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This contribution concentrates on progress in the understanding of the molecular basis of 
Wilson's disease since it was last reviewed at this venue (Dwain L. 'fhiele, M.D., "Wilson's 
Disease", July 25, 1985). Interested readers are directed to his presentation for more detailed 
discussions of areas only briefly considered herein. Original references for statements not 
specifically referenced are contained in the detailed monograph of Scheinberg and Sternlieb1 

and recent reviews in major textbooks of Hepatology2 and Metabolism.3 
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Case Report 

In 1958, a 12 year old girl was evaluated at Parkland Memorial Hospital. An episode 
of swelling attributed to liver disease was noted at age 9. Since then, there was intermittent 
dysarthria and gait disturbance and deterioration of school performance. Family history was 
relevant for two older brothers with Wilson's disease. Examination was remarkable for Kay
ser-Fleischer rings and laboratory investigations revealed ceruloplasmin 6mg/dl (normal 
range 18-35). An open liver biopsy demonstrated cirrhosis. A diagnosis of Wilson's disease 
was made and she was treated with penicillamine. Two pregnancies were completed 
uneventfully on penicillamine therapy. Intermittent periods of non-compliance were followed 
by the transient development of tremor, mild ataxia and dysarthria that improved with re
institution of therapy. Unfortunately, her liver disease progressed during non-compliance and 
she has had variceal hemorrhage and ascites complicating her course. However, she is alive 
(age 48 years) with little disability at present (related to ascites and abdominal wall hernias). 
She illustrates the classic family presentation of a sibling with Wilson's disease, dem
onstrating the excell~nt prognosis with early recognition and long-term maintenance on D
penicillamine. 

In 1958, her younger brother was not symptomatic and had a normal physical exami
nation, no Kayser-Fleischer rings were visible, ceruloplasmin 22.4mg/dl. A radio-copper 
study was abnormal and he was considered to be a heterozygote for the Wilson's disease 
genetic defect. He presented 18 months later with frequent epistaxes. Investigation revealed 
repeat ceruloplasmin 25.2 mg/dl, 24 hour urine copper 300~-Lg (normal 0-10). A liver biopsy 
demonstrated cirrhosis, fatty metamorphosis and increased hepatic copper. He was 
commenced on penicillamine therapy but was intermittently non-compliant and died of 
hepatic failure at age 36. His brothers also succumbed to the disease, one early after 
recurrent variceal hemorrhage, the other later from sepsis and hepatic failure. These family 
members emphasize the need for continued therapy to remove the excess, toxic copper. 

Wilson's Disease in Family S 

Diagnosis 1946 
age 14 

Outcome died 1984 
age 51 

1955 
age 15 

died 1959 
age 19 
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Normal copper homeostasis 

Copper is one of at least 12 heavy metals essential for life (reviewed in reference 4 ). 
Metabolism of copper and of two other metals, iron and zinc, is known to be abnormal in 
inherited metabolic diseases; Wilson's and Menkes' diseases (disorders of copper metabo
lism), hereditary hemochromatosis (iron metabolism) and hereditary acrodermatitis (zinc 
metabolism). Inherited disease processes related to the other essential heavy metals, arsenic, 
chromium, cobalt, manganese, molybdenum, nickel, selenium, tin and vanadium, have not 
been reported. Additional heavy metals that are potentially important in metabolic processes 
include antimony, bismuth, cadmium, lead, mercury, silver, tellurium and thallium.4 

Copper is required as a co-factor in -30 redox enzymes.24 These include lysyl 
oxidase (collagen and elastin cross-linking), cytochrome c oxidase (electron transport chain), 
superoxide dismutase (free radical detoxification), dopamine /3-hydroxylase (catecholamine 
production) and tyrosinase (pigmentation). When copper accumulates above stringently 
maintained levels, toxicity ensues. Copper is implicated in deleterious oxidation of lipids and 
proteins and in free radical formation in cells containing high levels of copper.24 Regulation 
of intra-cellular copper levels is apparently critical, as evidenced by the invariably fatal 
nature of copper deficiency (Menkes' disease) and copper overload (Wilson's disease) 
without appropriate therapy.1• 
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Normal dietary copper varies from 1-5mg/day.2 Foods rich in copper include shellfish, 
liver, nuts, chocolate and mushrooms. Dietary copper is rapidly transported into epithelial 
cells of the upper small intestine with characteristics of facilitated uptake,2 however the 
precise molecular mechanisms of uptake are unknown. Within the intestinal epithelial cell, 
the copper can either be bound to cellular metal-binding polypeptides (metallothioneins) 
or transported across the baso-lateral membrane.5 Transcription of metal-free metallothio
nein (apo-thionein, Mr 6-7kDa), a small polypeptide of 60 amino acids 20 of which are 
cysteine, is up-regulated by various metals.6

• 
7 Copper can induce metallothionein synthesis, 
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zinc is a more potent inducer (reviewed in reference 6). Metallothioneins generally bind 7-8 
divalent metal ions/molecule, using the -SH groups to with copper to generate Cu(I)-thiolate 
clusters.8 Copper-metallothionein has a longer half-life than other metallothioneins forms6 

and is likely excreted when the epithelial cells are shed with normal turnover. The exit of 
copper from the baso-lateral membrane of the intestinal epithelial cell is abnormal in 
Menkes' disease and copper accumulates in the intestine.3 Thus, the intestine, by controlling 
uptake and transport into the portal circulation, functions as one of two major sites of 
normal regulation of copper metabolism (the other being liver).5 From the baso-lateral 
membrane, the 25-60% of dietary copper that reaches the circulation is bound to albumin, 
one atom/molecule, with high affinity (Kd = 7 x 10"17 M).2 A complex of copper-bound 
albumin with plasma amino acids, eg histidine, may form.5 Histidine has the highest affinity 
for copper of the plasma amino acids (Kd = 10"18 M for Cu(Hish).2 The histidine residue 
(third from the amino-terminal end) appears to be essential for albumin to bind copper.2· 
5 Copper is rapidly transported from albumin into hepatocytes, by mechanisms that are not 
completely defined?· 5 A specffic uptake process is likely to exist, particularly since hepatic 
clearance is rapid and complete. Intestinal copper absorption and transport to hepatocytes 
is normal in Wilson's disease.2· 3 Typically, little copper escapes hepatic uptake and is 
excreted in the urine ( < 40 1-'g/ day ).2• 3 

Once copper reaches hepatocytes, it is available for complexing with apo-thionein to 
produce Cu-metallothionein, incorporation into ceruloplasmin or excretion into bile. The 
latter two processes are interrupted in Wilson's disease.1

-
3 Ceruloplasmin (Mr 132kDa), an 

a2-migrating glycoprotein is encoded on chromosome 3q.5~ 9 Apo-ceruloplasmin is synthe
sized in the liver and normally 6-7 copper atoms/molecule are incorporated, probably post
translationally.2 Whether ceruloplasmin functions as a copper transporter to the remainder 
of the body is under debate.2· Ceruloplasmin also has ferroxidase, amine oxidase and 
superoxide dismutase activities, the importance of which are unknown but do not appear to 
be essential. Some experimental evidence suggests that ceruloplasmin may transfer Cu(I) 
to other cells since exchange is blocked by Cu(I) chelators but not Cu(ll) chelators in vitro.5 

Other investigators, however, consider that ceruloplasmin does not release its bound copper 
except during degradation.2 Ceruloplasmin normally circulates at levels of - 30mg/dl, 
accounting for 70-95% of serum copper (11-'g/dl).5 Increased ceruloplasmin is synthesized 
during acute phase responses and when induced by hormones (estrogens in oral contracep-
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tives and during pregnancy).1-3 Ceruloplasmin levels may decrease non-specifically with 
protein-losing states such as nephrotic syndrome and enteropathy, in protein malnutrition 
and in severe liver disease.1

-
3 Ceruloplasmin levels are specifically reduced in neonates, 

hereditary hypoceruloplasminemia, Menkes' disease (because hepatic copper is decreased) 
and in Wilson's disease where there is failure of copper incorporation.1-3 

Biliary excretion of copper, in a state that prevents reabsorption, is the other major 
regulatory control mechanism in copper metabolism.2 In normal individuals, 1-2mg/ day is 
excreted via the biliary tract.2 In Wilson's disease, this is reduced to s20-40% of normal.2 

Copper in bile is reported in association with a number of different moieties and the exact 
nature of its excretion remains obscure. Biliary copper excretion is impaired in cholestatic 
processes such as primary biliary cirrhosis and primary sclerosing cholangitis. It is also 
absent in neonates, leading to increased hepatic copper.3 Neonates thus resemble patients 
with Wilson's disease, having impairment of both incorporation of copper into ceruloplasmin 
and excretion of copper into bile. 

Hepato-bil iary Copper Metabolism 
Development & Disease 
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Wi lson's and Menkes' Diseases 
Inherited Disorders of Copper Metabolism 

Characteristic Wi lson's 
Disease 

Movement of dietary copper 
from intestine. 

