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Studies were conducted to investigate the metabolism of

selenium (Se), and the influences of Se on the metabolism of cad-

mium (Cd) and inorganic mercury (Hg) in rats, and in ram semen in

vitro. Se-deficient (-Se) or Se-adequate (+Se) rats were injected

intraperitoneally with either
109

CdC1 (5 uCi/rat) or
203

HgNO,

(10 IICi/rat). Semen ejaculates from yearling Suffolk rams were

used for the in vitro studies.

Whole-body retention of Cd and Hg in rats was significantly

(P < 0.05) increased by Se. However, regardless of the Se status,

the predominant route of Cd and Hg excretion was feces. Data on

whole tissue Cd retention for both -Se and +Se rats gave the

following order of decreasing tissue Cd levels: liver > kidney >

testis > epididymis > seminal vesicles > prostate > brain. Hg

distribution in tissues followed a similar order except that Hg



concentrations were highest in kidney. Se caused a significant

redistribution of Cd and Hg among the cytosolic proteins in some

tissues (e.g., testis) but not in others like brain and prostate

gland. Such diversions were usually from low (10,000 30,000)

molecular weight (MW) proteins to higher (>70,000) MW ones.

Ram sperm incorporated small amounts of Cd and Hg in vitro.

A non-thionein metal-binding protein (MW = 10,000) was purified

from the spermatozoa, and found to contain low amounts of cysteine

and some aromatic amino acids (phenylalanine and tyrosine). Evi-

dence was obtained which suggests that spermatozoa from rats and

rams are capable of converting inorganic Se (as selenite) into

selenoamino acids both in vivo and in vitro. Amino acid analyses

of sperm hydrolysates showed that selenocystine and selenomethio-

nine were respectively the major chemical forms of Se in rat and

ram spermatozoa.

Cd and Hg concentrations ranging from 10
-6

to 10
-2

M were

shown to be injurious to ram sperm in vitro as indicated by the

depressed motility and reduced oxygen uptake. Equimolar concen-

trations of Se as selenite, selenocystine or selenomethionine

I

counteracted the toxicity of Cd or Hg at low concentrations 00
-5

to 10
-6

M). Incubation of ram spermatozoa with concentrations of

Se ranging from 0.08 to 2.0 ppm markedly improved sperm motility

and oxygen consumption.
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INTERACTION OF SELENIUM WITH CADMIUM AND MERCURY IN SEMEN
AND REPRODUCTIVE TISSUES: IN VIVO AND IN VITRO STUDIES

INTRODUCTION

Before World War II, in the late 1930's, a wide range of nutri-

tional disorders of farm animals were found to be caused by deficient

or excessive intakes of various trace elements from the environment.

Notable among these disorders were the copper deficiency syndrome

found in grazing cattle in parts of Florida (Neal et al., 1931) and

Holland (Sjollema, 1933); the "alkali disease" and "blind staggers"

of livestock occurring in parts of the Great Plains region of the

United States and demonstrated to be manifestations of chronic and

acute selenium (Se) toxicity respectively (Beath et al., 1935; Ro-

binson, 1933); perosis or "slipped tendon" syndrome associated with

dietary manganese deficiency (Wilgus et al., 1937) and nutritional

chondrodystrophy (Lyons and Insko, 1937) in poultry.

The deficiency or toxic states were found to be alleviated or

exacerbated by the extent to which other elements, nutrients, or com-

pounds were present in, or absent from the environment. While car-

rying out an investigative study on chronic copper poisoning in sheep

in southeastern Australia in the early 1950's Dick (1954) demonstrated

that a three-way interaction exists between copper, molybdenum and

inorganic sulfate and that the ability of molybdenum to limit copper

retention in the animal can only be expressed in the presence of

adequate sulfate. Metabolic interactions among the trace elements
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were subsequently shown to be of profound nutritional importance and

to involve a wide variety of elements.

Since its discovery by Schwarz and Foltz (1957) as a dietary neces-

sity, Se has been demonstrated by several investigators as an element

with the unique ability of counteracting the toxicity of such heavy

metals as cadmium, mercury, silver and thallium. This rather unusual

feature of Se, which is itself highly toxic at elevated levels, coun-

teracting the toxicity of heavy metals has stimulated intensive

research on the relationship of Se to the other elements.

A number of reports are available in current literature on the

metabolic roles of Se in biological systems as well as its inter-

action with heavy metals in a diverse array of species. However,

most of the research done has been focused mainly on nonreproductive

tissues (with the exception of the testes), and little or no effort

has been made to examine the nature of these phenomena in semen and

male reproductive tissues other than the testes. This work was

therefore undertaken to investigate the following:

(1) effects of Se on cadmium and mercury metabolism in reproductive

as well as some selected nonreproductive rat tissues in vivo;

(2) effects of various chemical forms of Se on cadmium and mercury

metabolism in ram semen in vitro;

(3) the chemical form(s) of Se incorporated by rat and ram sperma-

tozoa both in vivo and in vitro; and

(4) interactive effects of cadmium, mercury and various chemical

forms of Se on ram spermatozoal motility and oxygen consumption

in vitro.
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REVIEW OF LITERATURE

SELENIUM IN BIOLOGICAL SYSTEMS

Distribution of Selenium in Animal Tissues and Fluids

Our present knowledge of the levels of Se in animal tissues

and fluids dates back to the early 1960's when sensitive methods

were developed for determining this element in biological materials.

Prior to 1960, attention had been focused mainly on Se toxicity.

Now, it has been well-established that Se occurs in all the cells

and tissues of the animal body in concentrations that vary with the

tissue and the level and chemical form of Se in the diet.

Most reports have indicated that the liver and kidney usually

contain the highest Se concentrations, with much lower levels in

the muscles, bones, and blood and very low levels in adipose tissue.

Cardiac muscle has been shown to be consistently higher in Se than

skeletal muscle (Ehligh et al., 1967; Lindberg, 1968; Handreck

and Godwin, 1970). Se concentrations in animal tissues reflect the

level of dietary Se over a wide range. In a study of the Se level

in the longissimus muscle of pigs from 13 locations in the United

States (with differing natural dietary intakes ranging from 0.027

to 0.493 ppm Se), Ku et al. (1972) reported a highly significant

(P < 0.01) linear correlation of 0.95 between dietary Se and tissue

Se concentration. Selenium deposition in the blood, muscle, liver,

kidney, and skin of chicks and poults has been similarly shown to
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bear a direct relationship to the inorganic Se of the diet up to

dietary levels of 0.2 0.3 ppm (Scott and Thompson, 1971).

Increasing the dietary inorganic Se to 0.8 ppm resulted in higher

Se levels in the liver and kidney, but there was no appreciable

increase in blood or muscle Se.

In rats fed a torula yeast (low Se) diet for 4 weeks, the Se

levels in the kidneys and liver declined respectively from 1.0 to

0.3 and from 0.7 to 0.1 ppm (wet weight basis) (Burk et al., 1967).

Similar levels of Se have been found in these tissues in normal and

Se-deficient sheep (Cousins and Cairney, 1961; Hartley, 1967;

Hidiroglou et al., 1968; Pierce and Jones, 1968), cattle (Bisjberg

et al., 1970), and pigs (Lindberg, 1968). Andrews et al. (1968)

considered that Se levels greater than 1.0 ppm in the kidney cortex

and 0.1 ppm in the liver are normal for sheep and that half these

levels are indicative of marginal Se deficiency.

Distribution of Selenium in Reproductive Tissues and Fluids

Brown and Burk (1972) and Burk et al. (1972) reported that the

testes accumulated and retained a large portion of an intravenous

dose of
75Se-seienite. Smith et al. (1979) have shown that following

a single intravenous injection of
75 Se, this isotope is concentrated

in bovine semen, and most of it is incorporated into the seminal

plasma. These workers found 75Se in seminal plasma at levels greatly

exceeding blood 75Se levels and suggested that 75Se is accumulated

and secreted by one or more of the accessory glands. Alabi (1982)
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found that Se levels were greater in the testes, epididymides, seminal

vesicles and prostate gland than in blood from the boar, bull, and

ram. The very active uptake of
75Se by the tissues of the male re-

productive tract has led to the suggestion that Se may play a hither-

to unrecognized role in the male reproductive process (Smith et al.,

1979; Alabi, 1982).

Selenium Metabolism

Studies with
75Se at physiological levels indicate that the

duodenum is the main site of Se absorption and that there is no

absorption from the rumen or abomasum of sheep or the stomach of

pigs (Wright and Bell, 1966) and rats (Whanger et al., 1976). There

is higher intestinal Se absorption in monogastric animals than in

ruminants, which may be related to a reduction of selenite to in-

soluble forms in the rumen (Butler and Peterson, 1961; Cousins and

Cairney, 1961).

Absorbed Se is initially carried mainly in the plasma, from

which it enters all tissues, including the bones, hair, and leuko-

cytes (Buescher et al., 1960; Cousins and Cairney, 1961, McConnell,

1963; McConnell and Levy, 1962; Smith et al., 1938). Se-selenite

undergoes a chemical transformation by the erythrocytes prior to

binding by plasma proteins (Sandholm, 1975). The process of expul-

sion of Se from the erythrocytes depends on adequate glutathione

levels in these cells (Sandholm, 1975).

Se is excreted in the feces, urine, and in the expired air,
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the amounts and proportions of each depending on the level and form

of the intake, the nature of the diet, and the animal species. Se

exhalation becomes an important route of Se excretion at high intakes

of the element but is much less so at low intakes (Ganther et al.

1966; Flohe, 1971). The view that the odorous breath of Se-intoxi-

cated animals was due to a methylated excretory product was expressed

by Hofmeister as far back as 1894 (Diplock, 1976). This notion was

subsequently contested (Challenger, 1935; Schultz and Lewis, 1940)

and it was not until the conclusive experiments of McConnell and

Portman (1952) that the methylation of Se was established as a major

excretory route for the element when it was demonstrated that admin-

istered dimethylselenide was exhaled in breath after exposure to Se.

Further experiments with injected radioactive selenate established

that the
75Se-containing metabolite was indistinguishable from

dimethylselenide. The work of Diplock et al. (1973) has shown that

animals convert selenite to a form of selenide that can be released

from proteins, apparently as hydrogen selenide (H2Se), upon treatment

with acid under anaerobic conditions. More recently Gasiewicz and

Smith (1978) and Whanger (1981) have provided evidence suggesting

the H
2
Se may be the form of Se which causes the diversion in heavy

metal binding to tissue proteins.

Fecal excretion of ingested Se is generally greater than urinary

excretion in ruminants (Butler and Peterson, 1961; Cousins and

Cairney, 1961), but not in monogastric species (Smith et al., 1938;

McConnell, 1941). Most of the Se in the feces consists of unabsorbed
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dietary Se, together with small amounts excreted into the digestive

tract in the biliary, pancreatic, and intestinal secretions

(Levander and Baumann, 1966). Byard (1969) and Palmer et al. (1970)

have identified trimethylselenide as an end product of Se metabolism

which is excreted in the urine.

Small amounts of Se are found in most proteins due to nonspecific

binding to protein sulfhydryl groups or substitution of selenoamino

acids for their sulfur counterparts (Martin, 1973; Ganther, 1974).

The synthesis of sulfur amino acids from inorganic sulfate by rumen

microorganisms is a well-established process (Block and Stekol, 1950;

Block et al., 1951; Emery et al., 1957a; Henderick, 1961a, 1961b;

Knappen, 1962). Similarly, studies have been conducted that provide

evidence for the analogous synthesis of selenoamino acids from

selenite. Rosenfeld (1962) administered large amounts of
75

Se-

selenite orally to sheep for a 2-month period and reported that
75

Se

eluted in the cystine-selenocystine fraction of cytosols prepared

from the wool, and a smaller amount in the methionine-selenomethio-

nine fraction. However, the percentage of the original protein-75Se

radioactivity recovered in the eluted amino acids was low. McConnell

and Wabnitz (1957) first demonstrated that trace amounts of radio-

activity were present in the amino acids of hydrolyzed dog liver

proteins following the injection of radioactive selenite. Paper

chromatography of the hydrolysate revealed that most of the radio-

activity was in the region of synthetic cystine and selenocystine,

with lesser amounts in the region of methionine-selenomethionine.
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On the basis of this and other studies, McConnell has come to the

conclusion that trace amounts of selenoamino acids are formed from

selenite, although the amounts involved are too small to permit

direct chemical measurement.

Forms of Selenium in Blood and Tissues.

Since the discovery was made (Rotruck et al., 1973) that Se is

an integral part of the enzyme, glutathione peroxidase (GSH-Px)

(glutathione:H
2
0
2
oxidoreductase; E.C. 1.11.1.9), GSH-Px activity

has been demonstrated in a wide range of body tissues, fluids, cells,

and subcellular fractions at levels which vary greatly with the

species, tissues, and Se status of the animal (Chow and Tappel, 1974;

Godwin et al., 1975; Hafeman et al., 1974; Omaye and Tappet, 1974;

Scott, 1973; Whanger et al., 1973; Ganther et al., 1976; Alabi,

1982). The highest activity of this selenoenzyme occurs commonly in

the liver, moderately high activity in the red blood cells, heart,

muscle, lungs and kidneys, and lower activity in the intestinal tract

and skeletal muscle. GSH-Px is primarily responsible for the detoxi-

fication of H
2
0
2
and lipid peroxides formed in vivo.

Whanger et al. (1973) isolated a Se-containing protein from

heart and semitendinosus muscles of lambs, possibly a selenium-

containing cytochrome which may participate in oxidation-reduction

reactions, though its catalytic functions are yet to be determined.

Se is also associated with pyruvate oxidation in liver preparations

(Bull and Oldfield, 1967), which suggests that it may function in

oxidative processes of the tricarboxylic acid cycle in vivo. Work
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by Campo et al. (1967) has demonstrated that Se, as selenate, is

associated with the proteins of the cartilage and long bones of the

bovine.

In bull spermatozoa, it has been shown that Se is selectively

localized in the mitochondria where it is bound to a structural poly-

peptide and is believed to function in the stabilization of the outer

mitochondrial membranes (Pallini and Bacci, 1979). Calvin (1978)

found that following an intratesticular injection of
75Se, the label

was localized primarily in the tail keratin of rat spermatozoa. He

identified a 17,000 dalton polypeptide which contained Se. Calvin's

work was corroborated by later investigation carried out by Niemi et

al. (1981) who reported that 85% of the 75Se found in the bovine

spermatozoa was associated with a protein similar in size (21,500

daltons for the bull versus 17,000 daltons for the rat) to the protein

in rat sperm tails described by Calvin (1978). In a later report,

Calvin and Cooper (1979) proposed that the 75Se-labeled polypeptide

was associated with the outer mitochondrial membranes and in some

way essential for the assembly of the mitochondrial sheath. They

doubted that this polypeptide was a subunit of GSH-Px. The majority

of the Se in seminal plasma from the boar, bull, ram and stallion has

been demonstrated to be associated with GSH-Px (Smith et al., 1979;

Pond, 1981; Alabi, 1982).

Selenium Toxicity and Deficiency Syndromes.

Se toxicity may occur in the acute or chronic form. In acute

Se toxicity the liver is the organ that is most severely affected;
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it undergoes fatty degeneration (Smith, 1939) which is reversible

if the exposure is short. Prolonged exposure to elevated levels of

Se results in liver cirrhosis, and death occurs in a very short

time. Symptoms such as blindness, abdominal pain, salivation,

grating of the teeth, partial paralysis, and respiratory failure

are all attendant on acute Se poisoning, and have been observed in

horses, cattle, pigs, and, to a lesser extent, sheep plagued with

selenosis (Pierce and Jones, 1968: Olson, 1969). Acute Se toxi-

city in the rat and dog results in a marked reduction in food in-

take, together with anemia and severe pathological changes in the

liver. Anemia is a common manifestation of selenosis in all species,

but in the rat and dog, a microcytic, hypochromic anemia of progres-

sive severity usually develops and animals may die with hemoglobin

levels as low as 2g/100 ml (Smith et al., 1937; Moxon and Rhian, 1943).

Chronic Se poisoning is characterized by dullness and lack of

vitality, emaciation and roughness of coat, loss of hair from the

mane and tail of horses and body of pigs, soreness and sloughing

of the hoofs, stiffness and lameness due to erosion of the joints of

the long bones, atrophy of the heart ( "dish -rag" heart), cirrhosis

of the liver, and anemia. Continued consumption of seleniferous

diets interferes with the normal development of the embryo in rats

(Rosenfeld and Beath, 1954), pigs (Wahlstrom and Olson, 1959), sheep

(Rosenfeld and Beath, 1954), and cattle (Dinkel et al., 1963).

Growing chicks exhibit a reduction in food intake and growth rate

when maintained on seleniferous diets, and there is a decrease in
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egg production in hens. The eggs of such hens are fertile, but some

of them produce grossly deformed embryos, characterized by missing

eyes and beaks and distorted wings and feet (Franke and Tully, 1936).

Schwarz and Foltz (1957) showed that sodium selenite would

prevent liver necrosis in rats fed torula yeast diets. In the same

year, Patterson and co-workers (1957) and Scott et al. (1957)

independently demonstrated that Se would prevent the development

of exudative diathesis in chicks. Eggert et al. (1957) and Grant

and Thafvelin (1958) established a relationship between Se deficiency

and hepatosis dietetica in swine. At about the same time, three

groups of investigators (Muth et al., 1958; Hogue, 1958; Proctor

et al. 1958) independently showed that Se would also protect against

white muscle disease in young ruminants. White muscle disease is

characterized biochemically by subnormal levels of Se and GSH-Px

activity in the blood and tissues and by abnormally high levels of

serum glutamic oxaloacetic transaminase and lactic dehydrogenase.

Ruminants can also be afflicted by a Se-responsive syndrome known as

"ill thrift" (Andrews et al., 1968). This condition varies from a

subclinical growth deficit (McLean et al., 1963; Hartley, 1967) to

clinical unthriftiness with rapid loss of weight and sometimes death

(Drake et al. 1960; Hartley and Grant, 1961). Other diseases that

have been shown to result from Se deficiency include pancreatic

fibrosis in chicks (Thompson and Scott, 1970); myopathies of the

heart and gizzard (Scott et al., 1967), and Keshan's Disease, a

muscle degenerative syndrome in humans living in China (Baumgartner,

1979).
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Selenium and Animal Reproduction.

While investigating the role of Se in male reproductive

functions, Wu et al. (1969, 1971) found that Se deficiency resulted

in the production of sperm with impaired motility and a unique type

of midpiece abnormality in male rats born to Se-deficient dams. It

was observed that dietary supplementation with a-tocopherol or other

antioxidants did not alleviate these symptoms of Se deficiency (Wu

et al., 1973), suggesting that Se plays a specific role in maintain-

ing the structural and functional integrity of the spermatozoon.

Electron microscopy has shown such damage to rat spermatozoa to be

localized in the membrane system near the sperm midpiece (Wu et al.,

1979).

In other work, fertility was adversely affected in rats fed a

low-Se, torula yeast diet with adequate vitamin E for two generations

(McCoy and Weswig, 1969). The first generation animals grew and

reproduced normally but their offspring were devoid of hair, grew

slowly, and failed to reproduce. A supplement of 0.1 ppm Se as

sodium selenite restored the rats' hair coat, growth, and reproduc-

tive capabilities.

Se deficiency has also been shown to cause reproductive

failure in other species. It reduces both hatchability and egg

production in laying hens (Cantor and Scott, 1974), and in Japanese

quail reduced hatchability of fertile eggs and viability of newly

hatched chicks have been demonstrated (Jensen, 1968). Satisfactory

reproductive performance was obtained only when Se and vitamin E
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were administered in combination to ewes fed a Se-deficient puri-

fied diet (Buchanan-Smith et al. 1969). Injection of a combination

of Se and vitamin E one month before mating was similarly shown

to improve ewe prolificacy in Se-deficient areas of Scotland (Mudd

and Mackie, 1973). A sodium selenite-vitamin E mixture injected

into cows a month before calving completely prevented losses from

the birth of premature, weak, or dead calves in parts of California

(Mace et al., 1963) and greatly reduced the incidence of retained

placenta in a herd of cows in Scotland (Trinder et al., 1969).

CADMIUM IN BIOLOGICAL SYSTEMS

Sources and Bioavailability of Cadmium.

The use of cadmium in the manufacture of plastics as stabilizers,

in electroplating, in paints as pigments, in cadmium batteries, and

as a contaminant in phosphate fertilizers and sewage sludges, con-

stitutes the major source of cadmium in the atmosphere. In the 28

U.S. cities studied by Carroll (1966) the level of cadmium in the air

ranged from "undetectable" to as high as 0.06 pg/m
3

. However, accord-

ing to Friberg et al. (1974) and Lewis et al. (1972), the amount

inhaled from the air in most circumstances is insignificant compared

with that ingested with the food, with the exception of heavy smokers

who could have an intake of 5 pg cadmium per day from the air. Most

municipal waters contain less than 1 - 3 pg cadmium/liter (Fleischer

et al. 1974), which is well below the upper limit for drinking water



14

of 10 pg/liter set by the World Health Organization in 1971. Even at

this upper level, a daily consumption of 2.5 liters of water would

provide only 2.5 pg cadmium/day. Food is thus normally the major

source of cadmium to animals and nonsmoking humans (Underwood, 1977).

Ingested inorganic cadmium is poorly absorbed, and it has been

estimated that cadmium absorption in man is only about 3 - 8%

(Friberg et al., 1974). Several studies of cadmium injections into

laboratory animals indicate that the feces constitute the major

route of cadmium excretion (Schroeder et al., 1967). Inhaled cad-

mium is more efficiently absorbed (10 40%) than ingested cadmium,

depending on its physical state. Such cadmium is widely distributed

from the lungs to the tissues, accumulates in the liver and kidneys,

and is excreted in greatly increased concentrations in the urine

(Smith and Kench, 1957).

Pathological Effects of Cadmium.

