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Abstract 

Monosodium methanearsonate (MSMA), an arsenic-based pesticide, has been used to 

control Mountain Pine Beetle (Dendroctonus ponderosae) populations throughout British 

Columbia for the past ten years. Cavity nesting forest birds have been shown to forage 

and breed in MSMA treated pine stands. This study examined the effects of MSMA using 

the Zebra Finch (Taeniopygia guttata) as a model passerine. The objectives were to 

determine the distribution as well as any sub-lethal toxic effects of this compound in both 

adults and nestlings. Zebra Finches were exposed to environmentally relevant 

concentrations of this pesticide. Adults showed dose-dependent trends in accumulation of 

arsenic in the blood and specific tissues, and weight loss occurred in adults in the two 

highest dose groups. Nestlings accumulated more arsenic in tissues than adults, and 

exhibited a high mortality rate at higher doses, which suggests high sensitivity to this 

pesticide in early life stages. 
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CHAPTER 1: 
Introduction 

1.1 Heavy Metals as Environmental Contaminants 

Many heavy metals such as lead, cadmium, mercury and arsenic are ubiquitous in the 

environment and have both natural and anthropogenic sources (Hutchinson and Meema, 

1987). The primary source of natural heavy metals in the environment is from the earth's 

crust, and a natural flux of metals occurs in the environment through processes such as 

weathering, erosion, biological activity and volcanic eruption (Garrett, 2000). 

Anthropogenic activities such as mining, manufacturing and agriculture have disrupted 

the natural cycle and increased the rate at which these metals are introduced into the 

environment (Fyfe, 1998). 

All heavy metals, some more than others, have the potential to be toxic to exposed 

organisms. Thus, increasing quantities of metals in the environment has resulted in 

increased toxicological concern for exposed wildlife. Of particular concern is the ability 

of metals to bioaccumulate. Numerous studies have reported bioaccumulation of metals 

in birds (Birkhead 1982, 1983; Furness et al., 1990; Heinz and Hoffman, 1998; Honda et 

al., 1986 and 1990; Hulse et al., 1980; Lee et al., 1989; Maedgen et al., 1982), mammals 

(Blus et al., 1987; Ogle et al., 1985; Wren, 1986 and 1988; Thies and Gregory, 1993) and 

fish (Campbell, 1994). Reported sub-lethal toxic effects resulting from exposure to 

metals or mixtures of metals in the environment include behavioural impairments (Burger 

and Gochfeld, 1997), decreased reproductive success (Heinz and Hoffman, 1998; Heinz 



and Fitzgerald, 1993), neurotoxicity (Cory-Sletcha et a1.,1985), decreased cholinesterase 

activity (Dieter and Ludke, 1975), immunotoxicity (Ilback et al., 1991 ; Schulz et al., 

2002) and genotoxicity (De Flora et al., 1994; Mass et al., 2001). 

1.2 Toxicity of environmental contaminants 

Vital to understanding the toxicity of a chemical is the knowledge of how the chemical is 

absorbed, distributed, biotransformed, accumulated and eliminated, and the rates of such 

processes. It is important to assess the potential of a xenobiotic to be accumulated by 

specific tissues, the affinity of the xenobiotic to specific tissues, the metabolism of the 

xenobiotics, the rate of absorption as compared to the rate of elimination, the 

bioaccumulation factor and finally the half life of a xenobiotic in the environment. These 

characteristics are often dependent on the structural and chemical properties of a 

xenobiotic. Such properties include, but are not limited to, solubility in water, octanol- 

water partition coefficient (Kow), bioaccumulation factor and half-life (Klaassen, 2001). 

Biotransformation can greatly affect the toxicity of a chemical. Some chemicals are toxic 

in parent form and may be detoxified to a less toxic and more easily excreted metabolite 

through biotransformation. Alternately, some chemicals may be inherently non-toxic and 

may become activated by biotransformation, producing toxic metabolites (Klaassen, 

2001). 

Physiological effects of contaminants can occur at the cellular level, the organ 

level, and at the whole-organism level (Walker et al., 1996). A contaminant may enter a 

cell in the body and disrupt cellular biochemical reactions by interacting with enzymes or 

receptors. For example, organochlorines tend to bind to lipoproteins and cell membranes, 

while heavy metals may interact with intracellular proteins such as metallothionein. 
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Contaminants may also have an affinity for a specific organs and tissues where they will 

accumulate after being circulated in the blood (Walker et al., 1996). Contaminants can 

also express their final toxicity in an organism by affecting behaviour, such as 

reproductive, foraging and anti-predator behaviour. This not only affects the success of 

the individual but can also the success of a population (Clotfelter et al., 2004). Several 

studies have documented the effects of contaminants on the reproductive behaviour of 

fish (Jones and Reynolds, 1997) and birds (Heinz, 1974; Fry, 1995; Stanley, 1994). In 

addition, effects on foraging behaviour in fish (Kislalioglu et al., 1996) and birds and 

effects on antipredator behaviour in fish (Little et al., 1990) and birds (Heinz et al., 1979) 

have been shown. 

1.3 Arsenic in the Environment 

Arsenic is an element found in soil, water, air, plants and all living tissue (Woolson, 

1975). Large quantities of arsenic are released into the environment anthropogenically, 

primarily through agricultural use, including the application of pesticides (Woolson, 

1975). The increase in evironmental arsenic has become a concern to non-target 

organisms in both aquatic and terrestrial environments. Previous studies have reported 

accumulation of arsenic in animals in areas of high anthropogenic activity, and acute and 

chronic toxicity due to arsenic exposure in laboratory animals (NAS 1977; NRCC 1978; 

Hughes 2002). 

The chemistry of arsenic is complex, having trivalent and pentavalent, 

inorganic and organic forms. Arsenic may undergo oxidation, reduction and 



biomethylation as a result of interaction with microorganisms in soil, freshwater 

or seawater (Cullen and Reimer, 1989). Biotransformation of arsenic can occur in 

vivo, resulting in monomethyl arsenic (MMA (V)) and dimethylarsenic (DMA 

(V)), with the liver as the primary site for methylation in most tested species 

(Marafante, 1985). DMA (V) is the primary metabolite for most mammals 

(Yarnauchi and Yamamura, 1985). 

The species of arsenic distributed within tissues and excreted depends on 

the chemical species administered. Several studies have examined the tissue 

distribution and chemical speciation of animals dosed with inorganic arsenic. Rats 

dosed with inorganic arsenic appear to have predominantly dimethylated arsenic 

in the blood, liver and kidney, and excrete primarily inorganic arsenic (Odanaka 

et al., 1980), whereas rats dosed with MMA (V) have shown MMA (V) as the 

predominant form of arsenic in the liver and kidney (Suzuki et al., 2003), and 

excrete primarily MMA (V) and DMA (V) (Yoshida et al., 1998; Suzuki et al., 

2003). Similarly, rats dosed with DMA (V) show DMA (V) as the primary form 

in the liver (Suzuki et al., 2003) and initially excrete predominantly DMA (V) 

(Yoshida et al., 1997; Suzuki et al., 2003). In addition, tissue retention of arsenic 

may operate depending on whether the administered arsenic is in the methylated 

or inorganic form. Methylated arsenicals tend to be eliminated faster, and have 

less affinity for, and therefore less accumulation in, the tissues and blood (Hughes 

and Kenyon, 1998). An inhibition of arsenic methylation in mice and rats has 

been shown to increase tissue retention (Marafante et al., 1985). Rats dosed with 

inorganic arsenic retained 70-80% of the given dose (Vahter, 1981) while rats 



dosed with DMA (V) retained only 10-20% (Stevens, 1977). These results 

suggests that the amount of arsenic being taken up and distributed to the tissues or 

excreted highly depends on the form administered, and that methylated arsenicals 

are more readily excreted than inorganic arsenic. 

The metabolism of arsenic plays an important role in the toxicity of this metalloid 

(Hughes 2002). In the past it was thought that the biomethylation of inorganic arsenic 

was solely a detoxification process because DMA (V) is less toxic and more readily 

excreted than inorganic arsenic (Marafante et al., 1987; Hughes and Kenyon, 1998). 

However, it has since been discovered that this metabolic pathway involves a reduction to 

trivalent methylarsenicals such as monomethyl arsenous acid (MMA (111)) and dimethyl 

arsenous acid (DMA (111)), both of which have direct genotoxic actions (Mass et al. 

2001). In addition, MMA (111) is more acutely toxic than arsenite (As (111)) (Cullen et al., 

1989; Petrick et al. 2000; Styblo et al. 1995) and DMA (V) has carcinogenic properties 

(Wei et al., 1999). Thus, methylation of arsenic is not solely a detoxification method, and 

may in some cases be bioactivating. 

1.4 Mountain Pine Beetle (Dendroctonus ponderosae) 

The Mountain Pine Beetle (MPB) (Dendroctonusponderosae) is a species of beetle 

native to North America (Furniss and Carolin, 1980). The MPB attacks primarily 

lodgepole pine (Pinus contorta) (Dost, 1995). Female adult MPBs initially attack pines 

by seeking out mature, large diameter trees in the mid to late summer (Raffa ,1987). 

Beetles bore into the tree and infect the tree with their symbiotic fungi. If the attack is 



successful, the fungus will impede the tree's circulatory system by blocking xylem 

translocation of defensive resin, weakening the tree's resistance to the spreading fungus 

(Raffa, 1987). In British Columbia the mountain pine beetle is the most damaging forest 

pest, killing extensive tracts of mature pine trees (Furniss and Carolin, 1980; Dost, 1995). 

The lodgepole pine is the most abundant conifer in British Columbia and is an important 

timber source, with large-scale mortality of the lodgepole pine posing a long-term threat 

to British Columbia's forest economy as well as challenges to forest managers and 

planners (Cole et al., 1985; Patriquin et al.,2005). 

Management strategies have been implemented to control Mountain Pine Beetle 

infestations, including preventative methods such as small patch harvesting of susceptible 

pine trees, and direct control methods such as semiochemical baiting, falling and burning 

and the use of pesticides (Dost, 1995). In British Columbia, monosodium 

methanearsonate (MSMA) has been used as a pesticide to control the mountain pine 

beetle (Dost, 1995). The most common method is to use MSMA in combination with 

semiochemical baiting. Specific trees within a susceptible pine stand are baited with an 

aggregation pheromone in early to mid summer, just before beetle flight. Baiting the trees 

predisposes them to attack. In late summer, forest surveyors will determine whether the 

baiting has been successful and the baited trees have been attacked. MSMA is then 

applied to the baited and attacked trees, with the intention of killing all of the beetles, and 

preventing spread of beetles to neighboring trees within the stand (Dost, 1995). Various 

factors can alter the effectiveness of the treatment, such as moisture level (Woolson, 

1975) and timing of treatment (Machlauchlan et al., 1988). 



Despite efforts to control the mountain pine beetle, British Columbia is 

experiencing the largest outbreak in recorded history (Patriquin et al., 2005). The 

province has implemented an action plan with the goal to mitigate the impacts of the 

epidemic on forests and communities. The role MSMA will play in this plan has yet to be 

explicitly stated. 

1.5 Zebra Finches as a Model Laboratory Species 

Birds have been used successfully as bioindicators or monitors to determine 

environmental contamination (Furness, 1993). However, assessing toxic effects of 

specific metals can be challenging using wild populations of birds due to several 

confounding factors. While blood is relatively easy and safe to obtain, blood samples 

provide information only on short-term exposure of metals (Furness, 1993). Tissue 

sampling is often necessary to determine longer term exposure and physiological and 

histological effects of contaminants, however, it is neither practical nor ethical to kill 

large numbers of wild birds for this purpose (Furness, 1993). Background levels of 

metals in the tissues due to natural environmental exposure and not pollution, as well as 

seasonal changes in body mass can both affect perceived body burdens (Furness, 1993). 

Furthermore, to fully understand the kinetics and possible toxic effects of a chemical, it is 

important to collect data on the absorption and elimination rates, which would likely be 

challenging in a field situation. 

Therefore, in order to gain a complete understanding of the toxic effects of 

arsenic-based pesticides to wild bird populations, laboratory studies using a suitable 

model species are necessary. Our goal in this study was to determine the effects of 

arsenic-based pesticides on cavity nesting forest birds such as woodpeckers and 
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chickadees. Past studies looking at effects of contaminants on birds in a laboratory setting 

have generally used quail or ducks as an avian species (Heinz, 1979; Hoffman, 1991 ; 

MMA Task Force Three, 1993). However, results obtained from these species may not be 

properly extrapolated to the cavity nesting forest birds described in this study due to 

various differences in both behaviour and physiology. Laboratory colonies of Zebra 

Finches have successfully been used in several areas of research, including toxicology 

(Scheuhammer, 1987; Dauwe et al., 2002; Gill et al., 2004). Zebra Finches are small 

granivorous passerines. Wild populations of Zebra Finches are distributed throughout 

Australia and many of the islands that make up the Lesser Sundas archipelago (Zann, 

1996). They are grass seed specialists, and rarely eat insects, even during the breeding 

season. However, they have been found to switch to green, half-ripe seeds on grasses 

rather than dry seeds on the ground during breeding to increase nutrient quality (Zann, 

1996). 