Normal 

Incorporation of Cu into critical 
cellular enzymes 

Normal 

Incorporation of Cu into ceruloplasmin Abnormal 

Biliary copper transport Abnormal 

·1ow hepatic copper .. low ceruloplasmin-Cu. low biliary copper 

Menkes' 
Disease 

Abnormal 

Abnormal 

Normal* 

Normal* 

Inherited Disorders of Copper Metabolism: Menkes' and Wilson's diseases 

In order to understand the nature of the defect in Wilson's disease, it is helpful to 
understand the defect in the other inherited disorder of copper metabolism, Menkes' 
disease. Menkes' disease, named for an author of the first description, is a rare ( -1:300,000 
live births), X-linked recessive disorder? It is characterized by progressive neurologic 
degeneration, hypothermia, connective tissue defects, steely hair and pallor. Abnormal 
copper metabolism was demonstrated by Danks et al in 1972, after recognizing similarities 
to copper-deficiency in sheep and pigs (reviewed in reference 2). The copper metabolic 
defect results in trapping of copper in the intestine and kidney, with deficits in cellular 
copper elsewhere leading to a deficiency in critical copper-containing enzymes and the 
characteristic findings. A similar mutation in mice (the mottled mutation) is also X-linked.3 

The characteristic pigment pattern in heterozygous females led to the Lyon hypothesis of 
X-inactivation. 
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P-type ATPases Involved in 
Eukaryotic Copper Metabolism 

Model of Menkes' Disease Gene Product 

Phosphorylation 

Transduction 

From: Vulpe eta/, Nat Genet3: 7-13, 1994 

Models of Copper-transporting P-type ATPases 
CopA (Enterococcus) Menkes' gene product 

CXXC: sequence almllllr to metallothioneln (Cu-blnding) 
TGE: conserved nquence from putative phoaphstan domain 
DKTGT: Invariant upsnate (0) phosphorylation Intermediate 
CPC: unique connrved Cya-Pro-Cys ? Cu channel 
VGDG: predicted to form Mg+ ... mediated salt bridge to ,..phosphate of ATP 

From: Soliozet a/, FEBS Lett 346:44-47, 1994 

Cloning the Menkes' disease gene, MNK or A TP7 A, was greatly aided by the identifi
cation of an unusual female patient with Menkes' disease and a balanced X:2 translocation 
(detailed in reference 10). The gene was identified by searching at the translocation 
breakpoint for coding sequences.1

0-
12 The gene is predicted to encode a 1,500 amino acid 

protein with motifs suggesting function asaP-type ATPase and action as a copper-transport
er.4· 13

• 
14 P-type ATPases transport H +, Na +, K + and Ca + +, using an aspartyl Phosphate 

intermediate to move cations across membranes.4 The conserved domains include those 
involved in A TP binding and phosphatase action as well as the aspartyl residue forming the 
intermediate. In addition to sequences homologous toP-type ATPases, the Menkes' disease 
gene product also contains 6 tandem copies of a bacterial heavy metal binding sequence, 
GMTCxxC.14 These are found in the amino-terminus of the protein. The sequence CxxC is 
characteristic of Cu-, Fe-, and Zn-binding protein, eg metallothioneins, ferredoxin and DNA 
binding proteins. The mouse homolog of MNK is altered in the dappled and blotchy forms 
of the mottled mouse.15

• 
16 

The Menkes' gene product is widely expressed, including intestine, brain, kidney, 
heart, fibroblasts and lymphoblasts.10 The liver has low or no expression. The expression 
profile explains the observation that cultured fibroblasts and lymphoblasts from Menkes' 
patients accumulate copper in vitro, although they are copper-deficient in vivo secondary to 
the failure of normal intestinal transport. The expression of the mRNA for the MNK gene 
is abnormal in some Menkes' patients whereas others ( -16%) harbor large deletions 
including the gene.10

• 
11 The MNK gene product is proposed to function in the intra-cellular 

movement of copper or in the transport of copper across the plasma membrane. 
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Large Druze Kindred with Consanguinity and 
Wilson's Disease 

Chromosome 13 circa 1988 

IV 
• Wilson's Disease $Probable Wilson's Disease 

Cloning the Wilson's Disease Gene 

q Wilson('s) 
Disease 
(WND) 
13q14-21 

The familial nature of Wilson's disease is the result of an autosomal recessive inheri
tance pattern. The estimated gene frequency is 5.2 per 1,000 in Japan, however, in areas of 
the world where consanguinity was previously common, the rate tends to be much higher. 
The disease frequency ranges from 1:30,000 (Japan) to 1:100,000 (Australia)P In 1985, the 
disease gene was linked to the esterase D locus, 18 a polymorphic enzyme of red cells which 
was previously mapped to chromosome 13. Using DNA from additional large, inbred 
kindreds, 19

• 
20 and anonymous markers on chromosome 13, the disease locus was defined as 

13q14-21, near the retinoblastoma gene, in 1988.21 With polymorphic microsatellite markers 
the gene was mapped to chromosome 13q14.322

•
23 and in 1993 the gene was cloned by three 

groups.24
-
26 Two groups used the Menkes' gene sequence to identify a similar product in the 

area mapped to the Wilson's disease gene WND.24
• 

26 The other group was using heavy 
metal-binding motifs to identify genes potentially involved in neurologic disease and then 
discovered that the Jene retrieved by this technique mapped to the Wilson's disease area 
of chromosome 13. 
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P-type ATPases Involved in 
Copper Metabolism 

Model of Wilson's Disease Gene Product 

From: Bull and Cox, Trends Genet 10:246-252, 1994 

Comparison of WND and MNK Gene Products 

Wilson's disease gene product 

Cu·blndlng domains 

·&~t&rn!f::tt¥*t=:riffl&=~=•=•M•i?a~i:W:W:U-:·:·:·:·=·=·:·=·=·=· =·: :·:=·= 
1 2 3. 6 6 (7) (3) ~10 

(potential) transmembrane domains 

From: Bull et a/, Nat Genet 5:327-337, 1993 

The Wilson's disease gene product is expressed in liver and kidney with low or absent 
expression elsewhere. It encodes a 1,411 amino acid protein with 56% overall similarity to 
the Menkes' gene product. Thus, both appear to encode P-type ATPases with similarity to 
bacterial copper transporters. In Enterococcus hirae (previously termed Strrr,. fecalis ), Cop A 
has a proposed role in uptake of copper and CopB in extrusion of copper.1 Both CopA and 
CopB resemble the Wilson's and Menkes' gene products, displaying 29% and 18% amino 
acid similarity in the A TPase domain by one method of calculation.4 The degree of 
similarity was even higher using another method (43%).14 This remarkable conservation 
between bacteria and man likely relates to the overwhelming need for tight control of 
copper levels to prevent toxicity. 

Unlike Menkes' disease, preliminary studies indicate that defects are missense 
mutations and small deletions and insertions rather than large deletions that could be 
detected by DNA hybridization.24• 25 In some patients, the mRNA is decreased below 

Putative Copper-transporting P-type 
ATPases 

Cu-binding CXXC motifs 
Human 
MNK (ATP7A) II • • • •• I I ~::::::::::::::: • 
Human 
WND (ATP7B) •• • • • • • I I ~::::;:::~~=~ • 

I I ~:::;:::;::~=~ • Enterococcus CopA (29% aa similarity) ._I •----.......... -~..__ ____ ...... 

I I ?-:):):::::4:: • Enterococcus CopB (18% aa similarity) L..l ...... •----.&..L..--li=--...liiiiilli...........l 

I I :::::;::::::::::; • Synechococcus PacS (30% aa similarity) ILIM._ __ --'......_-=---.illlllliil~.o..-..J 

Modified from Bull and Cox. Trends Genet 10: 246-252, 1994 
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expected26 whereas other patients demonstrate mutations predicted to interfere with copper 
transport.24

• 
25 Whether allelic heterogeneity (ie multiple different mutations at the same 

locus) accounts for the clinical heterogeneity long apparent in Wilson's disease is not yet 
determined. However, the observations that manifestations are different within sibships 
sharing identical disease genes1

• 
27 and between identical twins28 strongly suggests that other 

genes and environmental factors are also likely important, perhaps altering the age of onset 
and characteristic presentation. 

Animal Models of Wilson's Disease 

Many experimental studies cannot be carried out in patients ai:td an animal model 
that reflects the human disease can be extremely useful in determining molecular mecha
nisms and testing therapeutic regimens. In the Bedlington terrier, an autosomal recessive 
disorder leads to copper accumulation and fatal liver disease. However, there are no 
neurologic manifestations and ceruloplasmin levels are normal. Similarly, in toxic milk mice 
copper accumulates in the liver and cirrhosis ensues but there are no neurologic abnormali
ties. Recently, a new animal model for Wilson's disease was discovered. The Long-Evans 
Cinnamon rat derives from a closed colony of Long-Evans Agouti rats in Japan and is 
distinguished by coat color.29 Initially, the rats were observed to develop acute hepatitis at 
-4 months of age, from which -40% died. The remainder progressed to chronic hepatitis, 
cirrhosis and hepatocellular carcinoma. On realizing that the histologic appearance 
resembled that of Wilson's disease, researchers examined copper metabolism in the rats.30-32 

They found low ceruloplasmin levels,30 defective incorporation of copper into ceruloplas
min, 31 reduced excretion of biliary coppe~2• 33 and markedly elevated hepatic copper 
concentrations. 30-33 

Low Ceruloplasmin Levels 
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Once the Wilson's gene was identified, the sequence was used to examine the equivalent 
gene in the LEC rat. The gene responsible for hereditary hepatitis in the LEC rat, hts, 
(linked to rat chromosome 16) was cloned using the polymerase chain reaction and oligo
nucleotides from the conserved copper-binding domains.34 The partial rat eDNA is shares 
91% identity with the human counterpart. No transcript was detected in LEC liver RNA, 
either before or after development of cirrhosis whereas mRNA was present in other rat liver 
tissue. DNA hybridization analysis did not reveal any gross rearrangements. Further studies 
are needed to determine the nature of the defect in LEC rats. Regardless, this naturally
occurring animal model resembles Wilson's disease in the defects in copper incorporation 
into ceruloplasmin and biliary copper excretion with development of acute and chronic liver 
disease from toxic copper damage. Furthermore, the rat responds to D-penicillamine therapy 
and therefore will be a suitable model for therapeutic intervention.35 