Parizek (1957) has shown that single subcutaneous injections of

cadmium chloride in amounts much below toxic levels selectively

damage the testis of rats and other laboratory animals. Although

it is generally agreed that testicular injury is secondary to the

adverse vascular changes caused by cadmium, the sites and mode of

cadmium action have not been satisfactorily established. It is spe-

culated that cadmium specifically damages the testicular artery-

pampiniform plexus complex and its countercurrent exchange mechanism

(Gunn et al., 1963). Mason et al. (1964) hold the notion that
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because of the sluggish blood flow through the intratesticular course

of the testicular artery and its end-arterial type capillary bed,

cadmium might produce increased permeability of the capillary wall

and perhaps may act directly on the parenchyma of the testis. This

cadmium-induced increased permeability of the capillary wall results

in an intertubular edema, increased intratesticular pressure, and

interference with the vascular supply to the testis, which causes

ischemia and necrosis of the tissue.

Elevating the cadmium dosage to 3 6 times the minimal for

producing testicular damage results in hemorrhage, edema, and epi-

thelial desquamation in proximal segments of the caput epididymis

(Gunn et al., 1963; Mason et al., 1964). These types of damage

occurred in the absence of the associated testis (Mason et al.

1964), suggesting that cadmium acts upon a similar end-arterial

termination of the superior epididymal branch of the testicular

artery in which blood flow is thought to be sluggish. The dense

capsular portion of the first segments of the ductus epididymis,

like the tunica of the testis, appears to be affected too. However,

other portions of the epididymis, supplied by the inferior epididy-

mal artery which anastomoses with the artery of the vas deferens,

are rarely involved. Work by Waites and Setchell (1966) confirmed

these postulations. They found that within 3 - 12 hours after

cadmium injections, there occurred a marked decrease in testicular

blood flow as well as increased vascular permeability in the testis

and caput epididymis but not in other portions of the epididymis.
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The drastic deleterious effects of cadmium on the testis are

paralleled in certain circumstances by comparable effects in the

female. Cadmium injections into young female rats maintained in a

permanent state of estrus induced massive hemorrhagic necrosis in

their ovaries (Parizek, 1964). Injection of cadmium salts into

pregnant rats resulted in complete destruction of the pars fetalis

of the placenta and transformation of this organ into an extensive

blood clot (Parizek, 1964). In all cases pregnancy was terminated

by either resorption or delivery of the dead conceptus.

Chronic oral exposure in the adult animal produces kidney damage

(Axelsson and Piscator, 1966), hypertension (Schroeder, 1965) anemia

(Wilson et al., 1941), tumors (Schroeder et al., 1964), and, in

conjunction with some dietary deficiencies, osteomalacia (Nogawawa

et al. 1975). Cadmium also affects growing animals as well as the

fetuses of pregnant animals by producing anemia and growth retarda-

tion (Webster, 1978). In addition, chronic respiratory exposure may

cause emphysema (Friberg, 1950).

Acute exposure to cadmium in the adult animal (usually by

injection) produced hemorrhages in the sensory ganglia (Gabbiani,

1966), and in the neonate cadmium injection caused hemorrhage in the

central nervous system (Gabbiani et al., 1967). Oral as well as

respiratory exposure produced acute, local effects (Friberg et al.,

(1974).

Cadmium toxicity in animals is a function of dose and duration

of exposure. Tolerances tend to be highly dependent on total
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accumulated body burden, perhaps of mercury as well as cadmium, and

on hepatic and renal function during exposure. In addition, ample

daily dietary intakes of zinc, selenium, sulfur, copper and iron

would counteract damaging effects of the element (Ammerman et al.,

1977). Dietary protein source and level may affect responses to

cadmium ingestion (Bremner, 1974). In general, cadmium toxicity

has been investigated with relatively high dosage and abbreviated

exposure periods. As pointed out by Ammerman et al. (1977), such

experiments may not reflect the tolerance or condition of animals

receiving more realistic exposures. These workers suggested that

studies on the effects of low dose exposures to cadmium be carried

out over extended time periods relative to animal production.

Selenium-Cadmium Interactions.

Tobias et al. (1946) provided the first evidence of a metabolic

interaction of Se with cadmium. However, the results of their work

went unnoticed for a long time until they were rediscovered by Kar

et al. (1960) in connection with their study on the effects of cadmium

on rat testis. These workers showed that Se injections as sodium

selenite were effective in preventing testicular damage due to the

injection of cadmium in male rats.

Several other investigators have since confirmed and extended

these studies. The teratogenic effects of cadmium on tissues

(Holmberg and Ferm, 1969), and the mortality of rats given lethal

doses of cadmium (Parizek et al., 1971) are markedly reduced by
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the administration of Se. It has also been demonstrated that Se

prevents or alleviates the cadmium-induced hemorrhagic necrosis of

the ovaries of rats in persistent estrus (Parizek et al., 1968),

experimental "toxemia of pregnancy" (Parizek, 1965), damage to the

lactating mammary gland (Parizek et al., 1969), injury to pancreatic

0 cells in subacute cadmium toxicity (Merali and Singhal, 1975), and

the lung toxicity that results from intratracheally instilled cadmium

chloride in Se-deficient rats (Reddy et al., 1978). Inclusion of

relatively high Se concentrations (0.9 and 3.5 mg/liter) in the

drinking water has been shown to prevent the increase in systolic

blood pressure which occurs in rats receiving cadmium for up to one

year (Perry et al., 1974). Se therefore appears to have a general

detoxifying effect on cadmium.

Although Se protects effectively against cadmium-induced testi-

cular injury, it actually increases the cadmium content in the testis

(Mason and Young, 1967; Parizek et al., 1971; Whanger et al., 1980).

In general, Se causes the greatest increase of cadmium levels in

blood and testis, and usually reduces the cadmium content in liver

and kidney (Parizek et al., 1971; Whanger, 1979). This is demonstra-

ted by data showing a 22-fold increase in the cadmium content in

blood and a 2-fold uptake by the testis, with a decrease of 48% and

12% in the liver and kidney respectively (Chen et al., 1975a). Chen

et al. (1975a) observed marked Se-induced diversions of cadmium

binding in the testis from 10,000- and 30,000-molecular-weight (MW)

proteins to higher MW proteins. The diversion in the binding of



19

cadmium in the soluble fraction to higher MW proteins was also

observed in varying degrees in the kidney, liver and plasma. Se

was therefore postulated to protect against cadmium-induced damage

to the testis, and other tissues to a lesser extent, by diverting

its binding from proteins critically involved in metabolism to ones

less critically involved in specific metabolic processes. The

binding of cadmium to the 30,000 MW testicular proteins, which is

absent in other tissues, was suggested as a possible basis for the

unique sensitivity of the testis to cadmium injury (Chen and

Ganther, 1975).

Several mechanisms have been suggested (Shamberger, 1983) to

explain how Se diverts the binding of cadmium from low MW proteins

to higher MW ones. First, the Se may be incorporated into metallo-

thionein, the low MW cadmium-binding protein, which may promote

polymerization of this metalloprotein; secondly, a large MW, pre-

existing protein could incorporate Se into a sulfur-Se bond which

may have a higher affinity for cadmium; thirdly, Se could be in-

ducing a conformational change in this high MW protein which might

cause its affinity for cadmium to be greater. According to

Shamberger (1983), this latter process is not likely to be a major

factor since Se does not appear to be inducing the synthesis of

the high MW protein. Thus, he concluded, either one of the other

two possibilities could be the more plausible mechanism of the

Se-induced cadmium binding in tissues.
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Whanger (1981) has investigated some properties of the high MW

cadmium binding proteins in the testes. This investigator eluted

the high MW proteins obtained from the gel filtration step though a

column of DEAE Sepharose, and found that the Se and cadmium remained

together, suggesting that these elements are bound to the same

protein. The
109

Cd- and
75

Se-containing protein was subsequently

dialyzed against various reagents in order to obtain some informa-

tion on the nature of the binding of these elements. Dialysis of

this protein against solutions of either cadmium chloride or

sulfhydryl reagents resulted in the loss of radioactive cadmium and

Se from the protein; however, the pH of the dialyzing solution also

had an influence on the results. Burk et al. (1974) had previously

reported that dialysis of mercury binding protein in plasma against

sulfhydryl compounds resulted in the loss of both mercury and Se.

It thus appears that, in counteracting heavy metal toxicity, Se

remains bound to the same protein which binds the diverted metal.

Gasiewicz and Smith (1978) administered subcutaneously, a

simultaneous dose of
109

Cd (as
109

CdC1
2

) and
75

Se (as Na
2

75
Se0

3
) to

rats, and detected by gel filtration chromatography the presence of

a Cd-Se complex in plasma. A similar complex was found in plasma

after in vitro incubation of selenite, cadmium, erythrocytes and

plasma, or after incubation of selenide (H2 Se),Se) cadmium and plasma.

When erythrocytes were not included in the in vitro incubation, no

interaction of selenite, selenate, or selenodiglutathione with

cadmium was observed. These results support the hypothesis that
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hydrogen selenide or a similarly reduced selenide is the product of

selenite metabolism by rat erythrocytes. Since erythrocytes but not

plasma are known to contain glutathione reductase, which is involved

in the reduction of oxidized forms of Se to the selenide levels

(Ganther, 1979), this is a plausible posibility. In earlier work

involving the administration of various doses of Se and cadmium, these

two elements were found to be bound with an atomic ratio of about 1:1

in both in vitro and in vivo studies (Gasiewicz and Smith, 1976).

This is consistent with the possibility that cadmium is bound to a

selenium group on a protein, and may be similar to that hypothesized

for mercury and Se in a plasma protein (Burk et al., 1974).

Whanger et al. (1980) provided further evidence for a role of

selenide as an intermediate chemical form which diverts cadmium

binding. They studied the influence of various chemical forms of

Se on the diversion of cadmium binding in rat testes, and reported

that the administration of either selenate, selenite, or selenide

resulted in the diversion of cadmium binding among proteins from

rat testes. The administration of either selenomethionine or seleno-

cystine, however, did not result in any diversion of cadmium binding.

Chromate, an inhibitor of glutathione reductase, when injected into

rats, prevented the diversion of cadmium binding by selenite but

had no effect when selenide was used as the form of Se (Whanger et

al., 1980). Apparently, chromate blocked the glutathione reductase-

catalyzed reduction of selenite to selenide, which appears to be the

form of Se directly involved in the diversion of cadmium binding.



22

MERCURY IN BIOLOGICAL SYSTEMS

Sources and Bioavailability of Mercury.

Modern technological developments involving the use of mercury

compounds are responsible for the discharge of large and variable

amounts of this element into the environment. The chloroalkali

industry is the main industrial source responsible for this dis-

charge, and it has been estimated that this industry alone contri-

butes to the environment 0.45 lb of mercury per ton of chlorine

product (Murozumi, 1967). Mercury is also used in the manufacture

of electrical apparatus, paint, dental preparations and pharma-

ceuticals, and in paper and pulp making as slimicides and algicides.

The mercury used in agriculture for seed treatment can be a

particularly hazardous source since mostly methylmercury compounds

are used (Underwood, 1977).

Inorganic mercury may be biomethylated before or following

ingestion (Gage, 1975). Generally, however, methylated mercury

compounds enter the food chain mainly through the activity of

microorganisms that have the ability to methylate the mercury pre-

sent in industrial wastes (Hecker et al., 1974). Inorganic mercury

is relatively poorly absorbed (Ellis and Fang, 1967; Taguchi,

1971). Taguchi (1971) reported 6, 45, and 73 percent absorption

of mercury in rats after dosing with mercuric acetate, phenyl-

mercuric acetate, and methylmercury chloride, respectively.

Following absorption the inorganic, aryl, and methoxyalkyl
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mercury compounds behave similarly, due to the rapid degradation

of the two latter forms of inorganic mercury (Swensson and Ulfvarson,

1968). Simple alkyl forms of mercury are not only better absorbed,

they are much better retained, are more firmly bound in the tissues,

and induce higher brain mercury contents than aryl mercury compounds

(Takeda et al., 1968). Friberg (1959) compared the retention, dis-

tribution, and excretion of mercury in rats given subcutaneous

injections of methylmercury dicyandiamide or equivalent amounts of

mercuric chloride. Almost 100 times as much mercury was found in

the blood, 10 times higher mercury concentrations were present in

the brain and spleen, and twice as much in the liver of the animals

receiving the methyl compound. By contrast, the rats receiving

mercuric chloride excreted 20 times as much mercury in the urine and

about twice as much in the feces as rats given methylmercury.

The major route of mercury excretion is fecal, regardless of

the chemical form of mercury. Biliary excretion of mercury is a

relatively minor route (Klassen, 1975). With repeated exposure,

even to low mercury intakes, the rate of body accretion may exceed

the rate of mercury excretion resulting in tissue accumulation of

the element and eventual impairment of physiological function

(Ammerman et al., 1977). In rats, all tissues except hair showed

saturation kinetics with repeated dosage of methylmercury

(Salvaterra et al., 1975). Tissue proteins have high affinity

for mercury and a major excretory mechanism appears to be via

extrusion of epithelial cells (Ammerman et al., 1977).
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Selenium-Mercury Interactions.

The first evidence that selenite and, to a lesser extent,

selenomethionine markedly reduce the acute nephrotoxicity of mercuric

mercury in rats was provided by Parizek and Ostadalova (1967). They

demonstrated that the reduction in mercury toxicity to the kidneys

occurs only if the Se compound is given after the mercury compound.

Administration of Se before mercury, however, results in an increased

mortality in male rats. Similar results have been observed with the

adminsitration of mercuric mercury and dimethylselenide or trimethyl-

selenium ion (Parizek et al., 1971). In chronic exposure in rats,

Se reduced the toxicity of mercuric mercury (Groth et al., 1972).

Injections of mercuric chloride (20 pmoles/kg body weight) in

female rats caused severe damage to the kidneys and small intestines

(Parizek et al., 1971). This damage was completely prevented by the

administration of selenite.

Ganther et al. (1972) demonstrated that the mercury in tuna

fish was less toxic, and this could possibly be because of its Se

content (Ganther and Sunde, 1974). Japanese quail which were given

20 ppm mercury as methylmercury in diets containing 17% tuna survived

longer than quail given the same amount of methylmercury in a corn-

soya diet. Mortality of the quail was greatly reduced when Se was

added to the corn-soya diet to equal the amount of Se in the tuna.

In rat experiments (Whanger, 1981), purified diets with casein were

used with or without 0.5 ppm Se as selenite, and various concentra-

tions of methylmercury (0 - 25 ppm Hg) were given in the diet. At
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the end of six weeks, all rats given 10 ppm mercury had died, while

the supplemental Se was completely effective in preventing mortality.

Studies done by others (Ohi et al., 1976) indicate that the efficacy

of Se in tuna is roughly equivalent to that of Se as selenite in

terms of growth rate but approximately half as effective in pre-

venting neurological manifestations in rats fed diets containing

methylmercury.

Some work has been done on the deposition of Se and mercury in

eggs. Inclusion of methylmercury (20 ppm) and Se (8 ppm) in diets

for laying hens resulted in an increased mercury deposition in egg

white (Magat and Sell, 1979). There was a simultaneous reduction

of the mercury content in egg yolk. About 97% of the total mercury

in egg white was associated with ovalbumin and Se had very little

influence on this. In contrast, the largest proportion of Se was

found in the globulin of the egg white. It is possible that this

preferential binding of mercury by ovalbumin, and of Se by globulin,

may be the reason for essentially no interaction of these two ele-

ments in egg whites (Whanger, 1981; Shamberger, 1983). Latshaw

(1975) has suggested that the different affinity of Se for egg

white and yolk may be due to the origin of the corresponding pro-

teins from the oviduct and liver, respectively. The liver is a

major site of Se metabolism, whereas the lower concentration in the

oviduct tissue could explain the lower Se concentration in egg

white (Shamberger, 1983).
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Even though several researchers have demonstrated the ability

of Se to alleviate the toxicity of both organic (Welsh and Soares,

1976; Skerfving, 1978; Johnson and Pond, 1974; Potter and Matrone,

1974; Stoewsand et al., 1977; Iwata et al., 1973; Ohi et al.,

1975) and inorganic mercury (Johnson and Pond, 1974; Groth et al.,

1973; Potter and Matrone, 1974), it should be pointed out that Se

does not produce beneficial effects against mercury toxicity under

all situations. Methylmercury significantly depressed weight gains

in chicks, and Se markedly enhanced this effect of mercury (Sell

and Horani, 1976). Administration of a low dose of selenite in

combination with a high dose of methylmercury in pregnant mice re-

sulted in an increased number of implantation sites, as well as

increased incidence of resorptions. Injection of a combination of

a high dose of selenite and a high dose of methylmercury, however,

resulted in a decrease in embryo-lethality and an increase in the

incidence of cleft palate (Nobunaga et al., 1979).

The mechanisms by which Se reduces the toxicity of mercury are

not well understood and appear to be complex (Shamberger, 1983).

Simultaneous administration of Se and mercury increases whole-body

retention of mercury (El- Begearmi et al., 1977). It appears that

Se causes an increased retention of mercury in the blood, liver,

and the spleen while it decreases the levels of this element in the

kidneys (Parizek et al., 1969). It has been suggested (Burk et al.,

1974) that Se is first associated with protein and then subsequently

retains mercury. In this way mercury is prevented from reaching
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the target structures. After this occurs Se may change the dis-

tribution of mercury among the soluble proteins in the liver or

kidney (Mengel and Karlog, 1980). Mercury has been observed to

significantly depress the activity of glutathione peroxidase

(Black et al., 1979), and the most pronounced inhibition of the

enzyme was found in the liver and kidneys.

There is some evidence in the literature which indicates that

the biological systems may accumulate mercury and Se at molar in-

crement ratios in tissues of some animals. When the doses of

mercury and Se were varied in rats, the molar ratio of these ele-

ments in a plasma protein remained fairly close to unity (Burk et

al., 1974). The Se content of high-mercury tuna was observed to

be greater than in low-mercury tuna (Ganther and Sunde, 1974).

Levels of mercury in the livers of 56 specimens of 9 different

species of marine mammals were highly correlated (r = 0.99) with

the Se content, and 1:1 mercury-selenium molecular increment ratios

were also found (Koeman et al. 1975).

Chen et al. (1974) conducted an experiment to determine

whether Se would divert the binding of inorganic mercury as it

does cadmium. Injection of Se 30 minutes before the injection of

mercuric chloride resulted in almost complete diversion of mercury

binding from low MW proteins (about 10,000) to larger MW ones

(about 150,000) in liver, testis and kidney of rats. Diversion

also occurred in the plasma, although to a lesser degree. Burk

et al. (1974) have suggested that one action of selenite is to
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stimulate the removal of inorganic mercury by metallothionein.

However, Chmielmicka and Brzeznicka (1978) have found that selenite

interferes with the stimulation of metallothionein synthesis by a

variety of inorganic and organic mercurials.

SELENIUM INTERACTION WITH OTHER HEAVY METALS

Parenteral administration of Se, as selenate, has been shown to

prevent death in rats due to thallium poisoning (Hollo and Zlatarov,

1960). This observation has been confirmed by Rusiecki and

Brzezinski (1966) who reported that oral administration of selenate

prevented the toxicity of thallium, while substantially increasing

the levels of this heavy metal in the liver, kidneys and bones.

Subcutaneous injection of thallium acetate increased the retention

of Se in the liver and kidney, and diminished pulmonary and urinary

excretion of Se (Levander and Agrett, 1969). Dietary thallium (10

ppm), however, did not promote liver necrosis in vitamin E- and Se-

deficient rats (Whanger and Weswig, 1978).

Se is effective in counteracting the toxicity of silver but

only at excessively high levels (Diplock et al., 1967; Diplock,

1976; Whanger, 1976). However, vitamin E has been demonstrated to

be more effective than Se in counteracting silver toxicity (Diplock,

1976; Whanger, 1976). Silver causes a decrease in tissue GSH-Px

concentrations but this can be overcome by Se administration

(Wagner et al., 1975; Black et al., 1979). Dietary Se (0.5 ppm)



29

dramatically improved growth and survival of rats receiving 751 ppm

silver in their drinking water and completely overcame the growth

depression caused by 75 ppm silver in the water (Wagner et al.,

1975). This protective effect of Se against silver toxicity was,

as is generally the case, associated with an increase rather than

a decrease in tissue silver concentrations.

Se appears to have very little effect on lead toxicity (Rastogi

et al., 1976; Cerklewski and Forbes, 1976; Levander et al., 1977;

Levander, 1979). Although lead poisoning is markedly enhanced in

vitamin E-deficient rats, Se supplementation had no effect on the

splenomegaly, hematocrit, or red cell mechanical fragility of rats

poisoned with 250 ppm lead in the drinking water (Levander et al.

1977). High levels of dietary Se (2.5 and 5.0 ppm) partially

protected against the decreased erythrocyte filterability observed

in lead-poisoned, vitamin E-deficient rats, but these levels of Se

were toxic in themselves (Levander et al. 1977). Thus, Se does

not counteract the toxicity of all heavy metals, and vitamin E is

more effective against some than Se. Presented on page 30 is a

summary of mechanisms proposed by Whanger (1981) with regards to

the metabolic interrelationship between Se, vitamin E, and heavy

metals.
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EFFECTS OF DIETARY SELENIUM ON THE METABOLISM OF CADMIUM AND

MERCURY IN REPRODUCTIVE AND NONREPRODUCTIVE TISSUES

INTRODUCTION

Several research groups have studied the effects of Se on

the metabolism of cadmium and mercury in tissues both at the

cellular and subcellular levels. Most of these studies have in-

volved very short time periods (ranging from 30 minutes to a few

hours) and, as such, are not truly representative of real life

situations. These studies were therefore conducted to investi-

gate how physiological levels of Se (0.2 ppm) in the diet could

influence, over an extended period of time, the in vivo metabo-

lism of radioactive cadmium (
109

Cd) and mercury (

203
Hg)

administered intraperitoneally at low levels.

