fed the highest concentration of As exhibited these lesions, which were 



characterized by hemorrhaging and diffuse whitening of the gallbladder wall. Afier 30 

days of exposure, rnacroscopic lesions were observed in gallbladders of four of the six 

fish exposed to this concentration of As. The gallbladder walls were opaque white and 

thickened in appearance, and the gallbladders contained very little or no bile. 

Macroscopic gallbladder lesions were observed in two of the five fish fed the high dose 

food for 64 days. The lrsions were similar in appearance to those observed at day 30 and 

were also accompanied by a reduction in the size of the organ. 

3 -5 Histopatholo~v 

In a normal lake whitefish liver, hepatocytes are arranged in branching cords or 

lamina. typically two cells thick which are separated by a maze of sinusoids. Hepatocyte 

nuclei are round. and contain a single, prominent nucleolus. The cytoplasm of 

hepatocytes ofien contain glycogen vacuoles, however, the extent of vacuolation is highly 

variable. (Figure 3a, and b). Histopathology observed in the livers of lake whitefish fed 

As contaminated diets included nuclear, architectural and stnictural dterations. 

inflammation, and focal necrotic lesions. 

Grade 1 (mild) alterations, characterized by the presence of a minor amount of 

pyknotic nuclei. minor areas of cellular debris, and eosinophilic hepatocytes. representing 

necrotic cells, were observed in livers of lake whitefish fed the As contaminated diets for 

each duration of exposure (Figure 3c and 4). Grade 1 alterations were also observed in 

Iivers of lake whitefish in the control groups; however, alterations were observed less 

frequently and encompassed a smaller area than in treated fish. The alterations observed 

in control fish represent normal ce11 turnover. 



Grade 2 (moderate) aiterations had the same characteristics as grade 1 alterations 

plus a disruption of the two-ce11 thick cord structure, indistinguishable ce11 outlines. and 

areas of hepatocytes with eosinophilic cytoplasm (Figure 5). These alterations were 

observed in livers of lake whitefish fed the 1 O and 100 pg As/g diets for IO days, and lake 

whitefish fed al1 As contaminated diets for 30 and 64 days. An apparent increase in the 

frequency of grade 2 alterations with As dose was observed at ail exposure durations 

(Figure 4). 

Grade 3 (severe) dterations consisted of the same characteristics as grade 2 

alterations, as well as the presence of scattered andlor aggregations of lymphocytes. The 

majority of hepatocytes in the altered area contained pyknotic nliclei (Figure 6). Grade 3 

alterations were observed in livers of lake whitefish fed the 100 pg Aslg food for IO and 

64 days, and lake whitefish fed the 10 and 100 pg Aslg diets for 30 days. These were 

aiso the treatment groups that had considerably higher total numbers of lesions as 

compared to the other treatment groups at each duration of exposure (Figure 4). 

Mean assessrnent values (MAV) appear to be higher for lake whitefish fed the 10 

and 100 pg As/g diets for 10 and 30 days, and al1 As contaminated diets for 64 days. as 

compared to control values. However, due to the high degree of variability, the only 

statistically significant differences in MAV between treated and control groups occurred 

in lake whitefish fed the 100 pg As/g food for 10 days and lake whitefish fed the 10 pg 

Aslg food for 30 days (Table 4). 

The lake whitefish gallbladder is a thin membranous sac. Columnar epithelial 

celIs line the luminai surface. In order of closest proximity to the epithelium. the 

submucosa consist of the lamina propria, stratum compactum and stratum granulosum. 



lamina muscularis, subserosa, and serosa (Figure 7a,b). Histological alterations were 

observed in lake whitefish fed contaminated diets for 10. 30. and 64 days. The severity. 

and location of alterations within the gallbladder wall varied with dose of As. The most 

extensive alterations were observed in the submucosa of the gallbladder wall of Iake 

whitefish fed the 100 pg As/g food. A surnrnary of the alterations observed in each layer 

of the gallbladder walls of exposed lake whitefish is s h o w  in Table 5. 

After 10 days of exposure of lake tÿhitefish to 1 pg/g of dietary As, slüughing of 

the epithelial layer into the gallbladder lumen was evident. Epitheliai cells in the lumen 

ofien did not exhibit necrotic changes. Minor to moderate inflammation. characterized 

by dilation of vascular elements (minor to moderate) and the presence of a minor amount 

of lymphocytes. were apparent in the submucosal layen. with more extensive 

inflammation occurring in the lamina propna (Figure 7c). Lake whitefish fed the 10 pg 

As/g food for 10 days. also exhibited sloughing of the epithelium. and necrotic changes 

were apparent in some epithelial cells. Additional aiterations observed included minor to 

moderate dilation of vascular elements and minor inflammation within the submucosa, 

edema in al1 Iayers with the exception of the subserosa, and rnoderate fibrosis of the 

lamina propria, as well as minor folding of the epithelium and lamina propna. 

Eosinophilic fibrinoid material was also present in the gallbladder lumen. indicating 

bleeding had occurred (Figure 8a). Gallbladders of lake whitefish fed the 100 pg As/g 

food for 10 days contained similar alterations, however, the extent of the damage had 

progressed. with extensive inilammation (many lymphocytes), edema, and fibrosis 

observed in al1 layers of the submucosa (Table 5). In addition, regenerating epithelial 

ce Ils were apparent dong some parts of the wall (Figure ab). 