In this study, Zebra Finches proved to be tolerant of handling and experimental 

manipulation, such as oral dosing, blood sampling, and immune function testing. 

Furthermore, they breed rapidly and successfully in the laboratory, despite continuous 

handling. Thus, Zebra Finches were a suitable laboratory model avian species for 

determining toxic effects of an arsenic-based pesticide to cavity-nesting forest birds. 

1.6 Thesis Structure 

The research described in this thesis addresses two main questions, which will be 

discussed in the following two chapters. All research was conducted using a laboratory 

colony of Zebra Finches (Taeniopygia guttata) as a model species to represent passerine 

songbirds. Chapter two describes the uptake, elimination and sub-lethal toxicity of 
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environmentally relevant concentrations of monomethylarsonic acid (MMA (V)) in the 

adult Zebra Finch. MMA (V) is equivalent to monosodium methanearsonate (MSMA) at 

physiological pH, and is also the form of arsenic detected in mountain pine beetles 

exposed to MSMA. Chapter three describes the effects of MMA (V) on the growth and 

general health of nestling Zebra Finches. Parameters measured include weight gain per 

day, body mass and tarsi length as a measure of overall skeletal size at day 21 (fledging), 

and immune function using the phytohaemagglutinin (PHA) cell-mediated immune 

function test. Chapter three also attempts to describe the sensitivity of nestlings to 

environmentally relevant concentrations of MMA (V) as compared to the adults. These 

data are important for understanding general toxicity of MMA (V) in birds, as well as 

possible effects on reproduction and survival of avian populations exposed to MMA (V) 

via ingestion of contaminated bark beetles. 



CHAPTER 2: 
Uptake, elimination and toxicity 

of monosodium methanearsonate (MSMA) 
in adult Zebra Finches (Taeniopygia guttata): 

implications for insectivorous passerines 
in MSMA-treated forests of British Columbia, Canada 

2.1 Introduction 

Monosodium methanearsonate, or MSMA, is the salt of methylarsonic acid (MMA), and 

is a highly water-soluble crystalline solid containing arsenic in the pentavalent form. 

MSMA has been used in the past as an herbicide and defoliant, and has been recently 

used to control Mountain Pine Beetle (MPB) (Dendroctonus ponderosae) outbreaks in 

pine forests across British Columbia. The commercial formula of MSMA used in British 

Columbia is called GlowonB, and approximately 960 kg (6.6 lbs MSMAlgallon 

GlowonB) of this product has been used annually in British Columbia (Dost, 1995). In 

the Cascades Forest District alone, over 60,000 trees were treated between 2000 and 2004 

(Morrissey et al., 2006). Despite the heavy usage of this compound, there is little 

knowledge of the fate or effects to exposed non-target avian wildlife. Laboratory studies 

using terrestrial mammals show high variation in acute toxicity of MSMA, with LDSo 

values ranging from 102 mglkg for domestic rabbits (Oryctalagus cuniculus) over a 14 

day period (Jaghabir et al., 1988) to 250 mglkg for cattle (Dickenson, 1972) and 1800 

mglkg for white mice (duration of treatment not specified) (Dickenson, 1972). Sublethal 

effects of MSMA generally include gastroenteritis, diarrhea and depressed activity level 

in rabbits (Oryctalagus cuniculus) (Jaghabir et al., 1988) as well as decreased hematocrit 



and blood glucose levels in white-footed mice (Peromyscus leucopus) (Judd, 1979) and 

reduced reproductive capabilities in laboratory strains of mice (Prukop and Savage, 

1986). There are limited data on the toxicity of MSMA to birds. For 17-week-old 

Bobwhite Quail (Colinus virginianus) the acute 96 hour LD50 was 834 mglkg MSMA. 

Oral acute 96 hour LDso values in 10-day-old Bobwhite Quail were approximately 650 

mglkglday (MMA Task Force Three, 1993). 

Very few studies have examined tissue distribution and speciation of MSMA in 

any terrestrial animal. Studies using laboratory or domesticated mammals suggest that 

orally administered MSMA can increase arsenic levels transiently, sometimes to high 

concentrations, in specific tissues, but most of the arsenic (> 90%) is rapidly excreted, 

and that tissue levels decrease to normal upon cessation of dosing (Yarnauchi et al., 1988; 

Shariatpanahi and Anderson, 1984). In addition, intravenous injection with methylated 

arsenicals such as metabolites of MSMA including dimethylarsinic (DMA (V)) and 

monomethylarsonic acid (MMA (V)) can result in uptake by the liver in intact forms, and 

excretion in urine and feces shortly after in the same intact forms (Suzuki et al., 2004). 

It is clear that the toxicity of MSMA varies with animal species. Additionally, the 

toxicity of this compound depends on the formation of toxic metabolites during in vivo 

metabolism. It is well known that the toxicity of arsenic depends on the species of 

arsenic, the oxidation state and animal species exposed. In addition, there is plenty of 

evidence that trivalent arsenicals are more cytotoxic than pentavalent arsenicals 

(Yarnauchi and Fowler, 1994; Styblo et al., 2000) and among the methylated arsenicals, 

methylarsonous acid (MAS"' or MMA (111)) has been shown to be the most toxic species 

(Cullen et al., 1989; Petrick et al., 2000; Styblo et al., 2000; Mass et al., 2001). 



Biotransformation of MSMA and other methylated arsenicals occurs following ingestion 

by an animal, and DMA is the most common metabolite and the primary excretory form 

in mammals (Yamauchi and Yamamura, 1985). Therefore, while MSMA may be less 

acutely toxic than other arsenic species, oral administration of MSMA may produce more 

toxic metabolites, such as MMA (111), during biotransformation to DMA in vivo (Figure 

2.6). 

Exact mechanisms of toxicity of MSMA to exposed animals are not well known. 

In general, arsenic is a toxic metalloid with multiple effects. It has been suggested that 

arsenic is directly toxic through binding to sulfhydryl groups in proteins and altering their 

functions (Aposhian, 1989). The speculated mechanism of toxicity for inorganic 

pentavalent arsenic (arsenate) involves the replacement of phosphate in many 

biochemical reactions, which may be due to the similar structure and properties of 

arsenate and phosphate (Dixon, 1997). The result is arsenolysis, a term used to describe 

the uncoupling of in vitro formation of adenosine-5'-triphosphate (ATP) at both the 

substrate and mitochondria1 level, ultimately reducing ATP levels (Hughes, 2002). The 

mechanism of toxicity for inorganic trivalent arsenic (arsenite) involves the interaction 

with critical sulfhydryl groups or thiols on molecules such as glutathione (GSH) (Scott et 

al., 1993) inhibiting biochemical reactions and ultimately leading to toxicity (Hughes, 

2002). Interestingly, it has also been suggested that GSH may actually decrease the 

toxicity of arsenic through the direct binding, reducing its toxic potential in other 

reactions (Huang et al., 1993). Methylated trivalent arsenicals such as MMA (111) can 

inhibit enzymes such as GSH reductase (Styblo et al., 1997), altering cellular redox 

reactions and leading to cytotoxicity (Hughes, 2002). Carcinogenicity of arsenic is well 



known in humans and speculated in many animals (Hughes, 2002). Arsenite has been 

shown to be genotoxic, inducing deletion mutations in hamster-human hybrid cells (Hei 

et al., 1998). Methylated pentavalent arsenicals have also been shown to be genotoxic, 

with effects such as excess tetraploidy (Kuroda et al., 2004) and mitotic arrest (Eguchi et 

al., 1997). In addition, DMA (V), MMA (111) and DMA (111) have been shown to increase 

cell proliferation in the development of cancer (Wanibuchi et al., 1996; Vega et al., 

2001), and DMA (V) has been shown to be a tumor promoter in several organ tissues of 

the mouse and rat (Yamamoto et al., 1995; Wanibuchi et al., 1996). 

In British Columbia, the primary non-target species of concern with MSMA 

exposure are woodpeckers and other cavity nesting forest birds that feed on the Mountain 

Pine Beetle. Woodpeckers are known to have winter diets of up to 99% beetle adults and 

larvae (Crockett and Hansley, 1978), with Three-toed (Picoides tridactylus) and Hairy 

(Picoides villosus) woodpeckers ingesting many thousands of beetles and larvae per day 

(Koplin, 1972). In areas where Mountain Pine Beetle outbreaks occur, woodpeckers 

locally increase in number (Rust, 1929 and 1930; Baldwin 1960; Koplin, 1972), which 

suggests that they are attracted to areas of high beetle density. Recent studies in the 

Merritt forest district of British Columbia have shown that arsenic can accumulate in 

beetles in MSMA treated stands of pine trees, and that Three-toed and Hairy 

woodpeckers forage in those pine stands (Morrissey et al., 2006). 

The primary goal of the research described in this study was to determine 

the uptake, elimination and toxicity of MSMA in passerines using the Zebra Finch 

(Taeniopygia guttata) as a model species. Our main objectives were a) to measure 

uptake, excretion and metabolism of arsenic in adult birds orally dosed with 

13 



different concentrations of MMA (V) (0, 8, 24 and 72 pglg, respectively), b) to 

determine speciation of arsenic in tissues and excreta of Zebra Finches orally 

dosed with MMA (V), and c) to speculate on the implications for passerines 

exposed to MSMA. We hypothesize that if birds were metabolizing MMA (V) we 

would expect to see metabolites such as DMA in the excrement. If little to no 

metabolism of the administered MMA (V) occurred we would expect to see 

MMA (V) excreted in its original form. MMA (V) was used in this study as it is 

equivalent to MSMA at gastrointestinal pH (Dost, 1995), and is the primary form 

of arsenic detected in the bark beetle samples collected in MSMA treated pine 

stands in British Columbia (Morrissey et al., 2006). 

2.2 Methods 

2.2.1 Animals and husbandry 

The study was conducted using a laboratory colony of Zebra Finches (Taeniopygia 

guttata) maintained at the Simon Fraser University Animal Care Facility, Burnaby, 

British Columbia. Finches were maintained in Canadian Committee on Animal Care 

(CCAC) accredited facilities, with a constant 14 hr light: 10 hr dark cycle at 19-23 "C and 

35-55% humidity. Experiments and animal husbandry were conducted under a Simon 

Fraser University Animal Care Committee permit (666B-03). All work was done 

following CCAC guidelines. For these experiments, birds were held in cages (61 x 46 x 

41 cm) with 3-6 birds per cage. All birds were allowed fiee access to a mixed seed diet 

(Panicum and white millet, 50:50; approximately 12.0% protein, 4.7% lipid; Just For 

Birds, Vancouver) and water, grit and cuttlefish bone ad libitum. 



2.2.2 Experimental groups and dosing procedure 

For this study, 2 1 female Zebra Finches were randomly assigned to one of four 

experimental groups: a) low dose, 8.0 pg MMAIg BWIday (I cage x 6 birds); b) medium 

dose, 24.0 pg MMAIg BWIday (1 cage x 6 birds); c) high dose, 72.0 pg MMNg BW/day 

(1 cage x 6 birds); and d) a control group dosed with de-ionized distilled water only (1 

cage x 3 birds). See section 2.2.3. for dosage rationale. 

Technical grade methylarsonic acid (MMA (V)) was used in this study. Solution 

concentrations were calculated assuming a Zebra Finch would receive 0.1 ml of the 

MMA (V) solution each day, and this was based on a 15 g Zebra Finch. A stock solution 

of the high (72 pglg) concentration was made and serial dilutions were carried out to 

make the medium (24 pglg) and low (8 pglg) solutions. For the stock solution, the 

compound was dissolved in de-ionized distilled water (0.6488 of MMA (V) per 60 ml 

water for stock solution). In order to validate the dosing solution concentrations, the 

solutions were analysed (University of British Columbia, Dr. William Cullen) prior to 

administration. Birds were fasted overnight and dosed between 08:OO-10:OO PST for 14 

days. Approximately 0.1 ml of the MMA-water solution was administered via intubation. 

Exact administered volumes of the solution were separately calculated within each dose 

group for each bird depending on individual body mass. Birds were orally dosed daily 

using a micropipette for the early stages and a syringe with a gavage attachment once 

birds reached an appropriate size (approximately 10 days old). Spillage was negligible 

and we can assume there were no discrepancies in the amount of MMA solution 

administered to the birds. Birds were given food and water between 10 and 20 minutes 



after being dosed. Body mass and general health of each bird was observed and recorded 

daily. Wax paper was laid down immediately after dosing to collect excreta. 

Excreta samples were collected daily, approximately 24 hours after being dosed, 

and pooled per cage (each cage represented a separate dose group). Excreta were 

collected using acid-washed (1 0 % nitric acid for 24 hours) plastic spoons, and stored in 

sterile plastic bags. Excreta samples were frozen immediately after collection and freeze 

dried prior to analysis. It is important to note that birds excrete urine and feces together. 

Therefore we use the term "excreta" to represent both urine and feces. 