MATERIALS AND METHODS

Experimental Animals

Forty-eight male rats of the Sprague-Dawley strain, weighing

230 320 g,were randomly assigned to two groups of 24 rats. One

group of rats (control) was fed a torula yeast-based d et
I

contain-

ing less than 0.02 ppm Se, and the other group received the same diet

I

See Appendix Table 1.
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supplemented with 0.2 ppm Se as sodium selenite (Na2Se03). Both

groups were fed their respective diets for 32 days before
109

Cd or

203
Hg was injected.

109
Cd and

203
Hg Administration

After the 32-day equilibration periods, 24 rats (12 each from

the Se-deficient and Se-adequate groups) were injected intraperito-

neally (i-p) with
109

Cd (5 pCi/rat) in O.IM HC1. The other 24 rats

received i-p injections of
203

Hg (10 pCi/rat) as 203HgNO3. The

control and Se-adequate rats in each treatment group were further

divided into 3 subgroups of 4 rats, and these were labeled Day 1 (1d),

Day 7 (7d), and Day 14 (14d), each day referring to the time, post-

injection, the rats in each subgroup were sacrificed. All the

animals were housed individually in stainless steel cages and

maintained on the same pre-injection diets until they were killed.

Urine, Feces and Tissue Collection

Urine and feces were collected from rats in the 14d groups at

12 and 24 hours after injection with 109Cd or 203Hg and daily there-

after until the 14th day.

On appropriate days, the rats were killed, while under mild

chloroform anesthesia, by decapitation with a guillotine. Blood was

collected in plastic vials that had previously been rinsed with a

cold solution of sodium citrate to prevent clotting. Brains, livers,

kidneys, testes, epididymides, seminal vesicles, and prostate glands

were removed, trimmed free of fat, washed in 0.9% NaCI solution,
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weighed, and counted in a Beckman 8000 Gamma Counter to measure

whole tissue
109

Cd or
203

Hg content. This was then used to deter-

mine radioactivity per gram tissue. One milliliter aliquots of

109
Cd and

203Hg standards were prepared at the beginning of the

experiments and were counted with each group of samples to correct

for physical decay of the radioisotopes.

Gel Filtration and Optical Density Measurement

Decapsulated testes and weighed portions of the other tissues

from rats in each group were pooled and homogenized with 2 volumes

of 10% sucrose solution in a Potter-Elvehjem homogenizer equipped

with a Teflon pestle. (Kidneys, seminal vesicles and epididymides

were minced with the aid of a Sorvall Omnimixer before they were

homogenized.) The homogenates were centrifuged at 160,000 g for 90

minutes to obtain the cytosolic fractions. As much as was feasible,

testicular cytosols were prepared within 3 - 4 hours after the

testes were removed from the rats. The other tissues were kept

frozen (for not more than 48 hours) at -21°C until analyzed for

109
Cd or

203
Hg.

The cytosols were chromatographed on Sephadex G-75 columns

(2 x 100 cm) at 4°C using 0.05M Tris-Cl buffer, pH 8.4. Fractions

of about 5 ml were collected at a flow rate of 30 ml/hour. The

fractions were counted for
109

Cd or
203Hg levels as previously

described and their optical densities were determined at 280 nm

with the aid of a Hitachi 100-80A spectrophometer.
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Statistical Analyses

Wherever appropriate, the data in this and subsequent sections

were subjected to statistical analyses using the Scheffe (1953)

test for multiple comparisons of means.

RESULTS AND DISCUSSION

Urinary and Fecal Excretion of
109

Cd and
203

Hg

More of the
109

Cd and
203Hg were excreted in feces than urine

in both the Se-deficient (-Se) and Se-adequate (+Se) rats (Table 1.1).

The -Se rats excreted significantly more (P < 0.05)
109

Cd in both

urine and feces than the +Se rats. In contrast, the -Se,
203

Hg-

injected rats excreted significantly more (P < 0.05)
203

Hg only in

the urine as compared to the +Se rats. The amounts of
203

Hg excreted

in the feces were similar in both groups of rats.

After an initial increase in fecal and urinary
109

Cd excretion

from 12 to 24 hours post-injection (Figure 1.1), there was a general

decline in the pattern of excretion in both groups, with the exception

of the marked increase in urinary
109Cd excretion exhibited by the +Se

rats and to a smaller extent, -Se rats on days 10 and 11 (Figure 1.1A).

The feces also showed similar patterns of
109Cd excretion in that an

increase occurred up to 24 hours post-injection, and then there was

109
a steady decline in 109Cd excretion until day 5. The excretion

finally remained at a plateau and did not increase again in contrast

to the urine (Figure 1.1). In contrast, there were no initial in-

creases in the excretion of
203Hg, but there was a rapid decline up



Table 1.1.
203 .

*
Effect of Se on Excretion and Retention of

109
Cd and Hg In Rats

Cumulative % of Administered
109

Cd &
203

Hg

Excreted

Feces Urine % Retained (Cumulative)

Se
203

Status
109

Cd
203 109

Hg Cd
109

Cd
203

Hg Hg

-Se 45 ± 2.4a 48 ± 3.61 5 ± 0.3c 30 ± 3.3
2

50 ± 2.0 22 ± 3.3
4

15 ± 1.7
b

46 ± 3.1
1

2 ± 0.2
d

+Se 20 ± 2.83 83 ± 1.7Y 34 ± 2.65

*
Data obtained from the 14d rats. Means (±SEM) within the same column followed by similar
superscripts are not significantly different at P < 0.05.
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to day 2 post-injection. Afterwards, a slower phase of
203

Hg

excretion was reached in both urine and feces (Figure 1.2).

Se Retention and Half-Life Determination

Cumulative fecal and urinary excretion of
109

Cd and
203

Hg was

used to determine the total amount of radioisotopes retained

(expressed as a percentage of the total dose administered) in the

rats by the 14th day of the experiment. The log percent cumulative

retention of the two radioisotopes was plotted against time (Figures

1.3 and 1.4), and the biological half-life (ti) was calculated by

extrapolation of the linear portion of the retention curves. The

t, of
109 Cd was found to be about 202 and 219 days respectively for

the -Se and +Se rats (Figure 1.3); that of 203Hg was 2.0 and 6.0

days for the -Se and +Se rats respectively (Figure 1.4). The tl

values of
109

Cd and
203Hg for the +Se rats were found to be signi-

ficantly higher (P < 0.05) than those for the -Se rats. Thus, Se

appears to enhance retention of Cd and Hg in rats. This is consistent

with observations made by other workers who reported increased

retention of Cd (Welch and House, 1980; Whanger, 1981) and Hg

(Burk et al., 1977) in rats fed Se.

109
Cd and

203 Hg Distribution in Tissues

Dietary supplementation with Se had a marked effect on tissue

Cd and Hg concentrations. One one hand, it increased blood and

testis 109Cd levels in the Id, 7d and 14d rats, with a progressive

increase with time (Table 1.2). On the other hand, it decreased
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Table 1.2. Influence of Se on Cd and Hg Deposition in Rat Tissues

Tissue

% of Label in +Se Rat Tissues as Compared to -Se Rat Tissues (± SEM)1

Day 1 Day 7 Day 14

109
Cd

203
Hg

109
Cd

203
Hg

109
Cd

203
Hg

Blood 204 ± 9 478 ± 11 400 ± 14 300 ± 15 431 ± 17 100 ± 6

Brain 39 ± 3 300 ± 17 50 ± 7 119 ± 13 40 ± 4 150 ± 9

Liver 54 ± 3 118 ± 17 70 ± 6 126 ± 11 73 ± 5 269 ± 13

Kidney 89 ± 2 63 ± 4 38 ± 2 110 ± 7 25 ± 2 92 ± 12

Testis 120 ± 6 131 ± 10 333 ± 13 52 ± 4 323 ± 11 56 ± 3

Seminal Vesicle 59 ± 2 135 ± 5 57 ± 3 96 ± 9 81 ± 9 175 ± 11

Epididymis 75 ± 5 150 ± 8 85 ± 4 100 ± 7 25 ± 3 91 ± 5

Prostate 40 ± 4 155 ± 13 75 ± 5 118 ± 10 100 ± 8 180 ± 11

203
i

1

Levels of
109

Cd or Hg in tissues from -Se rats were assigned the value of 100 percent.
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the levels of this radioisotope in the epididymis, seminal vesicles,

prostate gland, brain, liver and kidney. The disparity between

109Cd levels in tissues from -Se and +Se rats (except those of the

kidney and epididymis) was less pronounced with the progression of

time (Figure 1.5; Table 1.2).

Twenty-four hours after the administration of 203Hg, Se had

caused a drastic increase in the level of the radioisotope in blood

(about 5-fold) and brain (3-fold), and had elevated the 203Hg levels

in the testis, seminal vesicles, epididymis and prostate gland over

those of comparable organs from the -Se rats (Table 1.2). However,

there was a marked reduction in Hg concentrations in testis from the

+Se rats, and by the 14th day of the experiment,
203

Hg levels in the

+Se rat testes were only one-half of those in the testes from -Se

rats (Table 1.2). The effects of Se on Hg deposition in the prostate

gland, seminal vesicles, and epididymis in the 7d and 14d rats were

.

quite mixed. The levels of
203Hg in tissues from +Se rats were

either higher than, or equal to those in similar tissues from -Se

rats, or even slightly lower (Figure 1.6; Talbe 1.2).

The kidney consistently contained the highest concentration of

203Hg (Figure 1.6) and was second only to the liver in its 109Cd

content (Figure 1.5). Weight for weight, the epididymis and prostate

gland accumulated more 203Hg than the testis, but the latter contained

twice the amount of
109

Cd in the epididymis and prostate gland (Table

1.3). All the tissues examined (except the brain) had higher
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Table t.3.

45

Comparative Retention of
109

Cd &
203

Hg by Rat Tissues
*

% of Dose Retained/g tissue (±SEM)

Tissue
109

Cd
203

Hg

Blood 0.04 ± 0.008a 0.02 ± 0.003
1

Brain 0.01 ± 0.003
b

0.02 ± 0.005
1

Liver 3.80 ± 0.92c 0.43 ± 0.012
2

Kidney 2.60 ± 0.76c 15.70 ± 2.343

Testis 0.70 ± 0.11
d

0.10 ± 0.009
4

Epididymis 0.33 ± 0.08e 0.20 ± 0.005
5

Seminal Vesicles 0.35 ± 0.09e 0.07 ± 0.0084

Prostate Gland 0.10 ± 0.004
f

0.18 ± 0.003
5

Means (±SEM) within the same column followed by a common

superscript letter or numeral are not different at P < 0.05.

*These data were obtained from the 14d rats, and they re-

present the averages of tissues from both -Se and +Se rats.
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concentrations of
109

Cd and
203

Hg per gram tissue than blood. The

implication of these findings is discussed in detail in a later

section.

Subcellular Distribution of
109

Cd and
203

Hg

Sephadex G-75 chromatography of the soluble fraction (cytosol)

of the testis revealed three major
109

Cd peaks (Figures 1.7 1.9).

In testicular cytosols from the
109 Cd-injected rats, Peak I, which

eluted with the void volume of the column, had a molecular weight

(MW) greater than 70,000; Peak II had a MW of about 30,000, and Peak

III, which presumably is metallothionein, had a MW of 10,000. The

various
109

Cd peaks maintained fairly constant levels with time. In

contrast to
109

Cd, only two
203Hg peaks were found when testis

cytosols were subjected to gel filtration (Figures 1.10 - 1.12).

These two peaks correspond to >70,000 and 10,000 MW Hg-binding

proteins. There were no changes in the
203

Hg peaks with time.

As shown in Figures 1.7, 1.8 and 1.9, dietary Se supplementa-

tion markedly affected the distribution of Cd within the testicular

cytosol. In -Se rats, most of the Cd was bound to low MW (10,000

and 30,000 MW) proteins. In contrast, dietary Se caused a diver-

sion of about 60, 65, and 75 percent of the Cd to the high MW

proteins in the Id, 7d and 14d +Se rats respectively. In addition,

Se progressively increased the Cd content of the cytosolic fraction

of the testis so that by the 14th day of the experiment, testicular

cytosols from +Se rats contained more than twice the amount of Cd
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in -Se rat testis cytosols (Table 1.4). This progressive Se-

induced increase in testis cytosol Cd content is reflected in the

continued increase in the high MW protein-bound
109

Cd levels

(Figures 1.7 1.9). The results obtained in this study with

respect to
109 Cd-labeled rat testicular cytosols are consistent

with the findings of Chen et al. (1974, 1975a), who observed

marked Se-induced diversions of Cd from 10,000 and 30,000 MW

proteins to higher MW proteins in rat testicular cytosols. They

also suggest that, in the presence of Se, rat testes are capable

of progressively accumulating Cd without any apparent injury to

these organs.

Se only caused a small amount of diversion of Hg from low MW

proteins (the majority being 10,000 MW proteins; very little Hg

was bound to the 30,000 MW protein) in the rat testis cytosols to

higher MW proteins (Figures 1.10 1.12). These results are in

contrast to the more pronounced effect of Se on Cd binding. This

is vividly illustrated by the pattern of Hg distribution within the

testicular cytosols from the Id rats (Figure 1.10). Although

testicular cytosol from the +Se rats (1d) contained twice as much

Hg as that from -Se rats (Table 1.4), Se only caused 20 percent

more diversion of Hg from low MW proteins to higher MW ones

(Figure 1.10). Se supplementation did not significantly alter the

distribution pattern of Hg within the testicular cytosols in the

7d and 14d rats (Figures 1.11 and 1.12). After initially

203
increasing Hg levels in testicular cytosols, Se actually



Table 1.4. Influence of Se on the Cytosolic Content of Cd and Ng in Rat Tissues

% of Label in +Se Rat Tissue Cytosols as Compared to -Se Rat Tissue Cytosols
1

Tissue

Day 1 Day 7 Day 14

109
Cd

203
Hg 109Cd

203
Hg

109
Cd

203
Hg

Brain 35 ± 4 185 ± 14 2 ± 3 135 ± 12 45 ± 5 140 ± 11

Liver 60 ± 7 130 ± 9 62 ± 5 142 ± 11 66 ± 5 188 ± 14

Kidney 71 ± 5 85 ± 6 37 ± 2 95 ± 8 40 ± 3 90 ± 10

Testis 160 ± 11 210 ± 16 205 ± 12 63 ± 8 230 ± 17 67 ± 6

Seminal Vesicle 53 ± 7 148 ± 10 51 ± 8 109 ± 11 70 ± 8 152 ± 9

Epididymis 80 ± 7 163 ± 10 89 ± 6 105 ± 13 43 ± 4 110 ± 12

Prostate 65 ± 4 130 ± 8 72 ± 9 120 ± 9 95 ± 8 85 ± 14

1 Levels of the radioisotopes in tissues from -Se rats were assigned the value of 100 percent.
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reduced the levels of this radioisotope in the 7d and 14d rat

testis cytosol, a reflection of the general Se-induced reduction

in whole testis Hg content described earlier in this section (see

Table 1.2 and 1.4).

Several investigators (Parizek et al., 1971; Chen et al.,

1974) have reported that Se increases whole tissue and cytosolic

Hg content of rat testis. In the present study, while Se actually

increased Hg levels in the rat testis as a whole and in testicular

cytosols 1 day after the injection of
203

Hg, it actually reduced

the levels of this metal in the testis thereafter. This indicates

that with time Se causes a depletion of Hg in testis.

There were marked differences in the pattern of
109

Cd distri-

bution in epididymal cytosols between rats fed Se and those which

did not receive this element in their diet. In the Id and 7d -Se

rats, more than 70 percent of the Cd was bound to a 10,000 MW pro-

tein assumed to be metallothionein; whereas in the Id and 7d +Se

rats, almost all the Cd in the epididymal cytosol was associated

with proteins having a MW of over 70,000 (Figures 1.13 and 1.14).

Se supplementation resulted in a marked reduction of the
109

Cd

content in the 10,000 MW protein in epididymal cytosols obtained

from the 14d rats (Figure 1.15). With the exception of the Id

rats where there was a small increase in the higher MW protein-

bound Hg, Se had no significant effect on the distribution of Hg

within the epididymal cytosol (Figures 1.16 - 1.18).
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Figure 1.18. 
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Sephadex G-75 chromatograms 
of rat epididymal cytosol 

14 days after rats were injected intraperitoneally 

with 
203 

Hg. Column conditions were similar to those 

described in Figure 1.7. 
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109Cd
9Cd n seminal vesicle cytosols was evenly distributed between

the low and high MW proteins in both -Se and +Se rats 24 hours after

the animals were injected with the radioisotope (Figure 1.19). How-

ever, as time progressed, Se caused more Cd to be bound to the high

MW proteins while as the same time there was a progressive increase

in the amount of Cd bound to the 10,000 MW protein in seminal vesicle

cytosols from -Se rats (Figures 1.20 and 1.21). Dissimilar to the

fate of
109Cd, Se supplementation caused no significant changes in

the distribution of Hg in the vesicular cytosols, except that it

caused much more Hg to be bound to the 10,000 MW protein in the 7d

rats (Figure 1.23). It is interesting to note that by the 7th day of

the experiment, Hg had started to become bound to several proteins

which eluted with the void volume of the column, and by the 14th day,

these Hg-bound protein peaks had become very prominent (Figures 1.23

and 1.24). In general, Se increased the cytosolic
203

Hg levels of

the seminal vesicles, while it decreased those of
109

Cd (Table 1.4).

Except for the prostatic cytosol from the ld, 109Cd-injected

rats where Se caused a diversion of about 85 percent of the Cd to

high MW proteins (Figure 1.25), there were no significant differences

between the -Se and +Se rats with regards to the distribution pat-

terns of
109

Cd and
203 Hg within the soluble fraction of the prostate

gland (Figures 1.26 and 1.27; 1.28 - 1.30). Nor did Se supple-

mentation result in any appreciable change in the deposition of both

radioisotopes in the prostatic cytosols (Table 1.4).
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Se markedly reduced
109

Cd but elevated
203

Hg levels in brain

cytosols (Table 1.4). This Se-induced decrease or increase of the

cytosolic levels of the two radioisotopes was reflected in the

distribution pattern of the labels in brain cytosols obtained from

both -Se and +Se rats (Figures 1.31 - 1.36). As time progressed,

more of the
109

Cd and
203Hg were bound to the 10,000 MW protein in

the -Se and +Se rats than with the higher MW proteins. This could

be indicative of a specific role for brain metallothionein in

binding heavy metals during prolonged exposure to the metals, and

this phenomenon appears to be independent of the Se status of the

animals.

Dietary Se decreased the Cd content in the soluble fraction of

the kidney and liver (Table 1.4) as it did the whole tissue Cd con-

tent of these organs, and drastically altered the distribution

pattern of this element within the soluble fraction of the kidney

but not in that of the liver (Figures 1.37 - 1.42; 1.43 - 1.45).

Without Se supplementation, almost all the Cd in the kidney cytosol

was bound to the low MW proteins. In contrast, in rats receiving

Se in their diet, the majority of the Cd (>50%) in the kidney

cytosol was associated with a protein having a MW greater than

70,000 (Figures 1.37 1.39). Most of the Cd in the liver cytosol,

however, was bound to the 10,000 MW protein, and the Se status of

the rats had no influence on this (Figures 1.43 - 1.45). These

findings are consistent with the observations of Chen et al.

(1975a) who reported that Se not only reduced Cd levels in the
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Figure 1.31.
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24 hours after rats were injected intraperitoneally

w th
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Cd. Column conditions were similar to

those described in Figure 1.7.
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24 hours after rats were injected intraperitoneally
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Hg. Column conditions were similar to

those described in Figure 1.7.
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kidney and liver but it also diverted the binding of about 50 per-

cent of Cd from low MW proteins to high MW ones in kidney cytosols.

However, Se caused the diversion of only a small amount of this

metal in the liver.

As shown in Table 1.4, Se reduced
203

Hg levels in the kidney

cytosol but it diverted some (about 30%) of the Hg to higher MW

proteins eluting with the void volume of the column (Figures 1.40 -

1.42). In the Id, 7d and 14d -Se rats, however, nearly all the Hg

in the kidney cytosol was bound to the 10,000 MW protein. The

binding of Hg and the diversion by Se in the liver was similar to

that observed in the kidney except that greater amounts (40 70%)

of Hg were diverted from low MW proteins to higher MW ones (Figures

1.46 t.48). These results agree in part with those of Chen et al.

(1974) who observed that the inorganic Hg in kidneys and livers

from -Se rats was bound almost exclusively to a 10,000 MW protein,

whereas in similar organs from +Se rats essentially all of the Hg

from the low MW protein was diverted to higher MW ones. In the

present study, nearly all the Hg in the kidney and liver from -Se

rats was bound to the low MW protein; however, only 30 and 40 - 70

percent respectively of the Hg in kidney and liver from +Se rats

were diverted from the 10,000 MW protein to higher MW proteins.
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EFFECTS OF VARIOUS CHEMICAL FORMS OF SELENIUM ON CADMIUM AND MERCURY

DISTRIBUTION IN SEMEN IN VITRO

INTRODUCTION

Whanger et al. (1980) have investigated the influence of various

chemical forms of Se on the diversion of cadmium binding in rat

testes. Their study has been extended in the present work to deter-

mine the influence of Se as selenite, selenocystine, and seleno-

methionine on the diversion of cadmium and mercury binding in ram

semen in vitro.

MATERIALS AND METHODS

Experimental Animals and Semen Collection

Six to ten yearling Suffolk rams obtained from the Oregon State

University Sheep Center were used in this study. Semen ejaculates

were collected from the rams over a 6-month period, using an electro-

ejaculator. The semen collected on any given day was pooled and

evaluated for volume, sperm concentration and motility.

Semen Incubation and Treatment with Selenocompounds,
109

Cd and
203

Hg

(a)
109

Cd: Two milliliter aliquots of the pooled semen were

placed in each of 6 test tubes labeled Al, A2, A3, A4, A5 and A6. To

each of the semen-containing test tubes was added 1 ml of 0.9% NaC1

solution containing 0.02 pmole
109

CdC1
2

(1 pCi). One milliliter

aliquots of 0.9% NaC1 containing equimolar (0.02 pmole) concentrations
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of selenite, selenocystine and selenomethionine were respectively

added to tubes Al, A2 and A3. Tubes A4 - A6, which contained only

semen and 109CdC12, served as controls.

