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ABSTRACT 

Tissue sequestration and biliary elimination are two 

of the important mechanisms by which mammalian body defends 

against heavy metal insults. The research presented in 

this dissertation aimed to explore the role of the choroid 

plexus in protecting the cerebrospinal fluid and central 

nervous system against heavy metal-induced toxicities, and 

to study the biliary excretion of toxic metals, especially 

emphasizing on the interactions among chelating agents, 

cadmium (Cd), metallothionein (MT), and glutathione (GSH). 

In rats or rabbits that had received Pb, Cd, Hg, As 

and 210po, these metal ions were sequestered in the choroid 

plexus at concentrations of Pb, Cd, Hg, As and Po that were 

57, 33, 12, 13 and 5 times higher, respectively, than those 

found in the brain cortex. In addition, the concentrations 

of these heavy metal ions were many fold greater in the 

choroid plexus than in the CSF or blood. The accumulation 

of Pb in the choroid plexus was dose-dependent and time

related. When the choroid plexus was incubated, in vitro, 

with ouabain, the latter significantly inhibited the uptake 

of Cd from the CSF side of the choroid plexus. Cystine 

concentration was four times greater in the choroid plexus 

than in brain cortex. Resul ts suggest that the choroid 

plexus sequesters toxic metal and metalloid ions. It 
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appears to do this in order to protect the CSF and brain 

from toxic heavy metals in the blood. 

The effect of N- (2, 3-dimercaptopropyl) phthalamidic 

acid (DMPA), meso-dimercaptosuccinic acid (DMSA) and 2,3-

dimercapto-l-propane sulfonic acid (DMPS) on biliary 

excretion of Cd was studied in rat chronic intoxication 

model. DMPA (0.10 mmol/kg, iv), when given to rats three 

days after exposure to Cd, elicited within 30 min a 20-fold 

increase in biliary Cd excretion. GSH in rat bile was also 

increased three fold as compared to control. Neither DMSA 

nor DMPS increased biliary Cd or biliary GSH. Upon iv 

administration, DMPA, not DMSA, appeared in bile. An 

altered, presumably disulfide, form of DMPS was also found 

in bile. Incubation of DMPA or DMSA with Cd-saturated MT 

resulted in the removal of Cd from MT. DMP S, howeve r , 

promoted the formation of MT polymers. DMPA when incubated 

with GSH in bile protected biliary GSH from autoxidation. 

The protective effect appears to be non-enzymatic. Gel 

filtration and autoradiographic study of rat bile samples 

showed that the radioactivity of Cd was correlated with 

both GSH and DMPA. The evidence supports the mechanism 

that the increase of biliary Cd by DMPA is the result of 

DMPA entering cells and mobilizing and removing Cd from MT. 

Protection of GSH autoxidation by DMPA may facilitate Cd 

elimination via the bile. 
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INTRODOCTION 

Thousands of tons of toxic metals and metal containing 

products have been dumped into the earth environment each 

year (Vouk and Piver, 1983). Despite several well-known 

disasters, such as methylmercury at Minamata (Ui, 1969), 

organic mercury fungicide in grain in Iraq (Clarkson, et 

al, 1981) and cadmium in Itai-Itai disease in Japan (Hayami 

and Hizume, 1964), most toxic metals affect the normal 

function of the human body in a much more covert manner. 

They gain access to our body through the food we eat, the 

water we drink, the beverages we consume, and even the air 

we breathe. Although many billions of dollars and 

considerable investigative resources have been expended in 

order to prevent direct or indirect access of toxic metals 

into the biological system, there is virtually no way to 

barricade completely the entrance of toxic metals into our 

body. 

How then does the human body defend itself against 

environmental insults due to these ingested toxic heavy 

metals and metalloids? A number of ways have been 

described as essential protective mechanisms, such as 

elimination via urine, bile and feces; formation of a 

stable, 

tion to 

less toxic metal-protein complex; biotransforma-

less- or non-hazardous chemical forms; or 
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deposition in specific tissues as a storage compartment. 

Much as these mechanisms have been thoroughly studied in a 

variety of tissues, it is surprising how little has been 

learned about how heavy metal and metalloid ions interact, 

specifically at the molecular level, in the central nervous 

system (CNS). In addition, little is known about 

naturally-evolved protective mechanisms localized in the 

mammalian brain. On the other hand, toxic metals, such as 

cadmium (Cd), have been found to bind firmly with its 

intracellular ligand, metallothionein. Transport of this 

metal-protein complex from liver or other tissues to kidney 

is believed to be an essential determinant in Cd-induced 

renal damage. Whether a compound competes with 

metallothionein for Cd and thereby removes Cd from its 

major depot, liver, is unknown. Moreover, how metal 

chelating compounds, in addition to their chelating 

actions, enhance an endogenous defense mechanism against 

toxic metals has received little attention. 

The investigations presented in this dissertation have 

been devoted to two different research areas: 1) to 

explore the role of the choroid plexus in protecting the 

cerebrospinal fluid (CSF) and the brain against toxic heavy 

metals; and 2) to search for a compound that shifts the 

excretion of Cd from the kidney to the bile. Even though 

these two areas of research seem unrelated in respect to 
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events that occur in different tissues, the purpose of the 

research, to explore and enhance the body's defense against 

toxic metals and metalloids is the same in essence. The 

following provides a general knowledge about these two 

research areas, although more detailed background 

information concerning specific subjects can be found in a 

short introduction in the corresponding chapters. 

1. structural and Functional Characteristics of the 

Choroid Plexus. 

The choroid plexus is located within the ventricles, 

the fluid-filled chambers inside the brain. A schematic 

diagram of the blood-brain barrier, the blood-CSF barrier 

and the brain-CSF interface is shown and described in 

figure 1 of Appendix I. The choroid plexus possesses a 

highly vascularized villous structure, covered by a single 

layer of cuboidal epithelial cells. The tight junctions on 

the ventricular surface join one epithelial cell to 

another, providing a functional component of the bJood-CSF 

bard er (Fig. 2, Appendix I). The capillaries of the 

choroid plexus consist of a thin layer of endothelial cells 

that are extremely fenestrated or characteristically 

perforated (Bradbury, 1979). 

The choroid plexus functions to manufacture and 

regulate the cerebrospinal fluid (CSF). Since there is no 
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apparent barrier between the CSF and the brain 

extracellular fluid, the factors involved in the 

production, regulation, circulation and re-absorption of 

the CSF will affect greatly the homeostasis of the brain 

extracellular fluid and therefore the brain functions 

(Davson, et al, 1987). The choroid plexus, using active 

transport mechanisms, extracts micronutrients from the 

blood and releases them into the CSF. The tight junctions 

in the choroidal epithelium, which is believed to be the 

structural basis of the blood-CSF barrier, hinder the 

diffusion of small water soluble molecules from it to the 

CSF. A number of ionic pumps and/or transport systems have 

been identified in the choroid plexus, such as Ca2+ pump 

(Borke, et al, 1989; Murphy, et al, 1989), Na+, K+-ATPase 

(Parmelee and Johanson, 1989), Na+-H+ exchanger (Murphy and 

Johanson, 1989), Na+-CI- cotransporter (Johanson, et al, 

1990), and K+-CI- cotransporter (Christensen, et al, 1989). 

These systems all play a role in regulating and maintaining 

a constant ionic composition of the CSF. Some molecules 

with nutritional effects such as ascorbic acid, 

nucleotides, vitamin B12 and folic acid have been found to 

be pulled into the epithelial cells at the basolateral 

surface by active transport and then released at the apical 

surface into the CSF by facilitated diffusion (Spector, 

1989) . Some neutral amino acids such as glycine and L-
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alanine have been suggested to be transported by a specific 

carrier-mediated transport system in the choroid plexus 

(Preston, et al, 1989). A specific transport protein 

transthyretin is believed to carry thyroid hormones from 

the bloodstream to the CSF and hence the brain, the process 

invol ving biosynthesis of transthyretin in the choroid 

plexus and then secretion into the CSF (Schreiber, et al, 

1990) . 

In addition, the choroid plexus has been suggested to 

act as a "kidney" for the brain in that it maintains the 

chemical stability of the cerebrospinal fluid (CSF) as the 

kidney maintains the stability of the blood (Spector, 

1989). The kidney and the choroid plexus, however, pump in 

opposite directions. The kidney removes waste products 

from the blood to the urine, but the choroid plexus pumps 

waste products from the CSF into the blood. Active 

transport systems that remove metabolites and wastes from 

the CSF and carry them to the choroid plexus and then to 

the blood have been recognized for many years. It has been 

shown for iodide (Davson and Pol lay, 1963), penicillin 

(Dixon, et at, 1969), prostaglandins (DiBenedetto and Bito, 

1986), salicylate (Spector and Lorenzo, 1974), and 

cephalosporin antibiotics (Nohjoh, et al, 1989), etc. Some 

of the specific channels for essential non-heavy metal 
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transport, such as Ca2+-channel have been identified in the 

CSF side of the choroid plexus (Masuzawa and Sato, 1983). 

2. 'l'he Choroid 

Metalloids 

Plexus and 'l'oxie Metals and 

The central nervous system (CNS) is the principal 

target for many toxic metals and metalloids (Feldman, 1982; 

Clarkson, 1987; Clarkson, et al, 1988). Metal-induced 

neurotoxicities could be found retrospectively even in the 

Romans' time (Gilfillan, 1965). Whereas, the possible 

defensive role of the choroid plexus in metal related 

toxicities is not understood at present. There have been 

suggestions, largely based on autopsy data in humans as 

well as autoradiographic and incomplete experimental data 

in animals, that the choroid plexus may concentrate heavy 

metals and act as a heavy metal "sink". Many of these 

studies have been contradictory (Friedheim, et al, 1983; 

Manton, et al, 1984; Hershey, et al, 1987; Valois and 

Webster, 1989), incomplete (O'Tuama, et al, 1976) and/or 

have lacked a comprehensive, rigorous analytical approach 

(Friedheim, et al, 1983; Berlin and Ullberg, 

in some 

1963; Valois 

studies that and Webster, 

attempted to 

1989) . For example, 

demonstrate that the choroid plexus 

concentrates Pb ions, the conclusions were based on 3 to 21 

cpm of radioactivity per isolated choroid plexus (O'Tuama, 
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et a.Z, 1976). Obviously, conclusions based on such small 

amounts of radioactivity are of dubious value. 

On the other hand, the amounts of many well-defined 

metal binding ligands, such as glutathione, cysteine and 

metallothionein, have not been determined in the choroid 

plexus. As suggested by one investigation, glutathione may 

be actively metabolized in the choroid plexus by pathways 

similar to those in the kidney and other tissues (Anderson, 

et al, 1989). This hypothesis, however, was supported by 

the results of measuring the GSH concentration of the eSF 

rather than determining directly the GSH content of .1:.M. 

choroid plexus. This supplies little information about the 

actual status of glutathione as well as its related thiol 

molecules in the choroid plexus. Although a type of 

cytoplasmic inclusion body has been observed (Ohama, et al, 

1988) in the human choroid plexus, whether this finding is 

related to heavy metal or metalloid ions is still unclear. 

Sequestration of toxic metals in the tissue is a way 

for the body to alleviate the metal-induced toxicity if 

there is no alternative elimination or biotransformation 

mechanism available in that tissue. Since one of the 

choroid plexus functions is to maintain the homeostasis of 

the eSF, whether or not the accumulation of heavy metals in 

the choroid plexus affects the composition of essential 

metal ions in the eSF should become a more and more 
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important consideration. For example, regulation of 

calcium (Ca2+) is essential for normal brain function. A 

marked increase in brain calcium produces impairment in 

thinking and can lead to coma, whereas very low levels of 

calcium cause seizures (Katzman and Pappius, 1973). The 

abnormality of calcium and magnesium levels in the brain 

also affect other brain functions such as sleep, behavior, 

temperature regulation (Toszeghi, et al, 1978; Saxena, 

1976; Seoane and Baile, 1973) r or induce pathogenetic 

state such as convulsion and hypotension (Katzman and 

Pappius, 1973; Chutkow, et al, 1972; Higuchi, et al, 1986). 

In order to maintain calcium and magnesium homeostasis, the 

choroid plexus possesses active transport mechanisms. It 

is very possible that heavy metals with a similar ionic 

charge and atomic radius to calcium or magnesium might 

disturb these transport systems and result, indirectly, in 

the brain dysfunction. For instance, Pb-induced learning 

deficiency is generally speculated as the interaction of Pb 

ions with some specific neuronal pathways such as the 

GABAergic, dopaminergic or cholinergic system (Winder, et 

ai, 1982; Suszkiw, et al, 1984). But, no one has ever 

tried to determine the essential metal homeostasis in the 

extracellular fluid of the brain and in the CSF during or 

after Pb intoxication. If Pb ions, as speculated, 

interfere with essential metals in the brain fluid, then 
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the change of brain functions might be due to the 

alteration of essential metal ions in the brain 

extracellular fluid. Unfortunately, this important aspect 

has not received enough attention at present. 

The aims 

to determine 

heavy metals 

kinetics of 

of the first part of research were 1) 

whether the choroid plexus sequesters 

or metalloids; 2) to characterize the 

the accumulation of Pb in the choroid 

plexus; 3) to determine 

glutathione, cysteine or 

choroid plexus play a 

whether 

sulfhydryl 

metallothionein, 

role in 

groups 

heavy 

the 

in the 

metal 

accumulation; and 4) to investigate role of 

Na+, Ki"-ATPase in sequestering toxic metals in the 

choroid plexus. 

3. Cadmium and its Binding Ligand-Metallothionein 

Cadmium (Cd) is a highly toxic trace metal. The most 

commonly used form in the industry is cadmium oxide. Since 

Cd is being widely used in modern industry, it has been 

estimated that approximately 1.5 million workers may be 

exposed to Cd each year (NIOSH, 1981). Although the severe 

toxicity of Cd has been documented for more than a century, 

casualties from Cd ingestion increased only in the last few 

decades (Ragan and Mast, 1990). Cd gets into the human 
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body mainly through the consumption of food. Plants, such 

as rice, take up Cd more readily than they take up other 

metals (WHO, 1977). Seafood such as mussels, scallops, and 

particularly oysters, have been considered a major source 

of dietary Cd (Mckenzie-Parnell, et al, 1988; Goyer, 1986). 

While the critical organ for long-term, low-level exposure 

to Cd is the kidney, Cd concentration in the liver 

continues to increase despite the kidney damage (Roels, et 

al, 1981). According to human autopsy data, Cd 

concentrations in the liver in many highly industrialized 

regions (Bern, et al, 1989; Nogawa, et al, 1986) are 

greater than those found in non-industrialized area (Bern, 

et at, 1988; Lauwerys, et al, 1984). The liver and kidney 

both contain about half of the whole body burden of this 

element in humans (Friberg, et al, 1974). 

In the liver, most of the intrahepatic Cd is bound to 

an intracellular protein, metallothionein, which has a 

unique amino acid composition. Thirty percent of its amino 

acid residues are cysteine and it lacks aromatic amino 

acids (Webb and Cain, 1982). Metallothionein is 

distributed throughout most organs in the body, but occurs 

at the highest concentration in the liver. Binding of Cd 

to metallothionein within tissues may be a natural 

detoxification process by which toxic free Cd ions are 

transformed to nontoxic protein-bound Cd (Goering and 
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Klaassen, 1984; Din and Frazier, 1985). The hepatic Cd-

metallothionein, however, can be released from the liver 

cells, transported to the kidney, filtered by the renal 

glomeruli and reabsorbed by proximal tubular lining cells, 

where it is catabolized. The free Cd ions that are 

liberated from metallothionein in the kidney can cause 

serious renal damage (Goyer, 1989). 

Cd has a long biological half-life (10-30 years in 

human) and is eliminated slowly from soft tissue storage 

sites in the human body (Friberg, et al, 1974). There is 

practically no recommended chelation therapy in human cases 

of chronic cadmium poisoning at present (Jones and Cherian, 

1990) . The fact that most Cd ions are intracellularly 

distributed and bound tightly to metallothionein makes the 

therapeutic treatment even more difficult. Obviously, 

searching for such a compound that removes Cd from 

metallothionein and eliminates it from the liver should be 

of great significance for protecting the body against Cd 

toxicity. 

4. Bi1iary Excretion of Cadmium, Che1ating Agents 

and G1utathione 

Biliary and hence fecal excretion is an important 

pathway for excretion of certain divalent metals including 

Cd (Jones and Cherian, 1990; Klaassen, 1976). Many 
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compounds that have been suggested as putative Cd chelators 

in animal models, significantly increase biliary excretion 

of Cd (Jones and Cherian, 1990; Klaassen, et al, 1984; 

Planas-Bohne 

effectiveness 

and Lehman, 1983) . Therefore, the 

increasing biliary of a compound for 

excretion of Cd has been considered as a primary screen for 

putative Cd chelating agents. On the other hand, since 

most Cd is intracellularly deposited, a chelating agent 

capable of reducing Cd body burden must be able to get into 

cells and have access to Cd intracellular binding sites 

(Aposhian and Aposhian, 1990; Singh et al, 1990). A simple 

and useful way to assess in vivo whether a compound enters 

liver cells is to determine the appearance of the parent 

compound in the bile, because compounds that appear in the 

bile must pass through hepatocyte membranes. 

In addition to the binding of Cd to metallothionein, 

one other endogenous molecule, 

suggested as the "body's first 

cadmium toxicity (Singhal, et al, 

glutathione, has been 

defense line" against 

1987). Glutathione (y-

Glu-CySH-Gly) is widely distributed in animal tissues, 

plants, and microorganisms. It constitutes both the most 

prevalent cellular thiol and the most abundant low 

molecular weight peptide. In many cells, a reduced form of 

glutathione (GSH) accounts for more than 90% of the total 

nonprotein sulfur (Meister, 1988). GSH serves as a major 
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protective mechanism to minimize the cell's injury from a 

variety of toxic chemicals and normal oxidative products of 

cellular metabolism (Reed, 1990). It has been reported 

that depletion of GSH to approximately 20-30% of total 

glutathione levels could impair the cell's defense against 

toxic insults and may lead to cell injury and death (Reed, 

1990). While glutathione is typically present in a high 

concentration (0.1-10 mM) (Meister, 1988), biliary 

glutathione concentration is less than 20 ~M in guinea 

pigs, rabbits and dogs (Ballatori, et a1, 1988). In rats, 

a fast autoxidation of GSH in the bile has been 

demonstrated (Akerboom and Sies, 1989; Ballatori, et a1, 

1988; Eberle, et a1, 1981). 

The protective effect of GSH in Cd toxicity has been 

demonstrated both in cell culture systems in vitro (Kang 

and Enger, 1990; Ochi, et a1, 1988) and in animal models in 

vivo (Sheabar, et a1, 1989; Suzuki and Cherian, 1989; 

Singhal, et a1, 1987). Cd excreted in the bile seems to be 

conjugated with glutathione (Cherian and Vostal, 1977). 

