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CHAPTER I 

INTRODUCTION 

The Atomic Age presents major environmental problems 

to both the public and the scientific communities in the 

areas of radioactive fallout, reactor development, waste 

disposal (radioactive and thermal), and nuclear war. Cur

rent and future needs for electrical power in established 

and developing nations require a greater dependence upon 

nuclear power reactors. This is accompanied by a concern 

for possible long-term deleterious effects which may arise 

from radioactive by-products generated by the reactors, 

including the ecologic fate of radionuclides produced as 

fissi on products. Fission products constitute a source of 

radiat ion in the environment from either fallout or nuclear 

waste disposal. These products enter ecologic systems, 

where they become an integral addition to the flux of 

elements in circulation. 

In addition to man-made nuclear fission products, 

all organisms are exposed to continuous environmental 

irradiation arising from external and internal natural 

radioactivity in the earth's crust and from cosmic rays. 
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Travel in the upper atmosphere and space presents radiation 

health problems because of the attendant exposure to cosmic 

radiation. This radiation includes galactic cosmic rays, 

which impinge on the earth from sources other than the sun, 

and solar cosmic rays,which are emitted by the sun during 

solar flares. Ionizing radiation is an environmental agent 

of vital concern because of its deleterious effects on 

biological systems. 

Cadmium was discovered in 1878 by Strohmeyer and 

Herman (CEC, 1978). This metal is a rare, ubiquitous trace 

element of uncertain biologic effects which has been a 

natural environmental component since the beginnings of 

life. It is found in trace amounts in nearly all food

stuffs and drinking water (Perry et al., 1976) and is 

considered a significant environmental pollutant due to 

its ability to accumulate in a large number of different 

organisms (Webb, 1975). Cadmium levels have been in

creasing in the environment throughout the past two 

decades in highly industrialized areas, and cadmium has 

been assigned third order status in eight orders of 

priority in the United Nations Earthwatch Program (Jensen 

et al., 1975). Combustion of coal and oil contributes 

to the increased level of cadmium in the environment 

(Ellis et al., 1979). Cadmium is considered an extremely 
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hazardous environmental insult and has been studied quite 

extensively from this viewpoint (Webb, 1975). 

The biologic actions of cadmium appear to be dele

terious, with no beneficial results; thus, it becomes 

necessary to study the toxicology of this metal. There 

is utmost concern about the dissemination of cadmium into 

the environment and its harmful effects on human health, 

and there is additional concern as to whether the current 

level of cadmium absorption by the general population 

p resents a subtle risk to health. 

The main objectives of this study are (1) to gain 

i nsig ht into sensitivities of vital organ systems after 

t reatments with cadmium, gamma radiation ( 6 °Co), and com

bined cadmium- gamma radiation; (2) to determine physio

l o gical and cellular/molecular changes which occur after 

t he various treatments; and (3) to develop a summary table 

of h ematological and serum chemistry indicators for each 

individual insult, as well as for the co-insult. 



CHAPTER II 

LITERATURE REVIEW 

Radiation 

Effects on the hematopoietic system 

The radiosensitivity of the blood-forming tissues was 

recognized early in the history of radiobiology in the clas

sic work of Heinecke (1905). Aubertin and Beaujard (1908) 

f irst described the appearance of a leukocytosis prior to 

l eukopenia following total body X-irradiation. Since that 

time it has been recognized that radiation damage to the 

h ematopoietic system is a major factor in the mortality 

f ollowing acute radiation exposure (Hollaender, 1954). 

Historically, the major emphasis of radiation studies 

in vivo has been placed on rapidly dividing cells, par

ti cularly those of the hematopoietic system where the 

radiosensitivity is high, is manifested early, and involves 

large quantities of cells. The sequence of changes in the 

number of different kinds of circulating blood cells after 

irradiation is seen largely as a reflection of irradiation 

effect s on the f ollowing cells: (1) radiosensitive pre

cursor cells in the hematopoietic tissue, (2) kinetics of 

4 
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hematopoietic cell maturation, and (3) survival times of 

blood cells in the circulation (Rubin and Casarett, 1973). 

Knospe et al. (1966) and DeGowin et al. (1974) provided 

evidence that, in both man and experimental animals, doses 

of irradiation greater than 3,500 rads damaged the bone 

marrow to such an extent that hematopoietic stem cell 

repopulation was ineffective. Reversible or irreversible 

f ailure of the hematopoietic system, essentially the bone 

marrow and spleen (myeloid and lymphoid tissues), charac

t erizes the hematopoietic syndrome. 

A large dose of radiation (e.g., 800 R) delivered 

t o a rat does not kill or greatly affect the circulating 

b lood elements with the exception oftheadult, non-dividing 

small lymphocytes which are sensitive to small doses of 

100 R (Bacq and Alexander, 1966; Casarett, 1968). It 

ha s also been shown (Maniatis, 1971) that precursor cells 

are r adioresistant. 

Stankova et al. (1979) determined that dose

dependent injury to human blood g ranulocytes within 2 

hours o f X-irradiation occurs due to changes in net 22 Na 

influx and phagocytosing oxygen consumption. They further 

determine d that in vitro resistance to radiation injury 

of normal and myeloproliferative-disease blood granulo

cytes corre lat ed with c e ll capa city f or uptakeandreduction 
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of dehydroascorbate. They concluded that dehydroascorbate 

was a possible determinant of blood granulocyte resistance 

to acute radiation injury. 

The hemopoietic effects of low-level continuous gamma 

radiation with a daily regime of 16.0, 2.5, 1.4, and 1.15 

rads were studied in mice (Gidali et al., 1979). The 

irradiation times varied from 3-38 days. Between 43 and 

50 rads, the reductions in both erythropoiesis and the 

number of femoral colony-forming units (CFU's) were in

versely related to the irradiation time. If exposure time 

was extended to more than 30 days, 59 Fe uptake and stem 

cell level did not differ from control values. This in

dicated a compensation within the hemopoietic system. It 

was determined by this study that enhanced proliferation 

of CFU's was the basis for maintenance of the normal stem 

cell level and hemopoiesis during low-level irradiation. 

Zherbin et al. (1978) studied radiation injury to 

human hemopoietic cells using bone marrow organ culture 

in vitro. They studied the inactivation of different 

cell series of human bone marrow, cultivated in organ 

cultures during the first 4 days after gamma-irradiation, 

as a function of the radiation dose. These investigators 

concluded that mature granulocytes and macrophages existed 
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in the bone marrow cultures in an absolute greater number 

than in the non-irradiated control cultures. 

Human whole-body irradiation in the moderate dose 

range (500 to 1,000 rads) led to a marked decrease in the 

concentration of all cellular elements of the blood 

(Casarett, 1968). MacKova and Praslicka (1979) contin-

uously irradiated mice with a daily dose of 50, 100, 500, 

and 1,000 R. The recovery process for spleen and bone 

marrow was relatively significant and was complete at 28 

and 60 days, respectively. In the initial phase of radia

t ion injury, the total accumulated dose of radiation was 

considered responsible for the degree of inj·ury. The ef

f ect of all daily doses, up to the accumulated dose of 

1 ,000 R, was less intensive than a single dose of 1,000 R. 

The investigators concluded that recovery proceeded 

more s lowly in animals that were exposed to higher daily 

radiat ion doses. Mark ed changes in the bone marrow and 

blood cells a f ter moderate doses of radiation have been 

previously described (Rosenthal et al., 1951; Hulse, 1961; 

Fliedner et al., 1964). For the most part, the abnormal 

cells in the rat bone marrow during the first 3 days 

followin g e xposure to 500 , 1,000, and 1,500 rads were 

in the red blood cell precur sors; however, abnormalities 

in the l eukocyt ic seri es were seen at these doses early 
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after irradiation. Abnormal myelocytic forms were ob

served (Stodtmeister et al., 1956; Fliedner et al., 

1964) in the blood of the rat about 1 to 2 days after 

irradiation and were more prevalent at the higher dose 

levels. 

Mammals die with the sequelae of marrow hypoplasia 

after only a few hundred rads are delivered to the whole 

body (Bond et al., 1965), indicating that the stem cells 

are destroyed at this dose level. Blood erythrocyte counts 

after total body exposure have been shown (Bond et al., 

1965) to fall slowly over the first 7 or 8 days and more 

abruptly thereafter. Lymphocyte depression is severe 

at low doses; however, it plays little role in morbidity 

or mortality (Bond et al., 1965). Werts et al. (1980) 

determined the radiosensitivity of mouse bone marrow 

and evaluated stromal and hemopoietic repopulation in 

X-irradiated marrow. These investigators concluded that 

the D
0 

for growth of colonies of marrow stromal cells 

was 215 to 230 rads. Marrow stromal and hemopoietic cells 

were obliterated by total body irradiation within 3 days 

post-irradiation. In controls, 1 day after 1,000 rads 

to the leg only, marrow stromal cells rose to 88 percent 

of normal, fell to 34 percent by 3 days, and rose to 74 

p ercent of normal at 30 days. Hemopoietic stem cells, as 
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well as differential marrow cells, were completely de

pleted. Werts et al. (1980) concluded that hemopoietic 

recovery and hemopoietic repopulation of a heavily ir

radiated site were facilitated by immigration of stromal 

cells from an unirradiated site. 

Effects on systems other than blood 

Radiation has a pronounced effect on a number of 

other organ systems, including gastrointestinal (Arena, 

1971), testis (Upton, 1969), ovary (Bacq and Alexander, 

1966), and skin (Upton, 1969). The pathologic events in 

organs following exposure to ionizing radiation are de

t ermined by the radiosensitivity of the organ vasculature 

a nd stroma. Upton (1969) and. Arena (1971) agreed that 

di fferent kinds of cells in the body display different 

types of radiosensitivities. Based on a decreasing 

r a diation sensitivity, these authors ranged the body 

ce l l s in the following order: lymphocytes, erythroblasts, 

mye loblasts, me g akaryocytes, spermatogonia, ova, jejunal 

and i liac cryp t s , germinative stratum, sebaceous glands, 

hair matr i x, sweat glands, eye lens cartilage, osteoblasts, 

blood v es s el e pithelium, g landular epithelium, liver, 

g lial , nerve , muscle, connective tissue, and osteocytes. 

Radiation l es i ons appear in a number of different and 



10 

pathologic forms; however, the basic lesions tend to be 

similar in most organs (Rubin and Casarett, 1973). 

Nervous tissue has been regarded as the most radio

resistant in the human or animal body (Casarett, 1968); 

however, the damage which appears is slow to develop in 

relation to other radioresistant tissues. A massive 

destruction of the central nervous system occurs, accom

p anied by instantaneous death, when high . doses of radiation 

a re applied. Casarett (1968) reported that doses of 

10,000 rads or greater destroy virtually all glial 

cells, the endothelial cells of the capillaries, and a 

number of the neurons in the path of the beam of radiation. 

The parenchymal cells of the mature pituitary, thy

ro i d , parathyroid, and adrenal glands are resistant to 

direc t cytocidal actions of radiation (Arena, 1971). It 

has b een reported (Rubin and Casarett, 1973) that radiation 

damage to the above structures is largely the result of 

damage to the vasculature, with impairment of circulation 

and secondary de generation of dependent parenchymal cells. 

Although it was previously thought that the heart was 

radioresistant, studies within the last fifteen years 

(Schroeder, 1967b; Rubin and Casarett, 1973) have reported 

radiat ion per i car d i tis, including myocardial lesions and 

pancarditis . Th e live r h a s been shown to be radioresistant 
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(Casarett, 1968); however, changes have been reported with 

doses in the clinical ranges (Bond et al., 1965). The 

kidneys have been shown to be radiosensitive, with damage 

primarily to the arterioles and capillaries (Schroeder et 

al., 1966), resulting in benign and malignant hypertension. 

Recently, Slowiskowska et al. (1979) studied cataract de

velopment in mice irradiated prior to maturity in rela

tionship to postnatal development of the lens. They 

irradiated inbred mice with a dose of 300 R X-rays at ages 

of 1 day-5 weeks and observed that cataracts developed 

most rapidly in lenses of mice irradiated on days 1-3. 

Radiation carcinogenesis has been of increasing 

concern due to new radiation sources and has been studied 

extensively in both laboratory animals and humans. Ir

radiation induces so many different kinds of neoplasms 

that radiation must, under the proper conditions of dosage 

and response of the host, be considered potentially car

cinogenic to most tissues. Ishimaru et al. (1971) reported 

that an excess of low dose radiation-induced leukemias had 

been observed in all ages of survivors of the atomic bomb 

explosion in Hiroshima. 

an estimated 20-49 rads. 

The survivors were all exposed to 

Diamond et al. (1973) reported 

an increased risk of leukemia in children who were exposed 

in utero to diagnostic X-rays in the dose range of 0.5-2.0 
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rads. Colman et al. (1976) followed over a seventeen-year 

period 5,000 humans who had been irradiated, and of the 

1 , 200 examined found a significant "abnormality" in 288 

subjects (24.2 percent). Of these, 186 underwent surgery, 

with a finding of cancer in 61 (5.1 percent). These in

vestigators also reported correlations between the inci

dence of detectable "abnormalities" and thyroid cancers 

with radiation dose. 

Upton (1975) studied the effects of radiation on 

s kin carcinomas and reported that the radiation dose re

quired to produce carcinomas was greater than 1,000 R. 

Prolonged exposure to less than 4 R/day resulted in 

n eoplasia. At doses of gamma radiation below 2,000-

4,000 R the effect was less, primarily because only a few 

sur v iving follicular cells were capable of proliferation. 

Tumo r i nduction was maximal when the follicles were 

irr adiated throughout their lengths, at doses ranging 

from 2 ,000-4,000 R. 

Two human cases of primary malignant histiocytomas 

of the bone have been reported after radiotherapy for 

other purposes (Angervall et al., 1979). One tumor de

velope d in the left ileal bone 10 years after irradiation 

for c anc e r o f the left ovary, whereas the other tumor 

g rew in the l e f t mandible 26 years after irrad i ation for 
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a semi-malignant mixed tumor of the left parotid gland. 

The possibility of these tumors developing over a long 

period of time due to causes other than radiation was 

not ruled out. 

Molecular and cellular effects 

Changes due to radiation may occur with individual 

damage of nucleic acids, proteins, enzymes, and various 

polysaccharides (glycogen, starch, and cellulose). Molec

u lar changes may lead to subcellular, which in turn lead 

t o cellular, to organismal, and finally to ecologic changes. 

I onizing radiation may produce aberrations due to metabolic 

p rocesses which in time could lead to gross neoplasms, al

t eration of cell cycles, and eventually cell death. 

It is commonly acknowledged that the DNA of the 

ce ll p robably represents the primary target for the killing 

by i onizing radiation (Dalrymple and Baker, 1973). How

ever , t he cell membrane has also been reported as another 

critical site for the radiation-induced modification of 

the cellular response (Shenoy et al., 1974; Yonei and Kato, 

19 78) . Roberts (1979) reported that gamma radiation in

fluence d the rate of K+ e ff lux from erythrocytes. The 

rate of hemolysis in suspensions incubated at 37°C or 4°C 

after r a diation exposure was enhanced by the presence of azide. 
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Archer (1968) irradiated Ehrlich ascites carcinoma 

cells in vitro and reported that cation and Na+-dependent 

amino acid transport were impaired. Her data indicated 

that gamma radiation did not affect transport carriers 

per se, but rather the macromolecules linking the two 

transport systems. Kwock et al. (1979) presented evidence 

that the Na+-dependent amino acid transport system from 

a cultured T-lymphoid cell line (MoH-4) was radiosensitive, 

whereas the Na+-dependent amino acid transport system from 

a cultured B-lymphoid cell line (RPMI 1788) was radio

r esistant. Earlier, Han et al. (1974) had reported that 

t he effect of gamma irradiation on the transport system 

a ppeared to correlate with the known radiosensitivity of 

these two cell lines. 

Singh (1974) suggested that the genome and cell mem

b rane should be considered as two components of a "co

op erative tar get" which interact in the killing of cells 

by ra diation. Dalrymple and Baker (1973) theorized that 

radiation produces sufficient damage to the DNA molecule 

so that i t is unable to serve effectively as a template 

for b oth DNA an d RNA syntheses. The rejoining of single

st r a n d breaks has been studied extensively in many cell 

types (Wheeler and Lett, 1972) and the molecular bases 

of repai r mechanisms hav e been characterized (Patterson, 
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1978), with the conclusion that all DNA bases are sus-

ceptible to chemical alteration induced by radiation. 

Cadmium 

Natural occurrence and sources of environ
mental pollution 

Cadmium is not found in a pure state in nature but 

rather accompanies zinc deposits, occurring in combination 

in a zinc:cadmium ratio of 100:1 (Fasett, 1972). Cadmium 

averages one-half gram per ton of the earth's crust (Fasett, 

1975) . It occurs in nature primarily as cadmium sulphide 

(Beton et al., 1966). Cadmium metal melts at 320°C and 

boils at 767°C, but when heated in air it readily oxidizes 

and may ignite. As a result, cadmium fumes are released 

into the air, settling as fine dust (Beton et al., 1966). 

In industry, cadmium finds uses in electroplating 

(Boisett et al., 1978), pigments (Fleischer et al., 1974), 

plastics (Fleischer et al., 1974), alloys (Boisett et al., 

1978), and control rods for nuclear reactors (Fleischer 

et al., 1974). The major sources of cadmium contamination 

in air include the smelting and refining of zinc and lead 

ores (Beton et al., 1966), the recovery of scrap metal 

(Webb, 1975), the combustion of coal and oil (Ellis et al., 

1979), and the disposal of sewage sludge and waste 

products (Fasett, 1975). 
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The majority of cadmium which is emitted to the 

atmosphere is deposited on land and in water, from which 

it is taken up by living organisms and transmitted through 

food chains (Schroeder and Balassa, 1963; Webb, 1975). 

Food constitutes the most important source of cadmium 

in non-polluted areas, varying from 40-60 ~g/day (Fasett, 

1975). It has been estimated (CEC, 1978) that approxi-

mately 5 percent of ingested cadmium is absorbed. 

Metabolism (intake, absorption, transport, and 
excretion 

Absorbed cadmium accumulates in the tissues, pro-

clueing toxic effects (Lucis and Lucis, 1969). Horner and 

Smith (1975) employed a single intravenous cadmium tracer 

dose of 1.0 ~Ci of 109 Cd to male Sprague-Dawley (S-D) 

rats, 10-12 weeks old and weighing 275-325 g each, and 

reported cadmium distribution through the body in a 

characteristic pattern. They reported the largest cad-

mium accumulation to be in liver, kidney, lung, and pan-

creas . In addition, accumulation of cadmium has been 

reporte d in the spleen (Horner and Smith, 1975), heart 

(Schroeder, 1964), lung (Adamsson et al., 1979), muscle 

(Miller, 1971), stomach (Shibata, 1978), blood (Horner 

and Smith, 1975), and brain (Boisett et al., 1978). 
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The main routes of cadmium absorption are the 

respiratory tract and the gastrointestinal tract (Adamsson 

et al., 1979); however, absorption by the gastrointestinal 

tract is poor (Neathery and Miller, 1975). It has been 

estimated (Perry et al., 1976) that approximately 10-40 

percent of cadmium deposited in the lungs can be absorbed. 

Exposure of workers to the fumes of cadmium oxide dust has 

been recognized as a cause of an acute and sometimes fatal 

pulmonary edema (Adamsson et al., 1979; Fasett, 1975). 

Cigarette smoke and dietary intake are considered 

the major sources of cadmium in humans not exposed to 

cadmium industrially or otherwise (Ellis et al., 1979). 

The average cigarette reportedly contains approximately 

1.7 ~g of cadmium (IARC Monographs, 1975-76), and as much 

as 10 percent of cadmium may pass into the mainstream 

smoke (Szadkowski et al., 1969). Ellis et al. (1979) re-

ported the amount of cadmium in kidney and liver of 

cigarette smokers to be double that of non-smokers. 

In smokers , the average cadmium content was 2. 7 rng/g in 

the kidney and 1.8 ~g/g in the liver. This study was the 

first direct in vivo measurement of cadmium in kidney and 

liver in humans, as well as the first cadmium data for 

a non-occupationally exposed population. 
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Absorbed cadmium enters the circulating blood and 

is deposited in tissues (Squibb et al., 1979). In tissues 

such as the kidney (Shaikh and Lerces, 1972; Friberg et 

al., 1974), cadmium is bound to metallothionein (Shaikh 

and Lerces, 1972; Nordberg et al., 1975), a protein ab

sorbing ultraviolet light at 254 nm (Nordberg et al., 

1971). Absorbed cadmium is excreted very slowly (Fasett, 

1975), with continued excretion in the urine for long 

periods of time after exposure has ceased (Shank et al., 

1977) . Horner and Smith (1975) reported the excretion of 

a single intravenous dose of 109 Cd to be greatest in the 

fe ces. According to Adamsson et al. (1979), urinary ex

cretion contributed only a very small amount to the total 

quantity during the first 60 days of excretion. They 

mea sured the elimination of feces in a group of 15 adult 

male workers exposed to cadmium oxide in a nickel-cadmium 

bat tery factory during the month of June 1977. The 

elimination of cadmium in feces was, on the average, 619 

and 268 ~g/day in 7 smokers and 8 non-smokers, respec

tively . The corresponding ranges were 97-2,577 and 

31-1,102 ~g/day. The cadmium concentrations in blood 

were significantly higher (p < 0.01) in smokers than in 

non-smokers, both before and after a one-month leave of 

absence from the factory . During the vacation period of 
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July there was a significant decrease (p < 0.01) in the 

cadmium blood levels of the smokers, whereas no changes 

were seen in non-smokers. 

Friberg (1948) first reported the metallothionein 

in urine of workers exposed to cadmium oxide dust. The 

high retention of cadmium in the tissues of many species 

has been explained by the discovery of Margoshes and 

Vallee (1957) that equine renal cortex contained metallo

thionein. Horner and Smith (1975) confirmed a high 

metallothionein content of kidney, thus explaining the 

high cadmium-binding affinity. Piscator (1962) reported 

that filtration and tubular reabsorption were important 

mechanisms for cadmium accumulation. Cherian et al. 

(1976) reported that plasma cadmium bound to the thionein 

molecule was reabsorbed by the kidney, leading to damage 

to the proximal convoluted tubules of the kidney. In a 

more recent study, Squibb et al. (1979) reported that 

circulating cadrnium-thionein was cleared from the mammalian 

circulatory system by filtration through the kidney 

g lomerulus, with subsequent reabsorption by kidney 

proximal tubules. 
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Toxicological effects 

The quantity of cadmium which is toxic to animals 

is dependent on several variables, including the species 

(Ammerman et al., 1973), method of administration (Ammer

man et al., 1973), duration of exposure (Friberg et al., 

1971), and quantity (Ellis et al., 1979). The cadmium 

salt is toxic when ingested, producing marked gastroin

testinal upset (Flick et al., 1971). A minimal quantity 

of cadmium passes the placental barrier (Lauwerys et al., 

1978; Buchet et al., 1978) and the blood-brain barrier 

(Neathery and Miller, 1975). Roels et al. (1978) reported 

that compared to maternal blood, the placenta concentrated 

cadmium approximately tenfold. Carboxyhemoglobin levels 

of mother and newborn were correlated (r = +0.29, p < 0.01) 

which suggested that some of both materials came from a 

similar source, e.g., smoking. In rats, large doses of 

cadmium suppressed growth (Lappenbusch and Gile, 1975), 

caused anemia (Stowe et al., 1974), induced bleaching of 

t he incisor teeth (Pindborg et al., 1946), altered hair 

growth (Pierard, 1979), and produced cardiac hypertrophy 

(Schroeder, 1964). 
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Effects on the hematopoietic system 

Cadmium is transported in the blood from the site 

of absorption, but the concentration in blood is very 

low (Fasett, 1972). The median value of cadmium has been 

reported as 0.7 ~g/100 ml whole blood (Imbus et al., 1963). 

