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PREFACE

Publishing the results during the research period, offers the opportunity

to enter the discussion on Brindled mice and on Menkes' disease in literature

and facilitates the contacts with other research workers. Furthermore, the

dissemination of information by means of publications is much wider than by

means of a "usual" thesis.

Unfortunately, a compilation of papers (see chapter VII) - the core of

this thesis - is not easy to read. Therefore, various chapters are included

which should offer the reader a survey. In chapter I, GENERAL INTRODUCTION, the

relevant literature is reviewed. In chapter II, EVALUATION OF THE EXPERIMENTAL

WORK, important experimental results, described in the papers, are evaluated and

compared with those described in literature. Finally, in chapter III, GENERAL

DISCUSSION, models are discussed which describe the copper metabolism in normal

and mutated Brindled mice. Since Brindled mice are the animal model for Menkes1

disease, special attention is paid to differences between the results obtained

with hemizygous Brindled mice and those obtained with Menkes patients.
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CHAPTER I

GENERAL INTRODUCTION

1,1 Copper metabolism

During the post-glacial period (5000 to 3000 B.C.) man discovered the use-

fulness of copper and its alloys for general purposes (Renfrewr 1980). As early

as Hippocrates (400 B.C.) copper compounds were used in the treatment of a

variety of diseases. Around 1800 A.D. copper was demonstrated in plants and

animals but the occurrence was assumed to be accidental (Mason, 1979).

In 1928 Hart et al. proved that copper was essential for the blood forma-

tion in the rat. Not only for the rat but for many other species is copper an

essential trace element (Underwood, 1977). Many factors have contributed to the

extensive research of copper metabolism in man and animal. The main factors

are, first, the occurrence of copper toxicity and copper deficiency in farm

animals and man, second, the availability of sensitive and accurate analytical

methods (spectrophotometry, atomic absorption spectrometry, neutron activation

analysis) for the determination of the copper concentration in organs and body

fluids, and third, the occurrence of two genetical defects in copper metabolism

in man, viz., Wilson's disease and Menkes' disease.

1.1.1 Copper metabolism in man and animal

Copper metabolism is extensively reviewed by Scheinberg and Sternlieb

(1960), by Underwood (1977) and, recently, by Mason (1979). Qualitatively,

there are only minor differences between copper metabolism in man and animal.

Therefore, the results obtained with animals and humans are intermingled for

the description of those features of copper metabolism, which are involved in

the abnormal copper metabolism in Menkes patients and mutated Brindled mice.

The major sites of absorption of alimentary copper are located in the

stomach and the upper part of the small intestine (Van Campen, 1971). The per-

centage of copper absorbed from the intestinal lumen and released from the in-

testinal mucosa into the blood circulation varies between 40 and 60 percent

(Sternlieb, 1967; Strickland et al., 1972; King et al., 1978). In the absorp-

tive cells of the gastrointestinal tract, the surplus of copper is stored as

copper-metallothionein (Hall et al., 1979) and is excreted when the cell dis-

integrates after desquamation.



After release of the absorbed copper into the blood circulation, copper is

loosely bound to albumin and araino acids. This form of chemically bound copper

is called free-copper. Free-copper represents only 7% of the plasma copper. The

other form of chemically bound plasma copper is copper, which is incorporated

in ceruloplasmin. This plasma protein (molecular weight 133,000 dalton) is

synthesized by the liver, and contains 0.3% copper. Free-copper is the only

form of plasma copper which is interchangeable with copper in tissues and in

other body fluids.

In the neonate the copper concentration in plasma is low since a minor

amount of copper is present as ceruloplasmin bound copper. However, the free-

copper concentration is slightly increased (Linder & Munro, 1973). Since apo-

ceruloplasmin is immunologically detectable in the plasma of the neonate

(Matsuda et al.f 1974) these results indicate that the liver is, to a low

extent, able to incorporate copper in apoceruloplasmin. Witi»? i. a year after

birth the copper and ceruloplassin concentrations of the plasma reach the adult

level (Linuex & Munro, 1973).

Copper, taken up by the cell, is among other things incorporated in

various metalloproteins and metalloenzymes (Scheinberg & Sternlieb, 1960),

viz., superoxide dismutase, cytochrome c oxidase, tyrosinase, monoamine oxi-

dase, and ceruloplasmin (only in the liver).

Depending on the cell type, copper is excreted in bile, urine, saliva,

sweat and gastrointestinal juice. Limited research is done on the excretion of

copper through gastrointestinal juice, sweat and saliva. The latter two are

quantitatively equal to the amount of copper excreted via the bile. However,

the copper excretion through the bile is the only way of excretion which is

under homeostatic control (Mason, 1979).

In the cytoplasm of the liver copper is bound to three protein fractions

with a molecular weight oii G-75 gelfiltration of t 70,000 (void volume) ,

30,000 and 10,000 dalton, respectively (Prins & Van den Hamer,-. 1979a: paper

III; 1980: paper VI) . The protein fraction with a molecular weight of 30,000

I dalton contains superoxide dismutase,'a copper-, zinc-enzyme. It is unlikely

; that this enzyme functions also as a specific metal storage and transport
l

protein (Bremner, 1980). The third copper-binding protein fraction (molecular

r weight 10,000 dalton) is metallothionein (see section 1.4), a protein which

'. binds the surplus of copper which is taken up by the liver. Hardly anything is

. known about the copper-binding proteins in the void volume fraction (molecular

= weight 2: 70,000 dalton). However, it is doubtful that the copper in this frac-

tion represents newly synthesized ceruloplasmin (Weiner & Cousins, 1980).

Apart from its presence in the cytoplasm, copper occurs in the subceHular



fractions. The microsoraal fraction contains copper, which is incorporated in

newly synthesized proteins. In the initochondrial fraction copper is bound to,

e.g., cytochrome c oxidase. The lysosomal fraction contains copper, which orig-

inates from catabolized copper-proteins, and which will be excreted in the

bile (Evans, 1973). The nuclear and lysosomal fraction could serve as a tempo-

ral storage when the capacity of metallothionein in the cytoplasm is insuffi-

cient.

In the perinatal period copper accumulates in the liver. It depends on the

isolation procedure whether the copper accumulation is found in the cytoplasm

as metallothionein (Rydén & Deutsch, 1978) or in the mitochondrial fraction

(Porter et al., 1964) as mitochondrocuprein (poly-metallothionein). The accumu-

lation in fetal liver could be explained by the absence of bile excretion

(Mearick & Mistilis, 1969) or the excess of copper represents a reserve for

requirements in the postnatal period (Mason, 1979), a period, in which the in-

take of copper from the milk diet (low in copper) is marginal (Cavell &

Widdowson, 1964). In section II.1.1 the physiological importance of the peri-

natal hepatic copper accumulation will be further discussed.

In the kidney the copper distribution over the cytoplasmic copper-binding

protein fractions is qualitatively similar to that in the liver ' (Prins & Van

den Hamer, 1979a: paper III). Free-copper bound to amino acids is ultrafiltrat-

ed in the glomeruli and appears in the primary urine. Via the tubular cells

this copper is reabsorbed into the blood circulation. It is not clear to which

protein fraction the reabsorbed copper is bound in the tubular cell. The excre-

tion of copper via the urine is under normal conditions of minor importance.

The copper metabolism in the brain is poorly investigated (Prohaska a

Wells, 1974). The uptake of radioactive copper in the brain is slow as compared

to that in the liver. The copper-proteins superoxide dismutase, cytochrome c

oxidase, -dopamine-f5-hydroxylase (Hunt, 1977) and metallothionein (Chen &

Ganther, 1975) have been determined in the brain. However, hardly anything is

kno-..n about the requirement for copper and the effect of the copper status on

the morphology of the brain in the perinatal period.

1.1.2 Abnormalities in copper metabolism

In animals copper deficiency occurs as result of an insufficient amount of

copper in the diet or of a lower availability of alimentary copper as result of

dietary factors. Differences in the number and sequence of the symptoms of

copper deficiency are due to variations between species and genetical variation

within species (Underwood, 1977). In man, natural occurrence of copper defi-



ciency is only described in premature infants (Graham & Cordano, 1976). These

infants lack the copper stores which are built up in the last period of gesta-

tion. Shortly after birth, the limited copper stores are exhausted, which is

accelerated by milk diets, which are low in copper, and the first symptoms of

conper deficiency become manifest. See also section II.1.1.

In diseases in which pathological conditions, e.g., intestinal malabsorp-

tion, chronic diarrhea, or short bowel resection, interfere with the capacity

of the alimentary copper absorption, copper deficiency can occur (Mason, 1979).

Copper deficiency is characterized by neutropenia, osteoporosis, depigmen-

tation of hair, neurological abnormalities, hypocupremia and the response to

therapeutically given copper. All symptoms of copper deficiency disappear with

the restoration of the proper copper status (Underwood, 1977).

Copper toxicity occurs after excessive intake of copper, or after blocking

of the biliary excretion of copper. Excessive intake could result from acciden-

tally drinking of copper solutions, from drinking copper solutions as a mechan-

ism for suicide, from dialysis with copper-containing membranes, or from

treatment of the denuded skin with copper sulfate crystals (Scheinberg &

Sternlieb, 1976; Mason, 1979).

In sheep, toxic amounts of copper are accumulated in the liver as result

of liver damage due to feeding Hetiotropium europaeum, a plant which contains

hepatotoxic alkaloids (Underwood, 1977). In man, a hepatic accumulation of

copper can occur under chronic cholestatic conditions (Janssens a Van den

Hamer, 1980).

In literature, abnormalities in copper metabolism are also described for

genetic defects. Wilson's disease (Scheinberg & Sternlieb, 1965) is an autoso- ;

'mal recessive disease characterized by accumulation of copper in the liver

(hemolytic crises), in the brain (neurological disorders), and in the cornea

(Kayser-Fleischer ring) and by hypocupremia due to an impaired ceruloplasmin

synthesis. The accumulation of copper is probably caused by an impaired biliary

excretion of copper (Sternlieb et al., 1973). The decreased ceruloplasmin syn-

thesis could be related to the dysfunction of the liver. There exsist two ways /,

of therapy, i.e., by increasing the urinary excretion of copper or by decreas-

ing the copper absorption from the intestine. The urinary excretion is in-

creased by administration of D-penicillamine (Walshe, 1956). Free-copper is

sequestered by D-penicillamine and the copper complex is preferentially ex-

creted in the urine. The D-penicillamine therapy also results in a decreased

uptake of copper by the tissues and thus prevents copper intoxication. The

resorption of alimentary copper can be depressed by enlargement of the trapping

capacity of intestinal metallothionein for copper. Therefore, the amount of in-



testinal metallothionein is increased by induction of the synthesis of sietallo-

thionein with orally given zinc (Hoogenraad et al., 1978).

The animal model for Wilson's disease is probably the Bedlington terrier.

These dogs have a defect which results in a toxic accumulation of copper in the

liver (Twedt et al., 1979).

Menkes' disease (Menkes et ai., 1962; Danks et al.f 1972a) is another

hereditary disease with an impaired copper metabolism (see section 1.2) . The

inborn error of Menkes1 disease is subject of this thesis. An animal model for

Menkes1 disease is the mutated Brindled mouse (Hunt, 1974). The mutation in

Brindled mice, one of the five mottled mutants of the house mouse, is homolo-

gous to the mutation in Menkes' disease. The Brindled mice are used as an ex-

perimental model for research of the copper metabolism in Menkes1 disease (see

section 1.3).

1.2 Menkes' disease

In 1962, Menkes et al. described a nev degenerative disease of the central

nervous system as a "sex-linked recessive disorder with retardation of growth,

peculiar hair and focal cerebral and cerebellar degeneration". This disorder

will be referred to as Menkes' disease. Synonyms for Menkes' disease are

"kinky-hair disease", "Menkes1 kinky-hair syndrome", "steely hair disease",

"trichopoliodystrophy", and "X-chromosome linked copper malabsorption (X-cLCM)".

Dp to now at least 60 Menkes patients are described in literature (Dobrescu et

al.f 1980). Assuming 80% ascertainment the estimated frequency is 1 in 35,000

live births (Danks et al., 19y4). For a review see French (1977).

The first symptoms appear within the first month after birth. Although

the sequence of appearance and the number of symptoms are not the same for all

Menkes patients, most symptoms have been observed in each Menkes patient.

Symptoms for Menkes' disease are:

Hair : pili torti (tight twisting of the hair around the longitudinal

axis), monilethrix (periodic increases in cross diameter along

its length), trichorrhexis nodosa (fractures of the hair shaft

which are nodular and frayed), depigmentation;

Brain : convulsive seizures and failure to thrive; milestones as head

control and smiling are usually achieved but are eventually

lost and the patient gets into a vegetative state; degenerative

changes in cerebrum and cerebellum, gliosis and aberration of

Purkinje cells;

Eye : blindness as result of degenerative changes in the retina;



Skeleton : Wormian bones in the skull and bilateral metaphyseal spurring

of the long bones;

Blood vessels : tortuosity of the vessels in brain and abdomen in combination

with defects in the internal elastic lamina and a hyperplasia

of the overlying intima.

Other symptoms are poor weight gain, hypothermia and metachromasia of in vitro

cultured fibroblasts.

1.2.1 Copper metabolism in Menkes' disease

Danïis et al-, (1972a) associated the changes in the arterial wall of

copper deficient chicks and the depigmentation of wool produced by copper de-

ficient sheep with the similar symptoms of Menkes1 disease and investigated

the copper metabolism of Menkes patients. The serum concentration of copper

and ceruloplasmin was low. Together with the decreased copper concentration of

the brain and the liver it was concluded that Menkes patients suffered from

copper deficiency.

Orally administered copper temporarily improved the clinical status.

Studies with radioactive copper ( Cu) revealed that the plasma clearance of

intravenously given Cu was normal but orally given Cu hardly appeared in

the plasma of Menkes patients (Oanks et al, 1972b) . In addition with the in-

creased copper concentration in biopsies of duodenal mucosa (Danks et al.,

1973), Danks hypotesized that " . . . evidence for a defect in the intestinal

absorption of copper is given. Treatment of Menkes1 syndrome may become possi-

ble as result of these findings." (Danks et al., 1972b).

Since intravenously given copper is normally taken up by the tissues a

variety of copper complexes were parenterally given as therapy for Menkes1

disease (Mason» 1979). Copper sulfate, copper acetate, copper albumin, copper

edta, CuCl» + histidlne and ceruloplasmin were used during 7 to 427 days,

startirg even three days after birth. However, even after a temporal improve-

ment, all treatments failed as a therapy for Menkes' disease.

In 1975, Heydorn et al. measured the copper concentration in organs of a

male fetus of a woman who had previously given birth to two Menkes patients.

The copper concentrations in kidney, spleen, pancreas and placenta were signif-

icantly increased as compared to those of age matched controls, whereas the

hepatic copper concentration was significantly decreased. However, the total

amount of copper in the fetus was at least equal to that of age matched con-

trols. This indicates that even in utero the distribution of copper over the

tissues is changed. Table 1 gives the copper concentration in tissues of



Table 1. Coppep aoncentration in tissues of Menkes and contpol fetuses

The results are expressed as ligCu/g wet tissue.

(Casey a Robinson, 1978; Heydorn et al., 1975; Nooijen et al., 1981; Van den

Hamer et al., 1979).

Tissue Menkes Controls

Liver

Brain (cerebral cortex)

Kidney (cortex)

Pancreas

Lung

Muscle and skin

Placenta

2.8

0

5.9

15

1

1

12;

- 11.8

.17

; 17.3

.3

.84

.7

14.5

19

0.27

0.5

1.27

0.3

0.25

0.76

-119

1.7

1.14

1.74

0.57

1.7

0.86

Menkes fetuses and age matched controls. Not only in the fetus but also in

Menkes patients the copper concentration of various organs is increased (Table

2). As result of copper therapy copper accumulates further in these organs, the

hepatic copper concentration is normalized but the copper concentration of the

brain remains at a subnormal level. The copper concentration of the brain will

be discussed in more detail in section III.2.1.

Studies of the copper metabolism of cultured fibroblasts and of amniotic

fluid cells of Menkes patients revealed that the copper concentration in these

cells is significantly increased (Gok a et .ii~., 1976; Camakaris et al., 1980).

After incubation in a medium which contains radioactive copper, Cu is accumu-

lated (Horn, 1976). The enhanced incorporation of Cu in amniotic fluid cells

of Menkes patients is now used as a genetic marker of Menkes1 disease for pre-

natal diagnosis of Menkes patients (Galjaard, 1980) .

Due to the prenatal diagnosis the number of Menkes patients decreases.

However, cultured fibroblasts of Menkes patients offer the opportunity to per-

form further research on Menkes' disease. In Menkes fibroblasts the abnormal

amount of copper is stored in a cytoplasmic protein fraction with a molecular

weight of 10,000 dalton, which is probably metal lothionein (Beratis et al.f

1978; Garnica et al-, 1978).

In conclusion, the mutation for Menkes' disease results in an abnormal

distribution of copper and is already active in the prenatal period of life.

Copper accumulates in various tissues, e.g., kidney, pancreas, muscle, intes-

tine, lung, skin and placenta. Liver and brain are tissues with a decreased

copper concentration.

The symptoms of Menkes1 disease can be explained by the inactivity of



Table 2. Copper conoentvation in body fluids and tissues of Menkes patients

- with and without copper therapy - and age matched controls

(Aoki & Nakahashi, 1977; Daitih et al. , 1978; Danks et al., 1974; Dekaban &

Steusing, 1974; Garnica & Fletcher, 1975; Garnica et al., 1977; Grover a

Scrutton, 1975; Horn et al., 1978; Lott et al., 1975; Van den Hamer et al.,

1979; Walker-Smith et al., 1973; Wehinger et al., 1975,- Williams et al., 1977;

Williams et al., 1979).

Body fluid, tissue Menkes patients Controls

without with

copper copper

therapy therapy

Plasma (ygCu/ml)

Ceruloplasmin (mg/100 ml)

Urine (ugCu/24h)

Liquor (ygCu/ml)

Amniotic fluid (VgCu/ml)

Liver (pgCu/g wet tissue)

Brain (cerebral cortex)

(ugCu/g wet tissue)

Kidney (cortex)

(VgCu/g wet tissue)

0

0

5

0

2

0

8

.1

.02

0

.0

.2

0.

7

- 15

0.

.26

3.

0.

- 100

5

04

7

6

0.8 -

14

39

-

-

5

0.8 -

48

2.0

38

95

10

1.4

150

0.9

18

3

0.03

0.03

3.4

2.3

2.0

- 1

- 39

- 28

- 0

- 0

- 58

- 2

- 2

.1

.05

.09

.9

.5

copper-containing enzymes. The failure of copper therapy indicates that, in

contrast to natural occurring copper deficiency, parenterally given copper is

not able to restore all copper depleted compartments or that the copper defi-

ciency caused irreversible damage which cannot be recovered by copper supple-

tion.

1.3 Brindled mice , animal model for Menkes1 disease

The Brindled allele (Mo ) arose spontaneously in the C57BL inbred strain

(Fraser et al., 1953). The Brindled allele is one of the six alleles of the

mottled locus on the X-chromosome (Falconer, 1953; Hunt, 1974). Four genotypes

*)
All research has been carried out with Brindled mice. Unfortunately, in the

first two papers the mice have been mentioned erroneously as Blotchy. See

also Prins & Van den Hamer, 1979a: paper III.



are distinguished, viz., normal male and female, heterozygous female {HcJ°x/+)

and hemizygous male (Mo * ) .

The hemizygous males are almost devoid of pigment. The vibrissae are

strongly curled and the coat is wavy. The mice have a slight tremor, an uncoor-

dinated manner of walking and clasp the hind feet when held up by the tail. The

hemizygous Brindled male (Mo E ) will be referred to as "Menkes" mice. They

die usually between 14-21 days post partum but a few are viable and fertile

(Yajima & Suzuki, 1979a).

The heterozygous females (Mo ) have a variegated coat color, the

vibrissae are curly but the coat is not waved. They are viable and fertile.

The "Menkes" mice have an inherited deficiency of the neurotransmitter

noradrenaline (Hunt a Johnson, 1972). The deficiency was explained by a defec-

tive hydroxylation of dopamine to noradrenaline arising as result of a defect

in the enzyme dopamine-3-hydroxylase or as result of the presence of an inhibi-

tor of this enzyme.

Research on the connective tissue abnormalities of the "Menkes" mice

revealed that the low tensile strength was due to an impaired formation of

cross-links in collagen and elastin (Rowe et al., 1974), indicating that the

"Menkes" mice are not able to generate allysine required for cross-link forma-

tion. A link was made with the connective tissue abnormalities in Menkes

patients and in copper deficient pigs. Both suffer from an inactive copper-

containing enzyme, viz., lysyl oxidase.

The neuronal degeneration of the brain of "Menkes" mice was extensively

investigated. Neuronal degeneration was found in the cerebral cortex and in the

thalamic nuclei (Yajima & Suzuki, 1979d). The degenerating cortical neurons

contained enlarged mitochondria. These abnormal mitochondria were also apparent

in cortical neurons which appeared normal (Yajima & Suzuki, 1979c). This could

indicate that an inactivity of cytochrome c oxidase in the mitochondria

preceded the neuronal degeneration.

In the long-surviving hemizygous Brindled mice the neuronal degeneration

gradually disappeared in the cerebral cortex and proceeded in the underlying

white matter (Yajima & Suzuki, 1979a; 1979b). The latter situation is compara-

ble to that described for Menkes1 disease (Ghatak et al., 1972; Williams et

al., 1978). The cause of the change in site of the neuronal degeneration in

relation to age in "Menkes" mice remains obscure.

1.3.1 Copper metabolism in Brindled mice

Hunt (1974) investigated the copper metabolism of Brindled mice. The



initial uptake of Cu in the intestine of normal and "Menkes" mice was found

to be equal. But, in the latter, the copper concentration was increased in the

intestinal wall and in the kidney and was decreased in liver and brain (Hunt,

1976). In vitro, it was found that the copper metabolism of cultured fibro-

blasts of hemizygous Brindled mice and Menkes patients were altered similarly

(Camakaris et al., 1980). All these results indicate that the mutations in

"Menkes" mice and in Menkes patients are probably homologous (Danks, 1977).

Biochemical research of copper enzymes revealed that the enzyme activity

of cytochrome c oxidase, superoxide dismutase and 5-amino-levulinate dehydra-

tase in the liver of "Menkes" mice is normal (Hunt, 1977). Although the copper

concentration is decreased in the liver óf these mice as compared to age

matched normal Brindled mice, sufficient copper is available for the intra-

cellular copper enzymes.

In the brain the activities of the copper-containing enzymes cytochrome

c oxidase and superoxide dismutase are significantly decreased but the mono-

amine oxidase activity is normal. The elevation of the activity of dopamine-

3-hydroxylase in vitro is explained by the activation of previously inactive

enzyme by addition of copper to the assay system. In vivo, copper ions inacti-

vate the inhibitors of dopamine-$-hydroxylase. In the "Menkes" mice the enzyme

concentration could be increased in order to counteract the diminished effect

of the inactivation of the inhibitors by copper ions as result of the copper

deficiency. However, the subnormal noradrenaline concentration indicates that

the increase of the amount of enzyme is insufficient (Hunt, 1977).

The depigmentation of the coat of "Menkes" mice is caused by an inacti-

vation of the copper-containing enzyme tyrosinase (Holstein et al., 1979).

Restoration of the activity is achieved after in vitro addition of copper to

hair-bulb supernatants of "Menkes" and heterozygous mice. This indicates among

other things, that in the heterozygotes the copper metabolism is altered as

result of the mutation.

The effect of copper therapy has been studied in "Menkes" mice. Copper

therapy overcomes temporarily the lethality of the mutation and causes a pig-

mentation of the fur and a straightening of the vibrissae. The copper concen-

tration increases further in the kidney and is slightly elevated to a subnormal

level in liver and brain. The noradrenaline concentration normalizes but the

cytochrome c oxidase activity remains at a subnormal level in the brain (Hunt,

1976).

In another study (Royce et al., 1978) the lysyl.oxidase activity was

measured as an indicator of the effectiveness of copper therapy. At seven days

of age, copper was parenterally administered to normal and "Menkes" mice. In
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the latter the lysyl oxidase activity increased to 70% of the normal value but

was undetectable when the mice were 60 days old.

Hardly any conclusion on the effectiveness of copper therapy can be drawn

from these studies since the copper therapy consisted of one single injection

of copper. Unfortunately, no research has been performed of the effect of

copper therapy on the neuronal degeneration caused by the copper deficiency. In

section II.1.4 the effectiveness of copper therapy will be further discussed.

1.4 Metallothionein

In 1957 metallothionein was discovered as a cadmium- and zinc-binding

protein in the equine kidney (Margoshes a Vallee). Referring to the character-

istic features of metal-binding and high cysteine concentration this protein

was named metallothionein (Kagi & Vallee, 1960).

The terminology employed for different metallothioneins is confusing. In

this thesis the recommendations for the nomenclature of metallothionein, as

described by Kagi & Nordberg (1979), are used:

- the term metallothionein refers to all proteins which are characterized by:

- molecular weight of 6,000 - 7,000 dalton (on gel filtration an apparent

molecular weight of 10,000 dalton);

- high metal content;

- optical features of metal thiolates;

- unique amino acid sequence;

- the term apometallothionein is used to specify the apoprotein (the polypep-

tide chain denuded of all metals);

- more specific terms such as "cadmium-metallothionein" and "copper-thionein"

are used when metallothionein contains predominantly cadmium and copper,

respectively;

- in contexts where specifications of the metal composition is not available or

is of no special interest, the term "metallothionein" is used.

For unambigous identification it is recommended that the resemblance of a

specific protein to equine renal metallothionein is documented by an analysis

of its amino acid composition or of its amino acid sequence. The term "iso-

metallothionein" is applied to those forms of metallothionein which occur in a

single organism but are coded by different genes: they differ in amino acid

composition.

Research was focussed on metallothionein when Piscator (1964) postulated

that the synthesis of this protein was induced by cadmium and that it served

as an intracellular cadmium-detoxifying protein.
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Recently, a group of participants of the "First International Meeting on

Metallothionein and other Low Molecular Weight Metal-binding Proteins" has re-

viewed the knowledge of these proteins (Kagi & Nordberg, 1979). Metallothionein

is now thought to bind cadmium, zinc, copper, mercury, silver, bismuth and

probably gold and lead depending on the metal to which the organism has been

exposed. A number of biological functions has been proposed for metallothio

nein, viz., storage, detoxification and transport of metals, immune response

and the metabolism of essential trace elements.

1.4.1 Biochemical features of metallothionein

1.4.1.1 Isolation of metallothionein

Metallothionein has been isolated from various tissues of a large variety

of species ranging from microorganisms and Crustacea to mice, rat and man

(KSgi & Nordberg, 1979).

After homogenization and centrifugation, the standard isolation procedure

(Webb, 1979) continues with the separation of the cytoplasmic proteins accord-

ing to their molecular weight on Sephadex G-75. The protein fraction with a

molecular weight of 10,000 dalton, which contains metallothionein, is further

purified by ion exchange chromatography on DEAE Sephadex A-25, applying a

gradient of Tris-buffer or of NaCl in Tris-buffer. Normally, cadmium- and

zinc-metallothionein are separated in two isometallothioneins (Cain & Holt,

1979) and copper metallothionein in three different isometallothioneins

(Bremner & Young, 1976). However, different ion exchange elution patterns have

been described in literature (Suzuki & Yamamura, 1979; Webb, 1979). The differ-

ences in the elution patterns can originate from differences in the copper to

zinc ratio of the isometallothioneins (Cain a Holt, 1979).

Recently, a new isolation procedure has been described using high pressure

liquid chromatography (Suzuki, 1980; Suzuki a Yamamura, 1980a). In one step the

metallothionein fraction of a crude supernatant is separated into the various

isometallothioneins using a gel permeation column (TSK GEL SW 3000) . The time

for isolation is reduced from 2 days to less than 1 hour.

1.4.1.2 Amino acid composition and sequence of metallothionein

Metallothionein has a typical amino acid composition (Kojima a Kagi, 1978).

It has a high concentration of cysteine (25-30%) and a relatively high concen-

tration of lysine (10-15%) and serine (7-17.5%). Aromatic amino acids and

histidine are absent. The differences in the amino acid composition of metallo-

thionein described in literature are probably caused by differences in tissues
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from which metallothionein has been isolated» and in pureness of the prepara-

tion used for the determination of the amino acid composition (Webb, 1979) .

The metallothionein polypeptide chain contains 61 amino acids (molecular

weight 6,000 - 7,000 dalton) among which 20 cysteinyl residues, one methionine

residue as the N-acetyl derivative at the N-terminal side and an alanine

residue at the C-terminal side of the polypeptide chain. The cysteinyl resi-

dues occur in three arrangements, viz., cys-x-cys (7), cys-cys (3), and

cys-x-x-cys (3); x represents an amino acid other than cysteine and the figure

in parentheses represents the number of the arrangements. Basic amino acids and

serine are predominantly located at the juxtaposition of the cysteinyl resi-

dues. Metallothionein does not contain free sulfhydryl or disulfide groups. The

discrepancy in the molecular weight of metallothionein based on gel filtration

experiments (10,000 dalton) and the molecular weight of 6,000 - 7,000 dalton

calculated from the amino acid composition is caused by the non-globular shape

of metallothionein, which results in a higher apparent molecular weight in gel

filtration chromatography (Rydën & Deutsch, 1978).

Recently, Suzuki and ïamamura (1980b) described a diraer of cadmium-

metallothionein. The dimers are formed by an intermolecular bond between two

monomers and consist of the three combinations of the two isometallothionfeins.

Whether the dimers are isolation artifacts or are present under physiological

conditions remains obscure.

1.4.1.3 Metal-binding in metallothionein

Zinc and cadmium are probably bound to metallothionein through mercaptide

bonds with a cys-x-cys arrangement. The metals are chelated to a third cys-

teinyl residue as result of tertiary structure folding. The ratio of the cys-

teinyl residues to the sum of metal ions is 3, indicating that 6-7 metal-

binding "sites are available for these metals (Webb, 1979). A ratio of 2 found

for copper suggests that there are 10 copper-binding sites.

From the fungus, Neurospora arassa, a copper-binding protein has been iso-

lated with a molecular weight of 2,200 dalton (25 amino acids). The polypeptide

chain is similar to the N-terminal region of the polypeptide chain of metallo-

thionein. The ratio of the cysteinyl residues to copper is close to 1 for this

protein (Lerch, 1980).

Metals differ in their affinity for metallothionein. The affinity de-

creases in the order: Hg > Ag > Cu > Cd > Zn. In vivo and in vitro, the metals

bound to metallothionein are exchangeable for metals with a higher affinity.

The apoprotein is obtained by acidification of zinc- or cadmium-metallothionein

to pH of 4.5-3.5 and 3.5-2.5, respectively. Copper is removed at pH 1 by treat-
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ment with mercaptoethane or edta (Webb, 1979). No procedures are described to

obtain apcmetallothionein from mercury-inetallothionein.

1.4.1.4 Optical features of metallothionein

The typical amino acid compostion and the mercaptide metal bonds of metal-

lothionein are reflected in the electronic spectra. Since metallothionein con-

tains no aromatic amino acids the absorption at 280 nm is low. The metal

mercaptide complexes show absorption bands at 220 nm, 250 Tin, and 270 nm for

zinc, cadmium and copper» respectively (Rupp & Weser, 1978). Investigations of

the isometallothioneins of horse, human and sheep revealed that the proton

nuclear magnetic resonance spectra of the isometallothioneins are similar but

the zinc- and cadmium-iEetallothionein molecules have different tertiary struc-

tures (Vasak et al., 1980). Seven non-equivalent cadmium-binding sites are

detectable with Cd nuclear magnetic resonance (Sadler et al., 1978; Suzuki

& Maitani, 1978). For copper-metallothionein no electron paramagnetic resonance

absorption is observed, indicating that copper is probably bound to metallo-

thionein as cuprous copper (Rupp & Weser, 1979).

1.4.1.5 Determination of metallothionein

There is no analytical procedure in general use for the determination of

metallothionein in animal tissues and in biochemical samples. The quantitative

determination of metallothionein is subject of considerable controversy. Due to

the unique amino acid composition (see section 1.4.1.2) various assays for the

determination of proteins are not applicable for metallothionein. The Folin

reagent is not suitable since aromatic amino acids and in particular tyrosine,

which form a colored complex with the reagent, are absent in metallothionein.

The data obtained are merely the result of the presence of impurities with

higher response to the reagent (Van der Mallie & Garvey, 1979; Webb, 1979). The

fluorometric method of Böhlen et al., (1973) is based on the reaction of flu-

orescamine with free amino groups. However, many biochemical samples contain

Tris-buffer which reacts with fluorescamine. Other assays measure the amount of

sulfhydryl groups of proteins. Piotrowski et al. (1973) developed a method in

which the sulfhydryl groups are labeled with Hg (Kotsonis & Klaassen, 1977).
203 203

All Hg-labeled proteins, except Hg-metallothionein, are precipitated with
trichloroacetic acid (TCA) and the amount of metallothionein is calculated from

the radioactivity of Hg in the TCA-soluble fraction. The method depends on
203

the assumptions that Hg binds quantitatively to all sulfhydryl groups of

metallothionein, that low molecular weight ligands, present in the TCA-soluble

fraction are not labeled with Hg and that metallothionein is recovered

14



quantitatively in the supernatant (Webb, 1979).

The reagents p-choloromercuribenzoate (Boyer, 1954) and dithiobis(2-nitro-

benzoic acid), the Ellman reagent (Ellman, 1959), are only applicable under

specific conditions for mercury- and copper-metallothionein.

Amperometric titration (Kagi & Vallee, 1960) with Ag provides a rapid

and reliable method provided that silver ions are interchangeable with all

metal ions of metallothionein. Mercury-metallothionein and copper-metallothio-

nein with a high copper to zinc ratio cannot be determined by this method.

In literature, radioimmunoassays are described for the determination of

metallothionein (Van der Mallie & Garvey, 1979; Brady & Kafka, 1979). Since

the antibody for cadmium-metallothionein cross reacts with other types of

metallothionein of various species and does not with other cellular proteins,

this method will be generally applicable

The best absolute but laborious method for the determination of metallo-

thionein is the dry weight determination of metal- and salt-free preparations

of purified raetallothionein (Webb, 1979).

1.4.1.6 Other low molecular weight copper-binding proteins

For mercury, cadmium, and zinc only one low molecular weight metal-binding

protein, viz., metallothionein, has been described (KSgi & Nordberg, 1979).

However, at least six different low molecular weight copper-binding proteins

are mentioned in literature.

Morell et al. (1961) isolated a hepatic copper-binding protein, which

they named L-6D. Riordan and Gower (1975), purified three proteins, from the

liver of normal and copper-loaded rats, with a molecular weight of 12,000,

9,000, and 7,000 dalton, respectively. Winge et al. (1975) described copper-

chelatin as a cytoplasmic copper-binding protein present in the liver of rats

injected with CuCl„. Evans and LeBlanc (1976) isolated a copper-binding protein

from rat intestine. Features of these proteins are: molecular weight of 7,000-

12,000 dalton, high metal content, relatively low cysteine concentration (1.0-

4.6%) as compared to metallothionein, the occurrence of aromatic amino acids

and a typical OV-spectrum. The proteins were purified under aerobic conditions

using one or more of the following procedures: heat treatment (60 for 10 min) ,

acetone precipitation, ultrafiltration, electroforesis and dialysis.