Minor sloughing of the epitheliurn was the only alteration apparent in gallbladders 

of lake whitefish fed the 1 pg As/g diet for 30 days. Exposure of lake whitefish to 10 

pç/g of dietary As for 30 days also resulted in minor epithelial sloughing, as well as 

moderate vascular dilation. edema, and inflammation. Gallbladders of lake whitefish fed 

the 100 pg As/g food for 30 days exhibited alterations similar to those observed in lake 

whitefish fed the same concentration for 10 days, aithough folding of the epitheliurn and 

lamina propria were more pronounced (Table 5 and Figure 9). 

Lake whitefish fed the 1 pg As/g food for 64 days exhibited similar gallbladder 

alterations as those observed in lake whitefish fed the same diet for 10 days. In addition, 

folding of the lamina propna was apparent in gaflbladders of lake whitefish in this 

treatment group. After 64 days of exposure to the 10 and 100 pg As/g diets. gallbladders 

of lake whi tefish had similar alterations, including epithelial sloughing, regenerating 

epithelial cells, eosinophilic fibrinoid material in the lumen. folding of both the 

epithelium and lamina propria, vascular dilation. inflammation. and fibrosis. The 

seventy and extent of the alterations were, however, greater in Iake whitefish fed the 

higher dose diet. with the exception of epithelid sloughing (Table 5). lncreased thickness 

of the submucosa caused the lumen to become congested with folds (rugae) of epitheliurn 

and supporting lamina propria in gallbladders of fish fed the high dose diet. An increase 

in the number of mucosal (goblet) cells in epithelium was also apparent in this treatment 

group (Figure 10). 

There was an increase in the width of the submucosa of the gallbladder wall, due 

to edema and fibrosis, which is reflected in the SM/E ratio. This ratio was considerably 

higher in lake whitefish fed the 100 pg As/g food as compared to lake whitefish fed the 



controt food at each duration of exposure, indicating increased width of the submucosal 

tissues in these fish (Figure I 1). 

4. Discussion 

An immediate reduction in feed intake in response to both waterborne and dietary 

As exposures has been previously observed in fkeshwater fish species (Cockell 1990; 

Rankin and Dixon, 1994; Chapter 1). In experiments that examined the effects of dietary 

As exposure in rainbow trout (Oncorhynchus mykiss), the immediate reduction in food 

consumption was thought to be mediated by chemoreceptory detection of As in the diet, 

indicating that As was a detenent to feeding (Cockell et al., 1991). In the current study, 

however. reduced feed consumption by lake whitefish was not observed until d e r  45 

days of exposure to the 100 pg As/g food. The delayed onset of modified feeding 

behavior indicates that As was not an immediate deterrent to feeding in lake whitefish, 

but instead may have gradually led to an impairment of chemoreception with continued 

exposure. Impaired chemoreception could result in the inability of the tish to discern the 

pellet was food, resulting in the fish spitting the pellet back out. as was observed in the 

current study. This was also postulated to be the mechanism behind the reduced feed 

intake observed in rainbow trout (0. mykiss) exposed to waterborne arsenite (Rankin and 

Dixon. 1994). In addition, over the course of the experiment, the fish may have 

associated impaired health with consumption of the As contaminated food and modified 

its feeding behavior accordingly. 

Whole organism parameters, including percent change in wet weight, percent 

change in fork length, growth, and condition factor, of lake whitefish were not 



significantly affected by exposure to As contaminated diets within the 64 days of 

csposure. Previous studies that have examined the effects of waterborne and dietary As 

exposures on whole-body morphometric parameters in fieshwater fish have also reported 

that wet weights, lengthst and condition factors of fish were not significantly altered 

(Sorenson, 1976; Farag et al., 1994; Schlenk et al., 1997), with one exception (Pandey 

and Shukla, 1982). Fingerlings of Colisa fasciatus were exposed to aqueous sodium 

arsenic (III) oxide at a concentration of 5.0 mg/L for 32 days, and parameters were 

measured every 4 days of exposure. Significant decreases in weights and lengths of 

fingerlings were observed afier 8 and 12 days of exposure, respectively, and continued 

for the entire duration of exposure (Pandey and Shukla, 1982). In the current study, 

e ffects of As, including liver and gal1 bladder histopathology, observed at lower levels of 

biological organization may lead to effects at the whole organism level if fish are exposed 

for longer periods in the laboratory, or with continued exposure in an As contarninated 

habitat. 

Although growth rates of lake whitefish fed the high dose food were apparently 

lower afier 30 and 64 days of exposure, significant reductions in growth rates compared 

to control values were not detected. The absence of a significant effect on growth in the 

current study was unexpected, as reduced growth in response to both aqueous and dietary 

As exposure has been previously observed in a number of organisms, including 

fieshwater fish, and mallards (Gilderhaus, 1966; Pandey and Shukla, 1982; Oladimeji et 

al.. 1984b: Camardese et al., 1990; CockelI, 1990; McGeachy and Dixon. 1990; Hoffman 

et al., 1992; Rankin and Dixon, 1994; Stanley et al., 1994). The lack of significmt 

differences in the current study may be due to inherent differences behveen species andl 



or the length of exposure. For example, decreases in growth were evident in the majority 

of lake whitefish and lake trout (Salvelinus namuycilrlt) fed diets contaminaied with 1 00 

and 1000 pg Adg as disodium arsenate afier 20 days of exposure. However. a significant 

reduction in growth only occurred in lake trout fed the 1000 pg As/g diet (Chapter 1). In 

addition. a significant decrease in growth of rainbow trout (0. mykiss) exposed to 36 

m - a  of sodium arsenate only becarne apparent after 77 days of exposure (McGeachy 

and Dixon. 1990). The mechanisms behind the direct and indirect effects of dietary As 

exposure on growth are fùrther discussed in Chapter 2. 