The cadmium concentration in the erythrocytes has been 

shown to be 18-20 times greater than that found in the 

blood plasma, with erythrocytes containing 90 percent of 

cadmium in the whole blood (Carlson and Friberg, 1957). 

Shaikh and Lerces (1972) reported that after absorption 

most cadmium was transported in the plasma, bound to the 

g lobulin. Truhaut and Boudene (1954) theorized that 

cadmium was transported to the bone marrow, where it 

inhibited the synthesis of hemoglobin and was partly 

incorporated into the hemoglobin molecule. 

In a classic experiment, Wilson et al. (1941) fed 

diets with concentrations of 0, 0.0031, 0.0062, 0.0125, 

0 .0 25, and 0.05 percent cadmium chloride to albino rats 

and noted that wi thhigher concentrations a severe anemia 

developed. Hemo g lobin levels dropped drastically from 

16 to 4 g /100 cc blood. Wilson et al. (1941) further 

reporte d a sharp reduction in total erythrocyte counts; 

howev er, no significant changes were seen in total 



22 

leukocyte counts. Retardation of growth became more pro

nounced with increasing concentrations of CdC1
2 

in the diet. 

Friberg (1955) used healthy male rabbits with a 

mean weight of 2.7 kg and injected subcutaneously an 

aqueous 0.15 percent solution (1 ml = 0.65 mg cadmium) 

contaning 115 Cd. This kind of administration resulted in 

a hypochromic anemia, proteinuria, and renal damage. The 

anemia was prevented by the intravenous administration 

of 10 mg of iron during the first 35 days of the experiment. 

Decker et al. (1958) gave drinking water containing 

cadmium at concentrations of 0.1, 0 . 5, 2.5, 5, 10, and 

50 ppm to male and female Sprague-Dawley (S-D) rats for 

one year. No pathological changes were seen in the blood, 

t issues, or body weights of rats given cadmium at the 

f irst five lower doses. Reductions were seen in growth 

r ate, water consumption, and blood hemoglobin levels in 

r ats ingesting 50 ppm cadmium after 3 months dosage. 

Berlin and Friberg (1960) divided male rabbits of 

mixe d breed into 3 groups, equal with respect to body 

we i gh t and each containing 10 rabbits. Group III was 

not t r eated with cadmium, but was dosed with 5 9 Fe for 6 

we ek s. Group I was inj e cted subcutaneously with 1 mg 

cadmium/kg body weight 6 days weekly for 6 weeks, and 

ther e after with 0.5 mg cadmium/kg body weight every third 
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day for 9 weeks. A dose of 6 ~Ci of 59 Fe was given after 

6 weeks of cadmium exposure. Group II was administered 

1 mg cadmium/kg body weight, beginning at week 8. These 

investigators concluded that there was evidence of in

creased destruction of erythrocytes and deficiency of 

iron in the bone marrow in the rabbits with chronic 

cadmium poisoning. Parenterally administered iron im

proved the anemia, bringing about an alteration in dis

t ribution of erythrocyte diameter from microcytosis to 

normocytosis. 

Banis et al. (1969) used weanling rats to test the 

interactions between dietary cadmium, iron, and zinc in 

t he g rowing rat. These investigators concluded that cad

mium added to a diet at a level of 100 ppm was capable 

of depressing blood hemoglobin levels and also decreasing 

weight gain. Supplemental iron at 300 ppm in the diet 

offset the effect of cadmium on both hemoglobin and weight 

gain. Stowe et al. (1974) demonstrated that cadmium 

toxicity in rats produced a marked hypochromic, microcytic

typ e anemia, with reduced hemoe lobin and blood indices. 

Pond and Walker (1972) showed that intramuscular in

ject ions of 20 mg of iron, administered as an iron dextran 

complex, to growing rats on the first day of a 28-day 



24 

feeding period prevented anemia previously caused by con

tinuous feeding of 100 ppm CdC1 2 in an adequate diet. 

Oral iron (400 ppm as FeS0 4 :7 H 2 0) ted concomitantly 

with cadmium also prevented anemia. Pond et al. (1973) 

used weanling Yorkshire pigs to determine the effect of 

oral or injected iron on anemia and growth depression 

previously induced by dietary cadmium. CdC1 2 was given 

in a dosage of 154 ppm in a corn-soybean meal diet. Hemo

globin levels, daily weight gain, and feed consumption 

were all significantly (p < 0.001) depressed by cadmium. 

The cadmium-induced depression in hemoglobin was prevented 

by oral or intramuscular iron. The protective effect of 

iron on cadmium-induced anemia observed in the rat (Pond 

and Walker, 1972) was also shown to operate in the pig. 

Female rats weighing 60-70 g were fed a purified 

B6 -deficient diet for one week and then assigned to 

dietary treatments to provide groups (Anonymous, 1974). 

In one experiment the rats were fed a basal diet, supple

mented with 22 ppm pyridoxine and/or 100 ppm cadmium. 

Experiment two utilized the same groups plus an additional 

group which received 44 ppm pyridoxine and 100 ppm cad

mium. These studies showed a marked reduction of weight 

gain by vitamin B
6 

deficiency and cadmium toxicity; effects 

were additive and evident within 3 weeks. Packed 
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erythrocyte volumes were markedly decreased in cadmium 

treated animals, as well as in the pyrixodine-supplemented 

groups. Cadmium toxicity produced a marked hypochromic, 

microcytic anemia. Cadmium toxicity resulted in a lower 

total protein, albumin, and apha 1 -, alpha 2 - globulins. 

Serum iron values were markedly decreased in B
6
-deficient 

animals, both with and without cadmium treatment. The 

authors concluded that cadmium-induced anemia was more 

severe in B6 -adequate than in B6 -deficient animals. 

Hamilton and Valberg (1974) reported that the addi

tion of cadmium to the drinking water of 6-11 week old 

male mice on a low iron diet inhibited absorption of an 

intragastric dose of 59 Fe. Addition of 0.25 ~mole of 

cadmium to intragastric doses of 0.18-1.8 ~mole of iron 

also inhibited 59 Fe absorption. Mice with enhanced iron 

absorption absorbed more 109 Cd from an intragastric dose 

or perfusate than did mice with low iron absorption. In 

mice with low iron absorption, both 109 Cd uptake and 

transfer were proportional to cadmium perfused. In mice 

with low iron absorption, cadmium absorption was 

concentra tion-dependent, whereas in mice with high iron 

absorption, cadmium absorption was increased by the en

hanced activity of a mucosal uptake step common to both 

metals. 
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Lappenbusch and Gile (1975) injected intraperiton

eally Long-Evans rats 80 days of age, twice weekly for 30 

days with 0, 12.5, 62.5, 125, or 250 ~g of CdC1 2 to deter

mine acute lethality and pathological changes. Animals 

given the 250 ~g CdC1 2 showed 20 percent mortality by day 

30. The researchers concluded that CdC1 2 treatment alone 

caused anemia but did not cause death, whereas a combined 

treatment of CdC1 2 and X-ray treatment resulted in a more 

severe anemia, as well as producing a significantly greater 

lethality (LD 5 0 ; 3 o). 

In a comparative study of routes of cadmium adminis

t ration, Prigge et al. (1977) gave male Wistar rats 25, 

SO, and 100 ppm CdC1 2 administered in either drinking 

water or as an aerosol. Results of this study indicated 

t hat anemia was a sensitive indicator to the oral appli

cation of cadmium, but not to the inhalative intake. The 

reasons for development of the anemia after parenteral 

application were not determined. In a follow-up study, 

Pr igge (1978) exposed female Wistar rats, 170-190 g 

each , f or 90 days to cadmium oxide aerosols containing 

25 a nd 50 ~ g cadmium/m 3
• Simultaneously, female Wistar 

rats , 1 70-190 g each, were fed 25, 50, and 100 ppm of 

ca dmi um in drinking water for 90 days. A significant 

de cre ase in serum iron levels was seen after ingestion 
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of cadmium, but not after inhalation of the metal. Sig

nificant dose-dependent reductions in body weight gain 

after both inhalative and oral cadmium uptake were ob

served in the two higher dosage groups. The oral cadmium 

uptake did not alter hemoglobin and hematocrit levels; 

however, inhalation of cadmium evoked a significant dose

dependent increase of the two parameters. Oral cadmium 

significantly decreased serum alkaline phosphatase in 

contrast to the no-influence effect of the enzyme after 

inhalation of cadmium oxide. 

A number of other studies employed the oral route 

of cadmium ingestion, either incorporating the metal in 

food or in water. Loeser and Lorke (1977) fed CdC1 2 to 

groups of 20 male and 20 female Wistar rats over a period 

of 3 months in concentrations of 0, 1, 2, 3, 10, and 30 ppm. 

All rats weighed 45-55 g each at the initiation of the 

experiment. Cadmium administered for 1 and 3 months 

did not produce an effect on serum parameters, which 

included serum glutamic oxaloacetate transaminase (SGOT), 

serum glutamic pyruvic transaminase (SGPT), bilirubin, 

total protein, urea, uric acid, creatinine, blood sugar, 

and cholesterol. However, after a month's treatment, 

slightly diminished hemoglobin and hematocrit levels 

were seen in the 10 and 30 ppm groups. Mean corpuscular 
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hemoglobin (MCH) and mean corpuscular volume (MCV) values 

were correspondingly lower. No differences were found be

tween treated groups and controls in leukocyte and dif

ferential counts. 

Female Wistar rats were weaned at 18 days of age 

(Ragan, 1977) and an iron-deficient diet was fed to the 

young rats until their tissue-iron stores were depleted. 

An intragastric gavage of 109 Cd was given and the rats 

sacrificed at 68 days of age and within 48 hours after 

109 Cd administration. Analyses revealed that cadmium 

absorption was 7 times greater in iron-deficient rats 

than in controls. No significant differences in mean 

body weights or mean organ weights were reported. The 

hematocrit was slightly reduced in iron-deficient rats 

as compared to control groups. Serum iron values of iron

deficient rats were approximately 40 percent of those 

found in control rats. Serum total lipids in iron

deficient rats were significantly elevated. 

Webster (1978) fed cadmium to mice in drinking water 

at concentrations of 10, 20, and 40 ppm throughout preg

nancy and reported anemia and growth retardation in the 

offspring. He concluded from the study that the anemia 

of fetuses was responsible for the growth retardation, 

i.e., demand for food was reduced due to the anemia. 
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Kopp and Hawley (1978) administered 130 ppm cadmium in 

0.5 percent saline drinking water to 80-day-old S-D rats 

for 71 days and reported anemia and retarded growth. In 

a study in which cadmium was administered by the subcu

taneous route, Gontzea and Popescu (1978) administered 

0.3 mg/kg cadmium daily for 13 weeks to one group of each 

pair of animals. Three different diets were fed to 6 

groups of 15 young male Wistar rats, each weighing 180-

190 g. Each diet differed in quantity and quality of 

protein. Cadmium was reported to depress both hematopoi

esis and hemoglobinogenesis. Hemoglobin, hematocrit, and 

erythrocyte counts were markedly depressed when compared 

to normal values. In addition, cadmium was credited with 

causing decreases in serum total proteins, as well as 

cholesterol. A significant increase (p < 0.001) was seen 

in blood glucose levels. 

Effects on systems other than blood 

Homeostatic mechanisms in the body are known to 

control tissue levels of certain essential elements with 

varying degrees of effectiveness. Cadmium shows noes

sentiality (Lucis and Lucis, 1969), and it appears that 

no effective homeostatic control mechanism has yet been 

dis cov_ered for it. Schroeder ( 196 7a) raised several 
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thousand rats and detected little or no cadmium in their 

tissues, indicating cadmium is probably not an essential 

micronutrient for these mammals. 

Cadmium accumulation in the tissues is very slow 

(Matsubara-Kahn, 1974), but it has a relatively long 

biological half-life of 16-18 years in man (Tsuchiya and 

Sugita, 1971). Cadmium has been implicated in the taxi

logical effects of a number of different tissues (Buell, 

1975). Increased levels of cadmium have been reported 

in various carcinogenic tissues as well. For example, 

Morgan (1970) observed an increase in the cadmium content 

of the kidneys and livers of patients with bronchogenic 

carcinoma. In a later study, she (Morgan, 1971) noted 

similar increases in the renal and hepatic cadmium of 

patients with emphysema, either alone or coexisting with 

bronchogenic carcinoma. 

Cadmium has been implicated as a potent metabolic 

carcinogen (IARC, 1975-76) in other carcinomas, particu-
, 

larly testicular tumors (Webb, 1975). Aoki and Hoffer 

(1978) showed early changes in the microvascular bed of 

the rat testis after treatment with cadmium. These changes 

included leakage of fluids and electrolytes from the 

t esticular blood vessels to the interstitium and discon-

t inui ties in the endothelial lining. Saksena and Lau (1978) 
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injected a single subcutaneous solution of either 1 or 

5 mg CdC1 2 into each fertile rat and observed the animals 

for 120 days. These investigators concluded that andro

gens and fertility returned to normal levels within 120 

days after injection of the 1 mg CdC1 2 dose; however, 

males injected with the 5 mg dose of CdC1
2 

showed no or 

poor restoration. 

A large number of chronic bioeffects of cadmium in 

organ systems has been reported. Among these pathologi

cal processes are renal dysfunction (Itokawa et al., 

1978; Shibata, 1978), hypertension (Whanger, 1979; Shaper, 

1979), arteriosclerosis and accelerated atherosclerosis 

(Schroeder, 1967a), liver cirrhosis (Gross et al., 1976), 

splenic hyperplasia (Friberg, 1950; Friberg et al., 1974), 

growth alteration (Schroeder, 1967a), nervous system 

damage (Lappenbusch and Gile, 1975), and toxemia of preg

nancy (Parizek, 1965). Other effects reported are lung 

damage (Boisett et al., 1978), thyroid dysfunction (Der 

et al., 1977), adrenal dysfunction (Der et al., 1977), 

skeletal lesions (Itokawa et al., 1978), and a defective 

immune system (Muller et al., 1979). 

Damage to the various organ systems by cadmium is 

often reflected in altered levels of serum chemistries. 

Piscator (1970) examined control rabbits injected with 
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saline for 24 weeks and rabbits given subcutaneous injec

tions of CdC1 2 (0.25 mg/kg) 5 days a week for 24 weeks. 

Hemoglobin values were lower in the cadmium group, partly 

due to hemolysis. No significant differences were seen 

in cadmium-treated animals when compared to controls for 

total protein, serum glutamic oxaloacetate transaminase 

(SGOT), or alkaline phosphatase. Serum phosphorus values 

of cadmium-treated animals were significantly (p < 0.05) 

increased. Pierce et al. (1977) injected subcutaneously 

CdC1 2 (1.5 mg/kg/day) to adult male rats and determined 

hematological parameters and serum clinical profiles. No 

increases were reported in blood urea nitrogen, although 

decreases were seen in albumin and potassium, as well as 

decreased hemoglobin and hematocrit levels. 

Itokawa et al. (1978) studied the toxic effects of 

cadmium on kidney and bone in 4 groups of rats. Two 

groups were maintained on a diet sufficient in calcium 

and 2 groups were maintained on a diet deficient in cal

cium. One group receiving each diet was dosed with 0.02 

percent CdC1
2 

in the diet. In rats administered cadmium, 

renal function tests revealed (1) increases in blood urea 

nitrogen and serum phosphorus levels; (2) decreases in 

t he clearances of inulin, phosphorus, and calcium; and 

(3) an increase in the fractionational excretion of 
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calcium with an absence of a significant change in the 

tubular reabsorption of phosphorus. 

Molecular and cellular effects 

Trace elements, such as cadmium, are important 

catalysts for many biological processes. Cadmium com

pounds may also inhibit various enzymatic and metabolic 

processes (Webb, 1975); however, the basis for molecular 

and cellular cadmium toxicity remains unknown. 

A number of investigators have studied the effects 

of cadmium on enzymes in different tissues. For example, 

Jacobs et al. (1956) demonstrated that 5 x 10 6 M cadmium 

completely uncoupled phosphorylation associated with 

the oxidation of succinate and citrate in mitochondria. 

Mustafa et al. (1971) reported that at 10 times this con

centration cadmium completely inhibited· mitochondrial 

respiration of pulmonary alveolar macrophages by binding 

to components of the respiratory tract. Jacobs et al. 

(1956) demonstrated that cadmium had a strong affinity 

f or dithiols and was a potent inhibitor of the enzymatic 

oxidation of alpha-ketoglutarate. Sporn et al. (1970) 

administered large doses of cadmium (10 ~g/g of food) 

t o rats and demonstrated inhibition of oxidative phos

phorylation in liver mitochondria. In a similar study, 
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Fasett (1972) reported that cadmium inactivated SH

containing enzyme~ in vitro, producing an uncoupling of 

oxidative phosphorylation. 

Krasny and Holbrook (1977) administered cadmium 

acetate dihydrate intraperitoneally as a single agent 

at a dosage of 2 mg/kg (7.5 ~moles/kg) and noted signi

f icantly decreased levels of cytochrome P-450 and cyto

chrome b
5

• Heme oxygenase, the first enzyme in the heme 

de gradation pathway, was markedly increased. The order 

o f mechanism of these changes was not determined. Faeder 

et al. (1977) administered 0, 0.25, 0.50, or 0.75 mg 

cadmium/kg body weight subcutaneously 3 days a week for 8 

weeks to male Wistar rats weighing 225 g each. These in

vestigators reported small, but significant, increases in 

red b lood cell carbonic anhydrase at 6 and 8 weeks. In 

another study, Krasny (1978) injected intraperitoneally 

S -D ra ts, each weighing 200-250 g, with 2.0 mg/kg cadmium 

at 32 hours or 72 hours prior to isolation of microsomal 

sub fract i ons. At 32 hours after treatment with cadmium, 

heme oxygena se in both smooth and rough endoplasmic 

ret i cul um was ma rkedl y increased and was higher at 32 

hours t han at 72 hours . The content of cytochrome P-450 

and cytochr ome b
5 

in bo t h smooth and rough endoplasmic 

reticul um a t 32 hours was signi f icantly (p < 0.001) less 
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than in the controls. At 72 hours after a single dose of 

cadmium, the heme oxygenase in smooth and rough endoplasmic 

reticulum subfractions of liver increased approximately 

two- and threefold, respectively,while the cytochrome 

P-450 decreased by 25-30 percent in both fractions. Cyto

chrome b 5 content was depressed by 15-20 percent in both 

smooth and rough endoplasmic reticulum. Kacew et al. 

(1977) demonstrated an enhanced stimulation of the 

adenylate cyclase-cyclic AMP system in a time-dependent 

manner. Falchuk et al. (1977) reported cadmium altera

tion of RNA polymerase by substituting for Zn 2 + since RNA 

polymerases I and II are zinc metalloenzymes. 

A number of studies have been reported on cadmium 

effects on nucleic acids. For example, Eichorn et al. 

(1970) reported that cadmium binds to phosphates or bases 

of RNA, and suggested that cadmium induced genetic altera

tions. Hoffman and Niyogi (1977) demonstrated that CdC1 2 

decreased the fidelity of Escherichia coli DNA synthesis 

in vitro and stimulated chain initiation of RNA synthesis 

at concentrations that inhibited overall RNA synthesis. 

Mitra and Bernstein (1978) reported single-strand breakage 

of DNA in a g rowing culture of Escherichia coli exposed 

t o 3 x 10- 6 M Cd 2 +. A direct correlation of single

stranded breaks and concentrations of cadmium to which 
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the cells were exposed was seen; no double-stranded breaks 

were reported. 

In a cellular study, Hildebrand and Cram (1979) ex

posed human blood to low levels of CdC1
2 

(2 x 10- 7 M) in 

tissue culture to determine cadmium metabolism. After a 

3-day exposure of the cultured cells, cadmium accumulation 

was observed. The erythrocyte population was reported to 

have a fivefold greater concentration of cadmium than the 

culture medium, whereas the lymphocyte population had a 

3,000-fold greater level of cadmium than the culture 

medium . In the erythrocytes, cadmium was bound to a number 

of macromolecular species, noneof which was identified 

as metallothionein. In contrast, the majority of cadmium 

in the lymphocytes was found associated with a low

molecular weight macromolecule characteristic of cadmium

thionein. Vincent and Blackburn (1958) reported a 

diminution of cell volume and escape of K+ ions when 

human blood cells had taken up cadmium ions. Recently, 

Rae (1980) reported that cadmium added to normal human 

blood produced very low levels of hemolysis, providing 

evidence of minimal direct damage to the red cell membrane. 

The effects of cadmium on proteins have been reported 

in a number of different studies appearing in the litera

ture. Stowe et al. (1974) reported that cadmium toxicity 
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in humans induced lower total protein, albumin, and alpha
1

-

and alpha 2 - globulins. Shiraishi et al. (1978) noted that 

in Japanese women chronically exposed to cadmium and suf

fering from itai-itai disease the B 2 -microglobulin was 

higher than in control subjects. These investigators con

cluded that the presence of this protein was a sensitive 

indicator of cadmium-induced proteinuria. Tsuchiya et 

al. (1979) studied the general population of 216 men, 

approximately 70 years of age, in three cadmium-polluted 

areas and three control areas in Japan. These investi

gators suggested that an increase in B2 -microglobulins in 

both blood and urine in an early stage of cadmium exposure 

was caused by an elevated stimulation of cadmium, but not 

necessarily by the clinical dysfunction of reabsorption of 

B2 -microglobulin in the renal tubules. 

Mutagenic effects of cadmium have been studied and 

reported in a number of articles. Ramaya and Pomerantzeva 

(1977) injected CdC1
2 

in aqueous solution by the intra

peritoneal method into male mice. No mutagenic effects 

were noted at doses of 1, 2, or 4 mg CdC1
2
/kg body weight; 

h owever, the dose of 4 mg resulted in death of spermato

cy tes and spermatogonia. Kogan et al. (1978) studied the 

ef f ects of CdC1
2 

on radiosensitivities of Drosophila 

melanogaster germ cells, and concluded that the toxic 
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effect of CdC1 2 was of threshold character. The highest 

sublethal dose of 10- 3 M did not affect the spontaneous 

and gamma-induced frequencies of lethal mutations, but 

rather increased the frequencies of chromosomal non

disjunction. 

Shiriashi et al. (1972) cultured human leukocytes 

from a normal female using the phytohemagglutinin method. 

During the last 4 and 8 hours of incubation cadmium sulfide 

was added at a final concentration of 6.2 x 10- 2 ~g/ml 

of culture fluid. Several chromosome aberrations were 

induced, including chromatid breaks, isochromatid breaks, 

translocations, and dicentrics. DeKnudt and Leonard (1975) 

performed chromosome analyses on workers from a cadmium 

plant who had been exposed to dust and fumes of cadmium. 

A high yield of chromosomal anomalies (chromatid exchange, 

disturbances of spiralization, chromosome translocation, 

and ring and dicentric chromosomes) was observed in cadmium 

workers when compared to rolling-mill workers, e.g., those 

exposed mostly to zinc but also to low levels of cadmium 

and lead. Statistical analysis performed on the inci

dence of more complex chromosomal aberrations showed that 

the differences were significant between the controls and 

cadmium-exposed persons (t = 2.71, p < 0.02) and between 
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the controls and rolling-mill workers (t 

but not between the two exposed groups. 