The rat disease is unlike the human disease in the low levels of copper in non-hepatic 
tissues, even after cirrhosis, and less neurologic disturbance. Whether this is a reflection of 
the specific mutation in the rat, thereby mimicking "pure" hepatic disease in man, or is 
explained by other differences, should be forthcoming now that the tools are available for 
analysis. The other major difference is the development of hepatocellular carcinoma in the 
survivors of the acute hepatitic episode. Hepatocellular carcinoma is so rare in Wilson's 
disease that each case, now numbering -11, is reported together with a review of the 
literature.1

• 
28

• 36-
38 Potential explanations for the low rate in Wilson's disease include 

quiescent liver disea.Se when treated, however, before treatment was introduced there was 
not a high rate of hepatocellular carcinoma. Alternatively, increased iron (-3-fold) in LEC 
rat livers39 may serve as an amplifying factor or an increased susceptibility to environmental 
carcinogen promoters may explain the fmdings. Rodent tissues are more readily transformed 
than human tissues, which may also contribute to the difference. The LEC rat does manifest 
other alterations (failure of CD4 +CDS+ cells to mature to CD4 -ens+) and other, as yet 
unidentified, changes may account for the malignant transformation. Regardless, a new and 
exciting animal model for Wilson's disease studies is now available. 

History of Wilson's Disease 
Clinical Landmarks 

1902 Pigmented corneal rings in "multiple sclerosis" -
Kayser 

1903 Pigmented corneal rings in "pseudosclerosis" -
Fleischer 

1912 Progressive lenticular degeneration and cirrhosis 
Kinnier Wilson 

1948 Excess liver & brain copper in Wilson's patients (JN 
Cumings) · 

1951 Copper chelation with BAL (JN Cumings) 

1956 Penicillamine oral therapy (JM Walshe) 

u 
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Evolution of Hepatocyte Copper Metabolism in Wilson's 
Disease 
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Clinical Presentations in Wilson's Disease 

When the WND gene product is abnormal, copper may not be incorporated into 
ceruloplasmin correctly and biliary copper excretion is markedly diminished. The liver 
remains in a "neonatal" state, which predicts that the Wilson's gene product is not expressed 
until later in infancy. Copper initially is diffuse in the cytoplasm, likely complexed in a non
toxic form with metallothionein, the transcription of which is induced by copper.6 Cu
metallothionein is also long-lived compared with other metallothioneins.6 In this form, 
copper cannot be stained histochemically, despite being present in quite high amounts.1 

Later, copper appears in dense granules in lysosomes, perhaps in polymerized 
complexes of Cu-metallothionein.1 The copper in these granules stains with rhodanine and 
copper-associated protein is detected with orcein and victoria stains. Hepatocytes sustain 
injury from the accumulated copper and chronic hepatitis ensues. Copper released into the 
circulation from damaged hepatocytes can also then affect other tissues. Finally, sufficient 
disease in the liver, brain or other organs leads to the development of symptoms and signs 
of copper-induced toxicity. 
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Clinical Presentations of Wilson's Disease 
Recent Case Series* 

Series Hepatic Neuropsychiatric 

U.S. (Brewer 1992) 17no 53no 
(24"/o) (76"/o) 

U.K. (Walshe 1989) 87/220 133/220 
{40"/o) {60%) 

Sardinia (Giaghoddu t985) 30/53 23/53 
{57"/o) (43"/o) 

Israel (Bonne-Tamir 1990) 35/48 13/48 
(73%) (27%) 

• excluding pre-syrr¢omatic individuals detected by family screening 

Wilson's Disease • Evolution of Clinical 
Manifestations 

Presentation: •cute/chronic 
he petitio 

FHF, hopotltio, 
cirrhosis & 

complicotiono 

t t 
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Birth 

The vast majority of patients present with hepatic or neuropsychiatric illness. The 
distribution of cases is linked to the age of the patient, with hepatic disease presenting an 
average of 5-10 years earlier. Thus, in the patients reported by Scheinberg and Sternlieb,1 

the average age for hepatic presentation was 13.3 years whereas for neuropsychiatric 
symptoms it was 20.6 years. Similarly, in Israel hepatic disease was seen from ages 18 
months to 19 years (average 10.4 years) and onset of neuropsychiatric disorders was from 
12 years to 28 years (average 19.1 years).27 Findings were analogous in Sardinia, where a 
review of patients with Wilson's disease from 1902 to 1983 found an average age of 12 years 
11 months for hepatic onset and 19 years 4 months for neurologic onset.40 

Hepatic Presentations of Wilson's Disease 

Clinically, hepatic presentations of Wilson's disease can be abrupt and devastating 
or insidious. Of 87 cases reviewed by Walshe, with either initial hepatic illness or presenta
tion with symptomatic liver disease, 32 (36%) had an acute onset.41 Uver disease had 
resolved in 22/87 (25%) when they presented with neuropsychiatric disease and the 
remainder had symptomatic chronic liver disease without an acute decompensation. 
Pathologic changes in the liver are subtle early, with only glycogen nuclei and fatty 
infiltration (triglyceride) apparent on light microscopy.1

• 
42 

Age Distribution of Patients at 
Presentation with Wilson's Disease 

30~------------------------~ 

~ II Hepatic : t3.3±5.4years,,_,tsoJ 
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Age at Presentation with Wilson's Disease 
Effect on Clinical Type 

Presentation 

Uver Disease 

Neuropsychiatric 
Disease 

Other: (hematologic, 
endocrine, renal) 

<10 years 

20/25 
(80%) 

4/25 
(16%) 

1/25 
(4%) 

10.19 years >19 years 

39/84 9/44 
(46%) (20%) 

29/84 32144 
(35%) (73%) 

16/84 3/44 
(19%) (7%) 

Data from Scheinberg and Stemlieb, Wilson's Disease Major Problems in Internal Medicine vol. XXIII, 1984 



Characteristic mitochondrial changes are seen on electron microscopy,1 but like all 
other pathologic findings they may not be pathognomonic.43

• 
44 Progression to chronic 

hepatitis, fibrosis and cirrhosis occurs at a variable rate. In some patients (20/320 or 6% ), 
the findings on liver biopsy are indistinguishable from chronic hepatitis resulting from other 
etiologic agents.45 More commonly, inflammatory changes are less marked and fibrosis 
progresses more insidiously. When cirrhosis is established, the pattern can be micronodular, 
macronodular or mixed and rhodanine staining may be positive (usually patchy) as well as 
staining for copper-associated protein.42

• 
46 

The trigger for an abrupt onset of liver disease is not known. Sometimes, a viral 
illness or viral hepatitis may precede the severe acute hepatitis.47

• 
48 Hemolytic anemia 

(Coombs negative) is often part of the clinical picture, from copper-mediated red cell injury. 
A disproportionately high bilirubin may then ensue. The combination of high bilirubin 
( > 10mg/ dl), increased hepatic aminotransferases ( > 200IU kL) and prolonged prothrombin 
time ( > 12 seconds prolonged) portends a poor prognosis. 9 Some of the patients have an 
abnormally low alkaline phosphatase, 5°· 51 the mechanism for which is unknown. Investigators 
have suggested that the combination of low alkaline phosphatase and disproportionately high 
bilirubin (ratio of alkaline phosphatase to bilirubin > 2) may distinguish patients with 
Wilsonian fulminant hepatic failure from those with other etiologies.52 Unfortunately, this 
was not confirmed. 53 The outcome for this presentation is dismal unless liver transplantation 
is available.41 

Autopsy or examination of the explanted liver almost always reveals cirrhosis,54 

occasionally nodular regeneration55 or chronic hepatitis changes56 are observed. At King's 
College Hospital, 8/11 were micronodular, 2/11 mixed and 1/11 was macronodular, all were 
cirrhotic. Other features of Wilsonian liver injury, including fat, cell necrosis, infla~ation, 
Mallory bodies, cholestasis and ductular proliferation, are seen. Staining for copper
associated protein is usually positive whereas rhodanine staining for copper is variable.54 

Neuropsychiatric Wilson's Disease 

Excess copper released from the liver accesses the central nervous system and can 
be found throughout the brain.1 Specific clinical symptoms then appear in patients. However, 
Walshe has observed that "no two patients are ever the same, even in a sibship"57 with 
respect to neurologic disease. Notwithstanding, he divided 136 patients into 4 categories.57 

The "Parkinsonian" patients (61/136; 45%) were distinguished by paucity of expression and 
movement. The "pseudosclerotic" patients (33/136; 24%) had a tremor resembling multiple 
sclerosis. The dystonic group (21/136; 15%) were characterized by hypertonicity, this was 
often associated with abnormal limb movements whereas in the choreic group (15/136; 
11%) choreo-athetoid or choreic abnormal movements predominated but these were often 
associated with dystonia. Only 6 patients with intermediate symptomatology could not be 
classified into one of these 4 groups. 