2.2.3 Dosage Rationale and Environmental Relevance 

Dose calculations were based on arsenic concentrations in bark beetles collected in the 

Merritt forest district, where MSMA has been used extensively, and on daily food 

requirements for three species of woodpeckers. Mountain Pine Beetle samples contained 

up to 350 pg/g dry weight total arsenic, with the monomethylarsonic acid (MMA(V)) 

species contributing to over 90% of the total (Morrissey et al., 2006). Therefore, the 

dosing scheme used in this experiment was based on 0, 50, 150 and 450 pg/g in beetle 

prey to encompass the range of MMA (V) concentrations found in the bark beetle 

samples. Elemental arsenic represents 54% of the total molecular weight of MMA (V). 

Therefore, our actual elemental arsenic doses are approximately half of the administered 

MMA (V) doses. However, woodpeckers are actually ingesting primarily (> 90%) MMA 

(V) in the bark beetles. Thus, in order to remain consistent with our environmental 

relevance in this experiment, we based the dosing scheme on total ingested MMA (V). 

Based on information on daily food requirements of wild insectivorous birds 

provided by Nagy (2001), woodpeckers require an average of approximately 10.5 g of 



dry matter intake (DMI) per day. This average daily DM1 was based on the average body 

mass of Three-Toed (Picoides tridactylus) (65.7g), Black-Backed (Picoides arcticus) 

(69.3 g) and Hairy (Picoides villosus) (66.3 g) woodpeckers (Dunning, 1 993), which was 

calculated to be 67.1 g. So, for example, in order to calculate a daily dose for the lowest 

dose group (50 pglg) we multiplied the MMA (V) concentrations in the bark beetles by 

an average daily DM1 (1 0.5 glday), which gives a total daily MMA (V) intake of 525 

pglday for woodpeckers. We then divided the estimated total daily MMA(V) intake by 

the average body mass woodpecker (67.1 g) (Nagy, 2001). This yields a daily dose of 

approximately 8 pg arseniclg body masslday. Therefore, dosages were 0, 8,24 and 72 

pglg MMA (V) per day. These doses were extrapolated to the laboratory colony of Zebra 

Finches based on their individual mass. Volumes administered were calculated daily 

based on their daily mass. 

2.2.4 Blood and tissue sample collection 

After 14 days of MMA (V) dosing all 2 1 birds were anesthetized via an intramuscular 

injection of 50 p1 ketamine and xylazine solution (50:50 by volume; Associated 

Veterinary Products, Abbotsford, British Columbia) followed by exsanguination. Whole 

blood samples were collected to determine total arsenic content, and were taken via both 

the jugular and brachial veins using heparinized pipettes and transferred to heparinized 

centrifuge tubes. Within four hours of being collected, a subset of the blood samples (1 

blood sample from each dose group, total 3 blood samples) were separated into plasma 

and red blood cells by centrifuging for 15 minutes at 5,000 r.p.m. (Baxter CanLab 

Biofuge 13) and immediately frozen at -20 C. Red blood cell samples were then freeze 

dried prior to analysis. 



Additional blood samples were taken using a heparinized capillary tube to 

determine hematocrit and leucocrit. Hematocrit is a measure of the percentage of red 

blood cells to the total volume of a blood sample (Ots et a.1, 1998), and leucocrit is a 

measure of the percentage of white blood cells to the total volume of a blood sample 

(Wardlaw and Levine, 1983). Blood was kept cold and within 4 hours of collection, the 

blood was centrifuged for 3 minutes at 5,000 r.p.m. and the height of the leucocrit, 

hematocrit and total sample was then measured using a digital caliper (0.Olmm). To 

remain consistent, all measurements of hematocrit and leucocrit were made by the same 

researcher. 

Liver, kidney, brain and carcass tissues were obtained through dissection and 

were frozen at - 20 "C prior to being freeze dried and analysed for arsenic. 

2.2.5 MMA (V) analysis 

Arsenic species analyzed included MMA (V), which is the original dosing compound; 

DMA (V), which is the metabolite of MMA and is the predominant excretory form in 

mammals; and inorganic arsenic (As (V)). 

Solutions, blood, excreta, organ and carcass tissues were sent to Dr. William 

Cullen's Chemistry Laboratory at the University of British Columbia, BC, where they 

were measured for arsenic content and speciation by Vivian W. M. Lai. Solutions were 

analysed before dosing to confirm MMA (V) concentrations. For total arsenic analysis, 

whole blood samples were analysed for each individual bird in all four dose groups, 

whereas excreta samples comprised pooled samples from 6 birds per cageltreatment. 

Excreta samples from each treatment group on MMA (V) treatment days 1, 7 and 14 



were analysed for total arsenic. Organ samples were also pooled (2 birds per single 

analysis) to ensure adequate levels of arsenic for detection. Organ samples were analysed 

for all dose groups. Carcass samples were analysed individually. For arsenic speciation 

analysis, one plasma sample from each treatment group was analysed (n=3 plasma 

samples). Control samples were not analysed for speciation. Only excreta samples from 

the highest dose group (72 pglg) from treatment days 1 ,7  and 14 and only organs from 

the highest dose group were analysed for arsenic speciation. 

Once organs were extracted from the bodies, the feathers, feet and beaks were 

removed and the remaining carcasses were freeze-dried. Individual dried carcasses were 

then homogenized using a food processor, taking all precautions necessary to avoid cross 

contamination of different dose groups. 

Freeze-dried red blood cells, excreta, organ and carcass tissue samples were 

weighed into centrifuge tubes (either 15 mL or 50 mL) and 5 mL of a methanollwater 

mixture (1 : 1, vlv) was added to each tube. Tubes were then sonicated for 10 min and 

centrifuged (3,000 rpm) for 10 min, and the supernatant was removed by means of a 

Pasteur pipette and placed in a round bottom flask. This extraction procedure was 

repeated four times for each sample. The combined supernatants were evaporated to 

dryness and dissolved in 10 mL of deionized water prior to further analysis. Extracts 

were stored at -20•‹C and transferred to the cold room (- 4•‹C) on the day of analysis (Lai 

et al., 2004). 

Plasma samples were cleaned using microcon8 centrifugal filter devices (model 

YM-3, 3,000 NMWL, Millipore) by centrifugation for 100 minutes at 14,000 x g. 



Cleaned samples were stored at -20•‹C and transferred to the cold room (- 4•‹C) on the 

day of analysis (Lai et a1.,2004). 

Plasma and tissue sample extracts were analysed for arsenic speciation using High 

Performance Liquid Chromatography Inductively Coupled Plasma Mass Spectrometry 

(HPLC-ICP-MS). Arsenic compounds in the samples were identified by matching the 

retention times of the peaks in the chromatograms with those of known standards. 

Quantification was done by comparing peaks with those of matching standards (Lai et al., 

2004) 

Solid RBC, tissue and fecal samples were weighed into glass test tubes (outer 

diameter 16 mm). 2 ml of nitric acid and three Teflon boiling chips were added to each 

tube. The samples were heated in a test tube block heater at temperatures increasing 

stepwise from 70 to 150 "C and then cooled overnight. Hydrogen peroxide (2 ml) was 

added into the samples on the next day and the samples were heated to 150 "C until they 

were evaporated to dryness. The residue was redissolved in 4 ml of an aqueous solution 

containing 1% (vlv) nitric acid and 5 ppb Rhodium. The samples were mixed 

thoroughly by using a vortex mixer and filtered (0.45 urn). The samples were stored at 4 

'C until analysis. Digested RBC, excreta and tissue samples were then analysed for total 

arsenic using Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) (Lai et al., 

2004) 

All reagents used were of high purity, suitable for HPLC-ICP-MS analysis. 

Quality assurance included the analysis of the standard reference materials: dogfish 

muscle (DORM-2) from National Research Council, Canada and fucus sample (IAEA- 



140) from International Atomic Energy Agency. Kelp powder was also used as a 

laboratory standard (Lai et al., 2004). 

Throughout the literature, monomethylarsonic acid is abbreviated as 

MMA, MAA, MMAA and MMAs. To avoid any confusion, we will use MMA 

throughout this paper. In addition, our analysis cannot distinguish between 

different valences. Therefore, we report MMA (V) and DMA (V) to represent 

both valences (111) and (V). The concentrations are expressed in pg/g based on 

dry weights (dw). 

2.2.6 Statistical Analyses 

A Shapiro-Wilks W test (Version 5.0, JMP, SAS Institute Inc 2003) showed that the 

blood arsenic data deviated significantly from normality, and therefore data were loglo 

transformed prior to analysis to meet assumptions of normality for subsequent 

parameteric statistical analyses. Analysis of variance (ANOVA) was applied to determine 

if a difference existed in total blood arsenic and percent hematocrit and leucocrit in birds 

exposed to control, low, medium and high levels of MMA (V). Where differences were 

found, Tukey's Honestly Significant Difference (HSD) tests were used to identify which 

treatment levels differed significantly in their response to MMA (V) exposure. To 

determine whether body mass changed with time among dose groups, a repeated 

measures ANOVA was conducted. 



2.3 Results 

2.3.1 General health and body mass 

Zebra Finches dosed with MMA (V) did not show any signs of lethargy or diarrhea, and 

there was no change in the appearance or quantity of feces. One bird in the high dose 

group lost a large amount of weight and appeared to have a very swollen tongue by the 

9~ day of dosing. Mass loss over the 14-day treatment period was significantly related to 

MMA (V) dose (repeated measures ANOVA, F3,p = 3.85, P < 0.05). Birds in the control 

and low MMA (V) dose groups showed no change in body mass over the 14-day 

treatment period (paired t-test, P > 0.05 in both cases). In contrast, birds dosed with 24 

pg/g MMA (V) (t6 = 2.73, P < 0.05) and 72 pg/g MMA (V) (t6 = 5.09, P < 0.01) showed 

significant mass loss (Table 2.1). 

Hematocrit did not differ among treatment groups (ANOVA, P > 0.05; Table 2.3, 

Fig. 2.4). The mean hematocrit was 56.7% (* 2.3%). Similarily, leucocrit did not differ 

among treatment groups (ANOVA, P > 0.05; Table 2.1, Fig. 2. I), and the mean leucocrit 

value was 6.3% (* 1.5%). 

2.3.2 Total arsenic residues 

Total blood arsenic varied significantly among the four dose groups, in a dose-dependent 

manner (ANOVA, F3,53 = 3 1.7, p < 0.0001; Fig.2.2). Each of the three MMA (V) 

treatment groups was significantly different from the control, and all treatment groups 

were significantly different from each other (P < 0.05 in all cases; Fig.2.2). The mean 

ratio of arsenic concentrations in the blood for low, medium and high dose groups was 

1 :3:9, close to that of the dosing solutions, i.e. 1 :3:8. Control birds had trace amounts of 



arsenic in the blood, which can likely be attributed to background levels resulting from 

"natural" exposure of arsenic in drinking water and food. 

All organ tissues contained total arsenic residues that increased with increasing 

dose (Table 2.2). To ensure detection, organs from two individuals were pooled, so each 

value represents one pooled sample, and therefore no statistical analyses were possible 

(Figure 2.3). Brain tissue contained the highest levels of arsenic, followed by the kidney 

and finally the liver (3.7, 1.6 and 1.1 pg arseniclg dw, respectively for the highest dose 

group). 

Total arsenic in carcass tissues showed a difference in mean total arsenic between 

dose groups, with carcasses from the high dose group (72 pglg) having significantly 

higher total arsenic than all other treatment groups (ANOVA, F3,,$3 = 14.7, P < 0.001; 

Figure 2.4). Average total arsenic and standard error for control (0 pglg, n = 3), low (8 

pglg, n = 6), medium (24 pglg, n = 5) and high (72 pglg, n = 6) dosed birds was 0.24 * 
1.91 pgg, 1.33 * 1.36 pglg, 3.13 1.49 pglg and 12.3 1 1.36 pglg arsenic, respectively. 

On average, the Zebra Finches in our study retained in the tissues and organs less 

than 1% of the total arsenic detected over the 14 day period. The majority of the 

remaining arsenic is likely excreted, as the fecal samples contained the highest total 

arsenic concentrations. Overall, total arsenic in excreta samples increased with dose 

group (Figure 2.5). Excreta was pooled per cage, so again each value comprised n=l and 

therefore no statistical analyses were conducted. Total arsenic detected in excreta samples 

from control Zebra Finches was a consistent 0.2 pglg for days 1, 7 and 14. Low dose 

birds showed an initial increase in arsenic from day 1 to day 7, starting at 14.5 pglg and 

increasing to 44.8 pglg. This was followed by a slight decrease to 39.6 pglg on day 14. 



Medium dose group birds show the same trend, starting at 36 yglg , increasing to 69.4 

yglg and decreasing to 40.2. Total arsenic in excreta samples of high dose birds, 

however, peaked initially at 191.6 yglg, followed by a drastic drop to 60.8 yglg by day 7 

and then increased once again to 15 1.7 yglg by day 14. 