2.15, p < 0.05), 

Co-Insult (Cadmium and 6 °Co Radiation) 

Although a large number of studies deal with in

dividual insults, such as cadmium or radiation, physiologi

cal studies dealing with co-insults are very limited. 

Complete hematological and biochemical studies after 

co-insult treatment with cadmium and 6 °Co gamma radiation, 

as reported in this dissertation, do not appear in the 

published literature. 

Lappenbusch and Gile (1975) injected adult male 

Long-Evans rats with 0, 12.5, 62.5, 125, or 250 ~g of CdC1 2 

twice weekly for 30 days, and on day 30 subjected them 

to 0, 450, 525, 600, 675, or 750 rads of X-rays. The 

animals were maintained another 30 days (to day 60), 

during which the survival data were recorded daily. Cad

mium, radiation, and the co-insult each caused stress 

in adult rats, as evidenced by observable changes in whole 

blood parameters. No serum parameters were studied. Bio

effects of cadmium and radiation in the red blood cell 

system were shown to be additive, at least for the first 

10-15 days post-irradiation. Co-insult treatment markedly 

depressed the number of circulating erythrocytes and 
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leukocytes, as well as depressing the hemoglobin levels. 

A hypochromic, microcytic anemia occurred 10 days post

irradiation. These investigators concluded that rats 

subjected to CdC1 2 were debilitated by the heavy metal, 

and that the total bioeffects of cadmium and radiation 

were synergistic, i.e., cadmium did increase the radio

sensitivity. 

In a co-insult study at the molecular level, 

Zasukhina et al. (1977) demonstrated that 2.5 x lo-s M 

t o 3.5 x 10- 6 M of CdC1 2 caused degradation of DNA in both 

h uman and rat embryo cells. Under post-irradiation condi

tions (5 krad of gamma radiation), active repair of the 

DNA structure was observed. Post-incubation experiments 

in t h e presence of CdC1 2 yielded negative results. Com

bined treatment by gamma radiation and CdC1
2 

was under

tak e n, and under post-irradiation conditions repair of 

the DNA structure was observed, although it was not com

p le t e. CdC1
2 

did not inhibit repair of DNA damage induced 

by the g amma radiation, and it was concluded that cadmium 

i n duce s non-repairable DNA damage. This same study also 

con cluded that CdC1
2 

markedly inhibited (p < 0.01) virus

induced synthesis of interferon, whose titer decreased 6-10 

times. Gamma radiation (5 krad) caused a significant 
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increase (p < 0.001) in the virus-induced synthesis of 

interferon up to 22,000 IU/ml. 

Possible mutagenic effect of CdC1
2 

was studied by 

determining the frequency of dominant lethal mutations 

induced in germ cells of male mice (Ramaya and Pomerantzeva, 

1977). Water solution of CdC1 2 was injected intraperiton

eally to male mice at doses of 1.0, 2.0, and 4.0 mg/kg. 

The results obtained did not reveal any mutagenic effect 

of this compound. The dose of 4.0 mg/kg CdC1
2 

resulted 

in the death of spermatocytes and spermatogonia. CdC1 2 

at a dose of 2.0 mg/kg did not affect the frequency of 

dominant lethal mutations induced by gamma radiation ( 6 °Co) 

at a dose of 450 rads in germ cells of male mice. 

Johnson and Cember (1977) used methylmercury chloride, 

plus X-rays, to determine synergistic effects. They ad

ministered methylmercuric chloride in drinking water to 

rats at doses of 0, 10, and 50 ppm. Irradiation of rat 

brains was accomplished through 2 parallel opposing ports 

at an exposure rate of 240 R-min until total exposures 

of 500, 1,000, and 5,000 R were reached in a single ex

posure. Three groups, one at each mercury level, were 

sham-irradiated. The rats were irradiated approximately 

3 weeks after initiation of drinking mercurated water. 

Mercury ingestion continued either until death of the rat 
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or the end of the study. Ten days after irradiation, 

measurement of work performance via a treadmill began. 

Results indicated that in high mercury, high X-ray 

treated rats, deterioration of work output began imme

diately and continued to worsen until death 2 months 

later. Low mercury, high X-ray rats began to exhibit 

impaired work performance about a month after X-ray 

treatment. Low mercury, low X-ray rats did not exhibit 

degradation of work performance, but rather became hyper

active. This co-insult experiment did not include blood 

studies. 

In a significant study, Hupp et al. (1977) observed 

and reported on interactions between methylmercuric 

chloride and ionizing radiation on nervous systems of 

rats, hamsters, and squirrel monkeys. A large number of 

parameters were evaluated, including measurements of 

behaviors, brain electrical activity, blood-brain barrier 

permeability, neurotransmitter and mercury concentration 

in various brain areas, brain histology, and lethality. 

These investigators concluded that in a number of cases 

the effects of the co-insults were less than, or at least 

no greater than, at least one of the two insults applied 

alone. Nine kR were more effective than the co-insults 

8 mg methylmercury/kg body weight plus 9 kR in inducing 
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behavioral decrement in rats 2-4 hours after radiation, 

producing pyknosis of granule cells of the cerebellum in 

rats killed 6 hours after radiation, depressing brain 

epinephrine level~, and causing death in rats in the 

first 8 days after radiation. W11en behavior of squirrel 

monkeys was studied, the researchers determined that there 

were less adverse reactions from 300 R plus 6 mg methyl

mercury/kg body weight than when methylmercury was employed 

alone. Brain electrical activity was increased in rats 

receiving 4.5 or 9 kR alone or in conjunction with methyl

mercury. With doses of radiation in the LD 50 (
3

o) range, 

the two agents were partially additive. These investi

gators concluded that mechanisms of action included oppo

site effects of the two insults on the blood-brain barrier, 

with radiation increasing permeability and methylmercury 

decreasing it. 

Lethality Studies 

Lethality is measured by the LD
50 

value, the dose 

of each insult, i.e., cadmium or gamma radiation ( 6 °Co) 

as used in this dissertation, which will kill 50 percent 

of the exposed organisms. Values for the LD
50 

can be 

considered only as estimates since they are dependent on 

many factors including dose rate, type of radiation, species 
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of animal, sex, age, oxygen tension, and time of experi-

mentation (Casarett, 1968). Because of these numerous 

variables, the LD 50 values are seen as highly variable. 

The same is true of cadmium LD · values which are reported 
5 0 • 

Krasny and Holbrook (1977) determined an intraperitoneal 

LD 50 at 30 days [LD
50

(
30

)] for the rat at 7.2 mg CdCl
2
/kg 

body weight, with 95 percent limits of 5.7-9.0 mg CdCl /kg 
2 

body weight. The intraperitoneal LD ( ) value for the 
50 3 0 

mouse has been reported at 6.5 mg CdCl /kg body weight 
2 

(CEC, 1978). Depending upon the chemical form, the oral 

LD
50

(
3

o ) value in rats varies from greater than 16 mg to 

5 g CdC1
2
/kg body weight (CEC, 1978). Forney (1978) re

ported an LD ( 7 d ) value in rats at 2.78 mg CdCl /kg so ay 2 

body weight. The CdCl was administered as an aqueous 
2 

salt by the intraperitoneal route. The LD ( 
so 10 month) 

value, employing the same solution and injected intra-

peritoneally, was 1.73 mg CdC1
2
/kg body weight. Yuhas 

and Storer (1967) reported that at lea~t for adult rodents 

there are differences among species and strains in the 

effect of age at exposure on the LD ( ) . These in-s 0 3 0 

vestigators suggested that a decreasing LD ( ) with in-
s 0 3 0 

creasing age may reflect not only increasing hematopoietic 

sensitivity, but also an increasing intestinal contribu-

tion to mortality. 
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The LD 50 ( 3 o) values for radiation are not as variable 

as those for cadmium. Casarett (1968) determined the 

LD 50 ( 3 o) of the albino rat to be 750 rads, in contrast to 

the human value of 250-400 rads. Claus (1958) stated that 

small animals such as the rat usually have LD ( ) values 
5 0 3 0 

between 400-800 rads, whereas larger animals such as the 

dog have values between 200-300 rads. Bond and Robertson 

(1964) determined that whole-body X-irradiation values 

were dependent on both species and size of animal. These 

investigators reported the following LD ( ) values in 
5 0 3 0 

terms of rads: rat, 714; mouse, 640; dog, 250; rabbit, 

750; guinea pig, 450; and humans, 300. Jones et al. (1969) 

administered a single dose of 250 kVP X-rays to male 

Sprague-Dawley (S-D) rats, weighing 377-506 g and 3-24 

months old. Probit analysis was used to determine LD ( ) 
5 0 3 0 

values which for groups exposed at 3 or 7 months of age 

were 851 R and 900 R, respectively. LD values for 
50(30) 

groups exposed at 17, 21, or 24 months of age were 776, 

806, and 747 R, respectively. The group exposed at 3 

months of age showed a greater mean survival time when 

compared to groups irradiated when older. The slope of 

the dose versus survival group for the youngest groups 

was significantly greater (p < 0.001) than for the 

older groups. Hursh and Casarett (1956) found that the 
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LD 50 ( 3 o) for combined male and female rats of the Wistar 

strain increased slightly from 3 months of age up to 

26 months. Reincke et al. (1967) found that the LD ( ) 
5 0 3 0 

value for combined male and female Wistar rats was about 

45 R less at 9 months than at 4 months of age. 

In a co-insult lethality study, Lappenbusch and 

Gile (1975) first injected adult male Long-Evans rats 

with 0, 12.5, 62.5, 125, or 250 ~g of CdC1
2 

twice weekly 

f or 30 days, and on day 30 subjected them to 0, 450, 525, 

600, 675, or 750 rads of X-rays. The animals were main

tained another 30 days (to day 60) and survival data were 

recorded daily. The co-insult LD
50

(
3

o) values reported 

(95 percent confidence limits) were 695 R (637-772), 

694 R (641-750), 648 R (570-735), 601 R (538-673), and 

491 R (430-561) for the CdC1
2 

and radiation given above, 

respectively. These researchers noted that the co-insult 

of CdC1 2 and radiation resulted in a linear decrease 

in LD 5 0 ( 3 o) values as CdC1
2 

concentrations were increased. 

The investigators concluded that the bioeffect of CdC1
2 

in terms of lethality was synergistic since CdC1
2 

alone 

did not result in lethality for 0, 12.5, 62.5, or 125 ~g 

of CdC1
2 

solutions. 



CHAPTER III 

MATERIALS AND METHODS 

Maintenance of Laboratory Animals 

Female rats, Rattus norvegicus (Sprague-Dawley 

strain), were bred to young males of proven fertility 

in order to secure the necessary number of rats for this 

study. This species and strain was selected for the 

study because of its previous extensive use as a stan

dardized mammal in both radiation and heavy metal studies. 

At 23 days of age the litters were weaned and sexed. 

Littermates were placed 4 rats to a double cage (44 x 18 x 

24 em) and 6-8 rats to a triple cage (67 x 25 x 175 em), 

which were labeled with the necessary information con

cerning the litter. As the rats increased in size the 

number of animals placed together in a cage was reduced. 

For identification purposes all rats were ear-notched, 

according to a predetermined scheme. Randomization was 

accomplished by assigning a number to each rat and using 

a Table of Random Digits (Finney, 1971) for assignment to 

the specific group. Body weights were determined on all 

rats and cadmium doses were based on body weight. 

47 
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The animals were kept under sanitary conditions, in 

an air-conditioned animal room located in the Graduate 

Science Research Building of the Texas Woman's Uni

versity. The temperature of the animal room was held at 

24 + zoe. A diurnal environment was provided by artifi

cial lighting, consisting of a 12 hr light: 12 hr dark 

cycle. During the entire experiment the rats were fed 

Purina Rodent Laboratory Chow (Ralston Purina Co., Checker

board Square, St. Louis, Mo.) and water ad libitum. All 

animals were transferred to clean cages every week. 

The 6 °Cobalt Irradiation Source 

A U.S. Nuclear Corporation Model Gr-9 6 °Co gamma 

source was used for irradiation of the rats. A decay 

chart of the 6 °Co source was used to calculate the ex

posure time for the rats so that they received 362 R or 

543 R gamma irradiation. 

Irradiation Technique 

Individual rats were placed in an irradiator capsule 

with an internal diameter of 6.2 em and a length of 19.7 

em. The container had abundant perforations which allowed 

sufficient oxygen supply. The top was applied and the 

column containing the capsule was descended for the time 

of desired radiation dosag e. At the termination of the 
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irradiation process the column was raised, and the rats 

were removed from the capsule and returned to their 

respective cages. 

The control rats were treated in the same manner as 

the irradiated rats with one exception, i.e., they were 

not subjected to 6 °Co irradiation, but rather were sham

irradiated by placing them in a similar irradiation cap

sule which was placed in a darkened box to simulate as 

closely as possible a radiation chamber· for two minutes 

before they were returned to their respective cages. 

A total of 724 rats (478 males and 246 females) 

were used in the study. All animals were 80 days old 

and all were injected with CdC1 2 by the intraperitoneal 

route for the appropriate groups. The female rats weighed 

approximately 200-250 g each, whereas each male rat 

weighe d approximately 300-400 g. Table 1 is the experi

mental design for the final co-insult study. Table 2 

shows the serum parameters which were assayed via the 

automa ted Technicon Sequential Multichannel Autoanalyzer 

Channel (SMAC) system and which will be referred to in 

the appropriate section. 
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TABLE 1 

EXPERIMENTAL DESIGN FOR CO-INSULT STUDY 

No. of Animals CdCl? 
Group No. of Sacrificed at (mg/kg body Radiation 

No. Male Rats Days Post-Irradiation weight).,'" (R) 7'"* 
1 7 21 

1 24 8 8 8 0.0 0 

2 24 8 8 8 2.5 543 

3 24 8 8 8 1.0 543 

4 24 8 8 8 0.0 543 

5 24 8 8 8 2.5 362 

6 24 8 8 8 1.0 362 

7 24 8 8 8 0.0 362 

8 24 8 8 8 2.5 0 

9 24 8 8 8 1.0 0 

*Animals were injected twice weekly for 29 days for 
a total of 9 injections. 

i~Animals were irradiated 24 hours after the last in
jection of CdC1 2 . 

Experimental Designs 

Study 1 (acute CdC1 2 lethality) 

Fourteen males and 12 females for a total of 96 females 

and 112 males were each injected once with one of the 

f ollowing doses: 0, 2, 4, 6, 8, 16, or 24 mg CdC1 2 . 



Test 

Enzymes 
CPK 
SGOT 
LDH 
Alk. Phos. 

Electrolytes 
Na+ 
K+ 
C0 2 
Cl 

Metabolites 
Total Bilirub. 
Creatinine 
Uric acid 
BUN 
Glucose 
Cholesterol 
Triglycerides 
Inorganic P. 
Serum iron 
Calcium 
Total protein 
Albumin 
Globulin 
A:G ratio 

Miscellaneous 
Electrolyte 

balance 
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TABLE 2 

SERUM PARAMETERS ANALYZED VIA THE TECHNICON Sl1AC 

Range 

0-225 
0-40 

60-225 
30-115 

135-145 
3.5-5.0 

24-30 
95-106 

0.2-1.2 
0.7-1.3 
3.9-8.0 

10.0-20.0 
65-100 

150-300 
30-150 

2.5-4.5 
60-150 

8.5-11.0 
6.0-8.5 
3.5-5.5 
2.3-3.5 
1.2-3.0 

19-29 

Units 

U/L 
U/L 
U/L 
U/L 

mEq/L 
mEq/L 
mEq/L 
mEq/L 

mg/dl 
mg/dl 
mg/dl 
mg/dl 
mg/dl 
mg/dl 
m,g/dl 
mg/dl 
lJg/dl 
mg/dl 
gm/dl 
gm/dl 
gm/dl 
gm/dl 

Method 

ADP/ATP 
UV-NADH/NAD 
UV-NADH/NAD 
p-nitropheny 1 

phosphate 

Potentiometric 
Potentiometric 
pH change-C0 2 
Fe (SCN) 3 

Diazo reaction 
Picric acid 
Phosphotungstate 
Diacetyl-monoxime 
Glucose oxidase 
Liberman Burchard 
UV-NADH/NAD 
Phosphomolybdate 
FerroZine 
Cresol phthalein 
Biuret 
Bromcresol green 
Bromcresol green 
Bromcresol green 

See Na+, ~. C0
2 

cl-, and CA 2
-

methods 

Reference(s) 

Siegel and Cohen (1967) 
Kessler et al. (1975) 
Morgenstern et al. (1973) 
Morgenstern et a1. (1965) 

Rao et a1. (1973) 
Pioda et a1. (1970) 
Skeggs and Hochstrasser (1964) 
Morgenstern et a1. (1973) 

Gambino and Schreiber (1964) 
Chasson et al. (1961) 
Musser and Ortigoza (1966) 
Marsh et al. (1965) 
Gochman and Schmitz (1972) 
Levine et al. (1968) 
Bucolo and David (1973) 
Amador and Urban (1972) 
Giovaniel1o et a1. (1968) 
Gitelman (1967) 
Skeggs and Hochstrasser (1964) 
Doumas et al. (1971), Rodkey (1965) 
Doumas et al. (1971), Rodkey (1965) 
Doumas et al. (1971), Rodkey (1965) 
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Mortality was recorded during a 30-day interval to de-

termine the LD ( . 
5 0 3 0) 

Study 2 (chronic CdC1 2 lethality) 

A total of 90 females and 90 males each were in-

jected twice weekly for 29 days (a total of 9 injections) 

with each injection consisting of one of the following 

doses: 0, 1, 2, 3, 4, s· 
' 6' 7' 8, or 16 mg CdCl /kg body 

weight. Mortality was recorded during the 30 days and 

for an additional 30 days (to day 60). 

Study 3 (acute gamma radiation lethality) 

Sixty females and 60 males received gamma radiation 

(
6 °Co). Each animal received a single whole-body dose 

of one of the following: 0, 675, 700, 725, 750, or 775 R. 

Morta lity was recorded during the 30 days to determine 

the LD ( ) . 
5 0 3 0 

Study 4 (co-insult alterations of various 
blood parameters) 

Two hundred sixteen males were assigned randomly 

to 9 groups. As there were sex differences in suscepti-

bility to the different agents, only male rats were used 

for thi s study. All animals received treatments as shown 

in Table 1. Groups not receiving CdCl were injected 
2 

with sterile distilled water each time the other groups 
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received CdCl injections. Justification for the use of 
2 

high and low doses of CdCl and gamma radiation ( 6 °Co) 
2 

was based on the results of a preliminary lethality co-

insult study. The high dose value of 2.5 mg CdCl /kg 
2 

body weight was chosen since ·this was less than the 

LD . The low dose of 1.0 mg CdCl /kg body weight 
5 0( 3 0 ) 2 

was chosen since no deaths were observed at this dose. 

A high radiation dose of 543 R was chosen since this was 

approximately 75 percent of the LD . All values 
50(30) 

were based on probit values of Figures 14 and 15. The 

experimental design required 216 animals; however, addi-

tional animals were assigned to each treatment group to 

replace animals that did not survive or were not success-

fu lly bled for studies. All rats were fasted at least 

10 hours prior to sacrifice. 

Collection of Blood Samples 

Animals were placed under sodium pentobarbital 

anesthes ia (4 mg/100 g body weight) and injected intra-

peritoneal ly for collection of whole blood and serum. 

Whole blood 

Vacutainer collection tubes (Becton-Dickinson, 

Rutherford, N.J.) were used to collect all whole blood 

samples. The net contents of each tube were 0.06 ml 
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solution, which included 4.5 mg (7.5 percent concentration) 

EDTA (K 3 ), potassium sorbate (0.012 mg) as the antimycotic 

agent, and purified water to volume. Vacutainer tubes 

did not contain an interior coating and the stopper lubri

cation was glycerin. 

Three ml of cardiac blood was drawn into a Vacu

tainer tube from each of 8 rats from each group on post

irradiation days 1, 7, and 21 (Table 1). All Vacutainer 

tubes were inverted a minimum of 8 times to mix the blood 

with the anticoagulant. Whole blood was used to measure 

hemoglobin (Hgb), hematocrit (Hct), leukocyte count (WBC), 

erythrocyte count (RBC), and the blood indices,which in

cluded the mean corpuscular hemoglobin (MCH), the mean 

corpuscular hemoglobin concentration (MCHC), and the mean 

corpuscular volume (MCV) . One ml of whole blood was used 

for whole blood enumeration in the Coulter "S" Electronic 

Particle Counter (Coulter Electronics, Inc., Hialeah, Fla.). 

The Coulter Model "S" Electronic Particle Counter, 

through a combination of pneumatics and electronics, takes 

direct reading s of the RBC, WBC, MCV, and Hgb, and then 

computes the Hct, the MCH, and the MCHC (Coulter Lab 

Manual, 1979). One-by-one counting and sizing of parti

cles are employed by the instrument. Cells are passed 

through an aperture (orifice) with a specific path of 
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current flow for a given length of time (representative 

of a reproducible sample volume). The Model "S" has three 

100-micron apertures for RBC and three 100-micron aper

tures for WBC. As cells pass through an aperture and 

displace an equal volume of electrolyte, the resistance 

in the path of current changes. This change in current 

results in a corresponding current and voltage change 

which is directly proportional to the volumetric size of 

the cell. The number of changes within the volume 

sampled is proportional to the number of cells within 

the suspension. The MCV is derived by averaging RBC 

pulse heights. The Hgb reading is taken directly from 

the WBC sample by passing a beam of light through the 

suspension into a photo-sensitive device, capable of 

measuring the amount of light passing through the fluid. 

The other parameters--Bet, MCH, and MCHC--are computed 

electronically from the 4 directly-measured parameters. 

Differential blood smears were made directly from 

the tip of the needle at the time of blood drawing. 

Corning micro slides (Corning Glass Works, Corning, N.Y.), 

measuring 3" x 1", 0.96-1.06 mm thickness, were used for 

the blood smears. All slides were stained with Wright's 

stain for 2 minutes, buffered with sodium-potassium 

phosphate buffer of pH 6.4 for 4 minutes, rinsed with 
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distilled water, and air-dried. One hundred leukocytes 

were differentiated under the Reichert light microscope 

(Reichert Optische Werke AG, Vienna, Austria), and each 

kind was recorded based on percentage. Each blood slide 

was also evaluated for erythrocyte morphologies which 

included hypochromia (a decrease in the quantity of hemo

globin in each red blood cells), anisocytosis (a variation 

in the size of the red blood cells), polychromasia (a 

variation in the coloring of the red blood cells,), and 

poikilocytosis (a variation in the shape of the red 

blood cells) . 

Serum 

Five ml of cardiac blood was drawn directly into a 

B-D Vacutainer tube (plain, non-heparanized) with no 

additive. Each tube was silicone-coated and had a sterile 

interior. Blood was allowed to clot at room temperature 

and the clot rimmed twice with an applicator stick. 