Anatomic changes, degeneration and cavitation, principally involve the putamen, 
globus pallidus, caudate nuclei and thalamus.1• 2 Less commonly, the brain stem and frontal 
cortex are involved. Specific structural changes can be detected neuroradiologically by 
computed tomography or magnetic resonance imaging,58 in addition these modalities often 
demonstrate generalized atrophy and ventricular dilatation.59

•
60 Correlation between imaging 

defects and symptom complexes is primitive.58
• 

59 The sparing of sensory and motor · 
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(strength) pathways in most patients with diffuse increases in brain copper is unexplained 
as is the devastating dysfunction of the basal ganglia and cerebellum.1 Most patients with 
neurologic disease have established cirrhosis, 1 however, some (7 /34 reviewed by Stromeyer 
and Ishakin reference 42) may only have fatty change on liver biopsy. 

Psychiatric features are common being present in 51% (99 /195) of the "Cambridge 
series" of whom 39/195 (20%) had seen a psychiatrist.61 Abnormal behavior, personality 
change, depression and cognitive impairment were the frequent manifestations. Not 
unexpectedly, psychiatric features were related to neurologic symptoms rather than hepatic 
symptoms. Similarly, 65% (24/37) of U.S. patients reported psychiatric symptoms on initial 
presentation.62 A continuing awareness of Wilson's disease as a cause of psychiatric and 
neurologic symptoms is obviously necessary. 

Kayser-Fleischer rings are generally considered a sine qua non of neuropsychiatric 
Wilson's disease.1 However, occasional patients do not have K-F rings despite neuropsy
chiatric symptoms.42· 63 Copper in the cornea probably forms complexes with protein 
(?metallothionein) ·in Descemet's membrane. The rings appear initially in the superior 
quadrant, then inferior quadrant followed by medial and lateral quadrants and disappear in 
reverse order with chelation therapy. Copper contents are uniformly elevated throughout the 
cornea and the ring appears to depend on the presence of the protein that forms the visible 
complex. Any cause of increased copper, either local or from systemic release, can lead to 
their formation.64

• 
65 

Renal and Other Manifestations of Wilson's Disease 

Since the Wilson's disease gene is expressed in kidney tissue, renal manifestations 
may be primary, or secondary to release of copper from the liver. Clinically, patients may 
resemble Fanconi's syndrome with aminoaciduria, glucosuria, (also fructose, galactose and 
pentose ), uricosuria and accompanying low uric acid, hyperphosphaturia, hypercalciuria and 
distal renal tubular acidosis.1

• 
66 Urolithiasis, hematuria and nephrocalcinosis67· 68 are 

reported and proteinuria and peptiduria can occur both before treatment as part of the 
disease process and after therapy as a side-effect of D-penicillamine. The distinction 
between primary and secondary effects of the Wilson's disease gene abnormality may be 
answered in the LEC rat which also demonstrates an increase in copper in the kidneys.30

• 
69 

Almost any organ system can be damaged by excess copper and lead to symptoms 
in Wilson's disease. Musculoskeletal complaints include osteopenia (both osteoporosis and 
osteomalacia),70 arthritis or arthralgias with chondrocalcinosis or osteoarthritic changes71 and 
spinal degeneration.72 Cardiac arrhythmias and cardiomyopathy were previously underesti
mated.73 Coagulopathy from liver disease, leukopenia or thrombocytopenia from hypersplen
ism as well as the hemolytic anemia of acute disease can lead to a hematologic presenta
tion.74 Primary or secondary amenorrhea75 and recurrent abortion can result from Wilson's 
disease and be reversed by therapy.1 Other uncommon presentations and complications 
include hypoparathyroidism 76 and exocrine pancreatic insufficiency .1 Any internist or medical 
specialist may be presented with a new patient with Wilson's disease! 
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"Atypical" Cases of Wilson's Disease 

As noted above, most patients with Wilson's disease present in the first two decades 
of life and few patients are more than 40 years of age at presentation. Thus, 3/153 (2%) 
patients reported by Scheinberg and Sternlieb and none of 136 patients reviewed by Walshe 
were older than 40. However, there are isolated case reports, particularly of neuropsychiatric 
illness presenting in the late forties to mid-fifties,28

• 
77 sometimes with symptoms dating back 

years.28 Of particular note, Danks et al reported four patients, aged between 43 and 58 years, 
who had hepatic disease alone.78 Together with a similar patient, manifesting only hepatic 
disease at age 55 years,79 these cases illustrate some of the clinical heterogeneity associated 
with Wilson's disease. Hopefully, the molecular explanation for such observations will soon 
be known. 

The other "atypical" cases are those with neuropsychiatric illness yet lacking Kayser
Fleischer rings. A unilateral K-F ring was observed in one patient who had sustained an 
injury to the other eye resulting in low pressure and presumed decreased deposition of 
copper.28 In another atypical case, there was marked arcus senilis,80 possibly obscuring or 
preventing K-F ring formation. In two series, however, K-F rings were absent in 4/27 and 
3/18 patients with neuropsychiatric disease.42

•
63 Clearly, no broad generalizations hold true 

for every patient currently diagnosed with Wilson's disease. In the future, identification of 
the exact genetic defect(s) may permit a more complete understanding of the pathogenesis. 
Alternatively, rare genetic defects in other molecules involved in biliary copper excretion 
may account for the similar presentation. 

Diagnosis of Wilson's Disease 

No single clinical finding or combination of clinical findings is sufficient, in itself, to 
diagnose Wilson's disease. None of the symptoms or signs of liver, neurologic or psychiatric 
disease is unique. The observation of Kayser-Fleischer rings is helpful in the setting of 
neuropsychiatric illness. However, in other cholestatic liver diseases K-F rings can occasion
ally be observed.64

• 
65 Furthermore, even in neuropsychiatric disease, they are not invariably 

present (see above). Presymptomatic individuals, almost by definition, will not be detected 

Clinical Diagnosis of Wi lson's Disease Laboratory Diagnosis of Wilson's Disease 

Characteristic Wilson's False False 
Assay Wilson's False False Disease Negative Positive Disease Negative Positive 

Uver disease hepatic or -mixed" net.rologic other ltv« 
' Ceruloplasmin <95% pro..mation only preHntation disease >5% 20-/o heterozygotes 

(inac1lvo) "ao..rte phase low prot~n states 
response" severe liv« disease 

Menkes' disease 
Psychiatric incidence lncreaS4tS -pure• hepatic other payc:::hiatric hor.ditary 
disease with ago presentation ; ci&eaM 

pres)'f11)tomatic t Urine copper >95% presymptomatic cnolostatic 
liver disease 

Neurologic Incidence increases -pure• hepatic other neurologic t Hepatic copper >95% variability in tissue 
disease wi1h age presentation; cisease dvonic c::hotestasis 

prosyrt'4>tomatic technical error Cu-associated cirrt10$is 
hereditary dlolestasls 

K-F rings >>95% neu"otogic -pure• hepatic cholostatic 'Cu into >>95% "aa.rte phase heterozygote& 
<90'Yo hepatk: presentation : liver disease ceruloplasmin ntsponse" IO'N cen.ioplasmin 

c50% prosymptomatic presymptomatic 
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by clinical means, although some will display K-F rings.81
• 

82 The diagnosis of Wilson's 
disease thus relies on a series of investigations that test copper metabolism in the individual. 

The mainstays of diagnosis are the measurements of ceruloplasmin, urine copper and 
hepatic copper. In some special circumstances in the past, the kinetics of detection of orally 
ingested radiolabeled copper in serum was utilized to diagnose Wilson's disease in individu
als with normal ceruloplasmin and to distinguish heterozygotes with low ceruloplasmin. This 
assay was never readily available and will likely be replaced by genetic techniques. 

1. Ceruloplasmin: A low level is found in -95% of patients with Wilson's disease. 
However, as a screening test it has a number of drawbacks. First, 20% of true heterozygotes 
have a low ceruloplasmin but no disease.1 Secondly, other non-specific causes of a low level 
such as protein deficiency states and protein-losing disorders are much more common in the 
population than is Wilson's disease. Finally, changes in ceruloplasmin levels as part of the 
acute phase response or in response to estrogens may interfere with detection. 

2. Urine copper: Elevated levels of copper are probably observed in all symptomatic 
patients with Wilson's disease if the collection is complete and there are no technical errors. 
Unfortunately, the height of the elevation may not always be sufficiently different from that 
observed in cholestatic liver disease to separate diagnoses completely.83 With that as a 
caveat, this is probably the most cost-effective way of screening cooperative individuals by 
non-invasive means. 

3. Hepatic copper: This measurement, when taken together with the non-invasive assays of 
urine copper and ceruloplasmin, allows a definite diagnosis to be made in most patients with 
Wilson's disease. Histopathologic findings are of interest but are never diagnostic and 
staining for copper may be misleading to the naive. Problems arise with technical errors 
(saline in the biopsy collection method can leach copper - dextrose does not) and with 
sampling, particularly in fulminant disease where necrosis and collapse can decrease copper 

Elevated Hepatic Copper Levels in Wilson's Disease: 
Variability in Fulminant Hepatic Failure 
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content. In two cases of Wilsonian fulminant hepatic failure that undetwent liver transplan
tation, multiple samples were obtained from the explanted liver. In only 2/ 14 and 3/ 16 
samples were copper levels diagnostic.84 Similarly, in 21 patients transplanted at King's 
College Hospital for Wilsonian fulminant hepatic failure, levels of hepatic copper were not 
diagnostic in 6 patients and varied widely when more than one sample was obtained in 
others.53 Causes of elevated hepatic copper, including chronic cholestatic liver disease in 
adults83 and other hereditary forms of chronic cholestasis in children, 85 need to be excluded. 
In individual cases, particularly without a family history, this can be difficult and in future 
may be solved by direct genetic testing. 

