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ABSTRACT 

The defect in Menkes' disease in man is identical to that in Brindled mice. The defect 
manifests itself in a accumulation of copper in some tissues, such as renal, intestinal 
(mucosa and muscle), pancreatic, osreous, muscular, and dermal, ffence 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 resorption, 
is irreversibly trapped in the above-mentioned, copper accumulating tissues where it is 
bound to a cytoplasmatk protein with molecular weight 10,000 daltons, probably the 
primary cytoplasmatit copper transporting protein. This protein shows a Cu-S absorp
tion band at 250 nm, and the copper:protein ratio is increased. Such copper rich protein 
was found neither in the kidneys of the unaffected mice nor in the liver of the mwe 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 *4Cu loading test applied to Menkes' patients after intramuscular (im) copper 
therapy shows an incorporation of e4Cu 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 e 4Cu bound to these proteins depends, among other factors, on 
time since injection [8] . First e 4Cu is bound to a protein with a molecular weight of 
10,000 daltons (Fraction I). Then it is transferred to a protein with г molecular weight 
of 30,000 daltons (Fraction II). In case of the liver 64Cu is finally eA-reted in the bik. 

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" (Xm Y) 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 f>99.999%, 
Ventron Alfa Products, Beverly, Mass., USA) with thermal neutrons. The 64Cu radio
activity was determined in a Nal scintillation counter (Packard Model 5l20).Copper-
67 was obtained from 1K0 (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 67Cu 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 e 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 ui traeen tri l i
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 mi 
h r - 1 , 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 

Phenotypc  
Genotype0 Color Viability 

\M\Mt \MY Brown Viable 

\M\m Variegated Viable 

Xm\ White Dies ca. 
21 days postpartum 

e Superscript M indicates the normal allele for 
copper metabolism. 
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TABLE 2. Copper Concentration in Various Tissues of 
Adult Brindled Mice" 

Genotype* 

Weight <g) X * X * . X * Y ^ X*X"» 

Liver 1.2 (0.2 Г 5.3 (0.6F 4.8 ( 0.8)* 
Kidney (2) 0.4 (0.1 ) 3.1 (0.3) 47.0(20.0) 
Intestine 

Мнсоя - 1.2(0.3) 3.2; 0.8) 
Muscle - 1.2(02) 3-4 ( 0.8) 

Pancreas 0.10(0.05) 0-7 (0.2) 2.5 ( 0.6) 
Bone - 1.0(0 J ) 1.7 ( 0J) 
Brain 0.30 (0.05) 3.3 (0.6) 3.2 ( 0.8) 
Plasma - 0.8 (0.1) I.0( 0.6) 
Muscle - 0.8 (0.2) 1.2 ( 0.2) 
Heart 0.09 (003) 7.0 (3.0) 8.0 ( 0.5) 
Lung 0.11(0.04) 5.0(2.0) 5.3 ( 0,9) 
Skin - 1.7(03) 1.3 < 0.4) 

" Micrograms of copper per gxam of wet tissues or per milliliter of 
plasma. 
b Average body weight = 23 g t 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-cetlulose (Schleicher in Dassel, West Germany) and 
hydroxyapatite equilibrated and eluted with 50 mM sodium phosphate buffer (pH = 
5.6). The 10,000-daltc n 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 r>ays postpartum, this work could onl/ 
be carried out with heterozygous (X^X*") and normal (X*Y, Хл'Xм) 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 
ol absorbed copper is excreted in the bile. 

It is of special interest that the increased copper concentration in the Gl tract is not 
limited to the absorptive cells (mucosa) but is also present in underlying tissues. 
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TABLE 3. Distribution ' 7 C u in Various Tissues* of 3-Day-Old Brindled Mice6 

Kidney 
Genotype и* Carcass- Liver (2) Gl Tract Pancreas Tibia Brain Spleen 

X - * X * 

X " Y S 34 (5) 52(4) 1.6(0.6) «(1) 0.2(0.1) 0.4(0.2) 0.8(0.1) 0.9(0.1) 

X*X«" 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.» 0.7(0.1) 0.7(0.1) 
• Percentage of the dose per tissnie. 24 hi after injection. 
* AD mice were mtraperitoneaHy injected with 0.12 Щ of *TCu. 
c Number of animals. 
* Mainly muscle, skin, and skeleton. 