Blood tubes were centrifuged at 3,000 rpm, and the serum 

separated from each clot and refrigerated at 4°C until 

used for the tests. All sera were sterile, hemolysis

f ree, and kept at 4°C prior to assay on the Technicon 

Multichannel Analyzer (SMAC), a high-speed, computer

controlled analyzer. 
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Serum parameters analyzed were (Table 2): enzymes: 

creatine phosphokinase (CPK), serum glutamic oxaloacetic 

transaminase (SGOT), lactic acid dehydrogenase (LDH), 

and alkaline phosphatase (Alk. Phosph.); electrolytes: 

sodium (Na+), potassium (K+), carbon dioxide (C0
2
), 

and chloride (cl-); metabolites: total bilirubin (Total 

Bilirub.), creatinine, uric acid, blood urea nitrogen 

( BUN), glucose, calcium (Ca 2 +), cholesterol (total), 

t rigly cerides, inorganic phosphorus (Inorganic P), serum 

iron, total protein (TP), albumin, and globulin, plus 

t he albumin:globulin (A:G) ratio; miscellaneous: elec

troly te balance [Na+ + K+ + Ca - (cl-- C0 2 )]. All 
2 

t ests were performed according to standardized Techni-

c on methods (Table 2), the results of which have been 

p reviously found to correlate with tests carried out 

manually (see references in Table 2). 

The Technicon SMAC instrument (Technicon Lab Manual, 

197 9 ) integrates continuous flow hydraulics and chemical 

methods with a technolog ically advanced computer and 

s o f twa re. At each step, the computer compares the output 

of the s ystem a gainst previously established limits. Serum 

samp les are distributed to most of the analytical car-

t ridges using a predetermined pre-dilution technique. 
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The serum is delivered and, after mixing, all bubbles are 

removed from the stream by a debubbler. Four new inter

sample bubbles are immediately introduced to ensure dis

tribution to all analytical cartridges. All samples and 

reagents are supplied to the analytical cartridges or 

manifold by means of a peristaltic pump. Sample and 

reagents meet at the analytical, miniature cartridges 

which contain all components necessary for reaction of 

the sample with reagent(s) (i.e., mixing coils, heating 

baths, dialyzers, and flowcell). Air bubbles are passed 

through the flowcell to improve the wash and the computer 

recognizes the absorbence change created and measures 

the liquid segments only between the bubbles, thus 

enabling multiple-point enzyme analyses. Flowcells in a 

series are separated by heated incubation coils. Ab

sorbence measurements of the enzyme reactions are made 

at 2 or 3 time intervals and analyzed by the computer. 

Light is transmitted from the flowcell via visible and 

ultraviolet (UV) fiber optics · to a multichannel colori

meter which monitors up to 23 flowcells in the visible 

rang e and up to 12 UV channels. Through the use of a 

time-sharing technique (sharing a single light source, 

photomultiplier tubes, and electronics), the colorimeter 

continuously scans the flowcells in sequence at both 
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visible and UV wavelengths. A scanning process occurs 

at the rate of 4 scans of each channel/sec, providing a 

minimum of 72 readings for each individual test. The 

optical information is transmitted to the computer for 

processing and absorbence is converted to concentrations. 

Linearity is maintained to the limit of the range and, 

in most cases, is maintained beyond these limits. When 

a reading is off the chart scale, it is repeated after 

di lution of the serum sample. Numerous advantages of 

the SMAC analyzer include the following: (1) small serum 

sample is needed (450 lambda for 24 tests), (2) the profile 

provides a data base, (3) the profile helps to determine 

a nd monitor pathophysiological processes, (4) the multi

test instrument allows one to perform biochemical deter

minations with speed and reproducible precision, at a frac

tion of the cost of manual methods. All enzymes were 

measured in International Units/Liter (U/L). Metabolites 

were measured in micrograms (~g/dl), milligrams (mg/dl), 

or grams per deciliter (gm/dl). Electrolytes were mea

sured in milliEquivalents per Liter (mEq/L). 
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Statistical and Computer Analyses 

Lethality studies 

The LD 50 for all lethality studies was determined 

by an analysis of probit against the log (dose) as de

termined by Finney (1952, 1971). The Statistical Analysis 

System (SAS, 1979) at the Computer Center of North Texas 

State University, Denton, Texas, was used for this compu

tation. The probit procedure calculated the maximum 

likelihood estimates of the intercept, the slope, and 

the natural (threshold) response rate for lethality data. 

The Student Newman-Keuls (SNK) multiple range test was 

used to test differences between the means (Statistical 

Package for Social Sciences, 1977). 

Blood studies 

These studies employed the analysis of variance of 

a 3 x 3 x 3 factorial arrangement with 8 replicates which 

were completely random. Treatment groups were defined by 

3 levels of CdC1
2 

(0, 1, and 2.5 mg CdC1
2
/kg body weight), 

3 levels of gamma ( 6 °Co) radiation (0, 362, and 543 R), 

and 3 post-irradiation intervals of sacrifice (1, 7, and 

21 days). The DECsystem-20 computer (Digital Equipment 

Corporation) at the Texas Woman's University was used for 

the analysis, with the Biomedical Computer Programs P 
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Series (BMDP, 1977) package (University of California, 

1977). Before analyzing the data, missing values 

were estimated, using the BMDPAM and BMDP6D pro-

grams from the BMDP package. There were two types 

of missing values: (1) 6 animals missing due to deaths, 

even though extra animals were used to compensate 

for deaths during the study, and (2) a few values 

which were not available for a small number of animals 

due to insufficient quantity of serum samples. Missing 

values were determined as follows: (1) step-wise re

gression was used to estimate all values for the missing 

animals so that each cell contained 9 replicates, and 

(2) cell means were used to estimate individual missing 

values. The resulting analyses were thus done with 

216 animals, and 44 blood parameters for each animal. 

A three-way analysis of variance (ANOVA) was performed 

on all 44 blood parameters to determine evidence of 

significant effects and interactions among cadmium 

levels, radiation l~vels, and post-irradiation days. 

In addition, the SNK procedure was performed on the 

9 cadmium-radiation groups for each day separately 

in order to determine significant differences in 

means . 
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The ANOVA was used to test main effects and 

interactions against the mean error square. It was 

theorized that the days of post-irradiation treatment 

could be treated as either a grouping factor or as a 

covariate. A linear effect of days 1, 7, and 21 would 

indicate that the days post-irradiation should be re

garded as a covariate; however, if the effect was non

linear, grouping was considered. It was determined by 

bivariate scatter plots ("scattergrams") that the ef

fects were not linear for any of the dependent variables, 

e.g., when the day was plotted against a dependent 

variable no linear effect was seen. A negative or low 

correlation was found for each dependent variable. 

Based on these findings, it was determined that the day 

would be used as a blocking factor rather than as a co

variate in all cases. 

The Multiple Analysis of Variance (MANOVA) was 

employed for the various relationships among the dif

ferent variables. The }~NOVA used the day, radiation, 

and cadmium as grouping factors. This method was em

ployed to find all possible correlation coefficients 

between pairs of variables from the total set to ascer

tain whether there were groupings or clusters of 

variables of special interest. The MANOVA was also 
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used to determine the overall statistical significance 

of the differences among the dependent variables of the 

set (Willemsen, 1974). 



CHAPTER IV 

RESULTS 

Lethality Studies 

Lethality data were recorded for acute and chronic 

Cd C1 2 ·studies, as well as acute gamma radiation ( 6 °Co). 

The probit lines are shown in Figures 11-14 in Appendix 

A and are based on values of Tables 3 and 4. These and 

all subsequent LD values in this study are presented as 

the probit value, followed by the 95 percent fiducial 

limits in parentheses. 

Acute CdC1 2 lethality 

Deaths of animals exposed to various doses of a 

sing le injection of CdC1
2 

were recorded for 30 days after 

the acute injections to determine the LD
50

(
3

o) value. The 

numbers of animals dying in each CdC1
2 

treatment group are 

recorded in Table 3. Fifty percent of the females receiv

ing an acute dose of 5.0 mg CdC1
2
/kg body weight died, 

whereas 50 percent of the males receiving an acute dose 

of 6.0 mg CdC1
2
/kg body weight succumbed. Deaths of these 

animals which followed an injection of 5.0 or 6.0 mg CdC1
2

/ 

k g body weight occurred between days 3 and 5 after 

64 



TABLE 3 

EXPERIMENTAL DATA FOR DETERMINATION OF ACUTE LD FOR RATS ADMINISTERED CdC1 
50 ( 3 0 ) 2 

Single Injection 
of CdC1 2 No. Rats Injected No. Rats Dead at 30 Days % Lethality 

(mg/kg 
body wt.) Males Females Combined Males Females Combined Males Females Combined 

0 14 12 26 0 0 0 0 0 0 

2 14 12 26 0 0 0 0 0 0 

4 14 12 26 1 3 4 7 25 15 

5 14 12 26 6 6 12 43 50 46 

6 14 12 26 7 7 14 50 58 54 

8 14 12 26 8 8 16 57 67 62 

16 14 12 26 11 10 21 79 83 83 

24 14 ' 12 26 ! 14 12 26 I 100 100 100 

(j\ 

V1 
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TABLE 4 

PROBIT ANALYSES FOR ESTIMATION OF DOSE EFFECTS IN TERMS 
OF LD VALUES FOR ACUTE AND CHRONIC LETHALITY STUDIES 

Acute CdC1 2 
(mg CdCl 2/kg Chronic CdC1 2 (mg CdC1 2/ 

body wt.) kg body wt.) 
30 Days 60 Days 6 ° Co (R) 

Males Females Males Females Males Females Males Females 

1.60 1.58 1.39 2.31 1.08 2.35 641 640 

1.95 2.46 1.93 2.92 1.51 2.87 668 665 

2.50 3.13 2.30 3.31 1.80 3.19 682 679 

3.78 4.61 3.08 4.08 2.43 3.81 706 702 

5.99 7.1 3 4.25 5.14 3.38 4.65 733 729 

9 .47 11.04 5.88 6.15 4.71 5.66 761 757 

14 .31 16.36 7.87 8.00 6.35 6.77 787 784 

18 . 32 20.70 9. 36 9.07 7.59 7.53 804 800 

29.14 32 .17 12.99 11.47 10.61 9.20 835 830 
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treatment; however, animals receiving an acute injection 

of 8.0 mg CdC1 2 /kg body weight died between days 1 and 3 

after treatment. These data are available from this 

author. 

The probit LD ( ) value for males was 5.99 
5 0 3 0 

(4. 71-7.54) mg CdC1 2 /kg body weight (Table 4, Figure llA), 

whereas the value for females was 7. 13 (5. 81-8. 85) mg CdC1 2 I 

kg body weight (Table 4, Figure llB). 

Chronic CdC1 2 lethality 

Deaths of animals were recorded during the injection 

period and for 30 days after the last injection. The 

numbers of animals dying in the chronic CdC1 2 lethality 

are recorded in Table 5. Fifty percent of the males re-

ceiving a dose of 4.0 mg CdC1 2 /kg body weight were dead 

at 30 days, whereas at 60 days 50 percent of males re

ceiving a dose of 3.0 mg CdC1
2
/kg body weight were dead. 

In contrast, 50 percent of the females receiving a dose 

of 6.0 mg CdC1
2
/kg body weight were dead at 30 days and 

50 percent of females receiving a dose of 5.0 mg CdC1
2
/kg 

body weight were dead at 60 days. The probit LD
5 0 

for 

males at the end of the injection period was 4.25 (3.42-

5.05) mg CdC1
2
/kg body weight (Figure 12A), whereas the 

probit LD 50 value 30 days after the last injection was 



TABL E 5 

EXP ERIMENTAL DATA FOR DETERMINATI ON OF CHRONIC LD
50

(
3

o) VALUES FOR RATS ADMINIS TERED CdC1
2 

No . Rats I njec t e d No. Rats Dead 
CdCl 2 
(mg/kg 30 Days* 

body wt. ) Males Females Combined Males Females 

0 8 8 16 0 0 

1 10 10 20 0 0 

2 8 8 16 1 0 

3 10 10 20 1 1 

4 8 8 16 4 2 

5 10 10 20 7 3 

6 10 10 20 7 7 

7 10 10 20 9 9 

8 8 8 16 7 7 

16 8 8 16 8 8 

*Rats administered CdC1 2 9 times over a 29-day period. 

**Rats did not receive additional CdC1 2 to Day 60. 

Combined Males 

0 0 

0 0 

1 1 

2 5 

6 5 

10 7 

14 9 

18 9 

14 8 

16 
I 

8 

60 Days** 
Females Combined 

0 0 

0 0 

0 1 

1 6 

2 7 

6 13 

8 17 

9 18 

8 16 

8 16 

0\ 
C1:> 



69 

3.38 (2.61-4.05) mg CdC1 2 /kg body weight (Figure 13A). 

In contrast, the corresponding LD
50 

probit values for 

females were 5.14 (4.42-5.92) mg CdC1
2
/kg body weight 

(Figure 12B) and 4.65 (4.00-5.25) mg CdC1
2
/kg body weight 

(Figure 13B) . 

An inverse correlation was seen in poth females 

and males between dose and time of death, e.g., at the 

hi gher doses of CdC1 2 administered, death came much 

earlier. In general, earlier deaths were seen initially 

when the 4.0 mg CdC1 2 /kg body weight dose was administered. 

As doses were increased, deaths occurred within 24-48 

hours. Generally, when males and females were adminis-

t ered comparable doses of CdC1 2 , based on total body 

weight, the males succumbed more quickly. Toxic manifes-

tat ions were predominant in animals surviving the higher 

ch ronic doses and included lethargy, difficulty in breath-

ing , bloody diarrhea, and weight losses due to decreased 

f oo d intake. Nasal hemorrhages were seen in a few 

animals, as well as a pronounced edema. 

Acu t e g amma ( 6 °Co) radiation 

Deaths of animals exposed to various doses of 

a cute gamma ( 6 °Co) radiation were recorded for 30 days 

after t he doses were delivered to obtain LD ( ) values. 
5 0 3 0 
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The numbers of animals dying in each radiation treatment 

g roup are shown in Table 6. Sixty percent of the males 

receiving a radiation dose of 750 R died, whereas exactly 

50 percent of females receiving a radiation dose of 750 R 

died. Deaths of these animals which followed administra

t ion of 775 R occurred within 3 days after radiation treat

ment. LD 50 ( 3 o ) probit values were slightly lower than 

a ctual LD 50 ( 3 o ) values. The probit LD
50

(
3

o) value for 

ma les (Figure 14A) was 733 R (713-754), whereas the 

va lue for females (Figure 14B) was 729 R (712-750). 

Blood Studies 

Mean values + standard errors for all blood 

par ameters are found in Appendix B. A summary of these 

same blood parameters is found in Table 7. 

Hema tolo gy 

Leukocytic series. In general, the agents cadmium 

and radiation had cont rasting effects on total white blood 

cell counts. F i g ure 1 shows the treatment effects. Whereas 

radiation markedly de pressed white blood cell counts 

(leukopen ia), cadmium in turn markedly increased total 

white b l ood c e ll c o unt s (leukocy tosis). When the two 

agents were combine d ( co -insul t ) in various ways, radiation 

appeared t o have the grea t e r depressant effectiveness, 
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TABLE 6 

EXPERIMENTAL DATA FOR DETERMINATION OF ACUTE LD 
50 

( 
3 0

) 

FOR RATS ADMINISTERED 6 °Co 

No. Rats Irradiated No. Rats Dead at 

Males Females Combined Males Females 

10 10 20 0 0 

10 10 20 1 1 

10 10 20 2 3 

10 10 20 4 4 

10 10 20 6 5 

10 10 20 9 10 

30 Days 

Combined 

0 

1 

5 

8 

11 

19 



TABLE 7 

SUMMARY OF HEMATOLOGICAL AND SERUM CHEMISTRY PARAME TERS WHICH DIFFER SIGNI FICANTLY 
FROM THE CONT ROL 

Hema t ology_ 

Par ame t er Post- Irradiation Day 1 Post- Irradiation Day 7 Post-Irradiation Day 21 

Tr ea t ment Gr oup: 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 

WBC * ** ** * ** * * * * * ** * * * * 
Band ** ** 
Poly ** ** ** ** ** ** ** * * * * * * * * 
Lymph ** ** ** ** ** ** ** ** * * * * * * 
Hb *''t ** ** ** * * * * * * * -.....J 
Hc t ** ** ** * * * * * * * N 

RBC ** ** * * * * * * * * 

Serum Chemis t r i es 

Serum iron ** ** ** ** ** ** ** ** ** "'(* 
SGOT ** ** 
LDH ** ** ** ** ** ** 
Alk phosphatase * * 
Glucose * * 
Triglycerides ** ** ** ** 
Total protein * * 

-
*Significantly different from control Group 1--Cont rol 6--1.0 mg CdCl2- 362 R 

at 0 . 05 l evel . 2--2 .5 mg CdCl 2-543 R 7--0.0 mg CdC1 2-362 R 
**Significantly diffe r ent from contr ol 3- -1.0 mg CdCl 2-543 R 8- -2.5 mg CdC1 2-0 R 

at 0 . 01 level. 4--0.0 mg CdC1 2-543 R 9--1.0 mg CdC1 2-0 R 
5--2.5 mg CdC1 2-362 R 
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Fig. 1. Treatment 
number of white blood c 11 
represents the mean of 8 r 
tions. The cross -bar r pr 

• indicates the means d' 
trol at the 0.05 level. •• 
means differ from the con 
level. 

rmina -
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DAYS POST - IRRADIATION 

TAB LE 8 

ANALYSIS OF VARIANCE FOR MEAN WHITE BLOOD CELLS (WBC) 

Degrees o f Mean F Tail 
Source Freedom Square Probability 

Mean 1 3304.34 769.83 0.000 
Days (D) 2 8. 33 1. 94 0.146 
Radiation dose (R) 2 314.69 73. 32 0.000 
Cadmium level (C) 2 41.06 9.57 0.000 
DR 4 42.09 9.81 0.000 
DC 4 7.65 1. 78 0.134 
RC 4 7 . 20 1.68 0 . 156 
DRC 8 9. 10 2 . 12 0.036 
Error 189 4. 29 
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particularly at the higher dose (543 R). Radiation dose

effectiveness was g reatest immediately following irradia

t ion (at post-irradiation day 1) . Depression of white 

blood cell counts was still evident at post-irradiation 

day 7 , a time when the bone marrow syndrome may be evident. 

Cadmium treated animals showed a leukocytosis at day 7 

in low dose (1.0 mg CdC1 2 /kg body weight) groups; however, 

re covery was seen in all treated groups by day 21. When 

intergroup comparisons were employed, differences were 

ob served between radiation and cadmium treated groups, 

as well as between groups of higher dose co-insult and 

l ower dose co-insult groups. Table 8 shows the Analysis 

of Variance (ANOVA) which indicates significant (p < 0.001) 

i nteractions between radiation dose and the number of 

day s post-irradiation. 

When differential blood cell counts were analyzed, 

t reatment effects on polyneutrophil percentages were 

s een (Table 9, Figure 2). Table 10 shows the ANOVA. At 

day s 1 and 7 all treated groups (Table 9), with the ex

cep t ion of group 9 which was normal at day 7, showed 

an i ncreased relative percentage of polyneutrophils. 

Relativ e percentage increases in polyneutrophils 

at day 1 were greatest in groups 2, , 3, 5, and 6. 

These groups did not differ significantly from one 



TAB LE 9 

CO-INSULT TIU:A~NT EFFECTS ON MEAN Rr:LATIVE AND ABSOLUTE POLYN"EUTROPHIL LEVELS AT POST-IRRADIATION !lAYS 1, 7 , AND 21 

Post- I r radiation Day 
Day 1 Day 7 Da y 21 

Total No. ll.elative % Abaolute No. WBC Total No. Relative % Absolute No. IIBC Total No. Relative % Abs olute No . IIB C 
!Croup IIBC X 10 J /\)1 X 10 1 /\)1 IIBC X 10 l /\l l X 10 3 /\ll IIBC x 10 1 /\ll X 10 ! /\)1 

4. 78 ! 0.57 17 0 .80 5 . 20 ! 0.60 16 0. 86 4.73±0.72 26 1. 24 

2 . 75 ± 0.83 74 2 .03 1. 90 :!: 0. 40 41 0 . 78 3 . 79 ± 0. 88 44 1. 6 7 -......J 
V1 

1.03 ! 0 . 08 72 0. 73 2 . 34 ± 0.52 37 0.89 3.67 ! 0.69 38 1.40 

0.99 ! 0.09 61 0.61 0.88 ! 0.91 43 0.38 2.90 ± 0.58 29 0. 84 

2.65 :!: 0.53 60 1.58 3. 75 :!: 0. 82 45 1.68 6.69 ± 1.55 35 2. 35 

2.87! 0.8 7 71 2 .OS 2 .54 ! 0 .23 48 1.22 3.96 ± 0.63 43 l. 76 

1.73 ! 0.73 66 1.14 2 .19 :!: 0.44 42 0 .92 2.68 :!: 0.65 38 1.03 

7 . 93 ! 1.11 45 3. 57 5 . 79 ! 1.25 33 1.91 5.13±0.76 22 1.15 

7. 34 ! 1. 35 32 2. 35 9 . 36 = 1.05 25 2 . 31 4 .64 ± 10.0 29 1. 32 
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Fig. 2. Treatm n 
centage of polyneutroph· 
sents the mean of 8 r p 
The cross-bar indicat 
the means differ from 
level. •• indicates h 
the control at the 0.0 
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h t.Omg CdC 12 -543R ~ 2.5mg CdC 12 -oR ....___ 
O.Omg CdC 12 -543R CdC 12 -oR -.-- 1.0mg • 2.5 mg CdC 12 -362R 

7 21 

DAYS POST - IRRADIATION 

TABLE 10 

ANALYSIS OF VARIANCE FOR MEAN POLYNEUTROPHILS 

Degrees of Mean F Tail 
Source Freedom Square Probability 

Mean 1 373160.60 1950.54 0.000 
Days (D) 2 10261.41 53.64 0.000 
Radiation dose (R) 2 11086.24 57.95 0.000 
Cadmium level (C) 2 873.83 4.57 0.012 
DR 4 1332.65 6.97 0.000 
DC 4 278.93 1.46 0.217 
RC 4 413.84 2.16 0.075 
DRC 8 333.96 1. 75 0.090 
Error 189 191.31 
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another. Relative percentages of polyneutrophils of all 

t reated groups were significantly less when compared 

with percentages of the same groups at day 1 (Figure 2). 

At day 21 all relative percentages were normal when com

pared with the control for the same day. At day 1 marked 

i ncreases in the absolute number of polyneutrophils 

(Table 9) were seen in groups 2, 5, 6, 7, 8, and 9; how

ever, groups 3 and 4 were normal when compared with the 

control for the same day. At day 7, significant increases 

in the absolute numbers were seen in groups 5, 6, 8, and 9; 

however, at day 21 all absolute numbers of polyneutrophils 

were within normal limits when compared with the control 

f or the same day. 

Immature leukocy tes known as band cells were in

cre a sed at day 1 in groups 7 and 8; however, no other 

ch anges were seen. The increased values are quite likely 

to be biolog ically non-significant because of the low 

percentag e of this type cell normally found in the cir

cul a ting bloo d , as well as the variability. Other 

imma t ure leukocytes known as metarnyelocytes and myelocytes 

were only occasionally seen in high dose co-insult groups. 