2.3.3 Arsenic Speciation 

For birds in all three dose groups, MMA (V) was the predominant form of arsenic in the 

blood plasma, while only trace amounts of the metabolite, DMA, was detected in the 

medium and high dose groups (1 -2%). No inorganic arsenic was found in the plasma of 

birds in any of the three dose groups (Table 2.3) 

DMA (V) was the major form of arsenic found in the liver (83%) and kidney 

(6 1%) tissues of high dose group birds, with MMA (V) as the other predominant form 

detected in these tissues (Table 2.4). The brain tissue contained the original 

unrnetabolized MMA (V) form (57%), along with a relatively large amount of DMA (V) 

(43%). Inorganic arsenic was only detected in the liver tissue and in trace amounts (5%). 

Excreta samples from high dose birds on day 1 , 7  and 14 contained arsenic primarily 

in the original MMA (V) form. DMA (V) was detected on day 1 in small amounts (8%), 

increased by day 7 (1 7%) and decreased by day 14 (4%). The birds excreted no inorganic 

arsenic during this time period. 

2.4 Discussion 

Female Zebra Finches dosed with MMA (V) showed body mass loss at medium (24 yg 

MMNg) to high doses (72 yg MMNg). Methylated arsenicals were detected in the 

blood, excreta and organ tissues in all treatment groups, illustrating that these compounds 



can bioaccumulate in finches exposed to MMA (V) over a period of 14 days, at levels 

found in bark beetle samples in MSMA treated stands of trees. Moreover, there was a 

significant dose response in all samples analyzed for total arsenic. The predominant 

species of arsenic excreted as well as accumulated in the blood and brain tissue was 

MMA (V), while DMA (V) was the predominant form found in the liver and kidney 

tissues. 

2.4.1 General Health Effects 

Zebra Finches showed significant body mass loss when dosed with 24 and 72 pglg MMA 

(V) during the experimental time period of 14 days (Table 2.3). Aside from this general 

weight loss response, one bird in the high dose group lost a much larger amount of 

weight and appeared to have a very swollen tongue by the 9th day of dosing. However, 

since this was a single occurrence, we cannot be sure this was the result of MMA (V) 

treatment. 

These results add to the literature on health effects of MSMA exposure in 

laboratory animals. Documented effects include decreased hematocrits (although we did 

not find this in our study) and blood glucose levels (Judd, 1979) and impaired female 

nest-building behaviour (Lopez and Judd, 1979) in white-footed mice, as well as lowered 

reproductive capabilities of male mice (Pmkop and Savage, 1986). Rabbits dosed with 30 

and 60 mglkg MSMA showed clinical symptoms of weakness, reduction of activity, 

gastroenteritis, diarrhea, depressed blood pressure and altered electrocardiogram (ECG) 

results (Jaghabir et al., 1988). A study using dogs reported that administration of capsules 

containing 0,2, 8 and 35 mglkglday over a 52-week period resulted in gastrointestinal 

irritation, frequent vomiting and diarrhea in the two highest dose groups (MMA Task 



Force Three, 1993). Based on the health parameters measured in the present study, Zebra 

Finches dosed with MMA (V) displayed less of a response to MMA (V) exposure than 

other laboratory studies, with no effects on percent hematocrit or leaucocrit and a 

decrease in body mass in only the two highest dose groups. There are several possible 

physiological explanations for the relatively low acute toxicity seen in the Zebra Finches. 

As previously mentioned, Zebra Finches are completely granivorous birds (Zann, 

1996). Plants are a food source that produces secondary metabolites that can cause 

negative effects such as impaired digestion and direct toxicity (Dearing et al., 2005). 

Herbivores have had to evolve mechanisms to mitigate the effects of these plant 

secondary metabolites (PSMs). One of these mechanisms is the ability to regulate the 

absorption of PSMs by gut cells via a glycoprotein transporter (P-gp) and a 

biotransformation enzyme (cytochrome p450 3A), which can work together or separately 

to reduce the amount of PSMs absorbed (Sorenson and Dearing, 2003). In addition to 

enzyme activity in the gut wall, hepatic monooxygenase activity has also been shown to 

be greater in herbivorous species compared to carnivorous species of birds as a result of 

contaminant exposure. Riviere et al. (1 985) observed a marked increase in 

monooxygenase activity from the primarily herbivorous quail (Coturnix coturnix) liver 

compared to that of a bird of prey, the buzzard (Buteo buteo) when exposed to a PCB 

mixture. Cytochrome p450 has also been shown to increase in response to oral 

administration of MMA (V) in rats (Brown et al., 1998). These molecular mechanisms 

appear to be unique to herbivores, and may perhaps decrease the sensitivity of herbivores 

and granivores such as Zebra Finches, to xenobiotics such as monomethylarsonic acid 

(MMA (V)) compared with species with an insectivorous diet such as the wild cavity 



nesting birds discussed in this paper. Additional studies have concluded that Zebra 

Finches appeared to be less sensitive to xenobiotics such as organophosphate pesticides 

compared with other songbird species (Gill, 2003). Thus, while Zebra Finches were a 

suitable model species to use in laboratory studies due to their robustness and breeding 

success, they may be less sensitive to contaminant exposure when compared with wild 

insectivorous birds. This must be taken into account when extrapolating the results to 

wild species. 

An additional explanation for the comparatively low sensitivity to MMA (V) 

compared with other laboratory animals may be the duration of treatment. It is possible 

that a 14-day dosing period is not adequate time for some health effects such as changes 

in immune function to become apparent. Thus, future studies using larger sample size are 

warranted with emphasis on determining effects of long-term exposure to MMA (V) on 

immune function and general health. 

In general, signs of acute toxicity were not observed in the Zebra Finches. Several 

factors could have contributed to the results seen in this study. As mentioned earlier, 

arsenic toxicity involves the interaction with critical sulfhydryl groups or thiols on 

molecules such as glutathione (GSH) (Scott et al., 1993) inhibiting biochemical reactions 

and ultimately leading to toxicity (Hughes, 2002). However, it has also been shown that 

GSH may decrease the toxicity of arsenic through the direct binding, reducing its toxic 

potential in other reactions (Huang et al., 1993). GSH is an important component in the 

metabolic conversion of arsenic to methylated forms (Styblo et al., 1995; Zakharyan 

1995; Yamauchi and Fowler, 1994). It has been suggested that during methylation of 

inorganic arsenic to methylated arsenicals, GSH and other thiol containing molecules 



may become initially depleted, leading to increased toxicity of arsenic (Ramos et al., 

1995). In our study, since we were dosing with MMA (V), further methylation to form 

DMA (V) may not require as much GSH, and these pools of thiol containing proteins 

may not be depleted. This is further supported by our speciation results, in which we see 

relatively little methylation to DMA (V). These results may explain our lack of observed 

acute toxicity. 

Another possible explanation for the lack of observable signs of acute toxicity in 

the Zebra Finches may be due to a possible induction of metallothioniens as a response to 

MMA (V) dosing. Metallothioneins (MT) are metal-binding proteins with several sulphur 

groups. MTs are of low molecular weight, and can act to prevent the cellular toxicity of 

many metals (Cherian, 1995). Arsenicals effectively induce hepatic MT, and MMA (V) 

has been shown to be the most effective inducer of MT (Albores et al., 1992; Kreppel et 

al., 1993). Other factors can cause MT induction such as acute stress or exposure to 

various organic chemicals (Dunn et al., 1987). It has been shown that a decrease in 

dietary calcium can increase the accumulation of non-essential metals such as lead and 

cadmium, as well as increase marker proteins such as metallothioneins, in Zebra Finches 

(Scheuhammer, 1996). It is unknown whether a decrease in dietary calcium, or additional 

stress factors in Zebra Finches causes an increase in arsenic uptake or MT induction. 

However, this information would be useful in our understanding of the toxicity of this 

compound in Zebra Finches, and requires further study. 

One marked sub-lethal effects of MMA (V) treatment we observed in adult Zebra 

Finches was significant body mass loss in the two highest dose groups (up to 15% of 

initial body mass over 14 days). There are a number of possible reasons for this. Firstly, 



diarrhea can result from ingested MSMA (Jaghabir et al., 1988), which could lead to 

dehydration as a component of mass loss. However, there were no observable differences 

in quantity or texture of feces or between dose groups of Zebra Finches and, furthermore, 

dehydration would increase hematocrit and we found no change in hematocrit with 

MSMA treatment. Secondly, it has been shown that ingestion of MSMA causes 

gastrointestinal inflammation (Jaghabir et al., 1988). This may result in a decrease in 

appetite and subsequently decreased food intake, or malabsorption of food and nutrients, 

perhaps resulting in a decrease in overall body mass over a two week period. Further 

studies measuring food intake during MMA (V) treatment would be useful in determining 

the cause of this marked mass loss. 

2.4.2 Absorption, accumulation and distribution of arsenic in blood and tissues 

The goal of this study was to determine the distribution of MMA (V) in the Zebra Finch 

using a general mass balance approach by obtaining fecal samples as well as tissue 

samples. The exact amount of MMA (V) absorbed by the Zebra Finches is unknown. 

Similar studies show species differences in absorption of MMA. In sheep and goats, 90% 

of an oral dose of MMA is rapidly absorbed (Shariatpanahi and Anderson, 1984), while 

approximately only 34% of an oral dose of MMA is shown to be absorbed by the hamster 

(Yamauchi et al., 1988). 

On average, Zebra Finches dosed with environmentally relevant concentrations of 

0, 8,24 and 72 pglg MMA (V) for 14 days excreted more than 90% of the overall total 

arsenic detected, with low levels of arsenic in the blood and tissues. Fecal samples from 

the low and medium dose groups show small amounts of arsenic on day 1, with a large 

increase by day 7. Results from the low and medium dose groups suggest that Zebra 



Finches are initially accumulating the ingested MMA (V), and excreting less. They may 

then reach a threshold where tissues become saturated, at which point they start to excrete 

much more of the ingested MMA (V) with little absorption. Results from the high dose 

group do not exhibit this trend, and birds appear to excrete large amounts of the ingested 

MMA (V) on both days 1 and 14, with a decrease on day 7. 

Zebra Finches accumulated arsenic in a dose dependent manner in all tissues, with 

up to 6.02 pglg arsenic in the blood, 1.1 pglg arsenic in the liver, 1.6 pg/g arsenic in the 

kidney, 3.7 pg/g arsenic in the brain and 21.04 pglg in carcass tissues. Our results are in 

accord with similar studies. Broiler chickens dosed with 100 and 500 mgkg arsinilic acid 

accumulated up to 2.3 and 8 mgkg arsenic in the liver tissue, and 0.15 and 0.67 mg/kg 

arsenic in muscle tissue, respectively (VanderKop and MacNeil, 1989). Moreover, 

mallards fed 25, 100 or 400 mglkg sodium arsenate accumulated arsenic in a dose- 

dependent manner, with arsenic in adult mallard livers ranging from 0.49 to 6.6 mgkg 

(Stanley et al., 1994). 

The high excretion and low tissue retention results of the present experiment are 

similar to those reported by previous studies. Oral administration of a single 50 mglkg 

BW dose of MMA to hamsters resulted in excretion of 94.5% (urine + feces) of the 

administered dose (Yamauchi st al., 1988). Rats injected with MMA also directly 

excreted the compound in its original form, with low uptake into the tissues (Suzuki et 

al., 2004). Similarly, sheep and goats orally dosed with 10 mg MSMAkg BW excreted 

over 90% of the arsenic within 120 hours (Shariatpanahi and Anderson, 1984) and mice 

injected with 8.04 nmolkg and 804 mumollkg MMA showed rapid elimination as well, 

with low tissue retention (< 2% of dose) (Hughes and Kenyon, 1998). In all species 



studied, concentrations in the tissues were low. When considering possible toxic effects 

of a chemical administered orally, it is important to assess the oral bioavailability of the 

chemical, as it is not necessarily the dose that drives ultimate toxicity but the amount of 

chemical at the site of action, such as the liver, kidney or brain (Klaassen, 2001). Zebra 

Finches and other species studied show low concentrations of MMA (V) in tissues with 

most of the arsenic being excreted in the original MMA (V) form. These results could 

suggest that the MMA (V) is not readily taken up by the gastrointestinal tract and is 

instead excreted unchanged with only trace amounts being absorbed by the GI tract and 

redistributed to the tissues and metabolized. Alternatively, since DMA (V) is detected in 

small amounts in the tissues, MMA (V) may be readily taken up by the gastrointestinal 

tract and then primarily eliminated in the bile with only trace amounts of the compound 

being taken up and metabolized by the tissues. 

While there appears to be trends in tissue retention and elimination patterns of 

MMA (V) among species, there are differences in specific target tissues and patterns of 

distribution among species. For example, most of the remaining arsenic in the Zebra 

Finches was found in the carcass, followed in order of decreasing total arsenic by the 

blood, brain, kidney, and liver. In hamsters dosed with MMA (V), the highest tissue 

concentration of total arsenic was in the kidney, followed by the spleen, lung, skin, liver, 

muscle, hair and brain (Yamauchi et al., 1988). In contrast, mice injected with MMA (V) 

had the highest arsenic levels in the carcass, followed by the liver, kidney and the lung 

(Hughes and Kenyon, 1998). Of the organs analyzed, the brain had the most arsenic in 

the Zebra Finches. Arsenic has the ability to cross the blood-brain barrier. It has been to 

shown to accumulate in the brain and cause neurotoxic effects in rats by altering ATP 



metabolism and influencing neurons and glia (Nagaraju and Desiraju, 1993; Valkonen et 

al., 1983). Future studies should be conducted to determine any neurotoxic effects of 

MMA (V) to pesticide-exposed passerines. 

