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Wilson disease is a severe genetic disorder associated
with intracellular copper overload. The affected gene,
ATP7B , has been identified, but the molecular events
leading to Wilson disease remain poorly understood.
Here, we demonstrate that genetically engineered
Atp7b�/� mice represent a valuable model for dissect-
ing the disease mechanisms. These mice, like Wilson
disease patients, have intracellular copper accumula-
tion, low-serum oxidase activity, and increased cop-
per excretion in urine. Their liver pathology devel-
oped in stages and was determined by the time of
exposure to elevated copper rather than copper con-
centration per se. The disease progressed from mild
necrosis and inflammation to extreme hepatocellular
injury, nodular regeneration, and bile duct prolifer-
ation. Remarkably, all animals older than 9 months
showed regeneration of large portions of the liver
accompanied by the localized occurrence of cholan-
giocarcinoma arising from the proliferating bile
ducts. The biochemical characterization of Atp7b�/�

livers revealed copper accumulation in several cell
compartments, particularly in the cytosol and nuclei.
The increase in nuclear copper is accompanied by
marked enlargement of the nuclei and enhanced DNA
synthesis, with these changes occurring before pa-
thology development. Our results suggest that the
early effects of copper on cell genetic material con-
tribute significantly to pathology associated with
Atp7b inactivation. (Am J Pathol 2006, 168:423–434; DOI:

10.2353/ajpath.2006.050312)

Copper is an essential co-factor of key metabolic en-
zymes that participate in a variety of physiological
processes, including respiration, neurotransmitter bio-
synthesis, radical detoxification, and iron uptake.1,2 How-
ever, excess copper must be promptly exported from the
cell because accumulated metal disrupts normal cell
homeostasis, causing protein malfunction, lipid peroxida-
tion, and DNA mutations.3,4 In humans, mutations in
ATP7B, which encodes the copper-transporting P-type
ATPase, are associated with marked accumulation of
copper in tissues and with a wide spectrum of patholog-
ical changes, manifesting as Wilson disease (WD).

Understanding and treating WD is challenging. WD
patients may suffer from liver disease, neurological or
psychiatric abnormalities, or various combinations of
these symptoms.5,6 Despite identification of more than
200 causative mutations, no strong genotype-phenotype
correlations in WD have been found.7 The hepatic course
of WD is diverse, ranging from self-limited hepatitis and
chronic active hepatitis to cirrhosis and fulminant hepatic
failure.6 No specific biochemical or genetic markers
firmly predict the severity of the disease or response to
treatment. Therefore, there is a great need for better
understanding of the molecular basis of WD and for
reliable models of copper-induced toxicity.

Several inbred rodent strains are available to study the
consequences of copper overload in the liver. The toxic
milk (tx) mouse and the Jackson tx mouse (tx j) have
missense mutations in Atp7b that do not disrupt Atp7b
synthesis but affect Atp7b function.8–11 The Long-Evans
Cinnamon rat (LEC rat) has a 300-bp deletion in Atp7b,
resulting in the loss of protein.12 All these animals accu-
mulate copper in the liver and show a wide spectrum of
liver pathologies ranging from nodular but otherwise phe-
notypically normal liver in the tx mice to massive necrosis,
fulminant hepatitis, and hepatocellular carcinoma in LEC
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rat livers.13–15 These variations could be due to species-
specific hepatic response to copper overload; however,
incomplete inactivation of Atp7b (in the tx mice) and/or
the involvement of other genes mutated in the inbred
animals cannot be excluded. (For example, LEC rats of
different lineage show markedly different propensity for
development of hepatocellular carcinoma; the reason for
this phenotypic variation is not clear and could be due to
additional mutations in one of the lineages14.) Conse-
quently, to better understand the effects of copper on
liver metabolism and to link directly inactivation of Atp7b
to specific liver abnormalities, we used genetically engi-
neered Atp7b�/� mice, a new model developed for anal-
ysis of WD.16 The initial advantages of these animals
compared to the other models include a well-defined
genetic background and the availability of the original
strain to serve as a control in comparative analyses.
Here, we demonstrate that Atp7b�/� mice also have bio-
chemical characteristics resembling WD patients and
display distinct and remarkable liver pathology. We con-
clude that these animals represent an excellent model for
analysis of hepatic copper toxicity.

