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ABSTRACT 

Perchlorate salts occur in many forms including ammonium perchlorate and 

sodium perchlorate. Because perchlorate is used as an oxidizer in rocket propellants and 

explosives, contamination is common near military installations such as Longhom Army 

Ammunition Plant. The toxicity of perchlorate involves the inhibition of iodine uptake 

by the thyroid follicular cells, thereby reducing thyroid hormone synthesis. This leads to 

an increase in the amount of TSH (thyrotropin-releasing hormone) and TRH (thyroid 

stimulating hormone) produced due to negative feedback. The continued stimulation of 

TSH on the thyroid follicular cells leads to hypertrophy, colloid depletion, and the 

formation of goiters. Thyroid hormones are important in metabolism, growth, 

development, and reproduction and have a permissive action on other tissues. 

Although the mechanism of action of perchlorate is knovm in humans, 

amphibians, and rats and there are studies that have been conducted in fish and 

amphibians, not much is known about the effects of environmentally relevant 

concentrations of perchlorate. Since perchlorate is water soluble, fish and other aquatic 

organisms receive the greatest exposure to perchlorate in contaminated areas. The 

purpose of this project was to determine the uptake of perchlorate into mosquitofish and 

various tissues in the catfish and the effects on thyroid morphology and fimction in 

mosquitofish. 

Mosquitofish were exposed to 0, 0.1, 1, 10, 100, and 1000 mg/L sodium 

perchlorate for 2, 10, and 30 d with 5 replicates per treatment group. Catfish were 
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exposed to 100 mg/L sodium perchlorate for 5 d with 20 replicates. Tissue perchlorate 

concentrations in the catfish and mosquitofish were determined by extracting perchlorate 

from the tissues using accelerated solvent extraction with water, and then analyzing these 

extracts by ion chromatography. Histological slides of the mosquitofish thyroid follicles 

were analyzed for hypertrophy, hyperplasia, and colloid depletion. Whole body 

thyroxine (T4) concentrations in the mosquitofish were determined by 

radioimmimmunoassay (RIA). 

Perchlorate did not bioconcentrate in the fish; tissue concentrations in the 

mosquitofish were 10 times less than the exposure concentration. The highest 

concentration of perchlorate in the catfish was found in the head, but this was 4 times less 

than the exposure concentration. Perchlorate also induced hyperplasia, hypertrophy, and 

colloid depletion in mosquitofish exposed to the highest concentrations (10, 100, and 

1000 mg/L) of perchlorate for the longest time periods (10 and 30 d). T4 concentrations 

in the mosquitofish were also significantly decreased in fish exposed to perchlorate as 

compared to the controls in fish exposed to 1000 mg/L for 30 d. 

At environmentally relevant concentration of perchlorate, there was little to no 

uptake of perchlorate into the whole body mosquitofish. Thyroid morphology and 

function were also only slightly modified by low doses of perchlorate. In contrast, 

exposure to high concentrations of perchlorate led to high concentrations of perchlorate 

in the various fish fissues, as well as dismptions in thyroid morphology and function. 

The results of this study are consistent with studies that have been conducted in humans, 

rats, amphibians, and other fish. 
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CHAPTER I 

INTRODUCTION 

The Thyroid 

History ofthe Thyroid 

Thyroid disease in humans has been recognized for thousands of years. Thyroid 

disease was first described by Chinese physicians about 3000 B.C. as an abnormal 

enlargement ofthe thyroid in humans. These physicians recommended the ingestion of 

seaweed and bumt sponge (which contained large quantities of iodide) or desiccated deer 

thyroids (which contained large quantities of thyroid hormone) to alleviate these 

symptoms. In addition, cretinism was described in Europe in the early 1500s, followed 

by myxedema in the late 1800s. These two diseases were similar in children, except that 

cretinism is manifested very early in life leading to dwarfism and severe mental 

retardation, and in juvenile myxedema early growth and development are normal, but 

children become severely retarded later in childhood (Norris, 1997). 

In 1896, it was discovered that an organic iodine-containing substance could be 

extracted from the thyroid. This substance was later found to reverse the effects of iodide 

deficiency. In the early 1900s, the thyroid and its hormones were also found to elevate 

the basal metabolic rate, a discovery that has influenced the direction of thyroid research 

in many vertebrates. The hormone, thyroxine (T4), was isolated, crystallized, and 

reported by Edward C. Kendall in 1915, and was the first hormone to be isolated in pure 



form. The second thyroid hormone, triiodothyronine (T3), was not identified until 1952 

when it was described by J. Gross and R. Pitt-Rivers (Norris, 1997). 

Mammalian and Fish Thyroid Anatomy 

The mammalian thyroid gland is located in the neck region (Figure 1.1) and 

consists of thyroid follicles composed of colloid-filled lumen surrounded by a single 

layer of epithelial cells. Thyroid follicular cells are surrounded by a connective tissue 

sheath, and are both highly vascularized and innervated. Parafolhcular or C-cells are also 

present in the regions between or adjacent to the follicles (Figure 1.2). 

The fish thyroid is somewhat different than the mammalian thyroid in that most 

fish do not have a thyroid gland. Instead, the thyroid follicles are scattered throughout 

the pharyngeal region between the second and fourth aortic arches (Figure 1.3). This is 

tme in most fish with a few exceptions including the tuna and Bermuda parrot fish. 

Thyroid follicles have also been found in the head kidney, the pericardium, and the ovary 

of some fish. The thyroid follicles are similar to those in mammals in that they have a 

colloid lumen surrounded by a single layer of epithelial cells, but there is no connective 

tissue sheath to hold the follicles in a mass (Figure 1.4). This is the reason why the 

thyroid follicles are so diffuse in teleosts (Norris, 1997). 

Thyroid Hormone Synthesis 

The thyroid produces 2 hormones, triiodothyronine (T3) and thyroxine (T4) 

(Figure 1.5). The first step in the synthesis of thyroid hormones is the uptake of iodide. 



Most inorganic iodide comes from the diet and approximately 1 mg of ingested iodine per 

week is required for normal synthesis of T4 (Guyton, 1986). In developed countries, the 

use of iodinized salt has almost eliminated the existence of hypothyroidism by 

supplementing iodide-deficient diets. The same, however, is not tme in developing 

countries in that 20-73% of school children exhibit goiters, or an enlarged thyroid (Figure 

1.6) due to hypothyroidism(Norris, 1997). 

In order for thyroid hormones to be synthesized, iodide has to be taken up from 

the diet and transported into the colloid. Ingested iodide is adsorbed from the 

gastrointestinal tract and into the blood, and is then accumulated by the thyroid follicular 

cells. The iodide pump co-transports sodium and iodide at the basal membrane, and 

iodide diffuses across the apical membrane into the colloid. Iodide uptake is enhanced by 

conversion to iodinated tyrosine(Norris, 1997). 

The next step in the synthesis of thyroid hormones is the synthesis of 

thyroglobulin which contains tyrosine residues for hormone synthesis. Thyroglobulin is 

synthesized in the rough endoplasmic reticulum and then packaged in the Golgi apparatus 

into membrane-bound secretion granules. The noniodoinated tyrosines are incorporated 

into the thyroglobulin first, and few ofthe tyrosine molecules are iodinated. Between 4 

and 8 hormone molecules are incorporated into a thyroglobulin molecule (Norris, 1997). 

Iodide is actively transported into the thyroid, and the uptake of iodide is 

dependent on the sodium ion through a secondary active transport system mediated by 

the sodium/iodide symporter (NIS). The NIS is an intrinsic membrane protein that is 

important in the evaluation, diagnosis, and treatment of thyroid diseases (Dai et al.. 



1996). The NIS transports iodide into the thyroid and generates a net influx of positive 

charge, which depolarizes the membrane. This inward current is stimulated by iodide, is 

sodium dependent, and is coupled to the sodium and iodide influx. For every iodide ion 

ti-ansported, 2 sodium ions are transported resulting in the inward movement of 1 positive 

charge (Eskandari et al., 1997). The NIS is only dependent upon the sodium gradient and 

ATP hydrolysis, iodide oxidation, iodination, or deiodination do not affect the fi-ansport 

of iodide (Saito et al., 1983). Several other anions are also fransported by the NIS 

including thiocyanate, and the closer the size ofthe ion (monovalent) is to iodide, the 

more likely it is to be transported. Perchlorate, the most potent inhibitor ofthe NIS, is 

not transported via the NIS (Eskandari et al., 1997). Rather, perchlorate inhibits iodide 

accumulafion by decreasing the sodium-dependent iodide influx (Saito et al., 1983). 

In order for iodine to be incorporated into tyrosine, inorganic iodide has to be 

converted to active iodide, followed by the production of MIT (3-monoiodotyrosine) and 

DIT (3,5-diiodotyrosine). Thyroid peroxidase (TPO) acts in this reaction in the colloid 

by catalyzing glucose oxidation and reduction of pyridine nucleotides to form hydrogen 

peroxide, which inorganic iodide reacts with to form active iodide. The active iodide is 

immediately converted to iodine attached to tyrosine residues in thyroglobulin. MIT is 

formed when 1 of these iodines binds to tyrosine at position 3 on the phenohc ring. If a 

second iodine attaches at position 5 ofthe same ring, MIT is converted to DIT. The size 

ofthe inorganic iodide pool determines the amount of active iodide available, which 

determines the proportion of MIT to DIT that is formed (Norris, 1997). 



The next step in the synthesis of thyroid hormones involves coupling of iodinated 

tyrosines. The coupling of 2 MIT molecules yields T4, while the coupling of MIT and 

DIT yields T3 (Figure 1.7). The proportions of these thyroid hormones that are formed 

are dependent upon the amounts of MIT and DIT that are available, but usually much 

more T4 is synthesized than T3 (Norris, 1997). 

Secrefion. Transport, and Deiododination of Thyroid Hormones 

Thyroid-stimulating hormone or thyrotropin (TSH) controls the release of thyroid 

hormones, and unlike their synthesis, their release is not dependent upon the uptake of 

iodide and the synthesis of iodothyronine (Norris, 1997). Thyrofropin-releasing hormone 

(TRH) released by the hypothalamus stimulates the pituitary to release TSH, and TSH 

stimulates the thyroid to produce T3 and T4. The thyroid hormones then feedback to the 

pituitary and the hypothalamus to inhibit the secretion of TSH and TRH, leading to a 

decrease in the production ofthe thyroid hormones (Figure 1.8). TSH secretion in cells is 

maintained over long periods of stimulation. Thyroid hormone inhibition of TSH 

secretion is manifested 30 to 60 minutes after exposure, and increases with continued 

exposure to a maximum of about 2 V^ hours after the initial exposure to thyroid hormones 

(Schrey et al., 1977). In the hypothalamus, thyroid hormones influence the release of 

dopamine, leading to an increase in the dopaminergic inhibition of TSH release. Thyroid 

hormone stimulated dopamine release also inhibits prolactin secretion, which accounts 

for elevated prolactin concentrations in hypothyroidism (Feek et al., 1980). Thyroidal 



status is also controlled peripherally by the levels of T3 in body fluids and tissues and that 

T4 is primarily a precursor for T3 (Eales, 1995). 

TSH causes the engulfment ofthe colloid by endocytosis, forming colloid 

droplets called endosomes. The endosomes migrate from the apical portion to the basal 

portion and fuse with lysosomes containing hydrolytic enzymes. The resulting 

endolysosomes undergo hydrolysis ofthe thyroglobulin and the hydrolysis products 

diffuse into the cytosol as the endolysosome migrates toward the basal membrane. The 

hydrolysis ofthe thyroglobulin releases MIT, DIT, T3, T4, and amino acids. Only the T3 

and T4 diffuse into the blood, and MIT, DIT, and a small portion of T4 are hydrolyzed by 

deiodinase to tyrosine and inorganic iodide (Norris, 1997). 

Since the thyroid hormones are hydrophobic and are not soluble in the blood, they 

are bound to serum proteins for transportation. This allows for a quick method to 

replenish free hormone levels in the blood, and free hormones move across cell 

membranes since they are hydrophobic. Most ofthe thyroid hormones (75 to 85%) are 

bound to thyroid-binding globulin (TBG) and only a small amount are transported free in 

the blood (less than 0.1%). The rest ofthe fiiyroid hormones are bound to prealbumin 

(TBPA) and albumin (TBA) (Norris, 1997). 

Circulating T3 levels are much lower than T4 levels. Since T4 is more tightly 

boimd to serum proteins than T3, T3 is more rapidly removed from the blood. Most ofthe 

circulating T4 is converted to T3 by deiodinases, and nuclear receptors for thyroid 

hormones have a greater affinity for T3 than T4, supporting the idea that this conversion is 

necessary for thyroid hormone action. In mammals, there are 3 types of deiodinases. 



simply named Type I, Type II, and Type III (Norris, 1997). Three deiodinafing enzymes 

also are present in fish (Leonard and Visser, 1986), and the tilapia and mammal 

deiodinases have similar biochemical properties (Mol et al., 1993; 1997). 

Role of Thyroid Hormones in Mammals 

Thyroid hormones have a permissive action in that they produce changes in other 

target tissues that make that target more responsive to hormones or other stimuli. 

Thyroid hormones are involved in metabolism, growth, development, and reproduction. 

Although they are involved in many processes, their overall permissive action is their 

most important role. 

Thyroid hormones are involved in thermogenesis and the metabolism of 

carbohydrates, lipids, and proteins. Thyroid hormones also are important in the growth 

and development of mammals to prevent myxedema and cretinism. The role of thyroid 

hormones in growth is closely related to the role of grovyth hormone, and may even 

exhibit permissive action on growth hormone-sensitive target cells. Thyroid hormones 

are essential for the proper development ofthe nervous system, as seen in the mental 

retardation in myxedema and cretinism. Gonadal development and funcfion is also 

dependent upon thyroid hormones. In hypothyroid mammals, sexual maturafion is 

delayed (Norris, 1997). 



Role of Thyroid Hormones in Fish and Amphibians 

The role of thyroid hormones in fish is similar to their role in mammals in that 

they are involved in reproduction, growth, and development. Although direct actions of 

thyroid hormones on reproduction and an absolute requirement for the presence of 

thyroid hormones during early development have not been proven, there is evidence that 

thyroid hormones are involved in these processes. Thyroid hormones are also important 

in the changes that take place in the fransition from larvae to juvenile fish. Thyroid 

hormones are involved in physiological systems of fish including the cardiovascular 

system, skeleto-muscular system, and digestive system (Power et al., 2001). 

Thyroid hormones have a role in the metamorphosis of fish. Flounder rely on 

thyroid hormones for their metamorphosis involving the rotation ofthe eye across the 

skull and setfling on the sea bottom (Inui et al., 1995). In zebrafish, exogenously added 

thyroid hormone induced differentiation ofthe pectoral fins and accelerated the growth of 

the pelvic fins. Inhibition of thyroid gland function inhibited the transition from larval to 

juvenile form including the differenfiafion ofthe fins and skin pigment pattems and 

scales (Brown, 1997). 

