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ABSTRACT. Menkes’ kinky hair syndrome is a lethal X-
linked disorder marked by tissue-specific increases in cop-
per content. An animal model of kinky hair syndrome is
provided by mice mutant at the X-linked mottled locus.
The basic defect is unknown. In order to discriminate
among potential etiologies, we asked whether the expres-
sion of the mottled mutation causes abnormalities in the
metabolism of trace metals other than copper in hemizy-
gous mottled (blotchy) cultured skin fibroblasts, and
whether we can differentiate mutant and normal cells ac-
cording to their response to metal inducers of metallothi-
onein. Blotchy fibroblasts accumulated up to 12 times more
4Cu than control (littermate) cells, over time and over a
range of *‘Cu concentrations. A saturable high affinity
component to *“Cu accumulation over a fixed time interval
was revealed in these studies. While **Cu uptake kinetics
were indistinguishable in mutant and control cells, the
patterns of *“Cu exit differed. In both cell types, the rate
of release of a rapidly exchangeable fraction of newly
acquired *Cu was similar. However, in mutant cells, a
larger fraction of recently accumulated ®*Cu is retained. In
contrast to the results for *Cu, accumulation and exit of
%Zn and '®Cd were not distinguishable in mutants and
controls. With exposure to either a strong (cadmium) or
weaker (zinc) inducer of metallothionein, **Cu accumula-
tion was increased in normal cells, while there was no
change from the already elevated level of **Cu accumula-
tion in blotchy cells. In contrast, the effects of metal
inducers of metallothionein on *Zn or '®Cd accumulation
in mutant cells were indistinguishable from the effects on
controls. The present observations reveal that blotchy fi-
broblasts exhibit normal accumulation and exit of metals
other than copper, and evince a differential response to
metallothionein inducers, which response is also limited to
the accumulation of copper. When considered together with
the larger body of data on the kinky hair syndrome and
mottled mutation, we infer that the defect in both species
resides in the function of a thionein or other protein spe-
cifically binding copper; or in an altered transport system
specifically affecting copper. (Pediatr Res 18:1282-1286,
1984)
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Menkes’ kinky hair syndrome is an X-linked recessive disorder
with decreased serum copper and ceruloplasmin-copper oxidase,
and relative copper deficiency in many organs in the face of
tissue-specific copper sequestration. Clinical features include pili
torti, hypopigmentation, seizures, hypothermia, growth failure,
skeletal defects, arterial aneurysms, and progressive degeneration
of the central nervous system. The disease terminates fatally by
age 3 years, with prominent postmortem findings including
gliosis, neuronal degeneration, and defects of the arterial intima
(8).

An animal model of Menkes’ kinky hair syndrome is provided
by mice mutant at the X-linked mottled locus (11, 21). Mice
hemizygous for the brindled and the blotchy alleles at the mottled
locus have been extensively studied. Striking correspondences in
distinctive clinical, pathologic, and chemical features (3, 11, 21,
27, 35) suggest that the human and murine X-linked recessive
diseases represent defects at a locus serving the same function in
both species. The X-linkage itself is strongly supportive of iden-
tity, since X-linked loci are highly conserved through evolution
(28).

The precise nature of the defect has remained obscure. The
recent assignment of mouse (7) and human (17) metallothionein
genes to autosomes mitigates strongly against a primary struc-
tural defect in that class of proteins. However, hypotheses which
emphasize defects in the modulation of metallothionein func-
tion, in the quantitative regulation of metallothioneins, or in
transport of metals must still be addressed. In order to derive
information of value in discriminating among possible etiologies,
we ask in the present studies whether the expression of the
mottled (blotchy, Mo®°) mutation in mice causes abnormalities
in the metabolism of trace metals other than copper, and whether
we can differentiate mutant and normal cells according to their
responses to metal inducers of metallothionein.

MATERIALS AND METHODS

Isotopes. The v emitters, *Cu (¢, = 12.8 h), 'Cd (¢, = 450
days), and *Zn (s, = 244 days), were purchased from New
England Nuclear Corporation. The **Cu(NO;), was delivered at
a specific activity of approximately 4 mCi/mg of copper at time
of receipt. The 'Cd and *Zn were purchased carrier free, and
diluted with nonradioactive salts as needed for specific experi-
ments.