Materials and Methods

Mice

The generation of the Atp7b�/� mice has been de-
scribed previously.16 Mice were maintained on strain
C57BLx129S6/SvEv and housed at the Oregon Health
and Science University Department of Comparative
Medicine according to the National Institutes of Health
guidelines on the use of laboratory and experimental
animals; animals of both sexes were used. Food and
water were provided ad libitum and no further treatment
was performed. Mice were fed with Rodent Diet 5001
(Lab Diet, St. Louis, MO), containing 13 ppm Cu, 70
ppm Zn, and 270 ppm Fe. Animals were euthanized at
given time points; livers were quickly removed, imme-
diately frozen in liquid nitrogen, and stored at �80°C.
Blood was collected by cardiac puncture and serum
was separated by centrifugation after blood coagula-
tion and stored at �80°C until further use.

Copper Measurements

Pieces of liver (50 to 100 mg) were homogenized in 500
�l of 0.1 mol/L sodium phosphate buffer (pH 7.5), 0.25
mol/L sucrose (buffer A) in a loose-fitting Dounce homog-
enizer. The copper content was then determined by
atomic absorption spectrometry using an AA-6650
atomic absorption spectrophotometer (Shimadzu Corp.,
Kyoto, Japan). Copper levels were normalized to the
amount of protein in the homogenate, which was deter-
mined by the method of Lowry and colleagues.17 Serum
copper concentration was measured directly by atomic
absorption spectrometry after dilution of the serum in
water. To determine daily urinary copper excretion, the
control and Atp7b�/� mice were placed into metabolic
cages, urine was collected throughout 24 hours, and the

copper content was measured by atomic absorption
spectrometry and corrected for volume. To measure the
distribution of copper between cytosol and membrane
compartments, the homogenate was centrifuged for 5
minutes at 500 � g to remove crude cell debris and then
at 125,000 � g for 30 minutes. The supernatant was
separated from the pellet, the pellet was resuspended in
buffer A, and copper was measured by atomic absorp-
tion spectrometry in both fractions.

The distribution of copper in a soluble fraction was
further analyzed by gel-filtration. The fraction was sepa-
rated on a Tricorn Superose 12 10/300 GL column (Am-
ersham Biosciences, Arlington heights, IL) equilibrated
with 0.05 mol/L phosphate buffer, 0.15 mol/L NaCl, pH
7.0. Molecular weight standards (Sigma Chemical Co.,
St. Louis, MO) including dextran (MW 2000 kd), bovine
serum albumin (MW 66 kd), trypsin Inhibitor (MW 20 kd),
cytochrome c (MW 12 kd), and aprotinin (MW 6.5 kd)
were used for calibration. Fractions (500 �l) were col-
lected; aliquots from each fraction were diluted 1:10 with
distilled water, and copper concentration was deter-
mined by atomic absorption spectrometry.

To examine distribution of copper in subcellular com-
partments, membranes were fractionated using a modi-
fied method of Fleischer and Kervina.18 Briefly, liver ho-
mogenates were centrifuged in several steps (10 minutes
at 500 � g, nuclei-enriched fraction; 15 minutes at
3000 � g, mitochondria-enriched fraction; 20 minutes at
15,000 � g, ER/Golgi-enriched fraction; and 30 minutes
at 125,000 � g, plasma membrane-enriched fraction).
The pellets were resuspended in 100 �l of water and
copper content was determined as described above.

Purification and Characterization of Nuclear
Fraction

Nuclei were isolated from frozen liver tissue using a su-
crose step gradient as described19 with the following
modifications. Tissue (300 mg) was homogenized in 0.8
ml of homogenization buffer [0.25 mol/L sucrose, 20
mmol/L HEPES, pH 7.5, 1 mmol/L MgCl2, and Complete
protease inhibitors (Roche, Indianapolis, IN)] in a Dounce
glass tissue homogenizer using eight strokes with a loose
pestle and then 10 strokes with the tight pestle. The
homogenate was centrifuged at 4°C for 10 minutes at
1000 � g. The supernatant was kept as postnuclear
supernatant and the pellet was resuspended in 1 ml of
1.6 mol/L sucrose and the same buffer as above. Resus-
pended material was layered on top of 2.2 mol/L sucrose
in the homogenization buffer, overlayed with homogeni-
zation buffer, and centrifuged at 75,000 � g for 45 min-
utes. The pellet from the 2.2 mol/L step contained purified
nuclei, while mitochondria were retained at the 2.2 mol/
L/1.6 mol/L interface.