Distribution of «7Cu in Young Mice After Intraperitoneal (ip) Injection of 6TCu 
The distribution of the e7Cu radioactivity in various tissues of 3-day old Brindled mice 
was measured 24 hr after an ip injection of 0.12 Mg of 67Cu (Table 3). A value Q, 
defined as 

67Cu (% dose) in a tissue of heterozygous-or "Menkes" mice 
C7Cu (% dose) in a tissue of normal mice 

was calculated. 
There are three types of tissues (Fig. 1): (1) those in which e7Cu accumulates more 

FIGURE I. Logarithmic plot of Q values (see text) of some tissues of 3-day-oM Brindled mice, 
24 hr after ip injection of 0.12 wg of *7Cu. Black bars, Q value for heterozygous mice; white bars, 
Q values for "Menkes" mice. 
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FIGURE 2. Distribution of **Cu in tissues of adult Brindled mice after oral dose of MCu (4 jig/ 
animal). Normal (X*XM, X*Y) mice ( • - • ) ; heterozygous (X*X»») mice (*-*). Numbers are 
expressed as the mean i 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 *?Cu uptake is independent 
of the mutation {Q = I), and (3) the liver, the only tissue found in the mutated mice 
with Q < 1, which stores less e7Cu. 

Distribution of "Cu After Oral Dose of "Cu 

Figure 2 gives the amount of e*Cu in liver and kidney of adult Brindled mice as func
tion of time after an oral dose of 4 до of MCu. Copper-64 accumulates in the kidney 
of the heterozygous mice, whereas less e4Cu is taken up by their livers. 

Distribution of *4Cu 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 u% of e4Cu, 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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FIGURE 3, Distribution of e 4Cu after homogenization and ultraccntrifugaiion (see text) over 
pellet and supernatant of livers and kidneys of the three Brindled phenotypes. Supernatant is sub
divided into three protein fiactions (100,000, 30,000, and 10,000 daltons, respectively) using a 
G-75 gel-filtration column (1.8 cm X 68 cm) equilibrated with 015 M sodium acetate buffer 
(pH - 5.6) containing 0.13 M NaCI and 3 mM NaN3, flow rate 16 mi h r - 1 at 4*C. Approximately 
3.2 ml of eluate was coHectsd per fraction; (a) livers, (b) kidneys. 
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FIGURE 4. Distribution of stable (Cu) and tsotopic ("Cu) copper over the fractions of a G-75 
get-filtration of heterozygous (X*X"M 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 repal cytosol of heterozygous mice 
(Fig. 4). This indicates that the results obtained with e4Cu 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. 

Data on Fraction I (mw = 10.000 daltons) 

Figure 5 shows the UV spectra of protein Fraction I (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 1 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/mok 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 (ra* = I0,000daltons> of kidneys (a) and 
liven <b)of normal <X*Y) and heterozygous <Х*Хт) mice. Fraction I was obtained after absorp
tion chromatography using equal pans оГ DEAE-celmlose and hydroxyapatite (see also Materials 
and Methods section). Solid curve, normal mice (X*Y); dashed curve, heterozygous mice 
<X*X«"). 

1. An abnormal distribution of copper is found in tissues of both Menkes patients 
and "Menkes" (Xм Y) 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 (XMX"*) (Table 2). 

2. Menkes patients and "Menkes" mice die within a short period after birth (2-5 
years and i4-21 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 Brindfed 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 e4Cu as tracer, we found that in the kidney of both 
heterozygous and "Menkes" mice MC.i is irreversibly stored as a cytoplasmatic pro
tein with a molecular weight of 10,000 daltons (Fig. 4). This storage of MCu as a 
protein must be of an irreversible type. This particular protein fraction also contained a 
large amount of stable copper. Hardly any B4Cu 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 *4Cu autoradiography and 
•nicrobeam PIXE (proton-induced X-ray emission). This will be published shortly. 