Exposure of freshwater fish to As has resulted in moderate anemia (Oladimeji et 

al.. 1984b; Goel and Shamia, 1987; Cockell et al., 1991; 1992), however. no significant 

alterations in blood pararneters of lake whitefish were observed within the 64 days of 

exposure. The absence of an effect of dietary As exposure on the blood parameters of 

iake whitefish rnay be due to one or more of the following reasons: (1) time of sampling. 

(2) length of exposure. and/or (3) reduced feed consumption. Firsi. the effect of As 

exposure on fish blood pararneters changes with continued exposure. For example. 

juvenile rainbow trout (0. mykiss) fed a 55 pg As/g diet for 8 weeks had reduced 

hemoglobin, hematocrit, M C  counts, MCH, and MCHC, while MCV was not altered. 

This pattern of responses was classified as norrnocytic, hypochromic anemia. However. 

afier 12 weeks of exposure to a 60 pg As/g diet, juvenile rainbow trout had reduced 

hematocrit, hemogIobin concentration, MCV, and MCH, while RBC counts and MCHC 

were not altered. This state of anemia was classified as microcytic, normochromic 

anemia (Cockell et al., 1992). These results indicate that the effect of As on blood 

pararneters varies with length of exposure. In addition, the majority of previous studies 



that have examined the effect of dietary As exposure on fish blood parameters have been 

at least 8 weeks in duration (Oladimeji et al., 1984; Cockell et al.. 1991; 1992). The 

results of the current study are consistent with the results of  a previous study that 

examined the effect of dietary As on the blood parameters of lake whitefish exposed for a 

shorter duration. Afier 20 days of exposure to both 100 and 1000 pg As/g diets, blood 

parameters were not significantly affected (Chapter 1). Also. hemoglobin concentration 

and hematocrit in mallard (Anas platyrhynchos) duckiings fed a diet containing 200 pg 

As/g. as sodium arsenate, were not significantly altered afier 4 weeks of exposure. 

Therefore. it is not surprising that significant effects on the blood parameters of lake 

whitefish were not observed after 10 and 30 days of exposure to As contarninated diets. 

Although the longest duration of exposure in the current study was over 8 weeks in 

duration. decreased As exposure as a result of reduced feed consurnption by lake 

whitefish fed the high dose food may have allowed abnormal blood parameters to return 

to normal. Furthemore, starvation of fish is reported to cause an initial rise in RBC 

count, hemoglobin content, and hematocrit due to water foss (Steffens. 1989). The blood 

parameters of lake whitefish may have been rising as a result of starvation when sampled 

on day 64. so that the effect of As could not be detected. 

The short-term nutritional status and metabolic energy demands of organisms are 

reflected in LSI measurements (Adams and McLean, 1985). The effect of dietary As 

exposure on LSI of fieshwater fish has not been previously measured (Oladimeji et al.. 

1984b: Cockell and Hilton, 1988; Cockell et al.. 199 1; Cockell et al.. 1992; Cockell and 

Bettger. 1993), with one exception (Chapter 1). LSI of lake whitefish exposed to diets 

containing 100 or 1 O00 pg As/g were unchanged after 20 days of exposure (Chapter 1 ). 



Similarly, LSI of lake whitefish were not altered afier 10 and 30 days of exposure to As 

contaminated diets in the current study. After 64 days of exposure. however. a 

significant reduction of LSI in lake whitefish fed the 100 pg As/g food was observed. A 

decrease in LSI was also observed in adult mallards (A. platyrhynchos) and ducklings fed 

diets containing 200 and 400 pg A d g ,  respectively, for 4 weeks. The effect of dietary As 

exposure on LSI is likely due to both reduced feed consumption and the severe and 

frequent liver lesions observed in lake whitefish fed the hi& dose diet. For example, a 

significant reduction in LSI occurred in squirrelfish (Holocentrus marianus) afier 4 and 

1 2 days of food deprivation (Hogstrand et al., 1 996). Lake whi tefish fed the 100 pg As/g 

food began to consume less food 19 days pnor to sarnpling, and stopped feeding 

cornpletely 9 days before the expriment was tenninated. 

Histopathologicai alterations in fish tissues are useful biomarkers of effects fiom 

exposure to environmental contaminants, as they are more sensitive than changes at 

higher levels of organization, and generally provide a better estimation of organism 

health than biochernical parameters (Hinton et al., 1992; Hinton. 1993: Teh et al, 1997). 

The use of hepatic histopathological biomarkers has been well studied (Hinton and 

Lauren. 1 990: Hinton, 1 993), whereas, gallbladder alterations have not yet been proposed 

as a biomarker candidate. 

The liver is considered the critical target organ for As toxicity in fish and 

rnammals due to the rote it plays in detoxification (Sorenson. 199 1). This theory was 

supported by the results of the current study, as livers of lake whitefish exposed to dietary 

As were a significant site of As accumulation (Chapter 2) and contained nuclear, 

architectural and structural alterations, as well as areas of inflammation, and focal 



necrosis. Similar alterations have been observed in fish exposed to As in both the 

laboratory and the field (Gilderhaus, 1966; Sorenson et al., 1979a; 1979b; Sorenson et al.. 

1980: Chang et al., 1998: Kotsanis and Iliopoulou-Georgudaki, 1999; Chapter 1). For 

example, livers of green sunfish (L. cyanellus) collected fiom Finfeather Lake, which had 

a mean sediment As concentration of 4700 pg/g, d-W., contained abnormally shaped 

parenchymal hepatocytes arranged in a disorganized fashion, such that the two-ceIl thick 

cord structure was disrupted, as well as exhibiting pronounced focal necrosis (Sorenson 

et al., 1980). Other hepatic alterations, including fatty infiltration, cirrhosis, cytoplasmic 

vacuolation, hemosidenn granules, necrotic and fibrous bodies, and nuclear and 

cytoplasmic inclusions, have been observed in green sunfish exposed to waterbome As 

(Sorenson. 199 1). Interestingly, previous studies that have examined the effects of both 

aqueous (McGeachy and Dixon, 1990; R a n h  and Dixon, 1994) and dietary (Cockell. 