Treatment e f fects on lymphocytes are shown in Table 

11 an d Figure 3. The ANOVA is shown in Table 12. Sig

n ificant decreases in numbers of lymphocytes were seen 



TA BLE 11 

CO-I NSin.T TRE:J\l"ME.NT EFFECTS 01\ ~E.AN RELATIVE AND ABSOLUTE LYMPHOCYTE LEVELS AT POST-IRRADlATtON DAYS l, 7 , AND 21 

Pos t-Irradiation Dav 
Day 1 Day 7 Day 21 

Total No. Relative % Absolute No. \o/BC To tal No . Relative :t Absolu te No. I.'BC Total No . Rela t ive ;, Absolute No. WBC 
Group \o/BC x 10 11\J l x l0 3 /u1 \o/BC X 10 1 /ul x 10 1 /u l WBC x l D1 /1.1 l X 10 3 /).l 1 

4. 78 : 0 . 57 83 3. 9 7 5 . 20 ! 0 .60 83 4. 28 4.73: 0.72 72 3. 42 

2.75!0.83 26 0 . 71 1.90 = 0.40 56 1.06 3. 79 !. 0 . 69 55 2.09 
'-I 

1. 0 3 : 0 .08 2 7 0 . 2 7 2 . 34 ::: 0 . 52 59 l. 39 3 . 67 = 0 .69 60 2 . 19 00 

0.99 ! 0.09 36 0. 36 0 .88 ::: 0.91 56 0 . 50 2. 90 ::: 0 . 50 70 2.02 

2.65 ! 0. 53 37 0 . 97 3 . 75 ! 0.82 5 5 2 . 10 6 . 69 ! 1.55 63 4 .22 

2 .8 7 ! 0.87 ::!8 0 . 81 2 . 54 = 0. 2 3 60 1. 52 3.96 :: 0 .63 55 2 .19 

1.73 : 0.7) 30 0. 52 2.19 :: 0 . 44 60 l. 31 2.68 :: 0.65 60 l. 59 

7. 93 ! 1.11 49 3. 91 5.79 = 1. 25 66 3.83 5.13 :!:0 .76 77 3 . 95 

7. 34 ! 1. 35 65 4. 77 9.36 ! 1 . 05 68 0. 36 4 . 64 ! 1.01 70 3 . 25 
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Fig. 3. Treatment effects n mean per
centages of lymphocytes. Each ar r r sents 
the mean of 8 replicate det rmin ons. The 
cross-bar indicates the S . E . • indi s 
the means differ from the cant o at 0. 0 5 
level. • • indicates the means · f f r from 
the control at the 0 . 01 lev 1 . 
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TABLE 12 

Ill l.Omg 

O.Omg 

2.5mg 

l.Omg 

ANALYSIS OF VARIANCE FOR MEAN LYMPHOCYTES 

Degrees of Mean F 
Source Freedom Square 

Mean 1 691312 . 56 3307.75 
Days (D) 2 11079 . 53 53 . 01 
Radiation dose (R) 2 10812.24 51.73 
Cadmium level (C) 2 994 . 08 4 . 76 
DR 4 1264 . 75 6 .05 
DC 4 212 .65 1. 02 
RC 4 485.19 2 . 32 
DRC 8 396 . 42 1.90 
Error 189 208 . 99 

CdC 12 -362 R 

CdCI 2 -362 R 

CdC 12 -oR 

CdC 12 -oR 

2 1 

Ta il 
Pr obabili t y 

0 .000 
0 .000 
0 . 000 
0.010 
0.000 
0.400 
0.058 
0.063 
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in all treated groups when values were compared with con

t rols for the same days. Significant decreases were 

greatest in radiation treated groups and co-insult groups. 

Significant decreases were also seen at day 7, a time 

when the bone marrow syndrome is possibly operative. 

However, decreases were lesser at this time than at post

i rradiation day 1. Recovery of cadmium treated groups 

was observed at day 7 and lymphocyte percentages of all 

g roups were well within normal levels by day 21. Inter

g roup comparisons revealed significant alterations in 

cadmium treated groups ( groups 8 and 9) when compared with 

other groups at day 1. No other alterations were seen. 

Treatment effects on 3 other parameters, namely 

monocytes, eosinophils, and basophils, revealed no 

significant alterations. These parameters were within 

n ormal limits in relative percentages and also in ~pso

l ute numbers when compared with control values for the 

same days. 

Erythrocytic series. Figures 4-6 show the treat

ment effects on hemo g lobin, hematocrit, and red blood 

cell count (RBC). The ANOVA's for each parameter are 

p resented in Tables 13-15. Significant decreases were 

s een in co-insult groups 2 and 5 (hi gh dose radiation and 
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Fig. 4. Treatment effects on whole 
blood hemoglobin levels (g/ dl ). Each bar 
represents the mean of 8 rep licate de termina
tions. The cross-bar indicates the S. E . 

• indicates the means differ from th control 
at the 0.05 level . •• indi cates the means 
differ from the control a t the 0.01 level . 
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TABLE 13 

ANALYSIS OF VARIANCE FOR MEAN 

Degrees of Mean 
Freedom Square 

1 39247.29 
2 13.47 
2 0 . 00 
2 215 . 50 
4 5.45 
4 6 . 06 
4 4 . 61 
8 7 . 62 

189 4 . 18 

Ill 1. 0 mg CdC 12 - 362 R 
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1 • Omg CdC 12 - 0 R 
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HEMOGLOBIN 

F Tail 
Probability 

9385 . 98 0.000 
3. 22 0 .042 
0. 00 0 .999 

51.54 0 . 000 
1. 31 0.269 
1.45 0 . 219 
1.10 0 . 35 7 
1.82 0.075 



82 

Fig. 5. Treatment effects on the mean 
number of red blood cells (RBC) x 10 I ~ 1. 
Each bar represents the mean of 8 repli cate 
determinations. The cross-bar indicat s the 
S.E. • indicates the means differ from the 
control at the 0.05 level. •• indicat es the 
means differ from the control at the 0.01 
level. 
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TABLE 14 

ANALYSIS OF VAR I ANCE FOR MEAN TOTAL RED BLOOD CELLS (RBC) 

Degrees o f Mean F Tail 
Source Freedom Square Probability 

Mean 1 12072.27 8735.42 0 . 000 
Days (D) 2 3. 25 2.35 0 .098 
Radiation dose (R) 2 0 . 15 0 . 11 0 .894 
Cadmium level (C) 2 63 . 24 45 . 77 0.000 
DR 4 2 . 31 1.67 0. 158 
DC 4 1.64 1.19 0.316 
RC 4 2 .46 1. 78 0 .134 
DRC 8 3. 77 2 .7 3 0. 007 
Error 189 1. 38 
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Fig. 6. Treatment effects on mean 
hematocrit (%) levels. Each bar represents 
the mean of 8 replicate determination s . The 
cross-bar indicates the S.E. • indicates 
the means differ from the control at t h e 0.05 
level. •• indicates the means differ from 
the control at the 0.01 level. 
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high dose cadmium and high dose radiation and low dose 

cadmium). Group 8 (high dose cadmium) also exhibited 

significant decreases at all 3 days. On the first day, 

a depression in groups, 2, 5, 6, and 8 was quite similar 

for all 3 parameters. All 3 high cadmium groups showed 

a depression of hemoglobin at day 7. No changes were 

seen in low dose cadmium groups nor in groups in which 

radiation was the lone agent. Intergroup differences 

were seen between high and low dose radiation groups and 

all other groups. 

Blood indices. No statistically significant dif

ferences were seen during the 3 post-irradiation inter

vals for parameters of mean corpuscular volume (MCV), 

mean corpuscular hemoglobin (MCH), or mean corpuscular 

hemoglobin concentration (MCHC). However, depressions 

of these parameters did occur, although they were not 

statistically significant. 

Blood morphologies. Blood morphology parameters 

were graded on the degree of change observed, i.e., 0 

normal, 1 = slight change, 2 moderate change, and 3 

marked change. Increases were seen in hypochromia for 

groups 8 and 9 (cadmium treated groups ) at days 1 and 7 

and in group 8 at day 21. Radiation alone did not markedly 
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alter this parameter, and its effectiveness was similar 

to that of cadmium. 

Alterations were also observed in 3 other parameters 

which included anisocytosis, polychromasia, and poikilo

cytosis. Increases were observed in anisocytosis in 

g roups 2, 5, 6, and 8 at day 1 when compared to the con

t rol value for the same day. Increases in polychromasia 

were seen in groups 2, 8, and 9 at day 1, as well as in 

g roup 8 at day 7 when compared with controls for the same 

days. No other significant changes were seen at days 7 

and 21. Increases were also seen in poikilocytosis at 

day 1 in groups 2, 5, and 8 and at day 7 in group 8 when 

compared with controls for the same days. 

Serum chemistries 

Enzymes. No significant differences were observed 

in the creatine phosphokinase (CPK) enzyme when groups 

were compared to the group mean for the same day. Sig

nificant increases were observed (Figure 7) for the lactate 

dehydrogenase (LDH) enzyme at days 1, 7, and 21 in groups 

4 and 7 (543 R and 362 R). Table 16 shows the ANOVA. 

At day 1 all treated groups exhibited increases above 

the control; however, the increases were not statistically 
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Fig. 7. Treatment effects on mean 
serum lactate dehydrogenase (LDH) level s 
(U/1). Each bar represents them an of 8 
replicate determinations . The cross-b ar 
indicates the S.E. • indicat s h m ans 
differ from the control at th 0.05 1 v 1. 
•• indicates the means differ from the con
trol at the 0 . 01 l evel. 
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TABLE 16 

ANALYSIS OF VARIANCE FOR MEAN SERUM LACTATE DEHYDROGENASE (LDH) 

Degrees of Mean F Tail 
So urce Freedom Square Probability 

Mean 1 1049 77960.00 1034.95 0.000 
Days (D) 2 1525907.10 15.04 0.000 
Radiation dose (R) 2 2509 51.13 2 .47 0.087 
Cadmium level (C) 2 634578.13 6.26 0.002 
DR 4 285383.19 2.81 0.027 
DC 4 274401.94 2. 71 0.032 
RC 4 502357.38 4.95 0.001 
DRC 8 130723.22 1. 29 0.251 
Error 189 1014 32.46 
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significant (p < 0.05). These increases prevented the 

occurrence of intergroup differences at day 1. 

Significant increases were also observed (Figure 8) 

in serum glutamic oxaloacetate transaminase (SGOT) at 

days 1 and 7 in group 8 (high cadmium group). Table 17 

shows the ANOVA. No significant intergroup differences 

were observed. A significant increase was also observed 

in the alkaline phosphatase enzyme in group 4 (high 

radiation) at days 1 and 7; however, no other changes 

were seen. 

Metabolites. No significant changes were observed 

for the following parameters when compared with the con

trols for days 1, 7, and 21: total bilirubin, creatinine, 

uric acid, blood urea nitrogen, total cholesterol, 

calcium, inorganic phosphorus, albumin, globulin, and 

albumin:globulin ratio. 

Significant increases were observed in glucose at 

day 21 in groups 3 and 4 when compared with both the 

control group for the same day, as well as other groups. 

These two groups did not differ significantly from each 

other. 

Significant increases were seen in other parameters; 

for example, serum triglycerides were increased in group 
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Fig. 8. Treatment e ffects on m an serum 
glutamic oxaloacetate trans aminas (SGOT) 
levels (U/L). Each bar r ep r nt s h m n 
of -8 replicate determinations . Th cros s-bar 
indicates the S .E. • indicates th m ns 
differ from the control a t th 0.0 5 1 v 1. 
• • indicates the means di ffer rom h con
trol at the 0.01 level. 
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4 (543 R) at days 1, 7, and 21 (Figure 9). In contrast, 

a significant decrease was seen in group 5 at day 7. 

Table 18 shows the ANOVA. Significant increases were also 

seen in serum iron in groups 3 and 4 at days 1, 7, and 21 

(Figure 10) . Other increases were observed in groups 

2, 5, 6, and 7 at day 1. Table 19 shows the ANOVA .· The 

only significant alteration for total protein levels was 

decreases in groups 5 and 8 at day 7. No alterations 

were seen in albumin, globulin, or the alburnin:globulin 

ratio. 

Electrolytes. No significant differences were seen 

in sodium, potassium, chloride, or carbon dioxide content. 

When the electrolyte balance was determined no changes 

were noted. 
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Fig. 9. Treatment effect s on mean 
serum triglycerides (mg/dl) . Each bar r pre
sents the mean of 8 replicate determina tions. 
The cross-bar indicates the S.E. • indi
cates the means differ from the control at 
the 0.05 level. •• indicates the means dif
fer from the control at the 0.01 level. 
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TABLE 18 

2 1 

ANALYSIS OF VARI ANC E FOR MEAN SERUM TRI GLYCER1DES 

Degrees of Mean F Tail 

Sour c e Freedom Square Probabili t y 

Mean 1 734171.92 1208.90 0.000 

Day s (D ) 2 1265.80 2 .08 0.12 7 

Rad i ation dose (R) 2 3946. 50 6 . 50 0.002 

Cadmium l evel ( C) 2 10398 . 78 17 . 12 0 .000 

DR 4 1865 . 33 3 .07 0. 018 

DC 4 1364 . 95 2. 25 0 .066 

RC 4 2286 .60 3 . 77 0 . 006 

DRC 8 3560. 54 5 . 86 0.000 

Erro r 189 607.30 
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Fig. 10. Treatment effects on mean 
serum iron levels (~g/dl). Each bar repre
sents the mean of 8 replicate determinations. 
The cross-bar indicates the S.E. • indicates 
the means differ from the control at the 0.05 
level. •• indicates the means differ rom 
the control at the 0.01 level. 
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CHAPTER V 

DISCUSSION 

Lethality Studies 

In this study the greater life shortening of rats 

receiving higher doses of the insults cadmium or gamma 

(
6 °Co) radiation resulted from an effect on some particular 

cause of death, such as the hematopoietic syndrome, or 

from a combination of causes of death such as hematopoietic 

and gastrointestinal syndromes. Effects on one particular 

organ or the interaction of effects in several organs pro

duce characteristic syndromes, some of which produce 

severe tissue damag e or death. The time of appearance of 

these syndromes, their duration, and the survival of the 

organism depend on many factors such as the dose, the 

number and duration of exposures, and the species of 

animal. Integration of the data obtained in this study 

provides a composite for greater understanding of the 

mechanisms whereby deleterious effects resulted in 

lethality by cadmium and radiation, as well as by the 

co-insult. 

92 
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Acute CdC1 2 lethality 

Data in the literature on the acute lethality of 

cadmium in rats arecontradictory or non-comparable in many 

cases. In the present study, however, the probit LD 
5 0( 3 0) 

value of 5.99 mg CdC1 2/kg body weight for males compares 

favorably with the 7 . 20 mg CdCl 2/kg body weight value for 

males reported by Krasny and Holbrook (1977). These in-

vestigators did not report v a lues for f emales . In pre-

vious work on methylmercury t oxicity, Hupp et al. (1977) 

reported that male s were more sus cep t ible, i.e., they had 

a n LD 50 c3 o) less tha n f ema l es, and tha t , in some -cases 

of gamma radiation- i nduced l ethality, males were also 

more susceptible. In this s t udy on cadmium the female 

was also less susceptible, as shown by a probit LD
50

(
3

o) 

value of 7.13 mg CdC1
2
/kg body weight. Lappenbusch and 

Gile (1975) reported a 20 percent lethality with 250 ~g 

CdCl 2 /rat; however, they did not carry the study to an 

LD so ( 3 o ) · 

Chronic CdC1 2 lethality 

LD 50 ( 30 ) values were g enerally lower in the chronic 

CdC1 2 lethality study when compared with those of the 

acute CdC1 2 lethality study. This would indicate a de-

crease in effectiveness of dose at the time over which the 
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dose was delivered. Forney (1978) reported a similar 

finding when he injected CdC1
2 

intraperitoneally as an 

aqueous salt. He reported an LD 50 (
7 

day) of 2.78 mg 

CdC1 2 /kg body weight in male rats. However, over a 

longer period of time, employing the same injection 

route, he reported an LD value of 1. 73 mg 
S0(1 o month) 

CdC1 2 /kg body weight. The exact reason for this dif-

ference between acute and chronic LD 50 ( 30 ) lethality 

values is not known; however, based on the data of the 

present study it is probable that cadmium lethality was 

the result of damage to the same vital system (hemato

poietic) that radiation alters. It appears that the 

chronic dose was more effective in reducing the stem 

cell population below the critical value. 

When sexes were compared as to lethality in acute 

and chronic cadmium treatments, males were found to be 

more susceptible than females. These differences are 

attributable to differences in body size at the time of 

injection (with an attendant difference in absorbed 

dose), to hormonal differences, or to differences in 

recuperative potential in various tissues such as the 

liver, spleen, gastrointestinal, and hematopoietic 

system. 
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Although the specific causes of death by cadmium 

were not determined, hematological and biochemical data 

obtained after sublethal doses of cadmium and radiation 

support the view that lethal i ty was caused by damage to 

the hematopoietic system, the liver, and the gastroin

testinal system. These data are supported by gross 

observations of the symptoms of toxicity including bloody 

diarrhea, nasal hemorrhages, and weight losses due to 

decreased food intake. 

Acute gamma ( 6 °Co) radiation lethality 

Probit LD 50 ( 3 o ) values of 733 R for males and 729 R 

for females compare favorably with the LD 50 ( 3 0 ) values of 

700 rads (Co gg le, 1971), 714 rads (Claus, 1958), and 750 

rads (Casarett, 1968) reported by earlier investigators. 

The present study indicates that with higher doses of 

whole-body irradiation survival time decreases, in agree

ment with Upton (1975), who indicated that at high expo

sures of 10 5 rads death may come within minutes. Deaths 

occurring after whole-body exposure at very high radiation 

doses are thought to be due primarily to injury to the 

bone marrow, small intestine, and the central nervous 

system (Upton, 1969). In this study, most irradiated 

organisms showed characteristic alterations of the blood 
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cells and blood-forming organs, and deaths occurring 

during this lethality study are thought to be due to the 

hematopoietic syndrome. It is probable that whole-body 

irradiation also caused damag e to the gastrointestinal 

system as indicated by bloody diarrhea and decreased appe

tites of the animals. 

The differences in LD 50 ( 30 ) values reported by 

various investigators have been attributed to differences 

in age of animals. For example, the general concept of 

increased variability at older ages in an adult population 

is well known (Fry et al., 1966). Hursh and Casarett 

(1956) found that the LD 50 ( 3 0 ) for combined male and 

female Wistar rats increased slightly from 3 months of 

age to a maximum of 6 months, and then decreased linearly 

up to 26 months. These findings indicated that age at 

exposure is an important variable to be considered in 

establishing parameters of acute radiation mortality in 

adult animals. 

Blood Studies 

The mechanisms which underlie the development of 

functional and metabolic disturbance after exposure to 

various insults remain obscure. In the present study, 

a significant biochemical or blood change was taken to 
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indicate an early sign of toxicity. Since molecular (bio

chemical) changes precede cellular and systemic changes, 

monitoring of the appropriate parameters in the serum 

provides early detection of warning signals, as well as 

monitoring secondary changes. The hematological changes 

seen in this study were reflected in alterations of num

bers of both leukocytic and erythrocytic elements. 

Radiation 

Hematology. Changes in the number of circulating 

cells of different types were seen in the peripheral blood 

soon after irradiation. The blood picture of any mammal 

changes after exposure to ionizing radiation, and changes 

are mainly due to the consequence of damage to the bone 

marrow and lymphoid tissue (hematopoietic organs) . This 

effect is a reflection of the cell killing ability of the 

radiation. In this investigation, effects on the periph

eral blood elements were considered since these changes 

reflect the events of the entire hematopoietic system. 

Changes in the numbers of different types of circulating 

blood cells were seen soon after irradiation, and sublethal 

doses of gamma ( 6 °Co) radiation showed their effects at 

post-irradiation day 1. 
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When sublethal doses of radiation, e.g., 362 R and 

543 R, were administered to rats in this study, no al

terations of erythropoietic parameters were observed. 

This is in agreement with a number of other investigators 

(Rubin and Casarett, 1958; Arena, 1971) who reported that, 

although erythrocytic precursors (erythroblasts) are 

dramatically damaged or destroyed in the bone marrow 

after moderate doses of radiation, the erythrocytic damage 

is not reflected in the circulating blood. The buffer ac

tion of the large population of long-lived red blood cells 

prevents the manifestation of damage to the erythroblasts. 

Peripheral red blood cell counts do not necessarily reflect 

accurately the changes in total red blood cells since the 

counts may be affected by changes which occur in total 

plasma volume. 

In contrast to non-altered erythropoietic parameters, 

sublethal doses of 362 R and 543 R had appreciable ef

fects on the total number of white blood cells. In this 

study, the leukocytes emerge as the more radiosensitive 

of the blood cells, with the lymphocytes showing a greater 

radiosensitivity than the granulocytes. 

The initial radiotoxic phase of the leukocytes was 

characterized by a severe reduction in the number of total 
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white blood cells (leukopenia) at post-irradiation day 1 

when either 362 R or 543 R were administered. This leuko

penia persisted through post-irradiation day 7, a time 

corresponding to the period of the bone marrow syndrome. 

This is in agreement with Bacq and Alexander (1966) and 

Lappenbusch and Gile (1975). It is probable that this pro

nounced decrease in total white blood cells was due to 

destruction of hematopoietic stem cells in the bone marrow 

rather than to direct radiotoxic action on the circulating 

leukocytes. This in agreement with Coggle (1971), who 

reported that the number of mitoses observed in the bone 

marrow was reduced to zero within one hour after moderate 

doses of radiation. He suggested that the reduction in 

cell numbers was primarily due to cells being either in

hibited from dividing or killed upon mitotic attempts; as 

a consequence, no new cells were formed. Upton (1969) 

and Berdjis (1971) reported that at or below the mid

lethal levels of whole-body radiation exposures, killing 

of hematopoietic stem cells, not the formed circulating 

peripheral leukocytes, was the principal cause of the 

leukopenia. 

It appears that the sublethal doses of whole-body 

irradiation (362 R and 543 R) used in this study were 

sufficient to produce changes in the vital stem cell 
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population which give rise to the peripheral white blood 

cells. This suggests a reduction of mitotic divisions in 

the bone marrow, and further suggests that the reduction 

in cell numbers was the result of cells being killed be

fore they attempted cell division, with subsequent non

mitotic death. Because of the high radiosensitivlty of 

the white blood cells, the rapid response seen in this 

study as post-irradiation day 1 appears to be a direct 

destructive effect of the irradiation. A leukopenia was 

seen as post-irradiation day 7, a time corresponding to 

the bone marrow syndrome; however, recovery of the total 

white blood cell count was seen at post-irradiation day 

21, in agreement with Lappenbusch and Gile (1975). Since 

recovery was observed at post-irradiation day 21, it is 

probable that, following the degenerative phase, cells 

which escaped the critical radiation injury were able to 

regenerate. 

Doses of either 362 R or 543 R induced an initial 

increase in polyneutrophils at post-irradiation day 1. 

Although these results reflect changes primarily in 

polyneutrophils, it has been shown (Arena, 1971) that 

eosinophils and basophils exhibit a similar sensitivity 

to radiation. The mechanism(s) of this radiation-induced 

granulocytosis is not currently known, although it may be 
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related to an accelerated maturation and mobilization of 

granulocytes in response to widespread tissue injury by 

radiation. When compared to polyneutrophil levels at day 

1, a drop in numbers was seen at day 7. The rise and fall 

of the number of granulocytes in circulation were reported 

by Wendt (1971) to be controlled by two different, al

though similarly controlled, mechanisms: (1) the trapping 

in or release from the "marginal pool" within the general 

vascular system, and (2) the release of mature granulocytes 

from the bone marrow reserve. It has been suggested (IARC, 

1975-76) that the sudden cell release from the bone marrow 

is the major factor in early neutrophilia, although the 

damage to the bone marrow sinusoids may play some role. 

