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Trace metals in the brain and in Wilson's disease1
JOHN N. CUMINGS

From the Department of Chemical Pathology, Institute of Neurology,
The National Hospital, Queen Square, London

It is not uncommon for the Foundation Lecturer to
gather material from personal archives and this has,
to some extent, been the custom of previous lecturers
of whom I name but two: our illustrious founder,
Dr. Sydney Dyke, and one of my teachers, Dr. J. G.
Greenfield. This I shall do relating my findings in
some diseases due to trace metals to published work
by other investigators.
My interest in heavy metals in the brain began

just before the last war but it was not until about
1947 or almost exactly 20 years ago that my first
useful results were obtained. At that time I was
estimating copper, iron, and manganese in normal
and diseased cerebral tissues and I was fortunate
enough to examine material from three cases of
Wilson's disease, now universally agreed to be a
condition in which there is an accumulation of
copper in many tissues.
Although that great authority, Thudichum,

reported in 1884 his findings concerning brain bio-
chemistry it is only in the last 25 years that exact
knowledge has been obtained concerning some heavy
metals, present in trace amounts in the brain. Con-
sideration will be given here to only two, namely,
iron and copper, but it is hoped to report upon other
trace metals later.

IRON

Before the war both Tompsett (1935) and Tingey
(1937, 1938) estimated by chemical methods the iron
content of various areas of the brain, since when
others have described their findings.

Recently analyses have been made using an atomic
absorption spectrophotometer and results compared
with earlier findings. Full details of the techniques
employed and some of the problems involved, both
concerning iron and other metals, will be presented
later. The results of iron estimations by this method
are shown in Table I and when compared with
earlier findings there is reasonable agreement with
figures obtained by chemical procedures, although
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TABLE I
IRON IN NORMAL BRAIN AND LIVER ESTIMATED BY ATOMIC

ABSORPTION SPECTROPHOTOMETRY1

Mean ±2S.D. S.E.

Cerebral white matter
Cerebral cortex
Putamen
Globus pallidus
Optic thalamus
Caudate
Substantia nigra
Cord
Locus caeruleus
Liver

18-73
27-85
54.37
64-8
21-92
41 34
57.9
4-6

24-3
30 25

13 7
7-4

26-1
48-0
13-1
26-0
43.5
2-8

8-14

16
09
7-4
9-8
3-7
5.4

10-8
0-62

1-54

'Results in mg./100 g. dry tissue

they are a little lower. All these figures relate to total
iron; Hallgren and Sourander (1958) have shown that
non-haemin iron is considerably lower in the brain
and liver than is total iron, in fact by about two-
thirds. These same authors demonstrated an increase
with age, a fact already noted by Tingey (1937, 1938).

Little is known regarding abnormalities of iron
content in the brain in neurological disorders; it was
shown in haemochromatosis that although the liver
iron was very greatly increased the brain iron was
not increased (Ramage and Sheldon, 1935).

There is a slightly increased level of iron in the
brain in Wilson's disease and in the liver in cirrhosis
(Cumings, 1948). Freeman (1930) showed slightly
raised levels in schizophrenia and Tingey in general
paralysis of the insane, whereas no alteration from
the normal occurs in a rare disorder known as
maladie de Fahr.

There is some slight difference of opinion relating
to Hallervorden-Spatz disease. Meyer (1958) stated
that an increased iron content is indicated by histo-
logical studies, whereas Lowenthal (1959) claimed a
normal biochemical content. The basal ganglia of
one of the cases examined personally demonstrated
by suitable staining methods obvious evidence histo-
logically of a raised iron content. Recent analyses of
such cases are seen in Table II and there is some
evidence here in support of Meyer's opinion
expressed nine years ago.
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TABLE II
IRON CONTENT IN HALLERVORDEN-SPATZ DISEASE'

Lowenthal Kornyey
(1958) (1964)

Cerebral white matter
Cerebral cortex
Basal ganglia
Globus pallidus
Substantia nigra
Pons

Rozdilsky and
Cumings
(1967)

66-0 24-9 41-7 (18-73)'
9.0 45-7 (27 85)

41-8 83-2 83-8 (41-34)
278 (64-8)

1110 155 (579)
39-2

'Results in mg./100 g. dry tissue
'Normal figures in brackets

COPPER

As the abnormalities present in Wilson's disease are
not confined to the brain, I make no apology for
discussing copper metabolism in general.