Thyroid hormones influence the rate of development and growth of fish eggs and 

larvae. An increase in thyroid hormone content in fish eggs leads to an increase in 

survival and growth of larvae. Growth is also accelerated when eggs and larvae are 

submersed in media containing thyroid hormones. The rate of morphogenesis and 

metamorphosis is also dependent upon thyroid hormones (Jobling, 1995). 



Environmental conditions also influence thyroid hormones in fish. Studies have 

suggested that thyroid function is sensitive to environmental conditions such as 

photoperiod, lunar cycle, temperature, pH, salinity, and nutrition (Grau, 1988). Changes 

in thyroid function are likely due to changes in enzyme activity (Eales, 1985). Also, 

dismption in the thyroid status from environmental changes may be due to effects on the 

neuroendocrine system (hypothalamic-pituitary axis) and may be involved in the 

synchronized activity of individuals within a population. One ofthe most noted thyroid 

responses to environmental change involves smoltification in salmon. The blood T4 level 

peak during smoftification is timed by the lunar cycle and to a lesser extent photoperiod 

(Grau, 1988). 

In amphibians, the role of thyroid hormones in metamorphosis is much more 

apparent. Axolotl that were exposed to exogenous thyroid hormone became proportioned 

like an aduh at an early age due to stimulated limb growth and development (Brown, 

1997). Thyroid hormones are also involved in the metamorphosis and growth in frogs. 

Thyroid hormones affect the emergence of forelimbs, tail resorption, and hindlimb 

development in frogs (personal communication, J. Carr, Texas Tech University). 

Thyroid Pathology 

Thyroid disorders are the second most common human endocrine problem, 

following diabetes mellitus. Most thyroid disorders, however, are due to hypothyroidism 

either environmentally induced or inherited. Hyperthyroidism is less common, and 

thyroid carcinomas are rare (Norris, 1997). 



In fish and wildlife, many chemicals are known to be endocrine dismptors, but 

most ofthe studies have involved aromatic hydrocarbons such as PCBs (polychlorinated 

biphenyls) and PAHs (polynuclear aromatic hydrocarbons) in marine mammals, birds, 

and fish. Alteration in thyroid status have included changes in thyroid hormone levels, 

thyroid gland stmcture, and vitamin A levels (RoIIand, 2000). Mechanisms of endocrine 

dismpting chemicals have come from wildlife and fish field studies, especially studies 

concentrating on dismption during early embryonic development and the sensitive early 

hfe stages (Guillette, 1995). Examples of some ofthe wildhfe that have been studied 

include the morphological changes in the thyroid gland in harbor seals and beluga whales 

after exposure to persistent organochlorine chemicals (Schumacher et al., 1993) and the 

presence of enlarged thyroid glands in Pacific salmon that was infroduced into the Great 

Lakes decades ago (Sonstegard and Leatherland, 1976). 

The mummichog is a fish that is found in salt marshes in New Jersey such as 

Tuckerton (uncontaminated, nonindustrial area) and Piles Creek (highly polluted site 

surrounded by industrial plants and a major highway). Studies on differences in these 

fish have looked at histological differences, thyroid hormones levels, and liver somatic 

indices between fishes residing in these sites. Large follicles, frregularly shaped folhcles, 

and colloid depletion have been observed in fish from Piles Creek but were not apparent 

in fish from Tuckerton. Fish from Piles Creek also had higher levels of plasma T4 than 

fish from Tuckerton, but no difference was noted in plasma T3 levels. Piles Creek fish 

also had a greater liver somatic index than Tuckerton fish. These afterations in thyroid 
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status are likely due to contaminants in Piles Creek that impaired thyroid function in the 

fish that five there (Zhou et al., 1999). 

Ionic Uptake in Fish 

Stmcture ofthe Fish Gill 

In the fish gill, the surface area is maximized to increase the area available for the 

diffusion of oxygen and carbon dioxide. The gill is also modified to minimize the 

diffusion distance between the blood and the extemal medium and to maximize the 

perfusion of tissues. In order to do this, the branchial arches in fish are divided into 

multiple filaments, which are then divided into lamellae. The flow of water through the 

gills is counter-current to the flow of blood in the lamellae, which maximizes the ionic 

and osmotic gradients (Evans et al., 1999). 

Three types of cells make up the fish gill epithelium including pavement cells, 

mitochondrion-rich cells, and accessory cells. The majority ofthe cells in the gill surface 

epithelium and in the lamellar surface are pavement cells, which contain mitochondria, 

Golgi apparatus, and rough endoplasmic reticulum, indicative of high metabolic activity. 

The arrangement ofthe mitochondrion-rich cells and accessory cells allows for a leaky 

paracellular pathway between these cells and is most likely the basis for the high ionic 

permeabihty offish (Evans et al., 1999). 
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Ionic Movement Across the Gills 

The major site of ionic movements is in the gill, however, ions could also be 

taken up in the food (Figure 1.9). Studies have shown that Cortisol is involved in the 

uptake of ions into fish. A study by Perry et al. (1992), showed that an injecfion of 

Cortisol into several freshwater fishes lead to an increase in the surface area ofthe ofthe 

gill chloride cells and an increase in the influx of sodium and chloride. The increased 

surface area was strongly correlated with ion uptake. Previously it was thought that 

ACTH (adrenocorticotrophic hormone) acted with prolactin to mamtain water and 

electrolyte balance in fish (Chester Jones et al., 1969), but now it is thought that actions 

of ACTH are exerted through Cortisol (McCormick, 2001). It was also hypothesized that 

ACTH and Cortisol may have been important in maintaining an active sodium pump and 

that prolactin regulated permeability (Chester Jones et al., 1969). An increase in the 

number of chloride cells due to Cortisol could act to favor both ion uptake and secretion, 

and more research is necessary to determine the mechanisms of Cortisol in ion uptake and 

the pathways in which Cortisol and prolactin interact (McCormick, 2001). 

Perchlorate 

Perchlorate Chemistry. Usage, and Presence in the Environment 

The perchlorate ion (C104') is usually found as ammonium perchlorate, sodium 

perchlorate, potassium perchlorate, and many other forms. These perchlorate salts are 

extremely soluble and upon dissolving in water they completely dissociate (Urbansky, 

1998). The perchlorate ion consists of a chlorine atom (CI) in the center of 4 oxygens in 
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a tetrahedral grouping (Figure 1.10). The negative charge is not concentrated anywhere 

locally, but is dispersed evenly over the 4 oxygen atoms. Since spontaneous reactions do 

not occur with perchlorate, it is very persistent in the environment (Espenson, 2000). 

Ammonium perchlorate is used as an oxidizer in rocket propellants and 

explosives, which are used in both aerospace materials and is present in commercially 

available products such as road flares, fireworks, and airbags (Smith et al., 2001). 

Because of these uses, perchlorate contamination is usually found at sites where rocket 

fuel is manufactiired and at military facilities due to the demilitarization of weapons 

GJrbansky, 1998). 

Because ofthe solubility of perchlorate, it moves rapidly through the 

environment, providing many possible routes of exposure to animals and humans 

including dust, water, and plant materials (Clark, 2000). Also, aquatic organisms are 

likely to receive the greatest exposure to perchlorate because of its high water solubility 

(Smith etal., 2001). 

Perchlorate concentrations in ground and surface waters range from 8 ng/mL to 

3.7 mg/mL throughout the western states. In Utah, groundwater wells near the rocket 

manufacturer Alliant Techsystems have perchlorate concentrations from 4 to 200 [iglL. 

In Nevada, near the ammonium perchlorate manufacturer Kerr-McGee Chemical 

Corporation, groundwater perchlorate contamination levels were as high as 3.7 mg/mL, 

and surface waters in the Las Vegas Wash ranged from 1.5 to 1.68 |4,g/mL. Tap water in 

the Southern Nevada Water Authority had 11 ng/mL perchlorate. In Cahfomia, more 
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than 20 wells had been closed for exceeding perchlorate concentrations of 18 ng/mL, 

which is the action level (Urbansky, 1998). 

In Texas, 2 sites have been analyzed for perchlorate contamination. Caddo Lake 

at the Longhom Army Ammunition Plant (LHAAP) and Lake Waco and Behon Lake 

near the Naval Weapons hidustrial Reserve Plant (NWIRP) in McGregor, have both been 

under investigation to determine perchlorate concenttations in groundwater and surface 

water as well as in soil, sediment, plants, and in the animals that inhabit these areas 

(Smith et al., 2001). Recently, perchlorate was also detected in the drinking water in 11 

coimties in Texas including Midland, Gaines, Ector, Dawson, Martin, Howard, Yoakum, 

Glasscock, and Andrews (Drerman, 2002). 

Perchlorate Effects on Thyroid Funcfion 

Regardless ofthe route of exposure, the target organ of perchlorate is the thyroid. 

The mode of action of perchlorate is through inhibition of iodide uptake by the follicular 

cells, thereby reducing thyroid hormone synthesis (Clark, 2000; Norris, 1997; Smith et 

al., 2001; Wolff, 1998). Perchlorate was first found to inhibit iodide accumulation by 

Wyngaarden et al. in 1952 and 1953 (Wolff, 1998). The inhibition of iodide uptake and 

the resulting reduction in thyroid hormone synthesis leads to a decrease in the synthesis 

of T3 and T4. Because ofthe negative feedback system, a decrease in the amount of 

thyroid hormones leads to an increase in the amount of TSH and TRH. The continued 

stimulation of TSH on the thyroid follicular cells leads to hypertrophy. The colloid also 

is depleted under condifions of excessive TSH secretion because ofthe enhanced 
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endocytosis ofthe colloid (Hadley, 2000). The development of goiters is also due to 

increased levels of TSH. TSH causes a large amount of thyroglobulin to be synthesized 

by the follicular cells, causing these cells to grow larger, and ulfimately causing the 

thyroid gland to increase in size (Guyton, 1986). 

In a study by Yu et al. (2002), rats were exposed to perchlorate via drinking water 

to test if decreases in the uptake of thyroidal iodide were related to disturbances in the 

hypothalamus-pituitary-thyroid axis (HPT axis). They found that the HPT axis 

responded quickly to the blocking of iodide uptake in the thyroid. Serum TSH levels 

increased while semm thyroid hormone levels decreased. Under the influence of TSH, 

the up-regulated thyroid was able to increase its capacity to sequester iodide and produce 

hormones, except after exposure to high semm levels of perchlorate (Yu et al., 2002). 

Many studies have been conducted to determine the effects of perchlorate on 

thyroid function in rats. Rats were exposed to 0.01, 0.05, 0.2, 1.0, and 10.0 mg/kg/d 

ammonium perchlorate for 14 and 90 d with an additional set of animals allowed to 

recover for 30 d after the exposure to test the subchronic effects of perchlorate in a 

drinking water. Exposure to perchlorate resuhed in an increase in the thyroid weight, 

decreased T3 and T4 levels, increased TSH levels, and thyroid histopathological changes 

including hypertrophy and colloid depletion. These changed were reversible after the 

nontreatment recovery period (Siglin et al, 2000). hi a 2-generational sttidy, perchlorate 

was not a reproductive toxicant, but perchlorate did affect the thyroid. Exposure to 

perchlorate lead to an increase in the thyroid weight, histopathology, changes in thyroid 

hormones levels (York et al., 2001). 
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Effects of perchlorate in humans has also been examined. One of these stiidies 

involved an occupational health sttidy in which the thyroid fimction of workers at a 

perchlorate manufacturing plant was assessed. The workers were examined to determine 

the amount of exposure to perchlorate, the magnitude of absorption of perchlorate, and if 

thyroid function was aUered. The results ofthe study indicated that there were no 

differences in thyroid function between the control group and workers who had worked at 

the perchlorate plant for several months to years (Lamm et al., 1999). Congenital 

hypothyroidism was examined in 7 counties in California and Nevada where perchlorate 

has been found in the drinking water. Neonatal screenmg records from each county were 

analyzed to look for an increase in congenital hypothyroidism. These counties did not 

have a higher level of congenital hypothyroidism (Lamm and Doemland, 1999). 

Medicaid records from Clark County, Nevada were also examined to determine if there 

was an increase in the prevalence of any thyroid diseases. Clark County did not have an 

increased rate of thyroid disease (Li et al., 2001). A study to look at neonatal blood TSH 

levels in newborns living in Las Vegas and Reno, Nevada also showed that there were no 

effects on TSH level from environmental perchlorate exposure (Xiao Li et al., 2000). 

Brechner et al., however, did find that there was an association between newborn TSH 

levels and low-level perchlorate exposure in Arizona (2000). Environmental perchlorate 

exposure in newbom and school-age children in Chile led to no difference in TSH levels 

or goiter prevalence indicating no adverse effects on thyroid function (Crump et al., 

2000). 
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Although most studies in humans have involved only lookmg at existing records 

to determine effects of environmental perchlorate exposure, there has been a perchlorate 

experiment in humans. Male volunteers ingested 10 mg of perchlorate a day for 14 d to 

determine the short-term, low dose effects of perchlorate. There was no affect on 

circulating thyroid hormone and TSH concentrations in these men, but there was a 

decrease in thyroid iodide uptake. After the test was disconfinued, the uptake of thyroidal 

iodide increased (Lawrence et al., 2000). 

In amphibians, exposure to perchlorate inhibits the larvae from completing 

metamorphosis. Bufo larvae kept in a perchlorate solution after hatching did not progress 

past premetamorphic stages even though their body continued to grow and the thyroid 

gland was morphologically altered including hyperplasia and colloid depletion (Miranda 

et al., 1995; 1992). Xenopus frogs that were exposed to perchlorate right after the 

conclusion of metamorphosis had large thyroid goiters and retarded grov^h, and a 

decreased number of erythrocytes, B-Iymphocytes, and T-lymphocytes (Rollins-Smith et 

al, 1993). Xenopus exposed to environmentally relevant concenfrations of perchlorate 

for 70 d exhibited inhibited metamorphosis shown by effects on tail resorption, forelimb 

emergence, and hindlimb growth, as well as reduced whole body T4 concentration and 

hypertrophy ofthe thyroid gland. The effects of perchlorate on metamorphosis and 

thyroid function were reversible after a 28 d nontreatinent recovery period (Goleman et 

al., 2002). 
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Study Species 

Eastem Mosquitofish (Gambusia holbrooki) 

The Eastem Mosquitofish (Gambusia holbrooki) (Figure 1.11) is in the family 

Poeciliidae (livebearers) and in the class Acfinopteryii (ray-finned fish). They are 

typically found in North America from New Jersey to Alabama in freshwater or brackish 

water and are epipelagic. Male mosquitofish grow to about 3.5 cm and female 

mosquitofish grow to about 8 cm. Mosquitofish feed on small terrestrial insects and on 

mosquito larvae (as well as eggs and larvae of fish and amphibians, periphyton, and 

filamentous algae, plankton, detritus, sediment, and fish carcasses). Because of this, they 

were introduced in many countries for mosquito control, but led to negative effects on 

native fishes instead and did not have an effect on the mosquito population (Froese and 

Pauly, 2002a). 