Timing of sampling may play a role in the distribution of arsenic in the blood and 

tissues. Ingested methylated arsenicals have biological half-lives of 30 hours (Klaassen, 

2001). In the present study, Zebra Finch tissues and blood were sampled after two weeks 

of MMA (V) dosing, approximately 24 hours after the last dose. In a similar study, 

hamsters dosed with a single oral dose of 50 uglg MMA were sampled after 1, 6, 12, 24, 

72 and 120 hours after administration (Yamauchi et al., 1988). Peak arsenic tissue 

concentrations occurred between 6 and 12 hours after administration, with maximum 

concentrations of 0.21 uglg in the liver, 1.99 uglg in the kidney and 0.04 uglg in the 

brain. These concentrations dropped back to control levels by 120 hours (Yamauchi et 

al., 1988). Tissue distribution results from the present study may have differed had we 

sampled at different times. Sampling 24 hours after the last dose may have yielded 

slightly lower tissue residue concentrations than if we had samples 6 or 12 hours post 

dose. Zebra Finches may have had time to metabolize and excrete much of the last dose 

by the time we collected tissues. 

2.4.3 Arsenic Speciation 

Monomethylarsonic acid (MMA (V)) is the predominant form of arsenic found in the 

plasma and feces of Zebra Finches dosed with MMA (V), while the tissues had much 

higher levels of DMA (V). The minimal excretion of DMA (V) following MMA (V) 

administration is in accord with related studies. The hamster (Yamauchi et al., 1988) and 

human (Buchet et al., 1981) excrete primarily MMA (V) following MMA (V) 



administration. Hughes and Kenyon (1998) suggest that this lack of methylation to DMA 

(V) in vivo may be due to the rapid elimination of MMA (V) in urine, or the low uptake 

into tissues with high methylating capacities. The authors suggest that MMA (V) may not 

have time to undergo methylation to DMA (V), and that this methylation may not occur 

as quickly as methylation from arsenite to MMA (V) (Hughes and Kenyon, 1988). If the 

Zebra Finches are indeed absorbing the MMA (V), this may hold true for the current 

study, since large amounts of MMA (V) were excreted after only one dose (Figure 2.5) 

A large portion of the arsenic taken up by the liver and kidney was methylated, as 

these tissues contained primarily DMA (V) (83% and 61% respectively). This is to be 

expected as these organs, especially the liver, are where most metabolism of toxins takes 

place. This is especially true after oral ingestion, as opposed to intravenous or 

intraperitoneal injection of MMA (V), where the compound is absorbed through the 

gastrointestinal tract and then passes to the liver before being distributed to the tissues 

and other organs (Marafante et al., 1985). The species of arsenic distributed in the tissues 

and excreted by animals depends on the arsenic biotransformation abilities of individual 

species as well as non-biological factors, such as the chemical species of arsenic 

administered. 

Arsenic is metabolized in the liver by way of enzymes called methyltransferases, 

and studies have shown that there are differences in these enzymes between animal 

species (Healy et al., 1999). Zebra Finches in this study showed the ability to methylate 

MMA (V) to DMA (V), as DMA (V) was the predominant arsenic species in the liver 

and kidney. Similarly, other animals such as the rabbit, hamster and pigeon all have these 

methyltransferases in the liver (Zakharyan et al., 1995 and 1996). The rat also appears to 



have these enzymes (Buchet and Lauwerys 1985 and 1988; Styblo et al., 1995 and 1996). 

In contrast, animals such as the guinea pig, marmoset monkey, squirrel monkey and 

tamarin lack these enzymes and are unable to methylate arsenite or MMA (V) (Vahter et 

al., 1982; Zakharyan et al., 1996). 

One limitation of our study in understanding the possible toxicity of this pesticide 

to Zebra Finches is the inability to distinguish between oxidation states. Elucidation of 

valency is important, as this drives the toxicity of arsenic species. Generally, trivalent 

arsenicals are more cytotoxic than pentavalent arsenicals. More specifically, trivalent 

inorganic arsenic (As (111)) is more acutely toxic than pentavalent inorganic arsenic (As 

(V)) (Yamauchi and Fowler, 1994; Styblo et al., 2000), as shown both in vitro and in 

vivo. Among methylated arsenicals, methylarsonous acid (MA$' or MMA (111)) has been 

shown to be the most toxic species (Cullen et al., 1989; Petrick et al., 2000; Styblo et al., 

2000). 

Based on the postulated metabolic pathway, MMA (V) would first be reduced to 

its trivalent analog MMA (111), followed by fiuther methylation to DMA (V) and possible 

reduction to DMA (111) (Fig. 2.6; Cullen et al., 1984). Glutathione (GSH) and other thiols 

serve as reducing agents, and S-adenosylmethionine (SAM) is the main methyl donor 

(Buchet and Lauwerys, 1988; Styblo et al., 1995). In the present study, both MMA and 

DMA were detected in the blood, feces and organ tissues of Zebra Finches dosed with 

MMA (V). Thus, we suggest that Zebra Finches were exposed to the highly toxic 

intermediate, MMA (111), during metabolic conversion of MMA (V) to DMA (V). 

However, since MMA (111) is very unstable, it is likely that any MMA (111) produced was 

quickly methylated to DMA (V). As discussed earlier, MMA (111) has the ability to 



inhibit enzymes such as GSH reductase (Styblo et al., 1997), altering cellular redox 

reactions and leading to cytotoxicity Wughes, 2002). This may explain the observed 

toxic effects, namely weight loss, in the Zebra Finches. 

Inorganic arsenic detected in the liver tissue (5%) can be attributed to background 

levels resulting from natural exposure to arsenic in food and drinking water. Although 

there was no inorganic arsenic detected in fecal samples or other tissues, this is the most 

parsimonious explanation, as demethylation of MMA (V) to inorganic arsenic is highly 

unlikely (Yamauchi et al., 1988; Marafante et al., 1987). 

2.4.4 Environmental Relevance 

Blood sample results from woodpeckers exposed to MSMA via ingestion of 

contaminated bark beetles in the Merritt forest district in British Columbia ranged from 

0.03 to 3.73 yg arseniclg dw blood (Morrissey et al., 2006). Mountain Chickadees 

(Poecile gambeli) in the same district had total blood arsenic levels of up to 2.20 yglg 

(Morrissey et al., 2006). Zebra Finches dosed with presumably the same environmentally 

relevant concentrations of MMA (V) had total blood arsenic values ranging from 0.05 to 

6.02 yglg. Based on these similar total blood arsenic results, we can assume that 

woodpeckers are accumulating similar tissue concentrations of arsenic in the field, and 

could be experiencing similar health effects, such as decreased body mass, when exposed 

to similar high concentrations of 24 and 72 yglg MSMA. Health parameters examined in 

other studies that were not examined in the present study may be occurring in both the 

woodpeckers and their captive counterparts. 



Although the aim of this experiment was to simulate field exposure conditions in 

a laboratory setting, woodpeckers and other cavity nesting forest birds are more likely to 

experience long-term exposure to MSMA rather than a 14-day period. In a review by 

Scheuhammer (1987), several studies demonstrate that long-term exposure of birds to 

low-levels of heavy metals such as aluminum, cadmium, mercury and lead that does not 

result in severe acute toxicity can result in subtle but marked toxic responses, such as 

reproductive dysfunction, behavioural abnormalities, and increased susceptibility to 

additional stressors such as disease. Zebra Finches exposed to levels of MMA (V) 

detected in bark beetle samples in MSMA treated stands of trees exhibited mass loss over 

the sub-acute time period of 14 days. However, longer-term exposure to this compound 

may cause profound effects that may otherwise go undetected in 14 days. Therefore, the 

effects of long-term exposure of MSMA and its metabolites on uptake, elimination and 

toxicity should be further studied. If the goal is to determine population level effects of 

chronic exposure to methylated arsenicals, studies carried out over more than one 

generation may be beneficial. The result of such exposure may better provide an 

understanding of the consequences for forest birds exposed to MSMA as well as forestry 

management implications. 

2.4.5 Conclusions 

Female Zebra Finches orally dosed with environmentally relevant concentrations of 

MMA (V) largely excreted this compound. Trace amounts of MMA (V) as well as the 

metabolite DMA (V) accumulated in the liver, kidney, brain and blood. MMA (V) was 

primarily excreted in its original form. Some of the MMA (V) was methylated in vivo to 

form DMA, which was found predominantly in the liver and kidney, as well as 



appreciable amounts in the brain. The high elimination and low tissue retention results 

were in accord with other MMA dosing studies using different species, however, tissue 

distribution results differed slightly from these studies. 

Accumulation of MMA (V) and DMA (V) resulted in significant mass loss in the 

two highest dose groups throughout the 14 day period. Hematocrit and leucocrit levels 

were unaffected by MMA (V) exposure. Further studies are required to determine longer- 

term health effects of this compound in an avian system. 



Table 2.1 Comparison of mass change, and haematological parameters in Zebra Finches dosed 
with MMA (V) for 14 days. Values are expressed as the mean h standard error, and 
samples size is stated in parentheses. Significant values are in bold. 

Dosage Mean Body Mean Body Mean Hematocrit Leucocrit 
Group Mass Mass Change 
( I%@ Day 1 (g) Day 14 (g) in Mass (g) (%I (%I 

0 15.65 + 0.75 15.18 + 0.95 0.47 * 0.59 
56.33 * 4.67 * 

(control) (3 (3) (3 2.77 1.86 
(3) (3) 

14.91 + 0.53 13.74 * 0.67 1.17 * 0.42 56.98 * 4.83 + 
24 (medium) 

(6) (6) (6) 
1.96 1.32 
(6) (6) 

P - value 0.764 0.155 0.029 0.577 0.137 



Table 2.2 Concentrations of total arsenic detected in tissue samples of Zebra Finches dosed with 
MMA (V). Liver, kidney and brain values represent a pooled sample of two birds. 
Carcass values are expressed as the mean + standard deviation with sample sizes in 
parentheses. 

Tissue Residues (pg/g) 

Dose Group (pg/g) Liver Kidney Brain Carcass 

0 (control) 0.05 0.1 0.05 0.24 h 1.91 (3) 

8 (low) 0.1 0.3 0.2 1.33 h 1.36 (6) 

24 (medium) 0.1 0.4 0.7 3.13 k 1.49 (5) 

72 (high) 1.1 1.6 3.7 12.3 1h1.36 (6) 



Table 2.3 Species of arsenic in plasma of adult female Zebra Finches dosed with MMA (V) for 14 
days, in percentage of total arsenic detected in a plasma sample. 

Total Arsenic (%) 

8 (low) 100 % 0% 0% 

24 (medium) 98% 2% 0% 

72 (high) 

Table 2.4 Species of arsenic in liver, kidney and brain tissues of Zebra Finches dosed with 72 pg/g 
MMA (V) for 14 days. Values are expressed as percentage of total arsenic detected in 
the tissue sample. 

Total Arsenic (%) 

Tissue MMA DMA As 

Liver 12 % 83 % 5 % 

Kidney 39 % 61 % 0 %  

Brain 57 % 43 % 0 %  



Dose Group 
Figure 2.1 Total arsenic detected in whole blood samples (pglg dry weight blood) from Zebra 

Finches orally dosed with 8,24 and 72 pg/g MMA (V) and a control. Mean blood values 
were analysed using analysis of variance (ANOVA). Values given are the mean i 
standard error. Different letters indicate significant difference at p < 0.05. 
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I Kidney 

Brain 

Figure 2.2 Total arsenic detected in liver, kidney and brain samples (pglg dry weight tissue) of 
Zebra Finches orally dosed with MMA (V) for 14 days. 



Dose group 
Figure 2.3 Total arsenic in carcass tissues of adult Zebra Finches dosed with 8,24 and 72 pg/g 

MMA (V) and a control. Bars represent the mean * standard error with the sample size 
above each bar in parentheses. 



Day 1 - Day 7 
Day 14 

Figure 2.4 Total arsenic detected in excreta samples of Zebra Finches dosed with MMA (V) on day 
1 ,7  and 14. 
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Figure 2.5 Proposed metabolic pathway: MMA (V) is first reduced to MMA (111), followed by 
further methylation to DMA (V) and possible reduction to DMA (111). Glutathione 
(GSH) and other thiols serve as reducing agents, and S-adenosylmethionine (SAM) is 
the main methyl donor. 