COPPER IN TISSUES The literature preceding 1959
has been fully reviewed previously (Cumings, 1959)
so few comments concerning the amount of copper
in the tissues will be given. As with iron many areas
of the brain, the spinal cord, and the liver have been
studied by means of the atomic absorption spectro-
photometer, and Table III shows some results, which
compare well with figures obtained by more con-
ventional methods. It must be said that the modern
technique is considerably easier, and very accurate
even though there is a degree of variation in copper
levels between diffe:
very similar to thos
Thompson (1960)
Gubler, Mahoney,
(1954).

COPPER IN NORMAL B
TION

Cerebral white matter
Cerebral cortex
Putamen
Globus pallidus
Optic thalamus
Caudate
Substantia nigra
Cord
Locus caeruleus
Liver

'Results in mg./100 g. dr)

There are also a f
activation analysis
1967). In general ti
is similar to that o
by standard colorir

the two more sophisticated methods can be per-
formed on smaller samples, and atomic absorption
can be used for rapid analysis without requiring
specimens to be sent to reactor centres such as
Harwell.

COPPER IN BLOOD AND URINE It is generally agreed
that the serum level of copper in normal subjects is
85-120 ,ig. per 100 ml. and up to 50 ,ug. copper per
day in the urine. A series of control sera has been
estimated for copper by both methods as well as a
number of samples of urine collected with adequate
precautions against contamination. The results are
illustrated in Table IV and the figures agree well by
both techniques.

TABLE IV
NORMAL VALUES FOR COPPER IN BODY FLUIDS

Serum copper................... 90-120 JAg./100 ml.
Serum caeruloplasmin................... 20- 40 mg./100 ml.
Urine copper ......... .......... up to 50 Ag./day
Cerebrospinal fluid copper.................. up to 15 ,Ag./100 ml.

TABLE IVa
Mean i 2S.D. S.E.

Serum copper
(colorimetric)
Serum copper (A.A.S.)
Urine copper (A.A.S.)

111
105
26

39.4
307
10-6

4-03
3-15
1*77

rent individuals. These figures are METABOLISM OF COPPER Copper is absorbed from,e recorded by Warren, Earl, and food and drink through the intestinal wall by an
and by Cartwright, Hodges, unknown process, but one which is rate limited and
Daum, Wintrobe, and Bean which is affected by anoxia (Crampton, Matthews,

and Poisner, 1965). Earl, Moulton, and Selverstone
(1954) and Beam and Kunkel (1954) demonstrated

TABLE III that the absorbed copper became bound initially to
albumin, which is a loose attachment. Shortly there-

TRAIN ANDLIVETRBY1AOIABR-after the metal became firmly fixed in the liver with a

Mean P 2S.MD. S.E. locally produced apoglobulin, frequently known as
apocaeruloplasmin, which is an (X2 globulin. The new

2-02 0-6 007 copper compound, caeruloplasmin, shows a firm
3401 177 021 binding of copper, and this substance, which has
3-42 0-87 0-25
3-80 1.1 0-24 been known to possess enzymic properties from the
266 0 85 0 21 original work of Holmberg and Laurell in 1948, has
6-46 4-2 1-2 been the object of intensive study by chemists and
1-09 0-64 0-13 physicists over the past decade.
1276 1 78 0-26 The normal caeruloplasmin level is around