Chaimel Catfish (Ictalurus punctatus) 

The Channel Catfish (Ictalurus punctatus) (Figure 1.12) is in the family 

Ictaluridae (North American freshwater catfishes) and in the class Actinopterygii (ray-

finned fish). They are typically found in freshwater from the cenfral drainages ofthe 

United States to southern Canada and northem Mexico and are demersal. Male catfish 

grow to about 132 cm long. Catfish feed on small fish, cmstaceans, clams, and snails 

(Froese and Pauly, 2002b). 
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Figure 1.9 Pathways ofthe Uptake oflons in Fish. 
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Figure 1.10 Stmcture of Perchlorate 
(adapted from Urbansky, 2000) 
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Male 

Figure 1.11 Eastem Mosquitofish 
(Gambusia holbrooki) 
(Froese and Pauly, 2002a) 

Figure 1.12 Channel Catfish (Ictalurus punctatus) 
(Froese and Pauly, 2002b) 
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CHAPTER II 

PERCHLORATE UPTAKE IN 

MOSQUITOFISH AND CATFISH 

Introduction 

Perchlorate is an ion that is found in ground and surface waters near military 

installations and perchlorate manufacturing plants. Since it is water soluble and 

persistant in the environment, there is a good possibility that organisms such as fish are 

exposed to high concentrations of perchlorate at contaminated sites (Smith et al., 2001). 

The purpose of this portion ofthe study was to determine the uptake of 

perchlorate into whole body mosquitofish and into several tissues ofthe catfish. Little is 

known about toxicokinetics and tissue distribution of chemicals such as perchlorate in 

fish. This information is necessary for determining ecological and human health risk 

assessments. Information gained from uptake studies is also important for environmental 

fate and effects modeling. 

Materials and Methods 

Experimental Design 

In order to determine the uptake of perchlorate into fish tissues, 2 fish species 

were exposed to several concenfrations of sodium perchlorate for various periods of time. 

Female Eastem Mosquitofish (Gambusia holbrooki) were exposed to 0, 0.1, 1, 10, 100, 

and 1000 mg/L sodium perchlorate for 2, 10, and 30 d with 5 rephcates of each exposure 
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group to determine the uptake of perchlorate. Channel catfish (Ictalurus punctatus) were 

exposed to 100 mg/L sodium perchlorate for 5 d with 20 replicates to determine the 

uptake of perchlorate into specific tissues. Sex was not determined in the catfish. 

Mosquitofish and catfish were obtained from commercial hatcheries and freated with 

antibiotics upon arrival to the lab. All fish were allowed to acclimate to laboratory 

conditions for at least 5 d. 

Fifteen mosquitofish were randomly assigned to each 15 L aquarium with 5 

replicates of 6 concentrations for each exposure time period. The aquaria were arranged 

in a randomized block design, with 1 replicate assigned to each block, minimizing any 

possible confounding effects due to environmental variation in the laboratory. Aquaria 

water consisted of 60 mg/L Instant Ocean sea salts in deionized water with the 

appropriate amount of sodium perchlorate stock solution added to each test aquarium. 

Fish were fed commercial fish flake food daily, and feeding time and daily observations, 

in which behavior and number of sick and dying fish, were recorded. Every other day, 

1/3 ofthe water was changed, and the aquaria were refilled with 60 mg/L sea salts and 

the appropriate amount of sodium perchlorate stock solution. Water quality tests were 

conducted to determine dissolved oxygen, salinity, pH, ammonia, and conductivity on 

days between water changes. Water samples were also taken on the first day and last day 

of each exposure and once a week for the longer exposures and analyzed to determine 

actual perchlorate concenfration in each aquaria. 

Following exposure, the mosquitofish were euthanized in 1 g/L MS-222 and the 

length and weight of each fish was recorded. Two fish from each aquarium were 
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preserved in Bouin's fixative (75% sattirated picric acid solution, 20% formalin, and 5% 

glacial acetic acid) for histological processing (Chapter III) and the remainder ofthe fish 

were frozen in liquid nitrogen for determination of perchlorate and T4 content (Chapter 

III). 

One catfish was assigned to each 15 L aquarium. Aquaria water was composed of 

reconstituted fresh water as above with the appropriate amount of sodium perchlorate 

stock solution added to each test aquarium. Fish were fed commercial shrimp pellet food 

each day, and feeding time, daily observations of behavior, fish health and condition, and 

number of dead fish were recorded. As discussed above, a 1/3 water change was 

conducted every other day, water quality was determined on the days between water 

changes, and water samples were taken on the first day and last day of exposure, as well 

as one half-way through the exposure and analyzed to determine perchlorate 

concentration. 

Following exposure, the catfish were euthanized in 1.5 g/L MS-222 and the 

weight of each fish was recorded. The kidney (KY), liver (LV), gill (GL), gonad (GD), 

gastrointestinal tract (GI), head (HD), and fillet (FL) were dissected out and preserved in 

liquid nifrogen for determination of perchlorate concenfrations into each tissue. The gill 

tissue included cartilage and skin, the gastrointestinal fract included the stomach and the 

intestines, and the skin was left attached to the head and fillet. Based upon the resuhs of 

this experiment, the exposure was repeated with 5 fish and the lower jaw (LJ), upper 

skull (US), muscle (MU), skin (SK), and operculum (OP) were preserved in liquid 

nitrogen for determination of perchlorate uptake. The skin was left attached to the head 
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sections and as much skin and muscle tissue as possible was collected from the rest ofthe 

body. 

Determination of Perchlorate Concentration 

The remainder ofthe mosquitofish (30 samples for each time period) from each 

aquarium that were not used for histopathology or determination of T4 concentration 

(Chapter III) were pooled to provide enough tissue for perchlorate body burden analysis. 

Kidney, liver, and gill tissues from 4 fish were randomly pooled from the 16 catfish that 

survived the freatment to provide enough tissue for analysis. Because ofthe small 

amount of tissue, gonad tissue from all fish were pooled to make 1 sample. The 

gasfrointestinal fract, head, and fillet were large enough to analyze individually (n=16). 

For the second catfish experiment, the lower jaw, upper skull, muscle, and skin samples 

were large enough to analyze individually, but all ofthe opercula were pooled into 1 

sample (Table 2.1). 

Tissue samples for mosquitofish and catfish were dessicated in a fume hood for at 

least 48 h and extracted with a Dionex 200 Accelerated Solvent Extractor (ASE) using 

100% Milh-Q water as the solvent. Parameters for the ASE were as follows: preheat = 5 

minutes, heat == 5 minutes, static = 5 minutes, flush % = 60%, purge = 60, cycles = 1, 

pressure = 1500 psi, and temperature = 100°C. The exfracts were collected in 60 mL 

glass vials with Teflon® caps. 

Extracts were cleaned using silica solid phase exfraction (SPE) cartridges. Silica 

SPE columns were condifioned with 4 mL of ultrapure water then an appropriate amount 
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of extract was added to each column (depending upon the dilution factor). Ultrapure 

water was added to the extract in the column to total 5 mL and a vacuum was applied. 

The diluted extracts were then filtered through a 0.45 um Acrodisc® fiher into a 5 mL 

vial (Dionex Corporation). 

Samples were analyzed on a Dionex DX-500 Ion Chromatography System witii a 

GP50 pump, CD20 conductivity detector, AS40 automated sampler, and ion separation 

was made with Dionex lonPac AS 16 (4 mm) analytical column. Peaknet® was used to 

control the system. An anion self-regenerating suppressor was used for suppressed 

conductivity detection. An 8-point standard curve consisting of 2.5, 5, 10, 20, 50, 100, 

200, and 500 ug/L perchlorate was constmcted using a 100 ug/mL certified sodium 

perchlorate standard (Accustandard, Inc.). Sodium hydroxide (100 mM) was used as 

eluent at 1 mL/min. The injection loop volume was 1000 uL and the run time for each 

analysis was 12 minutes. An ulfrapure water blank was nm between each sample, and a 

check standard of 20 ug/L was added after every fifth sample (tenth tube). Milli-Q water 

blanks were also added after the last standard and before and after each check standard. 

Resulting chromatograms were optimized and the perchlorate peak (when present) was 

identified based on the retention time ofthe standards. 

Statistical Analysis of Perchlorate Concentrations 

Whole body perchlorate concenfrations in the mosquitofish were tested with the 

Anderson-Darling Normality Test, and differences in uptake depending upon the 

concenfration of exposure and upon the time of exposure were determined using Kmskal-
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Wallis. Tissue concenfrations of perchlorate in the catfish were log fransformed and then 

analyzed by 1-way ANOVA. Differences between treatment groups and the control 

group and differences between individual treatment groups were determined using post-

hoc tests within each treatment time period. All statistical tests were done usmg Minitab 

or manually. 

Results 

Daily Observations and Water Ouality 

Fish were observed on a daily basis for any unusual behavior, and dead fish were 

removed from test aquaria. Fish death appeared to be random, but the appearance of 

abnormal behavior was apparent in fish exposed to the highest concentration of 

perchlorate for the longest time period. These fish had tail discolorations similar to a 

bmise. A few fish had tail kinks, and 1 fish displayed upside down swimming 

throughout half of the exposure. Water quality was within the acceptable parameters, and 

perchlorate concentrations within each aquaria were close to the target concentration. 

Uptake of Perchlorate in Mosquitofish 

Perchlorate was not detected in mosquitofish exposed to the lowest concentrations 

of perchlorate (0, 0.1, and 1 mg/L sodium perchlorate), regardless ofthe exposure time. 

Perchlorate was detected in mosquitofish exposed to 10,100, and 1000 mg/L sodium 

perchlorate, but the whole body tissue concenfrations were 10 times less than the 

exposure concentration (Figures 2.1, 2.2, and 2.3). 
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Because the data for the uptake of perchlorate into mosquitofish were non-

normally distributed, differences between the concentrafions in whole body mosquitofish 

were analyzed by the Kmskal-Wallis test. There was no difference in the uptake of 

perchlorate depending upon the exposure time (p=1.000), which leads to the assumption 

that perchlorate does not bioconcentrate in fish. There was, however, a difference in 

perchlorate uptake depending upon the concentration ofthe exposure dose (p<0.001). 

Comparisons ofthe freatments with the control group within each time period 

indicated there were differences in uptake in fish exposed to the 2 highest concentrations 

of perchlorate. Fish exposed to 100 mg/L sodiiun perchlorate in all 3 fime periods had a 

significantly higher uptake than the control group (p=0.05). Fish exposed to 1000 mg/L 

also had significantly higher uptake compared to the confrol group (p=0.01). 

Comparisons of treatment medians within each time period showed that 

mosquitofish exposed to 1000 mg/L sodium perchlorate in all 3 treatment time periods 

had a significantly greater uptake of perchlorate into the tissues (p=0.05) compared to 

mosquitofish exposed to 0, 0.1, 1 mg/L sodium perchlorate. Fish exposed to 100 mg/L 

sodium perchlorate also had a significantly higher uptake of perchlorate into the tissues 

after the 2 day and 10 day exposures (p=0.10) as well as after 30 days of exposure 

(p=0.05) compared to fish exposed to the lower concentrations. 

Uptake of Perchlorate in Catfish 

In catfish, the largest concentrations of perchlorate were found in the head and in 

the fillet, and perchlorate was not detected in the gonad tissue. The gasfrointestinal fract. 
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liver, kidney, and gill all took up less perchlorate relative to the head and fillet. Based 

upon the results of this first experiment, the exposure was repeated with 5 catfish in order 

to look at sections ofthe head and the muscle and the skin separately in order to 

determine if there is a specific place where the perchlorate accumulates. Since catfish is 

a fish that people eat, it is important to determine whether perchlorate accumulates in the 

muscle tissue or in the skin. Also, since the thyroid follicles are located in the head, it is 

important to determine whether perchlorate accumulates in the thyroid foUicIe region, or 

if it is evenly distributed throughout the entire head. Figures 2.4 and 2.5 show the uptake 

of perchlorate in the first exposure and Figures 2.6 and 2.7 show the uptake of 

perchlorate in the second exposure, with Figures 2.4 and 2.6 indicafing the concentration 

of perchlorate in the tissue, and Figures 2.5 and 2.7 indicating the total amount of 

perchlorate in the tissue. 

Because ofthe large variances in the uptake of perchlorate in catfish tissues, data 

were logged transformed and then analyzed by a 1-way ANOVA. Results from the 1-

way ANOVA on the logged transformed data indicated there was a difference in 

perchlorate uptake into the various catfish tissues, depending upon which tissues were 

examined (p<0.001). A comparison ofthe treatment means showed that most tissues had 

significantly different uptakes relative to all other tissues examined. Table 2.2 illusfrates 

which tissues had significantly different concentrations of perchlorate compared to the 

other tissues. 
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Discussion 

It would be expected that the muscle would have the highest amount of 

perchlorate due to its large size, however, the catfish used for this exposure were 

relafively small and so the heads still had the largest amount of perchlorate. In larger 

fish, the muscle would probably have the greatest amount of perchlorate. Since only 

minimal differences were seen between the perchlorate concentrations in the 3 head 

sections (upper skull, lower jaw, and operculum), the thyroid follicles are most likely not 

the reason for the high concentration of perchlorate in the head ofthe catfish. The skin 

was not removed from the head, which means that this could be part ofthe reason for the 

high concentrations of perchlorate in the head, but since the head has such a low surface 

area of skin, this is most likely not the case. Differences between the concenfration of 

perchlorate in the head and the concentration of perchlorate in the head sections could be 

because of these being in 2 different exposure groups. The whole head was analyzed in 

the first exposure whereas the head sections were analyzed in the second exposure. The 

actual exposure water concenfrations were somewhat lower in the second exposure 

compared to the first exposure, and differences in the health ofthe fish or differences in 

the environmental conditions ofthe exposure room could lead to differences in uptake. 

The skin had a much higher concentration of perchlorate than the muscle (about 5 

times higher). A possible reason for the high concentration of perchlorate in the skin of 

the catfish is because ofthe slime coat that is present in fish, which could trap chemicals. 

The fish were rinsed 3 times prior to euthanization, blotted dry with a towel, and then 

skinned and dissected. The skin was also rinsed 3 more times prior to being analyzed so 
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most likely the slime coat and any perchlorate on the surface ofthe skin would have been 

removed before the analysis was done. Although in the first experiment, the head had a 

much higher concentration of perchlorate than did the fillet, the perchlorate 

concentrations in the head sections were relatively the same as perchlorate concenfrations 

in the skin. 