During the isolation procedure under aerobic conditions isolation arti-

facts could arise form oxidation-reduction reactions and, after cleavage of

the polypeptide chain, from hybribizations with other polypeptide chains (Webb,

1979). For instance, one of the low molecular weight copper-binding proteins

(Riordan & Gower, 1975) has a common antigen determinant with cadmium-metallo-
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thionein, indicating that the polypeptide chains of these proteins are partial-

ly similar (Madapallimatam & Riordan, 1977). However, not all features of these

proteins can be explained by the above mentioned mechanisms of artifact forma-

tion. Further research is required to elucidate the occurrence of the various

low molecular weight copper-binding proteins.

1.4.2 Metabolism of metallothionein

1.4.2.1 Occurrence of metallothionein

Without prior induction with metals, minor amounts of (native) zinc-metal-

lothionein are present in most tissues of an organism (Webb, 1979) . After ad-

ministration of metals the concentration of metallothionein remains constant

due to the replacement of the native metal, zinc, by the administered metal.

However, when the binding capacity of native metallothionein is exceeded the

synthesis of metallothionein is induced (see section 1.4.2.2; Webb, 1979),

Zelazowksi and Piotrowski (1977) measured the metallothionein levels in

animal tissues. The metallothionein concentration varies within an organism

(pig: liver 496 +_ 50, muscles 12 +_ 6 ]iq metallothionein/g tissue) but also

between the various species (liver: pig 496 +_ 50, rabbit 54 +_ 22 ug metallo-

thionein/g tissue). As function of age the metallothionein concentration of

tissues varies as result of changes in the metabolism of trace elements. Copper

accumulates in the liver in the perinatal period of life (Linder & Munro, 1973;

Prins & Van den Hamer, 1978: paper II) and cadmium accumulates during lifetime

in liver and kidney (Suzuki et al., 1979). Both changes in trace element metab-

olism are reflected in a higher metallothionein concentration (Piotrowski S

Hogilnicka, 1976; Bell, 1979).

1.4.2.2 Induction of metallothionein

Initially, it was thought that metallothionein was synthesized in the

liver and transported to the kidney and other tissues (Piscator, 1964) . Since

it was discovered that a large variety of isolated cells synthesize metallo-

thionein after metal induction, it is generally accepted that almost every cell

is able to synthesize metallothionein (Webb & Daniel, 1975; Kagi & Nordberg,

1979).

After exceeding an intracellular threshold in the metal concentration, the

de novo synthesis of metallothionein is induced. The rate of synthesis of

cadmium-metallothionein is within limits proportional to the administered cad-

mium dose and reaches a plateau at high metal concentrations (Sabbioni &

Marafante, 1975). However, differences in tissue, sex, age and genetic predis-
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position are factors which influence the inducibility of the metallothionein

synthesis (Kagi & Nordberg, 1979; Webb, 1979). Other factors, e.g., nutritional

status (Bremner & Campbell, 1978), stress (Oh et al., 1978), glucocorticoids

(Etzel et al.f 1979) and alkylating agents (Kotsonis & Klaassen, 1979) primari-

ly change the intracellular metal concentration which in turn induces the

metallothionein synthesis.

Since metallothionein contains sulfhydryl groups, it has the potential to

provide protection against alkylating agents (chemical-mediated toxicity).

However, in comparison with glutathion metallothionein does not represent under

normal conditions a detoxification pathway for alkylating agents (Cagen &

Klaassen, 1980).

In rat after induction with cadmium, the synthesis of hepatic metallothio-

nein starts after a lag-time of 2 hours. The rate of synthesis is maximal

between 4 and 10 hours post injection and the metallothionein concentration

reaches a maximum seven hours post induction. The induction of hepatic metallo-

thionein synthesis is blocked by inhibitors of the DNA transcription, e.g.,

actinomycin D, and of the mKNA translation, e.g., cycloheximide. These results

(Shaikh & Smith, 1977) suggest that the biosynthesis of metallothionein is

regulated at the transcriptional (DNA) level. However, the induction is ex-

clusively blocked when the inhibitor is administered prior to or simultaneous

with the metal. Supsrinduction of zinc-metallothionein occurs when actinomycin

D is administered while the zinc-metallothionein concentration is maximal post

induction (Day et al., 1978).

In the kidney c-t the rat, the de novo synthesis of metallothionein starts

one hour after the induction with metals. A maximum rate of synthesis occurs

after 2-4 hours. Actinomycin D treatment does not inhibit the synthesis of

metallothionein, indicating that the biosynthesis of renal metallothionein is

regulated at the translational (mBNA) level (Shaikh & Smith, 1977).

1.4.2.3 Catabolism of metallothionein

Orally administered metallothionein is partly degraded in the intestinal

lumen and is partly absorbed as the original metalloprotein in the intestinal

mucosal cell and is also transported as such to the kidney cell (Cherian, 1979).

Parenterally administered metallothionein is predominantly transported to

the kidney. The renal uptake of S-labeled copper-metal lothi one in is essen-

tially complete within 10-30 min and the concentration is constant for at least

two hours. After two hours, 26.5% of the radioactivity is recovered from the

kidneys and 30.8% from the urine; only 2.7% is taken up by the liver (Bremner

et al., 1978a).
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For the description of the catabolism of raetallothionein, it appears nec-

essary to distinguish between the catabolism of the metal and that of the

protein moiety of metallothionein. In reference to half-lives of the protein

moiety, metallothioneins can be divided into two groups, viz., copper- and

zinc-metallothioneins (t, : 12-20 hours) and cadmium-metallothionein (t, : 2-5

days) (KSgi & Nordberg, 1979) .

In vitro, ~he protein moiety of ainc-metallothionein is twice as suscepti-

ble to degradation by hepatic lysosomal extracts than cadmium-metallothionein.

Apometallothionein is degraded extremely rapidly (Feldman et al., 1978a). Since

the polypeptide chains of zinc- and cadmium-metallothionein are similar (Vasak

et al., 1980) this indicates that the metals bound to metallothionein influ-

ence, at least in vitro, the degradation rate of metallothionein.

In vivo, metal and protein moiety of copper- and zinc-raetallothionein have

equal half-lives, viz., 12-20 hours (Kagi & Nordberg, 1979). However, from the

experiments of Terao & Owen (1973) with carrier free Cu, one can calculate a

halZ-life of less than 6 hours for Cu bound in the protein fraction, with a

molecular weight of 10,000 dalton, which is probably metallothionein. This

could indicate that the amount of copper used in the experiments affects the

half-life of metallothionein. This effect will be discussed further in section

III.1.1.

The half-lives of cadmium and the protein moiety of cadmium-metallothio-

nein are not equal (Feldman et al., 1978b). The protein moiety is degraded with

a half-life of 2-5 days but cadmium is reincorporated in newly synthesized

metallothionein and is excreted with a very long half-life.

All these results indicate that the inducing metal and the tissue in which

metallothionein is synthesized influence the half-life of the metal and the

protein moiety of metallothionein.

1.4.3 Metallothionein and trace element metabolism

Three types of metal can be distinguished in metallothionein. First, the

inducing metal which is sequestered to avoid metal intoxication. Second, metals

which are incorporated to stabilize the molecule; the half-life of copper-

metallothionein is 12.3 h in zinc-deficient animals and 16.9 h in zinc-adequate

animals (Bremner et al.# 1978b). Third, the omnipresent metals which are bound

to metallothionein after replacement of the native metal, zinc, due to differ-

ences in stability constants and in metal concentrations. Binding of non-

inducing metals, i.e., the latter two types of metals, could result in antago-

nistic effects in trace element metabolism.
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High dietary zinc intake results in the rat in a decreased copper absorp-

tion from the intestinal tract (Osigo et al., 1974) and finally in symptoms of

copper deficiency (Magee & Matrone, 1960). The high dietary zinc intake induces

the synthesis of zinc-metallothionein in this organ. Zinc is replaced by copper

which is apparent from the increased accumulation of Cu in the intestinal

metallothionein fraction as compared to control animals (Hall et al., 1979).

Oral zinc therapy is used in Wilson patients in order to decrease the copper

resorption from the alimentary tract (Hoogenraad et al., 1978).

Cadmium exposure results in an induction of renal metallothionein. In re-

lation to the effect of cadmium induction on the copper metabolism, experimen-

tal animals could be divided into two groups (Suzuki, 1979). The first group,

rat and guinea-pig, shows an increased renal copper-metallothionein concentra-

tion. In the second group, mouse, hamster and rabbit, the copper-metallothio-

nein concentration is indifferent to the induction of renal metallothionein by

cadmium. The origin of the difference between the two groups is unknown. But

the results indicate that the presence or absence of effects of the induction

of the metallothionein synthesis depends not only on the inducing metal but

also on the animals used in the experiments.
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CHAPTER II

EVALUATION OF THE EXPERIMENTAL WORK

During the period in which this research was carried out the knowledge of

the etiology of the fatal copper deficiency in Menkes patients and hemizygous

Brindled mice changed quite radically. As a result some of the hypotheses

based on preliminary data were not confirmed by later experiments. Some of the

earlier publications compiled in this thesis (see chapter VII) - though still

important for the research as a whole - show such imperfections.

This effect and the presentation of the various experimental results as

publications do not help the unprepared reader of this thesis in acquiring a

balanced view of the most important aspects. Therefore, particular topics of

copper metabolism (see section II.1) and of copper-metallothionein metabolism

(see section II.2) are discussed which contributed to the ultimate model of

copper metabolism in normal and mutated Brindled mice (see section III.1) and

in Menkes patients (see section III.2).

II.1 Copper metabolism in Brindled mice

The mutation in Brindled mice, which is homologous to the mutation in

Menkes patients (Danks, 1977; Van den Hamer et al., 1979), is characterized by

a copper deficiency in some tissues, e.g., brain and arterial wall, and by a

simultaneous accumulation of copper in other tissues, e.g., kidney and intes-

tine (Prins & Van den Hamer, 1980: paper VI). The abnormal accumulation of

copper causes the fatal copper deficiency of which "Menkes" mice die within

three weeks post par turn. The results obtained with "Menkes" mice should be

compared with age matched normal Brindled mice. However, in the perinatal

period of life copper metabolism is different from that of adult Brindled mice.

For the understanding of the deviations in copper metabolism of young mutated

Brindled mice it appeared necessary to make a comparison not only with young

normal mice (Mann et al., 1979b) but also with adult normal mice (Prins & Van

den Hamer, 1978: paper II; 1980: paper VI)'.

Since the impact of the effects of prenatal copper metabolism (Table 3, 4)

is different for various tissues and is also affected by the Brindled mutation,

the copper metabolism in some tissues is separately discussed. The copper

metabolism in heterozygous Brindled mice is almost comparable to that in
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"Menkes" mice (Prins & Van den Hamer, 1978: paper II; 1979a: paper III; 1979b:

paper V; Mann et al., 1979b). Therefore, a comparison between young and adult

heterozygous and normal Brindled mice offers the opportunity to determine the

effect of prenatal copper metabolism and of the influence of the Brindled - _-

mutation on copper turnover in young normal and mutated Brindled mice.

II. 1.1 Liver . ' _y , - '.-.•-',- --.:..".-.-

Table 3 and 4 show that the hepatic copper concentration in fetal and

young normal mice is increased as compared to the copper concentration in the

adult normal liver. At birth, the hepatic copper concentration is eight-fold

increased and a maximum occurs at 3 days post partum (Prins & Van den Hamer,

1978: paper II). Thereafter, the hepatic copper concentration decreases and is

normalized within two months r:According to Mason (1979), the accumulated copper

could function as a reserve because the-intake of copper from the milk diet

during the suckling period is marginal. However, Buren et al. (1979) found that

during the first ten days of lactation the copper concentration of the milk of

the rat is increased. A maximum occurs at the fourth day (19 yg Cu/ml milk).

Table 3. Copper concentration in tissues and plasma of normal (Mo , Mo i')}

heterozygous (Mohr^+) and "Menkes" (Mohv'h') fetal (18-21 days gestation)

Brindled mice.

The results are expressed as pg Cu/g wet tissue or as yg Cu/ml. If the results

of one author are cited the mean, the standard deviation and the number of ob-

servations in parentheses are given. The range of the means is given if more

than one author is cited. (Camakaris et al., 1979; Mann et al., 1980).

Tissue, -Body fluid Normal Heterozygote "Menkes"

Kidney 1.37 +_ 0.25 [3] — 11.2 + 2.2 D]

Liver 13.97 - 22.81 5.85 - 8.23 5.98 - 9.50

Brain 0.46 + 0.03 [3] — 0.26 + 0.04 [3]

Intestinal mucosa:

Proximal 6.17 + 2.73 [8] 4.12 + 0.38 f.6] 4.77 + 0.86 C4]

Distal 5.90 +_ 1.47 [8] 3.76 +1.24 [6] 3.70 +. 1.22 [4]

Placenta 2.31 +_ 0.50 [8] 2.81 + 0.69 [6] 4.68 +_ 1.07 [5]

Plasma 0.36 +_ 0.06 [5] — 0.17 +_ 0.03 [5]

At the end of the lactation period the milk contains only 2 yg Cu/ml milk.

Since the bile production, which is the major copper-excreting pathway under
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Intestinal wall Liver Heart Brain

Stomach (contents) Kidney Salivary gland

Fig. 1 Cu whole body autoradiography of normal (Mo ) Brindled mice, 16
hours after administration of 4 \ig (= 100 \iCi) Cu.
A: section (thickness SO vm), B: autoradiogram.
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Intestinal wall Liver Heart Salivary gland

Skin Kidney

Fig. 2 Cu whole body autoradiography of heterozygous (Mo ) Brindled mice,

16 hours after administration of 4 \ig (= 100 V-Ci) Cu.
64

A: section (thickness 20 \m), B: autoradiogram. Note the accumulation of Cu

in kidney, intestinal wall, skin, and salivary gland as compared to normal

Brindled miae (Fig. 1).
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homeostatic control, starts several days post parturn, the maximum in the hepat-

ic copper concentration could be explained by temporally elevated copper intake

in combination with a temporal absence of the bile production. The hepatic

copper concentration in young mutated mice is significantly decreased as com-

pared to age-matched controls since the excess of copper is extra-hepatically

stored (Table 4) and is not available during suckling. The fact that the

heterozygous mice are viable and fertile indicates that the liver of mutated

mice receives a physiological adequate amount of copper. This is confirmed by

the observation of Hunt (1977) that there is no difference in the activity of

copper-containing enzymes in the liver of normal and mutated mice. This means

that the increased hepatic copper concentration in young normal Brindled mice

does not represent necessary copper stores for the suckling period.

The difference in the hepatic copper concentration is also reflected in

the metabolism of Cu in normal, heterozygous and "Menkes" mice. Shortly after

parenteral administration of Cu, the hepatic uptake is not significantly

different in the three genotypes (Mann et al., 1979b). However, in mutated mice

the Cu radioactivity is excreted from the liver with a half-life of approxi-

mately 17 hours, whereas the Cu radioactivity of the liver of normal mice

remains virtually unchanged for at least 48 hours. Therefore, the decreased

amount of radioactive copper ( Cu) present in the liver of young mutated mice,

24 hours after an intraperitoneal injection, does not reflect a copper defi-

cient status (Prins & Van den Hamer, 1979a: paper III), but is the result of an

excretion of copper from the liver of mutated mice and of a retention of copper

in the liver of normal mice. In young and adult heterozygous Brindled mice the
64

hepatic copper concentrations (Table 4) and the Cu metabolism are almost

identical to that of adult normal mice (Mann et al., 1979b; Prins & Van den

Hamer, paper VIII). This indicates that the perinatal accumulation of copper in

the liver of normal mice results in an "abnormal" copper metabolism as compared

to that in adult normal mice.

After homogenization and centrifugation of the liver, three copper-binding

protein fractions can be distinguished after Sephadex G-75 gel filtration, viz.,

a void volume, a 30,000 dalton, and a metallothionein fraction (Prins & Van den

Hamer, 1979a: paper III; 1980: paper VI) . Under steady state conditions the

30,000 dalton fraction is the major copperT-binding fraction in adult normal

and heterozygous mice with the highest turnover of copper (Prins & Van den

Hamer, paper VIII). The same will be true for the liver of young mutated mice

which have no hepatic copper accumulation in the perinatal period. In the liver

of young normal mice most copper is bound in the metallothionein fraction

(Hunt & Port, 1979). Obviously its function is the binding of the excess of
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copper. The metabolism of copper in the metallothionein fraction is discussed

in section II.2.

In conclusioni the copper concentration of the liver of fetal and young

mutated Brindled mice is significantly decreased as compared to young normal

mice. In the latter an excess of copper is temporarily stored in the liver in

the perinatal period. In mutated mice the excess of copper is stored extra-

hepatically but there is no indication for a hepatic copper deficiency.

II.1.2 Kidney

The Brindled mutation is among other things characterized by an accumula-

tion of copper in the kidney (Table 4). Since the renal copper concentration

is already increased in mutated fetal'mice (Table 3) this means that the mu-

tation is active in utero. During the lifetime of normal mice copper accumu-

lates gradually as function of age in the kidney and there is no accumulation

in the perinatal period. Therefore, differences between the copper metabolism

in the kidney of normal and mutated Brindled mice are not accompanied by

changes in the perinatal copper metabolism and are solely caused by the muta-

tion.

After fractionation of the supernatant three copper-binding protein

fractions can be distinguished, a situation similar to that described for the

liver (see section II. 1.1.). In the kidney of normal mice the 30,000 dalton and

void volume fraction are the major cytoplasmic copper-binding fractions (Prins

& Van den Hamer, paper VIII). In mutated mice the excess of copper is stored

as copper-metallothionein (Hunt a Port, 1979; Prins a Van den Hamer, 1979a:

paper III; 1980: paper VI). In the other two copper-binding fractions, viz.,

the void volume and the 30,000 dalton fraction, the turnover of copper is

normal (Prins a Van den Hamer, paper VIII). This indicates that metallothio-

nein again sequesters only the excess of cytoplasmic copper. It is striking

that, although copper ions are very toxic, no features of copper intoxication

of the kidney, such as degenerative changes in the proximal convoluted tubules

(Haywood, 1980) , are described in mutated mice. This means that metallothio-

nein is able to sequester the excess of copper during lifetime, without

changing the copper metabolism in the other copper-binding fractions. The

metabolism of copper in the metallothionein fraction is further discussed in

section II.2.

In conclusion, as result of the Brindled mutation copper accumulates in

the kidney of heterozygous and "Menkes" mice. The accumulation of copper starts

in utero and continues during lifetime. Although abnormal amounts of copper are
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Table 4. Copper concentration in tissues and body fluids of young (6-11 days)

and adult (25-30 g) normal (Mo+^\ Mo+/y), heterozygous (Mohr/+) and "Merites"

(Mobr/y) Brindled miae.

The results are expressed as pg Cu/g wet tissue, as jig Cu/ml (plasma and ery-

throcytes) and as pg Cu/nmol creatinine (urine). If the results of one author

are cited the mean, the standard deviation and the number of observations in

parentheses are given. The range of the means is given if more than one author

is cited.

(Camakaris et al.f 1979; Danks, 1977; Evans & Reis, 1978; Hunt, 1974; 1976;

Hunt & Port, 1979; Prins & Van den Hamer, 1978; 1979).
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stored as copper-metallothionein, the kidney is not affected by copper intoxi-

cation and the turnover of copper in the other two copper-binding protein

fractions, viz., void volume and 30,000 dalton fraction, is normal.

II.1.3. Intestine

Table 3 shows that the copper concentration of the intestinal mucosa of

fetal mutated mice is decreased as compared to the copper concentration in

fetal normal mice. However, after birth the copper concentration of the intes-
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tine is significantly increased in mutated mice. The difference of the effect

of the Brindled mutation could be attributed to differences in copper resorp-

tion before and after birth.

In utero, copper is taken up by the fetus after transport through the

placenta and hardly any copper is taken up from the intestinal lumen. Therefore

the results indicate that the intestinal uptake of copper from the bloodcircu-

lation is not impaired by the mutation and the intestine could have a lower

avidity for copper than the kidney of the mutated mice, in which the kidney

acts as a sink for copper.

After birth, copper is absorbed from the intestinal lumen and accumulates

in the intestine since the excretion into the blood circulation is impaired. In

the mucosa of the mutated mice copper is stored as copper-metallothionein

(Hunt & Port, 1979) . The accumulation is not restricted to the absorptive cells

but occurs throughout the intestinal villi (Van den Hamer & Houtman, 1980) .

One day after parenteral administration of Cu, the amount of Cu

present in the mutated intestine is increased (Prins & Van den Hamer, 1979a:

paper III). These results seem to be in contradiction to the explanation of

the decreased fetal copper concentration in the intestine of mutated fetal

mice. However, the accumulation of radioactive copper starts from 24 hours post

injection (Mann et al., 1979b) and the radioactivity originates from the liver

through biliary excretion, and absorption by pinocytosis in the-intestine of

young mice, and is trapped in metallothionein. In young normal mice there is

hardly any excretion of radioactive copper via the bile (see section II.1.1)

and copper is not sequestered in the intestine.

In conclusion, the resorption of copper from the intestinal lumen is im-

paired as result of the Brindled mutation. In utero, intestinal copper is taken

up from the blood circulation; the decreased fetal copper concentration indi-

cates that less free-copper of the blood circulation is available for the in-

testine of mutated fetal mice. After birth, alimentary copper is absorbed

from the intestinal lumen and copper accumulates in the intestine as copper-

metallothionein .

II.1.4 Brain

In "Menkes" mice the decreased copper concentration of the brain (Table 4)

represents a copper deficiency. The features of copper deficiency, such as

enlarged mitochondria with prominent tubular or vesicular cristae (Prohaska &

Wells, 1975; Yajima & Suzuki, 1979c), are explained by a decreased activity of

copper-containing enzymes (Hunt, 1977; Danks, 1977).
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The copper concentration of the brain is decreased in fetal and young

mutated mice. This is not due to an impaired uptake mechanism of copper as is

shown by the fact that there is no difference in the uptake of parenterally

administered radioactive copper by the brain of young normal and mutated mice

(Prins & Van den Hamer, 1979a: paper III; Mann et al., 1979b). The decreased

copper concentrations could also be explained by a decreased availability of

copper for the fetal brain. In that case, one would expect that copper therapy

would be able to normalize the copper concentration of the brain. Indeed, the

copper concentration increases by copper therapy in both normal and mutated

Brindled mice. However, in the mutated mice the level for untreated normal mice

is not reached (Hunt, 1976). On the other hand, if copper therapy consists of a

single injection of 50 pig copper as Cu(I) or as Cu(II) , and is administered at

seven days of age, the "Menkes" mice appear to overcome the lethality of the

Brindled mutation (Mann et al., 1979a). These results show that there is a

short and critical period after birth in which the brain of the "Menkes" mice

is in need of adequate amounts of copper. After this period copper therapy is

not effective (Hunt, 1976) . If enough copper is supplied in this period the

lethality of the mutation is overcome and no further copper therapy is re-

quired. Despite recurrence of certain features of copper deficiency, e.g.,

pale-grey fur and kinky whiskers, these copper treated "Menkes" mice are

healthy and fertile. The absence of tremors and spasma indicate that enough

copper is or has been available for the brain.

In conclusion, the decreased copper concentration of brain of mutated

mice, can be explained by a decreased availability of copper and not by an im-

paired uptake of copper. During a very short period of time copper therapy can

restore the copper deficiency.

II.2 Copper-metallothionein metabolism in Brindled mice

As result of the Brindled mutation, the distribution of copper in the

organism is changed and abnormal amounts of copper accumulate in kidney, intes-

tine, pancreas, bone, muscle, and cultured fibroblasts (Figs. 1, 2; Hunt, 1976;

Prins & Van den Hamer, 1979a: paper III; Camakaris et al., 1980). The accumu-

lation is most prominent in kidney and intestine. Further research revealed

that the excess of copper is predominantly stored in the cytosol as copper-

metallothionein (Prins S Van den Hamer, 1980: paper VI). Therefore, the metab-

olism of the protein moiety of metallothionein and of copper bound to this

protein has been investigated in more detail.

In literature, the metabolism of hepatic metallothionein is extensively
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described (K5gi & Nordberg, 1979; see also section 1.4). Although the copper

metabolism in the liver of adult Brindled mice is not affected by the mutation,

the metabolism of hepatic copper-metallothionein has been investigated in order

to compare the results obtained with Brindled mice with those described in lit-

erature for other mammals. Moreover, the results are important for the compar-

ison of the metabolism of copper-metallothionein in the kidney of normal and

heterozygous Brindled mice.

II.2.1 Copper-metallothionein metabolism in the liver

In adult Brindled mice the protein moiety of native metallothicnein is

catabolized with two different half-lives (Prins & Van den Hamer, paper VII) ,

viz., 11.6 +_ 1.3 hours and 3.1 +_ 0.3 days. These two fractions of metallothio-

nein were originally referred to as copper-, zinc-metallothionein and cadmium-

metallothionein, respectively. Since in more recent investigations it was found

that the metabolism of Cu in the raetallothionein fraction could not simply be

described by the half-life of copper-, zinc-metallothionein, the name copper-,

zinc-metallothionein turned out to be misleading. In order to avoid confusion,

the protein moiety of copper-, zinc-metallothionein will be referred to as

type I metallothionein (MT ) and of cadmium-metallothionein as type II metallo-

thionein (MT ) .

After parenteral administration of 4 yg Cu, the metal is metabolized in

the metallothionein fraction with two half-lives, viz., 1.7 +_ 0.2 hours and

3.2 +_ 0.2 days (Prins & Van den Hamer, paper VIII) . The turnover of Cu which

is represented by the longer half-life occurs even in the period after injec-

tion in which the steady state copper concentration is restored. This fraction

of the Cu radioactivity has become an intrinsic constituent of metallothio-

nein after exchange with native copper ions. Since the half-lives of copper and

MT are not significantly different this could indicate that they are simul-

taneously catabolized. In the metallothionein fraction the turnover of copper

(0.019 yg Cu/ml supernatant per day) is small in comparison to that in the

30,000 dalton copper-binding protein fraction (0,25 yg Cu/ml supernatant per

day).

The other half-life of Cu represents the metabolism of the major part
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of the Cu radioactivity which is very rapidly excreted from the cytosol (t, -

1.7 +_0.2 hours). Since the half-life is significantly different from the

half-life of either of the two types of metallothionein, it appears that there

is no simultaneous catabolism of the major part of the injected copper and

metallothionein. The results indicate that the Cu is released from metallo-
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thionein prior to the catabolism of the protein moiety. Whether this copper is

temporarily bound to MT and/or MT is unknown.

The effect of the very rapid excretion of copper is rather surprising

when it is compared with the results of Bremner et al. (1978b), who found a

half-life of 16.9 hours for both copper and metallothionein protein moiety

after parenteral administration of 300 jig copper per rat. In these experiments

ments the rather high copper load (the mice were dosed wish 4 yg copper) re-

sulted in the induction of the synthesis of MT . These results indicate that

the clearance of copper from the metallothionein fraction depends probably on

the copper dose. The discrepancy between the half-life of MT (11.6 +_ 1.3

hours) in Brindled mice and that of metallothionein (16.9 hours) in rat can be

explained by differences in animal species (Suzuki, 1979).

In adult mice there is no difference in the biosynthesis and catabolism

of hepatic metallothionein in normal and mutated Brindled mice (Prins & Van

den Hamer, 1980: paper VII). In young mice the incorporation of L-C S]cys-

teine in metallothionein is decreased in mutated mice (Hunt & Port, 1979). The

discrepancy can be explained by the remnants of the perinatal accumulation of

copper in the hepatic metallothionein fraction. In young normal mice the

copper concentration of the hepatic metallothionein fraction is 14-fold in-

creased as compared to mutated mice. The increased metallothionein concentra-

tion required for the binding of copper is reflected by an increased incorpo-

ration of L-[ S]cysteine in metallothionein.

In conclusion, after parenteral administration, copper is, for the major

part, temporarily bound to metallothionein. After release from metallothionein

copper is excreted from the cytosol with a half-life of 1.7 j^ 0.2 hours. Copper .

which is present under steady state conditions is not released from the pro-

tein but is simultaneously degraded with a similar half-life, viz., copper:

3.2 + 0.2 days; MT : 3.1 + 0.3 days. The other metallothionein fraction, MT ,

which has a half life of 11.6 +_1.3 hours, could represent native metallothio-

nein which is present to prevent acute toxic effects after hepatic uptake of

non-physiological amounts of metal.

II.2.2 Copper-metallothionein metabolism in the kidney .'/

In normal Brindled mice, the catabolism of renal copper-metallothionein is

qualitatively similar to that in the liver and is represented by two half-lives

for both copper and protein moiety, viz., Cu: 2.2 + 0.4 hours and 2.5 +_ 0.2

days; metallothionein: 8.22 +_ 0.08 hours (MT ) and 3.5 ̂  1.2 days (MT ).

Differences are probably the result of organ specific differences in the
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rates of metabolism. The longer half-life of the "Cu metabolism is not signif-

icantly different from that of MT (Prins & Van den Hamer, paper VIII) .

The short half-life of Cu (t, = 2.2 +_0.4 hours) represents, for the

major part, the catabolism of copper which originates from the copper dose.

This half-life of Cu is significantly different from the half-life of MT ,

viz., 8.22 +_0.08 hours. '

In the heterozygous mice the half-lives of the metabolism of Cu in the

renal metallothionein fraction are unde tec table or absent. This indicates that

there is no or only to a minor extent transport of copper through this frac-

tion. The metabolism of the protein moiety of metallothionein is also altered

as result of the mutation. The protein is exclusively degraded with a half-

life of 3.1 +_ 0.2 days (Prins & Van den Hamer, paper VII; paper VIII). Prom

these results it is concluded that in mutated mice the excretion of copper

from the metallothionein fraction is impaired. Copper is bound to MT and

both are simultaneously degraded, after which copper is obviously reincorporat-

ed in newly synthesized metallothionein.

In conclusion, the metabolism of renal copper-metallothionein in normal

mice is qualitatively similar to that of the liver of both genotypes. In

mutated mice the excretion of copper from the renal metallothionein fraction is

impaired. Copper is recycled in the metallothionein fraction of which the

protein moiety has a half-life of 3.1 + 0.2 days.
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CHAPTER III

GENERAL DISCUSSION

XII.1 Models for copper metabolism in liver and kidney of normal and mutated

Brindled mice

The results, evaluated in chapter II, show that the fatal copper defi-

ciency in "Menkes" mice is caused by an abnormal distribution of copper over

the tissues. The accumulation of copper in the intestine results in a decreased

resorption of alimentary copper. Subsequently, the decreased amount of resorbed

copper is abnormally distributed over the tissues. As a result, various

tissues, e.g., the brain, do not receive adequate amounts of copper as mani-

fested by the pathological features of copper deficiency in mutated Brindled

mice (see section 1.3).

Since copper is predominantly stored in the cytosol of the copper-accumu-

lating tissues, research was focussed on the cytosol. In the cytosol the excess

of copper is stored as copper-metallothionein. Therefore, models which describe

the effect of the mutation on copper metabolism should encompass the metabolism

of both copper and metallothionein.

The models presented in this chapter are consistent with the experimental

results described in the various papers (see chapter VII). These results are

dependent on the experimental conditions, e.g., the animals, the metal compo-

sition of the laboratory diet, the isolation procedure for copper-metallothio-

nein and the amount of administered copper.

To preserve as much as possible the genetical characteristics of the

Brindled mice throughout the research period, the animals were inbred and

maintained on the same sterilized laboratory diet during both the breeding and

the experimental period.

The isolation procedure for copper-metallothionein is optimal for this

protein (Bremner a Young, 1976) but probably not for other cytoplasmic copper-

binding proteins. It is possible that the other two copper-binding protein

fractions, viz., void volume and 30,000 dalton fraction, are heterogeneous

and/or contain isolation artifacts (Norton & Heaton, 1980). Therefore, a model,

wnieh is based on the experimental results described in the papers, should

mainly be restricted to the copper metabolism in the metallothionein fraction

obtained with Sephadex G-75 gel filtration.

In chapter II it has been shown that the intraperitoneal injection of
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4 jig ̂ ^Cu temporarily altered the copper metabolism in the cytosol of liver

and kidney. In the models which describe the copper metabolism the effects of

mutation and tracer (copper injection) are differentiated and separately

discussed.

III.1.1 Liver

Fig. 3 shows a model for the copper metabolism in the hepatic cytosol of

adult normal and heterozygous Brindled mice. Under steady state conditions

copper (Cugs) is distributed over the three copper-binding protein fractions

(Prins a Van den Hamer, paper VIII). The 30,000 dalton fraction is the major

1^:3.210.2 day*

tl£:3.0±0.5 days

Cu,,: 0.019 /JLQ Cu/ml sup.doy

CuH:Q29 fi.q Cu/ml sup.day

: 0.012 /ig Cu/ml tup. day

Fig. 3 Metabolism of copper (Cu.a), under steady state conditions, in the
88

cytosol of the liver of adult Brindled mice.

copper-binding protein fraction and has the highest turnover of copper. The

half-life of copper in the three copper-binding protein fractions is similar

to and comparable with the average half-life for hepatic proteins of 3.5 days

(Goldberg & Dice, 1974).

This model is also applicable to young heterozygous and :lMenkes" mice but

not to young normal Brindled mice. In young normal Brindled mice the copper

metabolism is complicated by the perinatal accumulation of copper (Prins &

Van den Hamer, 1978: paper II). This accumulation as copper metallothionein

(Port & Hunt, 1979) is not a reserve for an adequate copper metabolism in the

33



^ i1/' 3.2+0.2 day*

tfe:l.7±Q2hour»T

t'/2:3.0±0.5(Jay«

ty-Vt ±0.4 days
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Fig. 4 Metabolism of steady state copper (Cu ) and of copper, which origi-
S3

nates from the injection (Cu.-), in the aytosol of the liver of adult Brindled
rn.ee
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postnatal period of life but is the result of an impaired excretion of copper

via the bile (see section II.1.1). The temporarily impaired biliary excretion

is probably caused by an incomplete adaptation of the liver to postnatal

physiology. In young mutated Brindled mice, the excess of copper is extra-

hepatlcally stored. The hepatic copper concentration and copper turnover are

similar to those of adult Brindled mice (Table 4; Mann et al., 1979b; Prins &

Van den Hamer, paper VIII). Therefore, the model based on results obtained

with adult Brindled mice is also applicable to young heterozygous and "Menkes"

mice.

Shortly after an intraperitoneal injection of 4

predominantly bound in the cytoplasm in the metallothionein (MT) and void

volume fraction (Fig. 4) and is excreted from these fractions with a very short

half-life, viz., MT-fraction: 1^7 +^0.2 hours; void volume fraction: 2.8 +^0.6

hours (Prins & Van den Hamer, paper VIII) . These half-lives of copper, which

are not observed under steady state conditions (Fig. 3 ) , represent the turnover

of copper which originates from the injection (Cu.) and are an example of a

tracer mediated alteration of copper metabolism. This tracer effect lasts for

less than 20 hours post injection.