The increased numbers of polyneutrophils in the circulating 

blood are possibly the result of the rate of inflow of 

cells from the bone marrow, the marginal granulocyte pool 

(MPG) and the circulating granulocyte pool (CGP), and the 

rate of outflow of polyneutrophils from the blood (Henry, 

1979). It has been shown (IARC, 1975-76) that polyneu

trophils are lost from the blood in an exponential 

fashion, indicative of a random loss. 

Although a polyneutrophilia was evident at post

irradiation day 7, the relative and absolute numbers of 

polyneutrophils were significantly less than at 
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post-irradiation day 1. The decrease in the number of 

circulating polyneutrophils at post-irradiation day 7 

is attributed to their normal short life span, plus their 

failure to be replaced by the damaged stem cell population. 

Recovery of the polyneutrophils was seen as post

irradiation day 21, in agreement with other studies 

(Rubin and Casarett, 1973; Lappenbusch and Gile, 1975), 

and is attributed to recovery of blood production in 

sites which have been irradiated. This requires both 

circulating and hematopoietic stem cells, plus an adequate 

microenvironment for proliferation and differentiation. 

Precipitous and profound depressions of the lympho

cyte levels (lymphopenia) after sublethal doses of 362 R 

and 543 R were seen at post-irradiation day 1, in agreement 

with other researchers (Host, 1966; Casarett, 1968; 

Lappenbusch and Gile, 1975). Since lymphocytes are 

produced in the secondary organs, as well as in the bone 

marrow and thymus gland, it is probable that sublethal 

doses of radiation had a substantial radiotoxic effect on 

both the extremely radiosensitive circulating lymphocytes 

and their percursors (lyrnphoblasts). Casarett (1968) 

and Harriss (1971) reported that both lymphocytes and 

lymphocyte precursor cells were killed within 15 minutes 

after moderate doses of radiation. Vos (1967) reported 
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that at doses of 200-400 R significant lymphocyte destruc

tion occurred 4-6 hours after irradiation, whereas Arena 

(1971) stated that the decline of the lymphocyte count 

after radiation was always dose-related within 24-28 hours 

after irradiation. It is probable that the early decrease 

in lymphocyte numbers at post-irradiation day 1 is due to 

a number of factors, including their short circulating 

time, high degree of radiosensitivity, and replacement 

failure. 

Complete lymphocyte recovery was seen at post

irradiation day 21. This slow recovery is attributed to 

a disturbed lymphopoiesis, most likely due to the rela

tively small number of stem cells that remained undamaged 

following irradiation. The demand on the small number of 

remaining intact stem cells delays the time at which ma

ture elements are supplied to the peripheral blood in 

normal quantities, resulting in the lymphopenia. It is 

probable that this demand is the primary reason for the 

slow recovery phase, in agreement with Casarett (1968), 

who reported lymphocyte recovery in 3-4 weeks following 

irradiation. Upton (1975) reported that the return of 

the circulating lymphocytes to normal levels is preceded 

by regeneration in the lymphoid tissue and is much slower 

than that of other cells. 
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Serum chemistries. Since serum enzymes have their 

origin in various organs of the body from which they are 

released into the serum, the changes in various blood con

stituents such as enzymes reflect organ activities. Enzyme 

increases after irradiation may be due to (1) destruction 

of an inhibitor, (2) release of an activator, (3) in

creased or decreased synthesis of the eyzyme, or (4) re

lease of bound (inactive) enzyme from its links with 

intracellular structures in radiosensitive tissues. On 

the other hand, decreased enzyme levels may be due not 

only to the destruction of the enzyme but also to the 

failure of its synthesis, to the release of an inhibitor, 

or to the disappearance of an activator. 

In this study, sublethal doses of 362 R and 543 R 

were sufficient to cause at least a twofold increase of 

the lactate drhydrogenase (LDH) enzyme at post-irradiation 

days 1, 7, and 21. LDH catalyzes the reversible oxidation 

of lactate and pyruvate. The enzyme remained elevated 

at post-irradiation day 21, suggesting that it had not 

been physiologically cleared from the plasma. Since 

LDH is found in nearly all metabolizing cells (Altman 

et al., 1970), its increase soon after irradiation is 

believed to be due to cell leakage caused by radia-

tion stress. Altman et al. (1970) reported increases of 
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the enzyme during the first day after radiation exposure. 

In another study, Dalrymple et al. (1965) reported that 

in monkeys, after the first 3 days following radiation, 

the LDH concentration increased to 3-10 times normal. 

The increased levels of LDH in this study are thought 

to reflect a shift of the cells, most likely phagocytic 

cells, towards anaerobic metabolism and increased gly

colysis, particularly in the cytoplasm of the damaged 

hematopoietic cells. It is probable that radiation has 

a direct damaging effect on the membranes of blood cells, 

phagosomes, or secondary lysosomes and that damage to any 

of these membranes allows the enzyme to leak out. Korn

berg and Polliack (1980) reported that increases in the 

levels of serum LDH in malignant neoplasms reflected cell 

proliferation and turnover. In the present study, 

physiological non-clearance of the serum LDH at post

irradiation day 21 provides a rough indicator · of the degree 

of damage to the total number of damaged cells. Although 

it is not possible to determine the exact sources of the 

serum LDH elevations from the data obtained, future 

studies of LDH isozyme contents would be most helpful. 

For example, Kornberg and Polliack (1980) recently 

reported that erythrocytes contain primarily LDH 1-3, 
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whereas maturing lymphocytes and granulocytes contain 

primarily LDH-5. 

A second enzyme which was increased by radiation 

was alkaline phosphatase, an enzyme present in many vital 

organ systems, particularly the liver. This enzyme 

alteration was dose-related, being significantly increased 

by administration of 543 R and non-altered. by administra

t ion of 362 R. The enzyme increase at post-irradiation 

days 1 and 7 is attributed to radiation stress, resulting 

in membrane permeability and leakage of the enzyme from 

the cells and into the bloodstream. It is probable that 

the increase is also due to an imbalance of enzyme

substrate within hematopoietic cells. Ludewig and Chanutin 

( 1950) showed moderate increases of alkaline phosphatase 

in rats 24 hours after irradiation with doses of 200-600 

rads; however, they reported decreases on the second day 

after higher doses. 

It is generally assumed that these enzymes appear 

in greater quantities when tissue is injured. In this 

study, it is probable that enzyme increases are due pri

marily to space-occupying lesions of the liver caused by 

radiation stress. However, serun aklaline phosphatase 

levels obtained do not indicate the exact site(s) of the 

enzyme release; therefore, isoenzyme determinations would 
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be of extreme value since they are contributed by the 

liver, bone, and, in some cases, the leukocytes. 

The sublethal doses of 362 R and 543 R enhanced serum 

triglyceride levels; however, the increase in the 543 R 

dose appeared much earlier, at post-irradiation day 1. 

Increased levels of triglycerides were also seen at post

irradiation day 7, at a time corresponding to bone marrow 

failure, and it is believed this may be a crucial event 

in the induction of hypertriglyceridemia. 

Enhanced tri g lycer ides have been reported by a num

b er of investigators following acute whole-body irradiation. 

For example, Kohn (1951) reported an increase in total 

lipids after 600 rads, and Gross et al. (1976) and 

Agostini et al. (1964) reported accelerated hepatic secre

tion of trig lycerides to the plasma following acute doses 

of 500 rads of whole-body irradiation. 

The post-irradiation hypertriglyceridemia of this 

study is thought to be the result of an excessive influx 

of triglycerides from the liver into the plasma, a decrease 

in the utilization or removal of triglycerides from the 

vascular compartment, or a combination of both factors. 

The increase in serum triglycerides may be due to in

creased esterification and synthesis of fatty acids via 

the acyl CoA transferase pathway, transport from other 
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parts of the body to the bone marrow, or a decreased 

catabolism of triglycerides. DeBruin (1976) reported 

that irradiation caused stimulation of hepatic fatty 

acid synthesis and, as a result of diminished fatty acid 

oxidation, additional fatty acids became available for 

esterification and contributed to the increase in plasma 

triglycerides. Agostini et al. (1964) suggested that 

lipid accumulation in the plasma after gamma radiation 

was due to an increased release of lipids from the 

liver into the plasma. On the basis of the precursor

product relationship between specific activities of 

plasma and liver triglycerides, it would seem likely 

that triglycerides of endogenous origin are derived mostly 

from the liver. The increased secretion of triglycerides 

by the liver after irradiation may be due to a high level 

of free fatty acids available for the synthesis of hepatic 

triglycerides. 

It is possible that the increase in serum triglycer

ides reflects the state of the bone marrow after irradia

tion at the sublethal doses used in this study. Snyder 

and Cress (1963) reported that, when hematopoietic cells 

disappeared from the marrow cavity of irradiated animals, 

lipocytes increased in number and filled part of the free 

space remaining after cell loss. It is likely that the 
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lipid content of the marrow increases correspondingly 

and the water content diminishes, thus leading to the 

increased triglyceride content of the irradiated bone 

marrow. Altman et al. (1970) reported that plasma levels 

of triglycerides do not increase as greatly at the levels 

seen in the bone marrow. 

Physiological non-clearance of serum triglycerides 

at post-irradiation day 21 of this study reflects either 

an increased rate of synthesis or a decreased rate of 

clearing of the lipid. If the former mechanism is opera

tive, an increased rate of synthesis quite probably re

flects a role of iron as a repressor to synthesis, or 

perhaps an interaction between iron and some other element 

in regulating lipid synthesis. It is interesting to note 

the direct correlation seen between increases of serum 

iron and serum triglycerides at post-irradiation days 

1, 7, and 21. This direct relationship suggests that the 

iron-containing enzyme cytochrome c has the ability to 

cause a shift from metabolism of energy substrate through 

the Embden-Myerhoff pathway to one of lipid synthesis. 

Since lipemia may result if the rate of lipid production 

exceeds that at which it can be cleared from the plasma, 

it seems probable that iron could serve as a cofactor in 
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the lipid clearing mechanisms, involving either the de

creased action of lipoprotein lipase or the uptake of lipid 

by the cells. 

A dose-dependent increase of serum iron after a sub

lethal dose of 543 R was seen at post-irradiation days 

1, 7, and 21. Since body iron is maintained within rela

tively narrow limits, serum iron concentrations reflect 

the balance between input and output. Generally, iron 

absorption and iron exchange within storage areas are 

regulated to meet the general needs of the body but, 

more specifically, the needs of the erythron. However, 

the mechanism whereby this is accomplished has not been 

clarified. 

This author speculates that the increased serum 

iron levels seen in the present study are the result of 

changes in transferrin saturation. Transferrin is a 

protein responsible for transfer of iron from absorptive 

surfaces to the bone marrow where it is incorporated into 

the heme portion of the hemoglobin molecule. Generally, 

a large quantity of plasma transferrin is not saturated; 

therefore, the total transferrin pool acts as a cushion 

to buffer large amounts of absorbed or released iron 

which in a free trivalent form would be toxic. When the 

serum iron levels were increased in this study, it is 
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probable that a maximum amount of the iron was bound to 

transferrin, markedly reducing its capacity to bind addi

tional iron. In addition, the rate at which iron was 

cleared from the plasma was markedly decreased as indi

cated by the physiological non-clearance of serum iron 

levels at post-irradiation day 21 following 543 R. 

A decrease in the total serum protein levels at 

post -irradiation day 7 was seen after a sublethal dose 

of 543 R. This is a time when the bone marrow syndrome 

is operative and is in agreement with the work of Hol

laender (1954), who reported a decrease in plasma proteins 

during the first 5-7 days after moderate to high doses of 

total body X-irradiation, and with that of Bacq and 

Alexander (1966), who reported that the concentration 

of serum proteins did not change immediately following 

irradiation. There are a number of valid theories regard

ing decreased total protein levels after irradiation 

including alterations in synthesis, catabolism, or a 

redistribution between intra- and extra-vascular spaces. 

However, the most plausible explanation for the decrease 

seems to be the loss of proteins into the extra-vascular 

spaces from the blood plasma. 

An increased glucose level at post-irradiation day 

21 after the sublethal dose of 543 R is attributed to 
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r adiation stress. Other investigators (Lourau and 

Lartigue, 1950; Ellinger, 1957) have reported increased 

levels of glucose after moderate doses of irradiation. 

Reasons for the increase are not known at this time· 
' 

however, it would be of interest in future studies to 

determine activities of g lucone o g enic enzymes. 

Cadmium 

Hematology. Cadmium is rapidly accumulated and 

c leared from the blood (Mennear, 1979), and a critical 

l evel must be reached before t oxic changes are seen in 

the blood. Maximal concentrations are reached 5-10 

minutes after an intraperitoneal injection, and 90 per

cent clearance occurs after several hours (Lucis and 

Lucis, 1969). Plasma cadmium concentrations have been 

s h own to decline sharply to approximately 15 percent of 

maximal levels during the first 6 hours of exposure 

( Shaikh and Lerces, 1972), and a corresponding gradual 

rise in cadmium in erythrocytes has been observed over 

a 48-hour period. At this time, these same investigators 

showed cadmium levels in erythrocytes to be 50 percent 

of the original plasma levels. At periods in excess 

of 48 hours, a continual increase in erythrocytic cadmium 

has been observed (Nordberg et al., 1971), and it has been 
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suggested (Nordberg, 1972) that this reflects mobilization 

and redistribution of tissue cadmium via the blood. 

In the present investigation, the higher dose of 

CdC1 2 (2.5 mg CdCl 2 /kg body weight) inflicted insult on the 

erythropoietic cells, whereas the lower dose (1.0 mg 

CdC l 2 /kg body weight) had no appreciable effects. De

creased levels of hemoglobin, hematocrit, and red blood 

cells were seen initially at day 1 and remained decreased 

through day 21 of the study. The blood indices (MCV, 

CH, and HCHC) were altered during the cadmium treatment, 

although the changes were not statistically significant. 

This would indicate a normocytic,normochromic blood pattern 

wh ich is consistent with findings of a mild chronic anemia 

such as that found in this study. This same type anemia 

caused by cadmium toxicity has been shown to be associated 

with increased plasma transferrin levels and reduced body 

iron (Pond and Walker, 1972; Lappenbusch and Gile, 1975). 

The mechanisms whereby cadmium produces an anemia 

have not been established. However, the adverse hematolog~ 

cal effects of the metal seem to be closely related to 

interference with iron metabolism. The balance between 

delivery of erythrocytes to the blood and removal of 

erythrocytes from the blood is carefully regulated and 

results in a relatively constant hemoglobin mass in the 
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circulation. Anemia produced by the cadmium results when 

the removal of erythrocytes from the blood cannot be com

p ensated for by increased production, when the delivery 

of erythrocytes or hemoglobin to the blood is decreased, 

o r when both processes exist together. 

It is probable that the effect of cadmium on the 

hematopoetic system is due to either a shortening of the 

life span of the erythrocytes or to inhibition of hemo

g lobin synthesis, e.g., by a barrier to the transportation 

o f iron to the hemoglobin synthesizing cells, or perhaps 

to a combination of both of these mechanisms. The anemia 

may be linked, at least in part , to a decrease in intes

tinal iron absorption, leading to the slightly reduced 

serum iron levels seen in the hi gh cadmium treated groups 

in these studies. These were accompanied by corresponding 

decreases in hemoglobin, hematocrit, and total red blood 

cell counts. Hamilton and Valberg (1974) suggested that 

cadmium competeswithiron in the uptake step of the 

iron transport system and further suggested that cadmium 

predominantly inhibits the intestinal uptake of iron from 

the duodenal perfusate. This would suggest that cadmium 

and iron share the same uptake step. In support of this 

same theory, Thomson and Valberg (1971) reported that 

cadmium affected the uptake and transfer of cobalt, a 
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metal that shares with iron at least part of the same 

intestinal uptake and transfer steps, in a manner similar 

t o its effect on iron. Other investigators (Fox et al., 

1 971, Whanger, 1979) have reported that excessive cadmium 

administration reduces the intestinal absorption of iron, 

causing a dose-dependent depletion of hepatic stores and 

subsequent anemia. 

The decrease in tissue uptake and subsequent de

creased serum iron levels as seen after cadmium adminis

tration could also be due to decreased iron transport. 

It appears likely that competitive inhibition of iron by 

cadmium occurs in one or more metabolic stages. It seems 

likely that the decrease in tissue uptake causes a greater 

saturation of circulating transferrin with iron; however, 

recently Rosenmund et al. (1980) stated that the various 

attempts to identify changes in transferrin saturation 

leading to changes in iron turnover have been unsuccessful. 

Anemia caused by cadmium toxicity and associated with 

increased plasma transferrin levels and reduced body iron 

has been reported by a number of other investigators 

(Pond and Walker, 1972; Stowe et al., 1972; Lappenbusch 

and Gile, 19 7 5) . 

The influence of cadmium on the leukocytes was in 

direct contrast to the effects of radiation on these same 
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cells. Radiation produced a decrease in the total number 

of leukocytes (leukopenia) at day 1, which persisted to day 

7 ; at day 21 recovery occurred. Cadmium produced an in

crease in the total number of leukocytes (leukocytosis). 

The leukocytosis induced by the cadmium was accompanied by 

a marked increase in the number of polyneutrophils, in

dicating cadmium toxicity. 

The differences observed between toxic actions of 

cadmium and radiation on leukocytes are attributed to dif

f erential ion uptake and radiosensitivities. The differen

tial uptake of cadmium may explain the reason for the 

cadmium-induced polyneutrophilia, in contrast to the 

radiation-inducedlymphopenia seen in this study. Reasons 

for the differential uptake and alterations in non

nucleated cells such as erythrocytes and nucleated cells 

such as leukocytes have been recently suggested by Hilde

b rand and Cram (1979). These investigators suggested that 

different mechanisms for cadmium uptake operate in the 

two different kinds of cells. These investigators reported 

that lymphocytes accumulated cadmium to a level of about 

3,000-fold greater than the culture medium, whereas 

erythrocytes accumulated cadmium only fivefold greater 

than the culture medium. The investigators speculated 

that the differences were due to the different specific 
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cadmium-binding proteins known as metallothioneins present 

in each kind of blood cell. 

Metallothioneins are small proteins (6,000-10,000 mw) 

with a similar amino acid composition, a high content of 

sulfl1ydrylamino acids but no aromatic amino acids, and an 

E of 250 nm due to the cadmium mercaptide bond (Cherian max 

and Goyer, 1978). Since most of the cadmium in lymphocytes 

is associated with a low-molecular weight macromolecule 

characteristic of cadmium-thionein, it is probable that 

the macromolecule is responsible for increased cadmium 

sensitivity in lymphocytes. Although Hildebrand and Cram 

(1979) did not investigate the differential uptake of 

cadmium in polyneutrophils as compared to lymphocytes, 

it is probable that the same operative mechanisms are 

involved. If so, this would provide the answer for the 

present study as to differences in cadmium toxicity between 

lymphocytes and polyneutrophils. 

The mechanisms by which cadmium stimulates thionein 

synthesis are currently unknown; however, two mechanisms 

have been proposed. Squibb et al. (1976, 1979) 

suggested synthesis of new messenger ribonucleic acid 

(mRNA) and regulation of metallothionein synthesis without 

any effect on the translational step of protein biosyn-

thesis. Webb (1975) suggested a control mechanism on 



118 

induction only at the translational step which could occur 

only if the mRNA for the thionein was already present in 

the cell; therefore, cadmium activates the messenger. This 

suggests that cadmium must "unmask" the mRNA for the 

thioneins which are normally present in the cell. Once 

synthesis of thionein has occurred, it may be held 

responsible for cadmium-induced toxicity. It is probable 

that the cadmium-thionein within the cells becomes satur

ated and, as a result, the free cadmium inflicts injury 

on the cell. Another possibility is that the cadmium

thionein molecule becomes extracellular and exerts its 

toxic action on the membrane of the cell. 

Recovery of leukocytic elements was seen at day 21 

of this study, indicating cessation of toxic effects and 

active repair mechanisms. However, no recovery of 

erythrocytic elements was seen at day 21 of this study. 

Serum chemistries. Many enzymes are influenced or 

affected by trace elements such as cadmium. In this 

study, a cadmium-induced increase of serum glutamic 

oxaloacetate transaminase (SGOT) enzyme was initially 

seen at day 1 and persisted through day 7. It is possible 

that the enzyme increase is due to continued hemolytic 

injury to the erythrocytes since SGOT is found to a certain 
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degree in every erythrocyte (DeBruin, 1976) . The quantity 

of SGOT in the serum becomes directly proportional to 

the number of cells damaged and reflects the interval of 

time between tissue injury and testing (Davidsohn and 

Henry, 1974). Since erythrocyte levels were depressed 

by the cadmium through day 7 of this study, it is probable 

that physiological non-clearance of the enzyme is due to 

continuing cell destruction and active iron impairment. 

Clearance of the enzyme at day 21 indicates an active re

pair process and physiological clearance of the enzyme 

from the plasma. 

Cadmium has been theorized (DeBruin, 1976) to act 

on enzymes in one of two ways: (1) it displaces another 

metal, particularly zinc; (2) it reacts with -SH groups 

in the enzyme. Since cadmium is a divalent cation, it 

may serve as a cofactor for the enzyme. It is probable 

that the cadmium ion induces a conformational change in 

the protein which results in the conversion to a more 

compact form, activation of the enzyme, and increased 

serum levels. The serum enzyme increase, in conjunction 

with other liver function findings, suggests cadmium as 

an agent inducing liver damage. Since SGOT is an impor

tant link between carbohydrate and protein metabolism, 

the increases observed in this study are thought to be 



120 

directly related to changes in the size of the amino acid 

pool in the liver. 

Co-insult 

Hematology. A number of changes were seen in 

erythrocytic parameters when co-insult treatment was 

administered. Generally, the changes were dose-related, 

e.g., the high dose cadmium (2.5 mg CdCl 2/kg body weight)

high dose radiation (543 R) treatment produced a greater 

depression of the erythrocytic parameters than did the 

low dose cadmium (1.0 mg CdCl 2/kg body weight)-low dose 

radiation (362 R) treatment. This was true of all 

erythrocytic parameters including hemoglobin, hematocrit, 

and red blood cell counts. 

The changes observed after co-insult treatment did 

not appear to be significantly greater than those of 

cadmium treated groups at days 1, 7, and 21. When co

insult groups were compared with radiation only groups, 

however, significantly larger decreases were observed. 

Therefore, it appears that cadmium was the agent responsi

ble for the erythropoietic changes shown in the co-insult 

study and that radiation contributed little to these 

changes. 
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The anemia caused by CdC1 2 at the sublethal doses 

used was not significantly increased by sublethal doses 

of gamma radiation at post-irradiation days 1 and 7; the 

latter time is when the critical radiation-induced bone 

marrow syndrome is most active. Although the CdC1
2 

treat

ment alone caused anemia, it did not cause death at the 

doses used. In addition, no lethality was observed when 

co-insult treatment was administered. This indicates that 

the bioeffect of cadmium and radiation on the red blood 

cell system was not additive for 21 days post-irradiation 

and that the total bioeffects were not synergistic as mea

sured by lethality. This would further suggest that 

cadmium at the concentrations used in this study did not 

increase the radiosensitivity of the erythrocytic cells. 