To confirm purity of nuclei, 20 �g of fractions from the
sucrose step gradient were separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride for immunodetec-
tion. Mouse monoclonal anti-Na/K ATPase �1 (Affinity
Bioreagents, Golden, CO) was used to detect plasma
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membrane fraction; rabbit anti-cytochrome c � subunit
antibody was a kind gift from Dr. James Hare (Oregon
Health and Science University) and was used to identify
the presence of mitochondria. The rabbit anti-histone
H2B antibody was a kind gift from Dr. Hua Lu (Oregon
Health and Science University) and was used to indicate
presence of nuclear proteins. The staining was visualized
using secondary antibodies, coupled to fluorophore (anti-
mouse IgG-Alexa Fluor 680; Molecular Probes, Eugene,
OR; donkey anti-rabbit IgG-IRDye 800; Rockland, Rock-
ford, IL), and an Odyssey Scanner (LiCor, Lincoln, NE).
All incubations with antibody were at 1:10,000 dilution in
SuperBlock T20 (Pierce, Rockford, IL).

Analysis of Alanine Aminotransfersase (ALT) and
Ceruloplasmin

The activity of serum ALT was determined by automated
measurement (ANTECH-Diagnostics, Portland, OR). For
analysis of ceruloplasmin, 1 �l of serum was treated
before sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, either under reducing/denaturing conditions
(3.3% sodium dodecyl sulfate, 2.7% urea, 5% �-mercap-
toethanol, 62.5 mmol/L Tris, pH 6.8) to determine the total
amount of ceruloplasmin or nonreducing/nondenaturing
conditions (1% sodium dodecyl sulfate, 10% glycerol,
62.5 mmol/L Tris, pH 6.8) to separate the apo- and cop-
per-bound forms of ceruloplasmin. Proteins were trans-
ferred to Immobilon-P (Millipore, Bedford, MA) and
ceruloplasmin was detected using goat anti-human-cer-
uloplasmin antibody (Sigma). Ceruloplasmin activity was
evaluated by measuring the oxidase activity in serum
using two different protocols20,21 that produced consis-
tent results. The data shown in Figure 1C were generated
using the method from Schosinsky and colleagues.21

RNA Isolation for Microarrays

Total RNA was isolated from control and Atp7b�/� mouse
livers (three of each) using Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s recom-
mendations and purified using an RNeasy cleanup pro-
cedure (RNeasy mini kit; Qiagen, Valencia, CA). The
integrity of isolated RNA was electrophoretically verified
by ethidium bromide staining and by optical density (OD)
absorption ratio (OD260 nm/280 nm, �1.8). The RNA was
used for hybridization to the GeneChip Mouse Genome
430A Array (Affymetrix, Santa Clara, CA) at the Oregon
Health and Science University Microarray Core Facilities.
Analysis of data performed at the Microarray Core Facil-
ities revealed no change in the Atp7a-related signal.

Histology and Immunohistochemistry

The tissue sections were prepared by fixing livers in 10%
buffered formalin at pH 7.4 for 48 to 72 hours, transferring
to 80% ethanol, and then embedding in paraffin. The
sections were stained with hematoxylin and eosin (H&E),
periodic acid-Schiff with and without previous diastase

treatment, and rhodamine for copper. DNA synthesis was
evaluated with Mib-1 antibody to Ki67 (Novocastra,
Newcastle, UK) after antigen retrieval with ethylenedia-
minetetraacetic acid. Antibody dilution was 1:1000. �-
Fetoprotein was detected after microwave heating with
anti-mouse antibody (ICN, Irvine, CA); using a dilution of
1:3000. Antibody to mouse cytokeratin 19 was kindly
provided by Professor Lucie Germain (Laval University,
Quebec, Canada) and used after ethylenediaminetet-
raacetic acid antigen retrieval. Dilution was 1:20. Apopto-
sis was evaluated by the terminal dUTP nick-end labeling
in situ assay following the manufacturer’s protocol after
proteinase K digestion (Serologics Corp., Norcross, GA).