Mutants. Experiments were carried out on cultured skin fibro-
blasts of mice hemizygous for the blotchy mutant allele at the
mottled locus (Mo®/y), and on cells similarly derived from
normal male littermates. Mutant and control mice were obtained
as offspring of heterozygous females (Mo"°/+) and normal
males, both of strain C57BL/6J and purchased as breeding pairs
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from Jackson Memorial Laboratory. Animals were housed in a
room set aside for mutant mice in the Animal Care Facility,
University of California, San Francisco.

Cell propagation. Fibroblasts were grown in Dulbecco’s mod-
ified Eagle’s Medium-H21 medium (4.5 g glucose/liter), plus
fetal calf serum to 10% and added penicillin and streptomycin
(100 units/10 mt and 100 pg/10 ml, respectively) in the complete
medium. To propagate cells for specific experiments, confluent
cultures were harvested with 0.15% Pronase, rinsed and pelleted
in Hanks’-CMF (Ca**, Mg** free) solution, resuspended in com-
plete medium, plated onto tissue culture dishes as a 1:2 split,
and regrown to confluent density. The copper concentration in
baseline complete medium was 0.76 uM, as determined by
atomic absorption spectrophotometry (31).

Isotope accumulation studies. With cells in culture dishes at
confluent density, isotope was added immediately after a change
of medium, at concentrations and for times as indicated. Follow-
ing incubations, cells were washed free of radioactivity, harvested
with a rubber policeman into phosphate-buffered saline (Ca*,
Mg?* free, pH 7 or 7.4), and dissolved by heating for 2 h at 45°
C in 0.75 N NaOH. Aliquots were counted in a + scintillation
counter peaked for the appropriate isotope (30), and protein was
determined in a duplicate aliquot by standard procedures (26).
84Cu counts were corrected for decay, as described (30).

RESULTS

Copper sequestration.is a chemical hallmark of disease expres-
sion in mouse and human mutant tissues, and this phenotypic
parameter was documented in the blotchy fibroblasts used for
our studies. In addition, in order to address questions of mech-
anism, the kinetics of accumulation were examined in detail
(Figs. 1-4). When cultured skin fibroblasts from normal male
and hemizygous blotchy mice were exposed for varying times to
3.1 uM copper as **Cu, there was a striking 4- to 12-fold differ-
ence in *Cu accumulation in normal as compared with mutant
cells (Fig. 1). Whereas control cells reached an equilibrium in
64Cu content within 10-24 h, there was a continuing increase in
64Cu accumulation in blotchy cells.

With incubation for a fixed time interval (18 h) over a range
of %Cu concentrations up to 32 uM (Fig. 2), accumulation of
isotope in mutant cells rapidly reached a maximal level at
incubation medium %*Cu concentrations of 1.6-7.9 uM. At those
concentrations of “Cu, accumulation in blotchy cells was 6- to
13-fold greater than in control fibroblasts. With exposure to
higher concentrations of medium Cu over this same fixed time
interval, more **Cu accumulated in control fibroblasts, and the
difference between mutant and normal *Cu content decreased.
These relative changes were similarly and recently recognized in
kinky hair syndrome lymphoblasts (34).

To approximate and assess actual uptake of copper, *Cu
accumulation was measured in cells at very early time intervals
(0.5 to 15 min) following addition of isotope (Fig. 3). This
experiment was performed at a copper concentration previously
shown to result in maximal differences between mutant and
normal radiocopper accumulation (¢f Fig. 2). Over this time
interval, the slopes of the regression lines for the normal and
mutant data points were not distinguishable when subject to a
one-tailed (p > 0.05) or two-tailed (p > 0.10) test using the ¢
statistic (12) (Fig. 3).