Few reports, however, seem to exist in the literature about 

the increase of biliary GSH by a chelatjog agent, which is 

not a specific inhibitor or modulator of GSH metabolic 

pathway. Moreover, little effort has been made nor has 

there been a successful attempt to separate and identify 
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the complex (es) formed between Cd, chelator and/or GSH in 

the bile. 

The aims of the second part of this research 

were 1) to search for such a chelating agent that 

removes Cd from the liver via the bile; 2) to 

demonstrate whether a' compound of this kind 

competes with metallothionein for Cd and removes Cd 

from its intracellular binding sites; 3) to 

compare the biliary occurrence of various chelating 

agents in order to evaluate in vivo the ability of 

these compounds to enter the liver cells; and 4) 

to determine the effect of chelating agents on 

biliary glutathione and the consequence of this 

effect as regards to the biliary elimination of 

toxic Cd. 

Although mammalian body possesses many different 

protective functions, the sequestration by the choroid 

plexus and elimination via the bile are two of the most 

essential mechanisms as far as the heavy metal and 

metalloid ions are concerned. Research on these areas 

should be of importance in understanding the defenses of 

the mammalian body against environmental heavy metal 

insults. 
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CHAPTER 1 

THE MAMMALIAN CHOROID PLEXUS 

SEQUESTERS TOXIC METALS 

28 

Neurotoxicities induced by heavy metals and metalloids 

have become an important issue. In particular, they affect 

both industrial workers and those, often children, who are 

not occupationally exposed. A variety of epidemiological 

data indicates that there is an apparent relationship 

between exposure to low levels of heavy metals and central 

nervous system (eNS) deficits such as behavioral changes, 

learning retardation, psychological disorders and 

peripheral neuropathy (Franzblau and Lilis, 1989; Otto, et 

al, 1985; Marlowe, et al, 1983; Thatcher, et al, 1982; 

Needleman, et al, 1979). Although many efforts have been 

made to identify specific neuro-disorders resulting from 

over-exposure to these metals, little has been learned 

about the brain I s defense against these environmental 

insults. 

It has been suggested that the mammalian choroid 

plexus may play a role in metal-induced toxicity. The 

accumulation and retention of heavy metal and metalloids by 

the choroid plexus 

Ullberg (1963a, b). 

were first recognized by Berlin and 

In their autoradiographic study of 
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animals exposed to radioactive cadmium (Cd) and mercury 

(Hg), they observed that an area in the CNS with a high 

density seemed to correspond to the choroid plexus. Twenty 

years later, Friedheim et al (1983) reported, based on the 

autopsy data, that among 51 residents from New York city, 

lead (Pb) in the choroid plexus increased significantly 

with age while Pb in the brain did not. The latter finding 

was further confirmed by Manton et al in 1984 who analyzed 

tissues from five patients and reported a 100-fold increase 

in Pb found in the choroid plexus compared with that in the 

brain cortex. 

In experimental animals, a number of reports based 

mainly on autoradiographic data, suggested that the choroid 

plexus may act as a target site for Cd and Mn (Valois and 

Webster, 1987; 1989a, b; Arvidson and Tjalve, 1986). 

O'Tuama et al (1976) were the first group who attempted to 

analyze quantitatively Pb concentrations in rat choroid 

plexus and brain tissues. After feeding animals with 165 

mg Pb carbonate foT. six days, Pb concentration in the 

choroid plexus was found below the detection limit. 

However, the choroid plexus concentrated radioactive 210pb 

70 times higher than that of brain in animals five min 

after injected .i.......v..... with this radioisotope. It was 

subsequently concluded that the choroid plexus may act as a 

"s ink" for Pb. Since the radioactivity was only 3 to 21 
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cpm of per isolated choroid plexus (O'Tuama, et ai, 1976), 

it is obvious that the conclusion based on such outcome is 

of questionable value. 

Since many of studies in this area have lacked a 

comprehensive, rigorous analytical approach, the role of 

the choroid plexus as a "sink" in metal-induced toxicity is 

still unclear. The aims of the present research were 1) to 

determine whether the choroid plexus sequesters heavy 

metals or metalloids; and 2) to characterize the kinetics 

of the accumulation of Pb in it. 

Our experimental results indicate that the lateral 

choroid plexus sequesters Pb, Cd, As and Hg. One of the 

functions of the choroid plexus may be to protect the CSF 

and the brain from toxic levels of heavy metals in the 

blood. 

MA'l'ERIALS AND ME'l'HODS 

Chemicals. Chemicals were obtained from the 

following sources: Lead acetate from Sigma, St. Louis, MO; 

cadmium chloride from J.T. Baker, Phillipsburg, NJ; 

cadmium-109 (specific activity: 3.06 mCi/mg) from Du Pont, 

Claremont, CA; mercuric chloride from Aldrich, Milwaukee, 

WI; sodium arsenate from MCB Chemists, Cincinnati, OH; 

nitric acid from EM Industries, Inc., Gibbstown, NJ; and 
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hydrogen peroxide from Fisher Scientific, Inc., Fair Lawn, 

NY. All reagents used in this experiment were of 

analytical grade, HPLC grade or the best available 

pharmaceutical grade. 

Animals. All rats (male, Sprague-Dawley) at the 

time they were used were 8-9 weeks old (250-300 g). They 

were purchased from Harlan Sprague Dawley Inc., 

Indianapolis, IN. Rabbits (male, New Zealand White, 2.2-

2.7 kg) were purchased from Ziela Sons Inc, Tucson, AZ. 

Animals were quarantined for one week after arrival and 

kept in a temperature-controlled, 12 hr light/dark cycle 

facility. The rats or rabbits were fed ad libitum with a 

Teklad rat or rabbit diet, respectively. The diet was 

purchased from Teklad, Madison, WI. 

Administration of Metals and Metalloids. Metal 

salts that were injected were dissolved in saline or water. 

The following doses were used for intraperitoneal (i.p.) 

injections: 4 mg Cd (as CdCI2)/kg, 27 mg Pb (as Pb 

acetate) /kg, 1 mg Hg (as HgCI2) /kg. Since the National 

Research Council has recommended against the use of rats to 

study the metabolism of arsenic compounds (NRC, 1977), 

rabbits were used for the arsenic experiments and the dose 

was 2 mg As (as Na2HAs04)/kg, i.v. All doses of the metal 

or metalloid salt injected were approximately 25-33% of its 

LDsO. For the Pb dose-response study, rats were 
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administered i.p. with 10, 20, 30 and 50 mg Pb acetate/kg 

four hr before necropsy. For time course studies, rats 

received 50 mg Pb acetate/kg, i.p. 

'l'issue Dissection. Twenty-four hr after the 

administration of the metal or metalloid solution, rats or 

rabbits were anesthetized with 50 mg/kg i.p. or 25 mg/kg 

i.v. sodium pentobarbital, respectively. To collect eSF, a 

25 gauge needle attached to a polyethylene tubing was 

inserted through the atlanto-occipital membrane between the 

protruberance and the spine of the atlas. When the needle 

entered the cisterna magna a sudden decrease in resistance 

should be felt. The eSF flowed immediately and when 

collected, it was not contaminated by any blood. 

Routinely, a volume of 200-350 JlI eSF could be obtained 

from one rats. The blood was obtained from the abdominal 

arota by a 5-ml syringe with a 26 gauge needle. The 

collected blood was immediately transferred to a tube 

containing heparin. The animals were then decapitated and 

the brain was extricated from the skull, rinsed in ice-cold 

saline and placed on chilled filter paper soaked in saline. 

The lateral choroid plexus was removed with a pair of 

ophthalmologic forceps and rinsed with 0.2 ml of saline for 

15 min to remove the blood. The wet weight of the choroid 

plexus was determined after blotting it on filter paper. 
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For the Pb dose-response study, tissues were dissected 

four hours after metal injection. For the Pb time-course 

study, tissues were removed at indicated time points. 

'l'issue Digestion and Atomic Absorption Spectro

photometric Analysis. For Pb and Cd analyses, tissues 

were digested with 70% HN03 (1: 50 wt/vol for lateral 

choroid plexus and CSF; 1:20 wt/vol for brain and blood) 

at 110 0 C for one hour in loosely capped glass tubes. A 

volume of 30% H202 (equal to half the volume of 70% HN03 

used) was added dropwise to the digesting solutions which 

were heated for another hour at 110 oC. For Hg, the 

digestion procedure was the same except 12 N HCI (volume 

was 1/4 that of 70% HN03) was also added. The digestion 

tubes were tightly capped to avoid evaporation. For As, 

tissues were digested according to the method of Krynitsky 

(1987). In short, tissues were digested with 70% HN03 (the 

same vol/wt ratio as described above) in uncapped 

polypropylene tubes at 75 0 C until the amount of liquid 

decreased to 1/3 of original volume. The samples were then 

diluted with 3 M HCI. 

An Instrumentation Laboratory Video 12 atomic 

absorption spectrophotometer (AAS) equipped with an IL-655 

graphite furnace was used for Cd and Pb. Absorbance was 

corrected for nonspecific background using the Smith

Hieftje technique. An IL model 440 atomic vapor accessory 
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was used to measure Hg (cold vapor AA) and As (hydride 

generation) . For all tissue samples, an appropriate 

dilution was made before AAS analysis. 

RESULTS 

Sequestering of Heavy Metals and Metalloids by 

the Choroid Plexus. Twenty-four hours after injection 

of the heavy metal ions, the lateral choroid plexus 

contained much higher concentrations of the metal or 

metalloid ions than did the CSF or brain cortex (Fig. 1-1; 

Values listed in table 1-1). For example, the Pb 

concentration in the lateral choroid plexus was 70 times 

greater than in the CSF, mercury 95 times and As 40 times 

greater (Fig. 1-1a, c, d). Cd was not detected in the CSF 

(Fig. 1-1b). The Pb concentration in the lateral choroid 

plexus was 57 times greater than in the brain cortex (Fig. 

1-1a). Cd was 33 times greater; mercury 12 times and As 

13 times greater (Fig. 1-1b, c, d). On the other hand, the 

concentrations of Hg, Pb and As in the CSF were 1/76th, 

1/13th and 

the blood 

1/12th , 

(Fig. 1-1) 

respectively, of those found in 

The concentrations of Pb and 

Cd in the lateral choroid plexus were 6 and 13 fold 

greater than those found in the blood. The action of the 
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Figure 1-1. Lateral choroid plexus sequesters Pb, Cd, As 
and Hg. (a): Rats were injected i.p. with 27 mg Pb (as Pb 
acetate)/kg. (b): rats were injected i.p. with 4 mg Cd (as 
CdCI2) /kg. Twenty-four hour later, tissues were removed 
and assayed for metals by AAS. See text for detailed 
method. For choroid plexus and CSF, each experimental 
measurement was performed on a pool of tissues from 3 rats 
and data represent mean ± SE of three such pools (n=3); 
n=4 for all other tissues. 
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Figure 1-1. Lateral choroid plexus sequesters Pb, Cd, As 
and Hg. (c): Rabbits were injected i.p. with 2 mg As (as 
Na2HAs04) /kg. (d): rats were injected i.p. with 1 mg Hg 
(as HgC12) /kg. Twenty-four hour later, tissues were 
removed and assayed for metals by AAS. See text for 
detailed method. Data represent mean ± SE. For Hg, n=4; 
for As, n=2 for the choroid plexus and n=3 for all other 
tissues. 



Table 1-1. Summary of Metal Accumulation in Rat Lateral Choroid Plexus. 

~g/g or ~g/ml* 

Tissues Group 
Pb Cd As Hg¥' Hg§ 

Choroid Treatment 22.3 ± 5.4 4.33 ± 1.54 0.079 ± 0.029 0.572 ± 0.160 1.57 ± 0.32 
Plexus Control 1.2 ± 0.3 0.04 ± 0.01 < dlt <dl <dl 

CSF Treatment 0.32 ± 0.08 <dl 0.002 ± 0.001 0.006 ± 0.002 <dl 
Control <dl <dl < dl <dl <dl 

Brain Treatment 0.39 ± 0.06 0.13 ± 0.02 0.006 ± 0.003 0.046 ± 0.015 0.31 ± 0.09 
Cortex Control 0.07 ± 0.00 <dl <dl <dl <dl 

Blood Treatment 4.0 ± 0.28 0.33 ± 0.04 0.023 ± 0.009 0.456 ± 0.107 20.7 ± 0.89 
Control 0.09 ± 0.04 <dl <dl 0.029 ± 0.003 0.03 ± 0.00 

* All values are ~g/g tissue except for CSF and blood which are ~g/ml. Data represent mean 
± SE; each experimental measurement was performed on a pool of 3 choroid plexus; for Pb 
and MeHg, three such pools (n=3) were used to obtain the mean of choroid plexus data 
and n=4 for all other tissues. For Cd, n=3; for Hg, n=4; for As, n=2 for the choroid 
plexus and n=3 for all other tissues. 
t dl = detection limit. 
¥' HgC12 was injected. 
§ MeHgCl was injected. 

tv 
-.J 
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choroid plexus in concentrating these metals from the blood 

appears to be against a concentration gradient. 

When tissues were removed from rabbits 4 hr after the 

i.v.-administration of 2 mg As/kg, the amount of As in the 

choroid plexus was 6.3 fold higher than that in the brain 

cortex. The As concentration in the eSF, however, was 21 

fold lower than that in the blood (Fig. 1-2). In addition, 

when rats were given 175 ~ei 210po, a daughter of radon-

222, subcutaneously (s.c.) once daily for three days, the 

radioactivity in the lateral choroid plexus was found to be 

five fold greater than in the brain cortex (Fig. 1-3). 

Dose Response and Time Course of Pb 

Accumulation in the Choroid Plexus. The concentration 

of Pb in the lateral choroid plexus increased 

proportionally with the increase in dose, when rats were 

administered various doses of Pb acetate (Fig. 1-4). The 

Pb concentrations in the brain cortex and eSF, however, 

were not significantly changed (Fig. 1-4). Pb accumulation 

in the choroid plexus seems to reach saturation at the 

concentration between 30-50 mg Pb acetate/kg. A time study 

of Pb being sequestered in the choroid plexus showed that 

during the 24 hr period after injection of Pb, the lateral 

choroid plexus continued to concentrate this neurotoxic 

heavy metal ion while the eSF and brain had much lower 

concentrations of Pb (Fig. 1-5). 
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Figure 1-2. Lateral choroid plexus sequesters As. Rabbits 
were injected i.v. with 2 mg As (as Na2HAs04)/kg. Four 
hours later, tissues were removed and assayed for As by 
AAS. See text for detailed method. Data represent mean ± 
SE (n=3). 
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Figure 1-3. Lateral choroid plexus sequesters 
polonium-210. Rats were given 175 ~Ci 210po s.c. once 
daily for three days. On day 4, tissues were removed 
and digested. The radioactivity was measured by liquid 
scintillation spectroscopy. For the choroid plexus, 
each experimental measurement was performed on a pool 
of tissues from 3 animals (n=1); n=3 for brain cortex. 
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Figure 1-4. Dose response of Pb accumulation in the 
lateral choroid plexus. Rats were injected i. p . with 
appropriate doses of Pb acetate. Four hour later, tissues 
were removed and analyzed for Pb by AAS. For choroid 
plexus and CSF, each measurement was a pool of tissues from 
4 rats and data represent means of two such pools; n=2 for 
all other tissues. 
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Figure 1-5. Time course of Pb accumulation in the lateral 
choroid plexus. Rats were given 27 mg Pb (as Pb 
acetate)/kg, i.p. Tissue samples were removed at 
appropriate time and analyzed for Pb by AAS. For choroid 
plexus and CSF, each measurement was performed on a pool of 
tissues from 4 rats and data represent mean ± SE of three 
such pools (n=3); n=4 for all other tissues. 
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Figure 1-6. Lateral choroid plexus sequesters Cd. Rats 
were injected i.p. with 4 mg Cd (as CdC12)/kg and 60 ~Ci 

109Cd/rat. Twenty-four hour later, tissues were removed 
and assayed for Cd concentration by a Gamma Counter. Data 
represent mean ± SE (n=3). Note: the range of cpm for CSF 
was between 38-54 cpm. Thus, the amount of Cd in CSF 
should be negligible. 
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Accumulation of Cd in the Choroid Plexus as 

Determined by l09Cd. In these experiments, rats were 

given 4 mg Cd (as CdCI2) /kg plus 60 JlCi l09Cd/rat. The 

tissues were removed and counted 24 hours after Cd 

administration. The results (Fig. 1-6) from counting 

radioactivity in the choroid plexus, brain cortex, CSF and 

blood confirmed the findings by AAS analysis (Fig. I-lb). 

Please note the amount of Cd in CSF in Fig. 1-6 should be 

negligible because the cpm was too low (38-54 cpm) to be 

useful. 

DISCUSSION 

Our experiments clearly demonstrate that the choroid 

plexus sequestered and concentrated heavy metals and 

metalloids such as Pb, Cd, Hg, As and Po (Fig. 1-1, Fig. 1-

2 and Fig. 1-3) and the action for Pb was dose-dependent 

and time related (Fig. 1-4 and Fig. 1-5). The choroid 

plexus possesses a unique structure with the fenestrated 

endothelium and a rich blood flow. Such a structure 

renders the tissue very prone to being attacked by many 

pathogenic substances in the blood. The high amount of 

metals accumulated in the choroid plexus, as shown by our 

work and others (Friedheim, et al, 1983; Manton et al 

(1984; Valois and Webster, 1987), suggested that the 
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choroid plexus may serve as a primary target for those 

heavy metal and metalloid ions that tend to get into the 

brain. 

Our results display a steep metal concentration 

gradient between the blood and the CSF in all the metals 

tested (Fig. 1-1). This strongly indicated that the 

choroidal epithelial tight junctions may effectively hinder 

the entrance of metal or metailoid ions into the CSF. For 

example, in case of Cd, even though the blood Cd 

concentration remained high 24 hr after exposure, there was 

virtually no detectable amount of Cd in the CSF (Fig. 1-

1b) . In addition, the action of the choroid plexus in 

concentrating these metals from the blood appears to be 

against a concentration gradient (Fig. 1-1). 

The percentages of metals in the choroid plexus as 

injected doses are shown as follows: Pb, 0.001%; Cd, 

0.0005%; Hg, 0.0002% and As, 0.0001%; respectively. 

Although these values are relatively small as far as the 

percentages of total given doses are concerned, the 

capacity of the choroid plexus in accumulation of toxic 

metals with regard to per gram of tissue weight is 

evidently higher than that of brain cortex (Table 1-1). 