1990; Chapter 1) As exposures in rainbow trout (0. mykiss) and lake trout (S. 

rîurnuyczrsh) have reported no histological changes in 1 iver. Lake whi tefish, therefore, 

appears to be more sensitive to dietary As exposure. with respect to histological effects in 

liver. than either lake trout or rainbow trout. 

In liver, the primary site of As metabolism. arsenate is reduced to arsenite 

(Yarnauchi and Fowler, 1994; Shiomi, et al., 1996: Styblo et al., 1999). so that toxic 

effects may be caused by both compounds. The mechanisms through which As results in 

hepatic alterations remain to be elucidated, however; they may involve uncoupling of 

osidative phosphorylation due to arsenate substitution for phosphate, enzyme inhibition 

as a result of arsenite interaction with thiol-containing proteins, andlor elevated lipid 



peroxidation (Hindmarsh and McCurdly, 1986: Fowle et ai., 1992: Okada and Yamanaka 

1 994). 

Gallbladders are a significant site of As accumulation and histpathologicai 

alterations in fish exposed to both waterbome and dietary As (McGeachy and Dixon. 

1990; Cockell et al., 1991 ; 1992; CockeII and Bettger. 1993; Rankin and Dixon. 1994: 

Cliapter 1 ), indicating the importance of the biliary-fecai route in As excretion, regardless 

of the rouie of exposure (Gregus and Klaassen. 1986; Gyurasics et al.. 1991). These 

overt, rnacroscopic lesions observed in gallbladders of lake whitefish exposed to the high 

dose food had the sarne characteristics, including diffuse whitening, thickened walls. and 

reduced organ size, as lesions previously described in studies that examined the effects of 

waterborne and dietary As exposure in rainbow trout (0. mykiss) (McGeachy and Dixon, 

1990: Cockell et al., 1991 ; 1992; Cockell and Bettger, 1993; Rankin and Dixon. 1994). 

Histological alterations, including sioughing of the epithelium, dilation of vascular 

elements, inflammation, edema, fibrosis, and increased width of the submucosa observed 

in gallbladders of lake whitefish aiso occurred in juvenile rainbow trout (0. mykiss) 

exposed to concentrations of dietary arsenate ranging from 33 to 182 pg As/g diet for 8 to 

23 weeks (Cockell et al., 1991; 1992; Cockell and Bettger, 1993). The severity o f  the 

gallbladder histopathology observed in rainbow trout increased with dose of A s  and 

duration of exposure, as in the curent study. Similar Iesions were also observed in lake 

whitefish fed 100 and 1000 pg As/g diets for 20 days (Chapter 1)' indicating that 

gallbladder damage as a result of As exposure is consistent between rainbow trout and 

lake whitefish. 



Cockell et al. (1991) suggested that the gallbladder lesion associated with dietary 

As exposure resernbles chronic acalculous cholecystitis. The molecular mechanisms 

through which As causes gallbladder pathology have not been investigated. Cockell and 

Bettger (1993) postulated, however, that chemicai mediators of inflammation, such as 

prostaglandins. may be released as a result of As induced damage to epithelial cells. 

This. in turn, results in inflammation of the adjacent submucosa and once the epithelial 

layer is removed. the bile can act directly on the subrnucosal layers of the gallbladder 

wall, exacerbating the irritation already occurring. With continued exposure to dietary 

As. epithelial cells must undergo an adaptation in order to allow them to regenerate. 

Mechanisms through which this adaptation occurs may inchde increased metabolic 

transformation of As to a iess toxic form, reduction of net accumulation by decreasing 

uptake or increasing excretion of As, binding of As to proteins, such as MT. or storage of 

As in intracellular granules (Cockell, 1990). Once the epithelial layer regenerated in 

gallbladders of lake whitefish, fibrosis of the submucosal Iayers was extensive, such that 

the lesion may only be slowly reversible when As exposure has ceased (Cockell and 

Bettger. 1993). Scarring of the gaflbIadder may, therefore, be a usefùl indicator of both 

current and prior exposure to As in environmental monitoring programs. 

MT is a low molecular weight, cysteine-rich. metal-binding protein that has been 

identified in vertebrates, invertebrates, and microorganisms (Mason and Jenkins. 1995). 

It functions in resistance to non-essential metal toxicity and in the homeostasis of 

essential metals, Zn and Cu (Roesijadi, 1992). The use of MT induction to monitor the 

effects of metals on aquatic organisms in environmental monitoring programs has been 

promoted (Benson et al., 1990; Couillard, 1997; AETE, 1999). The induction of MT in 



livers of lake whitefish fed As contarninated diets at al1 durations of exposure is 

consistent with results of previous studies that have observed the induction of hepatic MT 

in freshwater fish as a result of subcutaneous and waterborne As exposure (Schlenk et al., 

1997; Das et al., 1998; Eller-Jessen and Crivello, lW8a,b). For example, channe1 catfish 

(Ictalirn~s punctatus) were treated with aqueous concentrations of monosodium methyl 

arsonate (MSMA), sodium arsenite, and sodium arsenate. Fish were exposed to 0.0 1,O. 1, 

and 1.0 mg/L of each cornpound for 1 week. Exposure to al1 compounds resulted in 

dose-dependent induction of hepatic MT, however, significant induction only occurred in 

fish exposed to 1.0 mgL of MSMA and sodium arsenite (Schlenk et al., 1997). It is 

important to note that the current study is the first to examine the effect of dietary As 

exposure on MT induction in a freshwater fish, with the exception of a preliminary 

experiment conducted in o w  laboratory (Chapter 1). It is also the first to demonstrate a 

significant effect of As exposure on hepatic MT in fish when inorganic As was 

administered as the pentavalent fom. 