In contrast, the kinetics of copper exit differ in blotchy and
control cells. Following loading with isotope, *“Cu release was
assessed as ®Cu content retained in paired mutant and normal
cultures at serial time points after removal of isotope and sup-
plemental copper salts from the medium (Fig. 4). In both mutant
and normal cells loaded with ®Cu, there is a fraction of that
newly acquired intracellular **Cu which is rapidly released over
the first 2-3 h after loading. The rate of release of this exchange-
able fraction is not distinguishable in the two cell types. Rather,
the major difference between mutant and control cells resides in
the relative magnitude of the retained and exchangeable frac-
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Fig. 1. %Cu accumulation in whole fibroblasts over time. Cells were
propagated and prepared for study as in “Materials and Methods.”
Incubations were in 3.1 uM %Cu as **Cu(NOs), for the times indicated.
Each data point represents a single determination in a representative
experiment pairing mutant (@) and control (O) cultures. %Cu accumu-
lation is expressed as nmol **Cu/mg cell protein. Panels A and B represent
the same experiment, with the expanded scale in B presented to permit
more direct comparison of control versus mutant radiocopper accumu-
lation. These and subsequent experiments were performed on cells
ranging in passage number from 8-25; no variation in $4Cu accumulation
was found with passage number or extent of spontaneous transformation
of the mouse fibroblasts.
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Fig. 2. $Cu accumulation in whole fibroblasts over a range of copper
concentrations. Cells were propagated and prepared for study as in
“Materials and Methods.” Incubation was for 18 h at the indicated *Cu
concentrations [as %Cu(NOs),], with each data point representing a single
determination in a representative experiment pairing mutant (®) and
control (O) cultures. *Cu accumulation is expressed as nmol Cu/mg
cell protein.

tions. In mutant cells, a large fraction of recently accumulated
Cu is not released under these conditions. The above observa-
tions are supported by and serve to extend reports in a number
of mutant cell types (1, 4, 20, 33).
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Fig. 3. %Cu uptake in whole fibroblasts. Cells were propagated and
prepared for study as in “Materials and Methods.” Incubations were in
3.1 uM *Cu as *Cu(NOs), for the times indicated. Each data point
represents a single determination; depicted on the graph are all data
points of two separate experiments, with each experiment pairing mutant
(®) and control (O) cells. Regression lines for mutant (solid line, panel
A) and control (broken line, panel B) results are drawn as described in
the text. The %*Cu uptake was calculated as in the accumulation studies
(nmol *Cu/mg cell protein; ¢f. Figs. 1 and 2), but is here expressed as a
percentage of the 15-min accumulation value. That 15-min accumulation
value was similar in mutant and control in each of the two paired
experiments.
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Fig. 4. %Cu exit. Cells were propagated, prepared for experiment,
and incubated (loaded) for 16-18 h in 3.1 gM %Cu as **Cu(NOs),, as
described in the legend for Figure 2. At 18 h, the medium was changed
to baseline medium, as described in “Materials and Methods,” and %Cu
content as nmol *Cu/mg cell protein was measured after subsequent
time intervals as indicated. The results are expressed as a percentage of
the copper content at zero time after loading, ie. immediately after
removal of medium containing Cu(NOj),. The results of four separate
experiments, each pairing a mutant (@) and control (O) are depicted on
the graph. The data points represent either a single determination at a
time postloading, or the mean + SE derived from 2-4 independent
determinations at a given time postloading.

Importantly, and in striking contrast to the abnormal copper
exit and accumulation in mutant cells, accumulation of related
trace metals is normal in the blotchy fibroblasts. Incubation of
cells in %Zn resulted in identical patterns of accumulation of
isotope over time (Fig. 5) and over a range of concentrations
(data not shown) in both cell types. Analogously, '®Cd accu-
mulation was virtually identical in both cell types when measured
over time (Fig. 6) or over a range of '®Cd concentrations (data
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Fig. 5. ®Zn accumulation in whole fibroblasts over time. Experimen-
tal procedures are as in the legend for Figure 1, with mutant (@) and
control (O) cells incubated in 3.1 uM Zn as %ZnCl, for the times
indicated. Accumulation was measured as nmol **Zn/mg cell protein.
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Fig. 6. 'Cd accumulation in whole fibroblasts over time. Experi-
mental procedures are as in the legends for Figures 1 and 5, with mutant
(®) and control (O) cells incubated in 1.8 uM '®Cd as '°CdCl, for the
times indicated. Accumulation was measured as nmol '®Cd/mg cell
protein.

not shown). These data are consonant with the results of studies
in kinky hair syndrome lymphoblasts (34), over the range of
metal concentrations used herein. However, at extremely ele-
vated concentrations of zinc and cadmium, differences were
observed between normal and mutant cells in the lymphoblast
work (34). We speculate that such differences might be related
to the toxicity of extreme concentrations of zinc and cadmium
on mutant versus normal cells (4).