Our results resolved, at least in part, two unsolved 

disputes in the literature. First, by using the stable 

isotope dilution method to analyze Cd concentration, 
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Manton, et al (1984) pointed out that Cd ions were not 

accumulated in human lateral choroid plexus. Whereas, an 

autoradiographic study by Valois and Webster (1987) clearly 

shows that Cd is concentrated in the choroid plexus. In 

our experiment, animals were only exposed to Cd. Although 

we did not measure tissue Zn concentrations, results based 

on atomic absorption spectrophotometry (MS) evidently 

showed that Cd in the choroid plexus was 33 times higher 

than in the brain cortex (Fig. 1-lb). The results from 

count ing radioact i vi ty of 10 9Cd in the choroid plexus, 

brain cortex, CSF and blood also confirmed the above 

findings by MS analysis (Fig. 1-6). Further, Cd content 

in the choroid plexus of Cd-treated animals was 108 times 

greater than that of control (Fig. 1-lb; Table 1-1). Such 

a high amount of Cd in the choroid plexus of treated group 

can not be due to Zn or some other unknown factors in the 

diet. Thus, the statement by Manton, et al (1984) that 

"unlike other toxic chemicals, cadmium does not accumulate 

in the lateral choroid plexus" is incorrect. 

Secondly, the fact that the choroid plexus accumulates 

Pb has been verified by several different research groups 

(Friedheim, et al, 1983; Manton, et al, 1984; Hersey, et 

al, 1987). It is, however, still unclear whether the 

accumulation of Pb in the choroid plexus is related to the 

exposure time, or, in a more common sense, to the age. 
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While some authors disputed the age-related accumulation, 

other authors described the accumulation of Pb in the 

choroid plexus as an "initial uptake" (O'Tuama, et al, 

1977). In this experiment, we did not attempt to solve nor 

does it answer the question as to the aged-related 

accumulation of Pb in the choroid plexus. Our results, 

however, indeed showed that the sequestering of Pb in the 

choroid plexus was dependent upon the exposure time (Fig. 

1-5). The longer the animals exposed to Pb, the higher the 

level of Pb in the choroid plexus (Fig. 1-5). There was no 

transient accumulation observed. Hence, a fast decline of 

radioactive Pb in the choroid plexus, as shown by O'Tuama, 

et al, (1977) is disputed, especially with regard to the 

relatively low counts of the tissues in their experiments. 

In summary, our experimental results demonstrate that 

the lateral choroid plexus sequesters toxic heavy metal and 

metalloid ions such as Pb, Cd, As, Hg and Po. Since the 

choroid plexus is the major location of the blood-CSF 

barrier and since most of the CSF is produced from this 

tissue, it appears that the choroid plexus accumulates 

toxic metals and metalloids in order to protect the CSF and 

the brain from fluxes of toxic metal ions in the blood. 
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CHAPTER 2 

MOLECULAR BASIS FOR 

METAL SEQUESTERING J:N THE CHOROID PLEXUS 

That the mammalian choroid plexus functions to 

manufacture and regulate the CSF was demonstrated during 

1960's (Milhorat, 1976). The choroid plexus has been 

recognized as the primary location of the blood-CSF barrier 

even as early as in 1920's (Davson, et al, 1987). Yet, the 

cellular components of the choroid plexus in regard to the 

endogenous molecules with protective function against 

cellular toxicity, have not been fully understood up to 

now. 

Most toxic heavy metal or metalloid ions have a high 

affinity for sulfhydryl or thiol (-SH) groups in biological 

system. Hence, in metal-related toxicological studies, the 

status of thiol-containing molecules in specific tissues or 

cells has received more attention than other types of 

molecules or reactive species in biological system. It has 

been reported that glutathione metabolism in the choroid 

plexus may be similar to its metabolism in the kidney and 

other tissues (Anderson, et al, 1989). This hypothesis, 

however, was based on the measurement of concentrations of 

total glutathione (GSH + GSSG) in the CSF. The actual 
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content of glutathione as reduced glutathione (GSH) and 

glutathione disulfide (GSSG) in the choroid plexus has not 

been investigated. Along the same line, the concentrations 

of cysteine, total thiol, nonprotein-bound and protein

bound thiol as well as metallothionein, have not been 

determined in the choroid plexus. 

On the other hand, many transport systems that remove 

waste products from the CSF to the blood have been 

identified in the choroid plexus such as transporters for 

iodide, penicillin, salicylate, prostaglandins, 

cephalosporin, etc. (Davson and Pollay, 1963; Dixon, et al, 

1969; Spector and Lorenzo, 1974; DiBenedetto and Bito, 

1986; Nohjoh, et al, 1989). Some of specific channels for 

essential metal transportation such as Ca-channel and Na+, 

K+ channel coupled with ATPase have also been found in the 

choroid plexus (Masuzawa and Sato, 1983; Parmelee and 

Johanson, 1989). No report, however, has appeared in the 

literature that deals with the transport of heavy metal or 

metalloid ions in or on the choroid plexus. The energy 

requirement for the accumulation of heavy metals and 

metalloids in the choroid plexus is unknown. 

The work presented in this chapter aims to 1) 

determine the concentrations of glutathione, cysteine, 

metallothionein, and sulfhydryl groups in the choroid 
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plexus; and 2) to investigate the role of Na+, K+-ATPase 

in sequestering toxic metals in the choroid plexus. 

MATERIALS AND METHODS 

Chemicals. Chemicals were obtained from the 

following sources: 5',5'-dithiolbis-(2-nitrobenzoic acid) 

(DTNB), gamma-glutamylcysteine, cysteinylglycine, ouabain 

and mannitol from Sigma, St. Louis, MO; cadmium chloride, 

monochloroacetic acid, ammonium molybdate and 

trichloroacetic acid from J.T. Baker, Phillipsburg, NJ; 

l09CdC12 (specific activity: 3.06 mCi/mg) from Du Pont, 

Claremont, C~; mercuric chloride from Aldrich, Milwaukee, 

WI; 203HgC12 (specific activity: 1 mCi/mg) from Amershan, 

Arlington, IL; 

Cincinnati, OH; 

sodium arsenate from MCB Chemists, 

H373As04 (specific activity: 2 mCi/28 

/lmol) from Los Alamos National Lab., Los Alamos, NM; 

glutathione and monobromobimane from Calbiochem-Behring, La 

Jolla, CA; 1-heptanesulfonic acid sodium salt from Eastman 

Kodak, Rochester, NY; All reagents used in this experiment 

were of analytical grade, HPLC grade or the best available 

pharmaceutical grade. 

Animals. Sources and care of animals have been 

described in the Chapter 1. 
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Estimation of Tissue Sulfhydryl Content. Rats 

were anesthetized with 50 mg sodium pentobarbital/kg, i.p. 

The right side of the internal carotid artery was 

cannulated cranially with a PE-50 polyethylene tubing (Clay 

Adams) and the brain was perfused with 10 ml of isotonic 

mannitol through a cannula at a rate of 1.0 ml/min. The 

rats were exsanguinated immediately after the perfusion was 

completed. The choroid plexus and brain cortex were 

homogenized in 0.02 M EDTA, 1:50 and 1:40 wt/vol, 

respectively. The concentrations of total thiol, low 

molecular weight thiol (LMW-, MW < 3,000) and high 

molecular weight thiol (HMW-, MW > 3,000) in the tissue 

were measured by using Ellman's reagent (Ellman, 1959; 

Sedlak and Lindsay, 1968). Total-thiol was estimated by 

mixing tissue homogenates directly with assay solution 

containing 0.1 mM DTNB in absolute methanol. The LMW-thiol 

was assayed by first adding 50% trichloroacetic acid (TCA) 

(1/10 of homogenate volume) to precipitate protein. After 

centrifugation, the supernatant was ultrafiltered through a 

microconcentrator (Centricon-3, MW cutoff 3000) at 5000 x g 

for 2 hr at 25°C. The filtrate was then reacted with DTNB. 

The absorbance was read in a zeiss model PMQ II 

spectrophotometer at 412 nm against a reagent blank. GSH 

was used as the standard. The HMW-thiol was obtained by 

subtracting LMW-thiol from total-thiol. 
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and Cd

the same 

manner as described above. In order to prevent the 

autoxidation occurring during sample preparation, the 

choroid plexus or brain cortex was homogenized in 10% 

sulfosalicylic acid/1.0 roM EDTA. After centrifugation at 

15,000 x g for 30 sec, the supernatant was adjusted to pH 

7-8. GSH and cysteine were determined by reaction of the 

supernatant with monobromobimane followed by HPLC 

(Maiorino, et al, 1986). Total gl~tathione and total 

cysteine were measured by incubating the supernatant with 

dithiothreitol followed by monobromobimane derivatization 

and HPLC. GSSG or cystine was obtained by subtracting GSH 

and cysteine, respectively, from the total of each. The 

HPLC conditions for determination of GSH and related thiols 

were as follows: Samples were chromatographed on an 

Ultrasphere-ODS IP column (25 cm x 4.6 rom, 5 ~). Buffer A 

was 20 roM monochloroacetic acid, 10 roM heptanesulfonic acid 

sodium salt in methanol; buffer B 20 roM monochloroacetic 

acid, 10 roM heptanesulfonic acid sodium salt in water, pH 

3.3. Chromatographic conditions were: 70% B for 2 min 

followed by a linear gradient to 65% B over a duration of 

15 min; 65% B for 2 min followed by a linear gradient to 

10% B over a duration of 5 min; 10% B for 5 min; then 

returned to 70% B over a duration of 2 min followed by 



53 

equilibrium at 70% B for 10 min. The flow rate was 1.0 

ml/min. Retention times of the fluorescent bimane 

derivatives were: GSH, 1B.9 min; CySH, 10.9 min; gamma

glutamylcysteine, 19.9 min; cysteinylglycine, 22.2 min. 

For determination of Cd-metallothionein (Cd-MT) in the 

choroid plexus, rats were injected with 4 mg Cd (as 

CdCl2)/kg, i.p. Twenty-four hr later, the choroid plexus 

from three rats were removed, pooled, and homogenized in 10 

mM Tris'HCl (pH 7.4; 4:1 vol/wt). The homogenate was 

saturated with 10 ~l (containing 0.1 ~Ci of l09Cd) of 1 mg 

Cd/ml for one hr at room temperature. The samples were 

then heated in a BOoC water bath and held for 2 min. After 

centrifugation at 15,000 x g for 15 min, the supernatant 

was collected and analyzed for Cd-MT within 12 hr. 

Separation and identification of Cd-MT was performed using 

a HPLC DEAE anion-exchange column (Waters) coupled with a 

Beckman model 164 uv detector and a Beckman model 171 

radioisotope detector. The mobile phase consisted of 

Tris'HCl in concentrations of 10 mM (buffer A) and 200 mM 

(buffer B), pH 7.4 at room temperature. MT-I and MT-II 

were eluted with a linear gradient from 0 to 40% B within 

12 min at a flow rate of 0.5 ml/min. The column was then 

purged toward 100% B in 1 min and maintained for 3 min 

after which the column was re-equilibrated to 100% A over a 

duration of 2 min and maintained for 14 min. The last step 
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helps to remove any remaining contaminates. A typical HPLC 

profile of rat liver MT-I and MT-II in this system was 

illustrated in Fig. 2-1. The standard rat liver Cd-MT was 

prepared according to Lehman and Klaassen (1986). 

Na+, K+-ATPase Assay. The choroid plexus from both 

lateral ventricles of normal rats were removed and 

immediately immersed in artificial CSF which is composed of 

NaCl, 123.0; CaCl2, 0.86; KCl, 3.0; MgCl2, 0.89; NaHC03, 

25.0; NaH2P04, 0.5 and Na2HP04, 0.25 mmol/L, pH 7.8 

(Lindvall, et al, 1978). The choroid plexus were 

pre incubated at 37°C for 1 min. Various concentrations of 

ouabain were then added and the incubation continued at 

37°C for 15 min. At the end of the incubation, the choroid 

plexus was transferred onto a filter (1.27 ~) in a Buchner 

funnel under vacuum and washed three times with 0.1 ml cold 

artificial CSF. The tissue was then homogenized in 0.2 ml 

of 5% glucose/0.2 M EDTA and assayed for the Na+, K+-ATPase 

according to Esmann (1988). An aliquot (50 ~l) of the 

homogenate was mixed with 400 ~l of assay solution composed 

of: NaCl, 130; KCl, 20; MgCl2, 4; histidine, 30 mmol/L; 

pH 7.2. Another aliquot (50 ~l) of the homogenate was 

mixed with the same assay solution plus 1 roM ouabain and 

used as a blank. After preincubation at 37°C for 5 min, 

ATP was added to a final concentration of 3 roM to initiate 

enzyme-mediated hydrolysis and the reaction was continued 
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at 37°C for 15 min. The reaction was stopped by the 

addition of 50 ~l of ice-cold 50% TCA. The mixture was 

then centrifuged at 1500 x g for 2 min using a Beckman 

model J2-21M centrifuge with a type JA-20 rotor. The 

supernatant (0.5 ml) was mixed with 0.5 ml of freshly 

prepared reagent (1.09 M H2S04 with 1% ammonium molybdate, 

to which FeS04 was added immediately before use to a final 

concentration of 40 mg/ml). The color was allowed to 

develop at room temperature for 30 min and the absorption 

was read at 700 nm. The amount of inorganic phosphate 

produced was estimated from a calibration curve of an 

inorganic phosphate standard (KH2P04). The specific 

activity of Na+, K+-ATPase was expressed as nmoles 

phosphate produced per mg protein per min. All samples 

were run in duplicates. Tissue protein content was 

measured using a Bio-Red Protein Assay Kit (Bio-Red Lab., 

Richmond, CA) using bovine serum albumin as the standard. 

In order to determine the effect of ouabain on Na+, 

K+-ATPase activity in the choroid plexus in vivo, rats were 

anesthetized with 50 mg sodium pentobarbital/kg, i.p. The 

right side of the internal carotid artery was cannulated 

cranially and ouabain (6.52 ~ol/kg, about 1/3 of LDsO) was 

infused through the cannula at a rate of 0.16 ml/min for 2 

min. The rats were decapitated 10 min after the perfusion 
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was completed. The choroid plexus were removed and assayed 

for Na+, K+-ATPase activity as described above. 

In-Vitro Uptake of Metals by the Choroid 

Plexus. The choroid plexus from one side of the lateral 

ventricle was placed in the medium containing 1.5 rnM 

ouabain (ECSO). As a control, the choroid plexus from the 

other side of the lateral ventricle was placed in medium 

without ouabain. After preincubation at 37°C for 15 min, 

an aliquot (5 ~l) of radioactive l09CdCI2, Na2HAs04 (73As) 

or 203HgCl2 solution was added to the mixture giving a 

final concentration of 0.445 rnM Cd (0.1 ~Ci l09Cd), 5.34 rnM 

As (0.1 ~Ci 73As) or 0.03 rnM Hg (0.1 ~Ci 203Hg), re

spectively. The final metal concentrations were determined 

based on data in Table 1-1 to ensure the amounts of metal 

ions in the medium were at least 10 times higher than those 

in the tissue. The incubation was continued for another 10 

min at 37°C. At the end of the incubation, the choroid 

plexus was washed three times with 0.1 ml ice-cold 

artificial CSF under vacuum. The radioactivities of the 

choroid plexus and incubation medium were then counted 

using a LKB type-1282 CompuGarnrna counter. The tissue was 

further homogenized in 0.2 ml of 5% glucose/0.2 M EDTA and 

an aliquot of homogenate was assayed for protein content by 

Bio-Red assay kit. 
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statistics. The Student t test was used to compare two 

means. Differences between two groups were regarded as 

significant if p values were less than or equal to 0.05. 

RESUL'l'S 

Concentrations of 'l'hiol Groups and Cd-M'l' in the 

Choroid Plexus. The conventional method used for 

determining non-protein bound thiols in tissues requires 

the precipitation of protein with TCA. If the metals in 

the choroid plexus are, indeed, bound to a ligand, such as 

metallothionein (MT) or other soluble, small molecular 

weight polypeptides, the acid treatment would be expected 

to release metals from their binding sites, thus 

artificially elevating the level of non-protein bound 

thiols. To avoid this possible artifact, instead of 

measuring non-protein bound thiols, we measured low

molecular-weight thiol (LMW-SH, MW<3000). The 

concentrations of the total-thiol and the LMW-thiol in the 

lateral choroid plexus were 20% and 61% lower, 

respectively, than those in the brain cortex (Table 2-1) . 

Using l09Cd, anion exchange HPLC and optical 

absorbance at 254 nm as detection means (Fig. 2-1), we did 

not find any Cd-MT in either the lateral choroid plexus or 

the brain cortex (Table 2-1). Our results do not rule out 



58 

the presence of other types of MT's. Since it has been 

reported that the MT level in liver homogenate is ten times 

higher than that in brain homogenate in control rats 

without pretreatment of heavy metals (Hidalgo, et al, 

1990), our failure to detect MT in the choroid plexus may 

be due to its presence at levels below the detection limit 

of the assay. 

Glutathione and Cysteine in the Choroid Plexus. 

Using a well-established high performance liquid 

chromatography (HPLC) method for analysis, we found that 

the concentrations of GSH and GSSG in the choroid plexus 

were 2.3 and 3.3 fold lower, respectively, than those in 

the brain cortex (Fig. 2-2a). The concentration of total 

cysteine (cysteine + cystine) in the choroid plexus, 

however, was 2.6 fold greater than that in the brain cortex 

(Fig. 2-2b). Moreover, the concentration of cystine in the 

choroid plexus was 5.3 fold higher than that of the brain 

cortex (Fig. 2-2b). Our results confirm the GSH value 

(1.90 ±. 0.09, mean ±. SD, ~mol/g) in the brain cortex 

reported by Anderson and Meister (1989). Neither 

cysteinylglycine nor gamma-glutamylcysteine, intermediates 

and metabolites of GSH, could be detected in the choroid 

plexus. A comparison between our values of glutathione and 

cysteine in the choroid plexus and those of Anderson, et al 

(1989) in the CSF are presented in table 2-2. 
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Table 2-1. Thio1s and Meta1lothionein Concentra

tions in the Lateral Choroid Plexus and Brain 

Cortex. 

Lateral Choroid Plexusa 

(Jl.mol/g) 

Total Free thiol 

LMW-thiol 

(MW<3000) 

HMW-thiol 

(MW>3000) 

Cd-Metallothionein 

169.8 ± 10.7 c 

10.1 ± 1.8c (5.9%) 

159.7 ± 9.4 C (94.1%) 

non-detectable 

LMW-thiol: low molecular weight thiol 

HMW-thiol: high molecular weight thiol. 