4. Radiocopper detection in serum: This test provided the first means of directly assaying 
hepatic copper metabolism.86• 

87 After oral ingestion of radiolabeled copper ( 64CU or 67CU), 
blood is collected at 1-2, 4, 24 and 48 hours for measurement of radioactivity in serum. 
There is prompt appearance of radioactivity after absorption, followed by hepatic clearance 

Kinetics of Radio-labeled Copper Detection in Serum: 
Effect of Wilson's Disease Gene Defects 
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and then later re-appearance (as copper in ceruloplasmin). In patients with Wilson's disease, 
the radioactivity did not reappear. Heterozygotes were distinguished from homozygotes by 
a slow, lower level re-appearance of radioactivity rather than continued fall in radioactivity 
but there was overlap.86 A ratio was applied, using the level at 48 hours to the initial peak 
level to counter some of the differences in absorption that occurred regardless of the 
presence or absence of disease. Some overlap still persisted between heterozygotes and 
patients with Wilson's disease but normals and Wilson's disease patients were clearly 
distinguished. When patients with Wilson's disease and normal or near-normal ceruloplas
min levels were compared with patients with non-Wilsonian liver disease, a distinction was 
still apparent. 87 

5. Genetic diagnosis: In family studies, linkage analysis has been used in presymptomatic 
testing.82 By using highly polymorphic microsatellite DNA markers that closely flank the 
gene, a correct diagnosis can be obtained in most families if tissue from the proband is 
available.88 Individual studies are more problematic since linkage analysis is not possible 
without informative family members. Atypical patients may be diagnosed in the future but 
preliminary studies indicate that the array of mutations to be screened is likely to be large. 
Consequently, detection of single strand conformational polymorphisms or heteroduplex 
analysis will probably be necessary. Silent, inconsequential polymorphisms in the general 
population may be a major problem in this approach. The multiplicity of mutations also 
currently precludes the use of a genetic technique in screening studies. 

6. Pre-symptomatic patients: Two series of patients with diagnosis of Wilson's disease in 
pre-symptomatic siblings have been reported.81

• 
82 The findings are similar to those in 

patients with active disease, hepatic copper being the most useful. In these individuals, there 
is no possibility of another liver disease to explain the elevated hepatic copper levels. Non
invasive testing was not able to detect all cases. 

7. "Atypical" patients: In two case reports, the diagnosis of Wilson's disease was excluded 
on the basis of absence of K-F rings and/or lack of cirrhosis on biopsy.43

• 
89 As discussed 

above, the literature contains other cases where a diagnosis of Wilson's disease has been 
made despite an "atypical" presentation. I consider that both cases may represent Wilson's 
disease. 

Diagnosis of Pre-symptomatic 
Wilson's Disease* 

Series 
K-F Cerulo- Free Urine Liver 

rings plasmin Copper Copper Copper 
(pr .. ent) (low) (high) (high) (high) 

U.S. (Brewer 1991) 4/13 12113 5/13 8/13 13/13 
~12 ili«IMdl.at• ·~ >100f.t9'24hr& >22~drywt 

U.K. {Walsh& 1988) 7/21 21/21 21/21 20/21 5/5 

··~ 
~ ..... >50f<9'9 WET wt 

• individuals detected by family screening (distinguished from heterozygotes) 
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Is the Diagnosis Wilson's Disease? 

Finding Normal Case Case 
Control #1 #2 

Liver Disease no yes no 
age 62 

Neuropsychiatric no yes yes 
Disease age63 age 34 

K-F rings no no no · 

Ceruloplasmin 20-40 normal 16.3mg/dl 
mg/dl (nl15-60) 

Urine copper <100~g/d normal 82~g/d 

Hepatic copper <50j.LQ/g 671~g/g 2500~g/g 

Non-Wilsonian Copper-associated Cirrhosis 

The disorder, termed Indian childhood cirrhosis or copper-associated cirrhosis since 
its description in non-Indian infants and children, is of particular interest in relation to 
Wilson's disease.3 Originally observed in male infants in the Indian sub-continent, this 
syndrome is one of rapidly progressive liver disease with fatal outcome in months to a few 
years after presentation. The liver contains extremely high levels of copper but unlike 
Wilson's disease there are no neurologic signs and ceruloplasmin levels are not low. 
Whether this is strictly an environmental disease, resulting from copper-contamination of 
food from cooking utensils or water, is debated.90

• 
91 In cases reported from outside India, 

those with presentation during infancy often include a potential environmental contaminant 
whereas cases occur in older children without such exposure.91 A recent survey of childhood 
deaths in areas of Massachusetts with high cop~er content of the water supply failed to 
document the occurrence of a similar disease. There may be both an environmental 
component, resulting in presentation during infancy, as well as a familial factor, represented 
by consanguinity in some cases. 

Elevated Hepatic Copper Levels in Wilson's Disease 
and Copper-associated Cirrhosis 
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The lack of neurologic findings may be the result of death at an early age before 
symptoms could develop. Alternatively, a different part of the biliary copper excretion 
pathway may be involved and/ or the copper released from the liver may be in a form that 
is non-toxic to other organs or cleared rapidly by other means. Further examination of these 
cases could increase our understanding of the remaining enigma of biliary copper transport. 

Management of Wilson's Disease 

The major goal of management in Wilson's disease is to decrease the excess copper 
in the liver and other organs.1

'
3 Four measures are use to achieve this goal. First and most 

important is copper chelation therapy to increase urinary excretion of the excess copper. 
Secondly, rendering copper non-toxic by complexing with proteins, eg formation of Cu
metallothionein. Thirdly, decreasing dietary copper intake as much as feasible, by avoiding 
or minimizing consumption of foods high in copper such as shellfish, liver, nuts, chocolate 
and mushrooms. Finally, decreasing the absorption of copper and thereby diminishing toxic 
reaccumulation. Additionally, ancillary therapy directed towards specific symptoms may be 
necessary. Psychotherapy and/or psychotropic medicine may be required for management 
of psychiatric symptoms. Furthermore, standard measures for management of complications 
of cirrhosis are often a necessity. Correction of the underlying defect by gene therapy may 
be part of future management options. Currently, the closest approach to correcting the 
defect is that of liver transplantation. However, since the projected survival of patients 
treated with the combination of medical therapies to decrease excess copper is greater than 
that of transplant recipients, transplantation is generally reserved for those with life
threatening acute or chronic hepatic insufficiency. 

Copper Chelation Therapy of Wilson's Disease 

In 1948, Cumings reported that there was excess copper in both the liver and brain 
of patients with Wilson's disease. He followed this observation in 1951 with the frrst therapy, 
parenteral injection of 2,3-dimercaptopropanol (British anti-Lewisite). Although potentially 
effective, the daily parenteral injections were tedious and painful. A major breakthrough 
came in 1956 with the introduction of oral therapy (D-penicillamine, {3,{3-dimethylcysteine) 
by Walshe.66 Since then, other drugs with chelation properties have been introduced for 
patients with hypersensitivity reactions to penicillamine. These include triethylene tetramine 
dihydrochloride (Trientine )93

• 
94 and tetrathiomolybdate,95

• 
96 however penicillamine remains 

the mainstay of therapy for most patients.66 

Penicillamine (1 gram/day in 2 to 4 divided doses for adults) is best absorbed if 
taken on an empty stomach and most effective if ingestion is separated from dietary copper 
(1 Y2 hours before or 2 hours after a meal). Penicillamine binds free copper and increases 
renal excretion. Penicillamine may also induce the synthesis of apo-thionein, thereby 
increasing the content of non-toxic Cu-metallothionein.97 Studies in vitro suggest that either 
penicillamine alone or the copper-penicillamine complex may be involved in the process of 
induction and that penicillamine does not remove copper once bound in Cu-metallothionein. 
Penicillamine is slow to be effective, with noticeable improvement taking weeks to months. 
In 20-30% of patients, there may be an initial worsening of symptoms considered secondary 
to changes in copper distribution in the brain.98 The deterioration does not always resolve. 
If severe neurologic impairment was present before therapy, this can leave devastating 
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D-Penicillamine Therapy of Wilson's Disease 
Responses of Neurologic Disease 

Response Residual Number % Deficits 

Excellent None 57/137 42% 
(symptom-free) 

Good Minor 36/137 26% 

Poor Disabled 
(process arrested) 

24/137 17% 

None ... died 9 virtually untreated 20/137 15% 
11 despite therapy 

Transient Final prognosis 30/137 22% 
deterioration unaltered 

residual deficits. Walshe recently reviewed the response of 137 patients with neurologic 
symptoms to chelation therapy, mostly with D-penicillamine.98 In two-thirds of patients, there 
was total or near total recovery. However, in the remaining third, disability persisted or the 
patient died. In 11/20 patients, no response was apparent and they succumbed despite 
apparently adequate therapy. Liver copper levels at autopsy in 6 of these patients were 
decreased to < 100 J.Lg/ g wet wt (normal < 10 J,Lg; heterozygotes <50 J.Lg). However, basal 
ganglia copper concentrations were in the toxic range in 4 patients, indicating that chelation 
therapy had failed to mobiliz~ copper from the brain. Penicillamine does not restore liver 
copper content to normal99 but rather converts the remainder to a non-toxic form. The 
continued presence of penicillamine is apparently necessary to maintain the copper in this 
state. Consequently, irreversible hepatic failure invariably follows discontinuation of therapy, 
after a period of months to a few years1

• 
100 (a considerably shorter interval than the time 

taken to develop symptoms from birth). 