Since the metallothionein synthesis is not induced by the injection of
64

4 lig Cu and native metallothionein serves, within limits, as an acute metal-

Cu, copper (Cu ) is
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detoxifying protein (Webb, 1979) it is assumed that copper atoms which origi-

nate from the injection are equally distributed over the metallothionein mole-

cules. From the half-life of M T ^ (3.1 +^0.3 days) one can calculate that per

hour, 0.90% of M T ^ is catabolized and that concomitantly 0.90% of the steady

state copper concentration, viz., 0.80 ng Cu/ml supernatant, is renewed. After

multiplication with the specific radioactivity of Cu in the MT fraction,
64 IJ

one hour post injection, viz., 0.072 ng Cu/ng Cu (Prins & Van den Hamer,

paper VIII), the data is converted into 0.058 ng Cu/ml supernatant, which is

equal to 0.0014% dose/ml supernatant. This is much less than the amount of

Cu bound to MT one hour after the copper injection, viz., 0.163 +_ 0.004

[6] % dose/ml supernatant. Therefore it is concluded that copper which origi-

nates from the injection (CuJ is temporarily bound to native metallothionein

and is not incorporated in apometallothlonein (Fig. 5). The small amount of

Cu which has a half-life of 3.2 +0.2 days, became an intrinsic part of MT

after exchange with Cu .

Fig. 5 shows the turnover of copper in the MT fraction. During the trans-

lation of mRNA, which codes for metallothionein, apometallothionein is syn-

mRNA a po- motallothiontin

Cu.t t

Cu, Cu- :l.7± 0.2 hour»

Ci^.3.2±0.2 day*

MDS

Fig. 5 Metabolism of CM S SJ CU ., and the protein moiety of metallothionein

(MTj. and MT^) in the metallothionein fraction (MT- MTj-J of the liver of

adult Brindled mice. MDS - metallothionein degrading system.
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thesized. The apometallothionein fraction is heterogenous and consists of two

or three isoproteins. The amino acid sequence of the isometallothionein mole-

cules is different. Since these modifications of the amino acid sequence are

located in the neutral parts of the polypeptide chain and not in the metal-

binding sites, there is hardly any difference in metal-binding and metabolism

of the isometallothionein molecules (Kojima & Kagi, 1978). The number of

modifications in the amino acid sequence exceeds those to be expected for

allelic proteins and indicates the existence of more than one cistron. Since

the mSNA strain, which codes for metallothionein, is long enough to contain

two cistrons (Andersen & Weser, 1978), it is possible that the cistrons are

located on the same mRNA strain.

After the synthesis of apometallothionein metals are bound to the poly-

peptide chain. The physiological environment and the metal status of the

organism determine which metals are bound to apometallothionein. Under normal

conditions native metallothionein consists mainly of zinc-metallothionein

(Webb, 1979), which has, in the liver of the rat, a half-life of 18-20 hours

(Feldman a Cousins, 1976). Among the metallothioneins described in literature,

two discrete groups can be distinguished by their half-lives, viz., MT , with

a half-life of less than one day, and MT , with a half-life of approximately

three days. It should be noted that MT and MT do not refer to the isopro-

teins. However, each group of metallothioneins, MT and MT , consists of two

or three isoproteins. The physiological environment and the metal status of

the organism determine the metal concentrations of metallothionein and here-

with whether metallothionein is used as a transport protein (MT ) or as a

storage protein (MT _) . In paper VII it is shown that both types of metallo-

thionein can occur simultaneously.

After binding of the metals, the charge and the configuration of the

molecule are changed accordingly and herewith the susceptibility to lysosomal

degradation (Feldman et al., 1978a). Whether the occurrence of discrete groups

of metallothioneins with equal half-lives, viz., MT and MT , is caused by

different protein degrading systems is open to question. Since the proteo-

lysls of metallothionein is not investigated in this thesis and hardly any-

thing is known about metallothionein proteolysis in vivo, the compartment in

the models in which metallothionein is degraded is not differentiated and

referred to as metallothionein degrading system (MDS).

Fig. 5 shows that Cu is incorporated in apometallothionein and is an
ss

intrinsic constituent of MT . Metal and protein have similar half-lives,

which indicates that they are simultaneously metabolized. However, during the

degradation of cadmium-metallothionein (MT ) , cadmium is not excreted but is
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reincorporated in newly synthesized metallothionein (Feldman et al., 1978b); a

similar situation occurs in the mutated kidney (see section II.1.2). This could

indicate that prior to the catabolism of the protein moiety in the MDS, the

metals are stripped from the protein molecule and that it depends on the tissue

and the metal, whether the metal is excreted or retained.

After an intraperitoneal injection most of Cu. is temporarily bound to

metallothionein. In the models, Cu. enters the MT and MT compartment from

which it is excreted with a relatively short half-life. In the transit period

Cu. can exchange with Cu . Since in the mutated kidney cell, the excretion of

both Cu. and Cu is impaired, it is likely that under normal conditions Cu.

and Cu are excreted through the same pathway (Fig. 5) .
ss

III.1.2 Kidney

Fig. 6 shows a model for the copper metabolism in the cytosol of the

kidney of normal mice. This model is qualitatively similar to that of the liver

(Fig. 3). The metallothionein fraction is the only fraction in which the half-

life of the copper turnover could be calculated with sufficient accuracy. Due

to the relatively large variation in the experimental results, half-lives of

t'/2:2.5+O.2doy«

t^notfettrmimd

t1/^: not determined

Cutt:QO2Bfig Cu/ml sup. day

Cu.

Cu.

Fig. 6 Metabolism of copper (Cu ), under steady state conditions, in the
SS

oytosol of the kidney of adult normal Brindled mice.
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the copper turnover in the 30,000 dalton and void volume fraction could not be

determined. These relatively large variations are also described by other

authors for the rat (Bremner et al., 1978b). It is probable that this phenom-

enon is a specific feature of copper metabolism in the kidney and is not

related to the Brindled strain. Although half-lives could not be calculated,

the results clearly show (Prins & Van den Hamer, paper VIII) that copper is

excreted from the 30,000 dalton and void volume fraction.

Copper bound in the metallothionein fraction under steady state condi-
tions (Cu ) has a half-life which is not significantly different from that of

ss t

the protein moiety, viz., copper: 2.5 j^ 0.2 days; metallothionein: 3.5 + 1,2

days (P > 0.25). It is probable that they are simultaneously metabolized.

MT
OJO/iaCu/mï

ugCu ml

t'/2:2.5±0.2 days

t(/2:notd«t«rmiMd

t'/2: no» determined

Cu

Cu 'OXKS t̂g Cu/ml sup.doy

• t

Cu.

Fig. ? Metabolism of steady state aopper (Cu ) and of copper, which ovigi-
SS

nates from the injection (Cu.), in the oytosol of the kidney of adult normal
Is

Brindled mice.

After parenteral injection of 4 pg Cu, relatively small amounts of

copper are stored in the cytoplasmic copper-binding protein fractions when com-

pared with tha steady state copper concentrations. Since this injection did

not lead to a significant increment of the copper concentration of the metallo-

thionein fraction, the specific radioactivity of the Cu labeled protein

fraction with a half-life of 2.2 +^0.4 hours, could not be calculated. There-

fore, no values are given for the turnover of copper in this fraction (Fig. 7).

In contrast to the liver the Cu, taken up by the void volume fraction, is
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not excreted, for the major part with a short half-life.

RlRNA

translation
apo- m«tallothion«in

Cu.

Cu. :2.2±0.4 hours

Cufi8:2.5±0.2 days

M D S

Fig. 8 Metabolism of C"ss, Cu^, and the protein moiety of metallothionein

(mT and MTJ-J.) in the metallothionein fraction fftff MT ) of the kidney of

adult normal Brindled mice. MDS = metallothionein degrading system.

Fig. 8 shows the copper metabolism in the MT compartment of the normal

kidney. The turnover of copper and metallothionein is qualitatively similar to

that of the liver of both genotypes (Fig. 5).

Fig. 9 shows the copper metabolism in the cytosol of the kidney of adult

heterozygous Brindled mice. In the heterzygous mouse the tissues which are

primarily affected by the X-linked mutation consist of a mosaic of normal and

mutated cells. The percentage of mutated cells varies between 30-80%. In the

copper-accumulating tissues the effects of the abnormal copper metabolism

eclipse those of the copper metabolism in the normal cells. Since, with re-

spect to the effects of copper accumulation, the contribution of the normal

cells is of minor importance the metabolic pathways of normal copper metabo-

lism which exist in the copper-accumulating tissues of the heterozygous mouse

are omitted from the models. As result of the mutation the copper concentra-

tion in the MT compartment is a hundredfold increased and there is no excre-

tion of copper from this compartment. However, the mutation did not affect

the copper turnover in the 30,000 dalton and void volume fraction. Although
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Cu.

tig. 9 Metabolism of aopper (Cv.„Js under steady state conditions, in the ay-
So "
So

tosot of the kidney of adult mutated Brindled mice.

the copper concentrations are slightly increased, the excretion of copper from

these copper-binding protein fractions is apparently normal (Prins & Van den

Hamer, paper VIII).

After injection (Fig. 10) copper is bound to native metallothionein mole-

cules. Since copper-metallothionein, isolated from the heterozygous kidney

(Prins a Van den Hamer, paper VII), contains one zinc atom, Cu , Zn. , Cd -

thionein, copper which originates from the injection (Cu.) could be bound to

metallothionein after exchange for the zinc atom. Although Cu. is temporarily

bound to metallothionein, it is not excreted from the cytoplasm. This indicates

that the Cu^ and Cu use the same excretion pathway out of the cytoplasm.

Since the excretion is impaired by the mutation both copper fractions are rein-

corporated in newly synthesized metallothionein.

The metabolism of copper in the renal metallothionein fraction of mutated

mice is shown in Fig. 11. During the catabolism of the protein moiety of metal-

lothionein, Cu is not excreted from the cytosol. To prevent the toxic

effects, copper is re.incorporated in form of MT . A recycling in MT , the

fraction in which copper is normally bound after copper load, is not found. The

explanation could be that the formation of MT is not advantageous. With a

lower rate of degradation the protein synthesis machinery would not have to

produce larger amounts of metallothionein to recycle the copper continually.

In conclusion, after the synthesis of apometallothionein metals are bound
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Fig. 10 Metabolism of steady state copper (Cu ) and of copper, which origi-
nates from the injection (Cu.), in the cytosol of the kidney of adult mutated
Brindled mice.

to the polypeptide chain. The physiological environment and the metal status

of the organism determine the relative concentration of the metals bound in

metallothionein. Enclosed in this is the susceptibility to protein degradation

and the question whether metallothionein functions as a metal transport (MT )

or as a metal storage protein (MT ). Under steady state conditions, both types

of metallothionein occur simultaneously in the kidney of normal Brindled mice.

In the mutated kidney the excretion of copper from the metallothionein frac-

tion is impaired and copper is recycled in MT .

III. 1.3 Copper metabolism in mutated Brindled mice

In section III.1.1 and III.1.2 models have been described for the copper

metabolism in liver and kidney of normal and heterozygous Brindled mice. The

kidney of the heterozygous mouse served as an example of the copper-accumula-

ting tissues in mutated mice. It was shown that the abnormal accumulation of

copper occurs predominantly in the metallothionein fraction and is caused by

an impaired excretion of copper from the metallothionein fraction out of the

cytosol (Prins & Van den Hamer, paper IX). The turnover of copper in other
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mRNA

translation
apo- metallothloneln

M O S

Fig. 11 Metabolism of Cu., Cu , and the protein moiety of metallothionein

(MTj. and MT-j.) in the metallothionein fraction (MT J) of the "kidney of adult

mutated Brindled mice. MDS = metallothionein degrading system.

renal cytoplasmic copper-binding fractions of the mutated mice is normal, and

the function of the kidney is not impaired indicating that adequate amounts of

metallothionein are synthesized to sequester only the excess of cytoplasmic

copper.

Fig. 12 shows the copper metabolism in mutated Brindled mice. Alimentary

copper is resorbed from the intestinal lumen- The intestinal uptake of copper

is normal but copper accumulates in thé intestine, since the excretion of

copper towards the bloodcirculation is impaired (Hunt, 1974) . Therefore, the

excretion of intestinal copper into the lumen of the intestine as result of

desquamation of the absorptive cells is increased.

The decreased resorption of copper results in a lower free-copper concen-

tration in the plasma and less copper is available for the tissues as compared

to the situation in normal mice. A distinction should be made between tissues

in which the decreased copper uptake is still adequate for a normal copper

metabolism, viz., liver and kidney, and tissues in which the decreased copper

uptake results in copper deficiency, viz., brain. In the liver the uptake of

copper is only adequate for a normal copper metabolism of the intracellular
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Fig. 12 Copper metabolism in mutated Brindled mice.
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copper-containing proteins but is insufficient for the synthesis of holoceru-

loplasmin. However, cerulc-plasmin is a "luxury" protein, of which the ascribed

function as oxidase can be performed by other enzymes, e.g., ferroxidase II

(O'Dell, 1976). There are no features of anemia, associated with an impaired

production of ceruloplasmin (Lee et al., 1976), described in Brindled mice.

These results indicate that the decreased ceruloplasmin synthesis does not

reflect an endogenous copper deficiency of the liver. The best parameter for

an adequate copper status of a tissue is probably the enzyme activity of intra-

cellular copper-containing proteins.

The situation is further confused by the absence of perinatal hepatic

accumulation of copper in mutated young Brindled mice. However, this accumula-

tion in young normal mice is not important for a normal physiology (see

section II.1.1) .

In Fig. 12 the uptake of copper into liver and kidney is, although de-

creased, indicated as adequate. The uptake of copper into the brain is, al-

though only temporarily inadequate (see section II.1.4), indicated as insuf-

ficient.

The results of the research of the copper metabolism in bone are contra-

dictory. Lyon (1960) described pathological features of the skeleton of

"Menkes" mice, indicating a copper deficient status. However, experiments with

Cu reveal that copper accumulates in the tibia, whereas the copper concen-

tration of the bone is increased in adult heterozygous Brindled mice (Prins &

Van den Hamer, 1979: paper III). Due to the contradictory results the copper

status and the copper metabolism of bone of mutated mice are indicated as

"unknown" (Pig. 12).

In erythrocytes, which are formed in the bone marrow, copper occurs in

two pools (Mason, 1979)„ A distinction can be made between a pool in which

copper is firmly bound as superoxide dismutase and another pool in which copper

is loosely bound and is available for incorporation in superoxide dismutase;

this pool contains 40% of the erythrocyte copper. The labile copper pool is in

equilibrium with the free-copper compartment of the plasma. Since the copper

concentration in erythrocytes of young mutated mice is less than 60% of the

concentration in those of normal Brindled mice (Table 4), it seems that the

erythrocytes have a deficient copper status.

In conclusion, in mutated Brindled mice two groups of tissues can be dis-

tinguished: first, tissues in which copper accumulates without any effect on

the copper-containing enzymes, e.g., kidney and intestine; second, tissues

which have, in comparison with normal Brindled mice, a decreased copper concen-

tration, e.g., liver and brain. In the latter group a distinction should be

44



made between tissues with a normal intracellular copper metabolism, e.g., the

liver, and tissues which are deteriorated because of a copper deficiency, e.g.,

the brain.

The accumulation of copper in the intestine results in a decreased re-

sorption of alimentary copper. Thereafter, other copper-accumulating tissues

act as a sink for the free-copper in the plasma. Thus the accumulation of

copper in various tissues underlies the fatal copper deficiency in "Menkes"

mice.

Ill.2 Menkes' disease

Menkes' disease is characterized by the X-linkage of the mutation, the ab-

normal distribution of copper over the tissues, and the lethality as result of

the copper deficiency (see section 1.2). Clinical and pathological features of

Menkes' disease can be reduced to the inactivity of copper-containing enzymes.

For the description of the inborn error of Menkes1 disease the interpre-

tation of the results, obtained with Menkes patients, in terms of an abnormal

copper metabolism is sometimes difficult. Many pathological features are

secondary effects of the decreased activity of copper-containing enzymes. For

instance, the copper deficiency in the arterial wall results in a decreased

activity of lysyl oxidase, an enzyme necessary for the cross-link formation in

collagen and elastin. The decreased enzyme activity results in a lower tensile

strength of the arterial wall and subsequently in structural changes (see

section 1.2). Therefore, hematomas caused by ruptures of the arterial wall are

secondary effects of the copper deficiency and are not typical for Menkes1

disease.

The accumulation of copper in various tissues, which is the genetic marker

of Menkes1 disease, is also apparent in cultured fibroblasts of Menkes patients

(Beratis et al., 1978) . However, the use of cultured fibroblasts for the re-

search of the inborn error of Menkes1 disease is limited to in vitro experi-

ments.

After the description of the Brindled mouse as an animal model for Menkes1

disease (Hunt, 1974), the major contribution to the knowledge of the etiology

of Menkes1 disease is provided by the research performed with these mice (see

chapter II).

The features of Menkes patients and "Menkes" mice are similar and differ-

ences can be attributed to differences in species, viz., man versus mice.

Therefore, it is likely that the models which describe the abnormal copper

metabolism in "Menkes" mice are also appropriate for the description of the
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abnormal copper metabolism in Menkes patients.

In this section the discussion will be restricted to differences of the

features of the mutation between Menkes patients and "Menkes" mice.

III.2.1 Differences between the features of the mutation in Menkes patients

and in "Menkes" mice

In literature, results of the determination of the copper concentration

of the brain of Menkes patients are contradictory. In comparison with controls,

various authors stated that the copper concentration of the brain is normal

(Reske-Nielsen et al., 1973; Heydorn et al., 1975) whereas others found de-

creased copper concentrations (Walker-Smith et al., 1973; Garnica et al., 1977;

Horn et al., 1978; Nooijen et al., 1981). It is possible that the brain samples

which turned out to be normal were contaminated (Walker-Smith et al., 1973).

Furthermore, the copper distribution is not homogenous in the brain (Curzon,

1975) and differences in sample location could result in large differences in

the copper concentrations of the samples. The more so as the pathological

changes are restricted to well defined structures of the brain (Menkes et al.,

1962; Williams et al., 1978). Finally, another possibility is that differences

in the severity of the disease (Yajima & Suzuki, 1979b) are reflected in the

copper concentration of the brain.

In Brindled mice, the results obtained by analyzing the whole brain un-

equivocally indicate that the average copper concentration in "Menkes" mice is

decreased as compared to that of age-matched normal Brindled mice (Table 3

and 4) . In addition, the activity of the copper-containing enzymes of the

brain is decreased which indicates that there is a copper deficiency (Hunt,

1977).

In section II. 1.4 it is stated that in the "Menkes" mice the amount of

copper available for the brain is insufficient during a short period after

birth. If prior to this period copper is supplied the lethality of the mutation

is avoided. An explanation for the difference of success of the copper therapy

between mice and man could be that the critical period in which an inadequate

amount of copper is available for the brain occurs in man in the prenatal and

in mice in the neonatal period of life. This could be related to the observa-

tions that the maximum in the hepatic copper concentration to age curve occurs

before birth in man (Linder & Munro, 1973) and after birth in mice (Prins &

Van den Hamer, 1978: paper II). These results could indicate that the develop-

ment of che copper metabolism in man and mice is not synchronous and is delayed

in mice as compared to man. Thus, copper therapy, whenever started shortly
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after birth, is not able to make up the arrear in the amount of copper taken

up by the brain of Menkes patients and to recover the damage caused by the

copper deficiency in the critical period.

The neuronal degeneration in Menkes patients and "Menkes" mice is not com-

parable. In the long-surviving "Menkes" mice (see section 1.3) the features of

neuronal degeneration change with time and become comparable to those of Menkes

patients. These results could indicate that the neuronal degeneration described

in young "Menkes" mice occurs in Menkes patients during the prenatal period.

"The lesions found later on may be a sequela or the secondary phenomenon"

(Yajima & Suzuki, 1979b).

In conclusion, the development of copper metabolism of man and mice is

not synchronous at birth and copper turnover is more developed in man. The ir-

reversible damage of copper deficiency in the brain is probably caused in the

prenatal period of life and copper therapy is not able to recover the post-

natal features of neuronal degeneration. In comparison with Menkes patients

the occurrence of copper deficiency in the brain of "Menkes" mice is shifted to

the postnatal period of life. If the parenteral administration of copper is

started before the critical copper deficiency occurs, copper therapy is able to

avoid the copper deficiency in the brain and herewith the lethality of the

mutation. Differences in the features of neuronal degeneration between man and

mice are probably caused by differences in the stages of neuronal degeneration

at the time of investigation.

Although the features of the mutation in Menkes. patients and "Menkes" mice

are not identical in all respects. Brindled mice are a suitable animal model for

the research of the inborn error in Menkes' disease (Prins & Van den Hamer,

paper X) .
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CHAPTER IV

SUMMARY

The semi-dominant X-linked mutation in Brindled mice causes a severe

copper deficiency of which the hemizygous Brindled mice (Mo ) die between

14 and 21 days post par turn. Previously, in analogy to Menkes' disease in man,

the primary defect in mutated Brindled mice has been described as a block in

the resorption of alimentary copper, i.e., the transport of copper from the in-

testinal lumen into the portal blood circulation.

During this research it became clear that the impaired resorption of ali-

mentary copper is only a part of a more general aberration of copper metabolism

in epithelioid cells.

IV.1 Distribution of copper over the tissues

In mutated Brindled mice (Mo and Mo ) three populations of tissues

can be distinguished (Paper I; III; IV; VI; VIII; X).

A. Tissues in which copper is accumulated, viz., kidney, intestine,

pancreas, bone, skin, placenta, testis, and salivary gland. These tissues serve

as a sink for copper which results in a decreased availability of copper for

other tissues.

B. Tissues in which the copper concentration is decreased and which ex-

hibit clinical and pathological features of copper deficiency, viz., brain,

arteries, and connective tissue.

C. The liver. The hepatic copper concentration is decreased but there are

no indications for an endogenous copper deficiency since the activity of hepat-

ic copper-containing enzymes is normal. The discrepancy is caused by the

absence of perinatal accumulation of copper in the liver of mutated Brindled

mice (Paper II). In young normal mice, copper is temporarily stored in the

liver since the liver is not yet able to produce bile (major copper excretion

pathway) and since the resorption of copper from the milk diet is temporarily /

elevated. This accumulation of copper in the liver is probably not physiologi- 'i

cally important and is excreted within two months after the onset of bile pro-

duction. In mutated mice the extra amount of copper is extra-hepatically

stored in the copper-accumulating tissues. Therefore, in comparison with young

normal Brindled mice the hepatic copper concentration is significantly de-

creased whereas in comparison with adult Brindled mice no significant differ-
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ence is observed in the hepatic copper concentrations. Aside from the effects

of the perinatal copper accumulation, the endogenous copper metabolism in the

liver is not affected by the mutation (Paper VI; VII; VIII).

IV.2 Accumulation of copper in the kidney as copper-metallothionein

The fatal copper deficiency in hemizygous Brindled mice is caused by the

abnormal accumulation of copper in, for instance, the kidney. Since the

Brindled mutation is semi-dominant, the adult heterozygous Brindled mice

(Mo ) were used for the research of the abnormal renal accumulation of

copper. In the kidney, copper is irreversibly stored in a cytoplasmic protein

fraction with an apparent molecular weight of 10,000 dalton (Paper III; IV).

This cytoplasmic copper-binding protein has been isolated and characterized as

copper-metallothionein: (Cu?,Zn , CdQ ^-thionein (Paper VI, VII).

IV.3 Metabolism of copper-metallothionein in the liver of Brindled mice

In the liver of adult normal and mutated Brindled mice, two populations of

metallothionein can be distinghuished, viz., MT and MT (Paper VII). The

ratio of MT to MT depends on the physiological environment and the metal

status of the organism. MT has a half-life of 11.6 +_ 1.3 hours and probably

represents the protein moiety of metallothionein which regulates the transport

of metals out of the-cytosol. The other population of metallothionein mole-

cules MT , n a s a half-life of 3.1 +^0.3 days and regulates the storage of

metals in the cytosol.

The half-lives of MT and MT correspond to the half-lives, reported in

literature, for respectively copper-, zinc-metallothionein and cadmium-metallo-

thionein after exposure of the animals to high metal loads. However, after an

intraperitoneal injection of 4 ug Cu, it was found that copper is excreted

from the hepatic metallothionein fraction, obtained after G-75 gel filtration,

with two half-lives, viz., 1.7 +^0.2 hours and 3.2 4̂  0.2 days (Paper VIII). The

latter half-life represents the turnover of copper, present under steady state

conditions, Cu , in the MT population. Both metal and protein moiety are de-

graded simultaneously. The short half-life represents copper, originating from

the injection, Cu., which is only temporarily bound to metallothionein and is,

prior to the catabolism of the protein moiety of metallothionein, excreted from

the cytosol. Eventually, Cu. and Cu are excreted from the cytosol through the

same pathway.
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IV. 4 Metabolism of copper-metallothionein in the kidney of Brindled mice

The metabolism of metal and protein moiety of metallothionein in the

kidney of adult normal Brindled mice is qualitatively similar to that in the

liver of both genotypes. Copper is excreted from the metallothionein fraction

with two half-lives, viz., Cu.: 2.2 + 0.4 hours; Cu : 2.5 +_ 0.2 days. The
3. —"* SS

protein moiety of metallothionein is catabolized with two different half-lives,

viz., MT : 8.22 +_ 0.08 hours, MT : 3.5 +_ 1.2 days (Paper VIII).

In the mutated Brindled mice there is no apparent excretion of copper from

the metallothionein fraction, and the protein moiety of metallothionein is only

catabolized with a half-live of 3.1 +_0.2 days. This indicates that, during the

catabolism of copper-metallothionein, copper is stripped from the polypeptide

chain and is reincorporated in newly synthesized metallothionein.

These results show that the accumulation of copper in the kidney, and

probably too in all other copper-accumulating tissues, is caused by an impaired

reabsorption of copper, i.e., excretion of copper from the cell into the blood

circulation. The inborn error in mutated Brindled mice is probably a

defect in the turnover of copper bound to metallothionein (Paper IX).

IV.5 Brindled mice as a model for Menkes' disease

The close similarities between the features of the mutation in Brindled

mice and Menkes patients, viz., the X-linkage and the combination of copper

deficiency and copper accumulation, indicate that the mutations are homologous

and differences in the features should be attributed to differences in species

(Paper IV; X) .

In hemizygous Brindled mice, "Menkes" mice, copper therapy is able to

overcome the lethality of the mutation. In Menkes patients copper therapy,

even when started one day after birth, has never been successful. The discrep-

ancy is explained by the fact that the development of the copper metabolism in

man and mice is not synchronous at birth, and by the existence of a critical

period in which the amount of copper available for the brain is insufficient.

In "Menkes" mice this critical period occurs after, but in Menkes patients

before birth.

Although the features of the mutation in Menkes patients and in "Menkes11

mice are not identical in all respects, Brindled mice are a suitable animal

model for the research of the inborn error in Menkes1 disease (Paper X).
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CHAPTER V

SAMENVATTING

De semi-dominante, geslachtsgebonden mutatie in Brindled muizen heeft een

ernstige koperdeficiëntie tot gevolg waaraan de hemizygoot afwijkende Brindled

muizen (Mo ) overlijden tussen de 14e en 21e dag na de geboorte. In analo-

gie met de ziekte van Menkes is vroeger een verminderde opname door de darm

van koper uit het voedsel beschreven als de primaire afwijking in de gemuteer-

de Brindled muizen.

Tijdens het onderzoek werd duidelijk dat een verminderde opname van koper

uit het voedsel slechts een onderdeel is van een meer algemene afwijking in de

koperstofwisseling van epitheloïde cellen. In publicatie XI "Ziekte van Menkes:

Koperdeficiëntie en Koperstapeling" wordt een vrij recent overzicht gegeven

van de literatuur.

V.l Verdeling van koper over de weefsels

In gemuteerde Brindled muizen (Mo en Mo y) kunnen drie groepen

weefsels onderscheiden worden (Publicatie I; III; IV; VI; VIII; X):

A. Weefsels waarin koper gestapeld wordt, zoals nier, darm, pancreas, bot,

huid, placenta, testis en speekselklier. Deze weefsels vangen zoveel koper weg

dat daardoor de beschikbaarheid van koper voor andere weefsels kleiner wordt.

B. Weefsels met een verlaagde koperconcentratie die daarnaast klinische

en pathologische kenmerken van koperdeficiëntie vertonen. Tot deze weefsels

behoren onder andere de hersenen, de grote slagaderen en het bindweefsel.

C." De lever. Ofschoon de koperconcentratie van de lever verlaagd is, zijn

er geen aanwijzingen voor een endogene koperdeficiëntie, temeer daar de akti-

viteit van een aantal koperhoudende enzymen normaal is. Het ontbreken van ken-

merken van koperdeficiëntie terwijl de koperconcentratie ten opzichte van

jonge normale Brindled muizen aanmerkelijk verlaagd is, wordt veroorzaakt door-

dat vlak voor en na de geboorte er geen koperstapeling optreedt in de lever van

de gemuteerde Brindled muizen (Publicatie II). In de normale jonge muizen wordt

koper tijdelijk in de lever opgeslagen omdat de lever, tot kort na de geboorte,

niet in staat is om gal te produceren (gal is de belangrijkste route voor de

uitscheiding van koper). Daarnaast is de hoeveelheid koper opgenomen uit de

moedermelk tijdelijk verhoogd. De opgehoopte hoeveelheid koper in de lever is

niet essentieel en wordt, na het op gang komen van de galproduktie, binnen twee
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maanden uitgescheiden. In gemuteerde muizen wordt deze extra hoeveelheid koper

in andere organen opgeslagen. Dit verklaart waarom, in vergelijking met jonge

normale muizen, de koperconcentratie in de lever verlaagd is, terwijl er geen

duidelijk verschil is met de koperconcentratie in de lever van volwassen

Brindled muizen. Afgezien van de effekten, die veroorzaakt worden door de ko-

perstapeling vlak na de geboorte, is de endogene koperstofwisseling in de lever

niet beïnvloed door de mutatie (Publicatie VI; vil; VIII).

V.2 Stapeling in de nier van koper als koper-raetallothioneïne

De fatale koperdeficiëntie in de hemizygoot afwijkende Brindled muizen

wordt veroorzaakt door de abnormale stapeling van koper in een aantal weefsels,

met name de nier. Omdat de Brindled mutatie semi-dominant is, kunnen volwassen

heterozygote Brindled muizen (Mo ) gebruikt worden voor het onderzoek van de

abnormale koperstapeling in de nier. Koper wordt irreversibel opgeslagen in het

cytoplasma en is gebonden in een eiwitfraktie, waarvan het moleculair gewicht

10,000 dalton is (Publicatie III; IV). Het eiwit waarin koper irreversibel ge-

bonden wordt, is geïsoleerd en gekarakteriseerd als koper-metallothioneïne:

(Cü^Zn^Cdg 1)-thioneïne (Publicatie VI; VII).

V.3 De stofwisseling van koper-metallothioneïne in de lever van Brindled

muizen

In de lever van volwassen normale en gemuteerde Brindled muizen kunnen

twee verschillende groepen metallothionelnes onderscheiden worden, namelijk

MT en MT (Publicatie VII) . De verhouding tussen MT en MT is afhankelijk

van het fysiologisch milieu en de metaalscatus van het dier. MT heeft een

halveringstijd van 11.6 +_ 1.3 uur en stelt waarschijnlijk de metallothioneine-

moleculen voor, die het transport van metalen naar buiten de cel regelen. De

andere groep metallothioneinemoleculen, HT heeft een halveringstijd van

3.1 j^ 0.3 dagen en zij verzorgen de opslag van metalen in het cytoplasma. Dit

houdt in dat, na afbraak van de eiwitketen van metallothioneïne, deze metalen ;

opnieuw ingebouwd worden in nieuw gevormde metallothioneïnemoleculen. \

De halveringstijden van MT en MT komen overeen met de in de literatuur I

vermelde halveringstijden voor respectievelijk koper-, zink-metallothioneïne en

cadmium-metallothionelne. Deze halveringstijden zijn bepaald nadat het dier is

blootgesteld aan tamelijk hoge metaalconcentraties. In dit proefschrift wordt

echter beschreven dat, na toediening van 4 yg Cu, de uitschëiding van koper

uit de metallothioneïnef raktie weergegeven kan worden door twee halveringstij-
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den, namelijk 1.7 +_0.2 uur en 3.2 + 0.2 dagen (Publicatie VIII). De langste

halveringstijd stelt de stofwisseling van koper voor (Cu ), die tijdens even-

wichtsomstandigheden in MT gebonden is. De stofwisseling van koper en MTjj

geschiedt gelijktijdig. De korte halveringstijd (1.7 +_0.2 uur), stelt de stof-

wisseling van koper voor die afkomstig is van de injektie, Cu.. Dit koper wordt

slechts tijdelijk aan MT en/of MT gebonden en uitgescheiden voordat de ei-

witketen afgebroken wordt. Uiteindelijk verlaten Cu. en Cu het cytoplasma via

dezelfde route.

V.4 De stofwisseling van koper-metallothioneïne in de nier van Brindled muizen

De stofwisseling van koper en eiwitketen van metallothioneïne is in de

nier van volwassen normale Brindled muizen kwalitatief gelijk aan die in de le-

ver. De uitscheiding van koper wordt door twee halveringstijden beschreven,

namelijk Cu. : 2.2 +_ 0.4 uur en Cu : 2.5 + 0.2 dagen. De afbraak van de eiwit-

ketens wordt weergegeven door de volgende halveringstijden, MT : 8.22 +_ 0.08

uur en MT : 3.5 +_ 1.2 dagen (Publicatie VIII).

Voor de gemuteerde Brindled muizen is er geen waarneembare uitscheiding

van koper uit de metallothioneïnefraktie gevonden, terwijl de afbraak van de

eiwitketen slechts voorgesteld kan worden door één halveringstijd, namelijk

3.1 +^0.2 dagen. Deze resultaten geven aan dat, tijdens de afbraak van koper-

metallothioneïne, koper van de aminozuurketen verwijderd wordt en vervolgens

opnieuw ingebouwd wordt in nieuw gevormde metallothionelnemoleculen.

Uit deze resultaten kan geconcludeerd worden, dat de stapeling van koper

in de nier, en mogelijk ook in de andere koperstapelende organen, veroorzaakt

wordt door een geblokkeerde reabsorptie van koper. Met andere woorden, de uit-

scheiding van koper vanuit de cellen van deze organen naar de bloedbaan is ge-

blokkeerd. De aangeboren afwijking wordt waarschijnlijk veroorzaakt door een

afwijking in de stofwisseling van koper gebonden in metallothioneïne (Publi-

catie IX). •> ..