(b)
203

Hg: The above procedure was repeated for
203

HgNO3'

except that 1 ml of 0.9% NaCl solution containing 0.05 pmole
203

HgC1
2

(1.2 pCi) was added to each of 6 test tubes labeled 81, B2, B3, B4,

B5 and B6. Tubes B1 - B3 contained the test samples (semen +
203HgNO3

+ selenite/selenocystine/selenomethionine), while tubes B4 B6 served

as controls (semen +
203

HgNO3 )

To determine the effects of Cd and Hg, with or without Se, on

the life span of spermatozoa in vitro, a drop was taken from each of

the semen samples and examined under a light microscope at 15-minute

intervals for motile sperm. The microscopic examination was terminated

when no more motile spermatozoa were observed.

Both the test and control samples in (a) and (b) were incubated

at 37°C for 24 hours, after which each sample was subjected to low

speed centrifugation (1000 g) in a clinical centrifuge for 10 minutes

to separate spermatozoa from the seminal plasma. The spermatozoa

were washed twice with physiological saline to remove residual seminal

plasma. The sperm and seminal plasma, together with the washings,

were then counted for
109

Cd and
203 Hg radioactivity to determine the

pattern of distribution of the two radioisotopes between spermatozoa

and seminal plasma. The foregoing procedures were repeated 3 times

to obtain triplicate results.
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Dialysis and Gel Filtration Chromatography

In order to remove any
109

Cd or
203Hg adsorbed to the spermatozoal

membrane surfaces, sperm samples obtained from the centrifugation step

were dialyzed against 0.005 pmole cold CdC12 or 0.002 pmole cold HgNO3

for 24 hours. The samples were then counted again to determine the

amount of bound radioisotopes. In perparation for gel filtration

chromatography the spermatozoa were solubilized by treating the sperm

samples with 2.25N NaOH for 24 hours. The samples were then dialyzed

for 12 hours against double distilled water to remove the NaOH. All

these procedures were conducted at 4°C.

Finally, the seminal plasma and the solubilized spermatozoa (both

test and control samples) were chromatographed on Sephadex G-75 columns

(2 x 100 cm) at 4°C using 0.05M Tris-Cl buffer, pH 8.4. Fractions of

about 4 - 5 ml were collected at a flow rate of 32 ml/hr. The frac-

tions were counted for
109

Cd or
203 Hg levels, and their optical densi-

ties were measured at 280 nm.

RESULTS AND DISCUSSION

Effect of Selenite, Selenocystine and Selenomethionine on the Distri-

bution of
109

Cd and Hg in Ram Semen In Vitro

When ram semen was incubated with only
109Cd, almost all the label

was associated with the spermatozoa at the end of the 24-hour incuba-

tion period. However, with the addition of Se as selenite, seleno-

cystine or selenomethionine, 13 to 36 percent of the
109

Cd were

redistributed to the seminal plasma (Table 11.1). Of the 3
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Table 11.1. Effect of Various Selenocompounds on the Distribution

of
109

Cd and
203

iHg in Ram Semen In Vitro

Treatment

% Distribution of Label in Semen

Sperm Seminal Plasma

Semen +
109

Cd (Control)
a

96 4

Semen +
109

Cd + Seleniteb 69 31

Semen +
109

Cd + Selenocystine
b

87 13

Semen +
109

Cd + Selenomethionine
b

64 36

Semen +
203

Hg (Control)
c

49 51

Semen +
203

Hg + Selenite
d

80 20

Semen +
203

Hg + Selenocystine
d

66 34

Semen +
203

Hg + Selenomethionine
d

72 28

a
0.005 pmole

109
Cd

b
0.005 pmole

109
Cd + 0.005 pmole selenocompound

c
0.002 pmole

203
Hg

d
0.002 pmole

203
Hg + 0.002 pmole selenocompound
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selenocompounds, selenite and selenomethionine caused the greatest

amount of
109Cd redistribution to seminal plasma; nevertheless, the

majority of the label was still associated with the spermatozoa

(Table 11.1).

203Hg was evenly distributed between the seminal plasma and

spermatozoa when ram semen was incubated for 24 hours with this

radioisotope; however, incubation with 203Hg and selenite, seleno-

cystine or selenomethionine resulted in the redistribution of more

of the label to the spermatozoa with selenite causing the greatest

change in 203Hg distribution (80%). Again, as was the case with

109Cd, selenocystine caused the least amount of redistribution

(Table 11.1).

Following dialysis of the sperm samples against 0.005 umole

cold CdC1
2
or 0.002 umole cold HgNO3, 58 percent of the

109
Cd that

was originally associated with spermatozoa was lost in the selenite-

treated sample, 65 percent in the selenocystine-treated sperm and

51 percent in the sample treated with selenomethionine. Dialysis of

the
203Hg-labeled spermatozoa caused a more drastic loss of the

radioisotope. As shown in Table 11.2, 88, 92 and 80 percent of the

label was respectively lost from spermatozoa incubated with selenite,

selenocystine or selenomethionine. In the control samples (i.e.,

spermatozoa incubated with only
109

Cd or
203

Hg) dialysis resulted

in the loss of 70 and 62 percent respectively of the
109

Cd and

203
Hg that was associated with spermatozoa after the 24-hour incu-

bation period. These results show that although most of the
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Table 11.2. Effect of Dialysis on the Loss of
109

Cd or

203
Hg From Ram Spermatozoa Incubated With

These Radioisotopes With or Without Se

Treatment
% Loss of

Radioactivity

Sperm + 109Cd (Control)a 70

Sperm +
109

Cd + Selenite
b

58

Sperm +
109

Cd + Selenocystine
b

65

Sperm +
109

Cd + Selenomethionine
b

51

Sperm + 203Hg (Control)c 62

Sperm +
203

Hg + Selenite
d

88

Sperm +
203

Hg + Selenocystine
d

92

Sperm +
203

Hg + Selenomethionine
d 80

a
0.005 pmole

109
Cd

b
0.005 pmole

109
Cd + 0.005 pmole selenocompound

c
0.002 pmole

203
Hg

d
0.002 pmole

203
Hg + 0.002 pmole selenocompound
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radioisotopes were originally associated with spermatozoa, they were

loosely bound by the sperm. It is obvious, however, that ram sperma-

tozoa are capable of incorporating small amounts of Cd and Hg in

vitro either in the presence or absence of Se. It also appears,

from the results of this study, that Se, to some extent, inhibits

the adsorption of Cd by spermatozoal membrane surfaces while it

facilitates that of Hg.

Preliminary studies had shown that equimolar concentrations of

Se, as selenite, selenocystine or selenomethionine were capable,

within limits, of prolonging the in vitro life span of ram spermato-

zoa treated with cold Cd or Hg over that of spermatozoa incubated

with these metals without Se. In this experiment, periodic examina-

tion of the sperm samples under a light microscope revealed that Se

actually enhanced the longevity of spermatozoa incubated with
109

Cd

or
203Hg, although it prolonged the life span of the

109
Cd-treated

sperm more than it did that of the
203 Hg-treated ram spermatozoa

(Table 11.3).

Sephadex G-75 Gel Filtration of Radioisotope-Labeled Ram Spermatozoa

and Seminal Plasma

Sephadex G-75 chromatography of the seminal plasma revealed two

major 109Cd and 203Hg peaks in the treatment groups (Figures 11.1 and

11.2). The first peak eluted with the void volume of the column and

thus has a molecular weight (MW) greater than 70,000. This peak

,

contained most (>80) of the 109Cd or
203

Hg in the control and treat-

ment samples. The second peak (Ve/Vo = 2.58) corresponds to a protein
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Table 11.3. Effect of Various Selenocompounds on the Life Span

of Ram Spermatozoa Incubated with
109

Cd or
203

Hg

Treatment Life Span (hours)

A Sperm + 109Cd (Control)a 8.5 ± 0.7
1

Sperm +
109

Cd + Selenite
b 16.0 ± 1.4

2

Sperm +
109

Cd + Selenocystine
b 15.6 ± 1.82

Sperm +
109

Cd + Selenomethionine
b 18.5 ± 2.1

2

B Sperm + 203Hg (Control)c 5.2 ± 0.3
1

Sperm +
203

Hg + Selenite
d 13.0 ± 1.5

2

Sperm +
203

Hg + Selenocystine
d 12.0 ± 0.9

2

Sperm +
203

Hg + Selenomethion ne
d

13.0 ± 1.3
2

Means (±SEM) within the same block (A or B) followed by

common superscript numerals are not significantly different

at P < 0.05.

a
0.005 pmole

109
Cd

b
0.005 pmole

109
Cd + 0.005 pmole selenocompound

c0.002 pmole 203Hg

40.002 pmole
203

Hg + 0.002 pmole selenocompound
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with a MW of about 5,000. Only about 6 - 10 percent of the radio-

activity was associated with this peak. As shown in Figures 11.1 and

11.2, Se did not significantly alter the pattern of
109

Cd and
203

Hg

binding to ram seminal plasma proteins, nor did the chemical nature

of the Se administered have any appreciable effect on the distribution

of the radioisotopes within the seminal plasma.

Sephadex G-75 chromatograms of solubilized ram spermatozoa are

presented in Figures 11.3 and 11.4. In both the control and treat-

ment groups, most of the
109

Cd and
203

Hg were bound to spermatozoa]

proteins having a MW greater than 70,000. However, there was also a

major peak corresponding to a metal-binding protein having an appar-

ent MW of 10,000 in the chromatograms of the
109

Cd- and
203

Hg-labeled

spermatozoa. This 10,000 MW peak was most prominent in the chromato-

gram of the selenite-treated,
203Hg-labeled spermatozoa (Figure 11.4).

In order to further characterize the nature of this 10,000 MW

Cd- and Hg-binding spermatozoa] protein, the fractions containing the

203Hg-bound, 10,000 MW protein peak were pooled, purified and analyzed

for the amino acid profile according to procedures described by Chen

and Whanger (1980) and Beilstein et al. (1981). Table 11.4 shows

the amino acid composition of the 10,000 MW Hg-binding protein. This

protein is obviously not metallothionein, as had been previously

suspected, since its cysteine content is very low (2.9%). Metallo-

thionein has been isolated from various tissues by several investi-

gators, and this low MW, metal-binding protein has been described as

containing a considerable amount of cysteine (up to 30%) and
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Table II. 4. Amino Acid Composition of Ram

Spermatozoal Hg-Binding Protein

Amino Acid % of Total Amino Acid Content

Cysteine

Aspartate

Threonine

Serine

Glutamate

Proline

Glycine

Alanine

Valine

Methionine

lsoleucine

Leucine

Tyrosine

Phenylalanine

Histidine

Lysine

Arginine

2.9

12.0

6.8

12.1

10.8

1.3

11.4

7.9

3.7

0.7

4.7

7.0

1.3

3.4

3.8

7.1

3.1

a Determined as cysteic acid.
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virtually devoid of aromatic amino acids (Kagi and Vallee, 1960, 1961;

Nordberg et al., 1972; Winge and Rajagopalan, 1972; Kagi et al.,

1974; Bremner et al., 1977; Richards and Cousins, 1977; Whanger

and Ridlington, 1982; Whanger and Deagen, 1983). Of particular

interest is the fact that the 10,000 MW metal-binding protein iso-

lated from ram spermatozoa in this study contained small amounts of

aromatic amino acids (phenylalanine and tyrosine).

Cu-chelatin, a non-thionein copper-binding protein, has been

isolated from the liver of copper-injected rats (Winge et al., 1975;

Irons and Smith, 1977). The amino acid composition of the Hg-binding,

203
10,000 MW protein isolated from ram spermatozoa incubated with Hg

and selenite is somewhat similar to that of rat liver Cu-chelatin.

This may suggest the presence of a Hg-binding chelatin in ram

spermatozoa.
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THE CHEMICAL FORM(S) OF SELENIUM INCORPORATED BY SPERMATOZOA BOTH IN

VIVO AND IN VITRO

INTRODUCTION

Several research groups have demonstrated that Se is incorporated

into the developing spermatozoa of rats, mice, bulls and rams (Burk

et al., 1972; Gunn et al., 1967; Smith et al., 1979; Pond, 1981).

Although a structural role has been postulated for Se in spermatozoa

(Calvin, 1978; Calvin and Cooper, 1979; Pallini and Bacci, 1979),

it is yet to be shown what chemical form(s) of Se is incorporated

into spermatozoal proteins. The objectives of this study are, there-

fore, (1) to determine whether mature, ejaculated spermatozoa are

capable of metabolizing inorganic Se in vitro, and (2) to identify

the form(s) of Se incorporated into sperm proteins both in vivo and

in vitro.

MATERIALS AND METHODS

A. In Vitro Experiments

Semen was obtained from yearling Suffolk rams as described in

Section tl Materials and Methods. The semen was evaluated for sperm

concentration and motility, pooled, and diluted with 2 volumes of

physiological saline. The diluted semen was incubated with 75Se

(0.5 TICi) as Na
2

75 Se0
3'

75Se-selenocystine, or
75Se-selenomethionine

at 37°C. in a water bath for 24 hours.



Spermatozoa were separated from the seminal plasma by low speed

centrifugation (1000 g) and the two components of semen were counted

separately to determine the distribution of
75Se between spermatozoa

and seminal plasma.

The seminal plasma was applied to a Sephadex G -150 column (2 x

115 cm) which had been equilibrated with 0.15M phosphate buffer con-

taining 0.3% EDTA and 0.01% NaN3. Effluent fractions (6 ml each)

were collected at 4°C at a flow rate of 30 ml/hour. At the end of

the run, the fractions were counted for
75Se levels and their optical

densities were measured at 280 nm.

Dialysis and Acid Hydrolysis of Spermatozoa

Spermatozoa obtained from the centrifugation step were washed

twice with saline to remove residual seminal plasma, and dialyzed

against two changes of a weak solution (0.02N) of NaOH for 48 hours.

This was done to insure the removal of any
75Se adsorbed to the

spermatozoal membrane surfaces. Following dialysis, the spermatozoa

were again counted with a gamma counter to determine the amount of

75Se incorporated into the spermatozoa.

To prepare the sperm sample for amino acid analysis, the sperma-

tozoa were suspended in 6N HC1 contained in a glass ampule, and sealed

under reduced pressure after repeated evacuation and flushing with

nitrogen. The sample was flushed and evacuated twenty times and then

agitated with a Vortex mixer. This procedure was repeated three

times. The sealed ampule was heated at 110°C for 22 hours, and the

contents were subsequently dried with a rotary evaporator.
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Amino Acid Analysis of Hydrolyzed Spermatozoa

The hydrolysate was redissolved in 2 ml of 0.1M sodium citrate

loading buffer (pH 2.2) without thiodiglycol, and filtered through a

Millipore HA filter paper (pore size 0.45 pm). An aliquot of the

filtrate (0.5 ml containing about 4,000 cpm of
75Se) was chromato-

graphed, together with 0.5 ml aliquots of
75

Se-selenite,
75

Se-seleno-

cystine and
75Se-selenomethionine standards (each containing about

10,000 cpm of
75Se), on a Beckman amino acid analyzer (Model 1208)

with a column of Dionex DC6A ion exchange resin using sodium citrate

buffers of pH 3.22, 4.12, and 6.17. One and a half milliliter frac-

tions were collected at a flow rate of 45 ml/hour, and the radio-

activities measured. The foregoing procedure was repeated with

another batch of spermatozoa in order to obtain duplicate results.

B. In Vivo Experiments

(i) Two male Sprague-Dawley rats, weighing 420 and 425 g

respectively, were each injected intraperitoneally with 50 pCi of

75Se-selenite. The rats were fed OSU rodent chow and water ad

libitum until they were killed by chloroform suffocation 21 days

post-injection. The epididymides were immediately removed, and

spermatozoa were recovered by making small incisions in the caudal

region and then applying light pressure to force the sperm out. The

spermatozoa were suspended in a cold solution of NaC1 (0.9%), and

the sperm suspension was subjected to low speed centrifugation (1000

g), after which the supernatant was decanted and the sperm pellet

counted for radioactivity.
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(ii) One yearling Suffolk ram, weighing 68 kg, was injected

intramuscularly with 500 pCi of
75

Se-selenite. Semen was obtained

from the ram with the aid of an electroejaculator 14, 18 and 21 days

post-injection. The semen was immediately diluted with 2 volumes of

physiological saline and subsequently centrifuged (1000 g) to sepa-

rate spermatozoa from the seminal plasma. The two components of

semen were counted for
75Se levels, after which the seminal plasma

was chromatographed on a Sephadex G-150 column to determine the

pattern of
75Se distribution within the seminal plasma.

(iii) Spermatozoa from (i) and (ii) were acid hydrolyzed, along

with standard
75Se-selenite,

75Se-selenocystine,
75Se-selenomethionine

and a mixture of 75Se- selenomethionine and bovine serum albumin. The

samples and standards were then analyzed for their amino acid content

as described for the in vitro experiments in Part A.

RESULTS AND DISCUSSION

Sephadex G-150 Gel Filtration of
75Se-Incubated Ram Seminal Plasma

After 24 hours of incubation, 24, 33 and 36 percent respectively

of the
75 Se-selenite,

75Se-selenocystine and
75Se-selenomethionine

were associated with the seminal plasma. Sephadex G-150 chromato-

graphy of the seminal plasma samples revealed two major peaks and

one minor peak (Figure 111.1). The first major peak eluted with the

void volume of the column. This peak contained 63, 51 and 35 percent

respectively of the 75Se in the samples incubated with 75Se-selenite,
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75Se-selenocystine or
75

Se-selenomethionine. The second major peak

(Ve/Vo = 3.5) contained 30, 39, and 60 percent respectively of the

75 Se-selenite,
75Se-selenocystine and

75Se-selenomethionine, and

eluted as non-protein bound
75

Se. The minor peak (Ve/Vo = 1.6)

corresponds to a protein with a MW of about 85,000, and was slightly

more prominent in the
75Se-selenite-treated seminal plasma than in

either of the other two incubations (Figure 111.1). This MW is

similar to that of glutathione peroxidase (GSH-Px), a Se-containing

enzyme shown to be present in the seminal plasma of humans (Li, 1975),

rams (Pond, 1981; Alabi, 1982), bulls (Brown et al., 1977; Smith

et al. 1979; Pond, 1981; Alabi, 1982), boars (Alabi, 1982),

stallions (Alabi, 1982) and rats (Calvin and Cooper, 1979).

Amino Acid Composition of
75Se-Incubated Ram Spermatozoa] Proteins

Dialysis of the ram sperm samples against 0.02N NaOH resulted in

an average loss of 77, 88 and 67 percent respectively of the 75Se in

samples incubated with 75Se-selenite, 75Se-selenocystine or 75Se-

selenomethionine. These results indicate that more 75Se is incorpo-

rated by ram spermatozoa in vitro from 75Se- selenite (27%) and seleno-

methionine (33%) than from 75Se-selenocystine (12%).

Dionex DC6A ion exchange chromatograms of the 75Se-incubated

sperm hydrolysates and standard
75Se-selenite,

75Se-selenocystine and

75Se-selenomethionine are presented in Figure 111.2. The results in

this figure are the average of data obtained from duplicate incuba-

tions of ram sperm. The major
75Se peak from the spermatozoa
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incubated with
75Se-selenite eluted in the same position as the

standard
75Se-selenomethionine, which is the same as the

75Se peak

from the sperm hydrolysate incubated with 75Se-selenomethionine.

A minor peak, corresponding to
75Se-selenocystine, was also ob-

served in the chromatograms of sperm samples incubated with 75Se-

selenite, which was the major peak when sperm was incubated with

75
Se-selenocystine. Thus it appears that the Se moiety in ram

spermatozoal proteins is predominantly selenomethionine, with very

little of it occurring as selenocystine. These results also suggest

that ram spermatozoa are capable of synthesizing selenoamino acids

from inorganic Se.

As shown in Figure 111.3, the major 75Se peak from the ram

sperm hydrolysate coeluted with standard
75Se-selenomethionine when

both the hydrolysate and standard
75Se-selenomethionine were chroma-

tographed on Sephadex G-10 columns (2 x 60 cm), which are capable

of resolving compounds of relatively small Ws. The results ob-

tained provide further evidence that the predominant form of Se in

ram spermatozoa] proteins is selenomethionine.

Distribution of 75Se in Ram Semen Ejaculates (In Vivo Experiments)

The percent distribution of 75Se in ram semen obtained via

electroejaculation on days 14, 18 and 21 post-injection is shown in

Table 111.1. Fourteen days after 75Se injection, the majority (69%)

of the
75Se in semen was associated with the seminal plasma, but

with time, the amount of 75Se in seminal plasma gradually decreased
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Table 111.1. Effect of Time, Post-Injection, on the

Distribution of
75Se in Ram Semen In Vivo

% Distribution of
75

Se
i n Semen

Days Post-Injection Seminal Plasma Spermatozoa

14 69 31

18 60 40

21 16 84
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while that in spermatozoa increased, so that by day 21 post-injection

84 percent of the radioactivity in ram semen was associated with

spermatozoa. These results agree with those reported by Pond (1981)

who found a progressive increase in spermatozoal
75 Se levels in rams

injected with this radioisotope. In other work (Smith et al., 1979),

75Se counts in bull seminal plasma reached a maximum 10 days after

75Se-injection and declined thereafter; whereas sperm counts peaked

at 24 days post-injection and appeared to stabilize for 3 weeks

thereafter.

Sephadex G-150 chromatography of the seminal plasma obtained

from the ram 14, 18 and 21 days post-injection resulted in elution

patterns similar to those of the seminal plasma from ram semen incu-

bated with 75Se-selenite (Figure 111.1), except that with time, more

of the
75 Se was bound to the high MW protein which eluted with the

void volume of the column, and very little of it eluted as non-protein

bound
75

Se.