Brain Cortexb 

(l.J.mol/g) 

212.8 ± 5.2 

25.8 ± 3.5(12.1%) 

187.0 ± 3.1(87.9%) 

non-detectable 

a Each experimental measurement was a pool of 3-4 

choroid plexus. Data represent mean ± SE of three such 

pools. Values in parentheses indicate % in total free 

thiol. 
b For the brain cortex, the data represent the mean of 

four separate experiments. Values in parentheses indicate 

% in total free thiol. 

c The choroid plexus values are significantly different 

from those of the brain cortex (p < 0.05) . 
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Figure 2-1. An HPLC profile of standard rat liver 
metallothionein. See Chapter 4 for metallothionein 
preparation. The mobile phase was composed of Tris·HCl, pH 
7.4. The elution from HPLC DEAE anion-exchange column was 
monitored at 254 for uv absorbance. The radioactivity of 
l09Cd was detected by a Beckman model 171 radioisotope 
detector. 
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Table 2-2. Comparison of Glutathione, Cysteine and 

Total Thiol Levels in the Choroid Plexus and in the 

CSF. 

Glutathione C 

Cysteine 

Total Thiol 

Lateral Choroid Plexusa 

(J.1mol/g) 

0.88 ± 0.04 

0.10 ± 0.02 

169.8 ± 10.7 

CSFb 

(~.rnol/ml) 

0.005 ± 0.0003 

0.004 ± 0.0003 

0.009 ± 0.0020 

a Each experimental measurement was a pool of 3-4 choroid 

plexus. Data represent mean ± SE of three such pools. 

b Data obtained from Anderson, et al, 1989. 

C Glutathione: GSH + GSSG, in GSH equivalents 
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Figure 2-2. Glutathione and cysteine concentrations in rat 
lateral choroid plexus. Rat brain was perfused with 10 ml 
of isotonic mannitol via the internal carotid artery. 
After perfusion was completed, tissues were removed, 
homogenized and assayed for glutathione and cysteine by 
HPLC. See text for detailed methods. For choroid plexus, 
each experimental measurement was performed on a pool of 3-
4 choroid plexus and data represent mean ±. SE of such 
pools. For brain cortex, data represent mean ±. SE of 
separate experiments. (a): glutathione measurement (n=4). 
(b): cysteine measurement (n=3). *: p < 0.05 Compared with 
the values of brain cortex. 
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Inhibition by Ouabain of Cd Uptake into the 

Choroid Plexus. When ouabain was incubated in vitro with 

rat lateral choroid plexus in artificial CSF, ouabain did 

not completely inhibit the Na+, K+-ATPase activity of the 

choroid plexus (Fig. 2-3). Maximum inhibition of the 

enzyme caused by ouabain was approximately 40% of total 

enzyme activity. The concentration at which ouabain 

produced half of the maximum response (ECso) was about 1.5 

mM (Fig. 2-3). Since no radioactive Pb isotope was 

available at the time the experiment was performed, we used 

l09Cd, 73As and 203Hg to study the uptake. ability of the 

choroid plexus in presence and absence of ouabain. When 

the choroid plexus was pretreated in vitro with 1.5 roM 

ouabain and the incubation continued with l09Cd, the 

radioactivity of the ouabain-treated group was 43% of 

control (Fig. 2-4). This indicated that ouabain at this 

concentration significantly inhibited Cd uptake by the 

choroid plexus to 57%. In the same experimental system, 

ouabain inhibited the uptake by the choroid plexus of Ass+ 

and Hg2+ to 19% and 15% (Fig 2-5a, b), respectively. The 

effects, however, were not statistical significant. 

Perfusion of the rat brains with ouabain in vivo did 

not significantly inhibit Na+, K+-ATPase activity in the 

lateral choroid plexus (Fig. 2-6). 
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Figure 2-3. Inhibition of Na+, K+-ATPase of rat 
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choroid plexus by ouabain in vitro. The lateral choroid 
plexus were incubated with various concentrations of 
ouabain in the artificial CSF at 37 0 C for 15 min. The 
tissues were then washed, homogenized and the enzyme 
acti vi ty determined as described in Methods. Data 
represent means of two separate experiments. 
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Figure 2-4. Ouabain inhibits the uptake of Cd by rat 
choroid plexus in vitro. The lateral choroid plexus was 
pre incubated with 1.5 roM ouabain at 37 0 C for 15 min and 
CdC12 was added to a final concentration of 0.445 roM (0.1 
~Ci 109Cd). The incubation was continued for 10 min after 
which the radioactivity of the tissue and medium was 
counted. Control: same incubation but without ouabain. 
TIM, ratio of cpm in 1.0 mg of protein of tissue/cpm in 
0.1 ml of incubation medium. Data represent mean of four 
separate measurements ± SE. * P < 0.05 
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Figure 2-5. Effects of ouabain on the uptake of As 5+ and 
Hg2+ by rat choroid plexus in vitro. The lateral choroid 
plexus was pre incubated with 1.5 mM ouabain at 37 0 C for 15 
min. Sodium arsenate or mercuric chloride was added to a 
final concentration of 5.34 mM As (0.1 ~Ci of 73As) or 0.03 
mM Hg (0.1 ~Ci of 203Hg), respectively. The incubation was 
continued for 10 min after which the radioactivity of the 
tissue and medium was counted. Control: same incubation 
but without ouabain. TIM: ratio of cpm in 1.0 mg protein 
of tissue/ cpm in 0.1 ml of incubation medium. Data 
represent mean ± SE. (a): Arsenic uptake (n=6). (b) : 
Mercury uptake (n=4). 
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Figure 2-6. Inhibition of Na+, K+-ATPase of rat choroid 
plexus by ouabain in vivo. Ouabain (6.52 Jlmol/kg) was 
infused to rat brain through the internal carotid artery. 
The lateral choroid plexus was removed 10 min after the 
perfusion was completed. The tissues were then washed, 
homogenized and the enzyme activity determined as described 
in Methods. Data represent mean ± SE of three separate 
experiments. 
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DISCUSSION 

Our finding that the choroid plexus sequesters toxic 

metals and metalloids presents a number of novel questions. 

First, what is the mechanism by which the choroid plexus 

sequesters these heavy metals and metalloids and protects 

the homeostasis of the CSF? What are the ligands for these 

heavy metals in the choroid plexus? It should be noted 

that unlike a simple barrier, the choroid plexus retains 

the metals rather than just excluding them from the brain. 

Thus, there must be specific ligand(s) present that bind 

and withhold heavy metals or metalloids. 

The tissue sulfhydryl groups are most commonly the 

ligands to which a variety of heavy metals are bound 

(Jacobson and Turner, 1980). The concentrations of total 

thiol, LMW-thiol as well as HMW-thiol in the lateral 

choroid plexus, however, were found to be lower than those 

in the brain cortex (Table 2-1). The result indicates that 

metals in the choroid plexus might bind to more specific 

ligands. Metallothionein, which has a high cysteine 

content and binds essential metals such as Zn and Cu as 

well as toxic metals such as Cd and Hg, has been suggested 

as having a role in metal homeostasis (Kagi and Nordberg, 

1979) . In the present work, however, Cd-metallothionein 

was not detected in either the choroid plexus or the brain 
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cortex (Table 2-1). Using a bimane derivatization and HPLC 

separation for analysi~, we have found that GSH, proposed 

as a cell's primary defense against cadmium toxicity 

(Singhal, et ai, 1987), has a concentration in the choroid 

plexus lower than that of the brain cortex (Fig 2-2a). 

There have not been any reports in the literature as to the 

GSH content of the choroid plexus. Of the various 

naturally occurring thiol or sulfur containing compounds 

implicated in protecting cells from toxic metals, only 

cystine has been found in the lateral choroid plexus at 

concentrations exceeding that found in the brain cortex 

(Fig 2-2b). Cystine serves as a reservoir for cysteine and 

GSH. It should be pointed out that although the level of 

glutathione in the choroid plexus was lower than that of 

brain cortex, the concentrations of total glutathione (GSH 

+ GSSG) and cysteine in the choroid plexus were 176 and 25 

fold greater than those in the CSF (Table 2-2). The 

significance of these distinct differences and the higher 

cystine level in the lateral choroid plexus are not 

understood at present. 

Since we did not examine the consequences of depletion 

or alteration of GSH, metallothionein or thiol status in 

the choroid plexus after the metal has accumulated, we can 

not completely exclude at the present time the possible 

role of these thiol-containing molecules in the 
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sequestering of metals in the choroid plexus. I believe, 

however, that the metal binding ligand(s) in the choroid 

plexus may have distinct structure other than these well

known molecules. 

Second, what is the role of the channels for essential 

metals and any other transport systems that may be 

responsible for the heavy metal accumulation in the choroid 

plexus? Is there a unique pathway for the transport of 

heavy metals from the eSF to the choroid plexus? The 

active transport systems that remove metabolites and wastes 

from the eSF and carry them to the choroid plexus and then 

to the blood have been demonstrated in the mammalian 

choroid plexus (Davson and Pollay, 

1969; Spector and Lorenzo, 1974; 

1963; Dixon, et al, 

DiBenedetto and Bito, 

1986; Nohjoh, et al, 1989). The low level of metal ions in 

the eSF after the animals have been exposed to toxic metals 

(Fig. 1-1, Chapter 1) may also be due to the uptake of 

metal ions by the choroidal epithelium from the eSF. There 

have been reports that the Na+, K+-ATPase in the choroid 

plexus is mainly localized on the eSF-facing side of the 

choroidal epithelium (Masuzawa, et al, 1981). Our results, 

however, showed that when the choroid plexus was incubated 

in vitro with ouabain, a highly selective inhibitor of Na+, 

K+-ATPase, it caused only 40% inhibition of the total 

enzyme activity (Fig. 2-3). Since ouabain is an extremely 
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hydrophilic compound and its action is believed to be 

primarily on cell surface receptors, the inability to 

achieve a full inhibition of the Na+, K+-ATPase may be due 

to some of the enzyme being located intracellularly in 

choroidal epithelium. On the other hand, perfusing ouabain 

toward the brain in vivo did not significantly inhibit the 

enzyme activity in the choroid plexus (Fig. 2-6). Thus, 

our results support the hypothesis that the blood-facing 

choroidal endothelium lacks Na+, K+-ATPase. Using an in 

vitro system, ouabain inhibited significantly the uptake of 

Cd into the choroid plexus (Fig. 2-4). Hence, a Na+, K+

ATPase-required mechanism might be involved in the uptake 

of Cd from the CSF side of the choroid plexus. 

Finally, what are the consequences of heavy metals 

accumulating in the choroid plexus? Is there a threshold 

above which the capacity of the choroid plexus is exceeded 

or saturated? Will there be some sort of biomarker 

released into the CSF or the blood? The capacity of the 

choroid plexus in sequestering the heavy metals can not be 

unlimited. At the dose of 30-50 mg Pb/kg, the accumulation 

of Pb ions in this tissue seems saturated (Fig. 1-4, 

Chapter 1). Therefore, it is of interest for future 

investigation to determine what pathological changes may 

occur and whether the CNS function can be altered once the 

"spill-over" takes place. On the other hand, a plasma 
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protein, transthyretin, has been suggested as a marker for 

choroid plexus carcinoma (Herbert, et al, 1990). It will 

be necessary to demonstrate the relationship between the 

CSF level of transthyretin and the choroid plexus lesion 

caused by heavy metals or metalloids. Such a biomarker 

might be of help clinically for diagnosis of choroid plexus 

abnormality. 

In conclusion, of the various naturally occurring 

thiol or sulfur containing compounds, only the cystine 

level in the choroid plexus is higher than that in the 

brain cortex. Thus, it has been proposed that the metal 

binding ligand(s) in the choroid plexus may have structures 

other than these well-known thiol containing molecules. 

The uptake of Cd from the CSF side of the choroid plexus 

requires the Na+, K+-ATPase. The Na+, K+-ATPase seems not 

to be localized on the blood-facing choroidal endothelium. 
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The cerebrospinal fluid (CSF), which bathes the brain, 

is formed primarily in the choroid plexus. We have 

determined in rats and rabbits that after intraperitoneal 

administration of lead, cadmium, mercury and arsenic 

compounds, these toxic metal ions accumulated in the 

lateral choroid plexus at concentrations of Pb, Hg and As 

that were 70, 95 and 40 times higher, respectively, than 

those found in the CSF. Cd was not detected in the CSF by 

AAS. In addition, the concentrations of these heavy metal 

ions were found to be many fold greater in the choroid 

plexus than in the brain or blood. The accumulation of Pb 

in the choroid plexus was dose-dependent and time-related. 

In rats challenged with polonium-210, the radioactivity was 

five fold greater in the choroid plexus than in the brain 

cortex. 

When the choroid plexus was incubated, in vitro, with 

ouabain, the latter caused 40% inhibition of Na+, K+-ATPase 

activity. At a concentration of 1.5 mM, ouabain 

significantly inhibited the uptake of Cd from the CSF side 

of the choroid plexus. Cadmium-metallothionein was not 

found in the choroid plexus. While the concentration of 
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either reduced or oxidized glutathione in the choroid 

plexus was less than that in the brain cortex, the 

concentration of cystine was four times greater. Neither 

cysteinylglycine nor garnrna-glutamylcysteine was detected in 

the choroid plexus. 

Our results suggest that the choroid plexus sequesters 

toxic metal and metalloid ions, such as Cd, Pb, Hg, As and 

Po. It appears to do this in"order to protect the CSF and 

the brain from toxic heavy metals in the blood. 
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CHAPTER 3 

DMPA INCREASES 

BILIARY EXCRETION OF CADMIUM 

Cadmium is a toxic metal obtained mainly as a by

product from processing zinc, copper and lead ores. 

Because of its noncorrosive properties, cadmium is widely 

used in electroplating and galvanizing. It is also used as 

a color pigment in paints and plastics, stabilizer for 

polyvinyl chloride resins, and in batteries and solar cells 

(Klaassen, 1985). Industrial utilization of Cd has led to 

increasing levels of it in the environment and in the human 

body (Friberg, et ai, 1974). The pathological effects of 

chronic exposure to Cd in humans and laboratory animals 

include renal tubular damage, pulmonary emphysema, 

testicular necrosis, structural and functional liver damage 

and deficiencies in iron, cooper and zinc (Goyer, 1986). 

With an extremely long biological half life (about 10-

30 years), Cd appears to be continuously accumulated in the 

human body throughout a life time. Upon exposure, Cd 

disappears rapidly from the blood plasma. The metal is 

primarily deposited in the liver, kidneys, testes and 

pancreas (Lucis, et ai, 1969; Ragan and Mast, 1990). 

Cadmium is extremely slowly excreted from its soft tissue 
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storage sites in the body (Jones and Cherian, 1990). Fecal 

excretion has been considered the primary route for the 

elimination of Cd. Urinary excretion of Cd becomes 

significant only after substantial renal toxicity has 

occurred (Klaassen, 1985). Thus, the biliary excretion of 

Cd is thought to be quantitatively more important than the 

urinary excretion (Klaassen, 1985). 

From a chemistry point of view, the softness of Cd 

renders the metal most prone to forming a stable complex 

with a sulfur atom ligand (Jacobson and Turner, 1980). 

Solid evidence has revealed that exposure to Cd induces, in 

a short period of time, metallothionein (MT), a protein 

rich in sulfhydryl groups and with a molecular weight about 

10,000 daltons (Kagi and Nordberg, 1979). Binding of Cd to 

MT prevents the distribution of Cd to other parts of the 

body. This property, on the other hand, makes the Cd 

chelating therapy more difficult. It has been reported 

that chelation therapy of Cd intoxication becomes 

significantly effective o~ly when the chelators are 

administered immediately after exposure to Cd (Planas-Bohne 

and Lehman, 1983; Klaassen, et al, 1984). The fast 

decrease in effectiveness of chelators has been suggested 

to be due to the intracellular distribution of Cd and the 

extracellular distribution of the chelators. Therefore, at 

present there has been no recommended prescription for 
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treatment of Cd over-exposure, especially in chronic 

intoxication. 

Since in chronic intoxication most Cd ions in the 

liver are bound to the intracellular ligand MT (Webb and 

Cain, 1982), a compound capable of increasing biliary 

elimination of Cd would be expected to remove Cd ions from 

their storage sites, thereby eliminating them from the 

body. In this experiment, we studied eight different 

compounds for biliary excretion of Cd in a rat chronic 

intoxication model. 

N-(2,3-dimercaptopropyl)-phthalamidic acid (DMPA) 

(Portyagina and Morgun, 1966), meso-dimercatosuccinic acid 

(DMSA) and 2,3-dimercapto-1-propane sulfonic acid (DMPS) 

are chemical analogs (Fig. 3-1) of 2,3-dimercaptopropanol 

(British Anti-Lewisite, BAL), a first clinical useful 

chelating agent. BAL has many disadvantages such as high 

toxicity and limited-water solubility, etc. (Klaassen, 

1985). Use of these dithiol chelating agents as treatments 

for metal intoxication has been extensively reviewed 

(Aposhian and Aposhian, 1990; Aposhian, 1983; Aaseth, 

1983) . Ethylene-diaminetetraacetic acid (EDTA), 

diethyldithio-carbamate (DDC) and D-penicillamine (DPEN) 

are all water soluble compounds. They are the most 

commonly used chelating agents for a variety of metal 

toxicities (Klaassen, 1985). 
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MATERIALS AND METHODS 

Chemical.s. Chemicals were obtained from the 

following sources: Cadmium-lOg (specific activity: 124.5 

mCi/mg) from Du Pont, Claremont, CA; cadmium chloride from 

J. T. Baker, Phillipsburg, NJ; DMPA from EISAI, Tokyo, 

Japan; DMPS from Heyl, Berlin, FRG; DMSA from Johnson and 

Johnson, Baby Product~ Co., Skillman, NJ; 

ethylenediaminetetraacetic acid (EDTA) and 

diethyldithiocarbamate (DDC) from Sigma, St. Louis, MO; D

penicillamine (DPEN) from Aldrich, Milwaukee, WI; reduced 

glutathione (GSH) from Calbiochem-Behring, La Jolla, CA. 

All reagents used in this experiment were of analytical 

grade, HPLC grade or the best available pharmaceutical 

grade. 

Animals. All rats (male, Sprague-Dawley) at the 

time they were used in the experiments were 7-8 weeks old 

(200-220 g). They were purchased from Harlan Sprague 

Dawley Inc., Indianapolis, IN. Animals were quarantined 

for one week after arrival and kept in a temperature

controlled, 12 hr light/dark cycle facility. They were fed 

ad libitum with a Teklad rat diet purchased from Teklad, 

Madison, WI. 

Bile Duct Cannulation and Biliary Excretion of 

Cadmium. For the chronic model study, rats (200-220 g) 
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were injected i.p. with 1. 0 mg Cd, 25 J.1Ci l09Cd/kg (as 

Three days later, the bile duct was cannulated. 