V.5 Brindled mui?en als een proefdiermodel voor de ziekte van Menkes

De grote overeenkomst tussen de kenmerken van de mutatie in Brindled ''""''

muizen en Menkes patiënten, zoals het geslachtsgebonden zijn van de mutatie en

de combinatie van koperdeficiëntie en koperstapeling binnen één organisme,

duiden erop dat de mutaties homoloog zijn. Verschillen kunnen worden terugge-

bracht tot verschillen in organisme (Publicatie IV; X ) .

In de hemizygoot afwijkende Brindled muis, "Menkes" muis, kan de dodelijke
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afloop van de mutatie voorkomen worden door toediening van koper. Voor Menkes

patiënten is de kopertherapie nog nooit succesvol geweest. Het verschil wordt

verklaard uit het feit, dat op het moment van geboorte, het ontwikkelingssta-

dium van de koperstofwisseling voor mens en muis niet gelijk is en dat er een

critische periode bestaat, waarin de beschikbare hoeveelheid koper voor de

hersenen, te klein is. In Menkes patiënten doet deze critische periode zich

vóór de geboorte, en in "Menkes" muizen juist na de geboorte voor.

Ofschoon de kenmerken van de mutaties in "Menkes" muizen en Menkes pa-

tiënten niet in alle opzichten gelijk zijn, vormen de Brindled muizen toch een

goed proefdiermodel voor het onderzoek van de aangeboren afwijking van de

ziekte van Menkes (Publicatie X).

54



CHAPTER VI

REFERENCES

Andersen, R.D. & Heser, U. (1978) Partial purification, characterization and translation in vitro

of rat liver metallathionein messenger ribonucleic acid. Biochem. J., 175, 841-852.

Aoki, T. & Nakahashi, E. (1977) New screening method for Wilson's disease and Henkes' kinky-hair

disease. Lancet, ii, 1140-1140.

Bell, J.U. (1979) Native metallothionein levels in rat hepatic cytosol during perinatal develop-

ment. Toxicol. Appl. Pharmacol., 5£, 101-107.

Beratis, N.G., Price, P., LaBadie, G. & Hirschhorn, K. (1978) Cu metabolism in Henkes and normal

cultured skin firbroblasts. Pediat. Res., 1_2, 699-702.

Bohlen, P., Stein, S., Dairman, W., udenfriend, S. (1973) Fluorometric assay of proteins in the

nanogram range. Arch. Biochem. Biophys., 155, 213-220.

Boyer, P.D. (1954) Spectrophotometric study of the reaction of protein sulfhydryl groups with or-

ganic mercurials. J. Am. Chera. Soc, 76, 4331-4337.

Brady, F.O. & Kafka, R.I,. (1979) Radioiramunoassay of rat liver metallothionein. Anal. Biochem., 98,

89-94.

Bremner, I. (1980) in Biological roles of copper (Hills, C.F., ed.), pp. 23-48, Excerpta Medica,

Amsterdam.

Bremner, I. & Young, B.W. (1976) Isolation of (copper, zinc)-fchioneins from the livers of copper-

injected rats. Biochem. J., 157, 517-520.

Bremner, I. & Campbell, J.K. (1978) Effect of copper and zinc status on susceptibility to cadmium

intoxication. Environm. Health Perspec., 25_, 125-128.

Bremner, I., Hoekstra, W.G., Davies, N.T. & Young, B.W. (1978a) Metabolism of 35S-labelled copper-,

zinc- and cadmium-thionein in the rat. Chem.-Biol. Interactions, 23_, 355-367.

Bremner, I., Hoekstra, W.G., Davies, N.T. & Younn, B.W. (1978b) Effect of zinc status of rats on

the synthesis and degradation of copper-induced metallothioneins. Biochem. J., 174, 883-892.

Burch, R.E.. Sullivan, J.F.. Jetton, M.M. & Hahn, H.K.J. (1979) The effect of aging on trac= ele-

ment content of various rat tissues: I. Early stages of aging. Age, 2, 103-107.

Cagen, S.Z. & Klaassen, C D . (1980) Binding of glutathione-depleting agents to metallothionein.

Toxicol. Appl. Pharmacol., 5£, 229-237.

Cain, K. & Holt, D.E. (1979) Hetallothionein degradation: metal composition as a controlling fac-

tor. "Chem. -Biol. Interactions, 28, 91-106.

Camakaris, J., Mann, J.R. & Danks, D.H. (1979) Copper metabolism in Mottled mouse mutants. Copper

concentrations in tissues during development. Biochem. J., 180_, 597-604.

Camakaris, J., Danks, D.M., Ackland, L., Cartwright, E., Borger, P. & Cotton, R.G.H. (1980)

Altered copper metabolism in cultured cells from human Menkes' syndrome and Mottled mouse

mutants. Biochem. Gene.:., \H_, 117-131.

Casey, C.E. & Robinson, M.P. (1978) Copper, manganese, zinc, nickel, cadmium and lead in human

foetal tissues. Br. J. Nutr., 39_. 639-646.

Cavell, P.A. & Widdowson, E.M. (1964) Intakes and excretion of iron, copper, and zinc in the neo-

natal period. Arch. Dis. Chlldh., 39_, 496-501.

Chen, R.W. & Ganther, H.E. (1975) Relative cadmium binding capacity of metallothionein and other

cytosolic fractions in various tissues of the rat. Environm. Physiol. Biochem., 5_, 378-388.

Cherian, H.G. (1P79) Metabolism of orally administered cadmium-metallothlonein in mice. Environm.

Health Perspuc, 28, 127-130.

Curzon, G. (1975) Metals and melanins in the extrapyraoidal centers. Phannac. Therap. B, l_, 673-

55



684.

Daish, P., Wheeler, E.M,, Roberts. P.P., Jones, R.D. (1978) Henkes's syndrome. Report of a patient-

treated from 21 days of age with parenteral copper. Arch. Dis. Childh., 53_, 956-958.

Danks, D.M. (1977) Copper transport and utilisation in Menkes1 syndrome and in Mottled mice. Inorg.

Per spec. Biol. Ned., 1_, 73-100.

Danks, D.M., Campbell. P.B.. Stevens, B.J., Hayne, V. * Cartwright, E. (1972a) Henkes's kinky hair

syndrome. An inherited defect in copper absorption with widespread effects. Pediatrics, 50,

188-201.

Danks, D.M., Stevens, B.J., Campbell, P.E., Gillespie, J.M., Walker-Smith, J., Blomfield, J. &

Turner, B. (1972b) Menkes' kinky-hair syndrome. Lancet, i, 1100-1102.

Danks, D.M.. Cartwright. E., Stevens, B.J. s. Townley, R.R.W. (1973) Menkes' kinky hair syndrome,

more data on copper transport. Gastroenterology. 65_, 507-S08.

Danks, D.M. Stevens, B.J., Campbell, P.E., Cartwright, B.C., Gillespie, J.M., Townley, R.R.W.,

Walker-Smith, J.A., Blomfield, J., Turner, B.B. & Mayne, V. (1974) Menkes kinky-hair syn-

drome. An inherited defect in the intestinal absorption of copper with widespread effects.

Birth Defects, |£, 132-137.

Day, F.A., Coles, B.J. & Brady, F.O. (1978) Postinduction actinomycin D effects on the concentra-

tions of cadmium thionein, zinc thionein and copper chelatin in rat liver. Bioinorg. Chem.,

8_, 93-105.

Dekaban, A.S. & Steusing, J.K. (1974) Menkes1 kinky hair disease treated with subcutaneous copper

sulphate. Lancet, ii, 1523-1523.

Dobrescu, O., Labrisseau, A., Dubé, L-J. & Weber, M.L. (1980) Trichopollodystrophie ou la maladie

de Menkes. Can. Hed. Assoc. J., J_23, 490-497.

Ellman, G.L. (1959) Tissue sulfhydryl groups. Arch. Biochem. Biophys., 82_, 70-77.

Etzel, K.R., Shapiro, S.G. & Cousins, R.J. (1979) Regulation of liver metallothtonein and plasma

zinc by the glucocorticoid dexamethasone. Biochem. Biophys. Res. Coins., 89_, 1120-1126.

Evans, G.W. (1973) Copper homeostasis in the mammalian system. Physiol. Rev., j$3_, 535-570.

Evans, P W. a LeBlanc, F.N. (1976) Copper-binding protein in rat intestine: amino acid composition

and function. Nutr. Rep. Int., i±, 281-288.

Evans, G.W. & Reis, B.L. (1978) Impaired copper homeostasis in neonatal male and adult female

Brindled (Mobr) mice. J. Nutr., 108. 554-560.

Falconer, D.S. (1953) Total sex-linkage in the house mouse. Z. Indukt. Abstammungs-Vererbungslehre,

85, 210-219.

Feldman, S.L. & Cousins, R.J. (1976) Degradation of hepatic zinc-thionein after parenteral zinc

administration. Biochem. J., U>0, 583-588.

Feldman, S.L., Failla, M.L. & Cousins, R.J. (1978a) Degradation of rat liver metallothioneins in

vitro. Biochim. Biophys. Acta, 544_, 638-646.

Feldman, S.L., Squibb, K.S. & Cousins, R.J. (1978b) Degradation of cadmium-thionein in rat liver

and kidney. J. Toxicol. Envircrun. Health, 4, 805-813.

Fraser, A.S., Sobey, S. & Spicer, C.C. (1953) Mottled, a sex-modified lethal in the house mouse.

J. Genet., 5_1̂, 217-221.

French, J.H. (1977) in Handbook of clinical neurology (Vinken, P.J. & Bruyn, G.W., eds.), 2£, 279-

304.

Galjaard, H. (1980) in Genetic metabolic diseases. Early diagnosis and prenatal analysis

(Galjaard, H., ed.), pp. 678-679, Blsevier, Amsterdam.

Garnica, A.D. & Fletcher, S.R. (1975) Parenteral copper in Menkes1 kinky-hair syndrome. Lancet, ii,

659-660.

Garnica, A.D., Frias, J.L. & Rennert, O.M. (1977) Menkes kinky hair syndrome: i s i t a treatable

disorder? c l in . Genet., U_, 154-161.

56



Garnica, R.D., Chan, W.Y., & Rennert, O.M. (197B) Role of metallothianeins in copper transport in

patients with Menkes syndrome. Ann. Clin. Lab. Sci., 8_, 302-308.

Ghatak, N.R., Hirano, A., Poon, T.P. & French, J.H. (1972) Trichopoliodystrophy. II. Pathological

changes in skeletal muscle and nervous system. Arch. Neurol., 26_, 60-72.

Goka, Th.J., Stevenson, R.E., Hefferan, P.M. & Howell, R.R. (1976) Henkes disease: a biochemical

abnormality in cultured human £ibroblasts. Proc. Nat. Acad. Sci. USA, 73_, 604-606.

Goldberg, A.L. & Dice, J.F. (1974) Intracellular protein degradation in mammalian and bacterial

cells. Ann. Rev. Biochem., 43_, 835-869.

Graham, G.G. & Cordano, A. (1976) In Trace elements in human health and disease (Prasad, A.S. &

Oberleas, D., eds.), 1_, pp. 363-372, Academic Press, New York

Grover, W.D. S Sorutton, M.C. (1975) Copper infusion therapy in trichopoliodystryophy. J. Ped., 86,

216-220.

Hall, A.C., Young, B.W. & Bremner, I. (1979) Intestinal metallothionein and the mutual antagonism

between copper and zinc in the rat. J. Inorg. Biochem., JJ_, 57-66.

Hart, E.B., Steenbock, H., Haddell, J. & Elvehjem, CA. (192B) Iron in nutrition. VII. Copper as a

supplement to iron for hemoglobin building in the rat. J. Biol. Chem., TJ_, 797-812.

Haywood, S. (1980) The effect of excess dietary copper on the liver and kidney of the male rat. J.

Comp. Path., 90_, 217-232.

Heydorn, K., Oamsgaard, E., Horn, N., Hikkelsen, H., Tygstrup, I., Vestermark, S. s Weber, J.

(1975) Extra-hepatic storage of copper - a male foetus suspected of Henkes' disease. Human-

genetik, 29_, 171-175.

Holstein, Th.J., Fung, R.Q., Quevedo, W.C. & Bienieki, Th.C. (1979) Effect of altered copper meta-

bolism induced by Mottled alleles and diet on mouse tyrosinase (40662). Proc. Soc. Exp. Biol.

Hed., ̂ 62., 264-268.

Horn, N. (1976) Copper incorporation studies on cultured cells for prenatal diagnosis of Menkes'

disease. Lancet, i, 1156-1158.

Horn, N., Heydorn, K., Damsgaard, E., Tygstrup, I. & Vestermark, S. (1978) Is Menkes syndrome a

copper storage disorder? Clin. Genet., 14, 186-187.

Hoogenraad, T.U., Van den Earner, C.J.A., Koevoet, R. & De Ruyter Korver, E.G.W.M. (1978) Oral zinc

in Wilson's disease. Lancet, ii, 1262-1262.

Hunt, D.M. (1974) Primary defect in copper transport underlies Mottled mutants in the mouse.

Nature, J49, 852-853.

Hunt, D.M. (1976) A study of copper treatment and tissue copper levels in the murlne congenital

copper deficiency. Mottled. Life Sci., \9^, 1913-1919.

Hunt, D.M. (1977) Catecholamine biosynthesis and the activity of a number of copper-dependent

enzymes in the copper deficient Mottled mouse mutants. Comp. Biochem. Physiol. 57C, 79-83.

Hunt, D.M. & Johnson, D.R. (1972) An inherited deficiency in noradrenaline biosynthesis in the

Brindled mouse. J. Neurochem., \9, 2811-2819.

Hunt, D.M. & Port, A.E. (1979) Trace element binding in the copper deficient Mottled mutants in the

mouse. Life Sei., 24_, 1453-1466.

Janssens, A.R. & Van den Hamer, C.J.A. (1980) in Proceedings 15th Meeting European Association for

the Study of the Liver, Belgrado, in press.

Kagi, J.H.R. & Vallee, B.L. (1960) Metallothionein: a cadmium- and zinc-containing protein from

equine renal cortex. J. Biol. Chem., 235, 3460-3465.

Kagi, J.H.R. & M. Nordberg (1979) Metallothionein. Proceedings of the 'First International Meeting

on Metallothionein and other Low Molecular Height Metal-binding Proteins'. Birkhauser Verlag,

Basel.

King, J.C, Haynolds, w.L. & Margen, S. (1978) Absorption of stable isotopes of iron, copper and

zinc during oral contraceptive use. Am. J. Clin. Nutr., 3_1_, 1198-1203.

57



Kojiroa, ï. & Kagi, J.H.R. (1978) Metallothionein. Trends Biochem. Sci., 3̂  90-93.

Kotsonis, F.N. & Klaassen, C D . (1977) Comparison of methods for estimating hepatic raetallothionein

in rats. Toxicol. ftppl. Pharmacol., 42, 583-588.

Kotsonisi F.N. & Klaassen, C D . (1979) Increase in hepatic metallothionein in rats treated with

alkylating agents. Toxicol. Appl. Pharmacol., 5J_, 19-27.

Lee, G.R., Williams, D.H. & Cartwright( G.E. (1976) in Trace elements in human health and disease

(Prasad, A.S. & ober leas, D. eds.), 1_, pp. 373-390, Academic Press, New York.

Lerch, K. (19B0) Copper metallothonein, a copper-binding protein from Neurospora crassa. Nature,

284, 368-370.

Under, M.c. & Munro, H.N. (1973) Iron and copper metabolism during development. Enzyme, 5̂_, 111-

138.

Lott, I.T., DiPaolo, R., Schwartz, D., Janowska, S. & Kanfer, J.N. (1975) Copper metabolism in the

steely-hair syndrome. New Eng. J. Med., 292, 197-199.

Lyon, M.F. (1960) A further mutation of the Mottled type in the mouse. J. Hered., 51̂ , 116-121.

Madapallimatam, G. & Riordan, J.R. (1977) Antibodies to the low molecular weight copper binding

protein from liver. Biochem. Biophys. Res. Comm., 77, 1286-1293.

Hagee, A.C. & Hatrone, G. (1960) Studies of growth, copper metabolism and iron metabolism of rats

fed high levels of zinc. J. Nutr., 72_, 233-242.

Mann, J.R., Camakaris, J., Danks, D.H. & Walliczek, E.G. (1979a) Copper metabolism in Mottled

mouse mutants. Copper therapy of Brindled (Mo r) mice. Biochem. J., 180, 605-612.

Mann, J.R., Camakaris, J. & Danks, D.H. (1979b) Copper metabolism in Mottled mouse mutants. Dis-

tribution of 64Cu in Brindled (Mobr) mice. Biochem. J., JJ30_, 613-619.

Mann. J.R., Camakaris, J. & Danks, D.M. (1980) Copper metabolism in Mottled mouse mutants. Defec-

tive placental transfer of Cu to foetal Brindled (Mo r) mice. Biochem. J., 186, 629-631.

Margoshes, M. & Vallee, B.L. (1957) A cadmium protein from equine kidney cortex. J. Am. Chem. Soc,

79, 4813-4814.

Hason, K.E. (1979) A conspectus of research on copper metabolism and requirements of man. J. Nutr.,

109, 1979-2066.

Matsuda, I . , Pearson, T. & Holtzman, N.A. (1974) Determination of apoceruloplasmin by radioimmuno-

assay in nutritional copper deficiency, Menkes' kinky hair syndrome, Wilson's disease, and

umbilical cord blood, Fediat. Res., 8, 321-824.

Hearick, P.T. & Mis t i l i s , S.P. (1969) Excretion of radiocopper by the neonatal rat. J. Lab. Clin.

Med., 7_4, 421-426.

Menkes, J.H., Alter, M., Steigleder, G.K., Weakley, D.R. & Sung, J.R. (1962) A sex-linked reces-

sive disorder with retardation of growth, peculiar hair, and focal cerebral and cerebellar

degeneration. Pediatrics, 29_, 764-779.

Morell, A.G., Shapiro, J.R., Scheinberg, I.H. & Brosseau, J.C- (1961) in Wilson's disease, some

current concepts (Walshe, J.M. & Cumings, J.N., eds.), pp. 36-42, Blackwell Scientific,

Oxford.

Nooijen, J.L., De Groot, C.J., Van den Hamer, C.J.A., Monnens, L.A.H., Willemse, J. & Niermeijer,

H.F. (1981) Trace element studies in three patients and a fetus with Menkes' disease. Effect

of copper therapy. Pediat. Res., 15̂ , 284-289.

Norton, D.S. 8 Heaton, F.W. (1980) Distribution of copper and zinc among protein fractions in the

cytoplasm of rat tissues. J. Inorg. Biochem., I3j 1-9.

O'Dell, B.L. (1976) in Trace elements in human health and disease (Prasad, A.S. & Ober leas, D.,

eds.), 1_, 391-413, Academic Press, New York.

Oh, S.H., Deagen, J.T., Whanger, p.D. & Weswig, P.H. (1978) Biological function of metallothionein.

V. Its induction In rats by various stresses. Am. J. Physiol., 234, E282-E285.

Ogiso, T., Moriyama, K., Sasaki, S., Ishimura, Ï. & Minato, A. (1974) Inhibitory effect of high

5B



dietary zinc on copper absorption in rats. Chem. Phanq. Bull., 21_, 55-60.

Piotrowski, J.K., Bolanowska, W. & Sapota, A. (1973) Evaluation of metallothionein content in ani-

mal tissues. Acta Biochim. Pol., 20, 207-215.

Piotrowsky, J.K. & Hogilnicka, E.M. U976) Metallothioneina Postepy biochemii, 22j 401-419. Trans-

lated by Hieczorek, H., Kernforschungszentrum Karlsruhe GmbH, Karlsruhe.

Piscator, H. (1964) On cadmium in normal human kidneys together with a report on the isolation of

metallothionein from livers of cadmium-exposed rabbits. Nord. Hyg. Tidskr., 4¿, 76-S2.

Port, A.B. & Hunt, D.M. (1979) A study of the copper-binding proteins in liver and kidney tissue

of neonatal normsl and Mottled mutant mice. Biochem. J., U33_, 721-730.

Porter, H., Sweeney, H. & Forter, E.H. (1964) Neonatal hepatic mitochondrocuprein. II. Isolation

of the copper-containing subfraction from mitochondria of newborn human liver. Arch. Biochem.

Biophys., UJ4, 97-101.

Prins, H.W. & Van den Hamer, C.J.A. (1978) in Trace element metabolism in man and animal -3. Pro-

ceedings of the 3rd international symposium (Kirchgessner, H., éd.), pp. 397-400, Arbeits-

kreis für Tiersrnährungsf orschung, Weihenstephan.

Prins, H.W. & Van den Hamer, C.J.A. (1979a) Primary biochemical defect in copper metabolism in

mice with a recessive X-linked mutation analogous to Menkes' disease in man. J. Inorg. Bio-

chem., W_, 19-27.

Prins, H.W. & Van den Hamer, C.J.A. (1979b) Impaired copper homeostasis in Brindled mice. Letter

to the editor. J. Nutr., ¿09_, 360-361.

Prins, H.H, & Van den Hamer, C.J.A. (1980) Abnormal copper-thionein synthesis and impaired copper

utilization in mutated Brindled mice: model for Henkes' disease. J. Nutr., 110, 151-157.

Prohaska, J.R. & Wells, H.H. (1974) Copper deficiency in the developing rat brain: a possible

model for Henkes' steely-hair disease. J. Neureichem., 23_, 91-98.

Prohaska, J.R. & Wells, W.W. (1975) Copper deficiency in the developing rat brain. Evidence for

abnormal mitochondria. J. Neurochem., 25_, 221-228.

Renfrew, C. (1980) Ancient Bulgaria's golden treasures. Nat. Geographic, 158, 112-129.

Beske- Nielsen, E., Lou, H.O.C., Andersen P. & Vagn-Hansen, P. (1973) Brain-copper concentration

in Henkes' disease. Lancet, i, 613-613.

Riordan, J.R. & Gower, I. (1975) Small copper-binding proteins from normal and copper-loaded liver.

Biochim. Biophys. Acta, 4U, 393-39B.

Rowe, D.W., HcGoodwin, E.B., Martin, G.R., Sussman, M.D., Grahn, D., Faris, B. & Franzblau, C.

(1974) A sex-linked defect in the cross-linking of collagen and elastin associated with the

Mottled locus in mice. J. Exp. Med., 139, 180-192.

Royce, P.M., Camakaris, J. & Mann, J.R. (1978) The effect of copper therapy on lysyl oxidase activ-

ity in the Mottled mouse mutants. Proc. Austr. Biochem. Soc., i\_, 31-31.

Rupp, H. & Weser, U. (1978) Circular dichroism of metallothioneins. A structural approach. Biochim.

Biophys. Acta, 533_, 209-226.

Rupp, H. & Weser, U. (1979) in Metallothionein. Proceedings of the 'First International Meeting on

Metallothionein and other low Molecular Weight Metal-binding Proteins', (KSgi, J.B.R. &

Nordberg, M., eds.), pp. 231-240, Birkhauser Verlag, Basel.

Rupp, H-, Cammack, R., Hartman, H-J. & Weser, U. (1979) Oxidation-reduction reactions of copper-

thiolate centres in Cu-thionein. Biochim. Biophys. Acta, 578, 462-475.

Rydén, L. & Deutsch, H.F. (1978) Preparation and properties of the major copper-binding component

in human fetal liver. Its identification as metallothionein. J. Biol. Chem., 253, 519-524.

Sabbioni, E. a Harafante, E. (1975) Accumulation of cadmium in rat liver cadmium binding protein

following single and repeated cadmium administration. Environm. Physiol. Biochem., 5_, 465 473.

ir, P.J., Bakka, A. ft Beynor

FEBS Letters, 94, 315-318.

Sadler, P.J., Bakka, A. ft Beynon, P.J. (1978) Cd Nuclear magnetic resonance of metallothionein.

59



Scheinberg, I.H. s sternlieb, I. (I960) Copper metabolism. Pharmacol. Rev., .12_, 355-381.

Scheinberg, I.H. & Sternlieb, I. (1965) Wilson's disease. Ann. Rev. Med., 6̂_, 119-134.

Scheinberg, I.H. & Sternlieb, I. (1976) in Trace elements in human health and disease (Prasad,

A.S. 8 Ober leas, D., eds.), ±, pp. 415-438, Academic Press, New York.

Shaikh, Z.A. & Smith, J.C. (1977) The mechanisms of hepatic and renal metallothionein biosynthesis

in cadmium-exposed rats. Chem. - Biol. Interactions, JĴ , 161-171.
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Results of a Cu-Loading Test Applied to Patients with an Inherited Defect

in their Cu-Metabolism (Menkes' Disease)

C. J .A. Van don Hamer and H.W. Prins

Interuniversity Reactor Institute. Delft, The Netherlands

RA

For some time we have been using the oral variety of the Cu-loading test as a means

of investigating the Cu-metabolism in man. The test was originally designed as a diag-

nostic tool in case of Wilson's disease (4). but has more recently been used by several

authors for the investigation of Menkes' disease.

fi4

Applying the test to Menkes' patients we found atypical plasma Cu-time curves when

these patients had received intramuscular doses of Cu as therapy. Additional experi-

ments were carried out with mice with a sex-linked defect, similar to Menkes' disease.

On the ba6is of our results a possible explanation for the atypical curves will be pre-

sented.

Methods

64Cu-Loading Test

.The fasting patient receives orally a dose of Cu-acetate (children: 1 mg; 0.5 mCi)

mixed with some milk. At a number of intervals (e.g. , t • 1, 2, 3, 5, 24 and 48 h

after the dose) heparine blood is drawn. After centrifugation the plasma is analysed

for Cu and for ceruloplasmin-bound Cu.

Determination of Ceruloplasmin-bound Cu

To 1.0 ml of plasma an equal volume of 0.9 % NaCl and 0.2 ml 0.2 % diethyldithio-

carbamate solutions in water are added. After 15 min at room temperature 0.5 ml of

the mixture is passed through a column (0.4 x 3 cm) of activated coal, followed by
64

1.0 ml 0.9 % NaCl solution. The ceruloplasmin-bound Cu is collected in the eluaie;
64the albumin-bound Cu stays on the column.

Results

In controls the plasma Cu-time curves of the loading test show a maximum around

t « 2 h, due to Cu rapidly res orbed from the G. I. -tract and loosely bound to albumin

("free-Cu"), a minimum at t * 5 h, when the uptake in the liver exceeds the resorption
64from the G.I. -tract, and a final rising part due to Cu incorporated by the liver in

ceruloplasmin (Fig. 1; control).

When applied to patients with Menkes' disease, usually very flat curves are found

(Fig. 1; v .B. , Z.) . These curves have been interpreted as indications for strongly

decreased Cu-resorption from the G.I.-tract [e .g . . (1)] . However, in case of a pa-
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tient who had been treated with intramuscular injections of Cu. an atypical curve

(Fig. 1; K.) was found in which no iii.-iximum or minimum was observed but which

nevertheless eventually reached a height similar tu thai found with controls. The same

behaviour was found with another puiii-nt, tested before and during Cu-therapy (Fig. 1;

P. and P«, resp. ) : the first curve was flat as in other untreated patients, the second

was similar to the atypical curve of patient K. In both atypical curves, as well a s in

tlie final rising part of the control curve, the Cu was largely ceruloplasmin-bound.

In the flat curves (Fig. 1; e . g . . K.) the amount of Cu was too small for a distinction

between "free Cu" and the ceruloplasmin-bound form. Finally, in cane of patient K.t

it was found that lowering the therapeutic Cu resulted not only in a lower plasma-Cu

level, but also in a decreased slope of the plasma Cu-time curve.

IS 20
Timed»)

64 64
Fig. 1. Plasma K Cu-time curves observed after an oral dose of Cu in a control and
In patients with Menkes' disease. The points at t * 48 h are omitted

To find an explanation, young Blotchy mice, which have a sex-linked defect s imilar to

Menkes' disease (3), were injected i. p. with 0.12 pg Cu and the distribution of the
CO

Cu between the liver and other t issues was measured. The results (Table 1) show
B7*

that the Cu-uptakc in the liver of the Cu-deficient mice was strongly decreased as

compared to that of the normal mice .

6*7
Table 1. Cu distribution in 3-day-old mice. 24 h after an i . p . injection of 0 .12 pg

Cu. Results expressed as % of the dose

Genotype Cu-etatus (3) n Liver Other t issues

Normal mice (XMY. XR1XM) normal 5 52 ± 4

Heterozygous mice (XMXm) deficient 3 7 ± 2

"Menkes" mice (XmY) deficient 2 6 ± 1

44 t 5

8515

92 ±3

65



Discussion

The absence in some curves of a maximum around t = 2 h (Fig. 1; e .g. . P. , P.),
RA

which would be due to "free Cu", points to an imbalance between the Cu-resorption

and -uptake in the tissues: the Cu is resorbed more slowly from the G.I. -tract than

taken up by these tissues. In untreated patients the Cu mainly goes to other tissues

than the liver. Only after Cu-therapy, which obliterates the Cu-deficiency in these
64tissues, the surplus Cu will go to the liver and will reappear in the plasma as

ceruloplasfnin-bound Cu. This conclusion is supported by the animal experiments

which show that little Cu accumulated in the liver of Cu-deficient mice.

Curves without a maximum around t » 2 h were, incidentally, also found in case of

•ome adults (both normal controls and relatives of a patient) (5) and are probably BIBO

the result of a slow resorption and/or a certain degree of Cu-deficiency.

One must therefore conclude that the Cu-resorption cannot be judged only from the
RA RA

plasma Cu-time curves after an oral dose of Cu. Moreover, the atypical curves

confirm the conclusion of Oebakan (2) that Cu is resorbed to some extent by Menkes'

patients.

The observed distribution of Cu in the "Menkes" mice and the appearance of Cu-

ceruloplasmin after Cu-therapy in the Cu-load ing test are explained by assuming a

Cu-deficiency in the tissues. This deficiency can be the result of an impaired resorp-

tion of Cu from the G.I.-tract or an unavailability due to an irreversible binding of Cu

In the tissues as described by Danks (this symposium).

Summary
64An oral Cu-loading test has been applied to Menkes' patients. It has been shown that

the shape of the plasma Cu-time curve is strongly influenced by the Cu-status of the

patient, e .g . , whether the patient has received copper parenterally. Information has

been obtained on the influence of Cu-deficiency on the utilization of resorbed Cu.
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Cu-Content of the Liver of Young Mice in Relation to a Defect in the
Cu-Metabolism

H.W. Prins and C. J.A. Van den Hamer

Interunlversity Reactor Institute, Delft, The Netherlands

In the neonatal period rapid changes takt- place in copper metabolism as a result of

physiological alterations in ceruloplaunin synthesis, in intestinal resorption and in

biliary excretion of copper (5). The liver plays an Important role in copper metabolism.

I .e . , in uptake, storage and excretion of copper. We studied as function of age the

copper content of the livers of Blotchy mice (3): mice with a recessive, eex-linked

defect in Cu-resorption (Table I). The mutation is probably identical to that of Menkes'

disease In man. From the copper concentration-age curves of X A and X Y mice

one can obtain an indication of the age at which impaired Cu-resorption results in fatal

copper deficiency.

Table 1. Genotypes and phenotypes of Blotchy mice; M indicates the normal allele for

Cu-resorption

Genotype Phenotype Color Viability

XMXM , XMY normal brown viable

X M X m heterozygous variegated viable

XmY "Menkes" white dies at about 21 days post partum

Methods

Copper-free instruments and glassware were used throughout. The livers were di-

gested with a mixture ot H_SO. and H„O„ (1:1, v/v); copper concentrations were

determined by flameless atomic absorption spectrometry. The apparatus (2) recorded

total absorption, background absorption and the copper absorption corrected for

background absorption.

Results

In the literature no copper concentration-age curve for mice is available. Therefore

we compared the curves of the three Blotchy phenotypes with the curve for Swiss mice,

an inbred strain without known defect in trace element metabolism.

Fig. 1 shows the concentration-age curve of Swiss mice. The shape of the curve looks

similar to that of man and rat (4). The maximum in the curve coincides with the first
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production of bile, the major excretion pathway of copper. The ups lope and downslope

parts of the curve are exponential functions of time (Table 2). each corresponding to

the general equation:

0.693* t
[Cu] = A* e (t in days)

Table 2. Numerical values of the constants (A and B) of the exponential curves of the
™ " " ~ ^ ™ " ^ 2

Swiss mice and of the Blotchy mice. R is the coefficient of determination

Mice Genotype Age

(days)

A

(ft If)

B

(days)

Swiss

Blotchy

Blotchy

Blotchy

x'V1,

x'V™

XmY

, XMY

< 3

> 3

< 3

> 3

< 3

> 3

< 3

> 3

15.6

68.3

22.9

97.0

6.2

23.7

4.4

17.4

1.7

- 9 . 9

2 . 0

- S . 9

1.9

- 5 . 3 /

1.5 /

-3.6 /

0.98

Q./B2

,0.70

/ 0 . 8 7

/ 0.94

' 0.64

0.75

0.89

I
Figures 2, 3 and 4 show the concentration-age curves of XMXM and XMY; X^St"1; and

XmY mice respectively; Table 2 contains the numerical values of their constants A and

B.

Discussion

The shape of the concentration-age curves of Swiss X^C , X Y mice are identical,

indicating that the normal Blotchy mice have no impaired Cu-metabolism. The "Menkes"

mice showed a curve which could be explained by an imbalance between uptake and

excretion. The initial rise of the concentration-age curve is probabty the result of non-

specific protein resorption of the gut (7), since the first mother milk, colostrum, is

rich in copper (1), bound to proteins. This non-specific protein resorption lasts for

only one day (6). The half time (B) of 3. 6 days of the downs lope curve indicates that in

comparison with the normal mice a larger amount of copper is excreted than taken up

by the liver.

In heterozygous mice the X chromosome is inactivated in 50 % of the cells. Still, the

heterozygous curve is very similar to that of the "Menkes" mice, indicating a subnor-

mal resorption. The same behaviour is found in man (8), The copper concentration in
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Fig. 1 - 4 . Cu content of the liver as function of age. Each bar represents the mean i.

standard deviation of at least 4 mice

the X X curve could represent the minimum copper concentration in the liver at

which nowhere else in the organism a Cu-deficiency will occur (8), which could result

In, e .g . , brain damage. Assuming that in "Menkes" mice (XmY) brain damage can be

prevented after birth by Cu-therapy, the curves in Figs. 3 and 4 could help to determine

the period in which Cu-therapy should be initiated.