Amino Acid Composition of Spermatozoal Proteins from Rats and Ram

75
Injected with 75Se- Selenite

Dionex DC6A ion exchange chromatography of the sperm hydrolysate

obtained from the ram used in the in vivo experiments yielded elution

patterns which were very similar to those of the hydrolysate from

sperm incubated in vitro with 75Se-selenite (Figure III.2A), except

that there was a prominent peak eluting at the position of
75

Se-

selenite in the chromatogram of the in vivo sample (Figure III.4B).
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This provides additional evidence suggesting that selenomethionine is

synthesized from selenite. There also appear to be small quantities

of selenocystine synthesized, and these are incorporated into ram

spermatozoal proteins.

When sperm hydrolysates from the
75Se-selenite-injected rats were

subjected to ion exchange chromatography, two major peaks were observed

(Figure III.4A, C). The major peak, which contained about 65 percent

of the
75Se, coeluted with standard

75Se-selenocystine. The minor peak

(33%
75Se) coeluted with hydrolyzed

75Se-selenomethionine-bovine serum

albumin standard. These results suggest that although inorganic Se

(as selenite) could be metabolized by rats in vivo before it is subse-

quently incorporated, selenocystine appears to be the major selenoamino

acid that is incorporated into rat spermatozoal proteins. This is in

contrast with ram spermatozoa in which selenomethionine, and not sele-

nocystine, appeared to be the predominant selenoamino acid present.

It is interesting to note that hydrolyzed
75Se-selenomethionine bovine

serum albumin standard eluted in a position different from that of

unhydrolyzed
75 Se-selenomethionine standard (Figure III.4A). The

75Se-selenomethionine-bovine serum albumin standard was prepared to

simulate as much as possible in vivo conditions in which selenomethio-

nine is part of a protein moiety. The standard was hydrolyzed to

determine if the Se-selenomethionine would remain stable to acid hydro-

lysis. Apparently, as indicated by the results, selenomethionine is

not stable to acid hydrolysis under the treatment procedure employed

in this study.
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INTERACTIVE EFFECTS OF CADMIUM, MERCURY AND VARIOUS CHEMICAL FORMS OF

SELENIUM ON SPERMATOZOAL MOTILITY AND OXYGEN CONSUMPTION IN VITRO

INTRODUCTION

Spermatozoal motility is one of the most widely used criteria

for grading semen quality. It is of vital importance to successful

breeding not only because it indicates the viability of spermatozoa

but also because the more active spermatozoa have a much better chance

to reach the ova before their short life span in the female reproduc-

tive tract is terminated.

Evidence has been provided (Julien and Murray, 1977; Pratt,

1978) which indicates that Se enhances sperm motility and oxygen

consumption in vitro. The present study was conducted to investigate

the interactive effects of cadmium, mercury, and various selenocom-

pounds on the longevity of spermatozoa as measured by sperm motility

and oxygen uptake in vitro.

MATERIALS AND METHODS

(a) Semen Collection

Semen was obtained by means of an electroejaculator from 20

yearling rams over a period of 4 months. Immediately after each

collection, the semen ejaculates were pooled and diluted with 5 vol-

umes of physiological saline. Sperm counts were made with the aid

of a hemocytometer, and whenever desirable the sperm samples were
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standardized to contain 2 x 10
6 spermatozoa per ml of semen.

(b) Spermatozoa] Oxygen Uptake

Spermatozoa] oxygen consumption was measured manometrically,

using the Aminco-Lardy Rotatory type manometric apparatus according

to the methods described by Umbreit et al. (1964).

One-half milliliter aliquots of the diluted semen containing

1 x 10
6 spermatozoa were placed in each of several Warburg flasks

together with one of the following reagents:

(1) 10
-6

, 10
-5

, 10
-4

, 10
-3

or 10
-2M solution of Se as sodium

selenite, selenomethionine, or selenocystine;

(2) solutions of cadmium chloride and mercuric chloride of the

same concentrations as in (1);

(3) equimolar concentrations [10
-6

to 10
-2
M as in (1)] of either

cadmium chloride or mercuric chloride and sodium selenite,

selenomethionine, or selenocystine.

A flask containing only standardized semen served as control for each

of the above experiments. All the chemicals used in this study were

dissolved in physiological saline.

The water bath in which the manometers were placed was held at

37°C throughout the experimental period. The carbon dioxide produced

by the respiring spermatozoa was absorbed by a strip of filter paper

(Whitman No. 40) placed in the center well which contained 0.5 ml of

10% NaOH solution. The manometers were shaken by oscillation at a
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rate of 110 excursions per minutes. After a 15-minute equilibration

period, the manometer fluid was adjusted to a convenient reference

point, and the system was closed by closing the stopcock. Three

trials were conducted on each experiment, and readings were taken

at 15 minute intervals for a period of 2/ hours.

(c) Spermatozoa] Motility

The motility of the spermatozoa was estimated with the aid of

a light microscope under high power magnification (400 X). A drop of

semen was taken at 15-minute intervals from each of the flasks de-

scribed in (b), above, and placed on a clean slide covered with a

cover glass. The slide was then placed on a thermostage, which had

been set at 37 °C, and examined under the microscope. Spermatozoa]

motility was graded from 0 to 10, where 10 denotes the highest mo-

tility. A detailed explanation of the motility ratings employed in

this study is presented in Table IV.1.

RESULTS AND DISCUSSION

Interactive Effects of Cd, Hg and Various Chemical Forms of Se on

Ram Spermatozoa] Oxygen Consumption In Vitro

Ram spermatozoa incubated in physiological saline (control) at

37 °C consumed oxygen for about 60 to 75 minutes; afterwards, a pla-

teau was reached with a final value of 57 ul (Figure IV.1). In

contrast, incubation of sperm with 10
-6

, 10
-5

or 10
-4
M Cd or Hg

delayed the plateau in oxygen uptake until 90 120 minutes when
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Table IV.1. Criteria for Rating Ram Spermatozoal Motility In Vitro

Motility
Ratings

Motility Observed Under High Magnification (400X)

10 Most spermatozoa were very active, motile and progressive.

9 Most spermatozoa were active, motile and progressive.

8 Many spermatozoa were active, motile and progressive.

7 Many spermatozoa were motile and slowly progressive.

6 Some spermatozoa were motile but only slowly progressive.

5 Some spermatozoa were motile but only weakly progressive.

4 Many spermatozoa were motile but had only oscillatory

motion.

3 Some spermatozoa with oscillatory motion.

2 Only a few spermatozoa with very weak oscillatory motion.

1 Only 1 or 2 spermatozoa with very weak oscillatory motion.

0 No motile spermatozoa observed.
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24 - 50 pl of oxygen had been consumed. Sperm samples incubated

with 10-3 or 10
-2M Cd or Hg took up very little oxygen (2 - 4 p1)

and appeared to reach a plateau after only 30 minutes of incubation

(Figure IV.1A and B).

As indicated by data presented in Tables IV.2A and IV.3A, in-

cubation of ram sperm with all levels of Cd and Hg used in this

study resulted in an inhibition of spermatozoal oxygen uptake in

vitro. At the lowest concentrations (10-3 10-2M) of Cd and Hg, a

drastic reduction (>10-fold) in oxygen uptake was observed. Incuba-

tion with 10
-6M Cd or Hg, however, resulted in the least but signifi-

cant (P < 0.05) reduction in ram spermatozoal oxygen consumption.

Thus it appears that Cd and Hg are inhibitory to the in vitro res-

piratory processes of spermatozoa even at concentrations as low as

10
-6

M. The spermicidal effects of Cd and Hg have been demonstrated

by other investigators. White (1955) found levels of Cd ranging

from 2 x 10
-5 to 2 x 10

-3M to be extremely toxic to human spermato-

zoa in vitro. Baker (1931) showed 0.004 percent solutions of

mercuric chloride to be very deleterious to the in vitro longevity

of spermatozoa from guinea pigs. The results obtained with rams in

this study confirm the findings of these workers.

Incubation of spermatozoa with Cd or Hg together with equimolar

concentrations of Se either as selenite, selenocystine or as seleno-

methionine indicated that these Se compounds could counteract the

inhibitory effects of the two metals on sperm oxygen consumption

(Figures IV.2 and IV.3). Additions of the selenocompounds to the
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Table 1V.2. Effects of Cadmium (Cd)
1

and Various Selenocompounds
2

on Ram Spermatozoal Oxygen Consumption In Vitro

A

Treatment

Control
4

Oxygen Uptake (p1)3

Sperm + 10
-6

M Cd

Sperm + 10
-5
M Cd

Sperm + 10
-4
M Cd

Sperm + 10
-3M Cd

Sperm + 10
-2

M Cd

4.1ab

40.8 ± 4.6cd

33.0 ± 2.8d

15.4 t 3.4
fg

5.6 ± 1.2hj

3.8 ± 0.7h

B Control
4

Sperm

Sperm

Sperm

Sperm

Sperm

+ 10
-6

M

+ 10
-5
M

+ 10
-4
M

+ 10
-3

M

+ 10
-2

M

Cd +

Cd +

Cd +

Cd +

Cd +

10
-6

M

10
-5

M

10
-4

M

10
3m

10
-2

M

Na
2
Se0

3

Na2SeO3

Na
2
Se0

3

Na2SeO3

Na2SeO3

50.8
3.9ab

56.1 t 5.2a

55.5 t 4.8a
3.Ide

18.2 t 2.6g

4.6 ± 1.1h

C Control
4

Sperm + 10
-6

M Cd + 10
-6

M Se-Cys

Sperm + 10
-5M Cd + 10

-5M Se-Cys

Sperm + 10
-4
M Cd + 10

-4
M Se-Cys

Sperm + 10
-3M Cd + 10

-3M Se-Cys

Sperm + 10
-2

M Cd + 10
-2

M Se-Cys

47.4 ± 5.0
bc

46.8 ±
5.3bc

38.2 ± 3.6d

29.4 t 3.8e

21.1 ± 2.5
fg

5.6 t 2.0
hj

0 Control
4

Sperm +

Sperm +

Sperm +

Sperm +

Sperm +

10
-6

M Cd + 10
-6

14 Se-Met

10
-5M Cd + 10

-5M Se-Met

10
-4

M Cd + 10
-4

M Se-Met

10
-3M Cd + 10

-3M Se-Met

10
-2

M Cd + 10
-2

M Se-Met

44.6 1: 2.9bc

53.3 t 6.2a

48.8 t 4.1ab

36.8 ± 3.1d

25.4 t 2.4ef

9.3 t 2.1j

Means (±SEM) followed by at least
differ significantly at P < 0.05.

1
As cadmium chloride (CdC1 2 ).

one common superscript do not

2Sodium selenite ( t4 a

2
Se°

3
)

'

selenocystine (Se-Cys) and selenomethio-

nine (Se-Met).

3Each value presented is the average (±SEM) of 10 observations

taken at 15-minute intervals for a total period of 150 minutes

(see Appendix Table 2 for complete data).

4Sperm + physiological saline.
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Table IV.3. Effects of Mercury (Hg)1 and Various Selenocompounds
2

on Ram Spermatozoal Oxygen Consumption In Vitro

Treatment Oxygen Uptake (b1)3

A Control
4 52.2 ± 5.6a

Sperm + 10
-6
M Hg

34ed

Sperm + 10-5M Hg 26.0 ± 3.7e

Sperm + 10
-4

M Hg 16.5 ± 2.4f

Sperm + 10-3 M Hg 3.8 ± 0.9gh

Sperm + 10
-2

M Hg 2.0 ± 0.5
h

8 Control
4

Sperm + 10
-6

M Hg + 10
-6
M Na2Se03

Sperm + 10-5M Mg + 10-5M Na2Se03

Sperm + 10
-4

M Hg + 10-4M Na2Se03

Sperm + 10-3M Hg + 10
-3M Na2Se03

Sperm + 10
-2

M Hg + 10
-2
M Na2Se03

C Control4

Sperm + 10
-6

M Hg + 10
-6
M Se-Cys

Sperm + 10
-5M Hg + 10-5M Se-Cys

Sperm + 10
-4

M Mg + 10
-4
M Se-Cys

Sperm + 10
-3M Hg + 10-3M Se-Cys

Sperm + 10
-2
M Hg + 10

-2
M Se-Cys

Control
4

Sperm + 10
-6

M Hg + 10
-6

M Se-Met

Sperm + 10
-5M Hg + 10-5M Se-Met

Sperm + 10
-4
M Hg + 10

-4
M Se-Met

Sperm + 10
-3M Hg + 10

-3M Se-Met

Sperm + 10
-2

M Hg + 10
-2
M Se-Met

5

52.4 ± 5.3a

2.9 ± 5.0a

39.7 ± 4.1c

24.6 ± 3.0e

11.3 ± 1.8f

5.8 ± 0.8g

50.2 ± 4.84

49.7 ± 4.6"

42.8 t 4.0ec

23.0 ± 3.1e

10.7 ± 2.7
f

6.7 ± 1.1fg

45.4 ±
3.5bc

49.2 ± 4.3ae

38.6 ± 3.0cd

29.0 + 2.4e

15.5 + 2.1f

5.8 ± 0.79

Means (±SEM) followed by at least one common superscript are not

different at P < 0.05.

1

As mercuric chloride (HgC1
2

)

2
Sodium selenite (Na

2
Se°

3
) selenocystine (Se-Cys) and selenomethio-

nine (Se-Met).

3Each value presented is the average (±SEM) of 10 observations taken
at 15-minute intervals for a total period of 150 minutes (see

Appendix Table 3 for complete data).

4
Sperm + physiological saline.
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Figure IV.3 Interactive effects of Hg (as HgC12), sodium

selenite (Na
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Se0

3
)
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selenocystine (Se-Cys)

or selenomethionine (Se-Met) on ram spermato-

zoa! oxygen consumption in vitro. The sperm-

atozoa were treated as described for those in

Figure IV.1.



133

incubation media counteracted the metals as evidenced by the in-

creased amount of oxygen consumed by spermatozoa as compared to those

incubated with only Cd or Hg. In some cases, such increases in the

level of oxygen uptake were comparable to, or even greater than those

of spermatozoa incubated only in physiological saline (control). For

example, sperm samples incubated with 10
5 and 10

-6
M Cd and equimolar

concentrations of selenite consumed amounts of oxygen comparable to

that of the control spermatozoa (Table IV.2B). Such levels of oxygen

uptake were, however, significantly (P < 0.05) greater than those of

spermatozoa incubated with 10
-5 or 10

-6
M Cd (Table IV.2A). Similar

results were obtained with spermatozoa incubated with equimolar con-

centrations of Hg and selenite (Table IV.3A and B).

As was the case with selenite, incubation of spermatozoa with

equimolar concentrations of Cd or Hg and selenocystine or seleno-

methionine also counteracted the deleterious effects of either metals

on the sperm's respiratory process in vitro as demonstrated by the

increased oxygen uptake (Figures IV.1A and B, IV.2B and C, IV.3B and

C; Tables IV.2C and D, IV.3C and D). These results suggest that Se

can alleviate the depressing effects of Cd and Hg on ram spermatozoal

oxygen consumption in vitro irrespective of the chemical nature of

the Se employed.

It is also interesting to note that incubation of spermatozoa

with 10
-6
M Cd and an equimolar concentration of selenomethionine

resulted in an average oxygen uptake (53.3 p1) which was signifi-

cantly (P < 0.05) greater than that of the control (44.6 pl)
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(Table IV.2D). This result was not duplicated with similar concentra-

tions of selenomethionine and Hg, or with any of the other forms of

Se used in this study. Incubation of spermatozoa with 10
-6

M Cd and

selenite on one hand (Table IV.2B) and with 10
-6
M Hg and selenomethio-

nine on the other hand (Table IV.3D) caused an increase in the amount

of oxygen consumed as compared to the controls. Such an increase,

was, however, not statistically significant. From these observations,

it can be concluded that the higher the concentration (e.g., 10
-3 or

10
-2
M) of Cd or Hg, the less effective Se is in counteracting the

depressing effects of these metals on spermatozoa) oxygen uptake in

vitro. This is not surprising in light of results from studies with

whole animals. For example, Potter and Matrone (1974) reported that

5 ppm Se was ineffective in counteracting the toxicity of high levels

(400 ppm) of inorganic Hg in rats, and Nobunaga et al. (1979) observed

an increased incidence of cleft palate in pregnant mice receiving a

high dose of Se combined with a high dose of Hg (as methyimercury).

Clearly, there is a limit to which Se can interact with heavy metals

to produce beneficial results; beyond that limit the system is bound

to be overburdened resulting in the manifestation of toxicity

syndromes.

When ram spermatozoa were incubated with different concentrations

of selenite, selenocystine or selenomethionine, it was observed that

10
-5 and 10

-6M concentrations of all three forms of Se increased sper-

matozoal oxygen uptake over that of the control samples (Figure IV.4;

Table IV.4). Incubation with 10
-5M solutions of the selenocompounds
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nocystine (Se-Cys) and selenomethionine (Se-

Met) on ram spermatozoa] oxygen consumption

in vitro. The spermatozoa were treated as

described for those in Figure IV.1.
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Table IV.4. Effects of Selenite (Na25e03), Selenocystine

(Se-Cys) and Selenomethionine (Se-Met) on Ram

Spermatozoal Oxygen Consumption In Vitro

A

Treatment Oxygen Uptake (u1)1

Control
2 48.9 ± 4.2ab

Sperm + 10
-6

M Na2Se03
54.1 t 5.8bcd

Sperm + 10
-5

M Na2Se03 58.9 ± 6.0"

Sperm + 10
-4
M Na2Se03 34.2 t 3.9e

Sperm + 10
-3

M Na2Se03 19.3 t 2.3g

Sperm + 10
-2

M Na2Se03 9.6 t 1.3h

B Control
2 42.5 t 3.9a

Sperm + 10
-6

M Se-Cys 47.7 t 4.4ab

48bcdSperm + 10
-5M Se-Cys 54.1

Sperm + 10
-4

M Se-Cys 27.3 ± 2.5ef

Sperm + 10
-3M Se-Cys 19.0 t 2.29

Sperm + 10
-2

M Se-Cys 8.2 t 0.6h

C Control
2 44.1 t 4.3a

Sperm + 10
-6

M Se-Met 52.0 t 5.6
bc

Sperm + 10 5M Se-Met 60.8 t 5.9
d

Sperm + 10
-4

M Se-Met 34.2 t 3.7e

Sperm + 10
-3M Se-Met 23.0 ± 3.0

fg

Sperm + 10
-2
M Se-Met 13.0 t 1.8

h

Means (tSEM) followed by at least one common superscript are

not different at P < 0.05.

1 Each value presented here is the average (iSEM) of 10 obser-

vations taken at 15-minute intervals for a total period of

150 minutes (see Appendix Table 4 for complete data).

2 Sperm + physiological saline.



137

was especially effective in increasing the levels of oxygen consumed

by the spermatozoa. Thus, as shown in Table IV.3, the oxygen uptake

was significantly (P < 0.05) greater in sperm incubated with 10
-5M

Se than in the controls, and was always higher than that of sperm

incubated with 10
-6

M Se (Figure IV.4; Table IV.4). Increasing the

molar concentrations of the selenocompounds to 10
-4

, 10
-3

or 10
-2

M,

however, proved to be inhibitory to spermatozoa] oxygen uptake in

vitro (Figure IV.4; Table IV.4). The inhibitory effects of such

concentrations of Se on sperm oxygen consumption are not surprising

especially when it is remembered that 10
-4

, 10
-3

and 10
-2
M solutions

of Se are respectively equivalent to approximately 7.9, 79 and 790

ppm of Se--levels which are high enough to be extremely toxic to any

living cell.

Interactive Effects of Cd, Hg and Various Chemical Forms of Se on

Ram Spermatozoal Motility in Vitro

Using the criteria used for scoring spermatozoal motility in

vitro (Table IV.1), most of the spermatozoa incubated in physiological

saline (control) remained very active and motile for the first 60

minutes of the incubation period (Figure IV.5) By the end of the

experiment most of the spermatozoa were still active and motile.

Incubation with various concentrations of Cd or Hg resulted in a

general inhibition of spermatozoal motility. As observed with oxygen

consumption, the higher the concentration of the metals, the greater

the inhibitory effects on sperm motility in vitro. Incubation with

10
-2

M or 10
-3 M Cd or Hg had the most pronounced toxic effect on the
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Effects of Cd (as CdC12) and Hg (as MgCl2) on

ram spermatozoa] motility in vitro. The sperm-

atozoa were incubated with the chemicals at 37 0C

for 24 hours. Each point represents the mean of

three trials. (Control = Sperm + physiological

saline.)
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spermatozoa as demonstrated by the fact that after only 15 minutes

of incubation, only a few spermatozoa with very weak oscillatory

motion were observed under the microscope. By the end of the

2i-hour incubation period, all the spermatozoa treated with these

levels of Cd or Hg were dead (Figure IV.5) Again, these results

are in accord with the findings of Baker (1931) and White (1955).

In general, incubation of spermatozoa with Cd or Hg plus sele-

nite, selenocystine or selenomethionine yielded patterns of sperma-

tozoal motility similar to those of oxygen uptake. However, some

small differences between the effects of these selenocompounds on Cd

and Hg were observed. Incubation of sperm with 10
-5

or 10
-6

M Cd and

equimolar concentrations of each of the three selenocompounds resulted

in motility ratings comparable to, or in some cases even better than

those of the controls (Figure IV.6; Table IV.5); whereas incubation

with 10
-6M Hg and equimolar concentrations of selenite, selenocystine

or selenomethionine yielded results that were comparable, and some-

times inferior to those of the controls (Figure IV.7; Table IV.6).