The catfish used for these exposures were juvenile catfish and so the sex was not 

determined. It is possible that there are differences in the uptake of perchlorate into the 

gonads depending upon the sex ofthe fish. In these exposures, however, the gonads were 

morphologically similar due to the young age ofthe fish, so they were probably 

fimctionally similar as well. 

The bioconcentration factors (BCF) for all tissue types indicate that the 

bioconcentration in all the fish was very low. The highest BCF was in the head ofthe 

catfish with a BCF of 0.21, and the 3 head sections had BCF's of about 0.14, indicating 

that the differences in water concenfration may have attributed to the differences in the 

head concentration compared to the head sections. The next highest BCF was in the fillet 

with a BCF of 0.060, and the skin and muscle tissues had a BCF of 0.14 and 0.03, 

respectively. All the other BCF's were less than 0.01 (kidney, hver, gill, gonad, and 

gastrointestinal fract). 

There have not been many studies conducted to look at the uptake of perchlorate 

into the tissues of animals, either imder laboratory exposures or in the environment. One 

ofthe first studies published determined concentrations of perchlorate in animals that 

inhabit the Longhom Army Ammunition Plant in Kamack, Texas (Smith et al., 2001). 
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Results of this study indicated that perchlorate was present in animals that were exposed 

to perchlorate in the environment. 

Findings from sampling of aquatic species in the field were consistent with 

findings from the laboratory exposure. Fish that were exposed to perchlorate in the 

laboratory did not bioaccumulate perchlorate in that the tissue concentration of 

perchlorate was much lower than the exposure concentrafion of perchlorate. Similarly, 

aquatic species sampled at LHAAP did not seem to bioaccumulate perchlorate since 

water samples taken at sites where organisms were collected indicated much higher 

concentrations of perchlorate than was present in the tissues (Smith et al., 2001). 

Generally, water-soluble chemicals such as perchlorate do not bioconcentrate in the biota 

(Spacie et al , 1995). 

Results from the catfish exposure to perchlorate also were consistent with field 

studies. Under laboratory conditions, the highest perchlorate concenfrations were found 

in the head, with the fillet having the next highest concenfration. Perchlorate 

concentrations in the head were more than 3 times higher than the perchlorate 

concentrations in the fillets, and other tissues had very small amounts of perchlorate in 

comparison to the concentrations found in the head. Field studies from Lake Waco and 

Belton Lake were conducted to determine the amoimts of perchlorate present in the heads 

and fillets of several species of fish in that area. The studies also found that the head had 

much higher concentrations of perchlorate than did the fillets (unpubhshed data). 

The resuhs of this study indicate that the head and fillet are the most important 

tissues to analyze when determining the uptake of perchlorate into fish. Although 
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perchlorate did accumulate in the other tissues in the catfish (kidney, liver, gill, and 

gastrointestinal fract), these tissues had very low concentrations of perchlorate compared 

to the head and the fillet. Although the sample size was small (5 fish), it is important to 

note that the muscle had a much lower concentration of perchlorate than the head and 

skin, but a higher concentration than the internal organs. This is important for the food 

industry. 
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Table 2.1 Sample Sizes for Determination of Perchlorate in Catfish Tissues 

Tissue Original Sample Size Pooled Sample Size 

Kidney 16 4 

Liver 16 4 

Gill 16 4 

Gonad 16 1 

Gasfrointestinal Tract 16 16 

Head 16 16 

Fillet 16 16 

Lower Jaw 5 5 

Upper Skull 5 5 

Muscle 5 5 

Skin 5 5 

Operculum 5 1 
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Figure 2.1 Perchlorate Uptake in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 2 d (Bars are the mean ± standard error ofx 
per treatment, n=5). 
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Figure 2.2 Perchlorate Uptake in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 10 d (Bars are fiie mean ± standard error ofx 
per freatment, n=5). 
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Figure 2.5 Total Uptake of Perchlorate in Catfish Tissues in Catfish Exposed to 100 
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Figure 2.7 Total Uptake of Perchlorate in Catfish Tissues in Catfish Exposed to 100 
mg/L Sodium Perchlorate for 5 d (Bars are the mean ofthe actual concentrations 
± standard error ofx per treatment, see Table 2.1 for sample sizes). 
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Table 2.2 Significantly Different (* p=0.01, # p=0.05, @ p=0.10, NS = Not Significant, 
p>0.10) Concenfrafions of Perchlorate Compared to Other Tissues Examined in Catfish 
Exposed to 100 mg/L Sodium Perchlorate for 5 d. 
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CHAPTER III 

PERCHLORATE EFFECTS ON TH'HIOID 

MORPHOLOGY AND FUNCTION IN MOSQUITOFISH 

Introduction 

Perchlorate competitively inhibits uptake of iodide into the thyroid gland (Norris, 

1997). Because iodide is necessary for the synthesis of thyroid hormones, a decrease in 

the amount of iodide present leads to a decrease in the amount of thyroid hormones 

produced. This results in an increase in the secretion of TSH and TRH due to the lack of 

a negative feedback from the thyroid hormones. With prolonged exposure, the excessive 

levels of TSH lead to problems such as hypertrophy, hyperplasia, and colloid depletion 

(Hadley, 2000). 

Hypertrophy, hyperplasia, and colloid depletion are common pathologies 

associated with exposure to perchlorate. Hypertrophy is the increase in the epithelial cell 

height due to TSH stimulating transduction and organelle synthesis within the cell. The 

cell grows larger as it fills with proteins and organelles necessary to produce thyroid 

hormones. Hyperplasia is an increase in the number of epithelial cells caused by TSH 

stimulating the epithelial cells to divide. Colloid depletion is a decrease in the amount of 

colloid within the epithelial cell. Folhcles use thyroglobulin to make thyroid hormones 

and they need iodide to make thyroglobulin. When there is a decrease in the amount of 

iodide available (such as after exposure to perchlorate), the thyroglobulin is used up 
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within the colloid and is not being replaced (personal communication, C. Theodorakis, 

Texas Tech University). 

Cyclic AMP (adenosine monophosphate) is the major infi-acellular second 

messenger of TSH action on thyroid cells, stimulating growth, function, and 

differentiation of thyroid cells. The A2 adenosine receptor acts in vivo as an activator of 

adenylyl cyclase. Transgenic mice with the A2 receptor in the thyroid exhibit thyroid 

hyperstimulation from the permanent activation of cyclic AMP independent of TSH, 

demonstrating that chronic stimulation of adenylyl cyclase can account for TSH 

activation of thyrocyte activation and thyroid growth in vivo (Ledent et al., 1992). 

The purpose of this section ofthe project was to determine the effects of 

perchlorate on thyroid histopathology and T4 concentrations in the mosquitofish. This 

information is necessary for developing biomarkers of exposure and effects of thyroid 

dismpting chemicals. Possible consequences of thyroid dismption include lowered 

metabolism, slow or altered development, altered behavior, and decreases in growth and 

reproduction. 

Materials and Methods 

Experimental Design 

In order to determine the effects of perchlorate on thyroid function, Eastem 

Mosquitofish were exposed to 0, 0.1, 1, 10, 100, and 1000 mg/L sodium perchlorate for 

2, 10, and 30 d, as discussed in Chapter II. 
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Histopathology 

Heads from 2 fish from each replicate aquaria were preserved in Bouin's fixafive 

for histological processing. Fish heads were left in Bouin's fixative for 2 days to 

decalcify and fix tissues. After 2 days, the Bouin's was removed and cassette storage 

containers were placed under gently running water overnight to continuously rinse the 

tissue. Storage containers were then filled with 70% ethanol, and the ethanol was 

replaced daily until the yellow color in the tissues disappeared. Tissues were processed 

with the Tissue-Tek V.I.P. 2000 Processor and then embedded in paraffin. Secfions were 

cut with a microtome (5 um) and mounted on microscope slides. The slides were then 

stained with hematoxylin and Eosin Y for observation. 

Slides were observed with a light microscope and the number of follicles per 

section and the height ofthe follicular epithelium were measured in 10 fish randomly 

selected from each exposure group. In each fish, a total of 10 follicles were selected, and 

the height of 10 epithelial cells per follicle were measured. Five follicles from the rostral 

end (the first section to have at least 5 follicles) and from the caudal end (the section with 

at least 5 follicles not included in the first group) ofthe thyroid follicular region were 

measured. Individual sections were randomly chosen based on the overall quality ofthe 

section. Hyperplasia, hypertrophy, and colloid depletion as well as other general 

observations were noted. 

The slides were re-examined to score the amount of hyperplasia, hypertrophy, and 

colloid depletion based upon the guidelines established by the Pathology Working Group 

(PWG). For the determination ofthe severity of thyroid damage, all follicles within the 
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sections in which the epithelial cell height were measured were examined. Based upon 

these guidelines, the degree of colloid depletion, hyperplasia, and hypertrophy was given 

a score of 0, 1, or 2 in order of increasing severity. For colloid depletion, a score of 0 

indicated no reduction, a score of 1 indicated pale, lacy, vacuolated, or granular 

appearance or a slight to moderate reduction, and a score of 2 indicated a large reduction 

or absence ofthe colloid. For hypertrophy, a score of 0 indicated no hypertrophy with 

follicles lined by squamous or cuboidal epithelium, a score of 1 indicated that follicles 

were lined by tall columnar epithelium or that the cytoplasm to nucleus ratio increased, 

and a score of 2 indicated that follicular epithelial cells were distinctly larger than normal 

or that the folhcular lumen was severely decreased or obliterated. For hyperplasia, a 

score of 0 indicated no hyperplasia with follicles lined by a single layer of normal 

appearing, squamous to short cuboidal epithelium, a score of 1 indicated that two or more 

follicles exhibited sfratification of follicular epithelium, usually 2 to 3 cells thick, 

protmding into the lumen, and a score of 2 indicated that there were a greater number of 

affected follicles that exhibited stratification ofthe follicular epithelium that was usually 

more than 3 cell layers thick, protmding into the lumen. The overall score was then 

determined by calculating the mean ofthe colloid depletion, cell hypertrophy, and 

hyperplasia for all sections and summing to determine the mean histological grade for the 

fish (Mann, 2000). 
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Determination of T4 Concenfration 

Methods for determination of whole body T4 followed Goleman et al. (Goleman 

et al, 2002). Approximately 2.5 g offish fissue (about 5 fish) was pooled into 1 sample 

from each test aquaria (90 samples total) and frozen in liquid nitrogen for determination 

of whole body T4 concentration by radioimmunoassay (RIA). Fish were kept at -80°C 

until the extraction process began. Frozen fish were minced and put into glass 

homogenization tubes before thawing in 3 volumes ofthe final tissue weight of 

MeOH/PTU (methanol containing 1 mM propylthiouracil) to prevent deiodination ofthe 

thyroid hormone. Samples were homogenized, sonicated, and decanted into 15 ml 

conical polystyrene centrifuge tubes. An aliquot was removed for protein determination 

and stored at -20°C. '̂ ^I-T4 (1000 counts per minute. New England Nuclear, NEXl 1IH, 

NEX 1 lOH, 1000-1500 uCi/ug) tracer was added to each sample in order to determine 

extraction recovery. Samples were allowed to stand on ice for 30 min, and then 

centrifuged at 1000 x g for 20 min at 4°C. Chloroform (2:1, Chloroform:MeOH/PTU) 

was added to polypropylene tubes and the supernatant was added to the appropriate tube 

after centrifugation. The supematant was mixed thoroughly with the chloroform by 

vortexing for 1 min and then the thyroid hormones were back-extracted into aqueous 

phase by adding 2N ammonium hydroxide (NH4OH) in the ratio of 10:1, total 

voIumeiNILtOH. The samples were again vortexed for 1 min, and centrifuged at 1500 x 

g for 15 min at 4°C. Aqueous supematants were removed and added to 12 x 75 

polypropylene tubes. The back-extraction was repeated 2 more times, each time with 

47 



new NH4OH and the same chloroform. Aqueous layers were pooled, and then dried 

overnight in a vacuum evaporator. 

Dried extracts were reconstituted in 1 mL 2 N NH4OH, and then 1 mL chloroform 

was added to each tube and vortexed for 30 sec. Samples were centrifiiged at 1500 x g 

for 15 min at 4°C and aqueous supematants were added to a chromatography column 

with a 1.5 mL AG 1 x 2 resin (200 to 400 mesh, chloride form) bed volume. Samples 

were then purified with a series of buffers in 2 mL aliquots including pH 7 AB (acetate 

buffer), absolute ethanol, pH 4 AB, pH 3 AB, 1% acetic acid, 35% acetic acid, and a 0.5 

mL fraction of 70% acetic acid. The samples were then eluted with five 0.5 mL fractions 

of 70% acetic acid. Samples were dried in a vacuum evaporator, then reconstituted in 

125 uL RIA buffer (bovine gamma globulin-EDTA-thimerosal-barbital buffer) with 1.5 

mg ANS (8-AniIino-l-Naphthalene-SuIfonic Acid)/ml RIA buffer (RIA buffer/ANS) and 

counted for 1 min to determine recovery of I-T4. 

RIA tubes were then labeled in duplicate to include total counts, background 

counts, total binding, standard curve, and samples. The standard curve consisted of stock 

T4 solufions serial diluted to 16, 32, 64,125, 500, 1000, 2000, and 4000 pg/50 ul. Then, 

50 ul of standards or samples were added to the appropriate tubes, 50 ul of RIA 

buffer/ANS was added to the total binding tubes, and 100 ul of buffer/ANS was added to 

the background tubes. 

The primary antibody used (T4, ICN Pharmaceuticals, Inc.) was diluted 

approximately 1:320 with RIA buffer/ANS, and 50 ul was added to all tubes except the 

backgroimd and total counts tubes. '̂ ^I-T4 tracer (14,000 counts per minute) in 150 ul 
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RIA buffer/ANS was added to all tubes. Tubes were covered with foil and were shaken 

vigorously 30 times. The tubes were then incubated at 37° C for 2 h, then at 21°C 

ovemight. 

After incubation, the second antibody was added. Goat anti-rabbit gamma 

globulin (GARGG) was diluted 1:3 in 5% PEG (polyethylene glycol) and 500 ul was 

added to all tubes except for the total counts tubes. The tubes were vortexed, covered 

with foil, and incubated at room temperature for 30 min. Following this incubation, all 

the tubes except for the total counts tubes were spun at 3000 x g for 25 min at 4° C. The 

tubes (except for the total counts tubes) were aspirated. All tubes were then counted for 1 

min in a gamma counter. Validation ofthe assay was achieved by comparing the 

displacement of ['̂ Î]T4 in serially diluted extracts with that produced by authentic T4 

standards. 