Again in contrast to the results for copper, the kinetics of
release of newly accumulated *Zn and 'Cd were comparable
in control and blotchy cells. For each metal, the patterns of
release and the magnitude of the retained fractions were quite
similar in the two cell types (data not shown).

As a first approximation and based on the above results, the
defect in the-blotchy mutation appears to specifically affect
copper storage or transport, with the metabolism of zinc and
cadmium unaffected. Such specificity is additionally reflected in
the differential responses of blotchy and littermate cells to metal
inducers of metallothionein. If fibroblast *“Cu accumulation is

‘measured following exposure to cadmium over an 18-h incuba-

tion period (Table 1), control cells accumulate 2% to 4Y% times
more *“Cu than cells not exposed to cadmium. In contrast, in
blotchy cells, *“Cu accumulation does not appreciably change
from an already elevated level. These differences obtain over a
20-fold range of medium copper concentrations (Table 1).

A similar differential response between normal and blotchy
cells is observed when *Cu accumulation is measured during
exposure to zinc, a weaker inducer of metallothionein than is
cadmium. Normal cells respond to increased zinc concentrations
with corresponding increments in **Cu accumulation, while there
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Table 1. Effect of cadmium on copper accumulation

%Cu accumulation

(nmol/mg protein)
Cu (uM) -Cd +Cd (1.8 uM)

Normal 0.16 0.067 0.21

0.79 0.077 0.34

3.1 0.17 0.41
Blotchy 0.16 0.41 0.49

0.79 1.3 1.2

3.1 1.6 1.9

is no change in %Cu accumulation in mutant cells under these
conditions (data not shown). These results differ in part from
measurements reported in kinky hair syndrome lymphoblasts in
a related, but not identical, experiment (34).

Such differential responses to metal inducers of metallothi-
onein are, significantly, limited to the handling of copper. Ex-
posure to cadmium does not change ®Zn accumulation in either
normal or mutant cells; and in the reverse of a previous experi-
ment, the kinetics of '®Cd accumulation are identical in mutant
and control cells with incubation of cells in up to 472 uM Cu
(data not shown).

DISCUSSION

It was recognized early that certain of the phenotypic manifes-
tations of X-linked Menkes’ kinky hair syndrome and the mot-
. tled mouse could be attributed to relative copper deficiency and
consequent reduced activity of a number of cuproenzymes (8, 9,
18, 21). Documentation of defective gastrointestinal absorption
lent support to such a pathophysiologic sequence (9). The sem-
inal studies of Danks and co-workers developed the important
and broader construct that the defective gastrointestinal absorp-
tion in kinky hair syndrome was, in fact, only one manifestation
of a tissue-specific copper sequestration defect (10), a concept
since confirmed in multiple studies of whole tissues and cultured
cells (1, 3, 4, 6, 14-16, 19-22, 27, 29, 30, 32-35).

Metallothioneins have been identified as the major intracel-
lular metal-binding protein in a variety of normal (23) and
mutant (2, 5, 6, 24, 25, 32, 34) tissues. An excessive accumulation
of cadmium in kinky hair syndrome fibroblasts was invoked to
support the postulate of a mutant metallothionein in this disorder
(6), and additional work in those cells (6) suggested the existence
of structurally abnormal metallothioneins with decreased affinity
for copper. In contrast, data from other workers supported the
contention that kinky hair syndrome metallothioneins displayed
normal affinities for copper (24).

With the demonstration of autosomal localization of individ-
ual metallothionein genes in mouse (7) and man (17), it became
unlikely that a metallothionein would be implicated as the
primary gene product of the Menkes’ kinky hair syndrome or
the mottled locus. Most importantly, the reports of increased
intracellular levels of normally functioning metallothionein (2,
25) strengthened the possibility of a regulatory defect in metal-
lothionein synthests in these disorders (34), to be considered
additionally with hypotheses focusing on modulations of metal-
lothionein function (30) or transport defects independent of
metallothionein function (2, 31).

Studies in the mottled mouse have served to confirm and
extend the phenotype of kinky hair syndrome (3, 4, 11, 14, 21,
22, 27, 30-33, 35). Our present studies in blotchy cultured skin
fibroblasts were designed to ask whether the expression of the
blotchy mutation causes abnormalities in the metabolism of trace
metals other than copper at the cellular level, and to ascertain
whether we can differentiate mutant and normal cells according
to their response to metallothionein inducers. Underlying the
experiments was the intent to derive information of value in
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discriminating among potential etiologies of the mottled and, by
extension, the kinky hair syndrome phenotype.