Summary

The Cu content of the livers of young Blotchy mice was studied as a function of age. The

animals have a recessive, sex-linked mutation that is probably identical to that of

Menkes' disease in man: both show an impaired Cu-resorption. The three phenotypes

showed different concentration-age curves. The homozygous normals showed a curve

similar to that of the Swiss mice. Both showed a maximum in liver-Cu, coinciding

with the first production of bile. The "Menkes" mice showed a curve which could be

explained by a lack of Cu-reBorption. The heterozygous carriers showed a curve very

similar to that of the "Menkes" mice. A comparable situation was found in man. Our
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results show that Cu-therapy for Menkes' disease only has a chance to prevent brain

damage, if ever, when initiated very early.
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Primary Biochemical Defect in Copper
Metabolism in Mice with a Recessive
X-Linked Mutation Analogous to
Menkes' Disease in Man

Hans W. Prins and Cornells J. A. Van den Hamer
Interuniversity Reactor Institute, Delft, The Netherlands

ABSTRACT

The defect in Menkes' disease in man is identical to that in Brindled mice. The defect
manifests itself in a accumulation of coppei in some tissues, such as renal, intestinal
(mucosa and muscle), pancreatic, osseous, muscular, and dermal. Hence a fatal copper
deficiency results in other tissues (e.g., hepatic). The copper transport through the
intestine is impaired and copper, which circumvents the block in the copper resoiption,
is irreversibly trapped in the above-mentioned, copper accumulating tissues where it is
bound to a cytoplasmatic protein with molecular weight 10,000 daltons, probably the
primary cytoplasmatic copper transporting protein. This protein shows a Cu-S absorp-
tion band at 250 nm, and the coppei:protein ratio is increased. Such cooper rich protein
was found neither in the kidneys of the unaffected mice nor in the liver of the mice that
do have the defect. Three models of the primary defect in Menkes disease are proposed.

INTRODUCTION

The recessive X-linked defect in mottled mutants in mice [1] can be compared to
Menkes' disease in man [2, 3]. The primary defect in Menkes' syndrome has been
described as a block in the copper transport through the intestinal wall, resulting in a
fatal copper deficiency.

The abnormal high copper concentration in fetal [4] and postmortem [5] Menkes
renal tissue indicates that the primary defect in Menkes' disease is not limited to a
block in the copper transport through the intestinal wall [3].

A 64Cu loading test applied to Menkes' patients after intramuscular (im) copper
therapy shows an incorporation of 64Cu in ceruloplasmin during its synthesis [6].
Since such incorporation does not occur without preliminary copper therapy, one
must conclude that the copper addition produces a certain saturation of copper defi-
cient tissues, that is, of a molecule that irreversibly traps copper [7].
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After entering the cell, copper is normally bound to two cytoplasmatic soluble pro-
teins. The amount of 64Cu bound to these proteins depends, among other factors, on
time since injection [8]. First 6 4Cu is bound to a protein with a molecular weight of
10,000 daltons (Fraction I). Then it is transferred to a protein with a molecular weight
of 30,000 daltons (Fraction II). In case of the liver 6 4Cu is finally excreted in the bile.

We studied the copper metabolism of the three phenotypes of Brindled mice [1]
concentrating our attention on liver and kidney and isolated-a protein in which copper
is trapped.

MATERIALS AND METHODS

The Brindled mice [1, 3] used in the experiments were obtained from Dr. D. M Hunt
(Glasgow, UK). In our earlier experiments [6, 9] we erroneously called these mice
Blotchy instead of Brindled. These mice have a recessive, sex-linked mutation in their
copper metabolism (Table 1). They were housed in plastic cages covered with stainless-
steel lids and were maintained on a standard laboratory diet (Hope Farms, Woerden,
The Netherlands) and tap water ad libitum. Our "Menkes" (XmY) mice show a some-
what longer life span than that mentioned by Hunt (21 days instead of 14 days),
which is probably the result of the high copper concentration of the diet (16 ppm).

Copper-64 was prepared in our institute by activation of metallic Cu (>99.999%,
Ventron Alfa Products, Beverly, Mass., USA) with thermal neutrons. The 6 4 Cu radio-
activity was determined in a Nal scintillation counter (Packard Model 5120). Copper:
67 was obtained from IKO (Amsterdam, The Netherlands). After digestion of the
tissues with 1 ml of Soluene-350 and addition of 10 ml of Dimilume-30 (both from
Packard in Brussels, Belgium), the 6 7Cu radioactivity was measured in a liquid scintil-
lation counter (Packard Model 3320). The stable copper concentration in tissues was
determined by flameless Atomic Absorption Spectrometry as published previously [9] .
The 6 4Cu or 6 7Cu, dissolved in 0.05 M sodium acetate buffer (pH = 5.6) containing
0.13 M NaCl, was administered to the mice by intraperitoneal injection or orally with
a stomach tube. Isolation from the rat liver of the cytoplasmatic copper-binding
proteins is described in detail elsewhere [8] . After homogenization and ultracentrifu-
gation (120,000 g, 1 hr), the supernatant was transferred onto a 1.8 cm X 68 cm
Sephadex G-75 column (Pharmacia in Uppsala, Sweden). Elution, flow rate 16 ml
hr~x , was carried out at 4°C with 0.05 M sodium acetate buffer (pH = 5.6) containing

TABLE 1. Genotypes and Phenotypes of
Brindled Mice

Phenotype
Genotype0

XMX«X«

X«Xm

X"»Y

Color

Y Brown

Variegated

White

Viability

Viable

Viable

Dies ca.
21 days postpartum

° Superscript M indicates the normal allele for
copper metabolism.
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TABLE 2. Copper Concentration in Various Tissues of
Adult Brindled Mice"

Liver
Kidney (2)
Intestine

Mucosa
Muscle

Pancreas
Bone
Brain
Plasma
Muscle
Heart
Lung
Skin

Weight (g)

1.2 (0.2 )<=
0.4 (0.1 )

—
—

0.10 (0.05)
—

0.30 (0.05)
—
—

0.09 (0.03)
0.11(0.04)

—

Genotype1»

XMXM,XA*Y

5.3 (0.6)c
3.1 (0.3)

1.2(0.3)
1.2(0.2)
0.7 (0.2)
1.0 (0.5)
3.3 (0.6)
0.8 (0.1)
0.8 (0.2)
7.0 (3.0)
5.0 (2.0)
1.7 (0.3)

4.8 ( 0.8)=
47.0 (20.0)

3.2 ( 0.8)
3.4 ( 0.8)
2.5 ( 0.6)
1.7 ( 0.5)
3.2 ( 0.8)
1.0 ( 0.6)
1.2 ( 0.2)
8.0 ( 0.5)
5.3 ( 0.9)
1.3 ( 0.4)

" Micrograms of copper per gram of wet tissues or per milliliter of
plasma.
b Average body weight = 23 g ± 3 g, no significant difference
between the genotypes.
c For Tables 2 and 3, the numbers in parentheses represent standard
deviation from the mean for four animals.

0.13 M NaCl and 3 mM NaN3. The eluate was continuously monitored at 280 nm and
collected in 3.2-ml fractions.

In case of the absorption chromatography the supernatant, after dialysis against
25 mM sodium phosfate buffer (pH = S.6), was transferred onto an absorption column
consisting of equal parts of DEAE-cellulose (Schleicher in Dassel, West Germany) and
hydroxyapatite equilibrated and eluted with 50 mM sodium phosphate buffer (pH =
5.6). The 10,000-dalton copper-containing protein passed without delay through this
column.

RESULTS

Copper Concentrations in Some Tissues of Adult Brindled Mice

Table 2 gives the copper concentrations in some tissues of adult Brindled mice. Since
the "Menkes" (XmY) mouse dies at about 21 days postpartum, this work could only
be carried out with heterozygous (X^X™) and normal (XMY, XMXM)mice. Table 2
shows that the copper concentration is elevated for the heterozygous mice in the
kidney, the mucosa and muscle of the gastrointestinal (GI) tract, the pancreas, and
bone. This indicates that abnormalities in the copper metabolism are also present in
the heterozygous mice. Statistically, there is no significant difference between the
copper concentrations in the liver of heterozygous and normal mice; only the surplus
of absorbed copper is excreted in the bile.

It is of special interest that the increased copper concentration in the GI tract is not
limited to the absorptive cells (mucosa) but is also present in underlying tissues.
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TABLE 3. Distribution 6 7 C u in Various Tissues0 of 3-Day-Old Brindled Miceb

Kidney
Genotype nc Carcass*1 Liver (2) GI Tract Pancreas Tibia Brain Spleen

X«ï 5 34(5) 52(4) 1.6(0.6) 8(1) 0.2(0.1) 0-4(0.2) 0.8(0.1) 0.9(0.1)

XMXm 3 56(5) 7(2) 8 (2.0) 15(1) 1.3(0.2) 1.0(0.4) 0.9(0.1) 0.8(0.1)

X«Y 2 68(3) 6(1) 8.3(0.3) 12(1) 1.2(0.4) 0.9(0.1) 0.7(0.1) 0.7(0.1)

0 Percentage of the dose per tisssue, 24 hr after injection.
b All mice were intraperitoneally injected with 0.12 «tg of 67Cu.
c Number of animals.
d Mainly muscle, skin, and skeleton.

Distribution of 6 7Cu in Young Mice After Intraperitoneal(ip) Injection of 67Cu

The distribution of the 67Cu radioactivity in various tissues of 3-day-old Brindled mice
was measured 24 hr after an ip injection of 0.12 jug of 6 7Cu (Table 3). A value Q,
defined as

0 =
6 7Cu (% dose) in a tissue of heterozygous—or "Menkes" mice

6 7 Cu (% dose) in a tissue of normal mice

was calculated.
There are three types of tissues (Fig. 1): (1) those in which 67Cu accumulates more

FIGURE 1. Logarithmic plot of Q values (see text) of some tissues of 3-day-old Brindled mice,
24 hr after ip injection of 0.12 jug of 67Cu. Black bars, Q value for heterozygous mice; white bars,
fi values for "Menkes" mice.

0.2 03 0.4 0.6 0.8 I

0

3 4 6 8 10
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Kidney
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FIGURE 2. Distribution of 64Cu in tissues of adult Brindled mice after oral dose of 64Cu (4 jig/
animal). Normal (X^X", XMY) mice ( • - • ) ; heterozygous (X«Xm) mice (*-*). Numbers are
expressed as the mean ± standard deviation from the mean for at least three animals; (a) livers, (b)
kidneys-

as result of the mutation (Q > 1), (2) those in which the 67Cu uptake is independent
of the mutation (fi = 1), and (3) the liver, the only tissue found in the mutated mice
with Q < 1, which stores less 67Cu.

Distribution of 64Cu After Oral Dose of 6 4Cu

Figure 2 gives the amount of 64Cu in liver and kidney of adult Brindled mice as func-
tion of time after an oral dose of 4 jug of 64Cu. Copper-64 accumulates in the kidney
of the heterozygous mice, whereas less 64Cu is taken up by their livers.

Distribution of 64Cu Over Copper-binding Proteins From Hepatic and Renal Cytosol

After homogenization and ultracentrifugation of hepatic and renal tissue, two hours
after an ip injection of 4 //g of 64Cu, the 64Cu radioactivity was measured in super-
natant and pellet, and in the eluate fractions of G-75 gel filtration (Fig. 3).

Copper-64 accumulates more strongly in the supernatant of the kidney of the
heterozygous and "Menkes" mice than in the normal mice. Moreover, in the renal cytosol
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LIVER
100

Genotype X M X M x ' V " XmY
(a)

KIDNEY

Genotype X M X M XMXm

(b)

FIGURE 3. Distribution of 64Cu after homogenization and ultracentrifugation (see text) over
pellet and supernatant of livers and kidneys of the three Brindled phenotypes. Supernatant is sub-
divided into three protein fractions (100,000, 30,000, and 10,000 daltons, respectively) using a
G-75 gel-filtration column (1.8 cm X 68 cm) equilibrated with 0.15 M sodium acetate buffer
(pH = S.6) containing 0.13 M NaCl and 3 mM NaN3, flow rate 16 ml hr—*• at 4°C. Approximately
3.2 ml of eluate was collected per fraction; (a) livers, (b) kidneys.
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fraction number

60 65

FIGURE 4. Distribution of stable (Cu) and isotopic (64Cu) copper over the fractions of a G-75
gel-filtration of heterozygous (XMXm) renal cytosol. Dashed curve, stable copper; solid curve,
isotopic copper. For experimental details, see Fig. 3.

of heterozygous and "Menkes" mice, copper is strongly stored in the protein fraction
with a molecular weight of 10,000 daltons. The same effect is found for the distribu-
tion of stable copper over the protein fractions of renal cytosol of heterozygous mice
(Fig. 4). This indicates that the results obtained with 64Cu are no artifacts due to an
incomplete copper turnover but is the reflection of an irreversibly accumulation in a
10,000-dalton protein. No accumulation of stable copper could be observed in renal
cytosol of normal mice, as the copper concentration was too low for determination.

Biochemical Data on Fraction I (mw = 10,000 daltons)

Figure 5 shows the UV spectra of protein Fraction 1 (mw = 10,000 daltons) of liver
and kidney of both normal and heterozygous mice. The proteins were isolated by
absorption chromatography [8].

The increase of absorption at 250 nm for Fraction I of the heterozygous kidney,
resulting in the disappearance of the minimum at the relevant wavelength, can be
explained by the appearance of a Cu-S absorption band. Indeed, a strongly increased
copper concentration was found in Fraction I of the heterozygous kidney (0.85 mole
Cu/mole protein) as compared to that of the normal kidney (0.08 mole Cu/mole
protein). These data were calculated after determination of the copper concentration
with flameless Atomic Absorption Spectrometry and of the protein concentration
(Lowry method) assuming a molecular weight of 10,000 daltons. Further research on
these proteins with a molecular weight of 10,000 daltons is in progress.

DISCUSSION

Many results obtained with Menkes patients and Brindled mice are in close agreement
[1-7,9]:
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FIGURE 5. Ultraviolet spectra of protein Fraction I (mw = 10,000 daltons) of kidneys (a) and
livers (b) of normal (XMY) end heterozygous (XMX"») mice. Fraction I was obtained after absorp-
tion chromatography usir.g equal parts of DEAE-cellulose and hydroxyapatite (see also Materials
and Methods section). Solid curve, normal mice (X**Y); dashed curve, heterozygous mice

1. An abnormal distribution of copper is found in tissues of both Menkes patients
and "Menkes" (XmY) mice. Since the limitations in accessibility of tissues of hetero-
zygous human carriers an abnormal copper distribution could only be established in
the Brindled carriers (XwXm) (Table 2).

2. Menkes patients and "Menkes" mice die within a short period after birth (2-5
years and 14-21 days, respectively), but the heterzygous carriers are viable and fertile.

3. Mutants of both man and mice show external features of copper deficiency, such
as hair structure (pilli torti) and hair depigmentation.

All these similarities confirm the hypothesis that the defect of Menkes' disease in
man and the defect in Brindled mice are alike. Thus the Brindled mice provide an
excellent model in research on the Menkes syndrome.

The abnormal high copper concentrations in kidney, pancreas, bone, mucosa and
muscle of the intestine of adult heterozygous mice (Table 2) and the abnormal 67Cu
distribution (Table 3; Fig. 1) in young heterozygous and "Menkes" mice indicate that
the primary defect in Menkes' disease is not just a block in the copper transport
through the absorptive cells of the intestine.

On closer inspection, using 64Cu as tracer, we found that in the kidney of both
heterozygous and "Menkes" mice 64Cu is irreversibly stored as a cytoplasmatic pro-
tein with a molecular weight of 10,000 daltons (Fig. 4). This storage of 64Cu as a
protein must be of an irreversible type. This particular protein fraction also contained a
large amount of stable copper. Hardly any 64Cu appears in the protein fraction with a
molecular weight of 30,000 daltons.
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If the original concept of the primary defect of Menkes' disease were true, a sharp
concentration gradient could be expected between the absorptive cells and the under-
lying tissues; however, this was not found (Table 2). A homogeneous copper distribu-
tion over the intestine could be confirmed separately by 64Cu autoradiography and
microbeam PIXE (proton-induced X-ray emission). This will be published shortly.
- There are three models that could explain the accumulation of copper in the
10,000-dalton protein of the kidney: (1) irreversible copper binding in an abnormal
species of the protein (Fraction I), (2) a block in the copper transport from Fraction I
to Fraction II, and (3) an inability of copper to bind to Fraction II.

In the liver of both heterozygous and "Menkes" mice, more 6 4Cu is bound to
Fraction II and less to Fraction I as compared to the liver of normal mice. This is
probably the reflection of an apparently enhanced 64Cu-transport through the protein
Fractions I and II due to a lower stable copper concentration in these protein fractions.
Such decreased stable copper concentrations can be expected in copper-deficient
tissues.
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MENKES1 DISEASE IN MOTTLED MICE AND MAN

C.J.A. VAN DEN HAMER, H.W. PRINS and J.L, NOO1JEN

Interuniversity Reactor Institute, Mekelweg 15, 2629 JB Delft

(The Netherlands)

ABSTRACT

Biochemically the defect of the Brindled allelic mutant of the Mottled

mouse and of Menkes' disease in man are very similar if not identical, A

modification of a normal Cu-binding protein or an unrestrained synthesis

of a Cu-binding protein that normally is present only in small amounts is

proposed as the basis of this disease.

INTRODUCTION

Menkes et al. described in 1962 a syndrome characterized by progressive

cerebral degeneration, retardation of growth, pili torti and X-Iinked re-

cessive inheritance, leading to death before k years . Later case reports

added tortuosity of the blood vessels, hypothermia and changes in the
2,3

metaphyses of the long bones as clinical findings. Danks et al. .

noted that some of these findings, i.e., the changes in the elastic fibres

of the bipod vessels and in the hair, were reminiscent of those in Cu-

deficient animals. Studying the Cu-status of some of these Menkes1 patients

they found low plasma-Cu, low plasma-ceruloplasmin and low liver-Cu, but

normal erythrocyte-Cu. Furthermore, low concentrations of Cu were found

in the plasma after an oral dose of this radionuclide. Danks and coworkers

concluded that the basis of Menkes1 disease was a defective intestinal

absorption of Cu leading to Cu-deficiency. It is assumed that most, if not

all pathological findings associated with this syndrome can be explained

on basis of this Cu-deficlency.

Because of the peculiar twisted hair (Fig. 1) Menkes1 disease became

also known as Kinky Hair disease and since the hair is brittle and breaks

easily it feels somewhat like steel wool, giving the disease also the

name of Steely Hair disease.

The Brindled mouse, used as a model for Menkes1 disease, is one of the

five allelic mutants of the Mottled locus , which is a recessive X-linked

gene. In the affected male the various alleles differ in severity of the

mutation. E.g., the Dappled (Modp) dies at birth, the Brindled (Mo b r) dies
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about \k days post partum and the less severe Blotchy (Mo ) is viable and

fertile.

Fig. 1. The typical twisted hair (pili torti ; left) and blood vessels
(right) of a Menkes' patient.

The features of the Mo mutation in affected males are absence of

hair pigmentation, aortic aneurism, skeletal defects and curly whiskers.

Kunt correlated these features not only with Cu-deficiency but also,

on the basis of the decreased Cu levels in brain and liver and increased

Cu level in the intestinal wall, with Menkes1 disease. The X-linkage of

both mutations and the close agreement of the results obtained with Menkes'

patients and with affected Brindled male mice suggest that the mutations

in Cu-metabolism in both species are homologous . The normal allele for

Cu-metabolism in Brindled mice is indicated by X M. In the text the geno-
MM M

types X X and X Y - normal female and normale male mice, resp. - will be

referred to as normal mice, the genotype X X as heterozygous mice and the

genotype XmY as "Menkes" mice.

In the following our experiences with Menkes1 disease, both in man and

in the mouse, wilt be described more or less chronologically to illustrate

the continuous adjustments in views.
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RESULTS AND DISCUSSION

The first patients observed showed besides the clinical symptoms the

typical biochemical results (as observed by Danks et al. 2' 3) of Menkes1

disease: low plasma-Cu, low plasma ceruloplasmin, low leucocyte cytochrome-

c-oxidase and a flat curve in the oral Cu-loadingtest (Fig. 2.a), all

suggesting poor absorption. However, later on in one patient an atypical

curve in the loadingtest was- found (Fig. 2.b), This patient had been given

i.m. injections of Cu. Because the Cu in plasma was present as cerulo-

plasmin it was clear that this radionuclide somehow had entered the circu-

lation and had reached the liver, the site of ceruloplasmin synthesis.

15
Time (h)

20 25

Fig. 2. Oral Cu-load ing test .a. Menkes1 patient; b, Menkes1 patient
treated with i.m. injections of Cu-edta; c. control.
Dose: 1 mg Cu as acetate.

We gave the following explanation: Some Cu always can enter the circu-

lation, even in Menkes1 patients. In untreated patients, it primarily

goes to sites where it is needed because of the Cu-deficiency, but when

such sites have been saturated with Cu from the i.m, injections, the sur-
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plus of Cu now can go to the liver from where it is excreted through

the bile or is incorporated in ^eruloplasmin, This explanation is in a-

greement with the observation that on discontinuation of the i,m, Cu the

curve of the Cu-load ingtest becomes lower and that the plasma cerulo-

plasmin of the Menkes' patient drops. It is furthermore supported by

earlier experiments with the Brindled mice: in "Menkes" and in normal

mice 6 and 52 % resp., of an i.p. dose of 'Cu was recovered in the liver
o

after Zk h . That only 7 % of the dose was found in the liver of hetero-

zygous mice was unexpected, since it would suggest that these animals

have aiso a Cu-deficiency: the Cu is needed elsewhere.

At birth both the heterozygous and the "Menkes" mice have a low liver

Cu 9, indicating that the mutation is already active during pregnancy.

These results are in agreement with the abnormal Cu distribution in fetal

tissues of Menkes1 patients (Table 1),

TABLE 1

COPPER CONCENTRATIONS IN VARIOUS TISSUES OBTAINED FROM THREE MENKES'

PATIENTS AND A 2*i WEEKS OLD MENKES1 FETUS

Menkes' patients;

Case I, age I» years , not treated with i,m. copper injections.

Case II, age 2 years, treated for some time.

Case III, age 3/"t year, treated until death.

Tissue

Liver

Kidney,

Bra in, -

Muscle

average

cortex

medulla

cerebrum cortex

cerebellum

Placenta

Menkes'

1

3.7
100

0.57
0,76

2.7

patients

II

6.0
180

0.86
0.86

7.3

1

6

150

18

1

1

9

II

.7

A
.7
.9

Menkes'

2.

5.

0.

0.

1.

12

fetus

8

9

17

05
7

Concentrations in jug/g wet weight.
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Further study with the Brindled mice showed that other tissues of both

heterozygous and "Menkes" mice accumulated parenterally given Cu (kid-

neys 5-fold, wall of G,I.-tract 2-fold, pancreas 6-fold accumulation with

respect to normal mice). Analysis for total Cu surprisingly showed that

particularly the kidneys of both "Menkes" and heterozygous mice contained
bklarge amounts of Cu. The preferential accumulation of Cu in these

tissues could therefore not be explained by Cu-deficiency, It rather

indicated that Cu went to these tissues because of the presence of a

molecule that irreversibly trapped the Cu, as was already suggested by

Danks et al. . This explanation seems to be correct because we found

that Cu accumulated in the supernatant of the kidney of heterozygous

and "Menkes" mice and is trapped in a protein fraction with a molecular

weight of about 10,000 dalton. The same effect is found for the distri-

bution of stable Cu over the protein fractions of kidney cytosol of

heterozygous mice and Menkes1 patients. This indicated that this accumu-

lation of Cu is no artifact due to incomplete Cu turnover but is indeed

the result of an irreversible trapping . At the same time a Cu-

binding protein of 30,000 dalton, present in the cytosol of the kidney of

normal mice, could not be detected in the kidney of the heterozygous and

"Menkes" mice.

The accumulation of Cu in autopsy material from Menkes1 patients

(Table 1) showed that also in this respect the disorders in human and in

mice were similar. Two additional points can be taken from Table 1:

a. treatment of Menkes1 patients with i .m, injections of Cu leads to a

further increase in Cu content of the organs;

b. also the prenatal liver-Cu concentration of the Menkes1 fetus is

significantly lower than that in controls as reported by Heydorn et
12al. , while other tissues have a rather high concentration, The

distribution of Cu in the Menkes1 fetus is therefore also significant-

ly different from that in controls, With a normal supply of Cu from

the mother, the high concentration in the placenta and particularly

the predominantly extrahepatic storage of Cu in the fetus indicates

that, like in Brindled mice, the fundamental metabolic defect also

affects the Cu-metabolism in utero.

Purification and analysis of the Cu-binding protein from kidney, either

from heterozygous and "Menkes" mice or from "Menkes" patient, yielded the

following preliminary results:

a. the protein is probably a metallothionein-1ike protein, since it lacks
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an absorption maximum at 280 nm (no aromatic aminoacids ) and Hg

binds to the same protein;

b. the protein is different from the Cu accumulating protein in Wilson's

disease since no decrease in absorption at 250 nm due, to cleavage of

the metal-sulfur bond, occurs on acidification,

The accumulation of Cu in tissues of Menkes• patients can also be

studied in vitro with fibroblasts. Such cells have been shown to accumu-

late Cu that ha5 been added to the medium. This accumulation was 3 - h

times higher in cells from Menkes1 patients than in those from controls

. This technique, applied to amnion cells, is used for prenatal diag-

nosis. Repeating the Cu-uptake experiments we could show that the

difference in accumulation of Cu by fibroblasts is probably due to a

difference in their ability to release the Cu again, Like in the cyto-

plasma of tha kidney from Menkes1 patients and "Menkes" mice, we found

the excess of Cu in the fibroblasts also irreversibly bound to a protein

of 10,000 dalton, as was also observed by Beratis et al, . Furthermore,

we found an intermediate Cu-accumulation in cells from heterozygotes.

By cloning - starting cultures from single cells - Mooij et al. could

separate the heterozygote cells in normal and "Menkes" type cells with

respect to their ability to take up Cu,

When cytoplasma of fibroblasts, after uptake of Cu, was passed

through a column of a mixture of DEAE-cellulose and hydroxyapatite all

Cu-proteins were absorbed on the collumn except some of 10,000 dalton.

Thus, this method also shows the fraction of the Cu bound to this

protein, but is much faster than gel fi1tration and may be of use for ••

diagnostic purposes.

CONCLUSIONS j

Summarizing one can state that no basic difference is found between ;2

the defect in man and in the Brindled mouse, making the latter an ideal ;

subject for study of both the Menkes1 syndrome and of the Cu-metabol ism ';!•

in general. Vf

There is no reason to change the opinion, formed some years ago ' , ~,4

t h a t t h e d e f e c t is o n e o f t h e C u - m e t a b o l i s m a n d t h a t m o s t , if n o t a l l «i

symptoms of this syndrome can be attributed directly or indirectly to a ,f

Cu-deficiency. However, w e did come to realize that this deficiency is f

not caused simply by an impaired absorption of Cu ' . Indeed, there is ig

a defect in the absorption of Cu but this is secondary to a trore general :|
!
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one apparent in various tissues, i.e., an irreversible trapping of Cu in

the form of a protein of 10,000 dalton. This can mean that either the

normal Cu-binding protein is modified or the synthesis of a Cu-binding

protein that is normally present in only minor quantities went out of

control.

The accumulation of Cu in a protein of 10,000 dalton in the kidney of

a Menkes1 patient or a "Menkes" mouse could also be explained by;

a. a defect in the Cu-binder of 30,000 dalton, resulting in its inability

to receive the Cu from the 10,000 dalton protein, or

b. a defect in the transfer mechanism from the 10,000 dalton to the
17

30,000 dalton protein .

Both these defects could also explain the accumulation of Cu in the

10,000 dalton protein. However, the cells of a heterozygote form a mix»

ture of normal and Menkes1 type cells , explaining why heterozygous mice

also show the unusual accumulation of Cu in their kidneys and why only
67 8

7 % of an i.m. dose of Cu was recovered in their liver . This also

means that, if one or the other of the above given'al ternative explana-

tions were correct, their still would be a route open to the 30,000 dalton

protein in those cells that are normal. Since this is not the case, it

seems that these alternative explanations have to be ruled out.
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Letter to the Editor

1 Dear Sir:

With much interest we read the article
of Drs. Evans and Reis on "Impaired Cop-
per Homeostasis in Neonatal .Male and
Adult Female Brindled (Mob') Mice" (1).
The results agree with those of Hunt (2)
and Danks (3) as well as with those of
ourselves (4). Since we interpreted the re-
sults differently we should like to make
some comments.

1. We found that copper accumulates
not only in the kidneys but also in the in-
testinal mucosa and muscle, pancreas, bone,
skin, and skeletal muscle of heterozygous
Brindled (Mobr/+) and Brindled males
(Mo"'/-). We concluded that the copper
is irreversibly trapped in these tissues and
we isolated from kidney cytosol of
(Mobr/+) and (Mo h r / - ) mice and of
Menkes' patients the responsible protein
with a molecular weight of 10,000 dalton
(5).

Since a large amount of alimentary cop-
per is irreversibly stored in the intestinal
wall of (Mo t e /+) and (Mo"'/-) mice
but not of the normal littermates, the avail-
ability of orally given MCu will depend on
the genotype. Assuming that after 48 hours
the °'Cu in young mice represents the ab-
sorbed "Cu, the absorbed "Cu minus the
MCu in the intestinal wall equals the MCu
available for the organism. We can calcu-
late from table 1 of Evans and Reis (1)
the "Cu in the various tissues of the three
phenotypes in terms of percentages of tins
available "Cu. This figure is more rele-
vant for the interpretation of oral experi-
ments with radioactive copper. Thus cal-
culated, the results show that the hetero-
zygotes (Mo t e /+) have no intermediate
"Cu-distribution as concluded by Evans
and Reis (1) but one similar to that of die
hemizygous (Mo*1/—) mice (5).

2. The authors concluded from the lower
"Cu-uptake by the liver of (Mo1"/—) mice
that the hepatic uptake of copper is im-

paired. We think that, as a result of the
lower availability—due to irreversible stor-
age of copper in the intestinal wall—and
the increased aiBnity for copper of various
tissues (kidney, pancreas, muscle), the
liver receives no more than a physiologi-
cally adequate amount of copper with no
excess entering this organ on its way to
being excreted through the bile. The cop-
per concentration of the liver of neonatal
(Mob7+) and (Mo"'/-) mice is low but
equal (6) and the activity of copper en-
zymes is unaffected in the liver though
decreased in brain tissue of (Mobr/—)
mice (2).

3. Excretion measurements after oral ad-
ministration of °'Cu in Menkes' patients
and in Brindled mice are difficult to inter-
pret in relation to copper metabolism.
"Cu is trapped in the intestinal wall and
excreted by a process of epithelial desqua-
mation (half time of the absorptive cells
about 1 day) and not through die bile.
Most of the "Cu that reaches the circula-
tion is irreversibly trapped in various tis-
sues. The low excretion rate of "Cu in
adult (Mob7+) mice, particularly after 24
hours, is not, as mentioned by the authors,
an indication of an attempt to maintain
copper balance but an indication of an ir-
reversible trapping of "Cu. Only a minor
amount of "Cu is metabolized in a physio-
logically normal way in (Mobr/+) mice.

4. We agree with the authors that re-
search on Brindled mice will enlarge our
knowledge of copper homeostasis; but will
reveal too that fatal copper deficiency in
Menkes' disease is the manifestation of a
more general impairment of intra-cellular
metal transport.

H. W. PRINS
C. J. A. VAN DEN HAMER

lnteruniversity Reactor Institute,
Mekelweg 15,
2629 ]B Delft,
The Netherlands
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Abnonncd Copper-Thionein Synthesis and Impaired
Copper Utilization in Mutated Brindled Mice:
Model for Menkes' Disease

HANS W. PRINS
AND CORNELIS J. A. VAN DEN HAMER
Interuniversity Reactor Institute, Mekelweg 15,
2629 JB DELFT, The Netherlands

ABSTRACT The copper utilization in mutated Brindled mice is im-
paired. Copper accumulates in various tissues, e.g., the kidney, of the
mutated mice. The renal copper binding protein is characterized as copper-
thionein—metalbthionein to which copper is bound. The L-["S]cystiae
incorporation experiments without prior induction with copper revealed
an abnonnal synthesis of metaUoihtonein in the mutated mice. Two models
are proposed which link the abnonnal inetallothionein synthesis with an
impaired copper utilization. Model 1 is an unrestrained translation of renal
mRNA which codes for inetallothionein. Model 2 is an impaired renal
copper reabsorption resulting in a toxic intracellular copper concentration
which induces inetallothionein synthesis to sequester copper. The impaired
copper utilization results in a fatal copper deficiency in "Menkes" Brindled
mice. ƒ. Nutr. 110: 151-157, 1980.

INDEXING KEY WORDS
Menkes' disease

copper-thionein Brindled mice

In 1962 Menkes et al. (1) described a
recessive X-linked disease characterized by
progressive cerebral degeneration and ab-
normal spirally-twisted hair (pili torti).
Danks et al. (2) linked Menkes' disease
with an impaired intestinal copper absorp-
tion. Further research on Menkes' disease
was facilitated when Hunt (3) demon-
strated copper deficiency and showed ab-
normalities of copper utilization very simi-
lar to Menkes' disease in male Brindled
(Mobr/]r) mice. The Brindled mutation is
one of the less severe allelic mutations of
the mottled locus on die X-chromosome of
the Mottled mice. Over die last five years
research added further evidence to the
homology of the mutants of Menkes' dis-
ease in man and in Brindled mice (4-9).
The copper utilization in tile heterozygous
female mouse (MobrA) is not intermediate
between that of the normal (Mo*A) and of
the "Menkes" (Mobr/') mouse, but is al-

most identical to that of the latter (5, 7,
10).

Copper determinations in fetal (11) and
postmortem1 tissues of Menkes patients
and of Brindled mice (3-5) revealed not
only an increased copper concentration in
the intestinal wall (2) but also in the kid-
ney, pancreas, bone and fibroblasts (12).
The accumulation of copper in these tissues
results in a lower availability of alimentary
copper. Less copper is absorbed in the
"Menkes" mice and a large amount of cop-
per which circumvented the block in the
intestinal wall is now sequestered in the
copper accumulating tissues. Other tissues,
e.g., the brain, do not receive the physio-
logically adequate amount of copper. Since
copper is an essential trace element, this
results in a fatal copper deficiency.

Rpwiveil for publication 14 Slay IDT».
< 4. L. Nnoljen. nnpiibllntied data.
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TABLE 1

Genotypes and phototypes of Brindled mice

Genotype Phenotype

Mo*"*-
Mo"»'»

+ , M o + " Normal, viable
Heterozygous, viable
"Menkes", dies ca. 21

Days postpartum

In the case of the kidney the copper is
stored in a protein with a molecular weight
of 10,000 daltons (5). We investigated
this copper-accumulating protein to see
whether it is one of the two low molecular
weight, copper-binding proteins mentioned
in literature—namely copper-thionein (13),
metallothionein (14) to which copper is
bound and copper chelatine (15). After
characterization of the renal eytoplasmatic
copper-accumulating protein as copper-
thionein we measured the biosynthesis of
metallothionein without prior induction
with copper using L-["S]cystine.

Two models are proposed in which the
disturbed metallothionein metabolism is
linked with the copper accumulation in the
kidney of "Menkes" mice.

MATERIALS AND METHODS

Animals. The Brindled mice used in the
experiments were commercially obtained
(Dr. D. M. Hunt, Queen Mary College,
University of London, London, England).
These mice (table 1) have a recessive,
X-linked mutation homologous to the mu-
tation in Menkes' disease in man. The ani-
mals were housed in plastic cages covered
with stainless-steel lids and were main-
tained on a standard laboratory diet (Hope
Farms B.V., Woerden, The Netherlands)
and tap water ad libitum. The diet con-
tained 28 ppm Cu, 115 ppm Zn, 0.1S ppm
Cd and 0.040 ppm Hg.