For the acute model study, rats were injected i.v. with 1.0 

mg Cd (2.5 J.1Ci l09Cd)/kg using a catheter in the jugular 

vein. The surgical procedure was as follows: Rats were 

anesthetized with 1.5 g urethane/kg, i.p. The bile duct 

and jugular vein were cannulated with PE-50 polyethylene 

tubing (Clay Adams). The tubing was inserted into the bile 

duct close to its joining with the duodenum and deeply 

enough (about 1-1.5 cm) to avoid contamination with any 

exocrine excretion from the pancreas. During the 

experiment, the rats were infused with saline via the 

jugular vein at a rate of 1.5 ml/hr. After a steady bile 

flow rate was established, bile samples were collected at 

30 min intervals for 6.5 hr. Rats were kept on an 

electrical heating pad so that their core temperature was 

maintained at 36 ± 0.5 0 C during bile collection. The bile 

samples were counted in a LKB type-1282 CompuGarnma Counter. 

Administration of Chelating Agents. All 

compounds that were injected i. v. were dissolved in 5% 

NaHC03-0.9% saline solution (pH 7.4). The chelating 

compounds were administered at the specified time points 

via the jugular vein at a rate of 0.1 ml/min. For the 

acute Cd intoxication model, DMPA was administered after a 

steady-state of Cd biliary excretion was reached. 
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Biliary Excretion of Polonium-210. Rats were 

injected s.c. with 3 IlCi polonium-210/rat. Three days 

later, rats were anesthetized with 1.5 g urethane/kg, i.p. 

The bile duct and jugular vein were cannulated using the 

same method as described in the previous section. DMPA, 

DMSA or the same volume of saline was administered via the 

jugular vein at a rate of 0.1 ml/min. Bile samples were 

collected every 30 min. Aliquots (0.1 ml) of bile were 

mixed with 1.0 ml of a digestion solution consisting of 70% 

perchloric acid and 30% hydrogen peroxide (1:1, v/v). The 

mixture was placed in a hood at room temperature overnight 

and then at 70°C for 5 hr. The samples were allowed to 

cool to room temperature and 15 ml of Ready Flow III 

cocktail solution (Beckman) was added. The samples were 

then counted on a Beckman type LS7800 liquid scintillation 

counter. 

Statistics. The statistical significance of 

differences between groups was validated by analysis of 

variance (ANOVA). If ANOVA revealed an overall treatment 

effect, contrast analysis was performed at individual time 

points using one-way ANOVA. 
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RESULTS 

DMPA Increases Biliary Excretion of Cadmium. 

DMPA (0.10 mmol/kg), wIlen given Lv. to rats that had 

received l09Cd three days previously, increased the biliary 

excretion of l09Cd compared to saline control and the other 

chelating agents (Fig. 3-2). There was a 20 fold increase 

in the biliary excretion of Cd within 30 min after DMPA 

administration. A second injection of DMPA (0.1 mmol/kg), 

three hr after the first, elicited a 14 fold increase in 

biliary Cd excretion within 30 min. The maximum effect of 

DMPA occurred within 2 hr after DMPA administration. This 

corresponded to the time course of the biliary excretion 

for DMPA (Fig. 4-4, Chapter 4). The DMPA effect was dose

related. Doubling the amount of DMPA injected, doubled the 

biliary excretion of Cd (Fig. 3-3). The action of DMPA in 

increasing the biliary excretion of Cd was not due to an 

increase of bile flow rate (Table 3-1) . 

In the acute Cd intoxication model in which rats were 

given a single dose of Cd (1.0 mg Cd/kg, Lv.), the Cd 

biliary excretion reached a plateau about two hr after 

injection (Fig. 3-4). A total of 10% of the injected dose 
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Figure 3-3. Dose response of DMPA in increasing biliary 
excretion of cadmium-l09. Rats were injected i.p. with 1 
mg Cd (25 ~Ci 109Cd)/kg. Three days later, the bile duct 
and jugular vein were cannulated. DMPA or saline was 
administered via the jugular vein at the time indicated by 
the arrow. See text for detailed method. Data represent 
mean ± SE of four separate experiments. *: p < 0.002 
(compared with the curve of 0.10 mmol DMPA/kg, i.v.) by 
two-way ANOVA. 
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Table 3-1. Increase of Biliary Excretion of Cd by 

DMPA is not Due to DMPA Increasing the Rate of Bile 

Flow. 

Bile flow rate 

(ml/30 min) 

Biliary cadmium 

(cpm/ml/30min) 

Response 

from 30 min 

before to time 

of injection 

0.454 ± 0.081 

480 ± 68 

Response 

from time of 

injection to 

30 min after 

0.523 ± 0.105 

9556 ± 3191* 

Percentage 

increase 

(%) 

15 

1891 

Bile samples from male rats (n = 3) were collected three 

days after administration of 1 mg CdC12 (90 ~Ci l09Cd)/kg 

Lp. DMPA (0.20 mmol/kg ) was injected via the jugular 

vein. Data represent mean ± SEe 

*: p<O.Ol (compared with that before DMPA injection). 
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was recovered in the bile within 5 hr of bile collection. 

When DMPA (0.2 mmol/kg, i.v.) was administered at two hr 

after Cd injection, a significant increase in biliary Cd 

excretion was observed (Fig. 3-4). 

DMPS and DMSA Did Not Affect Biliary Excretion 

of Cd. According to two-way ANOVA analysis, DMPS or DMSA 

in amounts equimolar to DMPA (0.10 mmol/kg) did not 

significantly influence the biliary excretion of Cd (Fig. 

3-2). Neither did they increase or decrease the bile flow 

rate during the period of bile collection. In order to 

determine whether the action of DMPA on biliary Cd was 

unique to DMPA, the effects of other common chelating 

agents or thiols on biliary excretion of Cd were tested. 

The other chelating agents, such as DPEN, EDTA and DDC, or 

thiol agents such as GSH, did not affect biliary excretion 

of Cd as shown by two-way ANOVA (Fig. 3-2). 

DMPA Increases Biliary Excretion of Polonium-

210. In rats that had received 210po three days 

previously, DMPA administration (0.10 mmol/kg, i.v.) 

significantly accelerated the biliary excretion of 210po 

(Fig. 3-5). Within 30 min after DMPA administration, 

biliary 210po in DMPA treated group was 3.3 times greater 

than that in saline control group. Similar to chronic Cd 

experiment, the maximum effect of DMPA occurred within 2 hr 
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cadmium
detailed 
(2.5 IlCi 

109Cd) /kg via the jugular vein at zero time. *- DMPA 
(0.2 mmol/kg) or saline was administered i. v. Data 
represent mean ± SE of four separate experiments. *: p < 
0.0005 (compared with the curve of saline) by two-way 
ANOVA. 
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after DMPA administration (Fig. 3-5). DMSA at the dose 

equimolar to DMPA (0.10 mmol/kg) did not affect the biliary 

excretion of 210po (Fig. 3-5). 

DISCUSSION 

In chronic Cd intoxication, the liver and kidney 

contain about 50% of total body burden of Cd (Lucis, et ai, 

1969). A compound capable of removing Cd from the liver 

would be considered as a potential treatment for Cd 

intoxication. Our results presented in Fig. 3-2, 3-3 and 

3-4 demonstrated that DMPA, when given i.v. to rats in both 

chronic and acute intoxication conditions, rapidly 

increased the elimination of Cd via the bile and therefore 

from the liver. Since the bile flow rate may affect the 

rate of materials eliminated through the bile, it is one of 

the important factors which should be considered when one 

studies biliary excretion. Yonaga and Morita (1981) 

reported that DMPA enhances the bile flow (19%) and the 

biliary excretion of mercury in mice. In present work, we 

found that DMPA increased the bile flow rate only 15% in 

rats within 30 min after DMPA administration, whereas in 

the same time period, it increased the concentration of Cd 

in the bile to almost 1900% (Table 3-1). Therefore, the 
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increase by DMPA of the biliary excretion of Cd can not be 

due to the enhanced bile flow alone. 

210po is a naturally occurring a-emitting radioelement 

that is incorporated into the human body from a variety of 

sources such as air, water, food and cigarette smoking 

(Beardsley, 1983). Epidemiological evidence suggests that 

exposure to 210po and/or other radon daughters is a major 

factor in the high occurrence rate of lung cancer among 

uranium miners and is also an important cause for lung 

cancer in the general population (Samet, et ai, 1984; 

Radford, et ai, 1984). Recent evidence indicates that 

210pO causes leukemia and kidney diseases (Henshaw, et ai, 

1990; Bruenger, et ai, 1990). DMPA has been demonstrated 

in this laboratory to be an excellent decorporating agent 

for 210po (Aposhian, et ai, 1988). Although the major 210po 

depot in the body is skeleton, the liver has been 

considered as an important soft tissue reservoir for this 

radioelement. In rats challenged with 210po, DMPA 

decreases liver 210po content to a value of 28% of saline 

control (Aposhian, et ai, 

increases biliary (Fig. 3-5) 

210po may account for the 

eliminating tissue 210po. 

1988) . The fact that DMPA 

and hence fecal excretion of 

effectiveness of DMPA in 

It is of interest to note that none of the chelating 

agents with a high hydrophilicity, such as DMSA, EDTA, DDC 
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and DPEN, influences significantly the biliary excretion of 

Cd. Whereas compounds with a high lipophilicity such as 

DMPA or dimethyl-DMSA (discussed in Chapter 4) accelerate 

Cd excretion from hepatocytes. It appears that the 

increase of biliary excretion of Cd is primarily related to 

the ability of a chelating agent' to get into the 

hepatocytes. 

It has been suggested that all of the compounds that 

are effective in treatment of chronic Cd intoxication 

enhance the biliary excretion of Cd (Jones and Cherian, 

1990). Therefore, it is necessary to further investigate 

whether DMPA decreases body burden of Cd in animal model. 
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Intracellular distribution and tight binding of Cd 

ions to metallothioneins are characteristics of Cd 

disposition in the biological body. Since many different 

types of heavy metal chelators are extracellularly 

distributed, the inaccessibility of the chelating agents to 

the Cd binding site limits the effectiveness of these 

compounds in mobilizing and eliminating Cd. Therefore, 

whether a chelating agent can enter cells is crucial in the 

treatment of chronic Cd intoxication. 

In the previous chapter, we demonstrated that DMPA 

exhibits a unique effect on biliary elimination of Cd. 

Although DMSA, DMPS and DMPA are all chemical analogues of 

BAL, distinct structural differences indeed exist among 

these dimercapto chelators. For example, DMSA contains two 

highly polarized carboxyl groups (Fig. 3-1, Chapter 3) and 

is a very water-soluble chelator. DMPS has a three carbon 

backbone and two mercapto groups similar to BAL. But, 

instead of the hydroxyl group in the BAL structure, DMPS 

contains a sulfonate group (Fig. 3-1, Chapter 3). DMPA, on 
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the other hand, because it contains a benzene ring (Fig. 3-

1, Chapter 3), appears to be more lipophilic than DMSA and 

DMPS. Based on these structural differences, it is 

possible that the mechanism by which DMPA removes Cd from 

the liver to the bile is due to its intracellular 

distribution. 

Although the carboxyl groups in DMSA molecule limit 

its penetration into cell membranes, esterification of the 

two carboxyl groups has been shown to increase the 

effectiveness of the compound in mobilizing renal and 

hepatic Cd and result in a rapid decline in the whole body 

burden of Cd (Singh, et al, 1988, 1989; Jones, et al, 

1988). There has been, however, no direct evidence that 

the compound is intracellularly distributed. 

In general, compounds entering the bile would be 

expected to enter hepatocytes. Thus, one way to assess the 

intra- or extra- cellular distribution of a compound might 

be to see whether the parent compound appears in bile after 

parenteral administration of the compound. 

Cd ions in the liver are primarily bound to 

metallothionein (MT) (Webb and Cain, 1982). MT is a family 

of cytoplasmic, low-molecular-weight metal-binding 

proteins. The proteins have a molecular weight of 6000-

7000 daltons and are distributed in most of mammalian 

tissues. Biosynthesis of MT can be induced by metals such 
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as zinc and cadmium (Fiskin and Peterson, 1979; Waalkes and 

Klaassen, 1985). The structure of MT is characterized as a 

single polypeptide chain of 61 amino acid residues, among 

which 20 cysteines provide the ligands for seven metal 

binding sites. MT lacks aromatic amino acids and histidine 

(Kagi and Nordberg, 1979). 

MT binds heavy metals belonging to transition groups 

Ib and I Ib (Cu+, Ag+, Zn++, Cd++, Hg++) in the periodic 

table (Kagi, et ai, 1984). Although the biological 

functions of MT remain to be precisely defined, roles in 

zinc and/or copper metabolism and in the acute phase 

response to stress have been suggested (Vallee, 1979; 

Elinder and Nordberg, 1985; Cousins, 1985; Karin, 1985; 

Richards, 1989;). In the mammalian system, detoxication by 

MT of some heavy metals has been indicated (Leber and Miya, 

1976; Cherian and Goyer, 1978; Goering and Klaassen, 1984). 

NMR studies reveal that Cd ions in MT are bound in two 

distinct metal-thiolate clusters, one containing three and 

one containing four metal ions (Otvos and Armitage, 1980). 

Similar binding patterns have also been deduced for Zn and 

Co (Bernard, et ai, 1983; Vasak and Kagi, 1981). The two 

spatially separated clusters exhibit different binding 

affinities for Cd, Zn and Cu (Boulanger, et ai, 1983). The 

unique feature of MT structure is the repetitive occurrence 

of the cys-x-cys tripeptide sequence (Fig. 4-1). These 
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sequences are repeated seven times along the polypeptide 

chain and provide the basis for the formation of metal 

binding clusters (Kagi, et ai, 1984). Since Cd is 

tetrahedrally surrounded by sulphur ligands from cysteinyl 

residues, any compounds capable of removing Cd from its 

binding site must possess a higher affinity for Cd than 

apothionein. Many compounds have been suggested as Cd 

chelators (Jones and Cherian, 1990). However, a method to 

identify whether a chelating agent competes with MT for Cd 

binding and removes Cd from MT has not been established. 

Although removal of Cd from MT by certain chelators has 

been proposed, the direct evidence about the interaction 

between chelators and Cd-MT has been lacking. 

The present experiment was designed: (1) to explore 

whether DMPA, DMSA, DMPS and dimethyl-DMSA, when injected 

into rats, can be detected in bile; (2) to demonstrate 

whether the biliary occurrence of a compound correlates to 

its activity in mobilizing hepatic Cd in a chronic Cd 

intoxication model, (3) to establish a model system that is 

suitable for investigation of interactions between 

chelators and Cd-MT; and (4) to compare the effectiveness 

of three dithiol chelating agents, DMPA, DMSA and DMPS, in 

mobilizing Cd from its intracellular binding ligand, 

metallothionein, in vitro. 
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N- 1--> 10--> 

~ = Cysteine residue 

Figure 4-1. Mode of distribution of cysteine residues in 

mammalian metallothionein (adapted from Kagi, et al, 1984). 

Mammalian MT is a 61- or 62-amino-acid peptide containing 

20 cysteines, 6-8 lysines, 7-10 serines, a single 

acetylated methionine at the amino terminus, and no 

aromatics or histidines. The metals in MT are contained in 

two distinct polynuclear clusters. The A cluster contains 

11 cysteines and binds four atoms of Cd. The B cluster 

contains nine cysteines and binds 3 atoms of Cd (Hamer, 

1986) . 
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MATERIALS AND METHODS 

Chemicals. Chemicals were obtained from the 

following sources: Dithiothreitol, Tris-[hydroxymethyl]

aminomethane (Trizma base) were purchased from Sigma, St. 

Louis, MO; monobromobimane (mBBr) from Calbiochem-Behring, 

La Jolla, CA; tetrabutylammonium hydroxide (TBAOH) from 

Aldrich, Milwaukee, WI; methanol and methylene chloride 

from Burdick & Jackson, Muskegon, MI; Sephadex G-15, 50 

and 75 resin from Pharmacia, Piscataway, NJ; 

microconcentrator from Amicon, Danvers, MA; 

Centricon-3 

Spectra/Pro 

membrane discs (MW Cutoff, 6-8,000) and Spectrum dialysis 

cells from Spectrum Medical Industries, Los Angeles, CA. 

Dimethyl-DMSA was synthesized by Mr. M. Rivera in the 

Chemistry Dept. of the Univ. of Arizona. Sources of DMPA, 

DMPS and DMSA were the same as those in Chapter 3. All 

reagents used in this experiment were of analytical grade, 

HPLC grade or the best available pharmaceutical grade. 

Animals. Male Sprague-Dawley rats (150 g) were used 

in this experiment. Animal source and care were the same 

as that described in Methods of Chapter 3. 

Administration of Chelating Agents. DMPA, DMSA 

and DMPS were dissolved in 5% NaHC03-0.9% saline solution 

(pH 7.4). Dimethyl-DMSA was dissolved in 80% ethanol. All 
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compounds were administered via the jugular vein at a rate 

of 0.1 ml/min. 

Assay for Di thiol Chelating Agents. The dithiols 

were assayed by a well-established procedure (Maiorino, et 

al, 1986, 1987, 1988). Briefly, they were derivatized with 

mBBr before and after OTT reduction, separated and 

quantitated using high-performance liquid chromatography 

(HPLC) and fluorescence detection. Methodology pertinent 

to the present experiments is detailed below. Bile samples 

were collected at 10 min intervals. The samples were 

collected directly into vials containing 0.1 ml of 80 rnM 

mBBr and 1.8 ml of 0.1 M ammonium bicarbonate buffer (pH 

8.4) . The vials were wrapped with aluminum foil to avoid 

exposure to light. After collection, the bile samples were 

allowed to react for 10 min at room temperature in the 

dark. The volume of each bile sample was measured and the 

samples were extracted with 4 ml of methylene chloride to 

remove excess mBBr .. The aqueous phase was then diluted 10-

fold and an aliquot was analyzed by HPLC. Another aliquot 

of the mBBr-treated sample underwent OTT reduction as 

described below. Unaltered dithiols were determined by the 

direct analysis of bile samples by this method. Total 

dithiols (unaltered + altered) were determined by the same 

method except that the samples first underwent OTT 

reduction and then were immediately derivatized with rnBBr. 
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Altered dithiols were obtained by subtracting unaltered 

dithiols from total dithiols. 

Reduction Procedure. Reduction of disulfides was 

carried out by adding 20 ~l of 50 mM dithiothreitol (DTT) 

to the methylene chloride-extracted samples, and incubating 

them for 30 min at room temperature. 

terminated by adding another 50 ~l 

The reduction was 

of 80 mM mBBr and 

incubating the samples for 10 min in the dark. The rest of 

the treatment was the same as above. 