Standard curve data from the gamma counter (cpm) was inserted into Sigma Plot 

and a five-parameter sigmoidal curve was produced to give the terms necessary to 

convert cpm to T4 concentration in ng/ml. The T4 concenfrations were then converted to 

ng/g based upon the original wet weight ofthe sample and the reconstituted volume of 

125 ul. T4 concenfrations were then corrected for the exfi-acfion efficiency. 

Statistical Analysis of Histopathology and T4 Concentrations 

Epithelial cell heights, histopathology, and T4 concenfrations in the mosquitofish 

were tested with the Anderson-Darling Normality Test. Epithelial cell height was 

analyzed by a 2-way ANOVA and histopathology and T4 concentration were analyzed 
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with the Kmskal-Wallis test to determine if there are differences due to the exposure time 

period or exposure concentration. Differences between treatment groups and the confrol 

group and differences between individual treatment groups were determined using post-

hoc tests within each freatment time period. All statistical tests were done usmg Minitab 

or manually. 

Results 

Daily Observations and Water Quality 

As discussed above (Chapter II), fish morbidity and mortality were random, but 

the appearance of abnormal behavior was apparent only in fish exposed to the highest 

concentrations of perchlorate for the longest time periods. Water quality was within the 

acceptable parameters, and perchlorate concenfrations in the aquaria were close to the 

target concenfrations. 

Histopathology in Mosquitofish 

There was an increase in the height ofthe follicular epithelium, especially after 

the 30 d exposure (Figures 3.1, 3.2, and 3.3). Apparent differences in epithehal cell 

height in fish exposed for 2 d and 10 d were minimal, but after 30 d large differences 

were apparent. The presence of hyperplasia, hypertrophy, and colloid deplefion were 

also apparent, especially in fish exposed to the highest concenfrations for the longest time 

periods (Figure 3.4). 
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Because the data for mosquitofish epithelial cell heights were normally 

distiibuted, a 2-way analysis of variance was conducted to determine if differences in the 

epithelial cell heights existed between exposure time period and exposure concenfi-ation, 

and if there was an interaction between these 2 factors. There was a difference in the 

epithelial cell height depending upon the time of exposure (p<0.001) and upon the 

concentration ofthe exposure (p<0.001), but there was only a weak interaction between 

these two factors (p=0.145). 

A comparison ofthe freatment groups with the control group within each time 

period indicated there was a difference in the epithehal cell height in fish exposed to 1 

and 100 mg/L sodium perchlorate compared to the control group in the fish exposed for 2 

d (p=0.1) and in fish exposed to 100 mg/L sodium perchlorate for 10 d (p==0.05). There 

were also differences in the epithelial cell height in fish exposed to 1 mg/L (p=0.1) and 

10, 100, and 1000 mg/L (p= 0.01) sodium perchlorate for 30 d. A comparison ofthe 

freatment means within each time period showed that there was a significant increase in 

the epithelial cell height in fish exposed to 10 and 1000 mg/L sodium perchlorate 

(p=0.05) and 100 mg/L sodium perchlorate (p=0.1) as compared to the control group in 

fish exposed for 30 d (p=0.1). 

Histopathology score increased with increasing concentration in mosquitofish 

exposed to sodium perchlorate for 30 d, indicating an increase in the severity of damage. 

This trend was not evident in mosquitofish exposed to sodium perchlorate for 10 d, and 

based upon this, the mean score for each fish was not determined for fish exposed to 

sodium perchlorate for 2 d (Figure 3.5). 
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Because the data for histopathology score were non-normally distributed, the 

Kmskal-Wallis test was used to determine differences in the severity of morphological 

damage due to exposure to sodium perchlorate. There was a difference in the severity of 

the damage depending upon the concenfration ofthe exposure (p=0.008), and upon the 

time of exposure (p=0.013). 

A comparison ofthe treatment groups to the control group within each time 

period indicated that there was no difference in the histopathology score, however, a 

comparison of treatment medians within each time period showed that fish exposed to 10 

mg/L sodium perchlorate for 30 d had significantly different damage compared to those 

exposed to 0.1 mg/L (p=0.05) and 1000 mg/L (p^O.l) sodium perchlorate. 

T4 Concentrations in Mosquitofish 

Because of a low exfraction recovery (approximately 20% recovery), T4 

concentrations were corrected for the exfraction efficiency. There was a decrease in the 

T4 concentration in fish exposed for 30 d, but this decrease was not detected in fish 

exposed for 2 d and 10 d (Figures 3.6, 3.7, and 3.8). 

The data for T4 concentration in mosquitofish were non-normally distributed so 

the data were analyzed using a Kmskal-Wallis test. There was a difference in T4 

concentration depending upon the time of exposure (p=0.009) and but there was no 

difference in T4 concenfration depending upon the concentration ofthe exposure 

(p=0.295). A comparison ofthe fi-eatinent groups with the control groups within each 

time period indicated that there were significant differences in fish exposed to 1000 mg/L 
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in fish exposed for thirty days (p=0.01), but no other differences in T4 concenfration were 

detected. 

Discussion 

Results from the histological analysis are consistent with pathologies seen in 

amphibians and rats exposed to perchlorate (Goleman et al., 2002; Miranda et al., 1995; 

1992; Rodriguez et al., 1991; Siglin et al, 2000; York et al., 2001). In the mosquitofish, 

hyperplasia, hypertrophy, and colloid depletion were evident in fish exposed to high 

concenfrations of perchlorate for a long period of time. Histological examination ofthe 

thyroid from amphibians exposed to ammonium perchlorate also indicated an increase in 

the epithehal cell height compared to the control group. Since differences were seen in 

the epithelial cell height between the control group and the lowest exposed group, 

Goleman et al. suggest that epithelial cell height is the most sensitive indicator of 

ammonium perchlorate exposure (Goleman et al., 2002). Other histological studies of 

amphibians also indicate the presence of hypertrophy, hyperplasia, and colloid depletion 

after exposure to perchlorate (Miranda et al., 1995, 1992). 

The effects of perchlorate on thyroid follicle histology in fish has also been 

examined. It was found that exposure to perchlorate led to a thickening ofthe folhcle 

cell layer and nuclear hypertrophy. The number of small blood vessels was also 

increased, indicafing a presence of angiogenesis in some fish thyroid follicles examined. 

Colloid depletion and follicular collapse were also apparent, as well as the presence of 

hyperplasia (personal communication, R. Patino, Texas Tech University). 
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A similar effect on thyroid morphology is evident in rats that have been exposed 

to perchlorate. Hypertrophy, hyperplasia, colloid depletion, microfollicle formation, and 

papillary projections into the follicular lumen were all apparent in the thyroid of rats 

exposed to perchlorate (Rodriguez et al., 1991; Siglin et al., 2000; York et al, 2001). 

Thyroid histopathology, indicated by an increase in the mean histological grade, 

increased with increasing concentration in fish exposed for 30 d in a dose response 

manner except at the highest concentration. At 1000 mg/L, there was a drop in the 

histopathology score indicating less severe damage. A possible explanation for this 

involves the mechanism ofthe induction of hypertrophy and hyperplasia. Hyperplasia 

and hypertrophy are responses ofthe cell to TSH leading to an increased gene expression. 

There may be a non-specific toxicity of perchlorate to the cells in which this growth does 

not occur. In comparison, Carr et al. found that in bullfrog tadpoles collected from 

ammonium perchlorate contaminated sites exhibited a drastic dismption in thyroid 

function at the histological level (personal communication, J. A. Carr, Texas Tech 

University). 

The U-shaped T4 response seen in fish exposed for 2d and 10 d to perchlorate is a 

common response seen in toxicological studies. Although the mechanism behind this 

type of response is not well understood, a possible explanation for this response is non

specific toxicity. The cells respond to perchlorate in a dose response mechanism until a 

threshold is reached and the cells no longer respond. 

Although only a moderate decrease in whole body T4 concentration was indicated 

in the mosquitofish exposed to perchlorate, other studies have indicated large decreases 
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in semm T4 concentrations. Sea lamprey that were exposed to potassium perchlorate for 

4, 8, and 16 wk had lower semm T4 levels than the control group (Manzon et al., 1998), 

and in a following study with a 23 wk exposure, semm T4 levels were more tiian 60% 

lower than the control group, hi amphibians which were exposed for 42 d, 70 d, and 98 

d, whole body T4 concentrafions were significantly lower than the control group in the 

amphibians exposed for the 2 longest time periods (Goleman et al., 2002). A 

generational study in the rat (York et al., 2001), and a 90-d exposure to perchlorate in 

drinking water in the rat (Siglin et al., 2000) both gave evidence of significant decreases 

in serum T4 concenfrations. 

There are 2 possible reasons for the discrepancies between the mosquitofish 

exposure to perchlorate and studies in other organisms. One of these is that because of 

the small size ofthe mosquitofish, T4 concentrations had to be determined from the 

whole-body fish. After extraction and clean-up ofthe fish tissues exfracts, there was only 

about 20% recovery ofthe ^̂ Î-T4 tracer, indicating that thyroid hormone was lost in this 

procedure. Repeated trials with different sample sizes of fish and efforts to determine 

where the tracer was being lost did not provide any improvement ofthe method. Also, 

PTU is known to inhibit deiodinase acfivity, but Type II and Type III deiodinase are not 

affected by PTU (Norris, 1997). PTU was used in the mosquitofish extracfion procedure, 

but since it is not effective against Type II and III deiodinases, this may have led to some 

ofthe T4 being lost. Also, in tilapia. Type I deiodinase is insensitive to PTU activity 

(Van der Geyten et al., 1998). 
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The other possible explanation is due to the fact that thyroid hormones are stored 

in the follicles for several months, and that even when the synthesis of hormones 

completely stops, the effects of deficiency may not be observed for several months 

(Guyton, 1986). Since the longest exposure time in the mosquitofish exposure was 30 d, 

this may not have been a long enough exposure to observe a large decrease in T4 

concentration. In the studies cited above, exposure time periods that induced a decrease 

in T4 concentrations were at least 4 wk long. 

The results of this study indicate that whole body T4 is a less sensitive indicator of 

perchlorate exposure than thyroid histology as was indicated by Goleman et. al (2002). 

Because ofthe small size ofthe fish used to determine T4 levels, the T4 had to be 

extracted from the whole fish. If it had been possible to determine plasma T4 levels as 

well as plasma T3 levels, thyroid hormones may have been a more sensitive indicator of 

perchlorate exposure. Scatterplots were constmcted to look at the correlation between 

thyroid histopathology (epithelial cell height and histopathology score) and T4 levels in 

all 3 exposure times, but the correlations between the 2 indices were very small (plots not 

shovm). 
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Figure 3.1 Epithehal Cell Heights in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 2 d (Bars are the mean ± standard error ofx 
per treatment, n=5). 
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Figure 3.2 Epithehal Cell Heights in Mosquitofish Exposed to 0, 0.1, 1,10, 100, and 
1000 mg/L Sodium Perchlorate for 10 d (Bars are the mean ± standard error ofx 
per treatment, n=5). 
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Figure 3.3 Epithehal Cell Heights in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 30 d (Bars are the mean ± standard error ofx 
per freatment, n=5). 
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Collof 

Figure 3.4 Photomicrographs of Hematoxylin/Eosin Y Stained Sections of 
Mosquitofish Thyroids. Normal Mosquitofish Follicle (a). Thyroid 
Alterations Due to Exposure to Sodium Perchlorate (b-e): Colloid 
Depletion (bl) and Folhcular Collapse (b2). Hypertrophy (c). Hyperplasia 
with Colloid Depletion (d), Hyperplasia with Colloid Depletion (el). 
Hypertrophy (e2), and Angiogenesis (e3). 
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CHAPTER IV 

SUMMARY AND CONCLUSIONS 

Summary 

Perchlorate sahs such as ammonium perchlorate are used as oxidizers in rocket 

propellants and explosives. The perchlorate ion is water soluble and readily dissociates 

upon dissolving in water (Urbansky, 1998). Although little data is available about the 

effects of perchlorate in organisms such as fish, in humans perchlorate is knovm to block 

the uptake of iodide into the follicular cells (Norris, 1997). This leads to a reduced 

secretion of thyroid hormones, which leads to an increase in the secretion of TRH and 

TSH due to the lack of a negative feedback system. TSH then overstimulates the thyroid 

follicular cells, leading to thyroid morphology changes (Hadley, 2000). 

In order to determine the uptake and effects of perchlorate in fish, Eastem 

Mosquitofish (Gambusia holbrooki) and Chaimel Catfish (Ictalurus punctatus) were 

exposed to sodium perchlorate. Mosquitofish were exposed to 0, 0.1, 1, 10, 100, and 

1000 mg/L sodium perchlorate in deionized water supplemented with Instant Ocean sea 

salts for 2, 10, and 30 d. Following the exposure, fish were euthanized in MS-222 and 

the length and weight of each fish was recorded. Two mosquitofish from each aquaria 

were preserved in Bouin's for histological processing, and the remainder were frozen in 

liquid nitrogen for determination of T4 concenfration and uptake of perchlorate into the 

tissues. Catfish were exposed to 100 mg/L sodium perchlorate in deionized water 

supplemented with Instant Ocean for 5 d. Catfish were euthanized, the lengths were 
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recorded, and then the fish were dissected, and the kidney, liver, gill, gonad, 

gasfrointestinal tract, head, fillet, lower jaw, upper skull, operculum, muscle, and skin 

were removed, weighed, and preserved in liquid nitrogen for determination of perchlorate 

uptake into the tissues. 

Perchlorate was detected in fish exposed to 10, 100, and 1000 mg/L sodium 

perchlorate in all time periods examined, but perchlorate did not bioconcentrate which is 

consistent with data from the Longhom Army Ammunifion Plant. The highest 

concenfration of perchlorate was in the catfish head, which is consistent with field studies 

in the Lake Waco and Belton Lake areas. Perchlorate also was detected in all other 

tissues examined, except the gonad tissue. 

Exposure of mosquitofish to perchlorate led to morphological changes in the 

thyroid tissue. In contrast to other species, the fish thyroid consists of follicles in the 

lower jaw area rather than an actual thyroid gland (Norris, 1997). An increase in the 

epithelial cell height (hypertrophy), hyperplasia, and colloid depletion were apparent in 

the thyroid follicles of perchlorate exposed fish. 

Exposure of mosquitofish to perchlorate also lead to a marginal decrease in the 

whole body T4 concenfration. In studies discussed above (Chapter III), exposure of 

perchlorate led to significant decreases in the T4 concentrations, but these studies were 

carried out for a longer period of fime than the mosquitofish exposure. Since thyroid 

hormones are stored, decreases in thyroid hormones may not be apparent after a 1 mo 

exposure. The extraction recovery of a radioacfive fracer was around 20%, which means 
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that thyroid hormones were lost in the exfraction procedure, but all RIA measurements 

were corrected for the exfraction efficiency. 