Isotopes and counting techniques. The
radioactivity of the "Cu, prepared at our
institute's specific activity of 50 mCi/
nunole, was measured by gamma ray
counting (Autogamma Scintillation Spec-
trometer, Model 5120, Packard Instru-
ments, Downers Grove, IL). The radio-
activity of L-["S]cystine ('specific activity
of 77 mCi/mmole, Amersham-Searle Corp.,

Des Plaines, IL) was measured by liquid
scintillation counting (Tri-carb Liquid
Scintillation Spectrometer, Model 2650,
Packard Instruments, Downers Grove, IL).

Isolation of metallothionein (13). Two
hours after an intraperitoneal injection of
4 pg u<Cu, dissolved in 0.2 ml 0.05 M
sodium acetate (pH 5.6) containing 0.13
M in NaCl, the mice were killed and the
kidneys removed. After addition of 2 vol-
umes (v/w) of 10 mM Tris-acetate (pH
7.4), the kidneys were homogenized with
a motor-driven, glass-Teflon Potter-Elvej-
hem apparatus (Wheaton Scientific, Mill-
ville, NJ). The homogenate was centri-
fuged at 120,000 x g for 60 minutes at 4°.
The supernatant was analyzed immediately
by gel filtration chromatography (Sepha-
dex G-75, Pharmacia Fine Chemicals Inc.,
Piscataway, NJ) at 4°. The column (1.8 X
65 cm) was equilibrated with 10 mM Tris-
acetate (pH 7.4) and calibrated with ap-
propriate standards prior to use. The eluate
fraction containing MCu labeled protein
with a molecular weight of 10,000 daltons
was further purified by ion exchange chro-
matography (DEAE Sephadex A-25, Phar-
macia Fine Chemicals Inc., Piscataway,
NJ) at 4°. The column (0.9 x 8 cm) was
equilibrated with 10 mM Tris-acetate (pH
7.4). After the elution of the protein frac-
tion which did not bind to die column, a
linear gradient of 10 to 300 mM Tris-acc-
tate (pH 7.4) was applied to die column.
The isolation was done under anaerobic
conditions to prevent oxidation of the cop-
per proteins.

v-[**S]cystine incorporation in metallo-
thionein. Fout hours after an intraperito-
neal injection of 0.06 »«mole L-["S]c;'srine
dissolved in 0.2 ml 0.13 M NaCl, the mice
were killed and the livers and the kidneys
were removed. The L-[ssS]cystine labeled
metallothioneins of liver and kidney were
both immediately isolated using die pro-
cedure described above.

Copper concentrations were determined
by flamelcss atomic absorption spectrom-
etry (Model 373 HGA 76 B Spectropho-
tometer, Perkin Elmer Inc., Norwalk, CT).
The protein content of the fractions was
determined by the Lowry method.
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RESULTS AND DISCUSSION

In the experiments described we used
adult normal (Mo*") and heterozygous
(Mo1""*) female mice, the latter having a
copper utilization almost identical to that
of the "Menkes" (Mo""") Brindled mice.

Two hours after an intraperitoneal injec-
tion of "*Cu, the incorporation of "Cu in
the kidney is sharply increased in the adult
heterozygous (Mo1"7*) mice as compared
to the normal (Mo*") mice (table 2).
Most of the accumulated "Cu is found in
the supernatant of the heterozygous mice
and is eluted from a Sephadex G-75 column
in a fraction with an apparent molecular
weight of 10,000 daltons (table 2). Less
"Cu is bound in a protein fraction with a
molecular weight of 30,000 daltons. The
isolation procedure of Bremner et al. (13)
yielded a higher amount of "Cu in the
protein fraction with a molecular weight of
10,000 daltons than the procedure of Van
den Hamer et al. (16). This is probably
due to the anaerobic conditions and, above
all, to the omission of the heat treatment
(10 minutes at 40°) in the former isola-
tion procedure.

After G-75 gelfiltration, the "Cu labeled
protein fraction with a molecular weight of
10,000 daltons was separated on a DEAE-
Sephadex A-25 column in three distinct
fractions (table 3). Hardly any uCu was
left behind on the column after the Tris-
acetate gradient (10 to 300 a w Tris-ace-

TABLE 2
Distribution of "Cu in the kidney £ hours after an

intraperitoneal injection of "Cu'

TABLE 3
lonexchanecchromatogrophy (DEAE-Sephadtx A-tB)

of the renal "Cu binding protein, molecular
mij/U 10,000 dalton»1

Homogenate
Pellet
Supernatant
>70,000D»

30,000 D»
10,000 D'

Genotype

Mo+'+ Mo""*

% dose Ig wet tissue
3.7 ±0.4
1.9 ±0.3
1.9 ±0.3
0.25±0.07
0.8 ±0.1
0.8 ±0.1

12 ±3>
4 ±1»
8 ±2>
0.5±0.2'
0.6±0.2>
7 ±2»

Protein fraction

G-75, protein fraction
MW 10,000 daltons

A-25,1 fraction 1
fraction 2
fraction3
column1

Genotype

Mo+'+ Mo""+

% dote/g wet lime

0.8 ±0.1
0.42±0.09
0.3 ±0.1
0.09±0.01
0.06±0.02

7 ±2'
1.8±0.7<
2.2±0.6<
2.3±0.7<
0.7±0.5<

1 All values are the mean of four animals with stan-
dard deviation. * Protein fractions after G-75 gel-
filtration. • P < 0.005 versus Mo+'+. ' P < 0.05
versus Mo+/+. • P < 0.10 versus Mo+'+.

1 All values are the mean of four »nim«l» with the
standard deviation. ' Fraction 1, 2 and 3 elüted
at Tris-acetate concentrations of 10, 40 and 80 mil,
respectively. >HCu radioactivity bound to the
column at a concentration of 300 mil Tris-acetate.
• P < 0.005 versus Mo+'+.

tate, pH 7.4), indicating that only a minor
amount of "Cu (10%) could be present
as copper chelarine since this protein ir-
reversibly binds to DEAK-sephadex A-25
(15). The elution in.three distinct frac-
tions, the ultraviolet (UV) spectrum, which
lacks an absorption maximum at 280 nm
due to the absence of aromatic aminoacids
(14) and the apparent molecular weight
of 10,000 daltons are characteristic for cop-
per-thionein. Therefore, we concluded that
the low molecular weight copper-binding
protein (MW 10,000 daltons) in the kid-
ney of both normal (Mo*") and hetero-
zygous (Mo1"") Brindled mice is copper-
thionein.

In the heterozygous mice the copper-to-
protein ratio is increased in the crude
copper-thionein fraction obtained by gelfil-
tration on Sephadex G-75 (normal mice:
0.03; heterozygous mice: 0.20 mole Cu/
mole, protein), as well as in the three
DEAE-sephadex A-25 fractions (normal
mice: 0.02, 0.03, 0.18; heterozygous mice:
0.70, 0.65, 3.78 mole Cu/mole protein. No
zinc was detectable in 'the fractions.) Not
only the copper-to-protein ratio but also
the protein concentration is increased in
these fractions as compared to the normal
Brindled mice.

The increase in the copper-thionein con-
centration could be the result of an elon-
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• - • Homozygous Female

o-o Heterozygous Female

30 90

Fraction Number
Fig. 1 Gel filtration (Sephadex G-75) chromatography of renal cytosol of homozygous

normal ( • • ) and heterozygous (O O) female Brindled mice. Both phenotypes
received a single intraperitoneal injection of L-[*S]cystine and were sacrificed 4 hours later.
MT indicates the peak which was used in the ion-exchange (DEAE-sephadex A-25) chroma-
tography experiment (fig. 2 ) . Note the four-fold extended ordinate of die insertion.

gated half-time of the protein or of an
increased protein synthesis. Changes in
cytoplasmatic metal distribution as result
of metallothionein induction are described
in literature (17). Therefore, further at-
tempts have been made to find out whether
the meta'Iothionein synthesis is different in
the kidney of normal and heterozygous
mice.

Figure 1 shows the G-75 elution diagram
of renal cytosol of normal and heterozy-
gous mice after an intraperitoneal injection
of L-[3rS]cystine. There is a marked in-
crease in L-[MS]cystine incorporation in
the protein fraction (MT) with a molecu-
lar weight of 10,000 daltons of die kidney
of the heterozygous mice, as compared to
the normal mice (table 4). This fraction is
metallothionein since separation on DEAE-
sephadex A-25 yielded three distinct "S
radioactivity fractions (fig. 2) and the UV
spectrum has no absorption maximum at
250 nm. No significant difference is ob-
served in the L-[35S]cystine incorporation
in hepatic metallothionein of both geno-

types (table 4). Since the adult mice used
in the experiments were littermates, fed the
same standard laboratory diet and tap
water ad libitum and housed in the same
plastic cages covered with' stainless steel
lids, it is improbable that the abnormal
renal metallothionein synthesis in the het-
erozygous (Mobr/*) mice is caused by in-
duction with exogenous metals. It is more
likely that the abnormal metallothionein
synthesis is caused by an intracellular
factor.

Two models could explain the observed
increased metallothionein synthesis in the
mutated Brindled mice.

Model 1. An inactivation of the inhibitor
of renal mRNA translation. The biosynthe-
sis of metallothionein is regulated in tbs
kidney at the translational ïevei (18). In-
activation of the regulating system (in-
hibitor) would result in an unrestrained
synthesis of metaDothioriein which in turn
would bind copper. Since the regulation
of the biosynthesis of metallothionein in
the liver is at the transcriptional level,
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there is, as expected, no abnormal biosyn-
thesis of metailothionein in this organ of
the heterozygous Brindled mice.

The striking difference in copper metab-
olism between the liver and the kidney of
both normal and mutated Brindled mice,
probably caused by an enhanced metallo-
thionein synthesis in the latter, is in ac-
cordance with the observed differences in
biosynthesis (18), metabolism (19) and
metal induction (20) of hepatic and renal
metailothionein.

Model 2. An impaired renal copper ex-
cretion. If the reabsorption of copper were
impaired in the kidney of the mutated
mice, the copper concentration could reach
a toxic intracellular level and could there-
fore induce the metallothionein synthesis.
After the catabolism of the protein moiety
of copper-thionein, copper will be released
and the metallothionein synthesized. This
could result in a recycling of copper in the
metallothionein fraction. This recycling of
a metal manifests itself in an accumulation
of the metal in the organ during life-time.
Cadmium, e.g., is reincorporated in metal-
lothionein after its catabolism (21) and the
cadmium concentration increases in the
renal cortex in man during life-time (22).
However, normally copper is not reincorpo-
rated, but excreted.

Results obtained by studies of the "Cu
metabolism in fibroblasts of Menkes pa-
tients show that the initial uptake of "Cu
of Menkes and control fibroblasts is equal
(23). In chase experiments (4 hours u Cu
uptake and 17 hours chase) it was found
that the half-time of "Cu, which is mainly
bound in a protein with a molecular weight

TABLE 4
Incorporation of L-["S]cy«Kne in renal and

hepatic melaUolhionein'

Genotype

Organ Mo+'+ Mo""+

Kidney
Liver

% dou/ml tupernatant
0.101 ±0.009»
0.04 ±0.01'

0.026±0.002
0.037 ±0.007

1 All values are the mean of four animals with the
standard deviation. • P < 0.0005 versus Mo+'+.
* No «tgnifimmt. difference vermin Mo+/+ .

20 30
Fraction Number

Fig. 2 Ion-exchange (DEAE-sephadex A-2S)
chromatography of the L-["S]cystine labeled MT
peak, see figure 1, obtained by gel filtration
(Sephadez G-75) chromatography of renal cytosol
of heterozygous Brindled mice. The column was
eluted with a linear gradient ( ) of 10 to 300
mM Tns-acetate (pH 7.4) .

of 10,000 daltons in Menkes fibroblasts, is
much longer in Menkes fibroblasts than in
normal fibroblasts2 (normal: 12 ± 2 hours;
Menkes: 54 ± 8 hours (P < 0.005)).

The copper accumulation in Menkes
fibroblasts therefore might not result from
an increased rate in initial copper uptake
but from an impaired excretion of copper.
The impaired excretion of copper could
result in the above-mentioned toxic intra-
cellular copper concentration which in turn
could induce the metallothionein synthesis.
Moreover, in presymptomatic Wilson pa-
tients (patients in which copper accumu-
lates in, e.g., liver) the "Cu uptake by the
liver is increased (24) and copper accumu-
lates in a low molecular hepatic copper
binding protein, molecular weight 10,000
daltons (25).

The characterization of the renal copper-
binding protein as copper-thionein and the
recycling of copper in this protein fraction
are in accordance with the accumulation
of cadmium (26) and mercury* in fibro-

3 V. L. Jnnkpr. unpubllRhed resulte.
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blasts and the increased concentration in
renal postmortem tissues* of Menkes pa-
tients and of mercury in the kidney of the
mutated Brindled3 mice. Both cadmium
(21) and mercury (27) are normally
stored ia metallotbionein.

Elevated cadmium intake in the rat in-
duces metallothionein in the kidney but
has i\o effect on the renal zinc-thionein
concentration (28). This could explain the
absence of zinc deficiency in Menkes'
patients and in "Menkes" (Mo*"'*) mice.

Previously (5,9), we described the renal
copper-accumulating protein and proposed
three models which could explain die im-
paired copper utilization in mutated Brin-
dled mice. However, since we character-
ized the renal copper-accumulating protein
as copper-thionein and found that the
metallothionein synthesis is elevated in the
mutated Brindled mice, it is obvious that
those proposed models (5) do not entirely
match the results described here. The di-
minished binding of uCu to a protein with
a molecular weight of 30,000 daltons in
heterozygous and "Menkes" Brindled mice
could be the result of the abnormal syn-
thesis of tnetal'iOthionein. The latter has a
higher affinity for copper and therefore less
copper is bound to the copper-binding pro-
tein with a molecular weight of 30,000
daltons. Similar effects were found in ex-
periments using 197Hg.3

In conclusion, the mutation in Menkes
patients and in "Menkes" Brindled mice
results in an abnormal induction of 'metal-
lothionein in (he kidney and probably too
in the intestine, pancreas, bone, muscle
and fibroblasts. Inactivation of the inhib-
itor of mRNA translation in the kidney
(model 1) or an impaired renal copper re-
absorption (model 2) could cause die ab-
normal synthesis of metaUothionein. The
newly-synthesized metallothionein seques-
ters abnormal amounts of copper.

LITERATURE CITED

1. Mentes, ƒ. H., Alter, M , Steigleder, G. K.,
Weakley, D. R. & Sung, J. H. (1962) A
sex-linked recessive disorder with retardation
of growth, peculiar hair, and focal cerebral
and cerebellar degeneration. Pediatrics 29,
764-779.

2. Danks, D. M., Campbell, P. E., Stevens, B. J.,

Mayne. V. & Cartwright. E. (1972) Menkes'
kinky hair syndrome. An inherited defect in
copper absorption with widespread effects.
Pediatrics 50, 188-201.

3. Hunt. D. M. (1974) Primary defect in
copper transport underlies mottled mutants
in the mouse. Nature 249, 852-853.

4. Danks, D. M. (1977) Copper transport and
utilization in Menkes' syndrome and in Mot-
tled Mice. Inorg. Perspect. Biol. Med. 1, 7 7 -
100.

5. Prins. H. W. & Van den Hamer, C. J. A.
(1979) Primary biochemical defect in cop-
per metabolism in mice with a recessive
X-linked mutation analogous to Menkes' dis-
ease in man. ] . Inorg. Biochem. 10, 19-27.

6. Evans, C. W. & Reis, B. L. (1978) Im-
paired copper homeostasis in neonatal male
and adult female Brindled (Mo") mice. J.
Nutr. 108, 554-530.

7. Prins, H. W. & Van den Hamer, C. ] . A.
(1979) Impaired copper homeostasis in
Brindled mice. Letter to the editor. J. Nutr,
109, 360-361.

8. Hunt, D. M. (1976) A study of copper
treatment and tissue copper levels in the
murine congenital copper deficiency, Mottled.
Life Sciences 19, 1913-1920.

9. Van den Homer, C. J. A., Prins, H. W. &
Nooijen. ] . L. (1979) Menkes' disease in
Mottled mice and men. In: Models for the
study of inborn errors of metabolism (Hommes,
F. A., ed.) , pp. 95-102, Elsevier, Amsterdam,
The Netherlands.

10. Prins, II. W. & Van den Hamer, C. J. A.
(1978) Cu content of the liver of young
mice in relation to a defect in the Cu metab-
olism. In: Trace Element Metabolism in Man
& Animals, III (Kirchgessner, M., ed.) , pp.
397-400, Weihenstephan, West Germany.

11. Heydom, K., Damsgaard, E.. Hom, N., Mik-
kelsen, M. & Tijstrup, I.. (1976) Trace ele-
ment metabolism in children with Menkes'
syndrome, Ris0-M-1852, Risft, DB-4000 Ros-
kilde, Denmark.

12. Goka, Th. J., Stevenson, R. E., Hefferan, P.
M. & HoweU, R. R. (1976) Menkes' dis-
ease: a biochemical abnormality in cultured
human fibroblasts. Proc. Nat. Acad. Set.
U.S.A. 73, 604-606.

13. Bremner. I. & Young, B. W. (1976) Isola-
tion of (copper, zmc)-thioneins from the
livers of copper-injected rats. Biochem. J.
157, 517-520.

14. Kojima, Y. & Kagi, J. H. R. (1970) Metallo-
thionein. Trends Biochem. Sci. 90-93.

15. Premakumar, R., Winge, D. R., Wiley, R. D.
& Rajagopalan, K. V. (1975) Copper-
chelatin: isolation from various eucaryotic
sources. Arch. Biochem. Biophys. 170, 278-
288.

16. Van den Hamer, C. J. A., Morel], A. G. &

f

a II. W. Prln», unpublished data.

103



\

Scheinberg. I. H. (1975) Cu-binding pro-
teins in liver cytosol. Paper presented at 23rd
Colloquium on proüdes of the biological
fluids, Brugge, Belgium.

17. Klaassen, C. O. (1978) Effect of metallo-
thionein on hepatic disposition of metals. Am.
] . Physiol. 234, E47-E53.

18. Shaikh, Z. A. & Smith, ] . C. (1077) The
mechanism of hepatic and renal metallothio-
nein biosynthesis in cadmium-exposed rats.
Chem. Biol. Interactions 19, 161-171.

19. Bremner, I., Hoekstra, W. C , Davies, N. T.
& Young, B. W. (1978) Metabolism of
"S-labeled copper-, zinc- and cadmium-thio-
nein in the rat. Chem. Biol. Interactions 23,
355-367.

20. Cherian, M. C. & Goyer, R. A. (1978)
Minireview: metallothioneins and their role
in the metabolism and toxicity of metals. Life
Sciences 23, 1-10.

21. Feldman, S. L., Squibb, K. O. & Cousins, R.
J. (1978) Degradation of cadmium-thionein
in rat liver and kidney. J. Toricol. Environm.
Health 4, 805-815.

22. Tsuchiya, K. 4 Iwao, S. (1978) Interrela-
tionship among zinc, copper, lead, and cad-
mium in food, feces, and organs of humans.
Environm. Health Perspect. 25, 119-124.

23. Goka, Th. J. «t Howell. R. R. (1978) Cop-
per metabolism in Menkes* disease. In: Inborn
errors of metabolism in man (Sperling, O. &

de Vries, A., edr.), part II, pp. 148-155,
Karger, Basel, Switzerland.

24. Walshe, J. M. & Potter, G. (1977) The
pattern of the whole body distribution of
radioactive copper ("Cu, *"Cu) in Wilson's
disease and various control groups. Quarterly
J. Med., New Series, XLVI, 445-462.

25. Stemlieb, I., Van den Hamer, C. J. A., Morel),
A. C , Seymour, A., Gregoriadis, G. & Schein-
berg, I. H. (1973) Lysosomal defect of
hepatic copper excretion in Wilson's disease
(hepatolenticular degeneration). Gastroenter-
ology 64, 99-105.

26. Chan. W. Y., Camica, A. D. & Rennert, O. M.
(1978) Metal-binding studies of metallothio-
neins in Menkes kinky hair disease. Clin.
Chun. Act» 88, 221-228.

27. Piotorowski, J. P., Trojanowska, B., Wisniew-
ska-Knypl, J. M. & Bolanowska, W. (1974)
Mercury binding in the kidney and liver of
rats repeatedly exposed to mercury chloride:
induction of metallothionein by mercury and
cadmium. Toxicol. Appl. Pharmacol. 27, 11 -
19.

28. Oh, S. K., Deagen, J. T., Whanger, P. D. &
Weswig. P. H. (1978) Biological function
of metallothionein-IV. Biosynthesis and degra-
dation of liver and kidney metallothionein in
rats fed diets containing zinc and cadmium.
Bioinorg. Chem. 8, 245-254.

.̂

i

104



VII
35.

Prins, H.H. & Van den Hamer, C.J.A. Degradation of S-labeled metallothionein

in the liver and the kidney of Brindled mice: model for Menkes' disease.

Accepted for publication in Life Sci.

105



I

DEGRADATION OF 35S-LABELED METALLOTHIONEIN IN THE LIVER
AMD THE KIDNEY OF BRINDLED MICE: MODEL FOR HENKES' DISEASE

Hans W. Prins, Cornells J.A. Van den Hamer

Interuniversity Reactor Institute, Mekelweg 15
2629 JB Delft, The Netherlands

Summary

An amino acid analysis of the renal copper-binding protein of
heterozygous Brindled mice indicated that the protein labeled with
L-[-"S]cystine Was metallothionein.

The metabolism of 35s-labeled hepatic and renal metallothio-
nein of adult normal (Mq+'+) and heterozygous (Mobr/+) Brindled
mice was investigated without prior induction with metals. After
incorporation of L-[35S]cysteine into hepatic and renal metallo-
thionein» 35s-iabeled metallothionein is normally degraded with two
half-lives (liver: 11.6 +_ 1.3 hours and 3.1 +_ 0.3 days; kidney:
8.22 ± 0.08 hours and 3.5 +_ 1.2 days). However, 35S-labeled renal
metallothionein of the heterozygous Brindled mice is exclusively
degraded with a half-life of 3.1 ±0.2 days.

The results imply that the mutation in Brindled mice causes an
impaired renal reabsorption of copper (transport of copper from the
tubular cells into the blood circulation).

Brindled (Mobr) is one of the five alleles of the mottled (Ho) locus on
the X-chromosome of the mouse (1). The mutation in Brindled mice and that lead-
ing to Menkes' disease in man (2) are homologous (3-6). In Menkes patients and
in mutated Brindled mice the copper utilization is impaired. Copper accumulates
in various tissues, e.g., the gut and the kidney (7,8). Other tissues (9), e.g.,
the brain, do not receive adequate amounts of copper which in turn results in a
fatal copper deficiency in Menkes patients (10) and in hemizygous (Mobr'7)
Brindled mice (1). Not only in the hemizygous (Mobr'v) Brindled but also in the
heterozygous (Hbbr'+) Brindled mice the copper utilization is impaired. In the
kidney abnormal amounts of copper are accumulated in metallothionein (11).

Metallothionein is a cysteine-rich, cytoplasmic metal-binding protein,
molecular weight 6000 - 7000 (12). Metallothionein plays a regulatory role in
the intestinal absorption (13) and the hepatic uptake (14,15) of zinc and
copper. The protein is induced by metals (Cds Zn, Cu, and Hg) and acts as an
intracellular detoxifying agent (16). The biological half-life of metallothio-
nein is reported to be determined by the metal bound to it. Rat hepatic zinc-
and copper-metallothionein labeled with 35s have a half-life of 18 - 20 hours
(17) and 17 hours (18), respectively. Rat hepatic and renal cadmium-metallothio-
nein labeled with 3 5S have a half-life of 2.8 and 5 days, respectively (19).

In previous studies (11) we found an increased incorporation of L-C35S]
cystine in renal metallothionein of heterozygous (MoDr/+) Brindled mice as com-
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pared to the normal (Mo+/+) Brindled mice. The present paper describes the re-
sults of time studies of the catabolism of hepatic and renal 35s-labeled met-
allothionein of both genotypes. A correlation is made between the abnormal
copper accumulation in metallothionein and the increased half-life of 35s-
labeled metallothionein in the kidney of heterozygous Brindled mice.

Materials and Methods

All chemicals were reagent grade. The glassware was acid-washed and rinsed
with deionized water. Ultrafiltration was carried out with UM-2 filters obtain-
ed from Amicon Ltd, Woking, UK. The L-C35S]cystine (specific activity 403 Ci/
mol) was obtained from New England Nuclear, Boston. The L-[35S]cystine was di-
luted with unlabeled L-cystine to a specific activity of 2 Ci/mol. The radio-
activity of 35s was measured by liquid scintillation counting (model 2650,
Packard Instruments) using automatic background subtraction and quench correc-
tion. The relative standard deviation of the count rate (in disintegrations per
minute) of each sample was less than 5%. The protein concentrations were
measured by a fluorimetric method (20) with bovine serum albumin as standard.

In all experiments we used four adult normal (Mo+'+) or heterozygous
(Mobr/+) Brindled mice, weighing 20 - 25 g. The mice were originally obtained
from Dr. David M. Hunt, Queen Mary College, University of London, UK. The mice
were random-bred under specific pathogen-free conditions and housed in plastic
cages covered with stainless steel lids, The animals were maintained on a
standard laboratory diet (Hope Farms B.V., Woerden, The Netherlands) and tap
water ad libitum. The laboratory diet contained 28 ppm Cu, 115 ppm Zn, 0.16 ppm
Cd, and 0.040 ppm Hg.

The animals were dosed intraperitoneally with 10 yCi L-C^^S]cystine dis-
solved in 0.13 M-NaCl. After exsanguination under ether anaesthesia the. mice
were killed by cervical dislocation. The isolation (21) of metallothionein was
done at 4<> under anaerobic conditions. The liver and kidneys were removed imme-
diately and homogenized in 2 vol. (v/w) of 10 mM-Tris/acetate buffer (pH 7.4).
The homogenate was centrifuged at 120,000 x g (rav 8.10 cm) for 1 h at 4°. The
supernatants were applied on Sephadex 6-75 columns (1.8 x 65 cm). The columns
were equilibrated with 10 mM - Tris/acetate buffer (pH 7.4), and calibrated
with appropriate standards. The columns were eluted with the same buffer (pH
7.4), at a flowrate of 16 ml/h and 4 ml fractions were collected. The 35s radio-
activity was measured in each fraction. The 35s-labeled protein fractions con-
taining metallothionein were corrected for the contribution from L-[35s]cystine
labeled non-metallothionein proteins (18). . :

For the amino acid analysis, we used the following isolation procedure. •',
After gelfiltration on Sephadex 6-75 the fractions containing metallothionein c
were concentrated by ultrafiltration and fractionated on a Bio-Gel P-10 column !
(1.8 x 60 cm). The column was equilibrated with 10 mM-Tris/acetate (pH 7.4), f
and calibrated prior to use. The fractions containing metallothionein were de- J
salted by ultrafiltration and freeze-dried. After performic acid oxidation the I
samples were hydrolyzed in 5.8 M-HC1 at 110° for 24 h - 48 h - 72 h. The anal- 3
yses were performed in a LKB amino acid analyser, model 3201 and corrected for 15
hydrolytic losses. ?

-i

Results and Discussion - i

Previously, we characterized, without performing an amino acid analysis, i
the renal protein in which copper is accumulated as copper-metallothionein (11). j
However, Port and Hunt (21) deduced from the amino acid analysis of the renal I
copper-accumulating protein of mutated Brindled mice that their protein is not -
metallothionein. Therefore, we performed an amino acid analysis of the protein
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TABLE I

Amino Acid Composition of Copper-metailothionein' )
from the Kidney of Heterozygous Brindled mice

Amino acid

Cysteine
Methionine
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine

X total residues

262)
13)
7
7
12
3
4
7
8

Amino Acid

Valine
J Cystine
Isoleucine
Leucine
Fhenylalanine
Lysine
Histidine
Arginine
Tyrosine

Z total residues

4
1
2
2
1
13
0
1
0

1)
2)

Cdo.l)-thionein
measured as cyateic acideasurea as cyateic acid

3)meaaured as methionine sulphone

isolated by us (Table I). The high concentration of cysteine (26X), lysine, and
serine and the absence of aromatic amino acids confirm that this protein is
metallothionein. The results are comparable to those found for hepatic metallo-
thioneia of the rat (22) and renal metallothionein of copper-poisoned sheep
(23). The results do not match with those of Port and Hunt (21). Their protein
has a lover cysteine and serine concentration and a higher glutamine concentra-
tion and contains aromatic amino acids. Probably, in their location under
aerobic conditions metallothionein became partly lost or degraded during the
isolation. Our protein meets all the typical features of metallothionein (12):
apparent molecular weight of 10,000 on Sephadex 6-75, high metal content (7 g-
atom Cu, 1 g-atom Zn, and 0.1 g-atom Cd per mole protein), amino acid analysis
(Table I) and optical characteristics A25O/A28O-I-96; CCu]/A280" 15.6).

The half-lives of metallothioneins can be determined from the degradation
of 35s-labeled metallothionein if, after protein degradation, the radioactive
amino acids are not reincorporated in newly synthesized metallothionein. After
parenteral administration, L-[35S]cysteine is eliminated from the liver of the
rat as [35S]sulphate by 200-300 min (?4). Chasing of the radioactivity by in-
jection of L-cysteine resulted in slightly shorter half-lives: liver 9Z and
kidney 3% (25). These results indicate that after injection of L-[35s]cystine
proteins are labeled with radioactive L-cysteine only during a short period of
time, and that after protein degradation L-[35s]cysteine is scarcely reincorpo-
rated in metallothionein. Therefore, the half-lives of metallcthionein can be
determined from the catabolism of 35s-labeled metallothioneins (26).

The half-lives of 35S-labeled hepatic metallothioneiis are shown in Fig. 1.
We pooled the results of identical experiments of the liver of both genotypes,
since the copper metabolism of the liver is not disturbed in the mutated
Brindled mice (5,11). From the regression of the logarithm of the 35s radio-
activity on time we found two half-lives, viz., 11.6+1.3 hour? and 3.1 ^ 0.3
days. These results are comparable with the half-lives of zinc- sad copper-
metallothionein and cadmium-metallothionein, respectively (18,19). Our experi-
ments indicate that (without prior induction with metals) L-[35s]cysteine is
incorporated in two groups of metallothionein which differ in their half-lives.
In the text the 35S-iabeled metallothionein fraction with the shorter half-life
is referred toas the zinc-, copper-metallothionein type and the other as cad-
mium-metallothionein type. These two types of metallothionein occur simulta-
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Fig. I
Half-lives of 35s-labeled hepatic metallothionein
of normal and heterozygous Brindled mice. Hepatic
metallothionein was isolated by gelfiltration
(Sephadex G-75) chromatography, as decribed in the
text. The half-lives are calculated from the re-
gression of the logarithm of the 3 5S radioactivity
on tine. Each point represents the mean for four
animals.

neously. During the biosynthesis of hepatic metallothionein in Brindled mice
92Z of the radioactivity is incorporated in the zinc-, copper-metallothionein
type and 8% in the cadmium-metallothionein type (Fig. 1). We are not aware of
experiments in the literature in which the simultaneous presence of the two
types of metallothionein is described. However, the half-lives reported in the
literature are measured in experiments in which the synthesis of metallothio-
nein was induced by copper, zinc, or cadmium. The induction results in an ex-
pansion of one of the two types of metallothionein, whereas the other type
could be absent of undetectable. Day et al. (27) measured the half-life of zinc
in hepatic metallothionein of the rat after induction with zinc or cadmium.
Zinc induction resulted in a half-life for the zinc content of metallothionein
of 10.1 hours whereas a half-life of 4.53 days was found after cadmium induc-
tion. This indicates that zinc could occur in the two different types of metal-
lothionein.

Fig. 2 gives the half-lives of -^^S-labeled renal metallothionein of normal
and heterozygous Brindled mice. The half-lives of renal metallothionein of
normal mice are 8.22 +_ 0.08 hours and 3.5 *_ 1.2 days. The distribution of the
35S-radioactivity among the two types of metallothionein is: 80Z zinc, copper-
metallotbionein type and 20Z cadmium-metallothionein type. These results are
qualitatively similar to those obtained with hepatic metallothionein of normal
and heterozygous Brindled mice (Fig. 1). However, the ̂^S-labeled renal metal-
lothionein of the heterozygous Brindled mice is only degraded with a half-life
of 3.1 +0.2 days (Fig. 2). The shorter half-life of 8 hours, as found for
renal metallothionein of normal Brindled mice is not detectable. The half-lives
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Half-lives of -"s-labeled renal metallothionein of
normal and heterozygous Brindled mice. Renal metal-
lothionein was isolated by gelfiltration (Sephadex
G-75) chromatography, as described in the text. The
half-lives are calculated from the regression of
the logarithm of the 35S radioactivity on time. Each
point represents the mean for four animals.

of hepatic and renal ^^S-labeled metallothionein of normal and heterozygous
Brindled mice are summarized in Table II.

As a result of the mutation in Brindled mice abnormal amounts of copper
are stored in renal metallothionein. Previously, we proposed two models in
which a correlation was made between the accumulation of copper and the in-
creased metallothionein biosynthesis in the kidney of mutated Brindled mice
(Jl). Model 1 described an inactivation of the inhibitor for the translation of

TABLE II

Half-lives of -"g_iabeled Metallothionein of the Liver
and Kidney of Normal and Heterozygous Brindled Mice.

Organ

Liver

Kidney

11
3

8.
3.

.6

.1

22
5

Normal

+ 1.3
+ 0.3

+ 0.08

± '*2

hours
days

hours
days

Heterozygote

11,
3.

3,

.6

.1

.1

+ 1.
+ 0.

± °-

,3
,3

1)

,2

hours
days

days

Experimental details are given in the text. The half-
lives are calculated from the regression of the loga-
rithm of the -"S radioactivity of the metallothionein
fraction on time (Figs. 3 and 4).

1) No metallothionein detectable with a half-life of
approximately 8 hours.
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renal mRNA coding for metallothionein. This unrestrained synthesis of metallo-
thionein would cause the recycling of copper, the metal with a higher affinity
for metallothionein than zinc and cadmium, in the metallothionein fraction. At
least 80% of this copper-metallothionein fraction (CU7, Znj, Cdg.i-thionein)
should have a half-life of approximately 8 hours, i.e., the half-life of renal
copper-metallothionein of normal Brindled mice (Table II). The inactivation of
the inhibitor of renal mRNA, coding for metallothionein (model 1) is inconsis-
tent with the extended half-life of renal metallothionein of the heterozygous
Brindled mice. In model 2 an impaired renal reabsorption of copper (transport
of copper from the tubular cells into the blood circulation) would result in a
toxic intracellular copper concentration which in turn would induce the metal-
lothionein synthesis. The metabolism of copper in renal metallothionein of the
mutated Brindled mice (8,11) is comparable with the metabolism of cadmium in
renal metallothionein of the rat. The protein moiety of cadmium-metallothionein
is degraded with a half-life of 3.7 days, but the H5mcd content of renal cad-
mium-metallothionein does not change as a function of time (28). This means
that there is no renal reabsorption of cadmium from the tubular cells into the
blood circulation. The close resemblance between the renal cadmium metabolism
in the rat and the copper metabolism in the kidney of heterozygous Brindled
mice (accumulation of the metal in metallothionein, half-life of the protein
moiety of 3-4 days) indicates that the increased renal metallothionein biosyn-
thesis is most likely explained by an impaired renal reabsorption of copper.