HPLC Conditions. The HPLC analysis of dithiol

bimane derivatives was performed using the method of 

Maiorino, et al. (1986). Samples were fractionated on a 

250 x 4.6 mm ultrasphere IP C18 reversed-phase column, 

using a Beckman model 157 fluorescence detector with 356 nm 

excitation and 450 ± 20 nm emission filters. Separations 

were performed at room temperature and at a rate of 1 

ml/min. The mobile gradient system was as described in the 

procedure reported by Maiorino and Aposhian (1988). Mobile 

phase A was 20 rnM acetic acid and 20 mM TBAOH in methanol. 

Mobile phase B was 20 rnM acetic acid in methanol: water 

(25: 75, v/v). A typical HPLC profile is illustrated in 

Fig. 4-2. 

Biliary Excretion of Cadmium. The methodology 

used in this experiment was the same as that described in 

Chapter 3. 
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Figure 4-2. An HPLC profile of a bile sample from a rat 
given DMPA. The rat was anesthetized Lp. with 1.0 g 
urethane/kg. A: before administration of DMPA. B: 10 min 
after injection of 0.20 mmol DMPA/kg, i.v., via the jugular 
vein. The analytical procedure is described in the text. 
Peaks were identified as follows: Bl and B2, mBBr 
hydrolysis products; C, cysteine; CG, cysteinylglycine; 
GSH, reduced glutathione; DMPA, unaltered DMPA; Rl and 
R2, peaks related to DMPA. 
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Figure 4-3. A typical elution profile of rat liver MT from 
a Sephadex G-75 column. Rats were injected i.p. with 1.0 
mg Cd/kg daily for 3 days. On day 4, the liver was 
removed, homogenized, heated and centrifuged. The 
supernatant was fractionated on the column with 10 roM Tris
HCI, pH 8.6 at a flow rate of 50 ml/hr at 40 C. 
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Isol.ation and Purification of Rat Liver 

Metal.l.othionein. Rats (200-220 g) were injected i.p. 

with 1.0 mg Cd/kg (as CdCl2) once daily for a period of 3 

days. The last injection contained 15 ~Ci l09Cd. On day 

4, the liver was excised and homogenized in 10 roM Tris·HCl 

buffer, pH 8.6 (1: 2 w/v) at 4°C. The homogenate was 

centrifuged at 37,000 x g for 30 min at 4°C using a Beckman 

model J2-21M centrifuge with a type JA-20 rotor. The 

supernatant was removed and heated in a water bath at 80°C 

for 2 min and then centrifuged at 180,000 x g at 4°C for 12 

hours using a Beckman model L2-65B with a type SW65Ti 

rotor. An aliquot of the heat-treated supernatant (7 ml) 

was applied to a Sephadex G-75 column (1.4 x 90 ern) and 

eluted with 10 roM Tris·HCl buffer, pH 8.6 at a flow rate of 

50 ml/hr at 4°C. Fractions (2.65 ml) were collected and 

u.v. absorption at 254, 280 nm and radioactivity were 

determined. The fractions (Ve/Vo=1.9-2.2) of the 

radioactive peak having a high optical density at 254 nm 

and a low at 280 nm were pooled and used as MT (Lehman and 

Klaassen, 1986, Kagi and Nordberg, 1979). A typical 

elution profile from the G-75 column is illustrated in Fig. 

4-3. 

saturation of Metal.l.othionein with Cadmium. 

The pooled fractions (14 ml) were saturated with Cd by 

incubating with 0.5 mg Cd, 1. 5 ~Ci l09Cd (as CdCl2) in a 
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37°C water bath for 1 hr. In order to get rid of excess 

Cd, the solution was applied to a Sephadex G-15 column (2.5 

x 15 cm) and washed with 10 roM Tris'HCl buffer, pH 8.6 at a 

flow rate of 156 ml/hr at 4°C. The peak radioactivity 

fractions (Ve/Vo=0.9-1.1) with a high optical density at 

254 nm were pooled and analyzed for Cd concentration by 

Atomic Absorption Spectrophotometry (Instrumentation Lab 

Viteo 12), using an air-acetylene flame. The concentration 

of MT was estimated by assuming that 7 g-atoms of Cd are 

bound per mole of MT. A molecular weight of 6500 daltons 

was used in the calculation (Kagi and Kojima, 1987). 

In-Vitro Cd-MT-Chelator Binding Studies. A 1.5-

ml aliquot of Cd-saturated radioactive MT (42 J.l.g MT/ml, 

0.045 J.l.mol Cd/ml) was incubated in a capped glass tube at 

37°C for 10 min. An aliquot (3.5 J.l.l) of DMPA, DMSA or DMPS 

was added to a final concentration of 0.45 J.l.mol/ml and the 

reaction mixture was then incubated for 1 hr with constant 

stirring. At the end of the incubation, the solution was 

quickly frozen and stored at -75°C in a Revco freezer. For 

controls, an equal volume of 5% NaHC03-0.9% saline (vehicle 

for chelating agents) replaced the chelating agents in the 

reaction mixture. An aliquot of the reaction solution (0.6 

ml) was then fractionated on a Sephadex G-50 column (0.9 x 

85 cm) using 10 roM Tris'HCl buffer, pH 8.6, at a flow rate 

of 10 ml/hr at 4°C. The fractions of the radioactive 
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peak (s) were pooled and stored at -75°C for further 

experiments. The VelVo of peak #1 was 1.3-1.5 and of peak 

#2 was 1.8-2.0 (Fig. 4-8). 

Ul.trafil.tration Studies. A 1.0-ml aliquot of the 

pooled peak #1 or #2 from the Sephadex G-50 column (Fig. 4-

8) was centrifuged in a Centricon-3 microconcentrator (YM 

membrane, MW Cutoff 3,000) at 5,000 x g for 2 hr at 25°C. 

The solution passing through the membrane (MW < 3000) was 

called the "filtrate" and collected in the filtrate cup. 

The "retentate" (that which did not pass through the 

membrane, MW > 3000) was recovered in a retentate cup by 

inversion of the filter unit and centrifugation at 1000 x g 

for 5 min at 25 0 C. The radioactivity in the filtrate cup, 

retentate cup and membrane was counted in a LKB type-1282 

gamma counter. For the DMPA-treated group, an aliquot of 

filtrate was treated with DTT, derivatized with mBBr and 

analyzed for DMPA in the filtrate by HPLC. 

Dialysis Studies. In the other set of experiments, 

a 2.5-ml aliquot of Cd-saturated MT was incubated with 6 

~ol of DMPA or an equal volume of 5% NaHC03-0.9% saline at 

37°C for 10 min. The mixture was then applied to the 

sample cell of the dialysis apparatus (Spectrum Separation 

Cells, 2.5 ml; Membrane MW Cutoff 6,000-8,000). The buffer 

cell of the other part of the apparatus was allowed to be 

bathed with 10 roM Tris·HCI, pH 8.6. Dialysis continued for 
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15 hr at a flow rate of 16 ml/hr at room temperature. 

Elutions from the buffer cell were collected and counted 

for l09Cd. 

Statistics. The statistical significance of 

differences between groups was validated by the repeated 

measurement of analysis of variance (ANOVA). 

RESULTS 

of Dithiol Chelators. Biliary Distribution 

DMPA, DMPS and DMSA can be easily oxidized to form 

disulfides with themselves or mixed disulfides with other 

thiol compounds such as cysteine or proteins (Maiorino et 

al. , 1988a+b). After i.v. administration, the recovery of 

total DMPA (unaltered + altered) in the bile was 72.1% of 

the injected dose (Fig. 4-4). About half was in the 

unaltered form (36.1%, mainly in the initial period) and 

the other half in the altered form (36%, mainly in the 

later period). Most (93%) of unaltered DMPA found in the 

bile appeared within 40 min after injection (Fig. 4-4). 

The peak concentration occurred within 10 min. Altered 

DMPA, which is obtained by subtracting unaltered DMPA from 

total DMPA, slowly began to appear in the bile reaching a 

peak 60 min after DMPA injection. 
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Figure 4-4. Unaltered (parent form) and altered (parent 
form recovered after DTT reduction) DMPA are excreted in 
rat bile. See Fig. 4-2 legend for method. DMPA was 
administered at zero time. altered DMPA was determined by 
DTT reduction as described in the text. There were three 
rats in each group. In this and subsequent figures, error 
bars indicate standard error of the means. 
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Figure 4-5. Determination of DMPS and DMSA in rat bile. 
DMPS or DMSA (0.20 mmol/kg) was administered via the 
jugular vein at zero time. The method used was the same as 
that in Fig. 5-2. There were three rats in each group. 



109 

In contrast, most (92%) of DMPS excreted in bile was 

in its altered form with a peak concentration at 20 to 30 

minutes after administration (Fig. 4-5). The recovery of 

total DMPS in bile was 40% of administered dose; 37% was 

in altered form and only 3% in the unaltered form. Neither 

unaltered nor altered DMSA could be detected in the bile 

(Fig. 4-5). 

After injecting dimethyl-DMSA, unaltered dimethyl-DMSA 

was found in the bile within 30 min after injection (Fig. 

4-6) . The peak concentration occurred within 15-30 min. 

While neither unaltered nor altered DMSA could be detected 

in the bile after administration of DMSA, unaltered DMSA in 

extremely small amounts, however, appeared in the bile 

within 30 min when dimethyl-DMSA was given (Fig. 4-6). 

Dimethyl-DMSA Increases Biliary Excretion of 

Cadmium. When given i.v. to rats that had received l09Cd 

three days previously, dimethyl-DMSA increased the biliary 

excretion of Cd (Fig.4-7). Within 30 min of dimethyl-DMSA 

administration, the biliary excretion of Cd increased 54 

fold. A second injection of dimethyl-DMSA, three hours 

after the first, elicited a 49-fold increase in biliary Cd 

excretion within 30 min. The action was not due to the 

increase of bile flow by dimethyl-DMSA, since the bile flow 

rate during dimethyl-DMSA treatment increased only 10% 

while the concentration of Cd in the bile increased up to 
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Figure 4-6. Dimethyl-DMSA and DMSA are found in the bile 
after dimethyl-DMSA administration. Dimethyl-DMSA (0.20 
mmol/kg) was administered via the jugular vein at the time 
indicated by the arrow. See legend to Fig. 4-2 for method. 
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Figure 4-7. Dimethyl-DMSA increases biliary excretion of cadmium-109. Rats 
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Table 4-1. 1:ncrease in Biliary Excretion of Cd by 

Dimethyl-DMSA 1:s Not Due to 1:ncreasing in the Rate 

of Bile Flow. 

Bile flow rate 

(ml/30 min) 

Biliary cadmium 

(cpm/ml/30min) 

Response 

from 30 min 

before to time 

of injection 

0.314 ± 0.067 

324 ± 51 

from time of 

injection to 

30 min after 

0.347 ± 0.076 

8788 ± 1054* 

Percentage 

increase 

(%) 

10 

2616 

-----------------------------------------------------------

Bile samples from male rats (n = 3) were collected three 
days after administration of 1 mg CdC12 (30 ~Ci l09Cd)/kg 
i.p. Dimethyl-DMSA (0.20 mmol/kg ) was injected via the 
jugular vein. Data represent mean ± SEe 
* p<O.Ol (compared with that before Dimethyl-DMSA 
injection) . 
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2600% (Table 4-1). In addition, biliary GSH concentration 

was not affected by the administration of dimethyl-DMSA. 

DMPA Removes Cd from Cd-MT In Vitro. When l09Cd

MT was incubated for 1 hr at 370C and then placed on a 

Sephadex G-50 column, the radioactivity was eluted as a 

single peak (peak #1; Ve/Vo=1.4) (Fig. 4-8). After an 

identical preparation of l09Cd-MT was incubated with DMPA 

and fractionated on the same column, not only was the 

radioactivity in peak #1 decreased, but a new peak (#2) was 

eluted with a VelVo of 1.9, suggesting that a lower 

molecular weight material had been formed (Fig. 4-8). 

Whereas 100% of the radioactivity eluted in one peak in the 

case of the control. When the l09Cd-MT preparation that 

had been incubated with DMPA was chromatographed, the 

percentage of radioactivity in peak #1 was reduced to 38%. 

The second peak contained about 62% of the total amount of 

radioactivity eluted from the column. In other words, DMPA 

removed 62% of Cd from MT in this in-vitro experiment. 

In order to further prove the removal by DMPA of Cd 

from MT, dialysis (MW Cutoff, 6-8,000) of Cd-MT and its 

incubation with DMPA was performed. l09Cd eluted from Cd 

saturated MT quickly reached a plateau within 30 min (Fig. 

4-9) . In contrast, a persistent increase of radioactivity 

from the DMPA treated Cd-MT was observed even at 14 hr 

after dialysis was started (Fig. 4-9). 
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Figure 4-8. DMPA or DMSA removes Cd from MT, in vitro. DMPA, DMSA, or for the 
control 5% NaHC03-0.9% NaCl w~s incubated with Cd-saturated MT for one hr. 
After incubation, 0.6 ml of reaction mixture was fractionated on a Sephadex 
G-50 column (0.9 x 85 cm) at 4°C using 10 roM Tris-HCl, pH 8.6, with a flow 
rate of 10 ml/hr. I-' 

I-' 
.e. 
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Figure 4-9. Dialysis of Cd-MT, 109Cd and the mixture of 
Cd-MT and DMPA. DMPA or for the control 5% NaHC03-0.9% 
NaCl was incubated with Cd-saturated MT for 10 min. After 
incubation, an aliquot (2.5 ml) of the reaction mixtures or 
109Cd was dialyzed (MWCO 6,000-8,000) at room temperature, 
using 10 roM Tris-HCl, pH 8.6, with a flow rate of 16 ml/hr. 
Data represent means of three separate experiments. 



116 

Ultrafiltration (MW cutoff 3,000) of the peak 

fractions from a Sephadex G-50 column (Fig. 4-8) revealed 

that 85% of the radioactivity in the Cd-MT fraction of the 

control was recovered in the retentate (MW > 3,000) and 

only 8% in the filtrate (MW < 3,000) (Fig. 4-10). When 

peak #2 of DMPA treated sample from Fig. 4-8 was filtered 

through another membrane with a 3000 MW cutoff as above, 

only 6% of the radioactivity was found in the retentate, 

while 61% appeared in the filtrate (Fig. 4-10). Further 

analysis of the filtrate of peak #2 using DTT reduction 

followed by mBBr derivatization and HPLC, demonstrated the 

presence of DMPA in the filtrate. It is evident that DMPA, 

when incubated with Cd-saturated MT, in vitro, removes Cd 

from MT and forms a low molecular weight complex with Cd. 

Interactions of DMSA and DMPS with Cd-MT In 

Vitro. Incubation of DMSA, at the same concentration as 

DMPA, also resulted in the formation of a second peak in 

gel filtration chromatography (Fig. 4-8). The area under 

the peak #2, however, was only 27% of total peak area. 

DMSA, thus, seems less potent than DMPA. DMPS, on the 

other hand, exhibits an elution profile quite distinct from 

those of DMPA and DMSA (Fig. 4-11). It shifted the peak #1 

in control toward the left and formed a new peak (Ve/Vo = 

1. 0) (Fig. 4-11). It appears that DMPS was unable to 

compete for and remove Cd from MT in this in vitro system. 
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Figure 4-10. Cadmium-lOg of metallothionein after 
incubation with DMPA passes through a 3000 MWCO membrane. 
An aliquot of the pooled peak #1 of the control MT of Fig. 
4-8 (Ve/Vo=l. 3-1. 5) or a peak #2 of the DMPA-treated MT 
(Ve/Vo=1.0-2.0) was centrifuged in a Centricon-3 
microconcentrator at 5000 x 9 for 2 hr at 250C to obtain 
the filtrate. The retentate was recovered by inversion of 
the filter unit and centrifuged at 1000 x 9 for 5 min. The 
ordinate axis expresses the 109Cd found in the filtrate, 
retentate, and membrane as the percentage of total 
recovered 109Cd after ultrafiltration. 
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DISCOSSION 

Excretion of foreign compounds by the liver involves 

their uptake from the blood by parenchymal and/or 

nonparenchymal cells, intracellular storage and transport 

and finally excretion into blood, lymph, or bile (Reichen 

and Paumgartner, 1980). Therefore, the biliary appearance 

of a compound indicates that the compound penetrates 

through the cell membrane of hepatocytes and is 

intracellularly in its distribution. Since 36% of the 

administered DMPA was found in the bile in an unaltered 

form (Fig. 4-4), it appears that DMPA can pass through the 

cell membrane of hepatocytes. This property is extremely 

important in treatment of chronic Cd intoxication, because 

for a chelator to eliminate Cd from the body, it must be 

able to access the sites where most Cd ions are deposited 

and bound. The high percentage of DMPA in bile and a high 

ratio of unchanged functional groups may account in part 

for DMPA' s action in enhancing Cd biliary excretion. 

Compared with the results presented in Chapter 3, there is 

a good correlation between the time course of DMPA's effect 

on Cd biliary excretion (Fig. 3-2, Chapter 3) and the time 

course of DMPA biliary appearance (Fig. 4-4). 

In contrast, DMSA is not excreted in the bile (Fig. 4-

5) . This could be due to the two highly charged carboxyl 
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groups in DMSA structure that limit DMSA penetration of 

cell membranes. The extracellular distribution of DMSA has 

been demonstrated by a number of investigators (Liang et 

al., 1986; McGown, et ai, 1984; Planas-Bohne and Olinger, 

1981; Aaseth et al., 1981). When mice received 14C-DMSA, 

most of the radioactivity is found in the extracellular 

fluids and spaces (Liang et al., 1986). In the blood, DMSA 

is not taken up by erythrocytes (McGown, et ai, 1984; 

Planas-Bohne and Olinger, 1981; Aaseth et al., 1981). 

There is a possibility that DMSA may undergo extensive 

metabolic transformation in the liver. Such DMSA 

metabolite(s) might then be excreted in the bile but might 

not be reduced by DTT. This seems unlikely since 73% of 

the total radioactivity found in rabbit urine 6 hr after 

i .m. administration of 14C-DMSA was identified as the 

parent compound (Maiorino and Aposhian, 1988). In fasted 

humans, 88% of the total DMSA found in the urine 14 hr 

after oral administration of DMSA consisted of altered form 

of DMSA (Aposhian, et ai, 1989). The altered DMSA could be 

reduced to the parent compound after electrolytic or DTT 

treatment (Maiorino, et ai, 1988a). Therefore, the lack of 

biliary excretion of DMSA seems not due to its extensive 

biotransformation. 