The effect of As exposure on MT induction in kidney has not been previously 

measured in freshwater fish. The results of the current study, in which a significant 

induction of rend MT in response to dietary As exposure was not observed. are in 

agreement with the results of previous studies that exarnined the effects of As exposure in 

marnmals (Albores et al. 1992; Flora and Tripathi, 1998). For exarnple, male Spraque- 

DawIey rats were injected subcutaneously with sodium arsenite in water at 25. 50. 75. or 

90 pmolkg. and sodium arsenate in water at 50, 100, 150, or 200 pmolkg. Kidney 

Icvels of MT were not affected by sodium arsenite or sodium arsenate exposure afier 24 

hours. whereas. hepatic concentrations of MT were significantly induced at al1 exposure 



concentrations of sodium arsenite and at the two highest exposure concentrations of 

sodium arsenate (Albores et al., 1992). 

Alihough hepatic MT was significantly induced in lake whitefish fed the high 

dose diet afier 10 and 30 days of  exposure, significant induction did not occur in fish fed 

this diet afier 64 days of exposure. However, MT was induced in the livers of lake 

whitefish fed the 1 and 10 pg As/g diets for 64 days. The absence of  significant MT 

induction with continued exposure to the high dose diet may be due to one or more of the 

following reasons: ( 1 ) a decline in As dose, (2) oven As toxicity, angor  (3) a biphasic 

pattern of MT induction with continued exposure. First, a decline in As dose occurred in 

this treatment group as a result of reduced feed consumption beginning on day 45 of 

exposure. If a critical minimum concentration of As is necessary to cause induction of 

MT. it may not have been maintained for 64 days. It is not likely that starvation of lake 

whitefish directly caused the reduction in MT concentration, as food deprivation results 

in elevated hepatic MT induction in mammaIs (Shinogi et al.. 1999). The second 

explanation could be overt As toxicity in the livers of lake whitefish, resulting in 

decreased capability of MT induction. Toxicity was indicated by both the decreased LSI 

and severe liver histopathology observed in fish fed the high dose diet for 64 days. 

FinalIy. the biphasic pattern of hepatic MT induction observed may be typical of 

continued As exposure, as a similar pattern of induction has been previously reported. 

Climbing perch (Anadas testudineus) exposed to 0.75 mg As/L as As203 had significant 

increases in MT induction of 8 1 %, 294%, and 98%, after exposure for 2. 15, and 30 days, 

respectively (Das et al.. 1998). 



The mechanism of hepatic MT induction by As compounds has not been well 

studied, however, the results of two studies indicate that As indirectly induces MT in 

liver (Albores et ai., 1992; Schlenk et al., 1997). Possible mechanisms of indirect MT 

induction as a result of As exposure include alteration of Zn homeostasis, activation of an 

antioxidant response. andor the release of an unknown endogenous factor(s) that induces 

hepatic MT. For example, dose-related increases in MT, Zn, and As concentrations were 

obsewed in livers of rats 24 hours afier subcutaneous injection with 25, 50, 75, and 90 

pmolkg of sodium arsenite. It was also observed that in liver cytosols, a major portion 

of Zn, but not As, was associated with MT, indicating As did not bind to MT under the 

experimental conditions. Therefore, As may induce hepatic MT indirectly by causing 

increased Zn concentrations, which in tum results in elevated MT induction (Cousins, 

1985). In addition, significant hepatic MT induction occurred in channel catfish (1 

prrnciatus) exposed to 1 .O mg AsAd as MSMA and sodium arsenite without significant As 

accumulation in the liver, and As was not present as a ligand in the induced hepatic 

protein (Schlenk et al., 1997). It was suggested that MT induction may have been 

through activation of various antioxidant response elements located in the 5' prornoting 

region of the MT gene, or altematively, through the release of an unknown endogenous 

factor(s) at an extrahepatic site, as As did not accumulate in liver (Schlenk et al., 1997). 

LPO refers to the peroxidation of cellular lipids by fiee radicals. such as 

superoxide radicals, hydrogen peroxide, and hydroxyl radicals. This process can alter the 

balance of fluidity and structure of subceilular and cellular membranes by damaging 

polyunsaturated fatty acids located in the membrane. eventually resulting in tissue 

darnage and ce11 death (Winston and Di Giulio, 1991 ; Kehrer. 1993). Metals that exist in 



more than one vaience state and that undergo intraceiiuiar oxidative-reduction reactions 

can initiate Iipid peroxidation (Wills, 1985). For exarnple, a correlation was observed 

between increased LPO concentrations in plasma and histopathology in liver and kidney 

of lake whitefish exposed to dietary uranium (Cooley et al.. 2000). Although these 

characteristics apply to As, results fiom previous studies that have examined the effect of 

As exposure on LPO in fish, birds, and mamrnals have not been consistent. For exarnple, 

the majority of marnmaiian studies have reported that As exposure results in increased 

LPO concentrations in tissues, such as liver, kidney, lung and heart (Yanez et al., 199 1. 