CHAPTER 3: 
Tissue distribution and toxicity 

of nestling Zebra Pinches (Taeniopygia guttata) 
dosed with Monomethylarsonic acid (MMA (V)) 

3.1 Introduction 

Monosodium methanearsonate (MSMA) is an arsenic-based pesticide that has recently 

been used in a suppression strategy to control the Mountain Pine Beetle (Dendroctonus 

ponderosae) in pine forests throughout British Columbia. The commercial formula of 

MSMA used in B.C. is called GlowonB, and up to 3000 litres, or 960 kg (6.6 lbs 

MSMAIgallon GlowonB) of this product has been used annually in British Columbia 

(Dost, 1995). In the Cascades Forest District alone, over 60,000 trees were treated 

between 2000 and 2004 (Morrissey et al., 2006). 

Despite the heavy usage of MSMA, there is little knowledge of the toxicity of this 

product on exposed non-target avian wildlife. Woodpeckers and other cavity nesters are 

primary predators of the Mountain Pine Beetle with winter diets of up to 99% beetle 

adults and larvae (Crockett and Hansley, 1978). Three-toed (Picoides tridactylus) and 

Hairy (Picoides villosus) woodpeckers can ingest many thousands of beetles and larvae 

per day (Koplin, 1972), and have been shown to locally increase in numbers in response 

to increases in Mountain Pine Beetle infestations (Rust, 1929 and 1930; Baldwin, 1960; 

Koplin, 1972). Recent research has shown that arsenic can accumulate in beetles in 

MSMA treated stands of pine trees in the Merritt forest district of British Columbia, and 

that Three-toed and Hairy woodpeckers nest and forage in these pine stands (Morrissey et 



al., 2006). Thus, it is important to understand the uptake and possible effects of this 

pesticide in both adult and nestling forest birds. 

Acute toxicity of MSMA in terrestrial species has been reported in various 

laboratory studies, mainly for domesticated mammals. Treatments durations range from 

96 hours to 2 1 days, and results suggest high species variation (Dickinson, 1972; Exon et 

al., 1974; Judd, 1979; Jaghabir et al., 1988). Acute toxicity tests using captive avian 

species are limited, and far less is known about sub-lethal behavioural or physiological 

effects of MSMA in birds. The 96 hour LD50 for a 17-week-old Bobwhite Quail (Colinus 

virginianus) exposed to MSMA in the diet was found to be 834 mgkg MSMA, and 10- 

day-old bobwhite yielded a 96 hour LD50 of approximately 650 mglkglday (MAA Task 

Force Three, 1993). Mallards tested on the same dosing scheme showed no effects or 

mortality at any dose. The highest dose administered was 1 100 mgkglday (MAA Task 

Force Three, 1993). 

A suite of sublethal effects of MSMA have been reported in various laboratory 

mammals, ranging from decreased hematocrits and blood glucose levels (Judd, 1979) to 

behavioural abnormalities such as impaired female nest-building behaviour in white- 

footed mice (Lopez and Judd, 1979), to reproductive effects such as lowered reproductive 

capabilities of male mice and changes in reproductive behaviour of female mice (Prukop 

and Savage, 1986). In addition, clinical symptoms reported by studies using laboratory 

mammals dosed with monomethylarsonic acid (MMA), which is MSMA at physiological 

pH, include gastrointestinal irritation, frequent vomiting and diarrhea (MMA Task Force 

Three, 1993), as well as weakness, reduction of activity, depressed blood pressure and 



altered electrocardiogram (ECG) results (Jaghabir et al., 1988). Sublethal effects or 

chronic toxicity of MSMA to avian species are not well documented. 

Developmental effects of methylated arsenicals include malformations and 

abnormal and slowed development of offspring in mice dosed with dimethylarsinic acid 

(DMA), a metabolite of MSMA, during gestation (Rogers et al., 198 1). Prenatal 

mortality, embryonic resorption and gross malformations have been reported by Hood et 

al. (1 982) in hamsters dosed with the sodium salt of DMA, sodium cacodylate or SDMA. 

This same compound has also been shown to cause maternal deaths as well as decreased 

mean fetal weight in hamsters (Hood, 1998). 

Studies of postnatal effects of arsenic such as growth and general health are 

limited. Rat pups exposed to sodium arsenite in drinking water had significantly lower 

weights from 1 month to 4 months. Pups also showed altered spontaneous locomotor 

activity (Rodriguez, 2002). Mallard ducklings dosed with environmentally relevant 

concentrations of sodium arsenate showed some reduction in growth (Hoffman et al., 

1991), as well as physiological and behavioural effects (Whitworth et al., 1991). No 

studies have examined the possible effects on growth and health of nestling birds exposed 

to methylated arsenicals. 

Among other factors modifying the expression of arsenic toxicity, the age of the 

animal exposed plays an important role, with the potential for increasing resistance with 

age (Harrisson et al., 1958). The present study was designed to investigate the tissue 

distribution, growth parameters and general health of nestling Zebra Finches 

(Taeniopygia guttata) orally dosed with three levels of monomethylarsonic acid (MMA 

(V)) from day 1 to day 2 1. Differences in tissue distribution as well as general sensitivity 



to MMA (V) in the nestlings compared to the adults in Chapter Two are also investigated. 

MMA (V) was used in this study as it corresponds to MSMA at gastrointestinal pH (Dost, 

1995) and is the primary form of arsenic detected in the bark beetle samples collected in 

MSMA treated pine stands in British Columbia (Morrissey et al., unpublished). Doses 

were calculated based on total arsenic detected in bark beetle samples (Morrissey et al., 

unpublished) and beetle-ingestion rates of free-living woodpeckers (Nagy, 2001), and 

extrapolated to the Zebra Finch. Nestlings were used as they represent a sensitive stage of 

the life cycle and offer insight into the effects of contaminants on growth (Fmess, 1993). 

In addition, developing birds are typically more sensitive to chronic metal exposure than 

adults (Scheuhammer, 1 987). 

Growth was measured by daily body mass and fledging tarsus length, and 

immune function was measured by the phytohaemagglutinin (PHA) cell mediated 

immune function test. The PHA immune function test is a useful tool to examine the cell- 

mediated immunity of animals (Smits et al., 1996; Smits and Williams, 1999). Exposure 

of young, developing birds to contaminants may decrease their immunity and ability to 

ward off disease. Additionally, Gebhardt-Henrich and Richner (1 998) suggest that 

building an immune response to these xenobiotics may be costly to young birds, and may 

affect their growth and ultimately their ability to reproduce in the future. Additional toxic 

effect end-points measured were hematocrit and leucocrit. Several studies have reported 

depressed hematocrit values as a result of metal exposure (Grue et al, 1986; Nyholm 

1998). 



3.2 Methods 

3.2.1 Animals and Husbandry 

This experiment was conducted using captive Zebra Finches in the Simon Fraser 

University Animal Care Facility located in Burnaby, British Columbia. Finches were 

maintained in CCAC (Canadian Committee on Animal Care) accredited facilities, with a 

constant 14 hr light: 10 hr dark cycle at 19-23 "C and 35-55% humidity. All birds were 

allowed free access to a mixed seed diet (Panicum and white millet, 5050; approximately 

12.0% protein, 4.7% lipid; Just For Birds, Surrey, BC) and water, grit and cuttlefish bone 

ad lib. For these experiments birds were held in cages (61 x 46 x 41 cm) with 3-6 birds 

per cage. Experiments and animal husbandry were conducted under a Simon Fraser 

University Animal Care Committee permit (666B-03). All work was done following 

CCAC guidelines. 

3.2.2 Experiment #I -  Pilot studies to determine dosing levels and liver, kidney 
and brain tissue uptake of Monosodium Methanearsonate (MSMA) in 
nestlings. 

This pilot study was designed to determine dosing levels for the main larger nestling 

study, as well as to determine if uptake and tissue distribution in nestlings dosed with 

MAA (V) was the same as in adult Zebra Finches. Technical grade MMA (V) was used 

in this study. The compound was dissolved in de-ionized distilled water. Solutions were 

analysed prior to administration, and were within 10 % of the target dose. Initially, 

nestlings were exposed to the same environmentally relevant doses of 0, 8,24 and 72 

pglg MMA (V) used in a similar dosing study using adult Zebra Finches (See Chapter 2). 

These doses resulted in complete mortality of all nestlings dosed with medium and high 



dose concentrations (see below). Doses were then lowered to 0,4, 12 and 36 yglg MMA 

(V) and a second study was carried out. Again, this resulted in complete mortality of both 

the medium and high dosed nestlings (see below). As it was not our aim to determine 

lethal doses of MSMA, but rather to investigate sublethal effects, doses were then 

lowered for the main, larger-scale study (see Experiment #2, section 3.2.3 .), with 

concentrations of 0,4, 8 and 12 pg/g MMA (V). 

For each pilot study, 20 adult finches (1 0 males and 10 females) were randomly 

paired in individual breeding cages (61 x 46 x 41 cm), each with an external nest box 

(1 1.5 x 1 1.5 x 1 1.5 cm). In addition to the ad lib seed diet, breeding birds were offered 

egg food daily (approximately 6.0 g) until clutch completion (two days after the last egg 

was laid) and then again during the chick-rearing stage. 

Nest boxes were monitored daily for egg laying and eggs were numbered in 

consecutive order and weighed (*0.001 g) to confirm normality of the reproductive cycle 

and nest productivity. Breeding pairs that did not produce eggs within two weeks 

following pairing were separated and classified as "non-breeders". Nest boxes were then 

checked again daily to determine hatching dates. Within 24 hours of hatching individual 

chicks within each nest were assigned to a control, low, medium or high solution dose 

group. Each nest therefore contained a control chick and chicks in 1-3 of the MSMA 

treatment groups (low, medium, high) depending on brood size. Some large broods had 

more than one control chick; in this situation we used the average value of the two chicks 

for subsequent analysis. Nestlings were orally dosed daily from day 1 to day 2 1, using a 

micropipette or via intubation. Doses were adjusted daily based on individual chick 

weight as chicks increased in mass. Volumes ranged from 10 ul to 130 ul. From day 1 to 



day 2 1 all nestlings were weighed daily and all surviving nestlings were banded at ten 

days of age. Nestlings were put back into the nests immediately after handling. 

For the second pilot study which used 0,4, 12 36 yglg MMA (V), all surviving 

nestlings were anesthetized on day 2 1 via an intramuscular injection of 50 ul ketamine 

and xylazine solution (50:50 by volume; Associated Veterinary Products, Abbotsford, 

British Columbia) followed by exsanguination. Blood samples were collected to 

determine total arsenic content, and were taken via both the jugular and brachial veins 

using heparinized pipettes or capillary tubes and transferred to heparinized centrihge 

tubes. Within 1 hour of being collected, blood samples were frozen at -20 C. Liver, 

kidney and brain tissues were obtained through dissection and were frozen prior to being 

freeze dried and sent to the University of British Columbia for total arsenic analysis. 

Additional toxicity end-points measured in the pilot study were percent 

hematocrit and leucocrit. Hematocrit is a measure of the total red blood cells in a blood 

sample and may indicate the amount and efficiency of oxygen uptake and transfer to 

tissues (Ots et al, 1998). Leucocrit is a measure of total white blood cells in a blood 

sample, and indicates humoral immune function (Wardlaw and Levine 1983). 

3.2.3 Experiment #2 - Effects of Monosodium methanearsonate (MSMA) on the 
growth and general health of nestling Zebra Pinches (Taeniopygia guttata) 

Zebra Finches (20 males and 20 females) were randomly paired into separate cages (61 x 

46 x 41 cm) with a nest box (1 1.5 x 11.5 x 11.5 cm). Birds were bred and nestlings were 

dosed as described above (see section 3.3.2). Nestling growth was measured by body 

mass on days 1,5, 10, 15 and 2 1, and right tarsus length at fledging. Immune function 

was measured by conducting a phytohaemagglutinin (PHA) cell mediated immune 



function test on all nestlings at 2 1 days of age. Nestlings received a wing web injection of 

30 ul lectin (kidney bean extract) in the left wing web. The right wing web received an 

injection of 30 ul of phosphate buffered saline (PBS) which serves as a control. Prior to 

injection, the feathers in the injection area were plucked and injections were given using 

an insulin syringe. Thickness of wing webs were measured 24 hours later using calipers 

to determine swelling. Blood samples were collected from 5 nestlings per dose group at 

day 21 to determine total arsenic content, and were taken via both the jugular and 

brachial veins using heparinized pipettes and capillary tubes and transferred to 

heparinized centrifuge tubes. Blood samples were frozen at -20 "C within one hour. 

MMA (v analysis 

Solutions, blood and organ tissues were sent to Dr. William Cullen's Chemistry 

Laboratory at the University of British Columbia, BC where they were measured for 

arsenic content by Vivian W. M. Lai. 

Freeze-dried blood and organ tissue samples were weighed into centrifuge tubes 

(either 15 mL or 50 mL) and 5 mL of a methanollwater mixture (1 : 1, vlv) was added to 

each tube. Tubes were then sonicated for 10 min and centrifuged (3,000 rpm) for 10 min, 

and the supernatant was removed by means of a Pasteur pipette and placed in a round 

bottom flask. This extraction procedure was repeated four times for each sample. The 

combined supernatants were evaporated to dryness and dissolved in 10 mL of deionized 

water prior to further analysis. Extracts were stored at -20•‹C and transferred to the cold 

room (- 4•‹C) on the day of analysis (Lai et al., 2004). 