Although DMSA is not found in the bile, dimethyl-DMSA 

indeed appeared in the bile (Fig. 4-6). Accordingly, 



121 

dimethyl-DMSA exerted a greater activity to mobilize Cd 

from the liver into the bile (Fig. 4-7). Based on such 

evidence, it could be concluded that a slightly lipophilic 

chelating agent may be necessary for detoxifying Cd in 

chronic Cd intoxication. 

In addition to the ability of a chelating agent to get 

into hepatocytes for Cd mobilization, the effective 

chelator must keep its functi6nal chelating groups active 

in the intracellular environment. Otherwise, the loss of 

active functional chelating groups may abolish the 

chelating action. DMPS is an example in this respect. 

DMPS was detected in the bile. Most (92%) of the biliary 

DMPS, however, was in an altered formes) (Fig. 4-5). Since 

the altered DMPS could be reduced by DTT to unaltered DMPS, 

it could be deduced that DMPS in bile might form disulfide 

bonds between DMPS molecules or with other endogenous 

sulfhydryl compounds. In the chronic cadmium intoxication 

model, as reported in Chapter 3, DMPS did not influence 

biliary Cd excretion (Fig. 3-2, Chapter 3) even though it 

has been detected in the bile (Fig. 4-5). The rapid loss 

of its sulfhydryl functional groups may explain its 

inability to mobilize hepatic Cd into the bile. 

The strong affinity of Cd ions to MT makes the therapy 

for chronic cadmium intoxication quite difficult. 

Compounds capable of removing Cd from MT should be of 
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promise in clinical trials, providing that they have an 

intracellular distribution. With the increasing numbers of 

chelators being recommended for Cd detoxification (Jones 

and Cherian, 1990), there is a need to establish certain 

convenient methods to compare the efficacy of different 

chelators in competition with MT. 

Cd chelators with Cd-saturated 

Incubation of potential 

MT followed by gel 

filtration fractionation, as performed in this experiment, 

may furnish a useful means for this purpose. 

The results from this in-vi tro experimental system 

clearly demonstrate that DMPA removed 62% of Cd from MT. 

Peak #2 was shown to contain both l09Cd and DMPA (Fig. 4-8 

and Fig. 4-10), indicating the formation of a complex that 

includes both DMPA and Cd. The properties of this in-vitro 

formed complex and whether it is similar to the in-vivo 

formed complex present in bile remain unknown at present. 

DMPA's ability to remove Cd from MT was also verified 

by the dialysis experiment (Fig. 4-9). Although the 

elution of radioactivity across the dialysis membrane was 

slow, a persistent efflux of Cd in DMPA-treated groups was 

observed even after 14 hr. There is a possibility that Cd 

may stick to the dialysis membrane. DMPA may simply remove 

the adhered Cd. This seems unlikely since when only l09Cd 

as inorganic CdCl2 was dialyzed under the same conditions 

over the same time period, all (100%) of the Cd was 
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recovered from the elutions (Fig. 4-9). The above evidence 

strongly supports the proposal that the increase of biliary 

cadmium following DMPA administration (Fig. 3-2, Chapter 3) 

is the result of DMPA entering hepatocytes (Fig. 4-4) and 

mobilizing and removing cadmium from metallothionein (Fig. 

4-8, Fig. 4-9 and Fig. 4-10). 

DMSA also removes Cd from MT, in vitro (Fig. 4-8), 

although it is not as efficient as DMPA in this regard. In 

the test tube, DMSA has been demonstrated to form a complex 

with Cd (Rivera, et al, 1989). Since DMSA after 

administration could not be detected in the bile (Fig. 4-

5), the failure of DMSA to mobilize Cd into the bile seems 

primarily due to its inability to enter hepatocytes. 

It is of interest to note that incubation of Cd

saturated MT with DMPS displays an entirely different 

elution pattern (Fig. 4-11). DMPS did not decrease the 

radioactivity of peak #1, nor did it result in a second 

peak. As matter of fact, DMPS appears to promote the 

formation of a large molecular weight polymer or complex. 

Cross-linking with certain reagents to form a MT polymer 

has been reported in the literature (Templeton and Cherian, 

1984). The polymers do not lose their binding capacity for 

heavy metals (Templeton and Cherian, 1984). It has been 

postulated that conditions such as thiol exposure and 

oxidation could lead to the formation of intermolecular 
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disulfide bonds, thus promoting a dimerization between MT 

molecules (Suzuki and Yamamura, 1980; Suzuki, et al, 1983). 

The biological functions of MT polymers have not been 

established, although there is an indication that the 

higher-order MT polymers may 

binding proteins (Porter, 1974). 

function as neonatal Cu

It appears that DMPS does 

not remove Cd from MT; while it may serve as a cross

linking reagent to induce the polymerization of MT' s. 

Since DMPS undergoes rapid oxidative transformation in 

liver cells or bile (Fig. 4-5), the failure of DMPS in 

removing Cd from MT may be due to its loss of sulfhydryl 

functional groups. 

It could be concluded from these studies that an 

effective chelating agent for chronic cadmium intoxication 

should consider the following factors: First, the chelator 

should be able to enter hepatocytes where most cadmium is 

deposited. Consequently, a slightly lipophilic compound is 

desirable. Secondly, the functional chelating groups of a 

chelator must be stable enough for at least a certain 

period of time. The loss of functional groups can greatly 

diminish the efficacy of a compound in mobilizing cadmium. 

Finally, a chelating agent for Cd should have a high 

affinity for cadmium so that it can compete for and remove 

Cd from its intracellular binding ligand, metallothionein. 



CHAPTER 5 

INCREASE BY DMPA 

OF BILIARY GLUTATHIONE AND 

THE POSSIBLE MECHANISMS 
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Glutathione and/or related thiols play an important 

role in the elimination via the biliary route of various 

essential metals that are physiologically required by the 

body, such as copper and zinc (Alexander and Aaseth, 1980), 

and nonessential metals that are apparently not required 

by, but toxic to the human body, such as mercury (Ballatori 

and Clarkson, 1983; Gregus, et al, 1987), lead (Klaassen 

and Shoeman, 1974; Alexander, et al, 1986), chromium 

(Norseth, et al, 1982), arsenic (Anundi, et al, 1982) and 

cadmium (Cherian and Vostal, 1977; Graf and Sies, 1984). 

This tripeptide has been suggested to constitute, before 

induction of MT, a primary cellular defense against Cd 

intoxication in whole animals (Singhal, et al, 1987; Dudley 

and Klaassen, 1984; Shukla, et al, 1988), in tissue 

preparations (Katoh, et al, 1984) and in cell cultures 

(Ochi, et al, 1988; Stacey, 1986). The high affinity of 

glutathione for cadmium as well as other metals has been 

verified under in-vitro conditions (perrin and Watt, 1971; 

Li and Manning, 1955; Fuhr and Rabenstein, 1973). Metal-
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glutathione complexes have also been proposed in bile by a 

number of investigators (Cherian and Vostal, 1977; Katoh et 

ai, 1984). The sulfhydryl group in glutathione is 

considered as an active functional group. 

reported that modulating GSH content of 

It has been 

bile by GSH 

depletors or inducers influences significantly the biliary 

excretion of Cd, Zn, and methyl Hg (Gregus and Varga, 

1985). Thus, maintaining a high GSH level might enhance 

its protective function. Nevertheless, a rapid loss of GSH 

via nonenzymatic oxidation to the disulfide GSSG has been 

reported in rat bile (Eberle, et ai, 1981). 

Many chelating agents suggested as putative Cd

eliminating agents have a unique role in increasing biliary 

excretion of cadmium (Jones and Cherian, 1990). Little 

attention, however, has been directed to whether such 

chelators, beyond their chelating action, might enhance an 

endogenous protective function by increasing biliary GSH. 

Previous work has shown that DMPA competes with 

metallothionein for Cd (Zheng, et ai, 1990), and increases 

the biliary excretion of Hg in mice (Yonaga and Morita, 

1981) and of Cd in rats (Zheng, et ai, 1990). DMPA is also 

an effective antidote for As (Stine, et ai, 1984) and 

polonium-210 (Aposhian, 1988). The purpose of the 

investigations presented in this chapter is (1) to study 

the influence of dithiol chelating agents on biliary 
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excretion of glutathione; (2) to demonstrate the mechanism 

by which the chelating agent increases GSH; and (3) to 

determine the consequence of increased GSH on biliary 

excretion of Cd. The results show that in addition to its 

chelating action, DMPA protects biliary GSH against 

autoxidation and increases biliary GSH. These actions may 

facilitate Cd elimination via the bile. 

MATER:rALS AND METHODS 

Chemicals. Chemicals were obtained from the 

following sources: Oxidized glutathione (GSSG), 

fluorodinitrobenzene (FDNB), l-y-glutamyl-p-nitroanilide 

and glycyl-glycine from Sigma, St. Louis, MO; monochloro

acetic acid (MCA) and tetrabutylammonium bromide (TBAB) 

from J.T. Baker, Phillipsburg, NJ; 1-heptanesulfonic acid 

(HSA) from Eastman Kodak, Rochester, NY; L- (as, 5s) -a-

amino-3-chloro-4,5-dihydro-5-isoxazole acetic acid 

(acivicin, AT-125) from Upjohn, Kalamazoo, MI. The sources 

for DMPA, DMSA, DMPS, monobromobimane (mBBr), 

dithiothreitol (DTT) , tetrabutylammonium hydroxide (TBAOH), 

methylene chloride and cadmium-lOg have been described in 

either Chapter 3 or Chapter 4. 
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Animals and Surgery. The sources and care of 

animals have been described in Chapter 3. Bile duct 

cannulation and the administration of chelating agents have 

been described in Chapter 3 and 4. See those chapters for 

details. 

Assay for Biliary GSH. Bile samples were 

collected at 10 min intervals directly into vials 

containing 0.1 ml of 80 roM mBBr and 1.8 ml of 0.1 M 

ammonium bicarbonate buffer (pH 8.4) in order to prevent 

the spontaneous oxidation of GSH to GSSG. The vials were 

wrapped with aluminum foil to avoid exposure to light. 

After collection, the volume of each bile sample was 

measured and the samples were extracted with 4 ml of 

methylene chloride to remove excess mBBr. The aqueous 

phase was then diluted 10-fold and an aliquot analyzed by 

HPLC. Another aliquot of the mBBr-treated bile sample 

underwent OTT reduction as described below. Reduced 

glutathione (GSH) was determined by the direct analysis of 

a bile sample by this method. Total glutathione (oxidized 

plus reduced) was determined by the same method except that 

the sample first underwent reduction and then was 

immediately derivatized with mBBr and determined by the 

same method. Altered glutathione was obtained by 

subtracting GSH from total glutathione. oisulfides were 

reduced by adding 20 J.ll of 50 roM OTT to the methylene 
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chloride-extracted samples, and incubating for 30 min at 

room temperature. The reduction was terminated by adding 

another 50 ~l of 80 roM mBBr and incubating for 10 min in 

the dark. The rest of the treatment was the same as the 

above. 

In vi tro Incubation of Bile. Up to 2 ml of normal 

bile were collected from untreated rats. One ml of bile 

was placed in a boiling water bath for 10 min and then 

cooled in a freezer (-150 C) for 1 hr. After centrifugation 

at 1500 x g for 10 min, the supernatant of normal or heated 

bile (0.5 ml) was incubated with GSH (4 ~mol/ml of bile) 

with or without DMPA (8 ~mol/ml of bile) at 37°C. At each 

time point, 50 ~l of sample was taken and treated with mBBr 

as described above. After methylene chloride extraction, 

the aqueous phase was reacted with 0.1 M FDNB at 1:1 ratio 

(v/v) for 4 hr in the dark with gentle agitation. 

In the other set of experiments, GSSG (3.3 ~mol/ml) 

was directly incubated with DMPA (10 ~mol/ml) in 0.05 M 

potassium phosphate buffer (pH 7.4). Three min after 

reaction with DMPA, an aliquot of the reaction solution was 

removed and analyzed for GSH, GSSG and DMPA by HPLC. 

BPLC Conditions. An HPLC analysis of biliary GSH, 

DMPA and y-glutamylcysteine was performed using the method 

described in Chapter 4. Samples were fractionated on a 250 

x 4.6 rom ultrasphere IP C18 reversed-phase column, using a 
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Beckman model 157 fluorescence detector with 356 nm 

excitation and 450 ± 20 nm emission filters. Separations 

were performed at room temperature and at a rate of 1 

ml/min. The mobile gradient system No. 1 was composed as 

follows: Mobile phase A was 20 roM acetic acid and 20 roM 

TBAOH in methanol. Mobile phase B was 20 roM acetic acid in 

methanol: water (25:75, v/v). To verify the identity and 

homogeneity of GSH peak in that system, mobile gradient 

system No. 2 consisting of 20 roM MCA and 10 roM HSA in 

methanol (mobile phase A) and 20 roM MCA and.l0 roM HSA in 

water (mobile phase B) was used. Chromatographic 

conditions were as follows: Separation started with 70% B 

for 2 min. A gradient change to 65% B was programmed 

wi thin 15 min and held for 2 min, followed by a liner 

gradient change to 10% B within 5 min and holding for 5 

min. After that, 70% B was reached within 2 min and held 

for 10 min (Zheng, et ai, 1991). The flow rate was 1.0 

ml/min. 

GSSG and GSH from the in-vitro incubation experiments 

were separated on the above column and assayed using a 

Beckman 164 Variable Wavelength Detector at 350 nm. In 

these separations, mobile phase A was 20 roM TBAB and 10 roM 

HAc-NaAc in methanol. Mobile phase B was 20 roM TBAB and 10 

roM HAc-NaAc in water. After 45% B for 9 min, a stepwise 
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change to 25% B was programmed within 5 min and held for 2 

min followed by 45% B within 1 min and holding for 13 min. 

Determination of GGT Activity. Rat kidney "(-

glutamyltranspeptidase (GGT) with specific activity of 150 

units/mg protein) was a gift from Dr. A. Meister, Cornell 

University, School of Medicine. The activity of GGT was 

assayed using 1 mM l-,,(-glutamyl-p-nitroanilide as substrate 

and 20 mM glycyl-glycine as acceptor in 0.1 M Tris-HCl (pH 

8.0). The reaction (final volume was 1.0 ml) was initiated 

by adding enzyme which was in 0.1 M Tris-HCl buffer. The 

rate of formation of p-nitroaniline at 37°C was measured at 

410 nm (Meister, et al, 1981) using a varian Model-2290 

spectrophotometer. 

Fractionation of Bile Sample on Sephadex G-15 

Column. Male rats (200-220 g) were injected i.p. with 1 

mg Cd (60 ~Ci l09Cd)/kg as CdC12. Three days later, the 

bile duct was cannulated and bile was collected in vials on 

ice. Bile samples were collected for 1 hr as the control. 

DMPA (0.2 mmol/kg) was administered via the jugular vein 

and bile was collected for another 1 hr. Bile samples 

(0.6-0.7 ml) were then fractionated on a Sephadex G-15 

column (1. 0 x 110 cm) and eluted with 0.2 M NaCl-0.1 M 

sodium phosphate buffer (pH 7.4) at the rate of 8 ml/hr at 

4°C. The recovery of radioactivity from the column was 

usually between 80-85%. Radioactivity of fractions was 
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counted in a LKB-1282 CompuGamma Counter. The peak 

radioactive fractions were assayed for GSH and DMPA by mBBr 

deri vatization followed by HPLC analysis as described 

above. 

TLC and Autoradiography of Bile Samples. Bile 

samples of rats pre-treated with Cd (1 mg Cd/kg, i.p.) 

followed by DMPA (0.10 mmol/kg, i.v.) administration were 

obtained as described in the above section. 

lyophilized at -75°C and redissolved in 

distilled-deionized water. An aliquot 

Samples were 

0.5 ml of 

(10 J.lI) of 

reconstituted sample was then applied onto a Baker-Flex 

cellulose TLC plate (20 x 20 cm, J. T. Baker, Inc, 

Phillipsburg, NJ). The standard complexes were made at 

room temperature according to the following ratio: GSH/Cd, 

1: 1; DMPA/Cd, 1: 1; Cysteine/Cd, 2: 1. The plates were 

developed in a mobile phase consisting of propanol, water 

and 28% ammonium hydroxide (50: 30: 20; pH 10.5) and 

autoradiographed in an intensifying screen under -75°C for 

seven days. 

Statistics. A statistical analysis was carried out 

by paired t-testing for single comparison, or by the 

analysis of variance (ANOVA) where multiple comparisons 

were required. If ANOVA revealed an overall treatment 

effect, contrast analysis was performed at individual time 

points using one-way ANOVA. 
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RESULTS 

DMPA Increases Biliary GSB. Bile samples from a 

rat given DMPA (0.20 mmol/kg, i.v.) were analyzed by HPLC 

and compared to the HPLC profile of bile from a control rat 

that had received only saline. One of the peaks was 

identified as GSH (Fig. 4-2, Chapter 4). In the bile of 

rats that have received DMPA, GSH increased approximately 

three fold within 10 min (Fig. 5-1). The increase in the 

GSH content of bile by DMPA occurred rapidly (Fig. 5-1) and 

was not due to the increase of bile flow rate. Bile 

samples were further treated with DTT in order to reduce 

disulfide bonds and to determine total glutathione. In the 

control group, the total glutathione (GSH + GSSG) during 

the one-hour collection period was 10.04 .±. 1.08 (SE) 

Ilmol/ml and for the DMPA group it was 15.48 .±. 3.60 (SE) 

Ilmol/ml. The increase of total glutathione (GSH + GSSG) by 

DMPA, however, was not significantly different from that of 

the control by one-way ANOVA. DMSA and DMPS, chemical 

analogs of DMPA, had no significant effect on biliary GSH 

(Fig. 5-2). Using the same HPLC system and in addition 

mobile system #2, no y-glutamylcysteine was found in the 

bile before or after treatment of rats with DMPA. 
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Figure 5-1. DMPA increases biliary GSH. Saline or 
DMPA (0.20 mmol/kg) was injected via the jugular vein at 
zero time. The bile samples were collected directly into 
vials containing a solution of mBBr. In this and 
subsequent figures, error bars indicate SE of the means 
(n=3). At 10 min, data of DMPA group were significantly 
different from those of saline group (p < 0.01). 
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Figure 5-2. DMSA or DMPS did not increase biliary GSH. 
The method used was the same as that in Fig. 5-1. Saline, 
DMSA or DMPS (0.2 mmol/kg) was injected i.v. at zero time. 
There were three rats in each group. 
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In-vitro Studies of GSa and DMPA in Bile. To 

elucidate the mechanism by which DMPA increases biliary 

GSH, GSH was incubated with and without DMPA in normal and 

heated bile. GSH was rapidly oxidized to GSSG when 

incubated in the normal bile (Fig. 5-3A), while the total 

glutathione (GSH + GSSG) remained unchanged. When GSH was 

incubated in normal bile with DMPA (Fig. 5-3B), the 

oxidation of GSH and subsequent formation of GSSG was 

significantly inhibited (Fig. 5-3B). Incubation of heated 

bile with DMPA (Fig. 5-3D) did not change the amount of GSH 

oxidized to GSSG as compared to the incubation with normal 

bile (Fig. 5-3B). Neither did the heat treatment per se 

(without DMPA) change the amount of GSH oxidation (Fig. 5-

3A vs Fig. 5-3C). DMSA, under the same in-vitro 

conditions, had the same effect as DMPA, although it had no 

effect on biliary GSH in vivo. 