Electron Microscopy

Portions of liver were immersed in 3% glutaraldehyde in
0.1 mol/L phosphate buffer, pH 7.4. After overnight fixa-
tion they were transferred to 0.1 mol/L phosphate buffer
and then postfixed in 1% OsO4 for 2 hours. The tissue
was dehydrated in ethanol, rinsed in propylene oxide,
and embedded in Epon. Sections (400 �m) were cut on

Figure 1. Copper incorporation into ceruloplasmin is disrupted by Atp7b
inactivation. A: Total amount of ceruloplasmin in the serum analyzed under
reducing and denaturing conditions. B: Detection of holo- and apo-cerulo-
plasmin in the same samples after separation under nonreducing, nondena-
turing conditions. In both cases, the equal amounts of total serum protein
from four different 6-week-old WT and KO mice were analyzed. C: Oxidase
activity in serum of 6-week-old WT and KO mice. D: Daily urinary copper
excretion in 6-week-old WT and KO mice (n � 5 to 7; *statistical significance
for KO versus WT mice, P � 0.01).
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a Reichert ultramicrotome, stained with uranyl acetate,
and viewed and photographed in a JOEL 100CX trans-
mission electron microscope.

Results

Age-Dependent Changes in Copper
Concentrations in the Liver and Serum of
Atp7b�/� Mice

Hepatic copper accumulation is a diagnostic feature of
WD. Analysis of copper concentration in the livers from
24 Atp7b�/� (knockout, KO) and 27 wild-type (WT) mice
confirmed a statistically significant difference between
KO and WT animals at all ages (Table 1), in agreement
with our initial report.16 The highest level of copper was
detected at 5 to 6 weeks of age and did not change
significantly for the next 4 months. However, the excess
of copper compared to the control (the KO:WT ratio) did
increase from �18-fold at 5 to 6 weeks to �37-fold in
20-week-old mice due to decrease of copper in the WT
animals. Subsequently, the copper levels decreased in
both KO and WT animals by �50%, but the difference
between the control and KO samples remained high
(�12- to 18-fold) and statistically significant (Table 1).

A different trend was observed in the serum (Table 1).
At 5 to 6 weeks when concentration of copper in the liver
was already high, the serum copper remained similar to
the control levels. In the older KO animals, serum copper
peaked at 20 weeks and remained elevated (�2.3- to
2.9-fold), whereas in the WT mice it stayed unchanged.
There was no change in the serum copper concentration
in KO animals from 28 to 44 weeks of age.

The Generation of Holo-Ceruloplasmin Is
Disrupted in the Atp7b�/� Mice

Along with copper accumulation, another expected con-
sequence of Atp7b inactivation markedly decreased
copper incorporation into ceruloplasmin, a secreted cop-
per-dependent ferroxidase produced in the liver. In the
vast majority of WD patients, ceruloplasmin levels in the
plasma are reduced because of rapid elimination of apo-
protein,5 although levels of ceruloplasmin close to normal
were also reported.22 In the serum of Atp7b�/� mice, the
total amount of ceruloplasmin did not show marked

changes; it was reduced in some animals, but was com-
parable to the WT levels in others (Figure 1A). However,
when the same Atp7b�/� samples were analyzed under
nonreducing, nondenaturing conditions, which permit
separation of holo- and apo-ceruloplasmin,23 it became
apparent that all samples of Atp7b�/� serum contained
only apo-ceruloplasmin, whereas both apo- and
holo-ceruloplasmin were detected in the WT serum
(Figure 1B).

To further confirm that Atp7b inactivation results in
production of apo-ceruloplasmin, which is catalytically
inactive, we measured oxidase activity in serum samples
from control and KO animals. Marked decrease of ceru-
loplasmin-mediated oxidase activity in serum is a diag-
nostic feature of WD; similarly to WD patients, the oxidase
activity in the serum of the Atp7b�/� mice was markedly
reduced (Figure 1C) in full agreement with the observed
absence of holo-ceruloplasmin.

The lack of copper incorporation into ceruloplasmin
has further important consequences. Normally, copper
bound to ceruloplasmin constitutes vast majority (95%) of
total serum copper. When holo-ceruloplasmin is absent,
copper apparently binds to low-molecular weight mole-
cules, which can be filtered by kidney and excreted into
urine. In fact, markedly elevated levels of copper in the
urine represent one of the most reliable biochemical in-
dicators of WD in humans. Measurements of copper con-
tent in the urine of Atp7b�/� mice revealed that in these
animals urinary copper was highly elevated (Figure 1D),
reflecting increased amounts of copper, which can be
filtered. Thus, the major biochemical characteristics of
WD, such as intracellular copper accumulation, dis-
rupted copper incorporation into ceruloplasmin, low oxi-
dase activity in serum, and elevated levels of copper in
urine, were clearly observed in Atp7b�/� mice.