Yamanaka et al., 1991, Okada and Yarnanaka, 1994, and Ramos et al., 1995). On the 

other hand. studies that exarnined the effects of As in mallards (A. platyrhynchos) 

reported both unchanged and decreased hepatic LPO after dietaxy As exposure for 4 and 

I O weeks. respectively (Cmardese et al., 1990, and HofiÏnan et al.. 1992). Furthemore, 

aqueous As exposure did not alter hepatic lipid peroxidation in channel catfisli (1 

pztncta~us) (Schlenk et al., 1997) and resulted in transient LPO induction in livers of 

climbing perch (A. testzldineus) (Das et al., 1998). 

Although As produces increased LPO in rnarnmds and climbing perch (A. 

testudinezts), significant increases in LPO were not observed in the curent study in the 

plasma of lake whitefish fed As contaminated diets for 10, 30 or 64 days. The absence of 

LPO induction in lake whitefish may be due to one or more of the following reasons: (1 ) 

route of exposure, (2) length of exposure, (3) induction of LPO in other tissues, and/or (4) 

scavenging of fiee radicals by MT. First. mammalian studies in which significant 

increases in LPO were observed, administered the As dose by intraperitoneal injection 

(Yanez et al., 1991 Yarnanaka et al., 1991, Okada and Yamanaka, 1994, and Rarnos et 



al.. 1995). For exarnple, Yanez et al., (1991) found an intraperitoneal injection of 10 

pglg of As to significantiy induce LPO in heart tissue of rats after 24 hours, whereas 

Schinella et ai. (1996) exposed rats to the same concentration of As orally in tap water for 

2 days and induction of LPO in liver was not observed. LPO induction was also not 

observed in mallards (Camardese et al., 1990, and Hoffhan et al., 1992) and lake 

whitefish (Chapter 1) when As w a  administered in a contaminated commercial diet. In 

addition. mamrnalian studies have generally exarnined the effects of acute As exposure. 

with animals being sampled between 1 h o u  and 1 day after a single As dose was given 

(Yanez et al., 199 1 Yamanaka et ai., 1991, Okada and Yamanaka, 1994, and Ramos et 

al.. 1995). Therefore, LPO may not be induced in organisms when As uptake occurs 

through the dietary route of exposure a d o r  may not remain elevated with continued 

exposure. For example, hepatic LPO was induced in climbing perch (A. testudineus) 

exposed to 1.5 mg& of As for 48 hr; however, significant induction was not present after 

30 days of exposure to 0.75 m a  @as et al., 1998). In the curent study, LPO rnay have 

initially been induced in lake whitefish, but was no longer elevated when fish were 

sampled. LPO may have also been induced in other tissues of lake whitefish, but 

concentrations present in plasma were not high enough to be detected. 

Although the primary role of MT is to detoxifi and regulate metals. MT can also 

act as a free radical scavenger when induced in response to a number of contaminants, 

including As (Sato and Bremner, 1993; Guvo  et al., 1994). For example, the absence of 

LPO induction in liver of climbing perch after 30 days of exposure was correlated with a 

significant increase in hepatic MT concentration at this time period (Das et al., 1998). In 



the current study, elevated hepatic MT in lake whitefish may have provided adequate 

protection against LPO induction as a result of dietary As exposure. 

5. Conclusions 

The results of this research identie a nurnber of parameters that should be 

thoroughty evaluated as sensitive and reliable indicators of As toxicity in fieshwater fish 

for use in environmental monitoring prograrns. At the tissue and organ levels. 

liistopathological examinations of liver and gallbladder are recommended. as both were 

sensitive to As toxicity, with damage occurring in fish fed concentrations as low as 1 pg 

As/g. Macroscopic gallbladder lesions may be particularly usehl indicators in 

monitoring programs in which thorough histological examinations are not possible. An 

assessrnent of hepatic MT induction is recornmended at the molecular level of 

organization. as this parameter was very sensitive to As exposure, with elevated MT 

concentrations occumng in livers of lake whitefish fed the 1 pg As/g diet &er 64 days. 

Parameters that are not recommended as indicators of As exposure include blood 

parameters, and measurernent of LPO concentrations in plasma. 

As indicated by the results of this study, there are a nurnber of relevant issues. 

with respect to As toxicity in freshwater fish' which require m e r  research. It is 

necessary to determine the mechanisms behind reduced feed consumption e-xhibited by 

lake whitefish, both the delayed response observed in the current study and the immediate 

response observed in previous work (Chapter 1). It is also important to investigate if 

effects observed at lower levels of biological organization would result in effects at the 

whole organism level of organization with exposure to dietary As beyond 64 days. The 



mechanisms through which liver and gailbladder alterations are mediated in fieshwater 

fish remain to be elucidated. More research on MT, inctuding the rnechanism of 

induction due to As exposure, in freshwater fish is also needed. For example, a study. 

which examines if hepatic MT concentrations remain elevated with, continued exposure 

to lower concentrations of As when feed rehsal is not a factor, would be usefil. In 

addition. it is necessary to examine if LPO concentrations are increased in tissues, such as 

liver and gallbladder, of freshwater fish as a resuh of dietary As exposure. The 

relationship between MT induction and oxidative stress due to As exposure remains to be 

detemined. It would also be valuable to collect fish fiom a fieshwater habitat. in which 

As contamination is a problem, in order to determine if the results of this study are 

applicable to fish exposed to As in the field. 





Table 2. Condition factors and liver somatic indices of lake whitefish fed a control diet 

and diree As contaminated diets for 10,30, and 64 days. Data are expressed as mean (+ 

SE). Asterisk denotes mean is significantly different fiom the control at that duration (P 

< 0.05). 