20-40 mg. per 100 ml. but is raised in pregnancy.
y tissue That caeruloplasmin is metabolized in the liver has

been shown by numerous isotope studies in which
few recorded results using neutron oral or intravenous 64Cu can be shown in profile
,(Todd, Thorpe, and Rosenoer, scans to be in the area of that organ (Walshe, 1967),
ie range of results by this method whereas if a chelating agent is given before the
)btained by atomic absorption or isotope there is also a concentration of isotope in the
metric techniques. However, both bladder.
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Trace metals in the brain and in Wilson's disease

The copper in the urine is almost certainly derived
from the loosely bound and circulating albumin-
copper and the tissue copper may well be derived
from this same source. However, the tissue copper
becomes bound to various proteins in the organs, so
that there have been shown to be three cerebro-
cupreins, one erythrocuprein, at least two hepato-
cupreins, as well as a number of other copper
proteins as tyrosinase. Many but not all of these
compounds show enzymic activity towards some
specific substrate.

CAERULOPLASMIN For an enzyme with almost no
significant physiological action, apart from the
suspicion that because it is present in the body it
must perform some function, the amount of study
regarding its detailed biochemistry is truly remark-
able. This copper protein, first isolated by Holmberg
and Laurell (1948) and which can be prepared in
bulk in a reasonably pure state (Curzon and Vallet,
1960), is strongly blue in colour and has a molecular
weight of about 160,000 and contains eight atoms of
copper per mole. It possesses oxidase activity by
which it can be measured.

It has been said that four of the eight copper atoms
are in the cupric state and four in the cuprous, the
latter being more inert. The exact mode of the bind-
ing of copper atoms to the protein molecule is not
known, and much work has been done using electron
spin resonance as well as by more conventional
methods to elucidate this problem (see Peisach,
Aisen, and Blumberg, 1966).
The only abnormality in copper metabolism which

will be discussed is hepatolenticular degeneration or
Wilson's disease. In fact no other actual disease is
known which is due to copper, but changes in urine
or blood copper may be found as associated pheno-
mena in some other conditions such as nephrosis.
The first really adequate description of the condi-

tion was given by Wilson (1912) even though the
clinical features of a few patients had already been
recorded without a full realization of their signi-
ficance. Wilson demonstrated that in his patients
there were involuntary tremors, extrapyramidal
signs, a typical facies with saliva drooling from the
mouth, and some degree of intellectual impairment.
Pathologically he found a liver cirrhosis and damage
to the brain especially marked in the basal ganglia
where cavitation was seen. I shall not attempt to
describe the clinical and histological features in
detail but the following facts must be added. It is
now known that there is almost always present in the
eye the so-called Kayser-Fleischer zone or ring of
pigmentation and that this is made up of small
granules in two layers giving a positive copper re-
action. Wilson would not admit that this was part

85 Personol cases
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FIG. 1. Distribution of case material.

of the disease until about 1921, but it had been
demonstrated conclusively to be an important
feature much earlier. Then again it has been shown
by Popper, by Sherlock, and by others that the type
of damage to the liver is a postnecrotic cirrhosis, and
it is also known that the cerebral cortex and the
white matter may be as severely affected as the basal
ganglia; in fact the latter does not often show the
cavitation seen in the relatively rapidly fatal cases
described by Wilson, due possibly to the relative
effectiveness of modern chelating therapy.
The disease occurs in both males and females and

at any age from 4 years to 60 years, the youngest
in my series being 5 years of age. Figure 1 illustrates
the distribution both of the 85 cases I have examined
as well as the distribution of the cases recorded before
1959.
Some details relating to the 85 cases examined are

indicated in Table V which shows that the male-
female sex ratio is as 5 is to 3 and that when looked
for correctly the Kayser-Fleischer ring was seen in
77 out of 82 cases or in nearly 94 %. Further clinical
details and comments fall outside the scope of this
paper, apart from some remarks on therapy to be
presented later.
As already mentioned this disease is one of an

abnormal copper metabolism with deposition of that

TABLE V
WILSON'S DISEASE

Total cases examined .............. ................ 85
Male.............................. 5 1
Female.............................. 31
Sex unknown................. 3
Kayser-Fleischer ring present.............................. 77
Kayser-Fleischer ring not present .............................. 5
Kayser-Fleischer ring not looked for.......................... 3
Post-mortem tissue only examined............................ 7

3
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metal in many organs and should be regarded as of
the nature of an inborn error of metabolism, as
suggested by me in 1948.
There are now many recorded cases where estima-

tion of copper in the tissues has been made by a
colorimetric technique, and recently cases have been
studied using the atomic absorption spectrophoto-
meter with results in two patients as given in Table
VI.