Co-insult treatment produced a number of changes 

in the white blood cell system. Generally, cadmium 

elevated the total white blood cell count, whereas 

radiation significantly decreased it. The number of 

circulating white blood cells in irradiated rats, as 

well as in animals subjected to co-insult treatments, 

decreased in accordance with the typical radiation dose

response. In the co-insult groups, radiation had a larger 

effect than cadmium since observed changes were decreases 
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in number of leukocytes. The total white blood cell count 

was replenished much more rapidly in animals treated with 

CdC1 2 than in animals irradiated only. Animals receiving 

co-insult treatment showed a normal white blood cell count 

within 21 days of irradiation , in agreement with Lappen

b usch and Gile (1975). 

Differential analyse s o f circulating white blood 

cells of controls and rats s ubjected to the co-insult 

showed that the relative abundances, as reported in both 

absolute and relative units of each cell type, were sig

n ificantly altered by CdC1
2 

alone and that these altera

tions were even g reater than when radiation was utilized 

alone or when co-insult treatment was administered. The 

l ymphocyte:neutrophil ratios were significantly lower in 

all treated groups in that (1) CdC1
2 

alone caused a 

significantly lower ratio f or at least 7 days following 

t he last injection, (2) g amma radiation alone also caused 

a lowered lymphocyte:neutrophil ratio for at least 7 days, 

and (3) co-insult treatment caused a significant change 

for at least 7 days after treatment. The CdC1 2 treatment 

prior to irradiation appeared to aid animals in the return 

to normal white blood cell values at post-irradiation day 

21. It appears that the primary function of sublethal 
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doses of cadmium is that of a debilitator, rather than 

a radiosensitizer. 

Serum chemistries. A number of serum parameters 

was altered as a result of co-insult treatment. For 

example, when cadmium was used with radiation, serum 

iron levels were significantly increased when compared 

with controls. However, the levels were significantly 

lower than those reported after radiation alone, the de

crease being attributed to the presence of cadmium. The 

effectiveness of cadmium in reducing serum iron levels 

was pronounced at days 1 and 7. A number of other in

vestigators have reported decreases in serum iron levels 

after cadmium toxicity. For example, Ragan (1977) re

ported that serum iron levels of iron-deficient rats 

were about 70 percent of the control groups and that tissue 

iron stores were severely depleted in iron-deficient rats. 

Earlier DeBruin (1976) reported that cadmium intoxication 

was characterized by low concentrations of iron in the 

blood plasma. 

Although there are no reports in the literature on 

serum iron levels after sublethal co-insult treatments, 

the results of this study indicate that cadmium increases 

the capacity of transferrin to bind additional iron,whereas 
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radiation decreases that capacity. The reason for the 

dominance of cadmium over radiation on transferrin binding 

sites is not known; however, it would appear that the low 

iron levels in the serum of cadmium-treated groups in

dicate iron stores have been used up and at the same time 

stimulate an increase in the synthesis of transferrin. 

Sodeman and Sodeman (1978) stated that, after stores of 

iron are decreased, an increase in transferrin occurs. 

When serum iron levels are low, a minimal amount is bound 

to transferrin, leaving more available sites for binding. 

On the other hand, radiation treatment resulted in an 

excess of serum iron, indicating that a maximal amount of 

iron was bound to transferrin and thereby markedly reducing 

its capacity to bind the additional iron. 

A significant increase in glucose was observed at 

post-irradiation day 21 in low cadmium-high radiation and 

high radiation only groups. Elevated glucose levels have 

been reported following the administration of either 

radiation (DeBruin, 1976) or cadmium (Teare et al., 1978). 

When co-insult treatment was administered cadmium did not 

exert influence on the glucose levels, but rather the 

gamma radiation was deemed the responsible agent. 
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Conclusions 

The present study indicates that exposure to suble

thal concentrations of either cadmium or radiation alters 

metabolic processes in several organ systems, particularly 

the hematopoietic system and the liver. Generally, co

insult treatment at the sublethal doses used did not have 

an overall synergistic effect on rat vital systems. How

ever, in a few cases synergism was reflected in alterations 

of both hematologic and biochemical parameters, and in 

some cases the parameters appeared to be antagonistic. 

These data further provide evidence that correlations 

can be made between gross biologic changes and molecular/ 

cellular changes in rats treated with cadmium, radiation, 

or combinations of the two agents. In this study, a sig

nificant biochemical or hematologic change was taken to 

indicate an early sign of toxicity. This subthreshold 

response in turn becomes a dose-response relationship and 

defines the point at which the organism can no longer cope 

with the agent without injury. Early detection of these 

specific molecular/cellular alterations in the blood of 

animals after treatment with environmental insults has 

provided an indication of exposure well before gross signs 

were apparent . Furthermore, it has been shown that some 

of the indices used are useful in predicting subthreshold 
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toxicity concentrations at both acute and chronic expo

sures after only a relatively short exposure time. These 

indices then prove to be of special value in signaling 

the developing of sublethal abnormalities which cause 

an animal populationtobe less efficient or effective in 

coping with the normal stress and strain of survival. 



CHAPTER VI 

SUMMARY 

Physiological as well as cellular/molecular changes 

after treatments with cadmium, gamma ( 6 °Co) radiation, and 

combined cadmium-gamma radiation were determined and a 

summary table of hematological/biochemical indicators was 

developed. Three lethality studies, namely acute CdC1 2 , 

chronic CdC1 2 , and acute gamma ( 6 °Co) radiation were used 

to determine sublethal doses for the co-insult study on 

which hematological and biochemical determinations were 

made. 

Lethality Studies 

1. The acute CdC1 2 probit LD 50 ( 3 0 ) value of 7.13 

mg CdC1 2 /kg body weight for females was greater than the 

value of 5.99 mg CdC1 2 /kg body weight for males. In the 

chronic CdC1 2 study in which probit LD 5 0 ( 30 ) values of 

4.25 rng CdC1 2 /kg body weight and 5~14 mg CdC1 2 /kg body 

weight were obtained for males and females, respectively, 

the male was also more susceptible to chronic CdC1 2 

exposure. 

127 
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2. The gamma radiation probit LD value for 
50(30) 

males was 733 R and for females was 729 R. 

Hematological and Biochemical Responses 

1. Significant decreases were seen in hemoglobin, 

hematocrit, and red blood cell levels in high dose co

insult groups and in the high cadmium groups at days 

1, 7, and 21. No changes in these three parameters were 

observed in low dose co-insult, low cadmium, or radiation 

only treatment groups. 

2. In general, cadmium and radiation had contrasting 

actions on total white blood cell counts, radiation pro-

clueing a leukopenia and cadmium a leukocytosis. Dose-

effectiveness of radiation on the total white blood cell 

count was greatest at days 1 and 7. Intergroup differences 

were observed between radiation and cadmium groups, as well 

as between high dose co-insult and low dose co-insult 

groups. 

3. At post-irradiation days 1 and 7 all groups, 

including those treated with a single insult, showed an 

increasing relative percentage of polyneutrophils. Re-

covery of all groups was seen at day 21. 

4. Significant decreases of lymphocytes were ob

served in all treated groups when compared with the control 
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for the same day. Decreases were greatest in radiation 

and co-insult groups. Recovery of lymphocytes in cadmium 

only groups was observed at day 7. 

5. Lactate dehydrogenase (LDH) enzyme levels were 

increased for radiation groups at 1, 7, and 21 days. 

6. Serum glutamic oxaloacetate transaminase enzyme 

levels were increased in high cadmium groups at days 1 

and 7. Recovery was seen at day 21. 

7. A significant increase was observed in alkaline 

phosphatase enzyme in the high radiation group at days 

1 and 7. 

8. Glucose increases were seen in the low cadmium

high radiation and high radiation only groups at day 21. 

9. Significant increases were seen in serum tri

glycerides in the high radiation group at days 1, 7, and 

21. A significant decrease was seen in the high cadmium

low radiation group at day 7. 

10. Serum iron elevations were seen in co-insult 

and radiation groups at post-irradiation day 1. Signifi

cant increases were also seen at days 7 and 21 in low dose 

cadmium-high dose radiation and high dose radiation groups. 

11. A significant decrease in serum total proteins 

at day 7 was observed after high radiation and high cadmium 

doses were administered. 
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The results of this study indicate that exposure to 

either cadmium or radiation, or to a combination of the 

insults, at sublethal doses alters metabolic processes 

in several organ systems, particularly the hematopoietic 

system and the liver. At the sublethal doses used, co

insult treatments did not have a synergistic overall ef

fect. These data provide evidence that correlations can 

be made between gross biologic changes and molecular/ 

cellular changes after sublethal doses of each agent, or 

when the agents were combined. These indices were shown 

to be useful in predicting subthreshold toxicity after both 

acute and chronic exposures, and were of special value 

in signaling the development of sublethal abnormalities 

which cause an animal population to be less efficient or 

effective in coping with the normal stress of survival. 



APPENDIX A 

LD 5 0 PROBIT LINES ON LOG (DOSE) FOR 

LETHALITY STUDIES 
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Fig. 11. LDso(30) probit lines on 
log (dose) for acute CdC1 2 lethality for 
(A) male and (B) female rats. X indicates 
the data points on this figure and all 
succeeding figures. 
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Fig. 12. LD 5 o(3D) probit l i nes on 
log (dose) for chronlc CdC1 2 lethal ity 
for (A) male and (B) female rats . 
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Fig. 13. LDso(Go) probit lines on 
log (dose) for chron~c CdC1

2 
lethal ity 

for (A) male and (B) female rats. 
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Fig. 14. LD 50 ( 3 o) probit lines on 
log (dose) for acute gamma ( 6 °Co) radia
tion lethality for (A) male and (B) female 
rats. 
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APPENDIX B 

TABLES OF CELL MEANS AND STANDARD ERRORS FOR 

HEMATOLOGICAL AND BIOCHEMICAL PARAllliTERS 

OBTAINED FROH THE CO- INSULT STUDY 



TABLE 20 

MEAN NUMBER OF WHITE BLOOD CELLS x 10 3 /~1 +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (rng/kg) 1 7 21 

·1 0.0 0 4. 78 ± 0. 5 7b·k·k 5.10 ± 0.6Q c 4.73 ± 0.72ab 
2 2.5 543 2. 75 ± 0.83a 1.90 ± 0.4Qab 3.79 ± 0.88ab 
3 1.0 543 1.03 ± 0.08a 2.34 ± 0.52ab 3.67 ± 0.69ab 
4 0.0 543 0.99 ± 0.09a 0.88 ± 0.9la 2.90 ± 0.58a 
5 2.5 362 2.65 ± 0.53a 3.75 ± 0.82b 6.69 ± l.s5b ~ 

w 
6 1.0 362 2.87 ± 0.87a 2. 54 ± 0.23ab 3.96 ± 0 . 63ab ""'-J 

7 0.0 362 1.73 ± 0 .2 8a 2 . 19 ± 0.44ab 2.68 ± 0.6sa 
8 2.5 0 7.93 ± l . llc 5.79 ± 1.25c 5.13 ± 0.76ab 
9 I 1.0 0 7.34 ± 1.35c 9.36 ± 1.05d 4.64 ± 1.01ab 

I 

*Each figure represents an average of 8 replicates. 

-;'o'•Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 



TABLE 21 

MEAN PERCENTAGE OF POLYNEUTROPHILS +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 16.8 ± 1.9a** 16.6 ::: 2.oa 26.1 ± 3.3ab 
2 2.5 543 73.9 ± 4.1d 41 . 0 ± 4.8b 44.0 ± 8.4ab 
3 1.0 543 71.3 ± 2.3d 3 7. 0 ± 7. gb 38.1 ± 4.lab 
4 0.0 543 61.4 ± 6.1cd 42. 5 ± 4. lb 29.0 ± 4.4ab 
5 2.5 362 59.8 ± 7.8cd 44.9 ± 6 .lb 35.1 ± 5.3ab 
6 1.0 362 71.4 ± 2.9d 48 . 1 ± 2.7b 43.1 ± 3.oh 
7 0.0 362 66.1 ± 3.9d 42.0 ± 4.5b 38.4 ± 3.oab 
8 2.5 0 45.1 ± 8.ob c 33.0 ± 6.6b 22.3 ± 3.9a 
9 1.0 0 32.1 ± 7.4b 24.6 ± 6.3ab 28.5 ± 4.1ab 

---- -

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05) . 

t--1 
w 
00 



TABL 

MEAN PERCENTAGE OF LYHPHOCYTES +STANDARD ERROR (S.E.)-1( 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 8 3 . 0 ± 1 . 9 d..,._..,._ 82.3 ± 2.lb 72.4 ± 4.2a 
2 2.5 543 25.8 ± 4.3a 56.0 ± 4.6a 55.0 ± 9.4a 
3 1.0 543 26.4 ± 2.1a 59.4 ± 8.2a 59.6 ± 4.la 
4 0.0 543 36.3 ± 6.oab 56.3 ± 4.2a 69.5 ± 4.5a 
5 2.5 362 36.5 ± 8.6ab 55.9 ± 5.7a 63.1 ± 5.6a ~ 

LV 
6 1.0 362 28.1 ± 2.9ab 59.9 ± 2.8a 55.7 ± 6.2a \0 

7 0.0 362 29.6 ± 3.9ab 59.9 ± 3.8a 59.6 ± 2.7a 
8 2.5 0 49.3 ± l.Ob 66.1 ± 7.3ab 77.0 ± 3.4a 
9 1.0 0 65.8 ± 7.9c 70.0 ± 5.sab 70.8 ± 4.5a 

*Each figure represents an average of 8 replicates. 

;'o~Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 



TABLE 23 

WHOLE BLOOD HEHOGLOBIN (g/dl) ±STANDARD ERROR (S.E.) ''( 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 I 0.0 0 14.9 ± 0.2b7o'' 16.3 ± 0.2c 15.4 ± 0.2c 
2 2.5 543 10.8 ± 1.2a 12.6 ± 0.9ab 12.6 ± 0.4ab 
3 1.0 543 13.3 ± O.Gab 13.8 ± 0.4bc 13.9 ± 0.2abc 
4 0.0 543 14.9 ± 0.2b 14. 7 ± 0. 8b c 14.8 ± 0. 6b c 
5 2.5 362 11.0 ± 0. 7a 12.0 ± 0.9 ab 12.8 ± 1.oab 
6 1.0 362 11.4 ± 1.1a 14.9 ± o.sbc 13.3 ± 0.8abc 
7 0.0 362 15.8 ± 0.1b 15.4 ± o.sbc 14.6 ± o.5bc 
8 2.5 0 11.3 ± 1.oa 10.4 ± 1.2a 12.2 ± 0.8a 
9 ' 1.0 0 13.6 ± 0.8ab 12.4 ± 1.6ab 14. 9 ± 0. 3b c I 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 

t---1 
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TABLE 24 

MEAN NUMBER OF RED BLOOD CELLS x 10 6 /~1 +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 8 . 3 0 ± 1 . 0 6 d ,._,.k 9.19 ± 0.83C 8.63 ± O.l2C 
2 2.5 543 5.90 ± 0.74a 7.08 ± 0.5lab 6.73 ± 0.3oab 
3 1.0 543 7.60 ± 0.37bcd 7.82 ± 0.41bc 7.72 ± 0.14abc 
4 0.0 543 7.95 ± 0.25cd 7 . 98 ± 0.4obc 8.05 ± 0.3sbc 
5 2.5 362 6.11 ± 0.33ab 6.82 ± 0.48ab 7.13 ± 0.47ab 
6 1.0 362 6.34 ± 0.59abc 8.47 ± 0.44bc 7.30 ± 0.49abc 
7 0.0 362 8.95 ± 0.14d 8.44 ± 0.3obc 7 . 84 ± 0.31abc 
8 2.5 0 6.41 ± 0 . 54abc 5.82 ± 0.75a 6.49 ± 0.47a 
9 1.0 0 7.35 ± 0.4obcd 7 . 52 ± 0.93ab 8 . 55 ± 0.25C 

*Each figure represents an average of 8 replicates. 

'"'''Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 

~ 

+' 
~ 



TABLE 25 

MEAN HEMATOCRIT (%) +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) I 1 7 21 

1 0.0 0 39.7 ± 0.8b** 43.9 ± 0 . 5C 40.3 ± 4.oc 
2 2.5 543 29.5 ± 3.5a 33.7 ± 2.6ab 35.0 ± 0.7ab 
3 1.0 543 36.8 ± 1.0ab 38.7 ± 1.9abc 37.1 ± 0.9abc 
4 0.0 543 38.9 ± 1.2b 38.3 ± 2.3abc 41.8 ± 1.9abc 

t---1 5 2.5 362 29.9 ± 1.8a 32.0 ± 2.4ab 36.4 ± 2.8ab ~ 
6 1.0 362 30.9 ± 2.7a 40.7 ± 2.0bc 36.5 ± 2.obc N 

7 0.0 362 43.3 ± 0.6b 42.4 ± 2.6bc 40.3 ± 1.sbc 
8 1.0 0 11.0 ± 1.9a 30.0 ± 3.6a 35.3 ± 1.9a 
9 1.0 0 36.6 ± 1.8ab 34.5 ± 4.0abc 42.7 ± 1.2abc 

*Each figure represents an average of 8 replicates. 

'ickThose means with the same superscript in the same co1tmm do not differ 
significantly (p < 0.05). 



TABLE 26 

MEAN CORPUSCULAR VOLUME ( lJ 3 ) + STANDARD ERROR ( S . E . ) "~r 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 48.9 ± 0.6a** 48.5 ± 0.9ab 49.6 ± 0. 7a 
2 2.5 543 51.0 ± 2.2a 42.4 ± 6.4a 53.8 ± 2.2ab 
3 1.0 543 49.9 ± 1.5a 50.5 ± 1.7ab 49.1 ± 1.1a 
4 0.0 543 49.3 ± 0.8a 48.8 ± 1.sab 52.7 ± o.sab 
5 2.5 362 48.4 ± 1.6a 47.9 ± 1.5ab 52.0 ± 0.9ab 
6 1.0 362 49.9 ± 1.2a 49.0 ± 0.8ab 51.1 ± l.la 
7 0.0 362 49.1 ± 0.8a 50.0 ± 0.9ab 52.6 ± o.sab 
8 2.5 0 50.1 ± 1.7a 53.3 ± 1.7b 55.8 ± 1.3ab 
9 1.0 0 49.6 ± 1.oa 53.6 ± 2.2b 50.6 ± 0.8a 

*Each figure represents an average of 8 replicates. 

*Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 

1-' 
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TABLE 2 7 

MEAN CORPUSCULAR HEMOGLOBIN (pg) ±.STANDARD ERROR (S.E.) '>'c' 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 18.38 ± 0.12a** 18.11 ± 0.13a 18.28 ± 0.11ab 
2 2.5 543 18.76 ± 0.71a 21.98 ± 4.12a 19.16 ± 0.5oab 
3 1.0 543 17.96 ± 0.17a 18.24 ± o.s9a 18.43 ± 0.29ab 
4 0.0 543 18.94 ± 0.38a 18.75 ± 0.2sa 18.71 ± 0.14ab 
5 2.5 362 18.10 ± 0.39a 18.00 ± 0.13a 18.20 ± 0.43ab 
6 1.0 362 18.26 ± 0.26a 18.05 ± o . zoa 18.78 ± 0.19ab 
7 0.0 362 18.11 ± 0.24a 18 . 30 ± 0.43a 19.13 ± 0.16ab 
8 2.5 0 17.98 ± 0.43a 18.24 ± 0.42a 19.28 ± 0.25b 
9 1.0 0 18.11 ± 0.18a 18.95 ± 0.3oa 17.78 ± 0.2oa 

*Each figure represents an average of 8 replicates. 

"'n'(Those means with the same superscript in the same co1unm do not differ 
significantly (p < 0.05). 
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TABLE 28 

MEAN CORPUSCULAR HEMOGLOBIN CONCENTRATION (%) +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 3 7. 4 ± 0. 4a*.,~ 36.9 ± 0.2a 36.5 ± 0.4cd 
2 2.5 543 36.5 ± 0.9a 34.9 ± 2.6a 35.7 ± 0.5abc 
3 1.0 543 35.9 ± 0.8a 35.9 ± l.la 37.3 ± 0.3d 
4 0.0 543 37.8 ± l.Oa 38.3 ± 0.6a 35.0 ± 0.3abc 
5 2.5 362 36.8 ± 0.4a 37.4 ± l.oa 34.9 ± 0.5abc 
6 1.0 362 36.4 ± 0.6a 36.5 ± 0.4a 36.4 ± 0.5cd 
7 0.0 362 36.5 ± 0.2a 36.4 ± 0.9a 36.1 ± 0.3bcd 
8 2.5 0 35.8 ± 0.9a 34.6 ± 0.9a 34.3 ± 0.6a 
9 1.0 0 36.8 ± 0.9a 35.3 ± l.oa 34.7 ± 0.4ab 

*Each figure represents an average of 8 replicates. 

-,b',Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 29 

MEAN SERUM CREATINE PHOSPHOKINASE (U/L) +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0 .0 0 619 ± 81 a 'io~ 468 ± 65a 494 ± 57a 
2 2 .5 543 548 ± 144a 343 ± 39a 431 ± 88a 
3 1.0 543 396 ± 24a 380 ± 64a 470 ± 155a 
4 0.0 543 800 ± 153a 785 ± 227a 541 ± 102a 
5 2.5 362 425 ± 7oa 572 ± 131a 294 ± 16a 
6 1.0 362 554 ± 171a 310 ± 3oa 533 ± 172a 
7 0.0 362 768 ± 92a 804 ± 212a 660 ± 97a 
8 2 .5 0 430 ± 4la 826 ± 338a 359 ± 31a 
9 1.5 0 616 ± lOla 387 ± 11oa 272 ± 37a 

*Each figure represents an average of 8 replicates. 

,._,.,Those means with the same superscript in the same column do not differ 
significantly (p < 0 . 05). 
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TABLE 30 

MEAN SERUM LACTATE DEHYDROGENASE (U/L) ±STANDARD ERROR (S.E.) * 

Treatments 

I 
Days Post-Irradiation 

i 
CdC1 2 R 

Group I (mg/kg) I 1 7 21 

1 0.0 0 622 ± 35a** 621 ± 42a 465 ± 75a 
2 2.5 543 832 ± 131ab 693 ± 271a 5 71 ± 106a 
3 1.0 543 854 ± 54ab 438 ± 69a 651 ± 168ab 
4 0.0 543 1206 ± 177b 1404 ± 47bc 1051 ± 115b 
5 2.5 362 739 ± 105ab L~63 ± 82 3 473 ± 98a 
6 1.0 362 722 ± 101ab 527 ± 84ab 664 ± 89a 
7 0.0 362 1072 ± 151b 1286 ± 64bc 1138 ± 176b 
8 2 .5 0 855 ± 109ab 775 ± 16labc 597 ± 853 
9 1.0 0 622 ± 114ab 486 ± 52 a 506 ± 86a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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. TABLE 31 

:MEAN SERUM GLUTAMIC OXALOACETIC TRANSAHINASE (U/L) + STANDARD ERROR (S. E.) .,\-
---

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 113 ± 16a** 104 ± 9a 95 ± aab 
2 2.5 543 163 ± 11ab 106 ± 6a 122 ± 17ab 
3 1.0 543 116 ± 6a 119 ± 13a 93 ± aab 
4 0.0 543 137 ± 17ab 77 ± 4a 104 ± 6ab 
5 2.5 362 174 ± 15ab 126 ± 18a 110 ± 14ab 
6 1.0 362 138 ± 1oab 114 ± 7a 100 ± 7ab 
7 0.0 362 116 ± sa 9 7 ± 10a 106 ± aab 
8 2 .5 0 196 ± 31b 239 ± 59b 132 ± 15b 
9 1.0 0 130 ± 16a 131 ± 14a 78 ± sa 

*Each figure represents an average of 8 replicates. 

*Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 3 

MEAN SERUM ALKALINE PHOSPHATASE (U/L) +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (rng/kg) 1 7 21 

1 0.0 0 186 ± 11ab** 174 ± 16a 225 ± 31ab 
2 2.5 543 130 ± 15ab 199 ± 6oa 132 ± 1sa 
3 1.0 543 204 ± 25ab 148 ± 21a 186 ± 21ab 
4 0.0 543 234 ± gb 246 ± 26b 218 ± 32ab 
5 2.5 362 155 ± 17a 181 ± 4oa 229 ± 72ab 
6 1.0 362 167 ± 14ab 141 ± 21a 149 ± gab 
7 0.0 362 192 ± 12ab 191 ± 25 3 156 ± 12ab 
8 2.5 0 157 ± 19a 186 ± 26a 145 ± 143 

9 1.0 0 192 ± 32ab 112 ± ga 149 ± sa 
-

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 33 

MEAN SERUM TOTAL BILIRUBIN (mg/dl) ±STANDARD ERROR (S.E.) * 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 0. 14 ± 0. o2ab·;\-;t, 0.15 ± o.o2a 0.11 ± o.o2ab 
2 2.5 543 0.13 ± o.ola 0.16 ± o.o4a 0.11 ± o.o2a 
3 1.0 543 0.19 ± o.o2ab 0.11 ± o.o2a 0.10 ± o.o1a 
4 0.0 543 0.13 ± o.o3ab 0.18 ± o.o8a 0.14 ± o.o2ab 
5 2.5 362 0.10 ± o.o1a 0.13 ± o.oza 0.15 ± o.ozab 
6 1.0 362 0.14 ± o.olab 0.14 ± o.oza 0.10 ± o.o1a 
7 0.0 362 0.15 ± o.o2ab 0.11 ± o.oza 0.15 ± o.o4ab 
8 2.5 0 0.19 ± o.o2ab 0.19 ± o.osa o.zo ± o.ozb 
9 1.0 0 0.14 ± o.o2ab 0.13 ± o.o2a 0.10 ± o.ola 

*Each figure represents an average of 8 replicates. 

''"'-Those means with the same supersc.ript in the same column do not differ 
significantly (p < 0.05). 
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TABL 

MEAN SERUM CREATININE (mg/dl) +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 0 . 55 ± 0 . 0 3 a;~* 0.71 ± o.o1ab 0.68 ± o.o2ab 
2 2.5 543 0.58 ± o.o2a 0.83 ± 0.01b 0.63 ± o.o2ab 
3 1.0 543 0.49 ± o.o6a 0. 74 ± o.o7ab 0. 71 ± o.o4ab 
4 0.0 543 0.66 ± o.o5a o.84 ± o.1ob 0.75 ± 0.08b 
5 2.5 362 0.53 ± o.o3a 0.58 ± o.o7ab 0.68 ± o.o4ab 
6 1.0 362 0.59 ± o.o4a 0.68 ± o.o6ab 0.58 ± o.o6ab 
7 0.0 362 0.61 ± o.o4a 0. 75 ± o.o2ab o. 75 ± o.o5b 
8 2.5 0 0.53 ± o.o5a 0.53 ± o.o2a 0.56 ± o.o2a 
9 1.0 0 0.60 ± o.osa 0.65 ± o.o5ab 0.61 ± o.osab 

*Each figure represents an average of 8 replicates. 

•',;'•Tl1ose means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 35 

MEAN SERUM URIC ACID (mg/dl) ±STANDARD ERROR (S .E.)* 

Treatments 'Days Post-Irradiation 

CdC1 2 R 
Group (rng/kg) 1 7 21 

1 0.0 0 1.31 ± 0.11a7rn 1 . 68 ± o.o8a 2.29 ± 0.38a 
2 2 .5 543 1 . 66 ± 0.22a 1.40 ± 0.3oa 1.80 ± 0.14a 
3 1 .0 543 1.06 ± 0.1oa 2.85 ± 1.ooa 2.74 ± 0.98a 
4 0.0 543 1.43 ± 0.37a 2.01 ± 0.5oa 2.69 ± 0.9oa 
5 2 .5 362 1.03 ± o.o6a 2.23 ± 0.87a 2.48 ± 0.31a 
6 1 . 0 3n2 1.50 ± 0.24a 1 . 99 ± 0 . 74a 2.63 ± 0.41a 
7 0.0 362 1.36 ± 0.1oa 1.24 ± 0.1oa 3.94 ± 1.5sa 
8 2.5 0 2.54 ± 1.14a 2.03 ± 0 . 15a 1.61 ± o.o5a 
9 1 . 0 0 2.06 ± 0.3la 2.31 ± 0 . 5oa 2.31 ± o.o9a 

-

*Each figure represents an average of 8 replicates. 

-;'d'Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 36 

MEAN BLOOD UREA NITROGEN (mg/d1) ±STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 2 2 . 6 ± 1 . 4 a*'~ 25.0 ± 2.oa 24.3 ± 1.1a 
2 2.5 543 16.4 ± 0.9a 23.3 ± 1.8a 22.3 ± 2.oa 
3 1.0 543 17.4 ± 2.7a 17.0 ± 2.8a 18.1 ± 0.6a 
4 0.0 543 16.6 ± 2.sa 34.8 ± 6.oa 21.0 ± 0. 7a 
5 2.5 362 18.3 ± 0.9a 25.6 ± 1.9a 21.9 ± 1.8a 
6 1.0 362 15.9 ± 1.2a 22.8 ± 2.6a 21.6 ± 1.2a 
7 0.0 362 23.5 ± 0.7ab 19.6 ± 0.9a 21.1 ± 0.8a 
8 2.5 0 26.9 ± 3.3ab 18.5 ± 1.oa 15.9 ± 0.7a 
9 1.0 0 20.6 ± 2.6ab 23.9 ± 2.4a 19.3 ± l.la 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 37 

MEAN SERUM CHOLESTEROL (mg/dl) ±STANDARD ERROR (S.E.)'>'r 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 58.3 ± 3.9a-ick 63.1 ± ;(. 5ab 59.9 ± 5.2a 
2 2.5 543 73.0 ± 3.4a 81.0 ± 7. oab 85.8 ± 7.5a 
3 1.0 543 69.1 ± 8.8a 91.1 ± 15.5b 65.3 ± 2.9a 
4 0.0 543 77.3 ± 13.7a 58.8 ± 5.la 73.5 ± 5.8a 
5 2.5 362 73.7 ± 2.5a 70.0 ± 6. 7ab 83.5 ± 4.7a 
6 1.0 362 58.1 ± 1.2a 64.1 ± 2.9ab 62.4 ± 2.6a 
7 0.0 362 64.9 ± 5.5a 70.1 ± 3.4ab 75.1 ± 2.oa 
8 2.5 0 69.8 ± 6.9a 63.2 ± 3. oab 78.5 ± 3.oa 
9 1.0 0 67.8 ± 6.9a 65.1 ± 4.oab 64.6 ± 4.2a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 38 

MEAN SERUM CALCIUM (mg/dl) ±STANDARD ERROR (S.E . )* 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) I 1 7 21 

1 0.0 0 9 . 9 5 ± 0 . 3 3a *-;~ 10.28 ± 0.26a 10.25 ± 0.24a 
2 2.5 543 9.65 ± 0.16a 9.95 ± o.25a 10.04 ± 0.24a 
3 1.0 543 9.73 ± 0.14a 10.89 ± 0.48a 10.53 ± 0.27a 
4 0.0 543 9.96 ± 0.1sa 10.04 ± 0.16a 10.70 ± 0.49a 
5 2.5 362 9.73 ± 0.14a 10.00 ± 0.45a 10.03 ± 0.22a 
6 1.0 362 9.58 ± 0.15a 9.50 ± 0.2sa 10.23 ± o.2oa 
7 0.0 362 10.11 ± o.o6a 10.41 ± o.oga 10.31 ± 0.33a 
8 2.5 0 10.03 ± 0.29a 10.06 ± o.2oa 10.01 ± o.o7a 
9 1.0 0 10.16 ± 0.94a 10.31 ± 0.29a 10.63 ± o.o3a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 39 

MEAN INORGANIC PHOSPHORUS (mg/d1) +STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 7 . 2 6 ± 0 . 2 2 a*-;'( 7.54 ± 0.42a 6.56 ± 0.37a 
2 2.5 543 7.30 ± 0.23a 6.80 ± 0.33a 6.91 ± 0.29a 
3 1.0 543 8.20 ± 0.32a 7.85 ± 0.46a 6.86 ± 0.47a 
4 0.0 543 7.86 ± 0.34a 7.06 ± 0.25a 7.33 ± 0.5sa 
5 2.5 362 7.28 ± 0.48a 7.21 ± 0.4oa 7.91 ± 0.48a 
6 1.0 362 6.58 ± 0.23a 7.81 ± 0.5sa 6.81 ± 0.15a 
7 0.0 362 7.34 ± 0.33a 7.99 ± 0.46a 7.60 ± 1.29a 
8 2.5 0 8.25 ± 1.43a 7.88 ± 0.32a 7 . 10 ± 0.34a 
9 1.0 0 8.56 ± 0.99a 7.54 ± 0.46a 7.40 ± 0.27a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 40 

MEAN GLUCOSE (mg/dl) ±STANDARD ERROR (S.E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 15 5 ± 15 a b c *'~'<' 163 ± 16a 160 ± 2oa 
2 2.5 543 153 ± 9abc 147 ± 13a 150 ± 19ab 
3 1.0 543 131 ± 19ab 197 ± 69a 255 ± 59b 
4 0.0 543 160 ± 23abc 124 ± ga 26 7 ± 62b 
5 2.5 362 129 ± 6ab 162 ± 46a 161 ± 23ab 
6 1.0 362 164 ± 15ab c 154 ± 21a 151 ± 16ab 
7 0.0 362 187 ± llC 177 ± 7a 165 ± 1oab 
8 2.5 0 102 ± 6a 108 ± 13a 123 ± 1oa 
9 1.0 0 128 ± 13ab 130 ± 12a 193 ± 32ab 

-

*Each figure represents an average of 8 replicates . 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 41 

MEAN SERID1 TRIGLYCERIDES (mg/d1) ±STANDARD ERROR (S.E.)* 

Treatments 

I 

Days Post-Irradiation 

CdCl 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 53.8 ± 7. 7ab·k* so. 1 ± 4.4ab 59.6 ± 7.9ab 
2 2.5 543 41.8 ± 4.8ab 69.3 ± 9 .obcd 43.3 ± 8.3a 
3 1.0 543 68.3 ± 13.3bc 54.2 ± 8.7abcd 51.6 ± 10.7a 
4 0.0 543 87.0 ± 5.6c 85.0 ± 9.6abc 89.3 ± 8.oc 
5 2.5 362 44.5 ± 5.oab 24.4 ± 6.9c 39.0 ± 7.sa 
6 1.0 362 53.0 ± 6.6ab 58.8 ± 5 . 8ab 65.0 ± 5. 7ab 
7 0.0 362 68.0 ± 6. 9bc 54 . 3 ± 13.7ab 55.6 ± 11.9a 
8 2.5 0 32.6 ± 5.7a 54.8 ± 12.7abcd 51.8 ± 6.2a 
9 1.0 0 53.8 ± 7.7ab 54.0 ± lo.sabcd 63.0 ± 12.2ab 

*Each figure represents an average of 8 replicates . 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 

t--1 
V'1 
co 



TABLE 42 

MEAN SERill1 IRON (11g/ dl) ± STANDARD ERROR (S .E.)* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 113 ± 3a··k;'- 108 ± 4a 130 ± 14a 
2 2.5 543 203 ± 19b 111 ± 4a 100 ± 8a 
3 1.0 543 433 ± 16C 170 ± 18b 188 ± 9b 
4 0.0 543 425 ± 2JC 199 ± 21b 179 ± lOb 
5 2.5 362 200 ± 29b 81 ± 22a 120 ± 12a 
6 1.0 362 270 ± lOb 112 ± 11a 96 ± 7a 
7 0.0 362 413 ± lOC 123 ± 12a 128 ± 23a 
8 2.5 0 64 ± 11a 91 ± 16a 94 ± 16a 
9 1.0 0 110 ± 15a 84 ± 16a 139 ± 7a 

--

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 43 

MEAN SERill1 TOTAL PROTEIN (g/dl) ±STANDARD ERROR (S.E.)~Ic-

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 5.76 ± O.loab..,h'-" 6.46 ± 0.12b 5.89 ± o.o9a 
2 2.5 543 5.36 ± 0.16a 5.95 ± 0.2oab 6.15 ± 0.17a 
3 1.0 543 5.63 ± o.o8ab 6.03 ± 0.17ab 6.19 ± o.o7a 
4 0.0 543 5 . 86 ± o.ogab 5.58 ± o.o8ab 6.40 ± 0.11a 
5 2.5 362 5.50 ± 0.14a 5.93 ± o.o3a 6.00 ± 0.99a 
6 1.0 362 5.58 ± 0.18ab 5.94 ± o.o2ab 5.94 ± 0.26a 
7 0.0 362 6.10 ± o.o8b 5.94 ± o.o8ab 6.94 ± 0.15a 8 2.5 0 5. 76 ± 0.24ab 5.63 ± o.o2a 5. 75 ± 0.1oa 
9 1.0 0 5.85 ± 0.11ab 5.80 ± 0.23ab 6.31 ± 0.13a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly. (p < 0.05). 
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TABLE 44 

HEAN SERUM ALBUMIN (g/dl) ±STANDARD ERROR (S.E.)''( 

- = - =--= 
Treatments Days Post-Irradiation 

CdC1 2 
R 

Group (mg/kg) 1 7 21 

1 0.0 0 2 . 9 4 ± 0 . 0 6 a b "'";" 3.04 ± 0.07b 2 .98 ± o.o5 a 
2 2.5 543 2 . 74 ± o.o8a 3.05 ± o.o8b 3 .09 ± o.o6a 
3 1.0 543 2. 89 ± o.o7ab 3.16 ± 0.04b 3.21 ± o.o4ab 
4 0.0 543 2.93 ± o.osab 2.96 ± 0.09b 3.35 ± o.o5a 
5 2.5 362 2.73 ± o.o9a 2.64 ± 0.11a 2.91 ± o.o6a 
6 1.0 362 2 .81 ± o.o8a 3.09 ± o.1ob 3 . 01 ± 0.12a 
7 0.0 362 3.11 ± 0.07b 3 . 18 ± o.osb 3.06 ± 0.38a 
8 2.5 0 2.88 ± o.o9ab 2.98 ± o.osb 3.06 ± o.osab 
9 1.0 0 2.79 ± o.o8a 3.04 ± 0.09b 3.23 ± o.o5a 

*Each figure represents an average of 8 replicates. 

";'"''Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 45 

MEAN SERUM GLOBULIN (g/dl) ±STANDARD ERROR (S.E . )* 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 2 .83 ± o.o7a··)d~ 3.03 ± o.o8a 2 .91 ± o.o6ab 
2 2.5 543 2 .63 ± 0.14a 2.90 ± o.o2a 3 . 06 ± 0. 11 b 
3 1.0 543 2 .74 ± o.o3a 2.86 ± 0.15a 2.98 ± 0.12ab 
4 0.0 543 2.94 ± o.o5a 2 . 96 ± 0.14a 3.05 ± 0.20b 
5 2.5 362 2.78 ± o.o7a 2.94 ± 0.23a 3.09 ± 0.27b 
6 1.0 362 2 .76 ± 0.11a 2.85 ± 0.12a 2.92 ± 0.39ab 
7 0.0 362 2.99 ± o.o7a 2.76 ± o . o4a 3.08 ± o.o9ab 
8 2.5 0 2.89 ± 0.17a 2.65 ± 0.12a 2.69 ± o.o7a 
9 1.0 0 3.06 ± 0.14a 2.76 ± 0.14a 3.09 ± 0.09b 

----- ---------- ----· ~- -- - - ---- -- -- -- --· -- - -

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 46 

MEAN SERUM ALBUMIN: GLOBULIN RATIO + STANDARD ERROR (S. E.) .. k 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 1.04 ± o.o3a** 1.14 ± o.o3a 1.01 ± o.o2ab 
2 2.5 543 1.05 ± o.o6a 1.05 ± o.o5ab 1.03 ± o.o3ab 
3 1.0 543 1.04 ± o.o3a 1.11 ± o.o5ab 1.09 ± o.o2ab 
4 0.0 543 1 . 01 ± o.o2a 1.01 ± o.o7ab 1.11 ± o.o2ah 
5 2.5 362 0.99 ± o . o3a 0.94 ± o.o5a 0.95 ± o.o4a 
6 1.0 362 1.01 ± o.o2a 1. 10 ± o . oJab 1 .04 ± o.o2ab 
7 0.0 362 1.05 ± o . o3a 1 .16 ± o.o2a 1.30 ± 0 . 23b 
8 2.5 0 1.01 ± o.o4a 1.15 ± o.o5a 1.14 ± 0.03b 
9 1.0 0 0.09 ± o . o2a 1.10 ± o.o3ab 1.03 ± o.o3ab 

--

*Each figure represents an average of 8 r eplicat es . 

**Those means with the same superscript i n the same column do not differ 
significantly (p < 0.05). 
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TABLE 47 

MEAN SERUM SODIUM (mEq/L) + STANDARD ERROR (S .E.) 7'<' 

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) I 1 7 21 

1 0.0 0 143 ± 0. Ba*·k 146 ± 0.4a 144 ± 0.5a 
2 2.5 543 144 ± 1.2a 149 ± 0.5a 143 ± 0.6a 
3 1.0 543 144 ± 0.4a 144 ± 0.8a 144 ± 0.7a 
4 0.0 543 144 ± 0.3a 144 ± 2.1a 145 ± 0.7a 
5 2.5 362 143 ± l.oa 143 ± 2.7a 144 ± 0.4a ~ 

0"\ 

6 1.0 362 146 ± 0.4a 143 ± 1.9a 144 ± o.sa +' 
7 0.0 362 146 ± 0.4a 143 ± 0.4a 145 ± 1.2a 
8 2.5 0 145 ± 1.5a 144 ± 0.6a 145 ± 0.6a 
9 1.0 0 154 ± 1.6a 145 ± 0.7a 145 ± 0.6a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 



TABLE 48 

MEAN SERUM POTASSIUM (mEq/L) ±STANDARD ERROR (S.E.)* 

Treatments I Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 5.53 ± 0.37a-ld• 6.79 ± 0.35a 6.18 ± 0.3oa 
2 2.5 543 6.50 ± 0.32a 5.81 ± 0.29a 6.11 ± 0.36a 
3 1.0 543 5.60 ± 0.25a 6.11 ± 0.75a 6.93 ± 0.68a 
4 0.0 543 5.90 ± 0.29a 5.09 ± 0.13a 6.80 ± 0.83a 
5 2.5 362 5.89 ± 0.23a 5 . 83 ± 0.6la 7.38 ± 0.66a 
6 1.0 362 5.68 ± 0. 25a 6.53 ± 0.84a 6.99 ± 0.37a 
7 0.0 362 5.33 ± 0.27a 5.51 ± 0.19a 8.81 ± 0.2sa 
8 2.5 0 7.54 ± 0 . 24a 6.21 ± 0.15a 5.84 ± 0.26a 
9 1.0 0 6.65 ± 0.7la 7.01 ± o.88a 6.63 ± 0.62a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 49 

MEAN SERUM CHLORIDE (mEq/L) + STANDARD ERROR (S. E.) 1'<' 

---- ·- ---- - ---- - -------- ----- -- --- -~ - --· ---

Treatments Days Post-Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 98 ± 2. Oa"''"* 103 ± 1.0a 100 ± 1.0a 
2 2.5 543 104 ± 1.0a 105 ± 1.0a 101 ± 1.0a 
3 1.0 543 101 ± 0.5a 101 ± 2. Oa 104 ± 1.0a 
4 0.0 543 102 ± 0.6a 104 ± 2.la 100 ± 1.2a 
5 2.5 362 104 ± l.Oa 101 ± 2.0a 103 ± l.Oa 
6 1.0 362 103 ± 0.6a 101 ± 2.0a 101 ± l.Oa 
7 0.0 362 103 ± 0.7a 102 ± 0.4a 91 ± l.Oa 
8 2.5 0 102 ± 1.0a 103 ± 1.0a 100 ± 0.5a 
9 1.0 0 106 ± l.Oa 104 ± 1.0a 100 ± 0.5a 

--

*Each figure represents an average of 8 replicates. 

**Tho se means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 50 

MEAN CARBON DIOXIDE (mEq/L) ±STANDARD ERROR (S.E.)* 

Treatments 

I 

Days Post-Irradiation 

CdC1 2 R 
Group I (mg/kg) 1 7 21 

1 0.0 0 25.6 ± 0.4ab,''* 23.5 ± 1.8a 26.8 ± 0.4a 
2 2.5 543 24.9 ± 0.7a 27.4 ± 1.2ab 28.3 ± 1.2a 
3 1.0 543 30.6 ± o.sbc 26.7 ± l.lab 29.5 ± l.la 
4 0.0 543 27.6 ± 0.6abc 27.8 ± 1.5ab 28.6 ± l.oa 
5 2.5 362 29.3 ± 0.6abc 24.0 ± 1.5ab 27.1 ± 0.4a 
6 1.0 362 25.9 ± 0.8ab 28.8 ± 0.4ab 36.0 ± 3.2a 
7 0.0 362 27.6 ± o.sabc 27.0 ± l.oab 29.6 ± 0.8a 
8 2.5 0 29.0 ± 1.5abc 27.1 ± 0.6ab 29.1 ± l.oa 
9 1.0 0 31.1 ± 3 . lc 25.4 ± 0.6ab 26 . 8 ± 0.6a 

*Each figure represents an average of 8 replicates. 

**Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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TABLE 51 

MEAN ELECTROLYTE BALANCE+ STANDARD ERROR (S.E.)* 
-- - ----~--- -~ - - -- - - -- ---- - - - -

Treatments Days Post - Irradiation 

CdC1 2 R 
Group (mg/kg) 1 7 21 

1 0.0 0 3 2 . 0 ± 1 . 6 a ;'r* 31.5 ± 0.9a 30 . 3 ± 1.4a 
2 2.5 543 29.0 ± 1.5a 32.0 ± 2.3a 27.5 ± l.oa 
3 1.0 543 29.5 ± 3.7a 33.7 ± 5.7a 25.8 ± l.sa 
4 0.0 543 29.4 ± 7.8a 25.0 ± 0.7a 29.8 ± 2.6a 
5 2.5 362 22.8 ± 0.8a 27.0 ± 3.la 26.4 ± 1.7a 
6 1.0 362 29.6 ± 1.3a 32.1 ± 2.1a 29.5 ± 1.1a 
7 0.0 362 38.1 ± l.oa 25.3 ± 0.6a 32.2 ± 3.sa 
8 2.5 0 28.9 ± 3.oa 27.4 ± 0.7a 27.4 ± 0.6a 
9 1.0 0 30.8 ± 4.4a 27.8 ± 1.7a 29.7 ± 1.4a 

*Each figure represents an average of 8 replicates. 

;h'-Those means with the same superscript in the same column do not differ 
significantly (p < 0.05). 
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