Diet Condition Factor Liver Somatic index ( O h )  

(M As/@ 

Day 10 Day 30 Day 64 Day 10 Day 30 Day 64 

O 1.3 1.3 1.3 0.7 1 0.77 0.96 

(0.02) (0.03) (0.03) (0.04) (0 -04) (O. 14) 

1 O0 I .4 1.3 1.2 0.67 0.77 0.57 

(0.03) (0.02) (0.02) (O .06) (0.03) (O. 1 1 )  
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Table 4. Mean assessrnent values (MAV) of liver alterations observed in lake whitefish 

fed a control diet and three As contaminated diets for 10, 30, and 64 days. Data are 

expressed as mean (f SE). Asterisk denotes mean is significantly different fiom the 

control at that duration (P < 0.05). 

Diet Mean Assessrnent Value (MAV) 

( ~ i g  As/g) 
Day 10 Day 30 Day 64 

O 0.83 0.67 0.33 
(O. 1 7) (0.2 1 ) (0.2 1)  

1 O 1.4 1 . P  1 -4 
(0.20) (O. 12) (0.3 3) 
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Figure 1. The growth rates, calculated as mean final body wet weight - mean initial wet 

body weight / duration of exposure, of lake whitefish fed a control diet and three As 

contaminated diets for 10. 30. and 64 days. Data are expressed as mean (+ SE). No 

significant differences were observed in the treated groups relative to the control group at 

each duration o f  exposure (P c 0.05). 
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Figure 2. Metallothionein (MT) concentrations in the (a) livers and (b) kidneys of  lake 

whitefish fed a control diet and three As contaminated diets for 10, 30, and 64 days. Data 

are expressed as mean (+ SE). Asterisk denotes mean is significantly different fkom the 

control at that duration (P < 0.05). 
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Figure 3. a) Low magnification micrograph of a liver from lake whitefish fed an 

uncontarninated diet. Bar = 50 Pm. b) Higher magnification micrograph of the same 

histologicai section demonstrating the arrangement of hepatocytes in two-ce11 thick cords 

(between the bIock arrows), separated by b e r  sinusoids (arrowhead), with circulating 

erythrocytes (small arrow). Note that there are few glycogen vacuoles present (G). Bar = 

30 Fm. C) High magnification micrograph of a liver from lake whitefish fed the 1 pg As/g 

food for 10 days demonstrating the characteristics of grade 1 alterations. Note the 

pyknotic nuclei (arrows), cellular debris (CD) fiom degenerating hepatocytes and 

eosinophilic hepatocytes (E). Bar = 30 Pm. H&E stain. 





Figure 4. The totai number of lesions observed in a 4 mm x 4 mm area in livers of lake 

whitefish fed a control diet ( O  pg As/@ and three As contaminated diets ( 1 ,  10, and 100 

pg As/@ for 10, 30, and 64 days. The sample size of each treatment group was 6 fish. 

The histological appearance of each lesion was categorized according to the degree of 

alteration observed. Grades 1 ,  2, and 3 represent mild, moderate, and severe alterations. 

respectively. 
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Figure 5. a) Low magnification micrograph of a liver fiom lake whitefish fed the 10 pg 

Asig  food for 30 days demonstrating the characteristics of grade 2 alterations. Note the 

hepatocyte degeneration (HD) and disruption of cord structure, as wetl as the areas of 

eosinophilic hepatocytes (E). Bar = 50 Pm. b) Higher magnification micrograph of the 

same histological section demonstrating hepatocytes with pyknotic nuclei and 

indistinguishable ce11 outlines (between arrows), as well as a large area of hepatocyte 

degeneration (HD), eosinophilic hepatocytes (E)? and disruption of cord structure. Bar = 

30 Pm. H&E stain. 





Figure 6. a) Low magnification micrograph of a iiver from lake whitefish fed the 100 pg 

As/g food demonstrating the characteristics of grade 3 alterations. Note the 

inflammation. characterized by the aggregation of lymphocytes (between arrows), 

associated with the areas of hepatocyte degeneration (HD). Bar = 50 Fm. b) Higher 

magnification micrograph of the same histological section showing lymphocyte 

aggregation and focal necrosis. Pyknotic nuclei in necrotic hepatocytes are indicated 

(arrows). Bar = 30 pm. H&E stain. 





Figure 7. a) Low (bar = 200 pm) and b) hi& (bar = 60 pn) magnification micrographs 

of a gallbladder from lake whitefish fed an uncontaminated diet demonstrating the layers 

of the gallbladder wall. Closest to the lumen (L) is the epithelium (E). followed by the 

lamina propria (LP), straturn compactum and stratum granuIosurn (SC), lamina 

muscularis (LM). subserosa (SS), and serosa (S). The stratum compactum and stratum 

granulosum are considered as one layer because they are difficult to distinguish. c) High 

magnification micrograph of a gallbladder from lake whitefish fed the 1 pg As/g food for 

10 days. Note sloughing of the epithelium. and minor inflammation (1), characterized by 

minor to moderate dilation of vascular elements (VD) and presence of lymphocytes, 

apparent in the submucosa. Bar = 50 mm. H&E stain. 





Figure 8. a) High magnification micrograph of a gallbladder from lake whitefish fed the 

10 pg Aslg diet for 10 days. Note minor inflammation (1) within the submucosa, ederna 

in a11 layers with the exception of the subserosa, moderate fibrosis (FIB) of the lamina 

propria, and eosinophilic fibrinoid (EF) material present in the lumen. Minor folding (F) 

of the epithelium and lamina propria are aiso apparent. Bar = 40 Fm. b) High 

magnification micrograph of a gallbladder from lake whitefish fed the 100 pg As/g food 

for 10 days. Note the extensive inflammation (1): characterized by rnoderate to extensive 

dilation of vascular elements (VD) and presence of lymphocytes. as well as the extensive 

edema and fibrosis in al1 Iayers of the submucosa. Bar = 70 Pm. H&E stain. 