Conclusions 

Exposure to perchlorate does lead to endocrine dismption in fish. Since 

perchlorate is water soluble, there is the possibility that fish could be exposed to high 

concentrations of perchlorate. This also could lead to frophic fransfer ofthe contaminant 

if those fish are being used as a food source for other organisms, including humans. 

Future studies in this area include looking at the other possible sources of perchlorate in 

the aquatic environment such as in the food that the fish eat. Food chain studies could be 

conducted beginning with a simple 2 organism study, and eventually looking at all 

organisms within the food chain for a particular species and the uptake of perchlorate 

from all of these som-ces. 

Since perchlorate decreases the amount of thyroid hormones and since thyroid 

hormones are necessary for proper growth, development, and reproduction, humans and 

fish, as well as other organisms, are likely to be affected by exposure to perchlorate. 

Mental retardation and dwarfism are pathologies common in children who have thyroid 

disease (Norris, 1997). Although these have not been examined in fish, fiitiu-e studies 

with perchlorate include determining the effects of perchlorate on growth in mosquitofish 

fi-y and juvenile mosquitofish and the effects of perchlorate on mosquitofish 

reproduction. The effects of perchlorate on fish reproduction in zebrafish have been 

examined (personal communication, R. Patino, Texas Tech University), but zebrafish are 
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an egg-laying fish whereas mosquitofish are liverbearers and so differences in perchlorate 

effects on reproduction may exist. Decreases in the groyyth, development, and 

reproduction of any organism greatly affects the fitness of an organism, as well as the 

fitness ofthe entire community and ecosystem since most organisms within an ecosystem 

are dependent upon one another in some manner. 

In addition to determining the ecological consequences of perchlorate exposure, 

uptake data and data on thyroid status such as morphology and hormone levels are 

important for continuing to increase the knowledge of aquatic toxicology. Data of this 

type is important in determining toxicokinetics and tissue distributions of chemicals and 

for producing environmental fate and effects models. This information is also usefial for 

developing biomarkers of effects and ecological and human health risk assessments 

which are transferable to other species such as humans. 
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Table A.l Perchlorate Uptake in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 2 d (n=5). 

Omg/L 
Sample ID 

LP-BB-2D-01 

LP-BB-2D-07 

LP-BB-2D-08 

LP-BB-2D-09 

LP-BB-2D-10 

Mean 
Std. Dev. 
Std. Error 

Cone. (ug/g) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.1 
Sample ID 

LP-BB-2D-02 

LP-BB-2D-11 

LP-BB-2D-12 

LP-BB-2D-13 

LP-BB-2D-14 

Mean 
Std. Dev. 
Std. Error 

mg/L 
Cone. (ug/g) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Img/L 
Sample ID 

LP-BB-2D-03 

LP-BB-2D-15 

LP-BB-2D-16 

LP-BB-2D-I7 

LP-BB-2D-18 

Mean 
Std. Dev. 
Std. Error 

Cone. (ug/g) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

10 
Sample ID 

LP-BB-2D-04 

LP-BB-2D-19 

LP-BB-2D-20 

LP-BB-2D-21 

LP-BB-2D-22 

Mean 
Std. Dev. 
Std. Error 

mg/L 
Cone. (ug/g) 

3.36 
5.30 
4.41 
0.00 
0.00 
2.61 
2.48 
L l l 

100 
Sample ID 

LP-BB-2D-05 

LP-BB-2D-23 

LP-BB-2D-24 

LP-BB-2D-25 

LP-BB-2D-26 

Mean 
Std. Dev. 
Std. Error 

mg/L 
Cone. (ug/g) 

18.38 
24.00 
18.83 
9.93 
9.02 

16.03 
6.39 
2.86 

1000 
Sample ID 

LP-BB-2D-06 

LP-BB-2D-27 

LP-BB-2D-28 

LP-BB-2D-29 

LP-BB-2D-30 

Mean 
Std. Dev. 
Std. Error 

mg/L 
Cone, (ug/g) 

100.87 
102.90 
87.36 
39.11 
56.66 
77.38 
28.27 
12.64 
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Table A.2 Perchlorate Uptake in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 10 d (n=5). 

0 
Sample ID 

LP-BB-lOD-Ol 

LP-BB-lOD-07 

LP-BB-lOD-08 

LP-BB-lOD-09 

LP-BB-lOD-10 

Mean 
Std. Dev. 
Std. Error 

Ug/g 
Cone. (ug/g) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.1 
Sample ID 

LP-BB-lOD-02 

LP-BB-lOD-11 

LP-BB-lOD-12 

LP-BB-lOD-13 

LP-BB-lOD-14 

Mean 
Std. Dev. 
Std. Error 

Ug/g 
Cone. (ug/g) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

l l 

Sample ED 
LP-BB-lOD-03 

LP-BB-lOD-15 

LP-BB-lOD-16 

LP-BB-lOD-17 

LP-BB-lOD-18 

Mean 
Std. Dev. 
Std. Error 

•Ig/g 
Cone, (ug/g) 

0.00 
0.00 
0.00 
1.02 
0.00 
0.20 
0.46 
0.20 

10 
Sample ED 

LP-BB-lOD-04 

LP-BB-lOD-19 

LP-BB-lOD-20 

LP-BB-lOD-21 

LP-BB-lOD-22 

Mean 
Std. Dev. 
Std. Error 

ug/g 
Cone. (ug/g) 

2.51 
0.46 
0.77 
0.00 
0.00 
0.75 
1.04 
0.46 

100 
Sample ID 

LP-BB-lOD-05 

LP-BB-lOD-23 

LP-BB-lOD-24 

LP-BB-lOD-25 

LP-BB-lOD-26 

Mean 
Std. Dev. 
Std. Error 

ug/g 
Cone. (ug/g 

9.84 
8.16 

11.26 
11.22 
10.00 
10.09 

1.27 
0.57 

1000 Ug/g 
Sample ID 

LP-BB-lOD-06 

LP-BB-lOD-27 

LP-BB-lOD-28 

LP-BB-lOD-29 

LP-BB-lOD-30 

Mean 
Std. Dev. 
Std. Error 

Cone. (ug/g) 
62.36 
50.07 
88.11 
52.83 
96.33 
69.94 
21.05 

9.41 
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Table A.3 Perchlorate Uptake in Mosquitofish Exposed to 0, 0.1, 1, 10, 100, and 
1000 mg/L Sodium Perchlorate for 30 d (n=5). 

0 
Sample ED 

LP-BB-30D-01 

LP-BB-30D-07 

LP-BB-30D-08 

LP-BB-30D-09 

LP-BB-30D-10 

Mean 
Std. Dev. 
Std. Error 

Ug/g 
Cone. (ug/g) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.1 
Sample ID 

LP-BB-30D-02 

LP-BB-30D-11 

LP-BB-30D-12 

LP-BB-30D-13 

LP-BB-30D-14 

Mean 
Std. Dev. 
Std. En-or 

Ug/g 
Cone. (ug/g) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

1 
Sample ID 

LP-BB-30D-03 

LP-BB-30D-15 

LP-BB-30D-16 

LP-BB-30D-17 

LP-BB-30D-18 

Mean 
Std. Dev. 
Std. Error 

Ug/g 
Cone. (ug/g) 

0.00 
0.25 
0.00 
0.00 
0.00 
0.05 
0.11 
0.05 

10 
Sample ID 

LP-BB-30D-04 

LP-BB-30D-19 

LP-BB-30D-20 

LP-BB-30D-21 

LP-BB-30D-22 

Mean 
Std. Dev. 
Std. Error 

ug/g 
Cone. (ug/g) 

2.08 
0.68 
1.09 
0.70 
1.68 
1.25 
0.62 
0.28 

100 
Sample ED 

LP-BB-30D-05 

LP-BB-30D-23 

LP-BB-30D-24 

LP-BB-30D-25 

LP-BB-30D-26 

Mean 
Std. Dev. 
Std. Error 

ug/g 
Cone. (ug/g) 

8.60 
9.40 

10.49 
9.00 

11.13 
9.72 
1.06 
0.47 

1,000 ug/g 
Sample ED 

LP-BB-30D-06 

LP-BB-30D-27 

LP-BB-30D-28 

LP-BB-30D-29 

LP-BB-30D-30 

Mean 
Std. Dev. 
Std. Error 

Cone. (ug/g) 
87.27 

119.28 
79.80 
70.90 
69.78 
85.40 
20.23 

9.05 
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Table A.4 Uptake of Perchlorate in Catfish Tissues in Catfish Exposed to 100 
mg/L Sodium Perchlorate for 5 d (see Table 2.1 for sample sizes). 

Sample ID 
LP-1806-KY 
LP-1807-KY 
LP-1808-KY 
LP-1809-KY 
LP-1810-KY 
LP-1811-KY 
LP-1812-KY 
LP-1813-KY 
LP-1814-KY 
LP-1815-KY 
LP-1816-KY 
LP-1817-KY 
LP-1818-KY 
LP-1819-KY 
LP-1820-KY 
LP-1821-KY 

Composite ID 
LP-BB-0001-KY 
LP-BB-0001-KY 
LP-BB-0001-KY 
LP-BB-0001-KY 
LP-BB-0002-KY 
LP-BB-0002-KY 
LP-BB-0002-KY 
LP-BB-0002-KY 
LP-BB-0003-KY 
LP-BB-0003-KY 
LP-BB-0003-KY 
LP-BB-0003-KY 
LP-BB-0004-KY 
LP-BB-0004-KY 
LP-BB-0004-KY 
LP-BB-0004-KY 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
0.78 
0.78 
0.78 
0.78 
0.50 
0.50 
0.50 
0.50 
0.97 
0.97 
0.97 
0.97 
1.55 
1.55 
1.55 
1.55 
0.95 
0.44 
0.22 

Log Cone. 
0.25 
0.25 
0.25 
0.25 
0.18 
0.18 
0.18 
0.18 
0.30 
0.30 
0.30 
0.30 
0.41 
0.41 
0.41 
0.41 
0.28 
0.10 
0.05 

Total (ug) 
0.25 
0.29 
0.33 
0.37 
0.17 
0.20 
0.22 
0.21 
0.34 
0.44 
0.45 
0.40 
0.63 
0.67 
0.69 
0.81 
0.40 
0.20 
0.05 

Sample ID 
LP-1806-GD 
LP-1807-GD 
LP-1808-GD 
LP-1809-GD 
LP-1810-GD 
LP-1811-GD 
LP-1812-GD 
LP-1813-GD 
LP-1814-GD 
LP-1815-GD 
LP-1816-GD 
LP-1817-GD 
LP-1818-GD 
LP-1819-GD 
LP-1820-GD 
LP-1821-GD 

Composite ID 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
LP-BB-0001-GD 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Log Cone. 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Total (ug) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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Table A.4 Cont. 

Sample ID 
LP-1806-GI 
LP-1807-GI 
LP-1808-GI 
LP-1809-GI 
LP-1810-GI 
LP-1811-GI 
LP-1812-GI 
LP-1813-GI 
LP-1814-GI 
LP-1815-GI 
LP-1816-GI 
LP-1817-GI 
LP-1818-GI 
LP-1819-GI 
LP-1820-GI 
LP-1821-GI 

Composite ED 
LP-1806-GI 
LP-1807-GI 
LP-1808-GI 
LP-1809-GI 
LP-1810-GI 
LP-1811-GI 
LP-1812-GI 
LP-1813-GI 
LP-1814-GI 
LP-1815-GI 
LP-1816-GI 
LP-1817-GI 
LP-1818-GI 
LP-1819-GI 
LP-1820-GI 
LP-1821-GI 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
1.20 
1.00 
1.09 
0.72 
1.38 
0.95 
1.29 
0.99 
1.06 
1.03 
1.37 
1.36 
2.78 
1.71 
1.95 
1.20 
1.32 
0.49 
0.12 

Log Cone. 
0.34 
0.30 
0.32 
0.24 
0.38 
0.29 
0.36 
0.30 
0.31 
0.31 
0.38 
0.37 
0.58 
0.43 
0.47 
0.34 
0.36 
0.08 
0.02 

Total (ug) 
5.38 
3.70 
3.16 
4.03 
5.02 
5.99 
4.49 
3.78 
7.37 
5.61 
3.47 
4.53 
4.89 
5.66 
4.08 
5.28 
4.78 
1.10 
0.27 

Sample ED 
LP-1806-LV 
LP-1807-LV 
LP-1808-LV 
LP-1809-LV 
LP-1810-LV 
LP-1811-LV 
LP-1812-LV 
LP-1813-LV 
LP-1814-LV 
LP-1815-LV 
LP-1816-LV 
LP-1817-LV 
LP-1818-LV 
LP-1819-LV 
LP-1820-LV 
LP-1821-LV 

Composite ID 
LP-BB-0001-LV 
LP-BB-0001-LV 
LP-BB-0001-LV 
LP-BB-0001-LV 
LP-BB-0002-LV 
LP-BB-0002-LV 
LP-BB-0002-LV 
LP-BB-0002-LV 
LP-BB-0003-LV 
LP-BB-0003-LV 
LP-BB-0003-LV 
LP-BB-0003-LV 
LP-BB-0004-LV 
LP-BB-0004-LV 
LP-BB-0004-LV 
LP-BB-0004-LV 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
0.07 
0.07 
0.07 
0.07 
0.00 
0.00 
0.00 
0.00 
0.05 
0.05 
0.05 
0.05 
0.38 
0.38 
0.38 
0.38 
0.13 
0.17 
0.09 

Log Cone. 
0.03 
0.03 
0.03 
0.03 
0.00 
0.00 
0.00 
0.00 
0.02 
0.02 
0.02 
0.02 
0.14 
0.14 
0.14 
0.14 
0.05 
0.06 
0.03 

Total (ug) 
0.07 
0.08 
0.08 
0.12 
0.00 
0.00 
0.00 
0.00 
0.05 
0.06 
0.03 
0.06 
0.38 
0.32 
0.32 
0.48 
0.13 
0.15 
0.04 
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Table A.4 Cont. 