The difference between the half-lives of the two types of metallothionein,
viz., zinc-, copper-metallothionein and cadmium-metallothionein, correlates
well with the difference in their degradation by lysosomal proteases in vitro
(29). Whether the decreased susceptibility of renal copper-metallothionein of
heterozygous (Mobr'+) Brindled mice is caused by the X-linked defect, or by an
intoxication by copper of the renal intracellular system for metallothionein
degradation, viz., lysosomes and cytoplasmic proteases, is to be investigated.

In conclusion, the mutation in Brindled mice and Me tikes patients results
in an accumulation of copper in, e.g., the kidneys. Copper is stored in copper-
metallothionein of which the protein moiety has a half-life of 3.1 + 0.2 days.
The accumulation of copper in the kidney could be caused by an impaired renal
reabsorption of copper.
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ABSTRACT

1. In liver and kidney, three cytoplasmic copper-binding protein fractions can

be distinguished, viz., void volume, 30,000 dalton, and metallothionein (MT)

fraction.

2. After intraperitoneal injection, copper is predominantly excreted via the

MT-fraction (liver: 6.75 yg Cu/ml supernatant per day). Half-lives for copper

are; liver: 1.7 + 0.2 hours and 3.2+ 0.2 days; normal kidney: 2.2 + 0.4 hours

and 2.5 +0.2 days.

3. In the kidney of mutated mice, the excretion of copper from the MT-fraction

is impaired, whereas the protein moiety of metallothionein is only degraded

with a half-life of 3.1 + 0.2 days.

4. Brindled mutation results in an impaired renal reabsorption of copper.

INTRODUCTION U

br '-*

The brindled gene (Mo ) is one of the five alleles of the Mottled locus on the ;-|

X-chromosome of the mouse, Mus museulus (Hunt, 1974). Brindled mice are an |

excellent animal model for Menkes' disease in man (Hunt, 1977; Danks, 1977). As <f

a result of the mutation the distribution of copper over the tissues is '%

drastically altered (Hunt, 1974; Mann et al., 1979; Prins & Van den Hamer, f

1979). Copper accumulates in various tissues, e.g., kidney and intestine. This '{

abnormal accumulation causes a copper deficiency in other tissues, e.g., the |



brain. Pathological features in mutated Brindled mice can be ascribed to the

decreased activity of copper-containing enzymes in copper deficient tissues

(Hunt, 1977; Danks, 1977). The affected copper metabolism in the heterozygous

(Mo ) Brindled mice is not intermediate between that of normal and

hemizygous (Mo y) Brindled mice but is almost identical to that of the latter

(Prins & Van den Hamer, 1979). In the heterozygous kidney copper is accumulated

in the cytoplasm as copper-metallothionein (Prins & Van den Hamer, 1980).

Metallothionein is a low molecular weight cytoplasntic metal-binding protein

(Kojima & Kagi, 1978). Its pclypeptide chain contains 61 amino acids of which

20 cysteinyl residues. Aromatic amino acids and histidine are absent.

Metallothionein is normally present in minor amounts in various tissues but the

synthesis of the protein is induced after exposure of the organism to toxic

concentrations of metals like Cd, Hg, Zn or Cu (Cherian & Goyer, 1978).

Furthermore, metallothionein plays an important role in the metabolism of

copper and zinc (Kagi & Nordberg, 1979).

Since in the heterozygous Brindled mice, the accumulation of copper is most

prominent in the renal cytosol (Prins & Van den Hamer, 1979; 1980), we compared

the copper metabolism in the cytoplasmic copper-binding protein fractions of

liver and kidney after an intraperitoneal injection of radioactive copper
64' 64
( Cu). Since the Cu is not carrier free, we determined in each fraction the
amount of Cu and of stable copper (Cu).

64
Prior to the administration of Cu, metallothionein is labeled in vivo

with L-L S]cysteine. This offers the opportunity to study simultaneously the

metabolism of copper and the protein moiety of metallothionein.

MATERIALS AND METHODS ,•';

ï-
Ch.emi.eaLs ,w

All chemicals were analytical grade and acid-washed glassware was used in ;.$

all experiments. The L-C S]cystine was obtained from New England Nuclear and §

diluted with L-cystine to a specific activity of 2 Ci/mmole. The Cu was >?

prepared at our institute. Two specific activities of Cu were used, viz., 50 f
at ^

mCi/mmole and 4800 mCi/mmole. Due to the short physical half-life of Cu (12.8 |

hours), the latter specific activity was used in experiments which lasted for *|

more than 48 hours. f

Measurement of radioactivity ;S

The radioactivity of S and Cu was simultaneously determined in a liquid ?
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i

scintillation counter (Packard Instruments, model 2650), using the double

isotope count mode. The radioactivity was automatically corrected for

background and quench. The relative standard deviation of the countrate (in

disintegrations per minute) of each sample was less than 5Z.

Determination of the copper concentrations ,

The copper concentrations were determined by flameless atomic absorption

spectrometry (Perkin Elmer, model 343 - HGA 76B) using automatic background

correction.

Animals

The Brindled mice, originally obtained from Dr David M. Hunt, Queen Mary

College, university of London, England, were random-bred under specific

pathogen-free conditions at the Centraal Proefdier Bedrijf - TNO, Austerlitz,

The Netherlands. The mice were maintained on a standard laboratory diet (Hope

Farms B.V., Hoerden, The Netherlands) and tap water ad libitum. The diet

contained 28 ppm Cu, 115 ppm Zn, 0.16 ppm Cd, and 0.040 ppm Hg. The mice were

housed in plastic cages covered with stainless-steel lids. In each experiment

four mice were used. The animals were dosed intraperitoneally with 10 yCi

L-[ S]cystine, dissolved in 0.13 M Nad, and four hours later with 4 yg Cu,

dissolved in 0.05 H sodium acetate containing 0.13 K NaCl (pH = 5.6). The

moment of the copper injection is designated as zero hour.

Isolation of the copper-binding protein fractions

To prevent the formation of isolation artifacts, the isolation of the

copper-binding proteins was performed under anaerobic conditions at 4 (Prins & :

Van den Hamer, 1980). At various times the animals were killed by cervical |

dislocation after exsanguination under ether anesthesia. The liver and kidneys j

were removed and homogenized in 2 vol. (v/w) of 10 mM Tris-acetate (pH =7.4). ^

The homogenates were centrifuged immediately at 120,000 x g for 1 hour. The '|

supernatants were fractionated on Sephadex G-75 columns (1.8 x 65 cm) which i

were equilibrated with 10 mM Tris-acetate (pH =7.4) and calibrated prior to %

use. The columns were eluted with the same buffer at a flowrate of 16 ml/h and 3

4 ml fractions were collected. The Cu-concentration, and the Cu and S 1
35 -^

radioactivity were determined in each fraction. The S-labeled protein $ .
fractions containing metal lothionein were corrected for the contribution of the A

35 -
L-C S]cysteine labeled non-metallothionein proteins (Bremner et al., 1978). I
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RESULTS AND DISCUSSION

If, in the. text, a distinction between radioactive copper ( Cu) and stable

copper (Cu) is not relevant we use the term copper.

CytoplaBnric copper-binding protein fractions

Fig. 1 shows the distribution of Cu and Cu over the hepatic cytoplasmic

proteins of normal Brindled mice. This distribution is obtained with G-75 gel

filtration, two hours after an intraperitoneal injection of 4 Ug Cu. Three

copper-binding protein fractions can be distinguished, viz., a void volume

fraction, a 30,000 dalton fraction, and a metallothionein (MT) fraction.

Qualitatively similar distributions were obtained with the kidney of Brindled

void volumt 30000 daHon.
I fraction I fraction I
!•« * • ! < « »• ! •

MT
fraction

40 50
Fraction number

70

64
Fig. 1. Distribution of Cu (L - L) and Cu (k - k) over the cytoplasmic pro-

teins of normal Brindled mice, after Sephadex G-75 gel filtration. The mice

received an intraperitoneal injection of 4 ]ig Cu and were sacrificed tuo

hours later.

•1
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mice. The relative distribution of copper over the copper-binding protein

fractions is a function of the organ, the metal status of the organ (Prins &

Van den Hamer, 1979) and the time elapsed after the administration of the dose

(Terao & Owen, 1973; Suzuki & Yamamura, 1980).

The void volume fraction contains copper-binding proteins with a molecular

weight of at least 70,000 dalton. It is unlikely that, as stated by Weinei &

Cousins (1980), this fraction contains newly synthesized ceruloplasmin since

ceruloplasmin is a plasma protein which is stored in the microsomal fraction

(Evans, 1973) prior to excretion into the blood circulation. Moreover, the void

volume fraction also occurs in the kidney, an organ in which ceruloplasmin is

not synthesized.

The 30,000 dalton fraction exhibits superoxide dismutase activity. Super-

oxide dismutase is a copper, zinc-enzyme (Fridovich, 1975). Whether adminis-

tered copper is incorporated in this enzyme or is non-specifically bound to

this enzyme or to other proteins in this fraction is unknown.

The MT-fraction has a molecular weight of approximately 10,000 dalton.

Metallothionein, to which copper is exclusively bound in this fraction (Prins

& Van den Hamer, 1980) has a molecular weight of 6,000-7,000 dalton. However,

due to the non-globular shape of the protein, metallothionein, shows on

Sephadex 6-75, an apparent molecular weight of 10,000 dalton.

The liver

Fig. 2 shows, as function of time post injection, the metabolism of Cu

in the three cytoplasmic protein fractions of the liver of normal and heterozy-

gous Brindled mice. The results of identical experiments with livers of normal

and heterozygous Brindled mice are pooled since the hepatic copper metabolism

is not altered by the Brindled mutation (Prins & Van den Hamer, 1980). The
64

Cu-concentration of the 30,000 dalton fraction remains virtually unchanged

for two days. Thereafter, the Cu-concentration decreases with a half-life

of 3.0 + 0.5 days. Similar half-lives are calculated for the excretion of

Cu from the void volume (2.7 + 0.4 days) and from the MT-fraction

(3.2 +0.2 days). These half-lives are equal to the average half-lives of

hepatic and renal proteins (Feldman et al., 1978). However, the major part of
64 '3

Cu is excreted from the void volume and MT-fraction with relatively short |

half-lives, viz., void volume fraction: 2.8 + 0.6 hours; MT-fraction: f

1.7 + 0.2 hours. In literature, experiments are described from which similar '

short half-lives can be calculated for the Cu turnover in the MT-fraction

(Terao & Owen, 1973; Van den Hamer et al., 1975).

Fig. 3 shows the Cu-concentrations in the three copper-binding protein
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fractions of the liver, as function of time post injection. Values given at

zero hour are Cu-concentrations determined in mice which were not injected

with copper. Since daily fluctuations were undetectable, these values repre-

sent the Cu-concentration under steady state conditions. Under these condi-

tions, 86% of the cytoplasmic Cu is bound in the 30,000 dalton fraction,

5% in the void volume fraction and 9% in the MT-fraction. Although the amount

of administered Cu is relatively low (0.18 mg Cu/kg body weight), the Cu-con-

centration of the void volume and MT-fraction is temporarily increased 10-fold.

In the MT-fraction the Cu-concentration is normalized within 10 hours. It was

not possible to calculate with sufficient accuracy a half-life for the net

disappearance of Cu, which originates from the injection, from the void

volume and MT-fraction. After the intraperitoneal injection, the specific
64

activity of Cu decreases as result of dilution with omnipresent exchangeable

copper ions. Therefore, the increase in the Cu-concentration is larger than
64

in the Cu-concentration represented by the Cu radioactivity in the corre-

sponding copper-binding protein fraction.

Within one day, the effects of the copper injection on the copper-binding
_. . - •' 64

protein fractions have disappeared. Thereafter, Cu has been equilibrated

with'the copper present in the steady state and the clearance of Cu from the

copper-binding protein fractions will represent the turnover of copper in

these fractions providing isotope recycling does not occur.

After parenteral administration, most copper is taken up by the liver

(Mann et al., 1979; Frins & Van den Hamer, 1979) and eventually excreted via

the bile in a form which hss a decreased absorbability as compared to alimentary

copper (Gollan, 1975). This indicates that only negligible amounts of Cu

could be recycled and that isotope recycling is of minor importance. Under

these conditions one can calculate, from the steady state Cu-concentration

and the- longer half-lives of Cu, the daily copper turnover in the void

volume, the 30,000 dalton, and the MT-fraction, viz., 0.012, 0.25 and 0.019

yg Cu/ml supernatant per day, respectively. These results reveal that under

steady state conditions the 30,000 dalton fraction has the highest copper

turnover. However, from the net increase of the Cu-concentration and the short
64

half-life of Cu in the MT-fraction one can calculate that, shortly after

injection of 4 yg Cu, the maximum transport of Cu through the MT-fraction is

6.75 yg Cu/ml supernatant per day! This indicates that under physiological

conditions metallothionein is of minor importance in copper metabolism but is

the most prominent copper-transporting protein after exposure of an organism

to copper.
After exposure to copper, the metallothionein synthesis is induced in
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Figs. 2 and 3. Turnover of radioactive copper ( Cu, Fig. 2) and stable copper

(Cu, Fig. 3) in the void volume fraction (A)3 the 30,000 dalton fraction (B),

•znd the MT-fraction (C) of the liver of both genotypes. The mice received an

iritraperitoneal injection of 4 ygr Cu. After homogenization and ultracen-

tvifugation, the supernatant was fractionated on Sephadex G-75. The half-lives
were calculated from the regression of the logarithm of the

on time. Each bar represents one standard deviation.

64Cu radioactivity
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4 \ig Cu. After homogenization and ultracentrifugation, the supernatant was

fractionated on Sephadex G-75. The half-lives are calculated from the regres-
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liver and kidney if the copper-binding capacity of native metallothionein is

insufficient to sequester all copper ions. Table 1 shows that, after adminis-

tration of 4 pg Cu, the incorporation of L-[ S]cysteine in metallothionein,

which is an indicator of its synthesis (Prins & Van den Hamer, 1980), is not

increased. This indicates that the copper-binding capacity of native

metallothionein is adequate to counteract the toxic effects of copper after
64

exposure of the mice to 4 yg Cu.

The kidney
64

Fig. 4 shows- the metabolism of Cu in the three copper-binding protein

fractions of the kidney of normal and heterozygous Brindled mice. Since

abnormal amounts of copper are accumulated as copper-metallothionein in the

heterozygous kidney (Prins & Van den Hamer, 1980), the largest differences

between the two genotypes are observed in the MT-fraction. In the normal

kidney, the Cu radioactivity decreases rapidly in this fraction. In analogy

of the liver, two different half-lives can be calculated, viz., 2.2 + 0.4

hours and 2.5 + 0.2 days. However, in the MT-fraction of the heterozygous
64

kidney there is no tendency for a decrease of the amount of Cu within the

first six days post injection.

The uptake of Cu in the void volume fraction of the kidney of the het- :

erozygous Brindled mice is increased but in the 30,000 dalton fraction the
64 64

Cu uptake is indifferent to the mutation. The Cu radioactivity in these

fractions tends to decrease as function of time, but, in contrast to the liver,

half-lives could not be determined with sufficient accuracy.

Fig. 5 shows the Cu-concentrations of the renal copper-binding proteins

of normal and heterozygous Brindled mice as function of time post injection.

Under steady state conditions - Cu-concentration at zero-hour - the relative j

distribution of Cu over the void volume, the 30,000 dalton, and the MT- j;

fraction is dramatically changed as result of the mutation, viz., in normal k

kidney 35%, 56% and 9%, respectively and in the heterozygous kidney: 7%, 7% |

and 85%, respectively. In addition, the Cu-concentration in the MT fraction *|

of heterozygous Brindled mice is a hundred-fold increased as compared to that j

of normal Brindled mice. After the intraperitoneal injection of Cu, there is :;|

no significant increase of the Cu-concentration in either of the three frac- a

tions of both genotypes. An explanation could be that the increase of the Cu- <f|

concentration is relatively small and within the limits of the experimental 7j

variations. J
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In analogy to the liver, the turnover of copper in the MT-fraction of the

normal kidney can be calculated from the steady state Cu-concentration and the

Cu half-life of 2.5 + 0.2 days, viz., 0.028 yg Cu/ml supernatant per day.

This value is comparable to that of the MT fraction of the liver. However, no

maxiaal transport of copper through the MT-fraction can be determined because

there is no significant increase of the Cu-concentration shortly after the

copper injection.

Table 1. Metabolism of L-[ Slcysteine labeled metallothionein in liver and

kidney of Brindled mice as function of the Cu injection .

2)
time liver kidney

I
normal heterozygote

2 h + Cu 0.016 + 0.005 [3]3> 0.003 + 0.001 [3] 0.05 + 0.03 r[2]

- Cu 0.012 0.005 0.07

24 h + Cu 0.007 + 0.002 [3] 0.003 + 0.002 C3] 0.06 + 0.02 G23

- Cu 0.005 + 0.001 [3] 0.002 0.07

48 h + Cu 0.0022 + 0.0007 [4] 0.0014 + 0.0007 [3] 0.045 + 0.006 [2]

- Cu 0.0025 + 0.0012 [3] 0.0010 0.055 + 0.005 [2]

Treatment consisted of an intraperitoneal injection of 10 uCi L-C S]cystine:

(-Cu); and 4 hours later of 4 pg Cu: (+Cu).
2) 35

For hours after the administration of 10 yCi L-C S]cystine, time is desig-

nated as zero hour.

Results are expressed as % of the dose/ml supernatant + SD, the number in

parentheses refers to the number of observations.

Half-lives of copper-metallothionein
Prior to the administration of 4 yg Cu, the protein moiety of metallo-

35thionein is labeled with L-[ Slcysteine and half-lives are determined as

described previously (Prins & Van den Hamer, 1981). The half-lives of
35

S-labeled metallothionein of liver and kidney of normal and heterozygous
Brindled mice are shown in table 2. Since the copper injection did not affect
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35
the metallothionein metabolism (Table 1) the half-lives of s-labeled metallo-

thionein are identical to those described previously (Prins & Van den Hamer,

1981).
In normal mice the longer half-lives of the protein moiety of metallo-

35

thionein ( S-metallothionein: 3.5 + 1.2 days) and of copper bound to metallo-

thionein ( Cu-metallothionein: 2.5 + 0.2 days) are not significantly different

(P > 0.25). Since the longer half-life of Cu-metallothionein represents the

turnover of copper in the MT-fraction under steady state conditions, this

indicates that copper and protein are simultaneously degraded. The shorter

half-life of Cu-metallothionein represents the transport of copper, which

originates from the injection, through the MT-fraction.

Table 2. Half-lives1 of 3SS-labeled metallothionein (3i' S-metallothionein) and

of Cu bound to metallothionein ( Cu-metallothionein) of liver and kidney of

Brindled mice.

I

tissue S-metallothionein Cu-metallothionein

Liver, normal and heterozygote 11.6 + 1.3 hours 1.7 + 0.2 hours

3.1 + 0.3 days 3.2 + 0.2 days

2)

Kidney, normal 8.22 + 0.08 hours 2.2 + 0.4 hours

3.5 + 1.2 days 2.5 + 0.2 days

2)

heterozygote __ 3)

3.1 + 0.2 days

3)

3)

Half-lives are calculated from the regression of the logarithm of the

radioactivity on time and expressed as the mean + SD.
2 35 ~
)P < 0.01 versus S-metallothionein.

3)
No half-lives detectable.

In the MT-fraction of the kidney of the heterozygous Brindled mice both
64

half-lives of Cu-metallothionein are absent, indicating that copper is not

metabolized and accumulates in this fraction. However, S-metallothionein has

a half-life of 3.1 +0.2 days. This means that the protein moiety of copper-
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metallothionein is catabolized and copper is continuously reincorporated in

newly synthesized metallothionein. This situation is similar to that described

for cadmium in the kidney of the rat (Feldman et al., 1978).

The shorter half-life of Cu-metallothionein and S-metallothionein are
35

significantly different (Table 2). The half-life of hepatic S-metallothio-

nein (11.6 + 1.3 hours) is comparable to the half-life of both metal and

protein moiety of copper-metallothionein in the rat liver (Bremner et al.,

1978). The main difference with these experiments is that in our experiments

the synthesis of metallothionein is not induced in liver and kidney (Table 1).

Prior to the catabolism of S-metallothionein molecule, Cu is released from

metallothionein and is excreted from the cytoplasm. However, after exposure to

relatively large amounts of copper (2.5 yg Cu/kg body weight, Bremner et al.,

1978), the excretion pathway is probably saturated. Copper is not released

from the metallothionein molecule and is catabolized with a half-life similar
35to that of S-metallothionein.
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COPPER-METALLOTHIONEIN METABOLISM IH THE KIDNEY OF BRIHPLED MICE

Hans W. Prins & Cornelia J.A. Van den Hamer

Interuniversity Reactor Institute
Mekelweg 15, 2629 JB Delft, The Netherlands

INTRODUCTION

Brindled is a semi-dominant, X-linked mutation in mice [I], which is homologous to that
of Menkes' disease in man [2]. Both mutations are characterized by an abnormal distribution
of copper over the tissues. In various tissues, e.g., kidney, copper is accumulated in the
cytoplasm as copper-metallothionein [3]. Other tissues, e.g., brain, do not receive adequate
amounts of copper, which results in pathological features of Cu-deficiency [4]. Since the
metallothionein fraction (MT-fraction) is Che cytoplasmic Cu-binding protein fraction,
which is predominantly affected by the mutation [5], we studied simultaneously the metabo-
lism of metal and protein moiety of copper-metallothionein (Cu-MT) in this fraction.

MATERIALS AND METHODS

The L-[35S]cystine was obtained from New England Nuclear and diluted with L-cystine to
a specific activity of 2 Ci/nmole. The 64Cu, prepared at our institute, had a specific
activity of SO or 4800 mCi/mnole; the latter was used in experiments which lasted for more
than 48 hours. The 64Cu and 3SS radioactivity was simultaneously determined in a liquid
scintillation counter (Packard Instruments, model 5120). The Cu-concentrations were deter-
mined by flaaeless AAS (Perkin Elmer 373-HGA 76B).

The mice were intrapericoneally dosed with 10 yCi L-[35S3cystine and 4 hours later with
4 yg 64Cu. The moment of the Cu-injection is designated as zero hour. The liver and kidney
were homogenized in 2 vol. (v/w) of 10 mM Tris-acetate (pH-7.4), and centrifuged at 120,000
x g for I hour, and the supernatant was fractionated on Sephadex G-75 columns (1.8 x 65 cm).
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Fig. I. Metabolism of radioactive copper (64Cu, fig. IA), stable copper (Cu, fig. IB) and
the protein moiety of metallothionein (MT) in the renal MT-fraction of normal. Brindled mice.
Prior to tha administration of the 64Cu dose, MT was in vivo labeled with L-[35S]cystine.
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Fig. 2. Metabolism of radioactive copper (64Cu, fig. 2A), stable copper (Cu, fig. 2B) and the
protein moiety of metallothionein (MT) in the renal MT-fraction of heterozygous Brindled
mice. Prior to the administration of the 64Cu dose, MT was in vivo labeled with L-[35S]-
cystine.

The 35S-labeled fractions containing MT were corrected for the contribution of 35S-labeled
non-HT proteins [63. The isolation of the MT-fraction was performed under anaerobic condi-
tions at 4°.

RESULTS AND DISCUSSION

Fig. I shows the turnover of 64Cu and Cu in the renal MT-fraction of normal Brindled
mice. In the MT-fraction, copper is bound exclusively to MT [3], of which the protein moiety
is catabolized with two different half-lives, viz., MTj: 3.22 ± 0.08 hours; MTJI: 3.5 ±1.2
days. The major part of the injected 64Cu (Cu£) is excreted with a short half-life (2.2 ±
0.4 hours). Since there is no concomitant catabolism of 35S-MT, it is concluded that Cuj is
only temporarily bound to MT and is excreted from the cytosol, prior to the catabolism of MX,

A minor part of the 64Cu is excreted with a longer half-life (2.5 ±0.2 days), which is
similar to that of MTu. This fraction of the injected 64Cu is not incorporated into apo-MT,
but became and "intrinsic constituent" of MTu after exchange with stable copper [5]. It
therefore represents the turnover of copper in the MT-fraction under steady state conditions
(Cugg). The turnover rate is 0.028 ug Cu/ml supernatant per day. Since the half-lives of
Cugg and HTu are not significantly different (P > 0.25), it is assumed that both are simul-
taneously catabolized.

The metabolism of MTj is not accompanied by the turnover of 64Cu. This could indicate
that copper is not bound to MTi under normal conditions and that MTi probably represents na-
tive MT, which consists of Zn-MT. Similar half-lives of Cu,Zn-MT are only found when the
animals are exposed to high copper loan's'which resulted in the induction of the NT-synthesis
[6]. In our experiments the copper dose did not induce the MT synthesis, whereas the simul-
taneous occurrence of MTj and MTn is also observed in liver and kidney of Brindled mice
which were not injected with Cu [7]. In the liver the Cu-metabolism in the MT-fraction is
qualitatively similar to that of the normal kidney [5].

Fig. 2 shows the turnover of 64Cu and Cu in the MT-fraction of mutated Brindled mice.
In comparison with normal mice, the Cu-concentration is a hundredfold and the initial 64Cu-
uptake is tenfold increased. There is no excretion of 64Cu from the MT-fraction observed in
the first six days post injection. Furthermore, the incorporation of L-[35S]cystine is ten-
fold increased and MT is only degraded with the longer half-life, vis., MTJJ: 3.1 ±0.2 days.
From these experiments it is concluded that the excretion of both Cuj and CuS8 from the
cytosol is impaired by the Brindled mutation. Since it is unlikely that a mutation results
in two independent aberrations of Cu-metabolism, these results indicate that in the normal
kidney Cui and Cu88 use the same excretion pathway. The absence of HTi indicates that, among
others, the metal status of a tissue determines the MTj to MTu «tio and herewith whether
MT functions as a metal transport protein (HTj) or as a metal storage protein
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Fig. 3. Models for the metabolism of Cuss, Cu£, and the protein moiety of metallothionein in
the MT-fraction of the kidney of normal (Fig. 3A) and heterozygous (Fig. 3B) Brindled mice.
MDS = metallothionein degrading system.

MODELS

Fig. 3A shows a model for the Cu-metabolism in the renal MT-fraction of normal Brindled
mice. Cugs is incorporated in apo-MT, which results in the formation of

i i d
MTj represents
f th t

g s p jj j
native Zn-HT. Both Cuss and MTjj are simultaneously degraded but are excreted from the cyto-
sol through different pathways. Since hardly anything is known about the MT proteolysis in
vivo, the compartment in the models in which MT is degraded is not differentiated [7] and
referred to as KT degrading system (MDS). After injection of small amounts of copper, the
metal (Cu^) is only temporarily bound to MTj and/or MTJJ and is excreted prior to the cata-
bolism of the protein moiety. Cu^ and Cusa are excreted through the same pathway.

Pig. 3B shows a model for copper metabolism in the renal MT-fraction of heterozygous
Brindled mice. From the absence of the half-lives of either Cu-_ and Cuas, it is concluded
that their excretion from the cytosol is impaired and that the Brindled mutation results in
an impaired renal reabsorption of copper. To prevent the occurrence of toxic intracellular
Cu-concentrations, Cu is recycled in HI. This results in an increased synthesis of MT (Fig.
IC and 2C) Cuj and Cug8 are incorporated in MTIIt the HI-population with the lowest turnover.
This situation is comparable to that described for renal cadmium metabolism in the rat [83.

In conclusion, in the kidney of normal Brindled mice, two populations of MT can be dis-
tinguished, viz., MTj (metal transport) and MTJJ (metal storage). Under normal steady state
conditions, Cu8s is bound to MTJJ and both are simultaneously degraded. MTj represents pro-
bably native Zn-HT. The Brindled mutation results in an impaired reabsorption of copper. The
Cu-concentration increases end all apo-MT molecules are used to sequester copper and results
in the formation of Cu-MT..; the protein moiety of MTj is undetectable.
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Menkes' Disease in the Brindled Mice

Human Disease: Menkea' Disease, Kinky Hair Disease, Trichopoliodystrophy,

X-chromosome Linked Copper Malabsorption (X-cLCM)

Animal Model : Brindled Mice

Contributed by: Hans W. Prins and Cornelis J.A. Van den Hamer,

Interuniversity Reactor Institute, Mekelweg 15,

2629 JB Delft, The Netherlands

Biological Features

The Brindled mutation (Mo ), which is one of the five alleles of the

mottled locus on the X-chromosome, arose spontaneously in the CS7BL inbred

I 2
strain. ' Four genotypes can be distinguished, viz., normal male and

female, heterozygous female (+/Mo r) and hemizygous male (Mo /y). The

mutation, which is already active in utero, is manifest within 2 days of

age. The hemizygotes are characterized by a depigmentated white fur,

curled vibrissae and a wavy coat. They have neurological abnormalities

consisiting of a mild tremor, spasm, and an uncoordinated manner of walking.

Although hemizygotes occasionally survive, most of them die between 14-21

days post parturn as result of a severe copper deficiency (Table)."

Pathologic and clinical features can be attributed to the inactivity oi

copper-containing enzymes, viz., neurological degeneration to cytoehror.e

c oxidase and dopamine-3-hydroxylase ; tortuosity of bloodvessels to lys

oxidase, and hair depigmentation to tyrosinase. However, the copper

i
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deficiency is concomitant with an accumulation of copper in other tissues

(Table).4'5

The heterozygous Brindled mice, which are viable and fertile, are

recognized by a variegated brown and white coat color, by the occurrence of

hemizygcus Brindled in the offspring and by the accumulation of copper in

2 5
kiJney and intestine (Table). '

The Brindled mutation causes an impaired excretion of copper from

epitheloid cells of for instance kidney and intestine. Copper accumulates

in these cells and is stored in the cytoplasm as copper-metallothionein.

The accumulation of copper results in a decreased resorption of alimentary

2
copper and subsequently of an abnormal distribution over the tissues.

Several tissues, e.g., brain and skin, do not receive adequate amounts of

copper which results in fatal copper deficiency. •

Table. Copper concentrations in plasma, tissues and cultured cells of hemi-

zygous Brindled mice, of Menkes patients, and of age-matched controls. The

results are expressed as ug Cu per ml, per gram wet tissue or per 106 cells.

2,5-7,9-14

plasma

liver

brain

intestine

kidney

fibroblasts

amniotic cells

Brindled

hemizygotes

0.24

2.93

0.32

4.39

9.42

+ 0,

-15

- 1,

-15,

-21

0.071+ 0

—

,05

.43

.4

.41

.011

0

24

1

10

2

0

controls

.76 + 0.05

-80

.2 - 2.6

.13 -88.5

.96 - 5,65

.019+ 0.010

—

Menkes

0.

2.

0.

8.

8

0

0

1

0

,2

,7

patients

- 0.

- 3.

- 0,

- II

-100

.175- 0

.20 l

,5

,7

.6

.405

D.35

0.

3.

0.

1,

2,

0

0

control

8 - 2.

.4 -58

.8 -

.2 -

.0 -

.009-

.005-

1.

I.

2.

0,

0

0

,4

,47

.5

.045

.05

I
if
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Comparison with human disease

Most features described for Menkes patients and Brindled mice are

similar.~* The X-linkage of the mutations and the unique concomitance

of fatal copper deficiency and copper accumulation indicate that the muta-

tions are homologous.

Menkes patients are males and are characterized by peculiar hair,

o

neurological abnormalities, a low plasma copper concentration, a typical

oral "*Cu-loadingtest , and an abnormal copper distribution in fetal and

12
postmortem tissues (Table).

There is a significant difference in the neurological degeneration

3 8
between Menkes patients and hemizygous Brindled mice. ' The former have a

severe degeneration of the cerebellum and a demyelination of the white

matter. In the mice the cerebral cortex and thalmic nuclei are degenerated

after 12 days of age. However, in long-surviving hemizygouts the features of

neuronal degeneration change with age and become similar to those described

for Menkes patients, indicating that the differences could result from

changes in neuropathology during development.

Potential usefulness of the model !

Since the accumulation of copper in cultured fibroblasts and araniocic

cells is used as a genetic marker for detection of heterozygotes and for .'

9 ^
prenatal diagnosis of a Menkes fetus , the number of Menkes patients :

decreases. Futher research is only possible in vitro with cultured fibro- -|

13 6 14 'i
blasts or in vivo with Brindled mice. ' \

Although parenteral copper therapy eventually tails in Menkos patients

2
, it c m overcome the lethality in

is necessary to explain the discrepancy.

* * , it c m overcome the lethality in Brindled mice.14 Further research
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The impaired excretion of copper from the epitheloid cells is probably

the result of a lysosomal defect. Research of lysosonal degradation of

copper-metallothionein could contribute to the knowledge of tl? inborn error

of Menkes' disease and probably of the lysosomal defect in copper metabolism

in Wilson's disease.

The Brindled mice are available from the "Centraal Proefdier Bedrijf -

TNO", Zeist, The Netherlands.
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ZIEKTE VAN MENKES * : KOPERDEFICIENTIE EF KOPERSTAPELING

H.W. Prins

Inleiding

In 1928 toonden Hart en medewerkers aan dat ko^er een essentieel spoorelenient

is voor de rat (Hart e.a.. 1928). Ook voor het schaap, het rund, de muis en de

mens bleek koper een essentieel spoorelement (Underwood, 1971). Koperdeficiön-

tie, als gevolg van een te geringe aanwezigheid in de voeding, kan afwijkingen

veroorzaken In de pigmentatie van het haar, in de keratlne opbouw in schapen-

wol, in de vorming van bot, myeline en bindweefsel, in de bloedaanmaak en de

groei (Sann e.a., 1978; zidar e.a., 1977).

Dit artikel beschrijft de symptomen van de ziekte van Henke3 (Henkes e.a.,

1962) en de korrelatie van deze symptomen met koperéef icientie, zoals voor het

eerst beschreven door Danks (1972a). Danks stelde dat de koperdeficientie het

gevolg is van een verminderd kopeixransport vanuit de darm naar de bloedcircu-

latie.

Parenterale toediening van koper, als therapie voor de ziekte van Menke3,

heeft op langere termijn geen nuttig effekt. Na enige tijd keren de symptomen

van koperdeficifintie, o.a. cerebrale degeneratie, terug. Aan de hand van

resultaten uit onderzoek bij Brindled muizen - het proefdier model voor de

ziekte van Henkes - wordt hiervoor een verklaring gegeven.