Incubation of ram spermatozoa with only 10
-5 or 10

-6
M Se in-

creased the motility of the sperm well above that of the controls

(Figure IV.8; Table IV.7). For most of the 21-hour incubation

period, the majority of the spermatozoa remained very active and

motile, as indicated by the high motility scores ranging from 9.3

for spermatozoa incubated with 10
-6M selenocystine to 9.8 for those

incubated with 10
-5M selenomethionine (Table IV.7). With higher

concentrations of these selenocompounds, spermatozoa] motility
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Interactive effects of Cd (as CdC1
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) and
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(Se-Cys) or selenomethionine (Se-Met) on

ram spermatozoa] motility in vitro. The

spermatozoa were treated as described for

those in Figure IV.5.
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Table IV.5. Effects of Cadmium (Cd)
1

and various Selenocom-

pounds
2
on Ram Spermatozoa] Motility In Vitro

Treatment

A Control
4

Sperm + 10
-6
M Cd

Sperm + 10
-5

M Cd

Sperm + 10
-4
M Cd

Sperm + 10
-3

M Cd

Sperm + 10
-2

M Cd

Motility Rat i ngs
3

8.4

6.7

5.9

4.8

3.0

1.6

B Control
4

Sperm + 10
-6

M Cd + 10
-6

M Na
2
5e03

Sperm + 10
-5M Cd + 10

-5
M Na

2
Se0

3

Sperm + 10
-4
M Cd + 10

-4
M Na2Se03

Sperm + 10
-3M Cd + 10

-3
M Na2Se03

Sperm 4, 10
-2
M Cd + 10

-2
M Na2Se03

8.6

8.8

8.5

7.1

4.2

3.1

C Control
4

Sperm + 10
-6

M Cd + 10
-6

M Se-Cys

Sperm + 10-5M Cd + 10
-5M Se-Cys

Sperm + 10
-4

M Cd + 10
-4

M Se-Cys

Sperm + 10 -3M Cd + 10
-3M Se-Cys

Sperm + 10
-2

M Cd + 10
-2

M Se-Cys

8.5

9.4

7.3

5.3

4.3

3.1

0 Control
4

Sperm + 10
-6
M Cd + 10

-6
M Se-Met

Sperm + 10-5M Cd + 10
-5M Se-Met

Sperm + 10
-4

M Cd + 10
-4

M Se-Met

Sperm + 10
-3M Cd + 10

-3
M Se-Met

Sperm + 10
-2
M Cd + 10

-2
M Se-Met

8.6

9.8

9.4

7.1

6.0

3.1

1

As cadmium chloride (CdC1
2

)

2
Sodium selenite (Na

2
Se0

3
), selenocystine (Se-Cys) and selenomethio-

nine (Se-Met).

3Each value presented is the average of 10 observations taken at

15-minute intervals for a total period of 150 minutes (see

Appendix Table 5 for complete data).

4
Sperm + physiological saline.



10-

8-

,.Control

F 0

V%
Sperm+010-6: Hg 10-6M Na

2
Se0

3

Hg + 10-5M Na2Se03

.%`0

Sp rm + 10-4 M Hg + 10-4 M Na2Se03
,4v

10 MNa2Se03

0 40- -40- Alt 10. -10. y0

A -K.-sperm + 10 Hg + 10-2M Na2Se03

cr)

C 10'
4.1
(13

CC

Control

Sperm + 10 -6M Hg + 10-6M Se -Cys

\

perm + 10 M Hg + 10 -5
m Se -Cys

eSperm + 10
-4
M Mg + 10 -4M Se-Cys

0-Sperm + 10-3M Hg + 10-3M Se-Cys

'11.- A0- 41. 40 10 -A0 120

B 1.-Sperm + 10 M Hg + 10
-2

M Se-Cys

10-1 Sperm + 10
-6

M Hg + 10
-6
M Se-Met

0.1i,`,0___0_._0___41., Contrcply

..:-...%

....,. .

s'0_. -0-.-r....4-0- -0- -0
Perm + 10-5M Hg + 10-5M Se-Met

6r' --....

....

C

Sperm + 10
-4

M Mg + 10
-4
M Se-Met

Hg + 10-3M Se-Met

-0. t 41- 4. .4.

"4-sperm + 10 -2M Hg + 10
-2

M Se-Met

Figure IV.7.

30 60 90 120 150

TIME OF INCUBATION (Minutes)

Interactive effects of Hg (as HgC12) and

sodium selenite (Na
2
Se0

3
)

'

selenocystine

(Se-Cys) or selenomethionine (Se-Met) on
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spermatozoa were treated as described for

those in Figure IV.5.
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Table IV.6. Effects of Mercury (Hg)
1

nd Various Seienocom-

pounds
2 on Ram Spermatozoal Motility In Vitro

Treatment

A Control
4

Sperm + 10
-6

M Hg

Sperm + 10 -5M Hg

Sperm + 10
-4
M Hg

Sperm + 10-3M Hg

Sperm + 10
-2

M Hg

Motility Ratings3

8.6

6.5

5.8

3.3

1.6

0.9

B Control
4

Sperm + 10
-6

M Hg + 10
-6

M Na2Se03

Sperm + 10-5M Hg + 10
-5
M

Sperm + 10
-4

M Hg + 10-4M M Na2Se03

Sperm + 10-3M Hg + 10
-3M Na2Se03

Sperm + 10
-2

M Hg + 10
-2

M Na2Se03

8.6

8.2

7.i

5.3

3.2

2.2

C Control
4

Sperm + 10
-6

M Hg + 10
-6

M Se-Cys

Sperm + 10
-5 M Hg + 10

-5
M Se-Cys

Sperm + 10
-4

M Hg + 10
-4

M Se-Cys

Sperm + 10-3M Hg + 10
-3M Se-Cys

Sperm + 10
-2

M Hg + 10
-2

M Se-Cys

8.5

8.1

7.4

5.1

3.3

2.4

0 Control
4

Sperm + 10
-6

M Hg + 10
-6

M Se-Met

Sperm + 10-5m Hg + 10
-5M Se-Met

Sperm + 10
-4

M Hg + 10
-4
M Se-Met

Sperm + 10
-3M Hg + 10

-3M Se-Met

Sperm + 10
-2

M Hg + 10
-2
M Se-Met

8.4

8.7

7.4

5.3

3.5

2.4

1

As mercuric chloride (HgC12).

2
Sodium selenite (Ha

2
Se°

3
)

'

selenocystine (Se-Cys) and selenomethio-

nine (Se-Met).

3 Each value presented is the average of 10 observations taken at

15-minute intervals for a total period of 150 minutes (see

Appendix Table 6 for complete data).

4
Sperm + physiological saline.
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Table IV.7. Effects of Selenite (Na2Se03), Selenocystine

(Se-Cys) and Selenomethionine (Se-Met) on Ram

Spermatozoal Motility In Vitro

Treatment Motility Ratings
1

A Control
2

Sperm + 10
-6

M Na
2
Se0

3

Sperm + 10
-5M Na

2
Se0

3

Sperm + 10
-4

M Na
2
Se0

3

Sperm + 10
-3

m Na
2
Se0

3

Sperm + 10
-2

M Na
2
Se0

3

8.5

9.5

9.7

6.2

4.1

3.1

8 Control
2

Sperm + 10
-6

M Se-Cys

Sperm + 10 -5M Se-Cys

Sperm + 10
-4

M Se-Cys

Sperm + 10
-3 m Se-Cys

Sperm + 10
-2

M Se-Cys

8.5

9.3

9.6

6.7

5.3

3.5

C Control
2

Sperm + 10
-6

M Se-Met

Sperm + 10 -5M Se-Met

Sperm + 10
-4
M Se-Met

Sperm + 10
-3M Se-Met

Sperm + 10
-2

M Se-Met

8.5

9.7

9.8

6.9

5.4

3.4

1 Each value presented here is the average of 10 observations
taken at 15-minute intervals for a total period of 150 minutes

(see Appendix Table 7 for complete data).

2Sperm + physiological saline.
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ratings ranged from 3.1 ("some spermatozoa with oscillatory motion")

for sperm incubated with 10
-2
M selenite to 6.9 ("many sperm motile

and slowly progressive") for spermatozoa incubated with 10
-4

M

selenocystine (Table IV.7).

Results from preliminary studies conducted in our laboratory

prior to the present experiment showed that incubation with 1 or 2

ppm Se as selenite or selenomethionine greatly elevated sperm motil-

ity and oxygen uptake over those of sperm incubated in physiological

saline (control). These results are consistent with those obtained

in the present study, showing that 10
-5 and 10

-6
M solutions of Se

(equivalent respectively to about 0.79 and 0.08 ppm Se) as selenite,

selenocystine or selenomethionine increased sperm motility and oxygen

consumption to levels exceeding those of the controls. This indicates

that concentrations of Se ranging from 0.08 to 2.0 ppm are beneficial

to the longevity of ram sperm in vitro. These observations are also

consistent with the findings of Julien and Murray (1977) and Pratt

(_1978) who reported that addition of 1 ppm Se to diluted semen from

bulls increased sperm motility and oxygen consumption in vitro.
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GENERAL DISCUSSION

Se was found to markedly increase whole-body Cd and Hg reten-

tion in rats as indicated by the significantly (P < 0.05) higher

retention and biological half-life (defined in this study as the

length of time required for 50% of the metal to be removed from the

body) values for +Se rats compared to -Se rats. Other workers have

reported a slight (Whanger, 1981) or marked increase (Welch and

House, 1980) in Cd retention in rats resulting from dietary Se

supplementation. Se as selenite has been shown to enhance whole-

body retention of Hg in mice (Eybl et al., 1969) and rats (Parizek

et al., 1967; Potter and Matrone, 1973; Moffitt and Clary, 1974;

Burk et al., 1977). Data from the work of Moffitt and Clary (1974)

and Burk et al. (1977) indicate that dietary or injected Se is

actually capable of causing a sustained increase in the amount of

inorganic Hg retained by rats over prolonged periods of time (up

to 28 days). The results obtained in the present study with rats

corroborate the findings of these workers.

Highly variable values for biological half-life of Cd have

been obtained with several animals, depending on level of dose,

exposure route, number of times of exposure, length of observation

period, etc. (Friberg et al., 1974). Moore et al. (1973), for

example, reported half-life values for rats exposed to Cd by oral,

inhalation, intraperitoneal, and intravenous routes to be re-

spectively 206, 200, 173, and 252 days. Whanger (1981) found



148

half-life values for rats fed a basal (low Se) diet and those

supplemented with 3 ppm Se to be very similar (210 versus 204 days).

The half-life values determined for -Se and +Se rats (202 versus 219

days) in the present study which was conducted under similar experi-

mental conditions agree closely with those of the latter investigator,

although the difference between the two values obtained in the present

study was statistically significant (P < 0.05).

Studies on whole-body inorganic Hg retention in rats show half-

life values for this metal ranging from 13 days (Swensson and

Ulfvarson, 1968) to 100 days (Rothstein and Hayes, 1960). In the

present study, half-life values of 2 and 6 days were obtained re-

spectively for -Se and +Se rats. A whole-body retention curve for

mice injected intraperitoneally with inorganic Hg has been reported

by Berlin et al. (1966), and from their data a half-life of 2 - 3

days can be calculated (Friberg and Vostal, 1972). It appears, then,

that the biological half-life of inorganic Hg depends not only on the

exposure route and level of dose but also on the species under consi-

deration (Phillips and Cember, 1969; Miller and Csonka, 1968;

Ulfvarson, 1969).

Results from the present study indicate that feces were the

major route of Cd and Hg excretion in rats, regardless of the Se

status of the animals (Table 1.1). Similar observations have been

made by several other research groups in studies on the excretion

of Cd and Hg in different animals. Nordberg and Piscator (1972)

and Nordberg (1972) found that with repeated subcutaneous exposures
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to 0.025 - 0.5 mg Cd/kg body weight for up to 6 months, the urinary

excretion was very low in mice. In contrast, when Decker et al.

(1957) gave rats a single intravenous dose of Cd (0.65 mg/kg), they

observed that after 72 hours 18.5 percent of the administered dose

had been excreted via feces. Adam (1951) found 39 percent of the

dose excreted in the urine and 27 percent in the feces 14 days after

intravenous injection of
203

HgC1
2

(1 mg/kg) into a rabbit. Prickett

et al. (1950) compared the excretion of Hg in rats after oral and

intravenous doses (0.5 mg Hg/kg) of mercuric chloride, and found 80

and 1 percent of the dose respectively in the feces and urine 48 hours

after the oral dose. This is in contrast to the 18 and 10 percent

excreted respectively in the feces and urine 48 hours after the in-

jection. However, it has been shown that proportionally more Hg is

excreted in the urine than feces with higher doses (Cember, 1969;

Phillips and Cember, 1969; Ulfvarson, 1969).

Dietary Se supplementation failed to influence the excretion of

Hg in feces (present study) but it significantly (P < 0.05) reduced

the amount of this element excreted in urine (Table 1.1). This is

consistent with the results obtained by Burk et al. (1977) with rats.

There was, however, a significant (P < 0.05) Se-induced reduction in

both fecal and urinary levels of Cd. This general Se-induced decrease

in total Cd and Hg excretion in rats explains why whole-body Cd and

Hg retention and, consequently, biological half-life values are much

higher for +Se rats than -Se rats. Also, compared to Hg, a much

higher proportion of the administered
109Cd was retained in both -Se
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and +Se rats (Table 1.1). This suggests that, regardless of their

Se status, rats have a greater tolerance for Cd than Hg, and that

this tolerance is markedly accentuated by the presence of Se. It

must, however, be added that this interpretation is highly specula-

tive since the amount of Cd or Hg retained in any given species has

been shown to depend on the chemical form of the metal and the expo-

sure route employed (Friberg and Vostal, 1972; Friberg et aI., 1974).

Determination of whole tissue Cd retention for -Se and +Se rats

gave the following order of decreasing tissue Cd levels: liver >

kidney > testis > epididymis > seminal vesicles > prostate > brain

(Figure 1.5). Whole tissue Hg content followed a similar order

except that kidney, and not liver, contained the greatest amount of

the metal (Figure 1.6), which might explain why urinary Hg excretion

was greater than that of Cd (Table 1.1). Generally, most investi-

gators report the highest levels of Cd in kidney, followed by liver

(Miller et al., 1969; Miller, 1971; Friberg et al. 1974). However,

as pointed out by Friberg et al. (1974), with low Cd intake, and

depending on the mode of administration, the liver may contain more

total Cd than kidney. For example, Miller et al. (1968), investigated

the distribution of 109Cd in goats after a single intravenous admin-

istration (0.04 mg/goat) of the radioisotope. These workers found

109Cd concentrations in liver to be 3 times higher than those in

kidney; whereas, after an oral dose of the same size, the concentra-

tions in kidney were nearly twice as high as those in liver. Low

levels of
109Cd were used in the present study; therefore the
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observation that liver accumulated the greatest amount of
109

Cd con-

firms the role of this organ as the major site of Cd deposition under

conditions of low Cd intakes. However, on the basis of metal concen-

tration per gram tissue, there were no significant differences between

kidney and liver Cd content (Table 1.3). Thus, it appears that the

liver generally contains more total Cd than kidney mainly because it

is much larger than the latter organ (Miller, 1971).

The distribution of Hg in tissues has been shown to be dependent

on the chemical form and entry route of the metal, and on the dietary

content of certain other elements, especially Se (Ganther et al., 1972).

However, regardless of the chemical form, dosing route, or length of

exposure period, Hg accumulated in kidneys of calves (Ansari et al.,

1973; Stake et al., 1975), chickens (Gardiner et al., 1971), rats

(Friberg, 1956; Ellis and Fang, 1967; Berlin et al., 1969; Ulfvar-

son, 1969), mice (Berlin et al., 1966; Suzuki, 1969; Norseth, 1971)

and rabbits (Miyama et al., 1968; Berlin et al., 1969; Hanko et al.,

1970) at levels exceeding those of the liver or any of the other tis-

sues examined. These results have been confirmed in the present study

with rats injected intraperitoneally with Hg as mercuric chloride.

As indicated by data on Cd and Hg concentration per gram tissue

(Table 1.3), the epididymis and prostate gland contained twice the

amount of Hg in testis, although the latter accumulated more total

Hg than either of the other two reproductive organs (Figure 1.6).

The level of Hg per gram of vesicular tissue was only slightly less

than that of the testis. In contrast, the testis concentrated twice
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the amount of Cd as compared to epididymis and seminal vesicles and

seven times as much as the prostate. In general, blood levels of

Cd or Hg were exceeded in varying magnitudes by those in testis (17.5

times for Cd versus 5 times for Hg), epididymis (8.3X versus 10X),

seminal vesicles (8.8X versus 8.5X) and prostate gland (2.5X versus

9X). Several inferences can be drawn from these results: (1) tis-

sues of reproduction from the rat actively concentrate Cd and Hg

from the systemic circulation irrespective of the Se status of the

animal; (2) the epididymis and prostate gland appear to be more

actively involved in the metabolism of Hg than testis or seminal

vesicles; and (3) rat testis and seminal vesicles seem to be more

tolerant to Cd than Hg. The biological significance of these obser-

vations is not fully understood at the present time. The apparent

tendency of rat testis and seminal vesicles to accumulate more Cd

than Hg might be a reflection of the whole animal's ability to re-

tain more Cd than Hg as previously discussed. The greater uptake of

Cd than Hg by the testes of rats has been observed by others (Chen

and Ganther, 1975).

Of the tissues examined in the present investigation, the brain

contained the least amounts of Cd and Hg, regardless of the Se status

of the animals. This is in accord with the observations of other

investigators in studies with Cd (Berlin and Ullberg, 1963; Nordberg

and Nishiyama, 1972) and Hg (Saito et al., 1961; Swensson and Ulf-

varson, 1967; Nordberg and Serenius, 1969; Suzuki, 1969; Moffitt

and Clary, 1974). The very low levels of Cd and Hg in brain could be
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due to the blood-brain barrier which has been shown to be more easily

penetrated by Hg vapor than by inorganic Hg (Berlin and Ullberg, 1963:

Magos, 1967; Friberg and Vostal, 1972).

Data presented in Table 1.2 show that Se caused a drastic in-

crease in blood and testis Cd levels throughout the 14-day experi-

mental period. These results agree with those reported by other

investigators (Ganther and Bauman, 1962; Parizek et al., 1971; Chen

et al. 1975a; Whanger, 1979). In contrast, Se effectively decreased

Cd content in brain, liver, kidney, epididymis, seminal vesicles and

prostate gland. Such decreases were generally more pronounced within

24 hours after injection than at any other time post-injection.

Similar Se-induced reductions in kidney and liver Cd content have

been observed in rats (Chen et al. 1975a; Whanger, 1979) and sheep

(Lee and Jones, 1976). However, other workers have reported con-

flicting results with regards to the effect of Se on Cd deposition

in liver and kidney. For example, Ganther and Bauman (1962) found

that Se markedly reduced kidney Cd levels in rats while it signifi-

cantly (P < 0.05) increased the Cd content in kidney and liver of

piglets. The exposure route employed doesn't appear to be the factor

for these disparities which may stem mainly from differences in the

Cd or Se dose, Cd to Se ratios, time sequence of administration, etc.

Testes from +Se rats showed a consistent increase in Cd levels

over those in similar organs from -Se rats (Table 1.2). Data in the

literature indicate that regardless of the dosing route or level of

Se and Cd used, testes from +Se rats accumulate Cd at levels which
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greatly exceed those of comparable organs from -Se rats (Gunn and

Gould, 1.966; Chen et al., 1975a; McDowell et al., 1978; Whanger,

1979; Whanger et al., 1980). Results obtained with testis in the

present study contrasted sharply with those obtained with the other

tissues of reproduction examined (Table 1.2). There was a general,

Se-induced decline in the Cd content in epididymis, seminal vesicles

and prostate gland. This decline was generally sustained throughout

the 14-day experimental period. Thus, it is apparent that the

mechanism whereby Se is able to protect the testis against Cd toxicity

while simultaneously elevating the levels of the metal in this organ

does not apply to the other tissues of reproduction. It is possible

that Se may protect reproductive organs other than testis against the

deleterious effects of Cd mainly by reducing the Cd content. Results

from the present study on the diversion of Cd by Se are supportive of

this possibility.

Similar to Cd, Hg levels in blood were markedly increased by Se

(Table 1.2), but in contrast to Cd, the Hg content in brain and liver

were also increased. This Se-induced increase in the level of inor-

ganic Hg in rat brain, liver and blood corroborates the results re-

ported by others for rat brain (Moffitt and Clary, 1974; Fang, 1977),

liver (Moffitt and Clary, 1974; Johnson and Pond, 1974; Potter and

Matrone, 1974; Fang, 1977; Rimerman et al., 1977), and blood

(Parizek et al., 1971; Chen et al., 1974; Fang, 1977). Liver from

+Se rats in the present study maintained a continuous increase in Hg

content over that in liver from -Se rats. This observation is similar
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to the Se-induced, prolonged increase in liver Ng levels reported by

Moffitt and Clary (1974). Therefore, as suggested by the results of

Moffitt and Clary (1974), Johnson and Pond (1974), and Potter and

Matrone (1974), with high Hg intakes (e.g., up to 400 ppm in diet)

in the presence of Se, the liver plays a major role in protecting

against Hg toxicity. This organ serves as the main reservoir for

the Se-induced sequestration of Hg.

Twenty-four hours after injection with inorganic
203

Hg, kidneys

from +Se rats contained only 63 percent of the Hg content in kidneys

from -Se rats (Table 1.2, present study). Apparently, this Se-induced

reduction in kidney Hg levels was short-lived, since the Hg content

in kidneys from the 7d and I4d -Se and +Se rats were similar. Several

research groups (Parizek et al., 1971; Chen et al., 1974; Moffitt

and Clary, 1974; Fang, 1977; Rimerman et al., 1977) have demonstra-

ted that Se causes a drastic reduction in kidney Hg concentrations

within 24 hours after the administration of the metal. However, as

data from the present study (Table 1.2) and from those of Moffitt

and Clary (1974) and Rimerman et al. (1977) indicate, the difference

between Hg levels in kidneys from -Se and +Se rats becomes less

pronounced with time.

Of particular interest is the observation that 24 hours after

the injection of
203 Hg, there were 131, 135, 150 and 155 percent

increases respectively in Hg concentrations in testis, seminal ves-

icles, epididymis and prostate gland from +Se rats (Table 1.2).