TABLE VI
COPPER IN TISSUES ESTIMATED BY ATOMIC ABSORPTION

SPECTROPHOTOMETRY IN WILSON'S DISEASE'
Case 1 Case 2

Cerebral white
Cerebral cortex
Optic thalamus
Globus pallidus
Putamen
Liver
Kidney

1448
32-6
17-2
18-1

74-6

2-85 (2 02)'
10-7 (3-01)
12-04 (2 66)

(3-8)
9-62 (3 42)

147-0
136-0

'Results in mg./100 g. dry tissue
2Normal figures in brackets

Levels of copper in body fluids are altered from
the normal, and typically the serum copper is lower
than normal, being between 40 and 60 ,tg. per
100 ml., while the urine copper is raised to over
100 jug. in a 24-hourly sample. Perhaps one of the
most striking features is the very great reduction in
caeruloplasmin in the blood, first demonstrated by
Scheinberg and Gitlin in 1952. The usual level of
caeruloplasmin found in Wilson's disease is between
0 and 8 mg. per 100 ml., and this is an even more

surprising result when it is remembered that the
serum copper is only reduced by about 50%. This
indicates an increase in the 'direct reacting' copper of
Cartwright, a fact confirmed by many since.

However, variations from this usual pattern are
found, as Table VII shows, for it is seen that in three
of the 85 cases both serum copper and caeruloplasmin
were normal at the first examination; however, in
these subjects the urine copper was very considerably
increased.

TABLE VII
BLOOD AND URINE COPPER RESULTS AT FIRST EXAMINATION

IN WILSON'S DISEASE

Serum copper reduced...................................... 64

Serum copper normal 8

Serum caeruloplasmin reduced 67

Serum caeruloplasmin normal................................ 5

Serum copper reduced, caeruloplasmin normal ..... ............ 2
Serum copper normal, caeruloplasmin reduced ..... ............ 5
Serum copper normal, caeruloplasmin normal ..... ............ 3
Urine copper increased 56

Urine copper normal........................................ 2

Urine copper increased when blood copper normal .... ......... 9

A very large number of patients with various other
pathological states has been examined and in general
no reduced levels of serum copper or of raised
urinary copper have been found apart from nephro-
sis. Raised serum levels have been found in hyper-
tension and in some forms of cirrhosis of the liver
but normal results have been obtained in haemo-
chromatosis, Hallervorden-Spatz disease, Hunting-
ton's chorea, and in infants from the age of 4 weeks
upwards in addition to those already reported
(Cumings, 1954).

VARIATIONS FROM THE NORMAL MODE OF PRESENTATION
While to some extent there is some variation in
clinical presentation related to individuality, yet
there are two particular variants which are of some
significance.
Two of the cases which formed part of my initial

case material were sibs described by Brinton (1947)
as having commenced their progressive clinical
course with attacks of haemolytic jaundice. These
two patients suffered from jaundice, fever, and some
evidence, howbeit scanty in those days, of haemolytic
anaemia. The first such case was recorded in 1934 by
Sjovall and Wallgren, where haemolytic anaemia
predated the presence of a Kayser-Fleischer ring by
three years. Recently McIntyre, Clink, Levi,
Cumings, and Sherlock (1967) reviewed the literature
and added three cases of their own; two of these
patients died between one month and eight months
after the initial attack, while the third did not
develop haemolytic anaemia until 12 years after the
appearance of Wilson's disease. All three developed
ascites and the two who died were initially con-
sidered as suffering from hepatocellular failure. In-
tensive studies by us relating to copper metabolism
as well as to red cell survival times using 51Cr were
made. The most likely explanation was that excessive
release of copper from the tissues with a resulting
haemolysis was the mechanism responsible.
The other variant is one occurring in young