Digested (see Chapter 2 MAA (V) analysis for digestion procedures) blood and 

tissue samples were diluted appropriately with the rhodium-nitric acid solution and 

analysed for total arsenic using Inductively Coupled Plasma-Mass Spectrometry (ICP- 

MS). Arsenic compounds in the samples were identified by matching the retention times 

of the peaks in the chromatograms with those of known standards. Quantification was 

done by comparing peaks with those of matching standards. All reagents used were of 

high purity suitable for ICP-MS analysis. Quality assurance included the analysis of 

standard reference materials: dogfish muscle (DORM-2) from National Research Council 

Canada and fucus sample (IAEA-140) from International Atomic Energy Agency. Kelp 

powder was also used as a laboratory standard (Lai et al., 2004). 

Throughout the literature, monomethylarsonic acid is abbreviated as MMA, MAA 

and MMAA. To avoid confusion we will use MMA throughout this paper. In addition, 

our chemical analysis cannot distinguish between different valences. Therefore, we report 

MMA (V) and DMA (V) to represent both valences (111) and (V). 

Statistical Analyses 

All statistical analyses were conducted using JMP (Version 5.0, SAS Institute Inc 2003). 

A Shapiro-Wilks W test (Version 5.0, JMP, SAS Institute Inc 2003) showed that the 

blood arsenic data deviated significantly from normality, and therefore data were loglo 

transformed prior to analysis to meet assumptions of normality for subsequent 

parameteric statistical analyses. For pilot study #2, analysis of variance (ANOVA) was 

applied to determine if a difference existed in mean total arsenic in blood and tissues, as 

well as percent hematocrit in surviving nestlings exposed to 0 or 4 pglg MMA (V). 

Where differences existed, Tukey's Honestly Significant Difference (HSD) tests were 



used to identify which treatment levels differed significantly in their response to MMA 

(V) exposure. To determine if there was a difference in weight gain among dose groups 

during the dosing period, a repeated measures ANOVA was conducted for both the pilot 

and main studies. For the main study, paired t-tests were used to determine significant 

differences in body mass, cell-mediated immunity and tarsus length at day 2 1 between 

treatment and control groups among nests. This ruled out any confounding factors such as 

brood size and parental quality. 

3.3 Results 

3.3.1 Experiment #l-Pilot Studies: mortality, growth, general health and total 
blood arsenic residues. 

Mortality in both pilot studies was high (Table 3.1). All nestlings in the 72 pg/g (n = 7) 

dose group died between days 2 - 10. All nestlings in the 24 pg/g (n = 5) dose groups 

died within the same time frame. All but one nestling in the 12 pg/g (n = 5) dose group 

died between days 2-4, with the remaining medium-dosed nestling surviving until day 17. 

One nestling in the 4 pg/g (n = 5) dose group died on day 6. No nestlings in 8 pglg (n = 

4) or 0 pglg (n = 10) dose groups died. 

For pilot study #1, the surviving sample size was too low for statistical analyses. 

Therefore, we will not refer to pilot study # 1 for the remainder of the results. For pilot 

study #2, surviving nestlings dosed with low or control concentrations of MMA (V) 

showed no signs of ill health. Weight gain did not differ significantly between treatment 

groups (repeated measures ANOVA, F 1 , ~  = 1 .lo, P > 0.05) and hematocrit and leucocrit 

percentages were not correlated with dose group (ANOVA, Fl,s = 1.85, P > 0.05). 



Total concentrations of arsenic detected in the blood and organ tissues from 

surviving nestling Zebra Finches from pilot study #2 dosed with control and low 

concentrations of MMA (V) are listed in Table 3.2. As expected, total arsenic detected in 

blood was significantly higher in the low dose group compared to the control group (one- 

way ANOVA, Fl,8 = 42.69, P < 0.001; Figure 3.1). Control birds had trace amounts of 

arsenic in the blood, which can be attributed to background levels resulting from 

"natural" exposure of arsenic in drinking water and food. 

All organ tissues contained total arsenic residues that increased in low-dosed 

nestlings compared to control nestlings (ANOVA, Fl,8, P < 0.01 in all cases; Table 3.3) In 

the low dosed birds, the liver contained the highest amount of arsenic, ranging from 1.13 

to 3.6 pglg, followed by the kidney with a range of 1.04 to 2.59 pglg. The brain tissue 

had the lowest total arsenic, ranging from 0.52 to 1.34 pglg. 

3.3.2 Experiment #2-Main study: Mortality, growth, general health and total 
blood arsenic residues 

In the main study, there was very little mortality, and this was restricted to on or after day 

2, and occurred in all dose groups. A total of three nestlings dosed with a high 

concentration (12 pglg, n = 23) died between days 2 - 12. A single nestling from the 

medium dose group (8 pglg, n = 20) died on day 2, and two nestlings from the low dose 

group (4 pglg, n = 2 1) died between days 2 - 10. One nestling from the control group (0 

pglg, n = 25) died on day 11 of dosing. 

Cell mediated immune response to PHA was not reduced by MMA (V) treatment. 

(paired t-test, P > 0.05 in all cases). 



Body mass throughout the 21 day period did not differ between treatment groups 

(repeated measures ANOVA, F3,85 = 0.28, P > 0.05). Body mass on day 21 did not differ 

between control and treatment groups (paired t-test, P > 0.05 in all cases). Tarsus length 

did not differ between control and low groups @aired t-test, P > 0.05, df = 12) but 

differed between control and medium dose groups (paired t-test, t = 2.0, P < 0.05, df = 

13) and control and high dose groups (paired t-test, t = 2.29, P > 0.05, df = 12), with 

medium and high dosed nestlings having shorter tarsi than control dosed nestlings. 

Mean total blood arsenic varied with dose group, with medium (8 yg/g) and high 

(12 yglg) dosed birds had significantly more mean total blood arsenic than controls 

(ANOVA, F3,20 = 4.83, p < 0.05; Fig.3.2). 

3.4 Discussion 

Preliminary studies showed that dosing nestling Zebra Finches with MMA (V) at levels 

detected in bark beetles from MSMA treated stands of trees results in high mortality. 

When compared to recent dosing studies using adult Zebra Finches, the same 

environmentally relevant concentrations resulted in very low mortality, illustrating that 

nestlings are a much more sensitive life stage. Preliminary studies also demonstrated a 

dose dependent relationship in blood and tissue concentrations of surviving nestlings. 

Arsenic concentrations in the blood and tissues of nestlings were measured to determine 

if uptake and tissue distribution of MMA (V) is the same as in adult Zebra Finches. 



3.4.1 Survival, growth and general health 

Our preliminary studies showed that nestlings dosed with concentrations of 12,24, 36 

and 72 pg/g MMA (V) did not survive (Table 3.1). The high mortality of nestlings as 

compared to adults on the same dosing scheme suggests that nestlings are far more 

sensitive to MMA (V). This appears to hold true for most heavy metals, with young 

developing birds exhibiting increased sensitivity to metal exposure than adults 

(Scheuhammer, 1987). Nestlings likely lack the ability of adults to rapidly methylate and 

excrete the compound. This could be due to underdeveloped tissues in the nestlings, 

which may be unable to cope with exposure to a potentially toxic compound while 

developing. For example, nestling organs may not be able to properly metabolize a 

compound in the early stages of development. Administration of high concentrations of 

MMA (V) may cause the nestlings to rapidly absorb the compound, and the 

biotransformation capabilities of the nestling tissues may become quickly saturated. 

Nestlings are likely to become exposed to MMA (111) during biotransfonnation, which 

may be binding to critical thiol groups, inhibiting crucial biochemical reactions and 

leading to cytotoxicity (Hughes, 2002). This would ultimately lead to failure of specific 

organs and tissues and result in death of the nestlings. Conversely, nestlings dosed with 

much lower concentrations of 4 and 8 pg/g MMA (V) experienced a much higher 

survival rate, with no apparent sublethal toxicity. In this case, nestlings appear to have the 

ability to cope with low levels of MMA (V), and are perhaps able to methylate and 

excrete the compound more efficiently and subsequently experience less toxicity. 

Although there was complete mortality of nestlings dosed with 12 pg/g in pilot 

study #2, nestlings in the main study that received the same dosage had a much higher 



survival rate. These results may be due to sample size, with a very low sample size in the 

pilot studies. Other variables that may have influenced nestling survival are the 

reproductive experience of parent Zebra Finches, or lack thereof, as well as the general 

quality and fitness of the parents. Parents were selected from the colony based on body 

mass and general appearance, with unhealthy looking birds or those with low body mass 

excluded. However, birds were of limited supply and quality of parents was sure to vary. 

None of the surviving nestlings in the 4 ,8  and 12 pg/g MMA (V) dose groups 

exhibited characteristic signs of sublethal arsenic toxicity such as weakness, frequent 

vomiting, diarrhea or reduction of activity seen in other arsenic dosing studies using 

laboratory mammals (Jaghabir et al., 1988). However, it is risky to extrapolate 

mammalian results to those in an avian system. Body mass, cell-mediated immune 

response and hematological parameters of nestlings at day 21 were not affected by MMA 

(V) dosing. Comparable studies examining the effects of arsenic on the health of birds are 

lacking, however our results are in accord with those of Fair and Myers (2002) who 

reported no effects of increased metal exposure on developing Western Bluebird (Sailia 

mexicana) hematocrit. However, this study looked the effects of combinations of metals 

in a polluted site. Thus, it is difficult to compare these results to those seen in the Zebra 

Finches dosed with MMA (V) in the present study. 

Tarsi length of nestlings Zebra Finches in the 8 and 12 pg/g MMA (V) dose 

groups were significantly shorter than control nestlings. Similarily, wild nestling pied fly- 

catchers (Ficedula hypoleuca) exposed to a variety of heavy metals exhibited growth 

abnormalities of the wings and legs with increased metal exposure, with no effect on 

growth rate (Eeva and Lehikoinen, 1996). However, flycatchers with leg and wing 



growth abnormalities were unable to fledge, while nestlings in the current study all 

fledged successfully. Shorter tarsi length in the Zebra Finches may be due to a possible 

interaction between arsenic and the mineral fraction of the bone. Kretschmer et al. (2002) 

have suggested that arsenic in bone may be associated with the mineralized calcium 

phosphate, or hydroxyapatite, with arsenic likely replacing the phosphate. Hydroxyapatite 

is an important part of the framework in bones, making them strong and rigid (Heaney, 

1999). The possible interaction between arsenic and phosphate in the hydroxyapatite may 

have consequences in developing birds by interfering with normal growth. Shorter tarsi 

length in the nestlings appeared to have no effect on the general health and success of the 

fledglings. However, Zebra Finch nestlings are held in a controlled laboratory setting. 

Studies determining the effects of shorter tarsi in wild passerine fledglings on parameters 

such as anti-predatory responses require further study. 

Of the sub-lethal end-points measured, there were relatively few observed effects. 

This is likely due to the relatively low MMA (V) concentrations. In similar studies using 

higher dose concentrations, several sub-lethal effects have been shown. Duckling 

mallards (Anas platyrynchos) receiving 200-300 ppm sodium arsenate in the diet had 

decreased growth by over 30% by the end of 4 weeks (Hoffman et al., 199 l), and mice 

receiving 447 ppm MSMA in the drinking water had significantly decreased hematocrits 

and blood glucose levels after 30 days (Judd 1979). Future studies measuring additional 

toxicity end-points in nestling passerines exposed to MMA (V) are required. 



3.4.2 Bioaccumulation and distribution of arsenic in blood and tissues 

Since the purpose of this study was to investigate the effects of MMA (V) on nestling 

growth and general health, total blood arsenic residues are needed to verify exposure. 

Blood samples from the pilot study indicated a significant increase in total blood arsenic 

from control to low (4 pglg) dosed birds. However, these effects may have been due to 

low sample sizes and lack of power, as the main study showed that there was no 

significant dose-dependent accumulation of arsenic in the blood. However, all dose 

groups had more total blood arsenic than the control group (Table 3.2). Tissue 

distribution was varied, with up to 3.6 pglg arsenic in the liver, 2.59 pglg in the kidney 

and 1.34 pg/g in the brain of low (4 pg/g) dosed nestlings. Future studies are necessary to 

determine any histopathological effects of this compound. 

When compared to adult Zebra Finches dosed with the same concentrations of 

MMA (V) (Chapter 2), it is clear that nestling Zebra Finches are more susceptible to 

accumulation in organ tissues than adults (Figure 3.3), but not in the blood. Nestlings 

dosed with 8 pglg MMA (V) had an average of 0.19 pglg arsenic in the blood, while 

adults dosed with 8 pglg MMA (V) had an average of 0.45 pglg arsenic in the blood. 