There are three models that could explain the accumulation of copper in the 
lO.OOOdalton protein of the kidney: (1) irreversible copper binding in an abnormal 
species of the protein (Fraction f), (2) a block in the copper transport from Fraction 1 
to Fraction II, and (3) an inability of copper to bind to Fraction II. 

In the hver of both heterozygous and "Menkes" mice, more '*Cu 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 *4Cu-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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IMPAIRED COPPER HOMEOSTASIS IN BRINDLED MICE 

Letter to the Editor 

H.W. Prins and C.J.A. Van den Haaer 

Dear Sir, 

With much interest we read the article of Drs. Evans and Reis 

on "Impaired Copper Homeostasis in Neonatal Male and Adult Female 
far 

Brindled (Mo ) Mice" (I). The results agree with those of Hunt (2) 

and üanks (3) as well as with those of ourselves (4). Since we interpreted 

the results differently we should like to make some comments. 

1 . We found that copper accumulates not only in the kidneys but 

also in the intestinal mucosa and muscle, pancreas, bone, skin, and 

skeletal muscle of heterozygous Brindled (Mo /+) and Brindled nales 

(Mo / - ) . We concluded that the copper is irreversibly trapped in 

these tissues and we isolated from kidney cytosol of (Mo /+) and 

(Mo /-) mice and of Menkes' patients the responsible protein with a 

molecular weight of 10,000 dalton (5). 

Since a large amount of alimentary copper is irreversibly stored 

in the intestinal wall of (Mo /•) and (Mo /-) mice but not of the 
64 

normal littermaces, the availability of orally given Cu will depend 
64 

on the genotype. Assuming that after 48 hours the Cu in young mice 

represents the absorbed Cu, the absorbed Cu minus the Cu in the 
64 intestinal wall equals the Cu available for the organism. We can 

64 
calculate from table I of Evans and Reis (I) the Cu in the various 

tissues of the three phenotypes in terms of percentages of this 
64 

available Cu. This figure is more relevant for the interpretation of 

oral experiments with radioactive copper* Thus calculated, the results 

show that the heterozygotes (Mo r/+) havt no intermediate Cu-

distribution as concluded by Evans and Reis (I) but one similar to 

that of the hemizygous (Mo r/~) mice (5). 
04 

2. The authors concluded from the lover Cu-uptake by the liver 

of (Mo /-) mice that the hepatic uptake of copper is impaired. We 

think that- as л result of the lower availability - due to irreversible 



storage of copper in the intestinal well - and the increased affinity 
for copper of various tissues (kidney, pancreas* muscle), the liver 
receives no more than a physiologically adequate amount of copper with 
no excess entering this organ on its way to being excreted through 
the bile. The copper concentration of the liver of neonatal (Mo /+) and 
(Mo /-) mice is low but equal (6) and the activity of copper enzymes 
is unaffected in the liver though decreased in brain tissue of (Ho /-) 
mice (2). 

64 3. Excretion measurements after oral administration of Cu in 
Menkes' patients and in Brindled mice are difficult to interpret in 

64 relation to copper metabolism. Cu is trapped in the intestinal wall 
and excreted by a process of epithelial desquamation (half time of the 
absorptive cells about i day) and not through the bile. Most of the 
64 
Cu that reaches the ciruclation is irreversibly trapped in various 

tissues. The low excretion rate of Cu in adult (Mo /+) mice, parti
cularly after 24 hours, is not, as mentioned by the authors, an indication 
of an attempt to maintain copper balance but an indication of an 
irreversible trapping of Cu. Only a minor amount of Cu is metabolized 
in a physiologically normal way in (Mo /+) mice. 

4. We agree with the authors that research on Brindled mice will 
enlarge our knowledge of copper homeostasis, but will reveal too lhat 
fatal copper deficiency in Menkes' disease is the manifestation of a 
more general Impairment of intra-cellular aetal transport. 
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