children usually under the age of 10 years, whose
presenting symptoms are jaundice from a cirrhosis
of the liver. Chalmers, Iber, and Uzman (1957)
described this condition, while Sass-Kortsak and his
colleagues in 1961 reported on the occurrence of
seven cases in a total of over 50 children with
cirrhosis. The blood chemistry is usually typical for
Wilson's disease but neurological signs, including the
Kayser-Fleischer ring, are absent, a fact accounting
for all the five cases of mine where this clinical
feature was not found. A certain number of these
children are sibs of another child already deceased
from the disease, which in a few of my cases had not
previously been recognized. One or two of these
cases were then reviewed and from histological

4
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Trace metals in the brain and in Wilson's disease

examination and biochemistry of the liver the Correct
diagnosis was determined.

THERAPY Wilson correctly stated that the usual
period before death was three to four years; even
though exceptional patients, such as the one
described by Luthy (1931), lived to be over 60
years of age. However, it was suggested that B.A.L.,
known to cause liberation of some heavy metals,
might be a useful therapeutic tool (Cumings, 1948).
In 1951 two reports of such treatment indicated hope
for those affected by the disease, for some at least
of the patients almost lost their neurological signs
even though biochemistry of the blood and urine had
not altered (Cumings, 1951; Denny-Brown and
Porter, 1951). Walshe (1956) introduced another
chelating agent, penicillamine, and this has proved
extremely valuable. No attempt will be made here
to assess the relative value of these two agents as
details are readily available but a few observations
concerning their effects will be presented. To com-
plete the picture it should be added that as there is a
positive copper balance in Wilson's disease, the
addition of potassium sulphide by mouth to restrict
the absorption of copper is usually advocated.

Both B.A.L. and penicillamine cause an increased

A. B. Male aqed 12 1963

K.E +
LIVER +
SPLEEN +

Serum Cu 25ug/l00 ml.
Caeruloplasmin almost absent
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U
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Penicillomine

900 mq./day
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FIG. 2. Urine copper excretion before and after penicilla-
mine.

G. B. Female aged 10 1963

K.F +
GRIMACES
CLUMSY
DYSARTHRIA
LIVER normal
Serum Cu 27uqg/l100 ml.
Caeruloplasmin almost absent

IMAL

DAILY

FIG. 3. Effect ofpenicillamine on urine copper in two sibs.
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Female aged 30 in 1956

48 37 43

800r

46 65 1117 16 16 Serum copper p%m
+ g00i
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-.-- - - --- -BAL

1963 1964 1966 1967

Peniclllamlne
FIG. 4. Changes in blood and urine copper in a patient followedfor 11 years.

output of urinary copper, and examples are shown
in Figs. 2 and 3, first in a young man of 20 who has
responded well, and secondly in two children,
brother and sister, who have improved clinically and
intellectually, and are still very fit. Another patient
who has now been followed up for 11 years is very
well-with continuing clinical improvement for most
of this time, and Fig. 4 shows the biochemical
changes over the years. A valuable guide to effective
therapy is to follow variations in handwriting.
An attempt has been made to follow up as many

as possible of these patients, and Table VIII shows
that 18 have lived for more than seven years as a
result of efficient therapy. This is a vast improvement
on the pre-1950 era but even so some still die during

TABLE VIII
FOLLOW-UP PERIOD AFTER INITIAL DIAGNOSIS IN WILSON S

DISEASE

Number Alive

Less than 3 years
Between 3 and 6 years
Between 7 and 10 years
Between I1 and 14 years
For 19 years
No contact

16
9
14
5
1

33

8
6
13
4
1

treatment and of those in this present series who have
succumbed, the cause has been due to hepatic failure
from an advanced cirrhosis. When the tissues of such
patients are examined the level of copper in the
brain and liver is frequently almost normal, the
presumption being that the decoppering has been
effective (Cumings, 1962).