Copper-Induced Changes in Liver Morphology

Comparison of control and Atp7b�/� livers revealed
marked consequences of copper accumulation for liver
morphology. The magnitude of the effect correlated with
the length of exposure to elevated copper rather than
actual copper concentration in the liver. At 6 weeks, when
copper concentration is at its maximum level, the livers of
Atp7b�/� animals appeared slightly smaller than in WT
animals, but no obvious abnormalities in color or shape
were detected. Beginning at �20 weeks, the Atp7b�/�

Table 1. Age-Dependent Changes in Copper Concentration in the Liver and Serum of the Control Atp7b�/� (WT) and Atp7b�/�

(KO) Mice

Age (weeks)

Liver copper (ng/mg protein) Liver copper
ratio (KO/WT)

Serum copper (ng/ml) Serum copper
ratio (KO/WT)Atp7b�/� Atp7b�/� Atp7b�/� Atp7b�/�

6 82.3 � 37.4 1496.3 � 220.5* 18.2 480.6 � 47.8 412.3 � 195.4 0.9
20 37.2 � 16.6 1372.7 � 385.3* 36.9 728.2 � 208.4* 1648.8 � 337.2 2.3
28 34.2 � 17.4 627.2 � 85.9* 18.4 497.4 � 229.7* 1171.7 � 183.8 2.4
36 39.4 � 15.2 489.6 � 100.0* 12.4 503.6 � 102.3* 1179.9 � 485.8 2.3
44 36.8 � 12.9 573.9 � 55.9* 15.6 400.8 � 183.8* 1147.9 � 501.8 2.9

n � 3 to 7.
*Statistical significance for KO versus WT animals at the same age, P � 0.05.
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livers became enlarged, with brown and gray nodules
distinct from remaining normal parenchyma (Figure 2A).
The extent of changes was comparable in animals of 20
and 28 weeks, and nodules were found in all KO mice at
this age. After 36 weeks, the abnormalities were promi-
nent in all KO animals.

Light Microscopy and Immunohistochemistry

Microscopic changes in the Atp7b�/� livers can be di-
vided into three distinct phases depending on the age of
animals. At the age of 5 to 6 weeks, the pathology was
either absent or mild. In 50% of the 6-week-old mice (four
of eight mice examined) the histology was completely
unremarkable (Figure 2B, left). The other four mice had
focal hepatocellular swelling, necrosis, and inflammation
(Figure 2B, right). Glycogen stores were depleted in the
latter group, and enlarged pleomorphic nuclei with prom-
inent nucleoli were observed. Electron microscopy re-
vealed focally distorted and enlarged mitochondria (Fig-
ure 2C, left) and focally dilated bile canaliculi (Figure 2C,
right) even in the microscopically normal livers.

At the next stage (12 to 20 weeks and older), the pathol-
ogy was much more extensive despite the lack of further

increase in hepatic copper concentration. We observed
uniformly severe hepatocellular injury with widespread ne-
crosis and inflammation and remarkable nuclear enlarge-
ment with prominent nucleoli and vacuolization (Figure 3A).
Copper was detectable in the cytoplasm of a small fraction
of hepatocytes at this stage (not shown). Focal proliferation
of bile ducts, including elongation and focal proliferation of
small oval-like cells in the portal tract, was accompanied by
acute cholangitis in 3 of 10 mice (Figure 3B). Fibrosis was
found in 4 of 10 animals in relation to chronic inflammation
in portal tracts around the bile ducts. Scattered macro-
phages, some forming multinucleated cells, and focal ste-
atosis were also detected. Electron microscopy of the 12-
week-old KO livers revealed striking enlargement of nuclei
containing lipid droplets, pseudoinclusions, and very atyp-
ical fragmented nucleoli (Figure 3C), in half of the animals.
These dysplastic changes were accompanied by abundant
cytoplasmic accumulation of �-fetoprotein (Figure 3D).