Early side-effects may limit penicillamine therapy in up to 20% of patients. These 
hypersensitivity reactions include fever, rash, lymphadenopathy and cytopenias. Side-effects 
are often controlled by dose reduction with or without a short course of corticosteroids in 
conjunction with the re-introduction of the drug. However, in some patients the severity of 
the side-effects necessitates changing to the second line therapeutic agent, trientine. Late 
reactions to penicillamine occur in 5-10% of patients. These include elastosis perforans, 
aphthous mouth ulceration and nephrotic syndrome. Goodpasture's syndrome, systemic lupus 
erythematosus, myasthenia gravis, polymyositis, neuromyotonia, cytopenias (red cells, white 
cells and platelets), decreased IgA levels and cholestasis have been reported? Following 
urinalyses and complete blood counts is warranted at regular intervals. Side-effects were 
more common initially, when mixed isomers (D- and L-) were used as compared with the 
current single isomer, D-penicillamine. D-penicillamine has been used successfully during 
pregnancy in patients with Wilson's disease. Continuation of therapy, rather than temporary 
cessation is important, to avoid hepatic decompensation. 

Trientine (triethylene tetramine dihydrochloride, trien)93
•
94 was introduced by Walshe 

in 1969 as an alternative therapy for patients with intolerable side-effects from penicilla
mine. It may differ in mode of action from penicillamine since serum copper levels rise with 
trientine but not penicillamine therapy.2 Like penicillamine, trientine has been successfully 
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used in pregnancy.101 Other chelating agents with limited application include unithiol (2,3-
dimercaptopropane-1-sulphonate) derived from BAL, 2,3,2-tetramine and N,N · -bis-(2-
aminoethyl)-1,3-propanediamine. Currently, these agents are limited to experimental 
protocols. 

Tetrathiomolybdate MoS 4 was first reported of potential benefit in the 1980's by 
Walshe. It blocks absorption of copper and also forms non-toxic complexes with copper and 
plasma proteins after absorption or when given intravenously.95 Unlike penicillamine, 
tetrathiomolybdate removes copper from Cu-metallothionein in vitro and in vivo is an 
extremely effective chelator. It may be useful in rapidly removing copper redistribut
ed/released early in penicillamine therapy when deterioration ensues.95 Long-term therapy 
with tetrathiomolybdate may be complicated by bone marrow suppression and skeletal 
growth disturbances, limiting its usefulness. 

Zinc salts (acetate or sulfate) for treatment of Wilson's disease are advocated by a 
number of investigators. The rationale for their use is the capacity of zinc to induce apo
thionein transcription and synthesis, in intestinal epithelial cells and other tissues including 
liver. Copper then displaces zinc, forming a non-toxic Cu-metallothionein compound. In the 
gastrointestinal tract, the copper is excreted when epithelial cells are shed. A major effect 
of zinc therapy is therefore to block absorption of dietary copper. In the liver, the copper 
is complexed and non-toxic, an additional effect over and above that of preventing absorp
tion. Zinc is relatively innocuous when compared with D-penicillamine, however, some 
patients are troubled by gastrointestinal symptoms, particularly with zinc sulfate but also to 
a lesser extent with the acetate salt. The place for zinc in the therapeutic armamentarium 
may be in individuals who have been successfully "de-coppered" by chelating agents and as 
a temporary measure during pregnancy. Proponents of zinc therapy, however, report that 
there is no worsening of neurologic symptoms during initial therapy unlike treatment with 
penicillamine. There outlook may be naive if insufficient patients with neurologic symptoms 
have been treated initially with zinc. This possibility is suggested by a recent report of fatal 
deterioration in a patient with neurologic symptoms treated with zinc after earlier discon
tinuation of penicillamine. The known record of penicillamine is preferable to the unknown 
possibilities attendant upon initial therapy with zinc. 
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Liver Transplantation 

When inexorable hepatic insufficiency ensues, either with the acute onset of 
fulminant hepatic failure or as a complication of long-standing cirrhosis (with or without 
discontinuation of chelation therapy), liver transplantation is the only management option 
available.100 Of 55 patients with Wilson's disease undergoing transplantation world-wide, 21 
(38%) presented with fulminant hepatic failure.2 In most of these patients, penicillamine 
therapy is not an option because of the delay in beneficial effects. Tetrathiomolybdate has 
also been used, because of its potency in chelating copper, but to no avail. The severity of 
elevated levels of bilirubin and aminotransferases, together with prolongation of the 
prothrombin time, are potentially useful in predicting poor prognosis without transplanta
tion. Transplantation was also used in 32 patients with cirrhosis ( 6 having discontinued 
medical therapy) and hepatic failure. In some (but not all) patients with residual neurologic 
deficits at the time of transplant, there is improvement in symptoms.2

•
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also used to manage recurrent variceal hemorrhage in one patient, historically portal
systemic shunt surgery is complicated by development of neurologic symptoms. Since the 
major defect in Wilson's disease is failure of hepatic transport of copper, transplantation 
resolves most or all of the genetic defect. However, medical therapy remains superior to 
transplant in most patients. 

References 

1. Scheinberg IH and I Sternlieb: Wilson's disease. In Major Problems in Internal 
Medicine. (eds Smith Jr. LH) W. B. Saunders, Philadelphia. XXIII: pp 1-171, 1984. 

2. Gollan JL: Copper metabolism, Wilson's disease, and hepatic copper toxicosis. In 
Hepatology. A textbook of liver disease (2nd edition). (eds Zakim D and TD Boyer) 
W. B. Saunders, Philadelphia. pp 1249-1272, 1990. 

3. Danks DM: Disorders of copper transport. In The metabolic basis of inherited 
disease (sixth edition). ( eds Scriver CR, AL Beaudet, WS Sly and D Valle) McGraw-
Hill, New York. pp 1411-1431, 1989. 

4. Bull PC and Cox DW: Wilson disease and Menkes disease: new handles on heavy
-metal transport. [Review]. Trends Genet 10: 246- 52, 1994. 

5. Harris ED: Copper transport: an overview. [Review]. Proc Soc Exp Bioi Med 196: 
130-140, 1991. 

6. Dunn MA, TL Blalock and RJ Cousins: Metallothionein. Proc Soc Exp Bioi Med 185: 
107-119, 1987. 

7. Kagi JHR and A Schaffer: Biochemistry of metallothionein. Biochemistry 21: 
8509-8515, 1988. 

25 



8. Pountney DL, I Schauwecker, J Zarn and M Vasak: Formation of mammalian 
Cu8-metallothionein in vitro: Evidence for the existence of two Cu(I)4-thiolate 
clusters. Biochemistry 33: 9699-9705, 1994. 

9. Sa toM, Schilsky ML, Stockert RJ, Morell AG and Sternlieb I: Detection of multiple 
forms of human ceruloplasmin. A novel Mr 200,000 form. J Bioi Chern 265: 2533-
-2537, 1990. 

10. Vulpe C, Levinson B, Whitney S, Packman Sand Gitschier J: Isolation of a candidate 
gene for Menkes disease and evidence that it encodes a copper-transporting ATPase. 
Nat Genet 3: 7-13, 1993. 

11. Chelly J, Turner Z, Tonnesen T, Petterson A, Ishikawa-Brosh Y, Tommerup N, Horn 
N and Monaco AP: Isolation of a candidate gene for Menkes disease that encodes 
a potential heavy metal binding protein. Nat Genet 3: 14-19, 1993. 

12. Mercer JF, Livingston J, Hall B, Paynter JA, Begy C, Chandrasekharappa S, 
Lockhart P, Grimes A, Bhave M, Siemieniak D and et al: Isolation of a partial 
candidate gene for Menkes disease by positional cloning. Nat Genet 3: 20-25, 1993. 

13. Solioz M, Odermatt A and Krapf R: Copper pumping ATPases: common concepts 
in bacteria and man. [Review]. FEBS Lett 346: 44- 47, 1994. 

14. Odermatt ·A, H Suter, R Krapf and M Solioz: Primary structure of two P-type 
ATPases involved in copper homeostasis in Enterococcus hirae. J Bioi Chern 268: 
12775-12779, 1993. 

15. Levinson B, Vulpe C, Elder B, Martin C, Verley F, Packman Sand Gitschier J: The 
mottled gene is the mouse homologue of the Menkes disease gene. Nat Genet 6: 
369-373, 1994. 

16. Mercer JF, Grimes A, Ambrosini L, Lockhart P, Paynter JA, Dierick H and Glover 
TW: Mutations in the murine homologue of the Menkes gene in dappled and blotchy 
mice. Nat Genet 6: 374-378, 1994. 

17. Frydman M: Genetic aspects of Wilson's disease. J Gastroenterol Hepatol 5: 483-490, 
1990. 

18. Frydman M, B Bonne-Tamir, LA Farrer, PM Conneally, A Magazanik, S Ashbel and 
Z Goldwitch: Assignment of the gene for Wilson disease to chromosome 13: Linkage 
to the esterase D locus. Proc Natl Acad Sci USA 82: 1819-1821, 1985. 

19. Farrer LA, Bonne-Tamir B, Frydman M, Magazanik A, Kidd KK, Bowcock AM and 
Cavalli-Sforza LL: Predicting genotypes at loci for autosomal recessive disorders 
using linked genetic markers: application to Wilson's disease. Hum Genet 19: 
109-117, 1988. 

26 



20. Bonne-Tamir B, Farrer LA, Frydman M and Kanaaneh H: Evidence for linkage 
between Wilson disease and esterase D in three kindreds: detection of linkage for 
an autosomal recessive disorder by the family study method. Genet Epidemiol 3: 
201-209, 1986. 