There now remain two problems to be considered,
neither easy, one at present insoluble. The first is
that of diagnosing a pre-clinical case of Wilson's
disease occurring in a sib of a known case, usually a

young child with no obvious abnormality. If it could
be shown that this potential candidate would develop
the disease one could institute treatment at such an
early age as quite probably to ensure success.
Scheinberg and his colleagues and Walshe and
Osborn have studied this problem using various
isotopic procedures yet without absolute success (see
Walshe, 1967). The definite homozygous normal
and abnormal are well separated but the sib who
is to develop the condition is not so well determi-
ned.
An attempt has been made to study the copper in

the liver, obtained by needle biopsy with the help of
Dr. A. J. Levi and Professor S. Sherlock. Table IX
shows the result, and it is possible to divide the

700O
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Trace metals in the brain and in Wilson's disease

TABLE IX
COPPER IN LIVER BIOPSY

Subjects with under 20 mg./100 g. dry tissue
Normal or control subjects ........ .......... 31 (0-87 - 19 5)
Parents of subjects with Wilson's disease .... 2 (10-5 and 14-5)
Unaffected sibs of Wilson's disease subjects .... 3 (3-16 - 18 6)

Subjects with over 30 mg./100 g. dry tissue
Definite Wilson's disease.................... 6 (35 5 - 74 8)
Affected sibs of Wilson's disease subjects...... 3 (39 7 72 2)

findings into two main groups, those with normal
copper of less than 20 mg. per 100 g. dry tissue and
those with a copper level over 30 mg. per 100 g. dry
tissue. None of the patients with a figure of less than
20 mg. has so far shown any evidence of disease, and
if one regards copper deposition in the organs as the
biochemical criterion of this disease then all those
with more than 20 mg. per 100 g. dry tissue must be
regarded as suffering from the condition whether
symptoms are or are not present. It should be added
that 10 mg. of wet tissue, or between 2 and 3 mg. dry
tissue, is obtained by needle biopsy, and although
this is not a completely representative sample,
parallel tests on whole liver with large and small
samples have not indicated any major diff-
erences in copper content between them. This
problem is more fully discussed by Levi, Sherlock,
Scheuer, and Cumings (1967).

This method of approach is well worth while and
further studies and longer periods of follow-up of
possible cases should be undertaken.
The other problem appears to be insoluble in the

present state of knowledge. It is the answer to the
question, 'What and where is the fundamental error?'
At one time it was considered that the answer was
that the body was incapable of synthesizing normal
amounts of caeruloplasmin, either due to an ab-
normal or an insufficient apocaeruloplasmin, or
perhaps due to an inability to conjugate copper and
apocaeruloplasmin. This answer would be highly
satisfactory as a single enzyme abnormality would
correspond to a single abnormal gene. Many of the
facts elicited from the early isotope studies supported
the view that the basic biochemical lesion was related
to caeruloplasmin. However, some have considered
that caeruloplasmin does not transport copper and
further no real knowledge is available to indicate the
cause of the increased absorption of copper from the
gut in Wilson's disease.
The real difficulty arose when it was found that

some patients possessed a normal content of serum
caeruloplasmin and in none has an abnormal
caeruloplasmin been demonstrated as judged by
immunological studies.

There is general agreement that copper metabolism
is at fault and that copper is deposited in the tissues

in abnormal amounts. It would appear that there
must be an enzymic abnormality but as yet its real
nature is shrouded in mystery.
Although this is a rare disease it is one which has

given the research workers a vast field for the study
of basic biochemistry, involving as it does, trace
metals, transport phenomena, enzyme kinetics, and
protein metabolism. Further studies in many
disciplines will help to elucidate the problem and in
so doing will perhaps lay the foundations for obtain-
ing the aetiological basis of other degenerative con-
ditions, at the same time confirming the opinions of
some that the future of medicine, and especially of
neurology, lies in an increasing knowledge of
biochemistry.
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