However, nestlings dosed with 4 pglg MMA (V) had up to 3.60 pglg arsenic in the liver, 

2.59 pglg in the kidney and 1.34 pglg in the brain. Adults dosed with twice as much 

MMA (V) (8 pglg) had up to only 0.19 pglg arsenic in the liver, 0.3 pglg in the kidney, 

and 0.2 pglg in the brain. Since nestlings were dosed for approximately one week longer 

than adults, the differences in accumulation may be due to duration of treatment, with 

birds accumulating more with longer dosing periods. However, our results are similar to 

other studies using wild bird populations, examining age differences in accumulation of 



arsenic, selenium and manganese which report a decrease in tissue and blood 

concentrations with age (Burger and Gochfeld, 1999). Since our study was done in a 

controlled laboratory setting, we can rule out any possible factors that could be 

contributing to age differences such as differences in colonylhabitat, or seasonal effects. 

In our study, age differences in accumulation of arsenic are most likely related to 

differences in the ability to rid their bodies of this metal. Another possibility is age 

differences in intestinal absorption of metals. It has been shown that adult mammals 

absorb an average of 2% of ingested inorganic mercury, while young mammals absorb an 

average of 35% (Kostial et al, 1978). 

As with adult Zebra Finches, nestlings had considerable amounts of arsenic in the 

brain tissue. Arsenic has the ability to cross the blood-brain barrier, and has been to 

shown to accumulate in the brain and cause neurotoxic effects in rats by altering ATP 

metabolism and influencing neurons and glia (Nagaraju and Desiraju, 1993; Valkonen et 

al, 1983). Nagaraju and Desiraju (1993) showed that developing rats exposed to low 

doses of 5 pglg inorganic arsenic for 60 days had delayed eye opening, reduced weight 

gain and irreversible body and brain weight deficits. The authors suggest that the chronic 

exposure to arsenic may have induced irreversible reorganization of the developing brain. 

Future studies examining possible neurological and behavioural effects of MMA (V), as 

well as developmental effects on these systems in passerines are warranted. 



3.4.3 Environmental Relevance 

Blood sample results from woodpeckers exposed to MSMA via ingestion of 

contaminated bark beetles in the Merritt forest district in British Columbia ranged from 

0.03 to 3.73 pg arsenic/g dw blood (Morrissey et al, unpublished). Nestling Mountain 

Chickadees (Poecile gambeli) in the same forest district had total blood arsenic values 

ranging from 0.07 to 1.88 pg arseniclg dw blood just prior to fledging (Morrissey et al. 

2006, unpublished data). Zebra Finch nestlings dosed with presumably the same 

environmentally relevant concentrations of MMA (V) (24,36 and 72 pglg) did not 

survive. Nestlings dosed with lowered concentrations of MMA (V) (0,4, 8 and 12 pg/g) 

had total blood arsenic values ranging from 0 to 0.56 pg/g at fledging. Although the 

precise exposure of nestling Mountain Chickadees is unknown, the fledging period of 

chickadees and Zebra Finches are approximately equal, so it is informative to compare 

the two. Based on the total blood arsenic results, it is possible that cavity nesting 

insectivorous birds exposed to MMA (V) would accumulate similar tissue concentrations, 

which could cause significant nestling mortality. Although growth (in terms of daily 

weight gain) of nestling Zebra Finches was not affected by the lowered dose 

concentrations, these results cannot necessarily be extrapolated to wild populations. 

Chickadee nestlings in the Merritt forest district contained much higher concentrations of 

arsenic in the blood than our laboratory nestlings. Therefore, it is possible that these wild 

nestlings may be exposed to higher concentrations of MMA (V), and may be 

experiencing reduction in body mass and general health. Nestling Zebra Finches 

experienced reduced tarsi length in the 8 and 12 pglg MMA (V) dose groups. Wild 

nestlings exposed to the same concentrations MMA (V) may be experiencing similar 

skeletal growth impairments which may effect their fledging success as well as 
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predisposing them to increased predation risks. When assessing these possible effects at 

the population level, it has been shown that reduced fledgling weights in great tits can 

affect survival (Gebhardt-Henrich and Richer 1998) and recruitment rates (Gebhardt- 

Henrich and van Noordwijk 1991), thus having an effect on the whole exposed 

population. 

3.4.4 Conclusions 

In conclusion, we found that dosing nestling Zebra Finches with high environmentally 

relevant concentrations of 24 and 72 and possibly 12 pg/g MMA (V) results in high 

mortality. We found no evidence that dosing of nestlings with 4 or 8 pg/g MMA (V) had 

significant negative effects on growth or cell-mediated immune function in nestling 

Zebra Finches. A significant effect of MMA (V) on tarsi length at fledging was detected 

at 8 and 12 pg/g MMA (V) in the main study. However, this did not seem to affect 

fledging success. Liver, kidney and brain residues were high compared to adults dosed 

with similar concentrations. Future studies are necessary to any histopathological, as well 

as any neurological or behavioural effects of this compound on passerines. 



Table 3.1 Nestling Zebra Finch mortality observed in pilot studies 1 and 2. Dose groups are in 
pg/g MMA(V). 

Dose Group (pgjg) 0 4 8 12 24 72 

Sample size 10 5 4 5 5 7 

Mortality (%) 0% 80% 0% 100% 100% 100% 

Table 3.2 Total arsenic detected in whole blood of nestling Zebra Finches dosed with 0,4,8 and 
12 pglg MMA (V). Pilot and main study data combined. Total arsenic values are means 
* standard error with sample sizes in parentheses. 

Dose Group (&g) Total arsenic (pglg) R a w  (Wk) 

0 0.055 + 0.048 (10) 0 - 0.18 

4 0.26 k 0.048 (10) 0.02 - 0.56 

Table 3.3 Total arsenic detected in organ tissues of nestling Zebra Finches dosed with control 
and low (4 pglg) concentrations of MMA (V). Total arsenic values are means * 
standard error with sample sizes in parentheses. 

Tissue Dose Group Total Arsenic (pg/g) Range (P&) 
(&id 

Liver 0 0.1 175 A 0.8498 (4) 0.05 - 0.3 1 

Kidney 0 0.0950 % 0.5795 (4) 0.05 - 0.2 

Brain 0 0.0475 % 0.3012 (4) 0.05 - 0.1 1 

Liver 4 2.1340 % 0.7601 (5) 1.13 - 3.6 

Kidney 4 2.0140 % 0.5183 (5) 1 .04 - 2.59 

Brain 4 1.0860 A 0.2694 (5) 0.52 - 1.34 



Dose Group 
Figure 3.1 Total blood arsenic in nestlings dosed with control and low (4 pg/g MMA(V)) in pilot 

study #2. Data are expressed as the mean standard error. 



Dose Group 
Figure 3.2 Total blood arsenic detected in nestling Zebra Finches dosed with 4 , 8  and 12 pglg 

MMA (V) and a control. Pilot study data not included. Total arsenic expressed in pglg 
dry weight. Results are shown as the mean h standard deviation with the sample size 
above each point in parentheses. p > 0.05 



0 pg/g nestling 0 pglg adult 4 pg/g nestling 8 pg/g adult 0 pg/g nestling 0 pg/g adult 4 pg/g nestling 8 pg/g adult 

Dose Group Dose group 

0 pglg nesUing 0 pg/g adult 4 pglg nestllng 8 pglg adult 

Dose group 

Figure 3.3 A comparison of total arsenic uptake in nestling and adult Zebra Finch blood, liver, 
kidney and brain tissues. Total arsenic expressed in pg/g dry weight tissue. Sample sizes 
are in parentheses. 



CHAPTER 4: 
Conclusions 

The primary objective of the research described in this thesis was to determine 

how MSMA may be affecting wild cavity nesting forest birds exposed to this compound 

through ingestion of contaminated bark beetles using a model laboratory species, the 

Zebra Finch. The uptake, elimination and sub-lethal toxic effects of MMA (V), which 

corresponds to MSMA at physiological pH, on adult and nestling Zebra Finches was 

examined. This research resulted in four major findings. Firstly, both adult and nestling 

Zebra Finches orally dosed with environmentally relevant concentrations of MMA (V) 

accumulated arsenic in the blood, liver, kidney, brain and carcass tissues in a dose- 

dependent manner. Low tissues residues and high excretion of this compound in adult 

finches indicate low absorption or rapid excretion, or a combination of the two processes. 

These results are typical of methylated arsenical exposure in other laboratory species 

(Chapter 2). Secondly, the species of arsenic detected in the blood plasma of adult finches 

was almost exclusively in the original MMA (V) form. Similarly, the species of arsenic 

excreted by the finches was primarily in the MMA (V) form. Arsenic species detected in 

tissue samples from adult finches included both the original species (MMA (V)) and the 

metabolite DMA (V). The liver and kidney contained primarily DMA (V) while the brain 

contained slightly more MMA (V) than DMA (V). These results indicate that the 

administered compound is being metabolized in vivo, and that finches are exposed to the 

toxic trivalent intermediate MMA (111) through this process. The extent of this exposure 

is currently unknown. Thirdly, the oral dosing and subsequent accumulation of arsenic 



resulted in significant body mass loss in adult finches in the two highest dose groups. No 

other negative effects were observed in the adult finches. And finally, complete mortality 

occurred in nestling Zebra Finches dosed with 24 and 72 pglg MMA (V), and shorter 

tarsi were observed when dosed with 4 and 12 pglg dose groups (Chapter 3). These 

results indicate a greater sensitivity to this compound in developing life stages. No 

additional clinical effects were observed during exposure. 

Several studies have reported acute effects of methylated arsenicals on rats, mice, 

hamsters and rabbits, as well as some avian species such as bobwhite and mallards 

(Chapter 2 and 3). However, few studies exist that examined the sub-lethal effects of 

these compounds on exposed songbirds and passerines. Currently, cavity nesting forest 

birds such as woodpeckers and chickadees nest in areas of high MSMA use, and forage 

on bark beetles containing high concentrations of this pesticide. Blood samples from 

woodpeckers and chickadees sampled in the Merritt Forest District, an area of high 

MSMA use, show total arsenic levels of up to 3.73 pglg and 2.20 pglg, respectively. 

Interpreting these tissue concentrations, in terms of toxic effects, is difficult in wild birds 

due to confounding factors (Chapter 1). Our laboratory study mimicked the field 

exposure of cavity nesting forest birds using Zebra Finches as a model species, and 

providing a better understanding of the effects of these compounds on exposed wild 

populations. 

Based on the findings of this study, it is clear that the Zebra Finches primarily 

excrete MMA (V). However, accumulation occurred at all dose concentrations in all 

tissues examined. In the adult Zebra Finches, significant amounts of arsenic accumulated 

in the brain tissue. Arsenic has the ability to cross the blood-brain barrier, and cause 



neurological damage. Longer-term studies examining the effects of arsenic-based 

pesticides on the neurological effects and subsequent behavioural changes are warranted, 

as this could have potentially detrimental effects on wild populations of passerines 

exposed to these compounds. 

A clear understanding of these toxicological effects is critical when developing 

and implementing forest management strategies. Based on this study, there is evidence 

that exposure to MMA (V) for 14 days results in mass loss at the highest environmentally 

relevant concentrations. Other than significant mass loss, there were no additional 

observed acute or sub-acute effects. However, it is possible that 14 days is not adequate 

enough time for many sub-lethal effects of this compound to become apparent. Wild 

populations of forest birds in areas of high MSMA use are likely experiencing longer- 

term exposure to this pesticide, and possibly over more than one generation. Once trees 

are treated with MSMA, they are often left standing, allowing birds to continuously 

forage on them. Future studies examining the long-term effects of MSMA to exposed 

populations of birds is necessary for developing management options for pesticide use in 

bark beetle control in British Columbia. 

While few sub-lethal effects were observed in adults, nestling Zebra Finches 

exhibited high mortality when exposed to the same concentrations of MMA (V). 

Additionally, nestlings accumulated significantly more arsenic in all organs compared to 

adults. The implications of these high tissue residues are currently unknown. 

Furthermore, nestlings in the two highest dose groups exhibited shorter tarsi length at 

fledging than controls. The effects of arsenic exposure during the developmental stage 

could have consequences that may surface as decreased reproductive success and 



recruitment rate as adults. Further studies examining the reproductive capabilities of 

fledglings when they reach maturity are necessary. In addition, our study examined the 

postnatal effects of MMA (V) dosing on nestlings during development. In order to gain a 

complete understanding of the reproductive effects of MMA (V) on Zebra Finches, 

dosing studies examining the effects MMA (V) on reproductive success in adults are 

critical. Such studies should include end points such as total arsenic detected in eggs (to 

determine possible transfer of arsenic to eggs), clutch size, hatching and fledging success. 

The results reported in this study suggest that Zebra Finches exposed to MSMA 

or MMA (V), as used for bark beetle control in British Columbia, are at risk of decreased 

health and survival. Cavity nesting forest birds breeding and foraging in areas of high 

MSMA use, such as the Merritt forest district, are likely exposed to high concentrations 

of this compound, for long periods of time. Zebra Finches experienced weight loss as 

well as mortality and growth impairments. The obvious sensitivity of nestlings to MMA 

(V) must be taken into account when considering the possible implications of the use of 

arsenic-based pesticides. The significant findings from this study warrant further studies 

of long-term effects of these pesticides on health, reproduction and behaviour in cavity 

nesting forest birds. 
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