Sample ID 
LP-1806-GL 
LP-1807-GL 
LP-1808-GL 
LP-1809-GL 
LP-1810-GL 
LP-1811-GL 
LP-1812-GL 
LP-1813-GL 
LP-1814-GL 
LP-1815-GL 
LP-1816-GL 
LP-1817-GL 
LP-1818-GL 
LP-1819-GL 
LP-1820-GL 
LP-1821-GL 

Composite ED 
LP-BB-0001-GL 
LP-BB-0001-GL 
LP-BB-0001-GL 
LP-BB-0001-GL 
LP-BB-0002-GL 
LP-BB-0002-GL 
LP-BB-0002-GL 
LP-BB-0002-GL 
LP-BB-0003-GL 
LP-BB-0003-GL 
LP-BB-0003-GL 
LP-BB-0003-GL 
LP-BB-0004-GL 
LP-BB-0004-GL 
LP-BB-0004-GL 
LP-BB-0004-GL 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
0.49 
0.49 
0.49 
0.49 
0.34 
0.34 
0.34 
0.34 
0.67 
0.67 
0.67 
0.67 
0.42 
0.42 
0.42 
0.42 
0.48 
0.14 
0.07 

Log Cone. 
0.17 
0.17 
0.17 
0.17 
0.13 
0.13 
0.13 
0.13 
0.22 
0.22 
0.22 
0.22 
0.15 
0.15 
0.15 
0.15 
0.17 
0.04 
0.02 

Total (ug) 
0.84 
0.83 
0.54 
1.13 
0.63 
0.98 
0.50 
0.50 
1.17 
1.45 
1.33 
1.18 
0.90 
1.04 
0.85 
1.12 
0.94 
0.29 
0.07 

Sample ID 
LP-1806-HD 
LP-1807-HD 
LP-1808-HD 
LP-1809-HD 
LP-1810-HD 
LP-1811-HD 
LP-1812-HD 
LP-1813-HD 
LP-1814-HD 
LP-1815-HD 
LP-1816-HD 
LP-1817-HD 
LP-1818-HD 
LP-1819-HD 
LP-1820-HD 
LP-1821-HD 

Composite ID 
LP-1806-HD 
LP-1807-HD 
LP-1808-HD 
LP-1809-HD 
LP-1810-HD 
LP-1811-HD 
LP-1812-HD 
LP-1813-HD 
LP-1814-EID 
LP-1815-HD 
LP-1816-HD 
LP-1817-HD 
LP-1818-HD 
LP-1819-HD 
LP-1820-HD 
LP-1821-HD 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
24.87 
23.25 
23.91 
23.57 
27.35 
17.42 
25.69 
15.47 
18.08 
20.52 
24.45 
21.07 
45.76 
34.46 
32.28 
28.62 
25.42 

7.43 
1.86 

Log Cone. 
1.41 
1.38 
1.40 
1.39 
1.45 
1.27 
1.43 
1.22 
1.28 
1.33 
1.41 
1.34 
1.67 
1.55 
1.52 
1.47 
1.41 
0.11 
0.03 

Total (ug) 
228.41 
219.11 
163.97 
233.16 
222.17 
171.00 
230.34 
100.05 
141.19 
215.37 
214.66 
191.02 
345.34 
386.78 
273.43 
322.04 
228.63 

74.38 
18.60 
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Table A.4 Cont. 

Sample ED 
LP-1806-FL 
LP-1807-FL 
LP-1808-FL 
LP-1809-FL 
LP-1810-FL 
LP-1811-FL 
LP-1812-FL 
LP-1813-FL 
LP-1814-FL 
LP-1815-FL 
LP-1816-FL 
LP-1817-FL 
LP-1818-FL 
LP-1819-FL 
LP-1820-FL 
LP-1821-FL 

Composite ID 
LP-1806-FL 
LP-1807-FL 
LP-1808-FL 
LP-1809-FL 
LP-1810-FL 
LP-1811-FL 
LP-1812-FL 
LP-1813-FL 
LP-1814-FL 
LP-1815-FL 
LP-1816-FL 
LP-1817-FL 
LP-1818-FL 
LP-1819-FL 
LP-1820-FL 
LP-1821-FL 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
6.91 
7.01 
7.72 
5.72 
5.77 
5.80 
8.41 
5.88 
7.97 
6.33 
8.06 
6.13 

10.20 
8.00 
8.43 
7.84 
7.26 
1.28 
0.32 

Log Cone. 
0.90 
0.90 
0.94 
0.83 
0.83 
0.83 
0.97 
0.84 
0.95 
0.87 
0.96 
0.85 
1.05 
0.95 
0.97 
0.95 
0.91 
0.07 
0.02 

Total (ug) 
36.08 
34.44 
35.56 
32.23 
28.75 
33.61 
43.83 
29.96 
37.99 
36.15 
38.87 
38.09 
51.20 
48.24 
45.54 
46.54 
38.57 
6.67 
1.67 

Sample ED 
LP-1822-HD1 
LP-1823-HD1 
LP-1824-HD1 
LP-1825-HD1 
LP-1826-HD1 

Composite ID 
LP-1822-HD1 
LP-1823-HD1 
LP-1824-HD1 
LP-1825-HD1 
LP-1826-HD1 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
12.60 
14.21 
10.63 
12.51 
9.11 

11.81 
1.97 
0.88 

Log Cone. 
1.13 
1.18 
1.07 
1.13 
1.00 
1.10 
0.07 
0.03 

Total (ug) 
27.22 
44.20 
21.27 
20.51 
20.41 
26.72 
10.17 
4.55 

Sample ID 
LP-1822-HD2 
LP-1823-HD2 
LP-1824-HD2 
LP-1825-HD2 
LP-1826-HD2 

Composite ID 
LP-HD2 
LP-HD2 
LP-HD2 
LP-HD2 
LP-HD2 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
11.70 
11.70 
11.70 
11.70 
11.70 
11.70 
0.00 
0.00 

Log Cone. 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
0.00 
0.00 

Total (ug) 
8.07 
6.08 
4.45 
3.86 
5.26 
5.55 
1.64 
0.74 
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Table A.4 Cont. 

Sample ED 
LP-1822-HD3 
LP-1823-HD3 
LP-1824-HD3 
LP-1825-HD3 
LP-1826-HD3 

Composite ED 
LP-1822-HD3 
LP-1823-HD3 
LP-1824-HD3 
LP-1825-HD3 
LP-1826-HD3 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
14.06 
15.05 
9.46 

10.12 
6.04 

10.95 
3.66 
1.64 

Log Cone. 
1.18 
1.21 
1.02 
1.05 
0.85 
1.06 
0.14 
0.06 

Total (ug) 
89.29 

102.34 
49.88 
43.70 
34.73 
64.00 
29.91 
13.38 

Sample ED 
LP-1822-SK 
LP-1823-SK 
LP-1824-SK 
LP-1825-SK 
LP-1826-SK 

Composite ED 
LP-1822-SK 
LP-1823-SK 
LP-1824-SK 
LP-1825-SK 
LP-1826-SK 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
10.76 
13.72 
10.12 
11.90 
8.77 

11.05 
1.87 
0.84 

Log Cone. 
1.07 
1.17 
1.05 
1.11 
0.99 
1.08 
0.07 
0.03 

Total (ug) 
36.47 
26.33 
24.19 
24.17 
20.09 
26.25 

6.14 
2.75 

Sample ED 
LP-1822-MU 
LP-1823-MU 
LP-1824-MU 
LP-1825-MU 
LP-1826-MU 

Composite ED 
LP-1822-MU 
LP-1823-MU 
LP-1824-MU 
LP-1825-MU 
LP-1826-MU 
Mean 
Std. Dev. 
Std. Error 

Cone, (ug/g) 
2.16 
2.71 
1.75 
2.49 
1.67 
2.15 
0.45 
0.20 

Log Cone. 
0.50 
0.57 
0.44 
0.54 
0.43 
0.50 
0.06 
0.03 

Total (ug) 
34.48 
29.02 
17.11 
17.32 
17.35 
23.06 

8.17 
3.65 
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APPENDDC B: DATA - HISTOPATHOLOGY 
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Table B.l Epithelial Cell Height and Histopathology Score in Mosquitofish Exposed to 
0, 0.1, 1,10, 100, and 1000 mg/L Sodium Perchlorate for 2 d (n=10). 

Sample ID 
LP-0453-WB 
LP-0454-WB 
LP-0468-WB 
LP-0469-WB 
LP-0483-WB 
LP-0484-WB 
LP-0498-WB 
LP-0499-WB 
LP-0513-WB 
LP-0514-WB 
Mean 
Std. Dev. 
Std. Error 

Oug/g 
Height (um) 

3.90 
4.07 
6.59 
3.02 
4.50 
4.38 
4.24 
4.02 
4.16 
4.38 
4.32 
0.90 
0.28 

Score 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

Sample ID 
LP-0528-WB 
LP-0529-WB 
LP-0543-WB 
LP-0544-WB 
LP-0558-WB 
LP-0559-WB 
LP-0573-WB 
LP-0574-WB 
LP-0588-WB 
LP-0589-WB 
Mean 
Std. Dev. 
Std. Error 

0.1 ug/g 
Height (um) 

4.07 
4.82 
4.91 
4.15 
4.32 
4.46 
4.43 
5.64 
4.77 
4.34 
4.59 
0.46 
0.15 

Score 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

Sample ID 
LP-0603-WB 
LP-0604-WB 
LP-0618-WB 
LP-0619-WB 
LP-0633-WB 
LP-0634-WB 
LP-0648-WB 
LP-0649-WB 
LP-0663-WB 
LP-0664-WB 
Mean 
Std. Dev. 
Std. Error 

1 ug/g 
Height (um) 

4.19 
5.97 
5.28 
3.13 
7.07 
4.89 
4.62 
6.55 
4.47 
4.11 
5.03 
1.20 
0.38 

Score 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

Sample ID 
LP-0678-WB 
LP-0679-WB 
LP-0693-WB 
LP-0694-WB 
LP-0708-WB 
LP-0709-WB 
LP-0723-WB 
LP-0724-WB 
LP-0738-WB 
LP-0739-WB 
Mean 
Std. Dev. 
Std. Error 

10 ug/g 
Height (imi) 

4.98 
3.98 
4.84 
3.76 
3.49 
4.19 
4.32 
4.26 
7.27 
5.86 
4.70 
1.13 
0.36 

Score 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

Sample ID 
LP-0753-WB 
LP-0754-WB 
LP-0768-WB 
LP-0769-WB 
LP-0783-WB 
LP-0784-WB 
LP-0798-WB 
LP-0799-WB 
LP-0813-WB 
LP-0814-WB 
Mean 
Std. Dev. 
Std. Error 

100 ug/g 
Height (um) 

6.75 
5.30 
3.74 
5.77 
5.28 
5.04 
4.38 
4.70 
4.86 
4.59 
5.04 
0.82 
0.26 

Score 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

Sample ID 
LP-0828-WB 
LP-0829-WB 
LP-0843-WB 
LP-0844-WB 
LP-0858-WB 
LP-0859-WB 
LP-0873-WB 
LP-0874-WB 
LP-0888-WB 
LP-0889-WB 
Mean 
Std. Dev. 
Std. Error 

1,000 ug/g 
Height (um) 

3.73 
5.62 
5.68 
5.30 
3.95 
4.89 
4.11 
3.79 
4.10 
4.63 
4.58 
0.75 
0.24 

Score 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
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Table B.2 Epithelial Cell Height and Histopathology Score in Mosquitofish Exposed to 
0, 0.1, 1, 10, 100, and 1000 mg/L Sodium Perchlorate for 10 d (n=10). 

Sample ID 
LP-0905-WB 
LP-0906-WB 
LP-0920-WB 
LP-0921-WB 
LP-0935-WB 
LP-0936-WB 
LP-0950-WB 
LP-0951-WB 
LP-0965-WB 
LP-0966-WB 
Mean 
Std. Dev. 
Std. Error 

Sample ID 
LP-1055-WB 
LP-1056-WB 
LP-1070-WB 
LP-1071-WB 
LP-1085-WB 
LP-1086-WB 
LP-1100-WB 
LP-1101-WB 
LP-1115-WB 
LP-1116-WB 
Mean 
Std. Dev. 
Std. Error 

Oug/g 
Height (um) 

3.05 
3.88 
4.44 
3.04 
5.37 
4.19 
4.03 
3.73 
4.26 
3.85 
3.98 
0.68 
0.21 

1 ug/g 
Height (um) 

3.74 
3.98 
4.07 
5.47 
3.94 
4.37 
4.31 
7.53 
3.41 
3.05 
4.39 
1.28 
0.40 

Score 
0.16 
0.36 
0.34 
0.21 
0.49 
0.44 
0.20 
0.00 
0.63 
0.65 
0.35 
0.21 
0.07 

Score 
0.48 
0.48 
0.65 
0.09 
0.13 
0.58 
0.70 
0.63 
0.09 
0.18 
0.40 
0.25 
0.08 

Sample ID 
LP-0980-WB 
LP-0981-WB 
LP-0995-WB 
LP-0996-WB 
LP-1010-WB 
LP-1011-WB 
LP-1025-WB 
LP-1026-WB 
LP-1040-WB 
LP-1041-WB 
Mean 
Std. Dev. 
Std. Error 

Sample ID 
LP-1130-WB 
LP-1131-WB 
LP-1145-WB 
LP-1146-WB 
LP-1160-WB 
LP-1161-WB 
LP-1175-WB 
LP-1176-WB 
LP-1190-WB 
LP-1191-WB 
Mean 
Std. Dev. 
Std. Error 

0.1 ug/g 
Height (um) 

4.16 
3.60 
3.17 
3.55 
3.35 
3.65 
4.75 
3.88 
3.78 
4.26 
3.81 
0.47 
0.15 

10 ug/g 
Height (um) 

6.10 
3.52 
6.14 
4.21 
3.73 
3.90 
3.74 
5.22 
3.23 
5.44 
4.52 
1.10 
0.35 

Score 
0.24 
0.29 
0.05 
0.41 
0.41 
0.10 
0.52 
0.29 
0.18 
0.44 
0.29 
0.15 
0.05 

Score 
0.75 
0.73 
0.50 
0.15 
0.34 
0.48 
0.54 
0.56 
0.05 
0.38 
0.45 
0.23 
0.07 

Sample ID 
LP-1205-WB 
LP-1206-WB 
LP-1220-WB 
LP-1221-WB 
LP-1235-WB 
LP-1236-WB 
LP-1250-WB 
LP-1251-WB 
LP-1265-WB 
LP-1266-WB 
Mean 
Std. Dev. 
Std. Error 

100 ug/g 
Height (um) 

3.83 
3.43 
4.21 
6.06 

12.04 
6.22 
3.83 
5.05 
4.55 
6.40 
5.56 
2.52 
0.80 

Score 
0.49 
0.24 
0.33 
0.27 
1.50 
0.48 
0.14 
0.39 
0.84 
1.00 
0.57 
0.42 
0.13 

Sample ID 
LP-1280-WB 
LP-1281-WB 
LP-1295-WB 
LP-1296-WB 
LP-1310-WB 
LP-1311-WB 
LP-1325-WB 
LP-1326-WB 
LP-1340-WB 
LP-1341-WB 
Mean 
Std. Dev. 
Std. Error 

1000 ug/g 
Height (um) 

3.71 
3.23 
3.69 
6.16 
4.52 
4.08 
6.88 
4.47 
5.12 
5.66 
4.75 
1.18 
0.37 

Score 
0.32 
0.19 
0.29 
0.78 
0.28 
0.53 
1.44 
0.44 
0.30 
0.18 
0.48 
0.38 
0.12 
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Table B.3 Epithelial Cell Height and Histopathology Score in Mosquitofish Exposed to 
0, 0.1, 1, 10, 100, and 1000 mg/L Sodium Perchlorate for 30 d (n=10). 