Beginning at 28 weeks and continuing to 52 weeks,
there was remarkable restoration of normal architecture
of parenchyma and bile ducts in large portions of the liver
(Figure 3, E and G). Neither copper nor �-fetoprotein was
detectable and ultrastructural examination showed com-
pletely unremarkable hepatocytes (Figure 3H). However,

Figure 2. Macroscopic and microscopic changes in the Atp7b�/� livers. A: Control liver (left) and two Atp7b�/� livers (middle and right) illustrating different
degrees of pathological changes at 20 weeks. B: H&E staining at 6 weeks. Left: Unremarkable histology. Right: Enlarged hepatocytes, containing pleomorphic
nuclei, foci of single cell necrosis, and mild lobular inflammation. C: Electron microscopy of Atp7b�/� liver at 6 weeks. Left: Mitochondria have abnormal shape
and size, as in human WD. Right: A dilated bile canaliculus and microsteatosis of a hepatocyte. Original magnifications: �200 (B); �10,000 (C, left); �3000 (C,
right).
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in 4 of 14 mice beginning at 28 weeks of age and in all
mice older than 36 weeks, there were multiple foci of
extensive atypical proliferation of bile ducts, which was
accompanied by intense acute inflammation and fibrosis
(Figure 3, E and F). The number and complexity of ducts

increased dramatically, even as the hepatic parenchyma
was restored toward normal (Figure 3E). The inflamma-
tion becomes both acute and chronic and was associ-
ated with focal fibrosis in the expanded portal tracts. The
ducts were lined by a single layer of enlarged columnar
epithelial cells with hyperchromatic nuclei. Also, in sev-
eral foci of each liver, we observed extremely distorted
ducts lined by multiple layers of cells with high nuclear-
cytoplasmic ratio, hyperchromasia, and dispolarity, con-
sistent with displasia and probable carcinomatous trans-
formation (Figure 3F).

More detailed examination of the duct lesion (Figure 3,
I and J) showed marked complexity and irregularity of the
tubular structures and significant pleomorphism of the
epithelium, with the loss of usual basal nuclear polarity,
anisonucleosis, and occasional mitoses. These neoplas-
tic cells were positive for cytokeratin 19, but staining was
weaker than normal ducts in the same livers (not shown).
Apoptosis, as judged by terminal dUTP nick-end labeling
staining, was infrequent in these ducts (not shown), but
single cell necrosis was extensive. At 56 weeks, there
were small foci of hepatocellular dysplasia consisting of
smaller than normal basophilic hepatocytes with in-
creased nuclear-cytoplasmic ratio maintaining a plate-
like architecture.

ALT Activity

Activity of serum ALT is commonly used as an indicator of
hepatocellular injury, and ALT levels are often signifi-
cantly elevated in WD patients.24 Given marked age-
dependent differences in pathology, we examined
whether or not there was a correlation between serum
ALT and the extent of pathological changes in the KO
livers. The ALT levels in 6-week-old mice were elevated
up to 10-fold (507.0 � 294.0 IU/L in Atp7b�/� mice com-
pared to 51.3 � 21.4 IU/L in the control animals), despite
unremarkable liver pathology, and remained equally high
at the age of 20 weeks (513.7 � 108.1 IU/L in KO com-
pared to 71.3 � 16.3 IU/L in control). Subsequently, the
ALT level declined and at the age of 44 weeks became
very similar to those in control serum (60.0 � 11.4 in
Atp7b�/� mice and 101.3 � 28.4 in control), in agree-
ment with histological findings of restoration of liver pa-
renchyma in large parts of the KO livers.

Cytosol and Nuclei Are the Major Sites of
Copper Accumulation

To begin dissecting the biochemical basis of copper-
induced changes in the Atp7b�/� liver, the subcellular
distribution of copper was analyzed after fractionation of
liver homogenates. Livers at 6 weeks and 20 weeks were
compared, since at these ages copper concentration is
similar while the pathology is markedly different. In both
cases, accumulated copper was found predominantly
(�90%) in the cytosol (Figure 4A). After overnight dialysis
of cytosolic fraction using 3000-d cutoff membranes,
copper remained in the dialysis tubing (not shown), sug-
gesting that accumulated copper was bound to proteins