Activity of y-Glutamyltranspeptidase (GGT). GGT 

catalyzes the initial step in the utilization and/or 

catabolism of GSH. The reaction is illustrated as follows. 

Glutathione 

+ 
L-amino acid 

GGT 

--------> 
L-y-glu-L-amino acid 

+ 
L-Cys-Gly 

Inhibition of this enzyme would be expected to cause 

an increase in biliary GSH, if other metabolic reactions of 
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GSH are not considered. In the molar ratio of 100:1 (DMPA 

: substrate), DMPA inhibited GGT activity 40% (Table 5-1). 

Its inhibitory activity, however, was about 180 times less 

potent than that of acivicin (L-(as,5s)-a-amino-3-chloro-

4,5-dihydro-5-isoxazole acetic acid), a specific inhibitor 

of GGT (Gregus et al, 1987). The inhibitory effects of 

DMSA and DMPS were even lower than DMPA (30% or 21% 

inhibition, respectively, in the molar ratio of 100: 1, 

dithiol: substrate) (Table 5-1). Thus, the inhibition by 

DMPA of the GGT-mediated GSH degradation appears to 

contribute little to DMPA's effect in increasing biliary 

GSH. The protective effect of DMPA on biliary GSH appears 

to be non-enzymatic. DMPA, DMSA and DMPS did not react 

with either the substrate p-glutamylnitroaniline or the 

product p-nitroanilide. 

DMPA Stoichiometrically Reduces GSSG. Results 

from direct incubation of GSSG with DMPA in phosphate 

buffer indicate that DMPA reduced GSSG to GSH during a 

three-min reaction. The net change of GSSG was 

approximately equal to that of the dithiol DMPA (Table 5-

2). The recovery of GSH, theoretically, should be about 

5.6 ~mol/ml. Since only 2.6 ~ol/ml of GSH was recovered 

at the end of incubation, it may be that one molecule of 

DMPA reduced one molecule of GSSG, while some of the 

resulting GSH was further altered or biotransformed. 
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Table 5-1. Dimercapto Chelating Agents Are Not 
Potent Inhibitors of y-Glutamyltranspeptidase In 

Vitro. 

AGENT 

DMPA 

DMPS 

DMSA 

BAL 

D-PEN 

ACIVICIN 

MOLAR RATIO 

(AGENT : SUBSTRATE) 

100 1 

100 1 

100 1 

100 1 

100 1 

10 1 

1 1 

0.5 1 

0.1 1 

% INHIBITION 

(AT 3 MIN) 

42.3 

29.9 

21.4 

12.9 

12.6 

100.0 

69.5 

43.7 

9.9 

The activity of y-glutamyltranspeptidase (GGT) was 

determined by the formation of p-nitroaniline at 410 nm 

(see Methods). For each group, n = 4. 
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MIN 

o 

3 

Net Change 
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DMPA Reduces GSSG Stoichiometrically. 

GSSG 

(J.Lmol/ml) 

3.23 ± 0.28 

0.45 ± 0.27* 

-2.78 

GSH 

(Jlmol/ml) 

0.49 ± 0.08 

3.05 ± 0.09** 

+2.56 

DMPA 

(J.Lmol/ml) 

9.06 ± 0.79 

6.36 ± 0.94** 

-2.70 

GSSG (3.3 ~mol/ml) was incubated with DMPA (10 ~mol/ml) in 

0.05 M potassium phosphate buffer (pH 7.4) at room 

temperature. Data represent the mean ± SE from three 

separate experiments. 

*: p < 0.03; **: p < 0.004 (compared with values at 0 min). 
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Gel Filtration and Autoradioqraphic Studies of 

Cd Complex(es) in Bile. A typical chromatogram of bile 

fractionation on a G-15 column is illustrated in Fig. 5-4. 

When bile from rats given only l09Cd was fractionated on 

the column, only one radioactive peak was found (Fig. 5-4). 

Three peaks of radioactivity were found, however, from the 

bile of rats to whom had been given l09Cd followed 24 hr 

later with Lv. injection of DMPA (Fig. 5-4). In the 

latter fractionation, HPLC analysis revealed that GSH was 

present in peak #1 and #2. DMPA was present in peak #2 and 

#3. In peak #1, GSH concentration was higher than DMPA in 

the molar ratio of tenth-order. While DMPA concentration 

in peak #2 was at tenth-order greater than GSH. In the 

control group, a single small radioactive peak contained 

GSH. It should be noted that the molar ratio of DMPA vs. 

Cd in the bile was about hundred to one in almost all of 

the cases. 

TLC and autoradiographic studies showed that Cd 

excreted in the bile correlated with GSH and DMPA (Table 5-

3). The bile samples of rats injected with DMPA contained 

primarily two components. One had an Rf value (0.26) 

similar to the authentic GSH-Cd complex (0.24). The other 

one had a higher intensity and had an Rf value (0.40) 

distinguished from Cd alone or any other authentic 

complexes including Cd-DMPA and Cd-CySH (Table 5-3). This 
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Figure 5-4. Gel filtration of bile samples collected from 
Cd-treated rats given DMPA. Male rats were administered 
i.p. with 1 mg Cd (as CdC12, 60 ~Ci of 109Cd)/kg. Twenty
four hr later, the bile duct was cannulated and bile was 
collected for 1 hr as control. DMPA (0.2 mmol/kg) was then 
injected i.v. and the bile collected for another hr. Bile 
samples (0.6-0.7 ml) were fractionated on a Sephadex G-15 
column (1.0 x 110 cm) with 0.1 M sodium phosphate buffer 
(pH 7.4) at the rate of 8 ml/hr at 4°C. The peak fractions 
were pooled and analyzed for DMPA and GSH by HPLC. GSH was 
present in peak #1 and #2; DMPA was present in peak #2 and 
#3. 



143 

Table 5-3. Thin-Layer Chromatography of Puta~ive 

Cd-Complex (es) in Rat Bile. 

Sample 

GSH : Cd 

DMPA : Cd 

CySH : Cd 

CdCl 2 

Bile S~mple 

Molar 

Ratio 

1:1 

1:1** 

3:1 

Rf Value* 

0.24 ± 0.04 

0.14 ± 0.01 

0.12 ± 0.02 

0.09 ± 0.01 

1) 0.40 ± 0.005 

2) 0.26 ± 0.005 

Bile samples were obtained from rats injected i.p. with 1.0 

mg Cd (60 ~Ci l09Cd)/kg followed by DMPA (0.2 mmol/kg, 

i.v.) administration three days later. The mobile system 

was composed of propanol: water: 28% ammonium hydroxide 

(50: 30: 20) . Rf value were calculated based on the 

autoradiographic results of l09Cd. 

* All data are expressed as mean ± SD (n = 4) 

** Complexes of DMPA-Cd at the different molar ratio (3:1, 

5:1) display the same Rf value (0.14). 
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component may represent a multi-molecule-complex rather 

than a simple conjugate of Cd with either DMPA or GSH. 

DJ:SCUSSJ:ON 

GSH functions to maintain the thiol ~edo~ state of 

cellular proteins and is an important participant in the 

detoxification of many foreign and endogenous substances 

(Reed, 1990; Comporti, 1987; Farber, 1987; Meister and 

Anderson, 1983;). The functional thiol group in the 

cysteine moiety plays a vital role in all these cellular 

processes. Not only does the increase of reduced GSH 

protect hepatocytes from injury caused by various 

environmental toxicants, but it also enhances the 

elimination of toxicants, especially heavy metals via the 

bile (Gregus, et aI, 1987; Gregus and Varga, 1985). The 

alteration of GSH level by depletors, diethyl maleate (DEM) 

and methyl iodide, or inducers, phenobarbital and 

pregnenolone-16a-carbonitrile (PCN) , causes a decline, or 

enhancement of Cd biliary excretion, respectively (Gregus 

and Varga, 1985). The present experiments show that DMPA, 

a metal chelator, 

biliary GSH (Fig. 

when given Lv. 

5-1) . Since 

significantly increased 

DMPA removes Cd from 

metallothionein and enhances Cd biliary excretion {Zheng, 



145 

et al 1990), the increase of biliary GSH by DMPA might be 

helpful in the mobilization of Cd. Unlike DMPA, however, 

DMSA and DMPS, compounds analogous in structure to DMPA, 

neither increased the biliary excretion of GSH (Fig. 5-2), 

nor that of Cd (Fig. 3-2, Chapter 3) . 

DMPA protected GSH against the oxidation in the bile 

(Fig. 5-3). The rapid autoxidation of GSH in the bile and 

other physiological fluids has been demonstrated by a 

number of investigators (Eberle, et al, 1981; Joshi, et al, 

1987; Busse, et ai, 1987; Mulder and Kostyniak, 1985; 

Anderson and Heister, 1980). Some enzymes such as 'Y-

glutamyltranspeptidase or glutathione oxidase have been 

shown to be involved in this process (Meister and Anderson, 

1983; Tate and Orlando, 1979). The inhibition by DMPA of 

GSH oxidation might be enzyme-mediated. If DMPA did 

inhibit or stimulate specific enzymes involved in GSH 

metabolism, it would be expected that heating the bile, the 

process that denatures the enzyme activities in bile, might 

decrease or abolish the protective effect of DMPA. Our 

results demonstrated that in the heated bile, DMPA 

exhibited the same protective effect on GSH as it did in 

the normal bile (Fig. 5-3D vs. Fig. 5-3B). On the other 

hand, DMPA is an extremely weak inhibitor of GGT, a major 

enzyme involved in the degradation of glutathione. Hence, 

the modulation of biliary GSH by DMPA appears to be non-
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enzymatic. Since the amounts of GSH oxidized to GSSG in 

the bile were not affected by heat treatment per se 

(without DMPA) (Fig. 5-3A vs. Fig. 5-3C), the enzymes 

present in the bile do not seem to be responsible for GSH 

oxidation. 

Maintaining cellular GSH involves both de novo 

synthesis and recycling from its oxidized form, GSSG. The 

latter process requires reducing equivalents from either 

NADPH or some other cellular sources (Meister and Anderson, 

1983). It has been reported that exposure to Cd induces 

metallothionein but not hepatic and renal glutathione 

(Eaton, et al, 1980). The mechanism by which DMPA 

increases GSH seems due mainly to its ability to modulate 

the GSH/GSSG ratio. This was supported by the following 

observations: (a) DMPA significantly inhibits, in vitro, 

the oxidation of GSH to GSSG in normal and in heated bile 

(Fig. 5-3B, D) ; (b) DMPA stoichiometrically reduces the 

disulfide bond of GSSG (Table 5-2); and (c) DMPA chelates 

Cu++ (Aposhinn, ct al, 1989) which 

autoxidation of GSH (Busse, et al, 1987). 

catalyzes the 

The chelation of 

Cu++ by DMPA is a possible mechanism for its activity in 

modulating the GSH/GSSG ratio. Based on the above 

evidence, it appears that DMPA produces a reducing 

environment in hepatocytes and in bile canaliculi so as to 

prevent the rapid turnover of GSH. More GSH might then be 
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available for metal transport and for protecting against 

cellular injury caused by toxic metals. 

The biochemical mechanism of Cd cytotoxicity is 

generally believed to be associated with its interaction 

with essential metals and its binding with sulfhydryl 

groups to interrupt the normal functions of a variety of 

biological macromolecules (Vallee and Ulmer, 1972). 

Numerous reports demonstrate that GSH ameliorates Cd

induced cell injury (Stacey, 1986; Ochi, et ai, 1988; 

Singhal, et ai, 1987). The defensive effect of GSH against 

Cd intoxication could be due to the role of GSH in 

protecting cells from metabolic stress induced by Cd such 

as active oxygen species and free radicals (Ochi t et al, 

1987; Ochi and Ohsawa, 1985), or more simply, due to the 

increase of binding of Cd with GSH to enhance its 

elimination as proposed by Cherian and Vostal (1977) and 

Gregus, et ai, (1987). When the bile from rats pretreated 

with Cd followed by DMPA administration was fractionated on 

a size-exclusion column, l09Cd and GSH were eluted in the 

same fractions (Fig. 5-4). In autoradiographic studies, 

the bile sample from DMPA-injected rats displayed a spot 

having the same retention value as the authentic GSH-Cd 

complex (Table 5-3). It is evident that one of the forms 

by which Cd is eliminated in the bile after DMPA treatment 

is the GSH-Cd complex. Hence, promoting the formation of a 
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GSH-Cd complex by DMPA may contribute to its effect on 

biliary Cd elimination. Since the Rf value of the higher 

density component was distinct from all standards including 

GSH-Cd, DMPA-Cd, CySH-Cd and l09Cd alone (Table 5-3), the 

complex as such might have a different combination of Cd, 

GSH or DMPA. 

In conclusion, the dithiol chelating agent DMPA has 

multiple actions. Besides its chelating action, DMPA 

increases biliary GSH and promotes the formation of a GSH

Cd complex. The mechanism for increasing GSH appears to be 

that DMPA protects GSH against autoxidation. Although the 

separation and identification of such naturally-formed 

complexes are difficult to achieve, the outcome from such 

efforts would be of value in understanding the mechanisms 

of Cd detoxification. 
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N-(2,3-dimercaptopropyl) phthalamidic acid (DMPA) is 

a dithiol chelating agent with antidotal activity for lead, 

mercury, arsenic and polonium. DMPA (0.10 mmol/kg, i.v.), 

when given to rats three days after exposure to Cd, 

elicited within 30 min a twenty-fold increase in biliary Cd 

excretion. The concentration of GSH in rat bile was also 

increased three fold as compared to control. The effect of 

DMPA on biliary Cd was dose-dependent. The increase of 

both biliary Cd and GSH by DMPA was not due to an increase 

of bile flow rate. Meso-dimercaptosuccinic acid (DMSA) and 

2,3-dimercapto-l-propane sulfonic acid (DMPS), chemical 

analogs of DMPA, did not significantly increase biliary 

excretion of Cd, nor did they affect biliary GSH. 

Studying biliary distribution of these dithiol 

compounds revealed that after i.v. administration of DMPA, 

72% of the injected dose was recovered in the bile. Half 

of the recovered DMPA was in the unaltered form (parent 

compound) and the other half was in the altered form 

(parent compound recovered after chemical reduction by 

DTT). An altered, presumably disulfide, form of DMPS was 

found in the bile. Neither unaltered nor altered DMSA was 

detected in the bile. DMPA and DMSA removed Cd from Cd-
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saturated metallothionein in vitro. DMPA, however, was 

more active than DMSA in this respect. 

DMPA when incubated with GSH in unhea.ted or heated 

bile, significantly protected GSH from autoxidation. DMPA 

stoichiometrically reduced GSSG in vitro. DMPA inhibited 

the activity of y-glutamyltranspeptidase (GGT) , in vitro; 

but the effect was much less than acivicin, a specific GGT 

inhibitor. The protective effect of DMPA on biliary GSH 

appears to be non-enzymatic and due mainly to modulation of 

the GSH/GSSG ratio. Gel filtration and TLC study of bile 

samples from rats pretreated with l09Cd followed by DMPA 

injection, showed that the radioactivity of Cd was 

correlated with both GSH and DMPA. The evidence strongly 

supports the mechanism that the increase of biliary cadmium 

following DMPA administration is the result of DMPA 

entering cells, and mobilizing and removing the cadmium 

from metallothionein. Protection of GSH from autoxidation 

by DMPA may facilitate Cd elimination via the bile. The 

removal of cadmium from metallothionein by dithiol 

chelating agents provides another dimension to their 

mechanisms of action and may provide an important new tool 

for the study of cadmium as well as metallothionein. 
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VENCUS BLOOD OF DURAL 
SINUSES AND SPINAL VEINS 

Arachnoid villi 

Figure 1. Schematic diagram of the blood-brain barrier, blood-CSF 
barrier and brain-CSF interface that separate the brain and CSF from 
the cerebral vascular compartment (Carpenter and Sutin, 1983). ~ 
blood-brain barrjer is a series of interfaces between arterial blood, 
CSF and neural tissue that regulate the transport of chemical 
substances. Tight junctions between endothelial cells of cerebral 
capillaries restrict the passage of solutes from the blood into the 
extracellular compartment (i.e., interstitial fluid). The blood-CSF 
barrjer is formed by tight junctions surrounding apical regions of 
the cuboidal epithelium of the choroid plexus (see Fig. 2). ~ 
hrrti n-Cl';F' interface, consisting of the ependymal lining of the 
cerebral ventricles and the pia-glial membrane on the external 
surface of the brain, does not impede the exchange of solutes between 
the CSF and the brain. 
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Figure 2. Microscopic structure of choroid plexus showing 
the three layers of tissue between blood and cerebrospinal 
fluid (Nolte, 1988). The choroid plexus is covered by a 
single layer of cuboidal epithelium with apical microvilli 
protruding into the ventricular CSF. The base of these 
cells rests upon a basement membrane. Tight junct ions 
connecting apical regions of the epithelial cells 
constitute the hlood-CSF harder. The underlying 
connective tissue stroma contains capillaries with 
fenestrations. Substances pass through the fenestrated 
capillary and through the extracellular space of the pia 
mater but cannot pass through the bands of tight junctions 
between choroidal epithelial cells. They must pass through 
these cells by an active transport system. 
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APPENDIX II 

INFORMATION ABOUT DMPA 

N-(2,3-dimercaptopropyl)-phthalamidic acid; N-

(2,3-dirnercaptopropyl)-rnonoarnidephthalic acid; 2- [ [2,3-

dirner-captopropyl) amino] carbonyl] benzoic acid; DMPA. 

Molecular weight, 271.36. C 48.69%, H 

4.83%, 0 17.69%, N 5.16%, ~ 23.63%. A rnercapto-derivative 

of phthalic acid. Preparation: Portyagina and Morgun 

(1966) . 

Crystal; 

~COOH 

~ CONHCH2 CH -CH2 
I I 

colorless; 

s S 
H H 

melting point, 103-105 0 C. In 

nonbiological systems, DMPA forms relatively stable 

complexes with cadmium, zinc, or mercury (Portyagina and 

Morgun, 1966). 

LDsO in mice: 300 mg/kg, s. c. (Yonaga and Morita, 

1981); 220 mg/kg, i.p. (Stine, et al, 1984). 
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