Sample ID 
LP-1356-WB 
LP-1357-WB 
LP-1371-WB 
LP-1372-WB 
LP-1386-WB 
LP-1387-WB 
LP-1401-WB 
LP-1402-WB 
LP-1416-WB 
LP-1417-WB 
Mean 
Std. Dev. 
Std. Error 

Oug/g 
Height (um) 

5.14 
5.72 
3.59 
3.85 
4.51 
4.49 
4.40 
3.10 
3.48 
3.92 
4.22 
0.80 
0.25 

Score 
0.38 
0.83 
0.17 
0.71 
0.00 
0.71 
0.51 
0.26 
0.39 
1.27 
0.52 
0.37 
0.12 

Sample ID 
LP-1431-WB 
LP-1432-WB 
LP-1446-WB 
LP-1447-WB 
LP-1461-WB 
LP-1462-WB 
LP-1476-WB 
LP-1477-WB 
LP-1491-WB 
LP-1492-WB 
Mean 
Std. Dev. 
Std. Error 

0.1 ug/g 
Height (um) 

4.54 
3.46 
4.56 
5.20 
5.10 
4.93 
3.36 
5.18 
5.67 
4.44 
4.64 
0.75 
0.24 

Score 
0.40 
0.00 
0.00 
0.64 
0.31 
0.60 
0.42 
0.45 
0.41 
0.00 
0.32 
0.24 
0.08 

Sample ID 
LP-1506-WB 
LP-1507-WB 
LP-1521-WB 
LP-1522-WB 
LP-1536-WB 
LP-1537-WB 
LP-1551-WB 
LP-1552-WB 
LP-1566-WB 
LP-1567-WB 
Mean 
Std. Dev. 
Std. Error 

Sample ID 
LP-1656-WB 
LP-1657-WB 
LP-1671-WB 
LP-1672-WB 
LP-1686-WB 
LP-1687-WB 
LP-1701-WB 
LP-1702-WB 
LP-1716-WB 
LP-1717-WB 
Mean 
Std. Dev. 
Std. Error 

1 ug/g 
Height (um) 

4.03 
7.04 
6.24 
6.37 
8.47 
7.52 
4.01 
4.86 
3.48 
4.77 
5.68 
1.69 
0.53 

100 ug/g 
Height (um) 

NA 
6.17 
3.17 
7.30 

14.55 
7.74 
3.42 
6.78 
4.98 
7.91 
6.89 
3.37 
1.06 

Score 
0.00 
1.17 
0.92 
0.71 
0.73 
0.44 
0.15 
0.40 
0.13 
0.74 
0.54 
0.38 
0.12 

Score 
4.48 
0.94 
0.40 
0.62 
3.52 
0.89 
0.23 
0.61 
0.30 
0.82 
1.28 
1.47 
0.46 

Sample ID 
LP-1581-WB 
LP-1582-WB 
LP-1596-WB 
LP-1597-WB 
LP-1611-WB 
LP-1612-WB 
LP-1626-WB 
LP-1627-WB 
LP-1641-WB 
LP-1642-WB 
Mean 
Std. Dev. 
Std. Error 

Sample ID 
LP-1731-WB 
LP-1732-WB 
LP-1746-WB 
LP-1747-WB 
LP-1761-WB 
LP-1762-WB 
LP-1776-WB 
LP-1777-WB 
LP-1791-WB 
LP-1792-WB 
Mean 
Std. Dev. 
Std. Error 

10 ug/g 
Height (um) 

1000 

6.54 
7.03 
7.00 
9.15 
4.84 
6.28 
7.39 
6.12 
5.18 
9.93 
6.95 
1.59 
0.50 

ug/g 
Height (um) 

NA 
7.82 
6.68 
5.55 
6.91 
8.29 
6.20 
7.41 
7.43 
4.85 
6.79 
1.11 
0.35 

Score 
1.44 
1.56 
1.03 
1.06 
0.76 
0.50 
0.46 
0.79 
0.68 
1.00 
0.93 
0.36 
0.12 

Score 
0.27 
0.82 
0.54 
0.20 
0.42 
0.86 
0.00 
0.24 
0.63 
0.33 
0.45 
0.29 
0.09 
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Table C.l Whole Body Thyroid Hormone Concentrations in Mosquitofish Exposed to 0, 
0.1, 1, 10, 100, and 1000 mg/L Sodium Perchlorate for 2 d (n=5). 

Sample ID 
LP-RIA-2D-01 
LP-RIA-2D-02 
LP-RIA-2D-03 
LP-RIA-2D-04 
LP-RIA-2D-05 

Mean 
Std. Dev. 
Std. Error 

Oug/g 
Cone, (ng/g) 

0.7681 
1.4445 
1.3145 
0.9711 
1.5213 
1.2039 
0.3221 
0.1440 

Cone, (ng) 
1.4908 
3.7050 
3.3520 
2.5482 

3.8899 
2.9972 
0.9867 
0.4413 

Sample ID 
LP-RL\-2D-06 
LP-RIA-2D-07 
LP-RIA-2D-08 
LP-RIA-2D-09 
LP-RIA-2D-10 

Mean 
Std. Dev. 
Std. Error 

0.1 
Cone 

ug/g 
:• (ng/g) 

1.1235 
0.8873 
1.0881 
1.1359 
1.2807 
1.1031 
0.1413 
0.0632 

Cone, (ng) 
2.2706 
2.1970 
2.8834 
3.0328 
2.8687 
2.6505 
0.3867 
0.1729 

Sample ID 
LP-RIA-2D-11 
LP-RIA-2D-12 
LP-RIA-2D-13 
LP-RIA-2D-14 
LP-RIA-2D-15 

Mean 
Std. Dev. 
Std. Error 

1 ug/g 
Cone, (ng/g) 

1.9142 
0.8787 
1.8875 
1.2551 
0.9855 
1.3842 
0.4913 
0.2197 

Cone, (ng) 
3.8858 
2.2319 
4.9830 
3.1754 
2.3947 
3.3342 
1.1342 
0.5072 

Sample ID 
LP-iaA-2D-16 
LP-RIA-2D-17 
LP-RL\-2D-18 
LP-RIA-2D-19 
LP-RIA-2D-20 

Mean 
Std. Dev. 
Std. Error 

10 
Cone 

ug/g 
• (ng/g) 
0.6641 
1.0050 
0.7753 
1.0053 
0.4847 
0.7869 
0.2246 
0.1005 

Cone, (ng) 
1.3016 
2.4723 
1.9847 
2.5334 
1.2553 
1.9095 
0.6142 
0.2747 

Sample ID 
LP-RIA-2D-21 
LP-RL\-2D-22 
LP-RIA-2D-23 
LP-RIA-2D-24 
LP-RIA-2D-25 

Mean 
Std. Dev. 
Std. Error 

100 ug/g 
Cone, (ng/g) 

0.9645 
1.0486 
0.6824 
0.6590 
0.4975 
0.7704 
0.2289 
0.1024 

Cone, (ng) 
1.9193 
2.6844 
1.7264 
1.6541 
1.2986 
1.8566 
0.5144 
0.2301 

Sample ED 
LP-RIA-2D-26 
LP-RIA-2D-27 
LP-RIA-2D-28 
LP-RIA-2D-29 
LP-RIA-2D-30 

Mean 
Std. Dev. 
Std. Error 

1000 ug/g 
Cone • (ng/g) 

1.0017 
1.0344 
0.9285 
1.4452 
1.2244 
1.1268 
0.2088 
0.0934 

Cone, (ng) 
2.2138 
2.5653 
2.4884 
3.7575 
3.1222 
2.8294 
0.6149 
0.2750 
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Table C.2 Whole Body Thyroid Hormone Concentrations in Mosquitofish Exposed to 0, 
0.1, 1, 10, 100, and 1000 mg/L Sodium Perchlorate for 10 d (n=5). 

Sample ID 
LP-RIA-lOD-Ol 
LP-RIA-lOD-02 
LP-RLA-10D-03 
LP-RIA-lOD-04 
LP-RIA-lOD-05 
Mean 
Std. Dev. 
Std. Error 

Oug/g 
Cone, (ng/g) 

3.1746 
0.3378 
1.2833 
0.3668 
0.7919 
1.1909 
1.1736 
0.5249 

Cone, (ng) 
6.3492 
0.8615 
3.2467 
0.9244 
2.0114 
2.6786 
2.2705 
1.0154 

Sample ED 
LP-RIA-lOD-06 
LP-RL\-10D-07 
LP-iaA-lOD-08 
LP-RIA-lOD-09 
LP-RIA-lOD-10 
Mean 
Std. Dev. 
Std. Error 

0.1 
Cone 

ug/g 
;• (ng/g) 

0.8275 
0.7894 
0.1388 
0.3546 
1.0393 
0.6299 
0.3705 
0.1657 

Cone, (ng) 
1.6799 
2.0208 
0.3498 
0.9006 
2.6399 
1.5182 
0.9060 
0.4052 

Sample ID 
LP-RIA-lOD-11 
LP-RIA-lOD-12 
LP-RIA-lOD-13 
LP-RIA-lOD-14 
LP-RIA-lOD-15 

Mean 
Std. Dev. 
Std. Error 

Sample ED 
LP-RIA-lOD-21 
LP-iaA-lOD-22 
LP-IUA-lOD-23 
LP-RIA-lOD-24 
LP-RIA-lOD-25 

Mean 
Std. Dev. 
Std. Error 

1 ug/g 
Cone, (ng/g) 

0.7101 
0.6516 
0.5175 
0.6468 
0.8862 
0.6824 
0.1339 
0.0599 

100 ug/g 
Cone, (ng/g) 

0.6986 
0.7274 
1.3119 
0.3330 
1.5035 
0.9149 
0.4808 
0.2150 

Cone, (ng) 
1.4629 
1.6616 
1.2938 
1.6557 
2.2597 
1.6667 
0.3648 
0.1632 

Cone, (ng) 
1.3901 
1.7894 
3.3453 
0.8358 
3.8189 
2.2359 
1.2856 
0.5749 

Sample ED 
LP-RIA-lOD-16 
LP-RIA-lOD-17 
LP-iaA-lOD-18 
LP-IUA-lOD-19 
LP-RIA-10D-20 
Mean 
Std. Dev. 
Std. Error 

Sample ED 
LP-RIA-lOD-26 
LP-RIA-lOD-27 
LP-IUA-lOD-28 
LP-RIA-lOD-29 
LP-RIA-10D-30 
Mean 
Std. Dev. 
Std. Error 

10 ug/g 
Cone 

1000 
Cone 

• (ng/g) 
0.4336 
0.5428 
0.2532 
0.6086 
0.8411 
0.5359 
0.2173 
0.0972 

ug/g 
• (ng/g) 
0.7307 
0.9075 
0.9305 
0.6319 
1.4804 
0.9362 
0.3286 
0.1469 

Cone, (ng) 
0.8283 
1.3624 
0.6457 
1.5764 
2.1112 
1.3048 
0.5892 
0.2635 

Cone, (ng) 
1.4907 
2.3050 
2.4006 
1.6241 
3.8047 
2.3250 
0.9196 
0.4113 
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Table C.3 Whole Body Thyroid Hormone Concentrations in Mosquitofish Exposed to 0, 
0.1, 1, 10, 100, and 1000 mg/L Sodium Perchlorate for 30 d (n=5). 

Sample ED 
LP-RIA-30D-01 
LP-RIA-30D-07 
LP-RIA-30D-08 
LP-RIA-30D-09 
LP-RIA-30D-10 

Mean 
Std. Dev. 
Std. Error 

Sample ID 
LP-RIA-30D-03 
LP-RIA-30D-15 
LP-RIA-30D-16 
LP-RIA-30D-17 
LP-RIA-30D-18 

Mean 
Std. Dev. 
Std. Error 

Oug/g 
Cone, (ng/g) 

0.6744 
2.2077 
1.8663 
1.1524 
0.9643 
1.3730 
0.6411 
0.2867 

1 Ug/g 
Cone, (ng/g) 

0.3557 

1.1789 
0.8603 
0.9577 
0.5739 
0.7853 
0.3238 
0.1448 

Cone, (ng) 
1.8073 
4.9232 
5.0391 

3.0999 
2.3625 
3.4464 
1.4747 
0.6595 

Cone, (ng) 
0.9177 

2.4049 
2.2369 
2.5761 
1.4748 
1.9221 
0.7016 
0.3138 

Sample ID 
LP-RIA-30D-02 
LP-RIA-30D-11 

LP-RIA-30D-12 
LP-RL\-30D-13 
LP-RIA-30D-14 

Mean 
Std. Dev. 
Std. Error 

Sample ID 
LP-RIA-30D-04 
LP-RIA-30D-19 
LP-R1A-30D-20 
LP-iaA-30D-21 
LP-RIA-30D-22 

Mean 
Std. Dev. 
Std. Error 

0.1 ug/g 
Cone, (ng/g) 

lOi 
Cone 

0.4558 
0.0985 

13.6592 
0.5357 
1.9800 
3.3458 
5.8100 
2.5983 

Llg/g 
•• (ng/g) 

0.4536 
0.9122 
1.0782 
0.8503 
1.1965 
0.8981 
0.2835 
0.1268 

Cone, (ng) 
1.0985 
0.1951 

36.0603 
1.4141 
5.2867 
8.8109 

15.3572 
6.8679 

Cone, (ng) 
1.2111 
1.7241 
2.7386 
2.2362 
2.9792 
2.1778 
0.7247 
0.3241 

Sample ED 
100 ug/g 

Cone, (ng/g) Cone, (ng) Sample ED 
1000 ug/g 
Cone, (ng/g) Cone, (ng) 

LP-RIA-30D-05 
LP-RIA-30D-23 
LP-RLA-30D-24 
LP-RIA-30D-25 
LP-RIA-30D-26 

Mean 
Std. Dev. 
Std. Error 

0.5364 
0.1247 
1.2471 
0.7323 
1.6337 
0.8548 
0.5937 
0.2655 

1.4643 
0.2681 
3.1676 
1.8966 
4.0026 
2.1598 
1.4614 
0.6536 

LP-RIA-30D-06 
LP-RIA-30D-27 
LP-RIA-30D-28 
LP-RIA-30D-29 
LP-RIA-30D-30 

Mean 
Std. Dev. 
Std. Error 

0.2672 
0.1514 
0.1277 
0.1117 
0.6816 
0.2679 
0.2391 
0.1069 

0.7109 
0.3194 
0.3257 
0.2816 
1.7176 
0.6710 
0.6106 
0.2731 
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