Figure 9. a) Low magnification micrograph of a gallbladder from lake whitefish fed the 

100 pg As/g diet for 30 days. Note the moderate to extensive folding (F) of the 

epithelium and lamina propria into the lumen (L), as a result of extensive inflammation, 

edema, and fibrosis in the submucosa. The space between the epitheliurn and the lamina 

propria is a fixatiodprocessing artifact. Bar = 200 Pm. b) Higher magnification 

micrograph of the same histological section demonstrating increased width of the 

submucosa epithelial sioughing, inflammation, edema and fibrosis (FIB), particularly in 

the lamina propria (LP). The layers have become difficult to distinguish, as a result of 

these alterations. The serosa is indicated (S). Bar = 60 Fm. H&E stain. 





Figure 10. a) Low magnification micrograph of a gallbladder of lake whitefish fed the 

100 pg As/g food for 64 days. Note the extensive thickening of the gallbladder wail as a 

result of edema and fibrosis (FIB) of the submucosa. The lumen is congested with folds 

of epithelium (E) and lamina propna (LP). Bar = 120 Pm. b) Higher magnification 

micrograph of the same histological section, in which the layers have been indicated: 

epithelium (E). lamina propria (LP), stratum compactum and stratum granulosum (SC). 

lamina muscularis (LM), and subserosa (SS). Note the increased amount of mucous (M) 

cells in the epithelium. Bar = 50 Pm. H&E stain. 





Figure 11. Ratios o f  the width of the submucosa to the epithelium of gallbladders of lake 

whitefish fed a control diet and three As contaminated diets for 10, 30, and 64 days. 

Statistical analyses were not conducted cis only two of the six gallbladders of lake 

white fish from each treatrnent group were examined for histopathology . 
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Conclusions 

Two experiments were conducted to investigate the uptake and toxicity of dietary 

As exposure in freshwater fish species. The following results were observed in the 

preliminary short-term experiment that exarnined the accumulation, distribution, and 

toxicological effects of As in lake whitefish and lake trout fed 0, 100, and 1000 pg As/g 

diets with and without the addition of brine shrimp for 20 days: 

Reduced feed consumption occurred in Iake whitefish and lake trout fed 

al1 As contaminated diets, except the 100 pg As/g N S  (no shrimp) food. 

Addition of brine shrimp did not alter the consurnption of As 

contarninated diets. 

The pattern of As tissue distribution differed between the two species. 

At the molecular level of organization: 

LPO (lipid peroxide) concentrations significantly increased in plasma of 

Iake trout fed the 1 O00 pg As/g WS food. 

MT (metallothionein) concentrations in liver and kidney were not altered 

by As exposure. 

At the tissue and organ levels or organization: 

Blood parameters were not affected by As exposure. 

LSI (liver somatic index) were significantly decreased in both species. 

Histological alterations were not observed in liver. anterior and posterior 

kidney, pyloric caeca, or spleen examined from lake trout exposed to 

dietary As. 



Histological alterations were observed in gallbladder, liver, kidney, 

pyloric caeca, and intestine examined fiom lake whitefish exposed to 

dietary As. 

At the whole organism Ievel of organization: 

Growth was significantly decreased in lake trout fed the 1000 pg As/g 

food. 

Condition factors were unaltered by As exposure. 

Based on the results of the preliminary experiment, lake whitefish were selected for use 

in a longer-terrn experiment. To decrease the chances that feed refusal would occur, 

concentrations of As chosen for the second study were O? 1, 10, and 100 pg Aslg 

The longer-tenn experiment was conducted to examine the accumulation. 

distri bution, and toxicological effects of As in lake whitefish exposed by the dietary route 

of uptake for 10, 30: and 64 days. The following results. with respect to the accumulation 

and distribution of As, were observed in lake whitefish: 

The pattern of accumulation in lake whitefish tissues was influenced by 

reduced feed consumption begiming on day 45 in fish fed the 100 pg 

As/g food. 

Significant accumulation occurred in liver, kidney, stomach, pyloric 

caeca, intestine, skin. and scales of lake whitefish fed the 100 pg As/g 

food for 30 days. 

Significant accumulation occurred in liver and scales of lake whitefish fed 

the 10 pg Aslg food for 30 and 64 days. 



The following results, with respect to the toxicological effects of As, were observed in 

fake whitefish: 

At the molecular level of organization: 

MT induction occurred in Iivers of lake whitefish fed the IO0 pg As/g 

food afier 10 and 30 days, and in fish fed the 1 and 10 pg As/g food for 

64 days. 

LPO concentrations in plasma were not altered by As exposure. 

At the tissue and organ Ievels of organization: 

LSI was significantly decreased in lake whitefish fed the 100 pg As/g 

food for 64 days. 

Blood parameters were not affected by As exposure. 

Liver and gallbladder histopathology was observed in lake whitefish fed 

al1 As contaminated diets after each duration of exposure. 

At the whole organism leveI of organization: 

Wet weights, fork lengths, growth rates, and condition factors were 

unaltered by As exposure. 

Based on the results of this experiment, analyses of As in Iiver, pyloric caeca, intestine, 

and scales are recomrnended for use as indicators of As bioavailability in EEM prograrns. 

In addition. measurement of hepatic MT concentrations and histopathological 

esaminations of liver and gallbladder should be evaluated for use as early. sensitive and 

reliable indicators of As toxicity. 
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