The blotchy fibroblasts used in the present studies expressed
the copper sequestration phenotype variously described in kinky
hair syndrome cultured cells (1, 6, 15, 16, 20, 29, 34), in brindled
cells (4, 33), and in a study of copper content in blotchy fibro-
blasts (35). It is of interest that, at the range of copper concentra-
tions tested, there appeared to be a saturable component to
radiocopper accumulation over a fixed time intervai. A similar
saturable high affinity component was observed in kinky hair
syndrome lymphoblasts (34).

Previous studies focusing on a measure of actual uptake of
copper into mutant cells have been approximate (4) or have
yielded equivocal results (16). Accordingly, the clear demonstra-
tion herein of normal copper uptake in blotchy cells provides a
firm and reasonable basis for focusing on the mechanisms of
copper exit in these and related mutants.

The kinetics of copper exit were quite different in mutant and
normal cells. In both cell types, there appeared to be more than
one component of radiocopper release immediately following -
loading with isotope. The rate of exit of a rapidly exchangeable
fraction was not clearly distinguishable in blotchy and controls.
However, the magnitude of the exchangeable fraction—or, con-
versely, of the retained fraction—was quite different, with mutant
cells retaining an excessive percentage of recently acquired radi-
ocopper. Our conclusions are supported by data presented in a
somewhat different form in studies of kinky hair syndrome (1,
20) and brindled (4, 33) cells.

In contrast to the increased sequestration of copper in mutant
cells, zinc and cadmium accumulation and exit are not altered.
At the broad range of metal concentrations tested herein, and
absent extreme and possibly toxic concentrations of these metals,
the accumulation data are congruent with those in a related study
of kinky hair syndrome lymphoblasts (34). The conclusions are
further supported by results of whole animal studies in blotchy
(30, 35) and brindled (22) mutants, and are consonant with
inferences drawn from work on copper and zinc interrelation-
ships in hepatocytes (13, 36) and from the finding of equivalent
zinc contents in kinky hair syndrome and normal fibroblasts (2).
Taken together with the larger body of data on the Menkes’ and
mottled mutations, it is reasonable to infer that the defect in
both species affects specifically the function of a copper storage
or transport system, with the metabolism of zinc and cadmium
unaffected.

The differential responses of the fibroblast types to metallothi-
onein inducers support the notion of a mutation limited to
derangements in the metabolism of copper. With exposure to
either a strong (cadmium) or a weak (zinc) inducer of metallo-
thioneins, radiocopper accumulation was appropriately increased
in control cells. However, in mutant cells, there was no change
from the characteristically elevated level of isotope accumulation.
In reverse experiments, the effects of such inducers on zinc or
cadmium accumulation in mutant cells were indistinguishable
from the effects on controls.

These results must be considered together with studies of the
induction of the synthesis of metallothionein protein, per se, as
reported in kinky hair syndrome lymphoblasts (34) and fibro-
blasts (2, 5). Based on the experimental data, it has been con-
cluded that such induction is not impaired in mutant cells (2, 5,
34). However, a differentially enhanced inducibility of metallo-
thioneins has not been demonstrated, and the aggregate data are
entirely consistent with the notion that high metallothionein
synthesis in mutant cells is a secondary response to increased
intracellular copper concentration (2). Our present observations,
viz. normal accumulation and exit of metals other than copper
in mutant cells, and a disparate response to metallothionein
inducers which is limited to the accumulation of copper, are
therefore quite concordant with a construct under which metal-
lothioneins, as a class of proteins, accumulate to high levels
secondarily, and not primarily, in mottled and kinky hair syn-
drome cells.
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The present results provide an important framework for ap-
proaching the dissection of the defect in the mottled mutations,
and, by analogy, in Menkes’ kinky hair syndrome. The distinct
responses to metal inducers of metallothionein are herein re-
vealed as a discriminant between normal and mutant cultured
cells. The differential response to metallothionein inducers may
reflect a primary abnormality in the regulation of a specifically
copper-binding thionein or other protein; or may be a secondary
consequence of an independent and specific alteration in copper
transport. These represent alternative hypotheses which are test-
able in both cell culture systems and in studies of mutant mouse
tissues.
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