21. Bowcock AM, Farrer LA, Hebert JM, Agger M, Sternlieb I, · Scheinberg IH, Buys 
CH, Scheffer H, Frydman M, Chajek-Saul T and et al: Eight closely linked loci place 
the Wilson disease locus within 13q14-q21. Am J Hum Genet 43: 664-674, 1988. 

22. Farrer LA, Bowcock AM, Hebert JM, Bonne-Tamir B, Sternlieb I, Giagheddu M, St. 
George-Hyslop P, Frydman M, Lossner J, Demelia Land et al: Predictive testing for 

_Wilson's disease using tightly linked and flanking DNA markers. Neurology 41: 992-
999, 1991. 

23. White A, Tomfohrde J, Stewart E, Barnes R, Le Paslier D, Weissenbach J, Cavalli
-Sforza L, Farrer Land Bowcock A: A 4.5- megabase yeast artificial chromosome 
contig from human chromosome 13q 14.3 ordering 9 polymorphic microsatellites (22 
sequence- tagged sites) tightly linked to the Wilson disease locus. Proc Nat!Acad Sci 
US A 90: 10105-10109, 1993. 

24. Bull PC, Thomas GR, Rommens JM, Forbes JR and Cox DW: The Wilson disease 
gene is a putative copper transporting P-type ATPase similar to the Menkes gene. 
Nat Genet 5: 327-337, 1993. 

25. Tanzi RE, Petrukhin K, Chemov I, Pellequer JL, Wasco W, Ross B, Romano DM, 
Parana E, Pavone L, Brzustowicz LM, Devoto M, Peppercorn J, Bush AI, Sternlieb 
I, Piratsu M, Gusella JF, Evgrafov 0, Penchaszadeh GK, Honig B, Edelman IS, 
Soares MB, Scheinberg IH and Gilliam TC: The Wilson disease gene is a copper 
transporting ATPase with homology to the Menkes disease gene. Nat Genet 5: 
344-350, 1993. 

26. Yamaguchi Y, Heiny ME and Gitlin JD: Isolation and characterization of a human 
liver eDNA as a candidate gene for Wilson disease. Biochem Biophys Res Commun 
197: 271-277, 1993. 

27. Bonne-Tamir B, Frydman M, Agger MS, Bekeer R, Bowcock AM, Hebert JM, 
Cavalli-Sforza LL and Farrer LA: Wilson's disease in Israel: a genetic and epidemio
logical study. Ann Hum Genet 54: 155-168, 1990. 

28. Madden JW, JW Ironside, DR Triger and JPP Bradshaw: An unusual case of 
Wilson's disease. Q J Med 55: 63-73, 1985. 

29. Mori M, A Hattori, M Sawaki, N Tsuzuki, N Sawada, M Oyamada, N Sugawara and 
K Enomoto: The LEC rat: a model for human hepatitis, liver cancer, and much 
more. Am J Path 144: 200-204, 1994. 

30. Li Y, Togashi Y, Sato S, Emoto T, Kang JH, Takeichi N, Kobayashi H, Kojima Y, 
Une Y and Uchino J: Spontaneous hepatic copper accumulation in Long-Evans 

27 



Cinnamon rats with hereditary hepatitis. A model of Wilson's disease. J Clin Invest 
87: 1858- 1861, 1991. 

31. Yamada T, T Agui, Y Suzuki, M Sato and K Matsumoto: Inhibition of the copper 
incorporation into ceruloplasmin . leads to the deficiency in serum ceruloplasmin 
activity in Long-Evans Cinnamon mutant rats. J Bioi Chern 268: 8965-8971, 1993. 

32. Schilsky ML, Stockert RJ and Sternlieb I: Pleiotropic effect of LEC mutation: a 
rodent model of Wilson's disease. Am J Physiol266: G907-13, 1994. 

33. Suzuki M and Aoki T: Impaired hepatic copper homeostasis in Long-Evans Cinna
mon rats: reduced biliary excretion of copper. Pediatr Res 35: 598-601, 1994. 

34. Yamaguchi Y, Heiny ME, Shimizu N, Aoki T and Gitlin JD: Expression of the 
Wilson disease gene is deficient in the Long- Evans Cinnamon rat. Biochem J 301: 
1-4, 1994. 

35. Jong-Hon K, Y Togashi, H Kasai, M Hosokawa and N Takeichi: Prevention of 
spontaneous hepatocellular carcinoma in Long-Evans Cinnamon rats with hereditary 
hepatitis by the administration of D-penicillamine. Hepatology 18: 614-620, 1993. 

36. Guan R, Oon CJ, Wong PK, Foong WC and Wee A: Primary hepatocellular 
carcinoma associated with Wilson's disease in a young woman. Postgrad Med J 61: 
357-359, 1985. 

37. Polio J, Enriquez RE, Chow A, Wood WM and Atterbury CE: Hepatocellular 
carcinoma in Wilson's disease. Case report and review of the literature. J Clin 
Gastroenterol 11: 220-224, 1989. 

38. Cheng WS, Govindarajan S and Redeker AG: Hepatocellular carcinoma in a case 
of Wilson's disease. [Review]. Liver 12: 42- 45, 1992. 

39. Kato J, Kohgo Y, Sugawara N, Katsuki S, Shintani N, Fujikawa K, Miyazaki E, 
Kobune M, Takeichi Nand Niitsu Y: Abnormal hepatic iron accumulation in LEC 
rats. Jpn J Cancer Res 84: 219- 222, 1993. 

40. Giagheddu A, Demelia L, Puggioni G, Nurchi AM, Contu L, Pirari G, Deplano A 
and Rachele MG: Epidemiologic study of hepatolenticular degeneration (Wilson's 
disease) in Sardinia (1902-1983). Acta Neural Scand 72: 43-55, 1985. 

41. Walshe JM: Wilson's disease presenting with features of hepatic dysfunction: a 
clinical analysis of eighty-seven patients. Q J Med 70: 253-263, 1989. 

42. Stromeyer FW and KG Ishak: Histology of the liver in Wilson's disease. A study of 
34 cases. Am J Clin Pathol 73: 12- 24, 1980. 

28 



43. de Santi MM, Lungarella G, Luzi P, Miracco C and Tosi P: Ultrastructural features 
in active chronic hepatitis with changes resembling Wilson's disease. Am I Clin Pathol 
85: 365-369, 1986. 

44. Geubel AP, Gregoire V, Rahier J, Lissens W and Dive C: Hypoceruloplasminemia 
and ultrastructural changes resembling Wilson's disease in nonalcoholic liver 
steatosis. A clinical and pathological study of five cases. Liver 8: 299-306, 1988. 

45. Schilsky ML, Scheinberg IH and Sternlieb I: Prognosis of Wilsonian chronic active 
hepatitis. Gastroenterology 100: 762- 767, 1991. 

46. Jain S, PH Scheuer, B Archer, SP Newman and S Sherlock: Histological demonstra
tion of copper and copper-associated protein in chronic liver disease. I Clin Pathol 

' 31: 784-790, 1978. 

47. Zandman-Goddard G, Weiss P, Avidan B, Bar-Meir S and Shoenfeld Y: Acute 
varicella infection heralding Wilsonian crisis. I Clin Gastroenterol18: 265-266, 1994. 

48. Sallie R, Chiyende J, Tan KC, Bradley D, Portmann B, Williams R, Mowat AP and 
Mieli-Vergani G: Fulminant hepatic failure resulting from coexistent Wilson's disease 
and hepatitis E. Gut 35: 849-853, 1994. 

49. Nazer H, RJ Ede, AP Mowat and R Williams: Wilson's disease: clinical presentation 
and use of prognostic index. Gut 27: 1377- 1381, 1986. 

50. Shaver W A, Bhatt H and Combes B: Low serum alkaline phosphatase activity in 
Wilson's disease. Hepatology 6: 859-863, 1986. 

51. Willson RA, Clayson KJ and Leon S: Unmeasurable serum alkaline phosphatase 
activity in Wilson's disease associated with fulminant hepatic failure and hemolysis. 
Hepatology 1: 613-615, 1987. 

52. Berman DH, RI Leventhal, JS Gavaler, EM Cadoff and DH Vanthiel: Clinical 
differentiation of fulminant Wilsonian hepatitis from other causes of hepatic failure. 
Gastroenterology 100: 1129-1134, 1991. 

53. Sallie R, L Katsiyiannakis, D Baldwin, S Davies, J Ogrady, A Mowat, G Mielivergani 
and R Williams: Failure of simple biochemical indexes to reliably differentiate 
fulminant wilson's disease from other causes of fulminant liver failure. Hepatology 16: 
1206-1211, 1992. 

54. Davies SE, Williams R and Portmann B: Hepatic morphology and histochemistry of 
Wilson's disease presenting as fulminant hepatic failure: a study of 11 cases. Histopa
thology 15: 385-394, 1989. 

55. McCullough AJ, CR Fleming, JL Thistle, WP Baldus, J Ludwig, IT McCall and ER 
Dickson: Diagnosis of Wilson's disease presenting as fulminant hepatic failure. 
Gastroenterology 84: 161-167, 1983. 

29 



56. Walia BN, Singh S, Marwaha RK, Bhusnurmath SR and Dilawari ill: Fulminant 
hepatic failure and acute intravascular haemolysis as presenting manifestations of 
Wilson's disease in young children. [Review]. J Gastroenterol Hepatol 1: 370-373, 
1992. 