Ziekte van Henkes

Henkes beschreef in 1962 vijf patiënten met een geslachtsgebonden recessieve

afwijking, die gekenmerkt werd door: "retardation of growth, peculiar hair,

and focal cerebral and cerebellar degeneration" (Menkes e.a., 1962).

X Synonymen voor Henkes1 disease in de literatuur zijn:

Steely Hair, Kinky Hair, X-cLCM (= X-chromosome linked copper malabsorption)

en Trichopoliodystrophy.
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De patiënten overleden tussen de 4 maanden en 3"j jaar na de geboorte, andere

symptomen van de z:'.ekte van Menkes zijn: skeletafwijkingen en kronkelige slag-

aders (Hesenberg e.a., 1969), oogafwijkingen (Seelenfreund e.a., 196B) en het

ontbreken van cytochroom c oxydase aktiviteit in de mitochondria van de

hersenen (French e.a., 1972). In Tabel I zijn de symptomen, hun frequentie

van voorkomen en de leeftijd van Menkes patiënten bij ziekenhuisopname samen-

gevat (French, 1977).

Tabel I. Symptomen, frequentie en leeftijd bij ziekenhuisopname van Menkes

patiënten.

Ontleend aan French, 1977.

Symptoom Frequentie (%) leeftijd (maanden)

convulsies 57 1 - 5

groeivertraging 11 —

mentale retardatle 8 1 - 2

ondertemperatuur 5 1 - 2

haarafwijkingen 3

diversen (gastroenteritis e.d.) 16 —

Tijdens de opname in het ziekenhuis worden ook andere symptomen waargenomen.

De symptomen openbaren zich in een willekeurige volgorde en worden niet bij

alle HenkeB patiënten gevonden. Menkes patiënten kunnen met epileptische aan-

vallen opgenomen worden terwijl pas na enkele maanden de haarafwijkingen ont-

staan. In 97% van alle Menkes patiënten worden uiteindelijke haarafwijkingen

beschreven (pill torti, monilethrix en trichorrhexis nodosa). Andere afwijkin-

gen, die beschreven worden, zijn: hypochrome anemie, afwijkingen in het

schedelskelet en veranderingen aan de metafysen van de lange pijpbeenderen

(Danks e.a., 1974; French, 1977).

Kronkelige slagaders, veroorzaakt door splijting en fragmentatie van de inter-

ne elastine laag, en de kleur- en struktuurveranderlngen in het haar van

Menkes patiënten zijn kenmerken die bij schapen veroorzaakt worden door koper-

deficientie ("steely wool"). Danks zag een verband tussen de symptomen van de '••.*

ziekte van Menkes en de symptomen van schapen met koperdeficiëntie en onder- •%

zocht het kopermetabolisme bij zeven Menkes patiënten. '":
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De patiënten hadden in het plasma een verlaagde concentratie koper (Henkess

0.15-0.34 lig Cu/ol; controle: 0.80-1.50 pg Cu/ml) en ceruloplasmine (Menkes:

0-7 mg/100 ml; controle: 18-39 mg/100 ml). In sommige post mortem weefsels

waren de koperconcentraties verlaagd, nl. in lever (Menkes: 10.8 lig Cu/g droog

weefsel; controle: 140 ug Cu/g droog weefsel), en hersenen (Menkes: 4.2 pg

Cu/g droog weefsel; controle 23 jig Cu/g droog weefsel) (Danks e.a., 1972a;

1972b).

Onderzoek met radioaktief koper (^Cu) toonde aan, dat intraveneus toegediend

Cu snel uit de bloedbaan verdwijnt. Oraal toegediend 64Cu verschijnt, in

vergelijking met controlepersonen, nauwelijks in het bloed. Een gestoorde

koperabsorptie door de darm was, volgens Danks, de oorzaak van de koperdefi-

ciëntie in Kinky Hair Syndroom. De frequentie van het syndroom is 1 op de

35.000 geboorten.

Omdat de koperconcentratie in duodenum biopten verhoogd is (Menkes: 62 Ug Cu/g

droog weefsel; controle: 18 pg Cu/g droog weefsel), konkludeerden Danks en

medewerkers hieruit dat de oorzaak Van de ziekte van Menkes een gestoord

kopertransport vanuit de muooeaoel Van de dcam naar de bloedbaan -Ca (Danks

e.a., 1973).

De ziekte van Menkes wordt als diagnose gesteld aan de hand van een kombinatie

van symptomen: psychcootore retardatie, epileptische aanvallen en haarafwij-

kingen. De diagnose wordt bevestigd door de bepaling van koper en ceruloplas-

mine in plasma en zo mogelijk de bepaling van de absorptie van 64Cu na orale

toediening: de orale koperbelastingstest (Van den Hamer e.a., 1975).

Veel symptomen van de ziekte van Menkes kunnen biochemisch verklaard worden

door een verminderde aktiviteit van koperhoudende enzymen als gevolg van de

koperdeficientle (Tabel II).

I
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Tabel II. Mogelijke korrelatie tussen symptomen bij de ziekte van Henkes en

koperhoudende enzymen.

Symptoom Enzym Punktie

convulsies

haar depigmentatie

kronkelige bloedvaten

botafwijkingen

ondertemperatuur

mentale retardatie

groeivertraging

dopamine-B-hydroxylase adrenaline •*noradrenaline

tyrosinase melanine vorming

lysineoxydase

ascorbinezuur oxydase

cyt. c oxydase (?)

cyt. c oxydase (?)

cyt. c oxydase (?)

elastine en collageen vorming

ademhalingsketen in

mitochondria

idem

idem

Bij runderen en ratten worden dezelfde symptomen beschreven bij koperdeficiën-

tie door een verminderde hoeveelheid koper in de voeding (Underwood, 1971).

Toch zijn er een aantal verschillen. Bij runderen en ratten treedt geen koper-

stapeling in de darm op; Henkes patiënten hebben geen neutropenie. Daarnaast

is de koperconcentratie in erythrocyten van Henkes patiënten normaal. Voor de

vorming van erythrocyten is, ondanks de koperdeficiëntie, blijkbaar voldoende

koper beschikbaar (Danks e.a., 1972b).

Therapie van de ziekte van Menkes met koper

De oorzaak van de ziekte van Henkes is, volgens Danks, een gestoord koper-

transport van de darmmucosa naar het bloed, met als gevolg een koperdeficiën-

tie in het organisme. De beste therapie leek dan ook het parenteraal toedienen

van koper. Koper is intraveneus (Garnica en Fletcher, 1975; Grover en Scrutton,

1975; Lott e.a., 1975; Wehlnger e.a., 1975), intramusculair (Daish e.a., 1978;

Walker-Smith e.a., 1973) en subcutaan (Dekaban en Steusing, 1974; Williams

e.a., 1977) toegediend in de vorm van acetaat, sulfaat, EDTA en melk

(Williams e.a., 1979).

Het effekt van de koper therapie op verbetering van de symptomen van de ziekte

van Henkes is afhankelijk van de hoeveelheid toegediend koper en de leeftijd

waarop met therapie begonnen wordt. Enige tijd na het starten van de therapie

kunnen een aantal verbeteringen optreden.

f
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Haar: pigmentatie van het haar en verdwijnen van strukturele afwijkingen

(pili torti, monilethrix en trichorrhexis nodosa). Hersenen: verbetering van

de motoriek, geen progressie van de mentale retardatie, verdwijnen van epilep-

tische aanvallen. LrcHaamBtenperatuta': normaliseren van de lichaamstemperatuur.

Kapemetabolieme-- parenterale koper toediening heeft een verschillend effekt

op de koperconcentraties in diverse weefsels en lichaamsvloeistoffen

(Tabel III). Als gevolg van koper therapie wordt eeruloplasnine gesyntheti-

seerd door de lever (Van den Baser e.a., 1979). Koper therapie heeft echter

geen effekt op de bot- en slagaderafwijkingen.

Tabel III. Koperconcentraties in lichaamsvloeistoffen en weefsels van Menkes

patiënten - voir en tijdens koper therapie - en controles van gelijke leeftijd.

(Aoki en Nakahashi, 1977; Daish e.a., 1978: Danks e.a., 1974,- Dekaban en

Steusing, 1974; Garnica en Fletcher, 1975; Garnica e.a., 1977; Grover en

Scrutton, 1975; Van den Hamer e.a., 1979; B o m e.a., 1978; Lott e.a., 1975;

Halker-Snith e.a., 1973; Hehinger e.a., 1975; Williams e.a., 1977; Williams

e.a., 1979).

Monster Menkes patiënten

voor therapie tijdens therapie

controles

plasma (ug Cu/ml)

ceruloplasmlne (mg/100 ml)

urine (yg Cu/24 uur)

liquor (|ig Ca/ml)

amnionvocht (ug Cu/ml)

lever (ug Cu/g nat weefsel)

hersenen (cerebrale cortex)

(lig Cu/g nat weefsel)

nieren (cortex)

(ug Cu/g nat weefsel)

0.1 -

0

5

0.02 -

0.26

2.0 -

0.2 -

8

0.5

7

15

0.04

3.7

0.6

100

0.8 -

14

33 -

—

—

5

0.8 -

48 -

2.0

38

95

10

1.4

150

0.9

18

3

0.03

0.03

3.4

2.3

2.0

- 1.

- 39

- 28

- 0.

- 0.

- 58

- 2.

- 2.

1

05

09

9

5

Zelfs al wordt de koper therapie drie weken na de geboorte gestart (Daish e.a.,

1978) dan treedt na enige tijd opnieuw mentale retardatie op. Menkes patiënten

overlijden meenstal aan een infektie van luchtwegen of ruggeoerg- en hersen-

vliezen.

'1.
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Hel: falen van de koper therapie kan niet het gevolg zijn van een. te lage

koperdosering. Tijdens de therapie zijn de ceruloplasmineconcentratie in het

plasma en de koperconcentraties in het plasma en de lever genormaliseerd

(Tabel XII). De koperconcentratie in de cerebrale cortex blijft verlaagd.

Ondanks de normale koperconcentratie in plasma en lever wordt geen extra koper

door de hersenen opgenomen. In foetaal hersenweefsel van Menkes patiënten is

de koperconcentratie reeds verlaagd (Tabel IV). Prenataal kan er irreversibele

hersenschade zijn opgetreden. Deze schade behoeft niet door een verminderde

beschikbaarheid van koper ontstaan te zijn. De koperconcentratie in navel-

strengbloed kan zelfs verhoogd zijn bij Menkes patiënten (Menkes: 0.60 en

0.84 fig Cu/ml; controle: 0.29 +_ 0.03 lig Cu/ml; Grover e.a., 1979). Deze koper-

concentraties in navelstrengbloed van controles zijn echter in vergelijking

met andere literatuurwaarden laag (Shields e.a., 1961; Bogden e.a., 1978).

Een evaluatie van het effekt van koper therapie op de hersenen is niet moge-

lijk door alleen maar de totale koperconcentratie te meten. Noodzakelijk

hiervoor is zowel het onderzoek naar het kopermetabolisme in de hersenen als

de bepaling in hersenen van de enzymaktiviteit van koperhoudende enzymen

(cyt. c oxydase, dopamine-8-hydroxylase en superoxyde dismutase).

Extra-hepatische koperakkumulatie

De verdeling van koper over foetale weefsels van Menkes patiënten is veranderd

(Tabel IV).

Tabel IV. Koperconcentraties in weefsels van Menkes en controle foetussen.

Koperconcentratie in yg Cu/g nat weefsel.

(Casey en Robinson, 1978; Van den Hamer e.a., 1979; Heydorn e.a., 1975;

Hooijen e.a., in voorbereiding).

Weefsel Menkes Controle

lever

h-rsenen (cerebrale cortex)

nier (cortex)

pancreas

long

spier en huid

placenta

2.3 - 11.8

0.17

5.9; 17.3

15.3

1.84

1.7 - 2.6

12; 14.5

19

.0.27

0.5

1.27;

0.3

0.25

0.76

- 119

1.7

- 1.14

1.74

- 0.57

1.7

- .0.86
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De koperconcentratie is verlaagd in lever en hersenen en verhoogd in nieren,

pancreas, longen, spieren, huid en placenta. Opvallend is, dat de totale hoe-

veelheid koper in Henkes e,n controls foetussen gelijk is (Heydorn e.a., 1975).

Dit houdt in dat door de mutatie niet het kopertranaport van moeder naar

foetus gestoord is maar dat de Vat-deVing van koper in de foetus over de ver-

schillende weefsels veranderd is door de mutatie.

Niet alleen in vivo (huid) maar ook in vitro (fibroblasten) is de koperconcen-

tratie door de mutatie verhoogd: Henkes: 355.5 ng Cu/mg eiwit; controle:

59.2 ng Cu/155 eiwit (Goka e.a., 1976). Twintig uur na inkubatie van fibro-

blasten in een medium waaraan Cu is toegevoegd treedt een signifikant ver-
64

schil op in de hoeveelheid Cu opgenomen door Henkes en controle fibroblas-

ten: Menkes: 74.4 ng Cu/mg eiwit; controle: 26.1 ng Cu/mg eiwit (Horn,

1976). In vruchtwatercellen treedt ook een akkumulatie van Cu op. Hierdoor

is prenatale diagnostiek mogelijk. Binnen drie maanden na het begin van de

zwangerschap is een Cu onderzoek met vruchtwatercellen mogelijk. Achteraf

kan de diagnose bevestigd worden met de abnormale koperverdeling over de

foetale weefsels (Horn en Heydorn, 1977). Door-middel .n het 64Cu onderzoek

met vruchtwatercellen kunnen foetale draagsters voor de ziekte van Menkes niet

aangetoond worden.

Biochemisch onderzoek met fibroblasten naar de achtergronden van de ziekte

van Henkes is nu in vitro mogelijk met de koperakkumulatie als genetische
64marker. De akkumulatie van Cu in Henkes fibroblasten wordt veroorzaakt door

een verminderde Cu exkretie (Goka en Borwell, 1978). Intracellulair is de

verdeling ook veranderd. Het grootste gedeelte van het Cu wordt in

Menkes fibroblasten gebonden in een eiwitfraktie met een molekulair gewicht

van 10.000 dalton (Beratis e.a., 1978; Jonker, 1978). Dit eiwit is waarschijn-

lijk metallothioneine (Garnica e.a., 1978). Biochemisch onderzoek naar de

oorzaak van deze stapeling van koper in metallothioneine is in volle gang

(Chan e.a., 1978a; Van den Hamer e.a., 1979; Jonker, 1978).

De hoeveelheid metallothioneine, die uit een fibroblasten kuituur geïsoleerd !

kan worden, is gering. Een oplossing voor de beperkte mogelijkheden van onder- : _

zoek met Henkes fibroblasten biedende Brindled muizen, muizen met een reces- V

sieve, geslachtsgebonden mutatie (Brindled), die homoloog is aan de mutatie if

voor de ziekte van Henkes bij de mens (Hunt, 1974; Danks, 1977; Prins en Van •{

den Hamer, 1979). .*
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Brindled muizen - proefdiermodel voor de ziekte van Menkes

In 1953 beschreef Fraser de geslachtsgebonden mutatie Brindled bij muizen. De

mutatie wordt gekenmerkt door de afwezigheid van haarpigment en door neurale

afwijkingen. De hemizygoot afwijkende mannetjes (Menkes muizen) overlijden na

ongeveer 14 dagen (Fraser e.a., 1953). Later zijn ook kronkelige bloedvaten

en botafwijklngen gevonden bij Brindled muizen (Rowe e.a., 1974). De Menkes

muis en de heterozygote muis hebben een abnormaal kopermetabolisme (Hunt, 1974),

De mutatie is homoloog aan de mutatie voor de ziekte van Menkes bij de mens

(Danks, 1977; Evans en Reis, 1978; Bunt en Part, 1979; Prins en Van den Hamer,

1979). De koperconcentratie in lever en hersenen is verlaagd en in nier en

darm verhoogd (Tabel V).

Tabel V. Koperconcentraties in weefsels van Menkes en normale Brindled muizen.

Leeftijd 7-10 dagen. Koperconcentraties in Vg Cu/g nat weefsel.

(Hunt, 1974; Hunt, 1976; Hunt en Port, 1979; Prins en Van den Hamer, 1978).

Weefsel Menkes Normaal

lever 8 - 1 0 5 0 - 7 0

hersenen 1.2 - 1.4 2.4 - 2.6

nier 1 7 - 2 5 3 - 5

darm 70 - 100 13 - 17

De koperconcentraties komen overeen met de waarden gevonden in foetaal en ,

post mortem weefsel van Menkes patiënten (Tabel III en IV).

In de nier wordt koper onder andere gebonden aan het cytoplasmatische eiwit

metalIothioneine (Hunt en Port, 1979). Metallothioneine is onder andere een

detoxificerend eiwit, dat gesynthetiseerd wordt als een organisme aan een '

toxische hoeveelheid metaal (Hg, cd, Zn, Cu e.d.) wordt blootgesteld. In

Menkes en heterozygote Brindled muizen is de koper en metalloth.ionei.nB con- '•

aentratie in de nier verhoogd (Prins en Van den Hamer, 1979). De verhoogde \)

eiwitconcentratie is het gevolg van een grotere synthesesnelheid van het eiwit _sj

(Prins en Van den Hamer, in press). Op dit moment wordt de oorzaak van deze ;i

van metallothioneine mRHA zijn.

vergrote eiwitsynthese onderzocht. De oorzaak kan een ongeremde translatie
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Een andere mogelijkheid Is een extra induktie van metallothioneine door een

toxische intracellulaire koperconcentratie. Deze toxische koperconcentratie

ontstaat zeer waarschijnlijk door een geremde reabsorptie van koper in de nier.

De irreversibele binding van koper in metallothioneine bij de ziekte van

Henkes is niet uniek. In andere koperstapelingsziekten - de Ziekte van Wilson

(Horell e.a., 1961) en primaire biliaire cirrhose - wordt koper irreversibel

aan metallothioneine gebonden. De funktie van het koperstapelend orgaan in

het kopermetabolisme bepaalt uiteindelijk de symptomen. Treedt de stapeling

op in de darm (ziekte van Menkes), het orgaan dat de koperopname vanuit het

voedsel verzorgt, dan is koperdeficiëntie het gevolg. Stapeling in de lever

(ziekte van Wilson en primaire biliaire cirrhose), het orgaan dat onder andere

voor de exkretie van koper via de gal zorgt, heeft kopervergiftiging tot ge-

volg.

Ondanks de verlaagde koperconcentratie in de lever van de Menkes muis is de

enzymaktiviteit van de koperhoudende enzyron cyt. c oxydase en superoxyde

dismutase normaal (Hunt, 1977). De hoeveelheid koper die, onder normale om-

standigheden, in de lever wordt opgeslagen is kleiner, onder andere door de

verminderde koper absorptie. De hoeveelheid koper is zo gering dat er geen

ceruloplasmine gesynthetiseerd wordt. Voor de andere koperhoudende enzymen is

deze lage koperconcentratie voldoende.

In de hersenen van Henkes aulzen is de aktlvlteit van de koperhoudende enzy-

men, cyt. c oxydase en dopamine-6-hydroxylase in vivo, verlaagd. In geval van

cyt. c oxydase reeds twee dagen na de geboorte (ftezek en Hoore, 1977). Vanaf

de zevende dag na de geboorte wordt In de cerebrale cortex neurale degeneratie

waargenomen (Yajima en Suzuki, 1979a). De vakuolen in de neuronen blijken, bij

elektronen oikroskopisch onderzoek, vergrote mitochondria met tubulaire cris-

tae te zijn. De mitochondrlale veranderingen gaan vooraf aan de mentale dege-

neratie (Yajima en Suzuki, 1979b). Opvallend is bij Henkes muizen het ont-

breken van demyelinisatle van de witte massa en degeneratie van de Purkinje

cellen, zoals beschreven voor Henkes patiënten (Barnard e.a., 1978; Williams

e.a., 1978).

De eerste resultaten van koper therapie bij Henkes muizen tonen aan, dat de

koperconcentratie in lever, nieren en hersenen toeneemt. In de hersenen werd

een toename gevonden met 15% tot een koperconcentratie die 40» beneden de

normaalwaarde ligt: Henkes: 1.32 + 0.08 pg Cu/g weefsel;
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normaal: 2.22 +_0.06 yg Cu/g weefsel (Hunt, 1976). De enzymaktlvltelt van

cyt. e oxydase en lysine oxydase nemen toe, normaliseren echter niet, en

nemen vervolgens weer af (Royce e.a., 1978). In gebieden met neurale degene-

ratie komen geen kronkelige bloedvaten voor. De primaire hersenschade kan dan

ook niet veroorzaakt «orden door een verminderde doorbloeding van het hersen-

weefsel (Yajlma en Suzuki, 1979b).

Samenvatting

De oorzaak van de ziekte van Henkes is een geslachtsgebonden defekt in het

kopermetabolisme. Koper wordt irreversibel gebonden in metallothioneine in

darm, nier, huid, spier, panoreae enz. Door deze koper stapeling ontstaat een

tekort aan koper in andere organen (hersenen). Koper deficiëntie is de oorzaak

van de symptomen van de ziekte van Henkes. De belangrijkste symptomen zijn:

psychomotore retardatie, epileptische aanvallen, haarafwijkingen en een ver-

laagde koper- en ceruloplasmineconcentratie in het plasma. De koperconcentra-

tie in lever en hersenen is verlaagd. De enzynaktiviteit van koperhoudende

enzymen is in de lever normaal - de lage koperconcentratie is fysiologisch

toereikend - maar is in de hersenen verlaagd.

Parenterale koper toediening is geen adequate therapie voor de ziekte van

Henkes. De koperconcentratie in plasma en lever normaliseert maar blijft in

de hersenen beneden normaal. Na een kortstondige verbetering treedt opnieuw

cerebrale degeneratie op. De degeneratie kan het gevolg zijn van een vermin-

derde cyt. c oxydase aktivitelt in de mitochondria van de neuronen.

Koper therapie is pas zinvol als het toegediende koper alleen in koper defi-

ciënte enzymen wordt ingebouwd. Ionogeen koper is toxisch voor de cel. Zolang

er geen adequate therapie voorhanden is, is een behandeling van Henkes

patiënten met parentezaal koper niet zinvol.

Ha het ontdekken van een Henkes patiént moet de familie onderzocht worden op

mogelijke draagsters voor de ziekte ( Cu belastingstest). Later kunnen dan,

in geval van zwangerschap, met behulp van prenatale diagnostiek Henkes

foetussen in een vroeg stadium ontdekt worden.

147



Literatuur

Aoki, T., E. Nakahashi: New screening method for Wilson's disease and Henkes'

Kinky-hair disease. Lancet (1977) ii, 1140.

Barnard, R.O., P.V. Best, H. Erdohazi: Nauropathology of Henkes' disease.

Develp. Med. Child. Neurol., 20 (1978) 586 - 597.

Beratig, N.G., P. Price, G. LaBadie, K. Hirschhorn: 64Cu metabolism in Menkea

and normal cultured akin fibroblasts. Pedlat. Res., 12 (1978) 699 - 702.

Bogden, J.D., I.S. Thind, F.W. K^mp, H. Caterini: Plasma concentrations of

calcium, chromium, copper, iron, magnesium, and zinc in maternal and cord

blood and their relationship to low birth weight. J. Lab. Clin. Med., 92

(1978) 455 - 462.

Casey, C.E., H.F. Robinson: Cooper, manganese, zinc, nickel, cadmium and

lead in human foetal tissues. Br. J. Nutr., 39 (1978) 639 - 646.

Chan, W.Y., A.D. Garnica, O.K. Rennert: Metal-binding studies of metallo-

thioneins in Henkes kinky hair disease. Clin. Chim. Acta, 88 (1978a) 221 - 228.

Chan, H.Y., A.D. Garnica, O.K. Rennert: Cell culture studies of Henkes kinky

hair disease. Clin. CUa. Acta, 88 (1978b) 495 - 507.

Chan. W.V., A.D. Garnica, O.K. Rennert: Inducibility of metallothionein

biosynthesis in cultured normal and Menkes kinky hair disease fibroblasts:

effects of copper and cadmium. Pediat. Res., 13 (1979) 197 - 203.

Daish, P., E.H. Wheeler, p.F. Roberts, R.D. Jones: Menkes'a syndrome.

.Report of a patient treated from 21 days of age with parenteral copper.

Arch. Dis. Childh., 53 (1978) 956 - 958.

Danks, D.M., P.E. Campbell, B.J. Stevens, V. Nayne, E. Cartwright: Henkes's

kinky hair syndrome. An inherited defect in copper absorption with widespread

effects. Ped., 40 (1972a) 188 - 201.

148



Danks, D.M., B.J. stevens, P.E. Campbell, J.H. Gillespie, J. Walker-Smith,

J. Blorafield, B. Turner: Henkes1 kinky-hair syndrome. Lancet (1972b) i,

1100 - 1101.

Danks, D.H., E. Cartwright, B.J. Stevens, R.R.H. Townley: Henkes' kinky hair

syndrome - more data on copper transport. Gastroenter., 65 (1973) 507 - 508.

Danks, D.H., B.J. Stevens, P.E. Campbell, B.C. Cartwright, J.H. Gillespie,

R.R.W. Townley, J.A. Walker-Smith, J. Blomfield, B.B. Turner, V. Hayne:

Henkes kinky-hair syndrome. An inherited defect in the intestinal absorption

of copper with widespread effects. Birth Defects, 10 (1974} 132 - 137.

Danks, D.H.: Copper transport and utilisation in Henkes' syndrome and in

Mottled" mice. Inorg. Per spec. Biol. Hed., 1 (1977) 73 - 100.

Dekaban, A.S., J.K. Steusing: Menkes' kinky hair disease treated with

subcutaneous copper sulphate. Lancet (1974) ii, 1523.

Evans, G.W., B.L. Reis: Impaired copper hcmeostasis in neonatal male and

adult female Brindled (Mo**) mice. J. Hutr., 108 (1978) 554 - 560.

Fraser, A.S., S. Sobey, c.C. Spicer: Mottled, a sex-modified lethal in the

house mouse. J. Genet., 51 (1953) 217 - 221.

French, J.H., E.S. Sherard, H. Lubell, H. Brotz, C.L. Moore: Trichopolio-

dystrophy. Arch. Neur., 26 (1972) 229 - 244.

French, J.H.: X-chromosome-linked copper malabaorption (X-cLCH). In:

Handbook of din. Neur., 29 (1977) 279 - 304.

Garnlca, A.D., S.R. Fletcher: Parenteral copper in Menkes' kinky-hair syndrome.

Lancet (1975) il, 659 - 660.

Garnica, A.D., J.L. Frias, O.K. Rennert: Menkes kinky hair syndrome:

is it a treatable disorder ? Clin. Genet., 11 (1977) 154 - 161.

Garnica, A.D., H.Y. Chan, O.K. Rennert: Role of metallothloneins in copper

transport in patients with Henkes syndrome. Ann. Clin. Lab. Sci., 8 (1978)

302 - 308.

149



Goka, Th.J.i R.B. Stevenson, F.H. Hefferan, R.R. Howell: Menkes disease:

a biochemical abnormality in cultured human fibroblasts. Proc. Nat. Acad. Sci.

USA, 73 (1976) 604 - 606.

Goka, Th.J., R.R. Howell: Copper metabolism in Menkes disease. Honogr. Hum.

Genet., 10 (1978) 148 - 155.

Grover, W.D., M.C. Scrutton: Copper infusion therapy in trichopoliodystrophy,

J. Ped., 86 (1975) 216 - 220.

Grover, W.D., W.C. Johnson, R.I. Henkin: Clinical and biochemical aspects of

trichopoliodystrophy. Ann. Neurol., 5 (1979) 6 5 - 7 1 .

Hamer, c.J.A. van den, J. Hillemae, G. de Haas: Copper-metabolism, particu-

larly in relation to Wilson's and Henkes' diseases. In: Nuclear Medicine.

Eds.: K.H. Ephraim, O.B. Yoe. State University Utrecht (1975) 204 - 216.

Hamer, C.J.A. van den, H.W. Prins, J.L. Nooijen: Menkes' disease in Mottled

mice and man. In: Models for the study of inborn errors of metabolism.

Ed.: P.A. Hommes. Elsevier, Amsterdam (1979) 95 - 102.

Hart, E.B., H. Steenbock, J. Waddell, C.A. Elvehjem: Iron in nutrition.

VII. Copper as a supplement to iron for hemoglobin building in the rat.

J. Biol. Chem., 77 (1928) 797 - 812.

Heydorn, K., E. Damsgaard, N. Horn, M. MikXelsen, I. Tygstrup, S. Vestermark,

J. Weber: Extra-hepatic storage of copper. A male foetus suspected of Menkes1

disease. Humangenetik, 29 (1975) 171 - 175.

Born, N.: Copper incorporation studies on cultured cells for prenatal diagno-

sis of Menkes* disease. Lancet (1976) i, 1156 - 1158.

Horn, N., X. Heydorn: Prenatal detection of Menkes' disease and copper dis-

tribution in affected foetuses. Eacerpta Medica Int. Cong. Ser. 426 (1977)

5 6 - 5 7 .

Horn, N., K. Heydorn, E. Damsgaard, I. Tygstrup, S. Vestermark: Is Menkes

syndrome a copper storage disorder ? din. Genet., 14 (1978) 186 - 187.

'•it

if

150



Hunt, D.H.: Primary defect in capper transport underlies Hottled mutants in

the mouse. Nature, 249 (1974) 852 - 853.

Hunt, D.H.: A study of copper treatoent and tissue copper levels in the

murine congenital copper deficiency, Mottled. Life Sciences, 19 (1976)

1913 - 1920.

Hunt, D.H.: Catecbolamine biosynthesis and the activity of a number of

copper-dependent enzymes in the copper deficient Hottled mouse mutants.

Comp. Biochem. Physiol., 57c (1977) 79 - 83.

Hunt, O.H., A.E. Fort: Trace element binding in the copper deficient Hottled

mutants in the mouse. Life Sciences, 24 (1979) 14S3 - 1466.

Jonker, P.L.: Bet kopermetabolisne van humane fibroblasten in vitro in ver-

band met de ziekte van Henkes. Afstudeerverslag, Nucleaire Biotechniek,

Interuniversitair Reactor Instituut, Delft, (1978).

Lott, I.T., R. DiPaolo, D. Schwartz, S. Janowska, J.N. Kanfér: Copper

Metabolism in the steely-hair syndrome. New. Eng. J. Hed., 292 (1975)

197 - 199.

Henkes, J.H., H. Alter, G.K. Steigleder, D.R. Heakley, J.H. Sung: A sex-

linked recessive disorder with retardation of growth, peculiar hair, and

focal cerebral and cerebellar degeneration. Fed., 29 (1962) 764 - 779.

Mo .=11, A.G., J.R. Shapiro, I.H. Scheinberg: Copper binding protein from

human liver. In: Wilson's disease, some current concepts. Eds.: J.H. walshe,

J.N. Cumings. Blackwell, Oxford (1961) 36 - 42.

Nooijen, J.L., c.J. de Groot, C.J.A. van den Hamer, L.A.H. Honnens,

J. Willemae, H.F. Niermeijer: Trace element studies in three patients and

a fetus with Henkes' disease. In voorbereiding.

Prins, H.W., C.J.A. van den Hamer: Cu-content of the liver of young mice in

relation to a defect in the Cu-metabolism. In: Trace element metabolism in

man ana animals-3. Ed.: H. Kirchgessner. Arbeitskreis fur Tierernahrungs-

forschung, Frelsingen (1978) 397 - 400.

151



Prins, a.W., C.J.A. van den Hamer: Primary biochemical defect in copper meta-

bolism in mice with a recessive X-linked mutation analogous to Menkes'

disease in man. J. Inorg. Biochem., 10 (1979) 19 - 27.

Prins, H.W., C.J.A. van den Hamer: Abnormal copper-thionein synthesis and

impaired copper utilization in mutated Brindled mice: model for Kenkea'

disease. J. Nutr., in press.

Rezeki D.L., c.L. Moore: Depletion of cytochrome oxidase in brain mitochondria

from the Hottled mouse mutant. Soc, Neuroscience Abst., 3 (1977) 51 e.v.

Royce, P.M.. J. Camakaris, J.R. Mann: The affect of copper therapy on lygyl

oxidase activity in the Mottled mouse mutants. Proc, Aust. Biochem. Soc.,

11 (1978) 31.

Seme, D.W., E.B. HcGoodwin, G.R. Martin, M.D. Sussman, D. Grahn, B. Paris,

C. Pranzblau: A Sex-linked defect in the cross-linking of collagen and

elastin associated with the Hottled locus in mice. J. Exp. Hed., 139 (1974)

180 - 192.

Sann, L., D.G. Galy, M. Bomand-Monier: Copper deficiency and hypocalcemic

rickets in a small-for-date .infant. Acta Paediatr. Scand., 67 (1978) 303 - 307.

Seelenfreund, H.H., S. Gartner, P.F. Vinger: The ocular pathology of Menkes'

disease. Arch. Ophthal., 80 (1968) 718 - 720.

Shields, G.S., H. Harkowitz, W.H. Klassen, G.K. Cartwright, M.H. tfintrobe:

Studies on copper metabolism. MCI. Erythrocyte copper. J. Clin. Invest.,

40 (1961) 2007 - 2015.

Underwood, E.J.: Trace elements in human and animal nutrition. 3rd Ed.

Academic Press, London (1971) 57 - 115.

Walker-Smith, J.A., B. Turner, J. Bloafield, G. Wise: Therapeutic implications

of copper deficiency in Menkes's steely-hair syndrome. Arch. Dis. Childh.,

48 (1973) 958 - 962.

Hehinger, H., I. Witt, I. USsel, G. Denz-Seibert, C. Sander: Intravenous

copper in Menkes' kinky-hair syndrome. Lancet (1975) i, 1143 - 1144.

152



Wesenberg, R.L., J.L. Gwlnn, G.R. Barnes: Radiological findings in the

kinky-hair syndrome. Radiology, 92 (1969) 500 - 506.

Williams, D.M., C.L. Atkin, D.B. Frens, P.F. Bray: Menkes' kinky hair

.syndrome: studies of copper metabolism and long term copper therapy..

Pediat. Res., 11 (1977) 823 - 826.

Williams, R.S., P.C. Marshall, I.T. Lott, V.S. Caviness: The cellular

pathology of Menkes steely hair syndrome. Neurology, 28 ! (1978) 575 - 583.

Williams, D.M., C.L. Atkin, A.R. Seay, P.F. Bray: Failure of human milk

therapy in Menkes1 kinky hair,disease. Am. J. Dis. Child., 133 (1979)

218 - 219.

Yajima, K., K. Suzuki: Neuronal degeneration in the brain of the Brindled

mouse - a light microscope study. J. Neuropath. Exp. Neur., 38 (1979a) 35 - 46.

Yajima, K., K. Suzuki: Neuronal degeneration in the brain of the Brindled

mouse. Acta Neuropath. (Berl.), 45 (1979b) 17 - 25.

Zidar, B.L., R.K. Schadduck, Z. Zeigler, A. Winkelstein: Observations on

the anemia and neutropenia in human copper deficiency. Am. J. Hemat.,

3 (1977) 177 - 185.

153