However, by day 14, the levels of Hg in testis and epididymis from
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these rats had dropped respectively to 56 and 91 percent, whereas

those in seminal vesicles and prostate gland remained high at 175 and

180 percent compared to those from -Se rats. The initial increase in

Hg concentrations observed in testis from +Se rats in this study agree

with the findings of Parizek et al. (1974) and Chen et al. (1974) in

studies with rats injected with inorgan c
203

Hg. However, the marked

Se-induced decrease in testis Hg levels observed in the present study

conflicts with the results reported by Potter and Matrone (1974), who

observed a sustained Se-induced increase in testis Hg concentrations

when 40 or 400 ppm inorganic Hg and 5 ppm Se as selenite were fed to

rats for 21 days. The reasons for this disagreement are not apparent,

but dose and exposure route, chemical form of Hg, ratio of Se to Hg,

and type of diet must be considered (Potter and Matrone, 1974;

Nygaard and Hansen, 1978; Whanger, 1981). The time after exposure

to each metal is also critical.

The time sequence pattern of Cd and Hg deposition in rat testis

as influenced by Se is reflected in the distribution of both metals

in testis cytosols (Table 1.4). Whereas Se caused a continuous in-

crease in Cd concentrations in the cytosolic fractions of rat testis

up to day 14 of the experiment, it increased Hg levels in these

fractions 24 hours post-injection, and afterwards continued to reduce

the levels of this metal in the cytosols. Se-induced changes in Hg

content of cytosols and subcellular fractions have been reported by

others (Chen et al. , 1974). Since the diversion of the metals by Se

is greatest shortly after exposure (Whanger et al., 1980), this may
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be the most effective short-term mechanism whereby Se counteracts

metal toxicity in the testes. However, with prolonged periods of

exposure to Hg, it is the ability of Se to reduce Hg levels in testis

which may protect this organ against damage. Differences in effects

of Se on Cd and Hg could be due to the binding of Cd but not Hg to a

30,000 MW protein in testis. This protein has been suggested as the

target for Cd damage in testis (Chen and Ganther, 1975).

Data on the distribution of Cd and Hg within the cytosolic frac-

tions of the epididymis, seminal vesicles and prostate gland revealed

that the effects of Se were not only time-dependent but also variable.

Although Se-induced diversions from low MW proteins to higher MW ones

proved to be significant for the binding of Cd in cytosols from the

epididymis and seminal vesicles (and even that was time-dependent),

Se did not cause appreciable diversions either in the binding of Cd

and Hg in prostatic cytosols or in the binding of Hg in epididymal

and vesicular cytosols. However, where there were no appreciable

diversions, the 10,000 MW protein (metallothionein) content of the

metals was relatively high, suggesting that in reproductive tissues

other than testis, metallothionein (MT) could play a major role in

the binding of Cd and Hg, irrespective of the Se status. Consistent

with this is the role proposed by several investigators for MT in

heavy metal detoxication by sequestering metals such as Cd and Hg

(Pulido et al., 1966; Nordberg et al., 1971; Winge and Rajagopalan,

1972; Burk et al., 1974; Piotrowski et al., 1974a, 1974b; Chen et

a1., 1975b; Whanger and Deagen, 1983).
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In other work, Se diverted the binding of only a small amount

of Cd from low MW proteins to those of higher MW in liver cytosols

and about 50 percent of the Cd in kidney cytosols, whereas nearly all

of the Hg binding was diverted in the cytosolic fractions of these

organs by Se (Chen et al., 1974, 1975a). These results, which in

general agree with those obtained in the present study, demonstrate

that differences exist in the effects of Se on the distribution of

Cd and Hg within the cytosols of kidney and liver. Such differences

may depend on a number of factors (Fang, 1977; Whanger et al., 1980).

As shown in Figures 1.31 through 1.36, more Cd and Hg were pro-

gressively bound to MT with time in rat brain cytosols regardless of

whether the cytosols were prepared from -Se or +Se rats. However, the

main action of Se in the brain was to decrease the amount of Cd bound

to all proteins of the brain cytosol while it increased the levels of

Hg in the cytosolic fractions, particularly MT. Interestingly, Chen

et al. (1975c) found that Hg (administered as methylmercury) was

associated with several proteins in rat brain. These workers observed

that Se pretreatment had no effect on the distribution of Hg within

the brain cytosol but resulted in greater amounts in each peak which,

as they suggested, was probably the result of increased uptake by the

whole tissue.

Although the mechanism by which Se counteracts the deleterious

effects of Cd and Hg are still not fully understood, the present

investigation has produced results which indicate that Se may protect

tissues against Cd and Hg toxicity via two routes: It can either
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increase the uptake of Cd or Hg and, subsequently, cause a redistri-

bution of the metal at the cellular level, as is the case with testis

for example, or it can reduce whole tissue Cd or Hg content thereby

averting possible metal intoxication. Some suggested mechanisms for

Se protection against heavy metal toxicity include a role of MT, in

conjunction with Se, in the binding of metals (Shamberger, 1983);

stimulation by Se in the removal of inorganic Hg by MT (Burk et al.,

1974); formation of a stable metal-Se complex (in a 1:1 molar ratio)

(Groth et al., 1972, 1976; Gasiewicz and Smith, 1978), or the

enhancement by Se of the immune response (Spallholz et al., 1973;

Rimerman et al., 1977). Further work is needed to identify the exact

mechanism(s) of interaction, since not all reports agree on this

issue. For example, Chmielmicka and Brzeznicka (1978) found that Se

interfered with MT synthesis, which is in contrast to that found by

Burk et al. (1974).

In vitro studies with ram spermatozoa (Section II) gave results

which indicate that Se (as selenite, selenocystine or selenomethionine)

protected spermatozoa against Cd and Hg toxicity as evidenced by the

prolonged life span of sperm (Table 11.3). The mechanism by which Se

counteracts the toxic effects of Cd and Hg on ram spermatozoa in vitro

is not readily apparent. However, one way Se could do this is to

inhibit the adsorption of Cd by spermatozoa) membrane surfaces. This

mechanism obviously does not hold true for Hg since Se increased the

amount of this metal adsorbed by sperm. Also, it is possible that Se

forms stable complexes with Cd and Hg in vitro, resulting in the
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formation of products which are less toxic to sperm. In contrast to

the tissues, the mechanism of protection afforded by Se was not me-

diated via the diversion of the binding of Cd and Hg. No differences

were found in the gel filtration patterns of seminal plasma or

spermatozoa incubated in the presence of Cd or Hg with or without

Se (Section II).

High MW (>70,000) proteins played a very important role in the

binding of Cd and Hg in ram seminal plasma and spermatozoa (Section

II). This role was dependent neither on the presence or absence of

Se nor on the chemical form of Se used. A 5,000 MW metal-binding

protein has been demonstrated to be present in ram seminal plasma

(present study). This small MW protein bound only 6 10 percent of

the metals. While the nature of the protein was not investigated,

it is suspected that its role in the binding of Cd and Hg might

become more significant in the event of exposure to higher doses of

the metals.

As revealed by G-75 chromatography of solubilized ram spermato-

zoa, Se did not appreciably alter the distribution of Cd and Hg within

the sperm. However, it caused an increase in the amount of metal

bound to a protein with an apparent MW of 10,000. Purification and

amino acid analysis of this low MW protein showed that it was not MT

as indicated by its very low cysteine content (2.9%) as well as the

presence of aromatic amino acids. Deagan et al. (1980) found that

the cysteine content was about 3 percent in a Cd-binding protein

isolated from rat testis. This is interesting in light of the
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properties of the low MW protein found in the spermatozoa. Metal-

binding proteins with MW's in the range of 10,000 have been identified

in a number of mammalian tissues (Shapiro et al., 1961; Bremner and

Davies, 1975; Evans et al., 1975; Winge et al., 1975, 1981; Riordan

and Gower, 1975; Irons and Smith, 1977; Chen et al., 1977; Lee et

al., 1977; Ridlington and Fowler, 1979; Ridlington et al., 1981).

Much controversy exists in the literature as to the identity of these

metal-binding proteins, and in particular as to whether the proteins

in question are MT species. For example, even though it was originally

thought to be a non-thionein copper-binding protein (Winge et al.,

1975; Irons and Smith, 1977), the Cu-Chelatin isolated from rat liver

has actually been shown to be a MT (Bremner and Young, 1976; Ryden

and Deutsch, 1978; Winge et al., 1981).

Evidence has been provided in the present work which indicates

that Cd and Hg are extremely toxic to ram spermatozoa especially at

concentrations ranging from 10
-4

to 10
-2
M or higher, as demonstrated

by the reduced motility and oxygen consumption. It has been suggest-

ed (White, 1955) that the spermicidal effect of Cd may be due to the

inactivation of glyceraldehyde phosphate dehydrogenase, an important

enzyme which functions as part of the spermatozoal glycolytic process

in the production of energy-rich ATP. Baker (1931) postulated that

Hg (as mercuric chloride) kills sperm by forming mercury albuminates

with the proteins of the spermatozoa. It is apparent, then, that

the protection afforded by Se against the harmful effects of Cd and

Hg is mediated via mechanisms which involve the formation of
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complexes that are neither capable of affecting spermatozoa! enzymes,

particularly those containing essential sulfhydryl groups, nor of

combining with the sperm albumins.

Other metals which have been shown to be injurious to spermato-

zoa in vitro at low concentrations include copper (Macleod, 1947,

1951; White, 1955) and iron (Dubincik, 1934; White, 1955). There

is also evidence that trace amounts of heavy metals are toxic to

diluted sea urchin spermatozoa (Tyler and Rothschild, 1951; Tyler,

1953) and that they can inhibit or produce abnormal fertilization in

invertebrate eggs (Lillie, 1921; Hoadley, 1923; Runnstrom, 1939;

Cleland, 1953). Thus, most early manuals of artificial insemination

techniques (e.g., Anderson, 1946; Goode and Ruddock, 1948) prescribed

the use of distilled water in making up diluents, presumably to avoid

metallic contamination.

Julien and Murray (1977) and Pratt (1978) found that addition of

1 ppm Se to diluted bovine semen enhanced sperm motility and oxygen

uptake in vitro. Results obtained in the present study (as well as

those from preliminary studies) showed that concentrations of Se

ranging from 0.08 to 2.0 ppm can prolong the life span of ram sperm

in vitro. Exactly how Se improves spermatozoal motility and oxygen

consumption in vitro over those of controls (i.e., spermatozoa

incubated in physiological saline) is not clearly understood at the

present time. It can only be speculated that Se may stimulate the

activities of enzyme systems within the spermatozoa, especially that

of the sulfhydryl-containing glycolytic enzyme, glyceraldehyde
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phosphate dehydrogenase, thus making more ATP available to provide

the energy needed for increased motility and oxygen uptake.

Dissimilar to the pattern of Cd and Ng distribution in ram

spermatozoa and seminal plasma, Sephadex G -150 chromatography of

seminal plasma from ram semen incubated with various selenocompounds

revealed that the distribution of Se in ram seminal plasma depended

on the chemical nature of Se used. With
75Se-selenite and

75
Se-

selenocystine, most of the radioactivity was associated with high

MW (>150,000) proteins, whereas about 60 percent of the
75

Se-seleno-

methionine remained unbound to seminal plasma proteins (Figure 111.1).

It is perhaps significant that all three forms of Se were associated,

in varying degrees, with an 85,000 MW protein which it is logical to

assume to be glutathione peroxidase (GSH-Px). Although the presence

of GSH-Px in seminal plasma has been demonstrated in various species

(Li, 1975; Brown et al., 1977; Calvin and Cooper, 1979; Smith et

al., 1979; Pond, 1981; Alabi, 1982), it cannot be concluded from

the present work whether the Se compounds were actively incorporated

into seminal plasma proteins, including GSH-Px. This is because

Martin (1973) and Ganther (1974) have shown that small amounts of Se

are found in most proteins due to nonspecific binding to protein-SH

groups or substitution of selenoamino acids for their sulfur counter-

part.

The appearance in high quantities of
75

Se
i n ejaculated ram

spermatozoa 18 21 days post-injection (present study), however,

indicates that Se is actively incorporated by the developing
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spermatozoa. This is consistent with the work of Gunn et al. (1967),

Burk et al (1972), Smith et al. (1979) and Pond (1981). The incor-

poratedporated Se has been shown to function in a structural role in sperma-

tozoa (Calvin, 1978; Calvin and Cooper, 1979; Pallini and Bacci,

1979).

Results obtained from the in vitro and in vivo studies in the

present investigation suggest that spermatozoa from the rat and ram

are capable of converting inorganic Se (as selenite) into organic

Se, and that the major chemical form of Se in ram spermatozoa is Se-

selenomethionine whereas selenocystine appears to be the predominant

selenoamino acid in rat spermatozoa. This observation establishes

the existence of species differences in the form of Se incorporated

by spermatozoa.

The chemical form of Se incorporated in animal tissues has

generated a great deal of controversy, and there are conflicting

reports as to whether animal tissues are capable of converting inor-

ganic Se into selenoamino acids. For example, work by McConnell and

Wabnitz (1957) with dogs, and by Rosenfeld (1962) with rats gave

results that suggested that selenoamino acids were synthesized from

selenite. However, Cummins and Martin (1967) have suggested that

radioactive Se associated with animal proteins is really inorganic

selenite adsorbed in a reversible manner. Furthermore, Hidiroglou

et al. (1968) detected selenomethionine by paper chromatography of

acid hydrolyzed rumen bacteria incubated in vitro with selenite,

whether or not the sheep from which the fluid was obtained had been
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previously treated with selenite. These same workers reported similar

results for in vivo experiments.

Additional evidence has been provided which suggests the presence

of selenocysteine in tissue organelles from lamb injected with 75Se-

selenite (Beilstein et al. , 1981), which is consistent with work show-

ing the form of Se in GSH-Px to be also selenocysteine (Forstrom et

al., 1978). Selenomethionine was reported to be the form of Se in

microorganisms grown in media containing 75Se-selenite (Tuve and

Williams, 1961; Blau, 1961; Weiss et al., 1965). In light of these

findings, the chromatographic evidence provided in the present study

for the role of selenomethionine and selenocystine as the predominant

forms of Se respectively in ram and rat spermatoaoa seems very

plausible.
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SUMMARY

The present study was conducted to investigate (1) the effects

of Se on Cd and Hg metabolism in various tissues including the organs

of reproduction in vivo; (2) effects of different selenocompounds

on Cd and Hg metabolism in ram semen in vitro; (3) the chemical

form(s) of Se incorporated into rat and ram spermatozoa both in vivo

and in vitro; and (4) interactive effects of Cd, Hg and various Se

compounds on ram spermatozoa] oxygen uptake and motility in vitro.

Se significantly (P < 0.05) increased the retention of Cd and Hg in

rats and, consequently, longer biological half-lives were obtained

for
109

Cd and
203

Hg with +Se rats than -Se rats. Regardless of the

Se status of the rats, the major route of Cd and Hg excretion was

feces, although urinary Hg excretion was as high as 25 percent.

Of the tissues examined, kidney and liver contained the highest

amounts of Cd and Hg; the total metal levels of the reproductive

tissues were intermediate, with testis containing the greatest

amounts; and brain contained the least amounts of both metals. Se

increased Cd levels in blood, testis, and testicular cytosols; but

decreased whole-tissue and cytosolic Cd content in the epididymis,

seminal vesicles, prostate gland, kidney, liver and brain. In con-

trast, the effects of Se on Hg distribution in whole tissues and in

tissue cytosols were not consistent. For example, Se increased whole

testis and cytosolic Hg levels 24 hours post-injection with 2"Hg,

but a decrease occurred in the levels of this metal 7 and 14 days

thereafter.



167

Based on Sephadex G-75 chromatography of tissue cytosols, Se

usually diverted the binding of Cd and Hg from low MW proteins to

higher MW ones. However, there were some exceptions such as brain

and prostate gland. These diversions may be one of the mechanisms

by which Se protects tissues against the toxic effects of the metals.

A second mechanism of protection may be the reduction in whole tissue

metal uptake which was especially true of Cd. The 10,000 MW protein

(routinely assumed to be metallothionein) played a significant role

in the binding of Cd and Hg, particularly in tissue cytosols from

rats killed 7 and 14 days after injection.

Ram spermatozoa incorporated small amounts of Cd and Hg in

vitro, although greater amounts of the metals were adsorbed to the

sperm membrane surfaces. Gel filtration of the seminal plasma and

spermatozoa from ram semen incubated with Cd or Hg with or without

various Se compounds revealed no Se-induced redistribution of the

metals within the sperm or seminal plasma. The majority of the Cd

and Hg were bound to high MW proteins in all samples. A Hg-binding

protein with an approximate MW of 10,000 was purified from ram

spermatozoa, and the amino acid profile revealed that this protein

was not metallothionein since some aromatic amino acids (phenyl-

alanine and tyrosine) were present. In addition, the cysteine

content was very low (2.90).

Sephadex G-10 and ion exchange column chromatography of sperm

hydrolysates indicated that selenomethionine and selenocystine were

respectively the predominant chemical forms of Se in ram and rat



168

spermatozoa. It was also demonstrated that these spermatozoa were

capable of converting selenite to selenoamino acids both in vivo and

in vitro. There were some differences in the distribution of Se in

ram seminal plasma depending on the chemical form of this element

used.

Evidence was provided which indicates that 10
-6

to 10
-2

M con-

centrations of Cd and Hg (as CdC12 or HgC12) are toxic to ram sperm

as indicated by the depressing effects of these metals on spermato-

zoal motility and on oxygen consumption in vitro. Equimolar concen-

trations of Se as selenite, selenocystine or selenomethionine

counteracted the toxicity of Cd and Hg at low concentrations (10
-5

to 10
-6

M). However, the higher the concentrations of the metals,

the less effective the Se compounds were in alleviating the spermi-

cidal effects of the metals. Incubation of ram sperm with Se at

concentrations ranging from 0.08 to 2.0 ppm improved sperm motility

and oxygen uptake over that for controls.
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Table 1. Composition of the Torula Yeast-Base

Diet Fed to Rats in Present Studya

Ingredients

Composition
g(ml) /kg diet

Torula yeast 400

HMW salts 50

Cerelose 415

Wesson oil 50

Vit. Mix
b 10

Solka floc 75

Vit. Ac 1.0 ml

Vit. Ed 3.0 ml

Vit. D
2

e 1.0 ml

aDiet fed to Se-deficient (<0.02 ppm Se) rats.

Se-adequate rats were fed this diet plus 0.2 mg

Se (as sodium selenite) per kg diet.

bComposition of Vit. Mix used:

Thiamine HC1 1 g Riboflavin 1 g

B
6
-pyridoxine HCl 600 mg Niacin 20 g

Ca D-Pantothenate 4 g Menadione 200 mg

B
12

0.1% trit. 20 g Folic acid 400 mg

Choline dihydro-
Biotin 200 mg

gen citrate 424 g Lactose 1750 g

cVit. A: 1 g in 300 ml 95% ethanol

(Vit. A acetate = 1.0 1.U.).

dVit. E: 1 g in 50 ml 95% ethanol
(Tocopherol acetate = 1.36 1.U./mg).

eVit. D : 1 g in 50 ml double distilled H2O
2 500,000 units/g).