57. Walshe JM and Yealland M: Wilson's disease: the problem of delayed diagnosis. J 
Neurol Neurosurg Psychiatry 55: 692-696, 1992. 

58. Oder W, Prayer L, Grimm G, Spatt J, Ferenci P, Kollegger H, Schneider B, Gangl 
A and Deecke L: Wilson's disease: evidence of subgroups derived from clinical 
findings and brain lesions. Neurology 43: 120-124, 1993. 

59. Prayer L, Wimberger D, Kramer J, Grimm G, Oder W and Imhof H: Cranial MRI 
in Wilson's disease. Neuroradiology 32: 211-214, 1990. 

60. Roh JK, Lee TG, Wie BA, Lee SB, Park SH and Chang KH: Initial and follow-up 
brain MRI findings and correlation with the clinical course in Wilson's disease. 
Neurology 44: 1064-1068, 1994. 

61. Dening TR and GE Berrios: Wilson's disease: Psychiatric symptoms in 195 cases. 
Arch Gen Psychiatry 46: 1126-1134, 1989. 

62. Akil M, Schwartz JA, Dutchak D, Yuzbasiyan-Gurkan V and Brewer GJ: The 
psychiatric presentations of Wilson's disease. J Neuropsychiatry Clin Neurosci 3: 
377-382, 1991. 

63. Oder W, Grimm G, Kollegger H, Ferenci P, Schneider Band Deecke L: Neurologi
cal and neuropsychiatric spectrum of Wilson's disease: a prospective study of 45 
cases. J Neurol238: 281-287, 1991. 

64. Fleming CR, ER Dickson, HW Wahner, RW Hollenhorst and IT McCall: Pigmented 
corneal rings in non-Wilsonian liver disease. Ann Intern Med 86: 285-288, 1977. 

65. Tauber J and Steinert RF: Pseudo-Kayser-Fleischer ring of the cornea associated 
with non-Wilsonian liver disease. A case report and literature review. [Review]. 
Cornea 12: 74-77, 1993. 

66. Walshe JM: Copper: its role in the pathogenesis of liver disease. Semin Liver Dis 4: 
252-263, 1984. 

67. Hoppe B, Neuhaus T, Superti-Furga A, Forster I and Leumann E: Hypercalciuria 
and nephrocalcinosis, a feature of Wilson's disease. Nephron 65: 460-462, 1993. 

68. Nakada SY, MR Brown and R Rabinowitz: Wilson's disease presenting as symptom
atic urolithiasis: A case report and review of the literature. Journal of Urology 152: 
978-979, 1994. 

30 



69. Okayasu T, Tochimaru H, Hyuga T, Takahashi T, Takekoshi Y, Li Y, Togashi Y, 
Takeichi N, Kasai N and Arashima S: Inherited copper toxicity in Long-Evans 
cinnamon rats exhibiting spontaneous hepatitis: a model of Wilson's disease. Pediatr 
Res 31: 253-257, 1992. 

70. Xie Y-z, Zhang X-z, Xu X-h, Zhang Z-x and Feng Y-k: Radiologic study of 42 cases 
of Wilson disease. Skeletal Radio/13: 114-119, 1985. 

71. Menerey KA, Eider W, Brewer GJ, Braunstein EM, Schumacher HR and Fox IH: 
The arthropathy of Wilson's disease: clinical and pathologic features. J Rheumato/15: 
331-337, 1988. 

72. Hu R: Severe spinal degeneration in Wilson's disease. Spine 19: 372-375, 1994. 

73. Kuan P: Cardiac Wilson's disease. Chest 91: 579-583, 1987. 

74. Hoagland HC and NP Goldstein: Hematologic ( cytopenic) manifestations of Wilson's 
disease (hepatolenticular degeneration). Mayo Clin Proc 53: 498-500, 1978. 

75. Kaushansky A, Frydman M, Kaufman H and Homburg R: Endocrine studies of the 
ovulatory disturbances in Wilson's disease (hepatolenticular degeneration). Fertil 
Steril 41: 270-273, 1987. 

76. Carpenter TO, DL Carnes Jr. and CS Anast: Hypoparathyroidism in Wilson's disease. 
N Eng/ J Med 309: 873-877, 1983. 

77. Czlonkowska A and M Rodo: Late onset of Wilson's disease. Report of a family. 
Arch Neurol 38: 729-730, 1981. 

78. Danks DM, G Metz, R Sewell and EJ Prewett: Wilson's disease in adults with 
cirrhosis but no neurological abnormalities. Br Med J 301: 331-332, 1990. 

79. Fitzgerald MA, ffi Gross, NP Goldstein, HW Wahner and IT McCall: Wilson's 
disease (hepatolenticular degeneration) of late adult onset. Report of case. Mayo 
Clinic Proc 50: 438-442, 1975. 

80. Ross ME, Jacobson IM, Dienstag JL and Martin JB: Late-onset Wilson's disease with 
neurological involvement in the absence of Kayser-Fleischer rings. Ann Neurol 17: 
411-413, 1985. 

81. Walshe JM: Diagnosis and treatment of presymptomatic Wilson's disease. Lancet ii: 
435-437, 1988. 

82. Yuzbasiyan-Gurkan V, Johnson V and Brewer GJ: Diagnosis and characterization 
of presymptomatic patients with Wilson's disease and the use of molecular genetics 
to aid in the diagnosis. J Lab Clin Med 118: 458-465, 1991. 

31 



83. Frommer DJ: Urinary copper excretion and hepatic copper concentrations in liver 
disease. Digestion 21: 169-178, 1981. 

84. McDonald JA, Snitch P, Painter D, Hensley W, Gallagher ND and McCaughan GW: 
Striking variability of hepatic copper levels in fulminant hepatic failure. J Gastroent
erol Hepatol 7: 396-398, 1992. 

85. Aagenaas 0: Hereditary recurrent cholestasiswith lymphoedema: two new families. 
Acta Paediatr Scand 63: 465-471, 1974. 

86. Sternlieb I, AG Morell, CD Bauer, B Combes, S de Bobes- Sternberg and IH 
Scheinberg: Detection of the heterozygous carrier of the Wilson's disease gene. J Clin 
Invest 40: 707-715, 1961. 

87. Sternlieb I and Scheinberg IH: The role of radiocopper in the diagnosis of Wilson's 
disease. Gastroenterology 77: 138-142, 1979. 

88. Stewart EA, White A, Tomfohrde J, Osborne-Lawrence S, Prestridge L, Bonne
-Tamir B, Scheinberg IH, StGeorge-Hyslop P, Giagheddu M, Kim J-W, Seo JK, Lo 
WH-y, lvanova-Smolenskaya lA, Limborska SA, Cavalli-Sforza LL, Farrer LA and 
Bowcock AM: Polymorphic microsatellites and Wilson disease (WD). Am J Hum 
Genet 53: 864-873, 1993. 

89. Heckmann J and Saffer D: Abnormal copper metabolism: another "non-Wilson's" 
case. Neurology 38: 1493-1495, 1988. 

90. Adamson M, B Reiner, JL Olson, Z Goodman, L Plotnick, I Bernardini and WA 
Gahl: Indian Childhood Cirrhosis in the American Child. Gastroenterology 102: 
1771-1777, 1992. 

91. Horslen SP, MS Tanner, TDB Lyon, GS Fell and MF Lowry: Copper associated 
childhood cirrhosis. Gut 35: 1497-1500, 1994. 

92. Scheinberg IH and I Sternlieb: Is non-Indian childhood cirrhosis caused by excess 
dietary copper? Lancet 344: 1002-1004, 1994. 

93. Walshe JM: Treatment of Wilson's disease with trientine (triethylene tetramine) 
dihydrochloride. Lancet i: 643-647, 1982. 

94. Scheinberg IH, Jaffe ME and Sternlieb 1: The use of trientine in preventing the 
effects of interrupting penicillamine therapy in Wilson's disease. N Eng! J Med 317: 
209-213, 1987. 

95. Danks DM: Copper and liver disease. [Review]. Eur J Pediatr 150: 142-148, 1991. 

96. Brewer GJ, Dick RD, Johnson V, Wang Y, Yuzbasiyan-Gurkan V, Kluin K, Fink JK 
and Aisen A: Treatment of Wilson's disease with ammonium tetrathiomolybdate. I. 
Initial therapy in 17 neurologically affected patients. Arch Neural 51: 545-554, 1994. 

32 



97. McQuaid A, Lamand M and Mason J: The interactions of penicillamine with copper 
in vivo and the effect on hepatic metallothionein levels and copper/zinc distribution: 
the implications for Wilson's disease and arthritis therapy. J Lab Clin Med 119: 
744-750, 1992. 

98. Walshe JM and Yealland M: Chelation treatment of neurological Wilson's disease. 
Q J Med 86: 197-204, 1993. 

99. Gibbs K and Walshe JM: Liver copper concentration in Wilson's disease: effect of 
treatment with "anti-copper" agents. J Gastroenterol Hepatol 5: 420-424, 1990. 

100. Schilsky ML, Scheinberg IH and Sternlieb 1: Liver transplantation for Wilson's 
disease: indications and outcome. Hepcitology 19: 583-587, 1994. 

101. Walshe JM: The management of pregnancy in Wilson's disease treated with trientine. 
Q J Med 58: 81-87, 1986. 

102. Polson RJ, RoUes K, Caine RY, Williams R and Marsden D: Reversal of severe 
neurological manifestations of Wilson's disease following orthotopic liver transplanta
tion. Q J Med 64: 685-691, 1987. 

33 