Table 2. Interactive Effects of Cadmium' and Various Selenocompounds2 on Ram Spermatozoal Oxygen Consumption In Vitro

Treatment

Control

Sperm + 10
-6

M Cd

Sperm + I0-5M Cd

Sperm + 10
-4

M Cd

Sperm + 10
-3M Cd

Sperm + 10
-2

M Cd

Time of Incubation (Minutes) /Oxygen Consumption (o)3

15 30 45 60 75 90 105 120 135 150

17 t 3.0

17 t 5.0

II t 2.0

5 t 1.0

2 t 0.3

2 t 0.4

42 2 5.0

29 t 4.o

20 t 3.0

12 t 3.0

6 t 1.4

4 t 0.8

50 t 4.o

35 t 6.0

25 t 2.0

12 t 4.0

6 t 0.8

4 t 0.9

56

35

29

17

6

4

t 5.0

t 6.0

t 2.0

t 3.0

t 0.8

t 0.8

57

42

35

17

6

4

4,0

t 5.0

6.0

t 3.0

t 0.7

t 0.8

57 t 4.0

5o t 7.o

42 ± 6.0

22 t 3.0

6 t 1.0

4 t 0.9

57 t 4.0

50 t 7.0

42 t 6.0

25 t 7.0

6 t 1.0

4 t o.6

57 t 4.0

50 t 8.0

42 t 5.0

28 t 5.0

6 t 1.0

4 t 0.8

57 t 4.0

50 t 7.0

42 t 5.0

28 t 5.0

6 t 1.0

4 t 0.8

57 t 4.0

50 t 6.0

42 t 6.0

28 t 4.0

6 t 1.0

4 t 0.8

Control

Sperm + 10
-6
M Cd + 10

-6
M Na

2
Se03

Sperm + 10
-5M Cd + 10

-5M Na
2
Se0

3

Sperm + 10
-4
M Cd + 10

-4
M Na

2
Se03

Sperm + 10
3M Cd + 10 3M Na

2
Se03

Sperm + 10
-2
M Cd + 10

-2
M Na

2
Se°

3

17 t 2.0

25 t 3.0

29 t 2.0

II t 1.4

5 t o.6

2 t 0.5

42 t 4.0

37 t 3.0

42 t 4.0

16 t 2.3

6 t 1.0

4 10.8

51 t 4.0

51 t 4.0

57 t 3.0

24 t 4.0

12 t 1.8

5 t 0.6

56 t 8.0

61 t 6.0

61 t 6.0

37 t 2.7

15 t 1.9

5 t 1.0

57 t 4.0

62 t 6.0

61 t 5.0

37 * 2.8

24 t 3.0

5 t (.0

57 t 7.0

65 t 7.0

61 t 8.0

42 2 3.1

24 t 3.0

5 t 1.3

57 t 4.0

65 t 6.0

61 t 7.0

42 2 3.0

24 t 2.8

5 t 1.0

57 t 5.o

65 t 5.o

61 t 6.o

42 t 2.9

24 t 3.o

5 t 1.0

57 t 5.0

65 t 5.0

61 t 6.0

42 t 3.0

24 t 2.7

5 t (.0

57 t 4.0

65 t 5.0

61 t 6.0

42 t 3.0

24 t 3.0

5 t 1.0

Control

Sperm + 10
6
M Cd + 10

-6
M Se-Cys

Sperm + 10
-5M Cd + 10-5M Se-Cys

Sperm + 10
-4
M Cd + 10

-4
M Se-Cys

Sperm + 10
3M Cd + 10

3M Se-Cys

Sperm + 10-2M Cd + 10-28 Se-Cys

12 t 1.6

9 t 1.2

7 t 0.8

7 t 0.9

7 t 0.8

2 1 0.3

30 t 2.8

26 t 2.0

18 t 2.1

II t 0.8

I 1 t 1.5

6 t 1.8

39 1 3.1

33 1 3.2

24 t 2.5

18 t 1.7

18 t 2.2

6 t 1.9

51 t 5.2

45 t 4.1

39 t 3.4

25 t 2.3

25 ± 2.4

6 t 1.9

57 t 4.7

50 t 4.5

44 t 3.8

32 t 3.4

25 t 2.4

6 t (.9

57 t 3.9

611 t 5.3

52 t 3.9

38 t 3.8

25 t 2.4

6 t 1.9

57 t 3.9

61 t 5.3

50 t 3.9

38 t 3.9

25 t 2.4

6 t 1.9

57 t 5.0

61 t 5.6

50 t 3.9

38 t 3.9

25 t 2.4

6 t 1.9

57 t 5.0

61 t 5.8

50 t 3.9

38 t 3.8

25 1 2.4

6 t 1.9

57 t 5.0

61 t 5.8

50 t 3.9

38 t 3.8

25 t 2.4

6 t 1.9

Control

Sperm + 10
6
M Cd + 10

-6
M Se-Met

Sperm + 10-58 Cd + 10-58 Se-Met

Sperm + 10
-4
M Cd + 10

-4
M Se-Met

Sperm + 10
-3M Cd + 10

3
M Se-Met

Sperm + 1028 Cd + 10-28 Se-Met

II t 0.7

21 t 2.5

15 t 2.0

8 t 0.7

4 t 0.6

2 t 0.4

27 t 2.1

36 t 3.1

31 t 3.7

20 t 1.9

18 t 1.1

7 t 0.8

32 t 2.3

40 t 3.7

37 t 3.3

28 t 2.3

19 t 1.0

7 t 0.6

41 t 3.8

50 t 4.3

47 t 4.9

36 ± 3.1

22 t 2.0

II t 1.1

50 t 2.2

61 t 5.1

58 t 5.1

46 t 3.7

26 t 2.3

II t 1.1

57 t 3.1

65 t 6.6

6o t 5.4

46 t 3.7

33 t 3.0

II t 1.1

57 t 3.0

65 1 6.6

60 t 5.4

46 t 3.7

33 t 3.0

11 t 1.1

57 t 2.9

65 t 6.6

60 t 5.4

46 t 3.7

33 t 3.0

11 t 1.1

57 t 2.9 57 t 2.9

65 t 6.6 65 t 6.6

6o t 5.4 60 t 5.4

46 t 3.7 46 t 3.7

33 t 2.8 33 t 2.8

ll t 1.1 11 t 1.1

'As cadmium chloride (CdC1
2
).

2
Sodium selenite (Na

2
Se03 ) selenocystine (Se-Cys) and selenomethionine (Se-Met). 3Each value represents the

mean (tSEM) of 3 trials.



Table 3. Interactive Effects of Mercury' and Various Selenocompounds2 on Ram Spermatozoal Oxygen Consumption In Vitro

Treatment

Time of Incubation (Minutes)/Oxygen Consumption (111)3

15 30 45 60 75 90 105 120 135 150

Control 13 t 1.0 30 t 3.1 40 t 3.4 51 t 5.2 58 t 6.0 58 t 6.0 58 t 6.0 58 t 5.9 58 t 5.9 58 ± 5.9

Sperm + 10
-6M Hg 9 t 0.8 18 t 1.4 23 t 2.4 32 t 2.9 32 t 2.9 32 t 2.9 40 t 3.3 42 t 3.7 42 t 3.7 42 ± 3.7

Sperm + 105M Hg 8 t 0.5 12 t.0.7 18 t 1.7 18 t 1.7 25 t 2.6 28 t 3.6 31 t 3.4 40 t 4.2 40 t 4.2 40 t 4.2

Sperm + 10
-4
M Hg 4 t 0.3 6 t 0.8 6 t 0.8 12 t 2.3 17 t 2.8 24 t 2.5 24 t 2.5 24 t 2.5 24 t 2.5 24 t 2.5

Sperm + 10
-3
M Ng 2 t 0.8 4 t 0.9 4 t 0.9 4 t 0.9 4 t 0.9 4 t 0.9 4 t 0.9 4 t 0.9 4 t 0.9 4 t 0.9

Sperm + I0-2M Hg 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5 2 t 0.5

Control 25 t 2.0 43 t 3.1 51 t 4.2 57 t 4.8 58 t 5.6 58 t 5.6 58 t 5.6 58 t 5.6 58 t 5.6 58 t 5.6

Sperm + 10
-6
M Hg + 10

-6
M Na2Se03 17 t 1.3 38 t 2.3 51 t 4.6 57 t 4.9 61 t 5.2 61 t 5.2 61 t 5.2 61 t 5.2 61 t 5.2 61 t 5.2

Sperm + 10
-5M Hy + 10-5M Na2Se03 11 t 0.8 20 t 1.9 36 t 1.7 42 t 2.5 42 1 2.5 46 t 4.8 50 t 4.4 50 t 4.4 50 t 4.4 50 t 4.4

Sperm + 10
-4
M Hg + 10

..4M Na2Se03 II t 0.6 16 t 1.1 24 t 2.4 27 t 2.8 28 1 3.2 28 t 3.2 28 t 3.2 28 t 3.2 28 t 3.2 28 t 3.2

Sperm + 10
-3M Hg + 10

-3M Na25e03 5 t 0.3 12 t 2.0 12 t 2.0 12 t 2.0 12 t 2.1 12 t 2.1 12 t 2.1 12 t 2.1 12 t 2.1 12 t 2.1

Sperm + 10
-2
M Hg + 10

-2M Na2Se03 2 t 0.1 2 t 0.1 4 t 0.3 6 t 1.0 6 t 1.0 6 t 1.0 6 t 1.0 6 t 1.0 6 t 1.0 6 t 1.0

Control 20 1 2.8 30 t 3.1 39 t 3.8 51 t 4.4 57 t 4.9 61 t 5.0 61 1 5.0 61 t 5.0 61 t 5.0 61 t 5.0

Sperm + 10
-6
M Hg + 10

-6
M Se-Cys 13 t 1.2 25 t 3.0 32 t 3.6 51 t 4.2 61 t 5.3 63 t 4.9 63 t 4.9 63 t 4.9 63 t 4.9 63 t 4.9

Sperm + 10
-5M Hg + 10-5M Se-Cys 10 t 0.7 19 t 1.4 24 t 2.5 45 t 3.6 50 t 4.0 56 t 4.2 56 t 4.2 56 t 4.2 56 t 4.2 56 t 4.2

Sperm + 10
-4
M Ng + 10

-4
M Se-Cys 8 t 0.5 12 t 1.0 12 t 1.0 18 t 1.3 24 t 2.6 24 t 2.6 33 1 3.5 33 t 3.5 33 t 3.5 33 t 3.5

Sperm + 10
-3M Hg + 10-314 Se-Cys 4 t 0.7 7 t 1.9 12 t 2.8 12 t 2.8 12 t 2.8 12 t 2.8 12 t 2.8 12 t 2.8 12 t 2.8 12 t 2.8

Sperm + 10-2M Hg + I0-2M Se-Cys 4 t 0.9 7 t 1.2 7 t 1.2 7 t 1.2 7 t 1.2 7 t 1.2 7 t 1.2 7 t 1.2 7 t 1.2 7 t 1.2

Control 15 t 1.6 21 t 2.1 33 t 2.0 44 t 3.4 51 t 2.8 58 t 3.9 58 t 3.9 58 t 3.9 58 t 3.9 58 ± 3.9

Sperm + 10
-6
M Ng + 10

-6
M Se-Met 15 t 1.2 28 t 1.8 38 t 2.3 48 t 3.1 58 t 3.4 61 t 4.7 61 t 4.7 61 t 4.8 61 ± 4.8 61 t 4.8

Sperm + 10-5M Hg + 10-514 Se-Met 12 t 0.4 17 t 0.8 24 t 1.2 33 t 3.8 45 t 3.1 51 t 3.6 51 t 3.6 51 t 3.6 51 t 3.6 51 t 3.6

Sperm + 10
-4

M Hg + 10
-4

M Se-Met 8 3 0.6 II t 0.9 19 t 1.1 24 t 2.3 38 t 2.7 38 t 2.7 38 t 2.7 38 t 2.7 38 t 2.7 38 ± 2.7

Sperm + 10-3M Hg + 10-3M Se-Met 4 t 0.3 7 t 0.5 II t 0.8 19 t 2.3 19 t 2.3 19 t 2.3 19 t 2.3 19 t 2.3 19 t 2.3 19 t 2.3

Sperm + 10-2M Hg + 10-2M Se-Met 4 t 0.5 4 t 0.5 4 t 0.5 4 t 0.5 7 t 0.8 7 t 0.8 7 t 0.8 7 t 0.8 7 t 0.8 7 t 0.8

'As mercuric chloride (HgC1
2

)
2 Sodium selenite (Na

2
Se°

3
), selenocystine (Se-Cys) and selenomethionine (Se-Met). 3Each value represents the

mean (iSEM) of 3 trials.
VD



Table 4. Effects of Selenite (Na 2 Se° 3 ) Selenocystine (Se-Cys) and Selenomethionine (Se-Met) on Ram Spermatozoa! Oxygen Consumption In Vitro

Treatment

Time of Incubation (Minutes)/Oxygen Consumption (pill

15 30 45 60 75 90 105 120 135 150

Control 17 t 1.6 37 t 3.9 41 t 3.8 52 t 4.3 57 t 4.4 57 t 4.4 57 t 4.4 57 t 4.4 57 t 4.4 57 t 4.4

Sperm + 10 -6M Na2Se03 25 t 2.1 42 t 4.8 52 1 5.6 56 t 5.2 61 t 6.0 61 t 6.0 61 1 6.0 61 1 6.0 61 t 6.0 61 t 6.0

Sperm + I0-5M Na2Se03 25 t 2.3 52 a 5.4 56 1 6.0 62 t 6.1 64 t 6.1 66 t 6.3 66 1 6.3 66 t 6.3 66 t 6.3 66 t 6.3

Sperm + 10
4
M Na2Se03 10 t 0.7 20 t 2.2 23 t 2.2 27 t 2.9 35 1 3.2 35 t 3.2 42 t 4.0 50 t 4.1 50 1 4.1 50 t 4.1

Sperm + 10
-3M Na2Se03 5 t 0.6 12 t 0.9 16 t 1.8 16 i 1.8 19 t 2.4 25 t 2.6 25 t 2.6 25 t 2.6 25 t 2.6 25 a 2.6

Sperm + I0 2M Na2Se03 2 t 0.8 4 t 0.9 6 t 1.3 12 t 1.4 12 1 1.4 12 a 1.4 12 t 1.4 12 t 1.4 12 t 1.4 12 t 1.4

Control 13 t 1.0 18 a 1.6 33 t 3.0 39 t 3.5 44 t 3.3 50 I 4.0 57 t 4.2 57 t 4.2 57 t 4.2 57 t 4.2

Sperm + 10
6

Se-Cys 9 t 0.7 13 t 1.0 33 t 3.6 45 t 3.9 57 t 4.5 64 t 4.7 64 I 4.7 64 t 4.7 64 t 4.7 64 t 4.7

Sperm + 10
5 M Se-Cys 20 t 1.8 25 t 2.1 40 t 4.1 51 t 4.6 65 t 4.9 68 t 5.1 68 t 5.1 68 t 5.1 68 t 5.1 68 t 5.1

Sperm + 10 4M Se-Cys 4 1 0.6 730.5 13 t 1.2 25 t 2.6 32 t 2.4 32 t 2.4 32 t 2.4 38 t 2.6 45 t 2.8 45 t 2.8

Sperm + 103M Se-Cys 2 t 0.3 4 t 0.3 7 t 1.0 13 a 1.3 18 t 2.0 25 t 2.1 25 a 2.1 32 t 2.4 32 t 2.4 32 t 2.4

Sperm + 10-2M Se-Lys 2 t 0.2 2 1 0.2 2 1 0.2 4 t 0.5 7 t 0.6 13 t 1.0 13 t 1.0 13 t 1.0 13 t 1.0 13 t 1.0

Control 17 t 1.2 21 I 1.7 28 t 2.9 37 a 3.8 53 t 4.3 57 a 4.5 57 a 4.5 57 a 4.5 57 a 4-5 57 a 4.5

Sperm + 10
6
14 Se-Met 17 1 1.5 28 t 2.8 38 t 4.1 48 t 4.3 58 t 5.7 63 t 5.6 67 t 5.9 67 t 5.9 67 t 5.9 67 t 5.9

Sperm + 105M Se-Met 21 I 1.3 31 I 3.9 38 t 4.4 48 t 5.4 58 t 5.8 67 t 6.0 69 t 6.2 69 t 6.2 69 t 6.2 69 t 6.2

Sperm + 10-4M Se-Met 12 t 0.6 18 t 1.8 24 / 2.3 28 1 2.1 37 I 4.0 43 a 3.9 45 t 3.8 45 t 3.8 45 t 3.8 45 t 3.8

Sperm + 10-3M Se-Met 4 t 0.5 8 t 0.6 10 I 0.6 20 1 1.7 24 t 2.0 28 1 2.7 34 I 3.6 34 t 3.6 34 t 3.6 34 t 3.6

Sperm + I0-2M Se-Met 2 t 0.1 4 a 0.3 7 t 0.4 II t 1.0 19 t 2.1 19 t 2.1 19 t 2.1 19 t 2.1 19 t 2.1 19 t 2.1

(Each value represents the mean (tSEM) of 3 trials.
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Table 5. Interactive Effects of Cadmium
1 and Various Seleno-

Compounds
2
on Ram Spermatozoal Motility In Vitro

Time of Incubation (Minutes)/Motility Rating3

Treatment 15 30 45 60 75 90 105 120 135 150

Control
4 9 9 9 9 8 8 8 8 8 8

Sperm + 10
-6

M Cd 8 8 8 7 6 6 6 6 6 6

Sperm + 10
-5

m Cd 8 8 7 6 5 5 5 5 5 5

Sperm + io
-4

m Cd 7 6 6 5 4 4 4 4 4 4

Sperm + 10-3M Cd 3 3 3 3 3 3 3 3 3 3

Sperm + 10
-2

M Cd 2 2 2 2 2 2 2 1 1 0

Control
4

9 9 9 9 9 9 8 8 8 8

Sperm + 10
-6
M Cd + 10

-6
M Na2Se03 to 10 9 9 9 9 8 8 8 8

Sperm + 10-5M Cd + 10
-5M Na2Se03 to to 9 8 8 8 8 8 8 8

Sperm + 10
-4

M Cd + 10
-4
m Na Se03 8 7 7 7 7 7 7 7 7 7

Sperm + 10 -3M Cd + 10
-3m Na2Se03 6 4 4 4 4 4 4 4 4 4

Sperm + 10
-2
M Cd + 10

-2
M Na

2
Se0

3
4 3 3 3 3 3 3 3 3 3

Control
4

9 9 9 9 9 8 8 8 8 8

Sperm + 10
-6

M Cd + 10
-6

M Se-Cys 10 10 10 10 10 9 9 9 9 8

Sperm + 10
-5M Cd + 10

-5
M Se-Cys 8 8 8 7 7 7 7 7 7 7

Sperm + 10
-4
M Cd + 10

-4
M Se-Cys 7 6 5 5 5 5 5 5 5 5

Sperm + 10-3M Cd + 10
-3M Se-Cys 6 5 4 4 4 4 4 4 4 4

Sperm + 10
-2

M Cd + 10
-2

M Se-Cys 4 3 3 3 3 3 3 3 3 3

Control
4

9 9 9 9 9 9 8 8 8 8

Sperm + 10
-6

m Cd + to
-6

m Se -Met to to tO to tO 10 10 10 9 9

Sperm + 10
-5M Cd + 10

-5
m Se-Met 10 10 10 to 9 9 9 9 9 9

Sperm + 10
-4
M Cd + 10

-4
M Se-Met 8 7 7 7 7 7 7 7 7 7

Sperm + 10 -3M Cd + 10
-3m Se-Met 6 6 6 6 6 6 6 6 6 6

Sperm + 10
-2M Cd + 10

-2
M Se-Met 4 3 3 3 3 3 3 3 3 3

1
As cadmium chloride (CdCl2).

2 Sodium selenite (Na2Se03), selenocystine (Se-Cys) and selenomethionine (Se-Met).

3Each value represents the average of 3 trials.

4
Sperm + physiological saline.
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Table 6. Interactive Effects of Mercury
1 and Various Seleno-

Compounds
2
on Ram Spermatozoa' Motility in Vitro

Time of Incubation (Minutes)/Motility Rating3

Treatment
15 30 45 60 75 90 105 120 135 150

Control
4 9 9 9 9 9 8 8 8 8 8

Sperm + 10
-6

M Hg 8 7 7 7 6 6 6 6 6 6

Sperm + 10
-5M Hg 7 6 6 6 6 6 6 5 5 5

Sperm + 10
-4

M Hg 5 4 3 3 3 3 3 3 3 3

Sperm + 10
-3M Hg 3 3 2 2 2 2 1 1 0 0

Sperm + 10
-2

M Hg 2 1 1 1 1 1 1 1 0 0

Control
4 9 9 9 9 9 9 8 8 8 8

Sperm + 10
-6

M Hg + 10
-6

M Na
2
Se03 9 9 8 8 8 8 8 8 8 8

Sperm + 10
-5M Hg + 10

-5M Na
2
Se03 8 8 7 7 7 7 7 7 7 6

Sperm + 10
-4
M Hg + 10

-4
M Na

2
Se0

3
7 6 6 6 5 5 5 5 4 4

Sperm + 10
-3M Hg + 10

-3M Na
2
Se0

3
5 3 3 3 3 3 3 3 3 3

Sperm + 10
-2M Hg + 10

-2
M Na

2
Se0

3
4 2 2 2 2 2 2 2 2 2

Control
4 9 9 9 9 9 8 8 8 8 8

Sperm + 106M Hg + I0-6M Se-Cys 9 8 8 8 8 8 8 8 8 8

Sperm + 10
-5m Hg + 10

-5M Se-Cys 8 8 8 8 7 7 7 7 7 7

Sperm + 10
-4

M Hg + 10
-4

M Se-Cys 6 5 5 5 5 5 5 5 5 5

Sperm + 10
-3M Hg + 10

-3M Se-Cys 4 4 4 3 3 3 3 3 3 3

Sperm + 10
-2M Hg + 10

-2
M Se-Cys 4 3 3 2 2 2 2 2 2 2

Control
4 9 9 9 9 8 8 8 8 8 8

Sperm + 10
-6

M Hg + 10
-6

M Se-Met 9 9 9 9 9 9 9 8 8 8

Sperm + 10
-5M kg + 10

-5M Se-Met 8 8 8 8 7 7 7 7 7 7

Sperm + 10
-4
M Hg + 10

-4
M Se-Met 7 6 5 5 5 5 5 5 5 5

Sperm + 10
-3M Hg + 10

-3 M Se-Met 6 4 4 3 3 3 3 3 3 3

Sperm + 10
-2M Hg + 10

-2
14 Se-Met 5 3 2 2 2 2 2 2 2 2

1 As mercuric chloride (HgC12).

2Sodium selenite (Na2Se03), selenocystine
(Se-Cys) and selenomethionine (Se-Met).

3Each value represents
the average of 3 trials.

4
Sperm + physiological saline.
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Table 7. Effects of Selenite (Na2Se03), Seienocystine (Se-Cys) and

Selenomethionine (Se-Met) on Ram Spermatozoal Motility In Vitro

Time of Incubation (Minutes)/Motility Rating'

Treatment 15 30 45 60 75 90 105 120 135 150

Control
2 9 9 9 9 9 8 8 8 8 8

Sperm + 10
-6

M Na2Se03 10 10 10 10 10 9 9 9 9 9

Sperm + 10
-5M Na

2
Se03 10 10 10 10 10 10 10 9 9 9

Sperm + 10
-4

M Na25e03 7 7 6 6 6 6 6 6 6 6

Sperm + 10
-3M Na

2
Se03 5 4 4 4 4 4 4 4 4 4

Sperm + 10-2M Na2Se03 4 3 3 3 3 3 3 3 3 3

Control
2 9 9 9 9 9 8 8 8 8 8

Sperm + 10
-6

M Se-Cys 10 10 10 9 9 9 9 9 9 9

Sperm + 10
-5M Se-Cys 10 10 10 10 10 10 9 9 9 9

Sperm + 10
-4

M Se-Cys 8 8 7 7 7 6 6 6 6 6

Sperm + 10
-3M Se-Cys 7 6 5 5 5 5 5 5 5 5

Sperm + 10
-2

M Se-Cys 5 4 4 4 3 3 3 3 3 3

Control
2 9 9 9 9 9 8 8 8 8 8

Sperm + 10
-6
M Se-Met 10 10 10 10 10 10 10 9 9 9

Sperm + 10
-5M Se-Met 10 10 10 10 10 10 10 10 9 9

Sperm + 10
-4

M Se-Met 8 8 8 8 7 6 6 6 6 6

Sperm + 10
-3M Se-Met 7 6 6 5 5 5 5 5 5 5

Sperm + 10
-2

M Se-Met 6 4 3 3 3 3 3 3 3 3

'Each value represents the average of 3 trials.

2Sperm + physiological saline.