Figure 3. Extensive pathology, subsequent liver regeneration, and develop-
ment of cholangiocarcinoma. A: Inflammation and necrosis of markedly
enlarged hepatocytes with huge and deformed nuclei. B: Focal bile duct
dilation and diffuse lobular chronic inflammation. C: Electron microscopy of
a markedly enlarged nucleus with pseudoinclusions, lipid inclusions, and
fragmented nucleoli. D: The dysplastic changes in hepatocytes are revealed
by cytoplasmic accumulation of �-fetoprotein (brown). The central nodule of
regenerating hepatocytes is unstained. E: Restoration of normal parenchyma
(left) and tumor development (right). F: Focal extensive atypical prolifer-
ation of bile ducts and acute inflammation. G: Region of normal parenchyma
contains an unremarkable portal tract with intact bile duct. H: Electron
microscopy of a completely normal hepatocyte from the regenerating por-
tions of the liver. I and J: Examples of marked complexity and irregularity of
the tubular structures and significant pleomorphism of the epithelium, with
the loss of usual basal nuclear polarity, anisonucleosis, and occasional
mitoses. Original magnifications: �200 (A, D, G, I); �125 (B); �2000 (C);
�100 (E); �500 (F); �1200 (H); �360 (J).
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rather than to low-molecular weight compounds such as
glutathione or cysteine. This conclusion was confirmed
by the results of size exclusion chromatography (Figure
4B). A single peak of copper in a fraction with the 10- to
20-kd proteins was detected, indicating that copper was
bound to a specific protein or subset of proteins.

Copper was also elevated in the nonsoluble fraction
from the KO livers (approximately sevenfold; Figure 5A).
The nuclei-, mitochondria-, endosome-, and plasma
membrane-enriched fractions all showed copper accu-
mulation. However, the degree of copper overload varied
for different cell compartments. In the WT samples, cop-
per was almost evenly distributed among membrane
fractions with the least copper found in the nuclei-con-
taining fraction (Figure 5B). In contrast, in the KO mice
the relative amount of copper in the nuclei-containing
fraction was significantly increased, constituting �30% of
total membrane-bound copper (Figure 5B). Proportion-
ally less copper was found in the 125,000 � g pellet of
KO sample enriched in plasma membranes. The pattern
of copper distribution between different membrane frac-
tions was similar for the 6-week-old and 20-week-old
livers (Figure 5B).

Nuclear Copper Accumulation Is Associated
with the Changes in the Structure and Function
of Nuclei

Differential centrifugation generates fractions enriched in
certain cell compartments but does not yield pure or-
ganelles. Therefore, to verify our conclusion about accu-
mulation of copper in the KO nuclei, we purified nuclear
fractions from the control and age-matched KO livers
using a sucrose gradient25 and measured their copper
content. The purity of the nuclei was confirmed using
organelle markers (Figure 6A). In parallel, livers were
used for histology staining to characterize nuclear mor-
phology. These experiments demonstrated an 11- to 12-
fold increase in copper concentration in the KO nuclei
(Figure 6B), which was associated with marked increase
in nuclear size and appearance of prominent nucleoli
(Figure 6C).

To characterize the effect of copper on nuclei in more
detail we examined whether copper accumulation affects
nuclear function. This was evaluated by immunodetection of

Figure 4. Elevated copper accumulates mostly in the cytosol and binds to small molecular weight protein(s). A: Distribution of copper between membrane and
soluble fractions isolated from the liver homogenates of Atp7b�/� mice at 6 and 20 weeks. B: Size-exclusion chromatography of a soluble fraction (6-week-old
mice). The line indicates a protein elution profile, the bars indicate the concentration of copper in the fractions. The arrows point to the position of the molecular
weight markers.

Figure 5. Distribution of copper in subcellular fractions of control (WT) and
Atp7b�/� (KO) hepatocytes. A: Copper concentration in the total membrane
fraction from Atp7b�/� (black bars) and WT (white bars) livers at 6 and 20
weeks. B: Relative copper distribution in subcellular fractions enriched in
nuclei (500 g), mitochondria (3000 g), endoplasmic reticulum, Golgi, lyso-
some (15,000 g), plasma membranes (125,000 g). The total amount of copper
in fractions was taken as 100%.

Liver Pathology in Atp7b�/� Mice 429
AJP February 2006, Vol. 168, No. 2



a nuclear nonhistone protein Ki-67. Immunostaining of Ki-67
in tissues is strongly associated with cell proliferation and
increased DNA synthesis.26 Immunohistochemistry using
antibody Mib-1, which can detect Ki-67 in paraffin-em-
bedded tissues,27 revealed significant Ki-67 staining in
Atp7b�/� hepatocytes at all ages. Importantly, the staining
was observed at the early stages of copper accumulation in
the nucleus (at 6 weeks) before appearance of noticeable
histopathological alterations (Figure 7A).

We then examined whether restoration of normal pa-
renchyma concurrent with neoplastic transformation of
the ducts (see Figure 3F) correlated with changes in DNA
synthesis. At 12 weeks, frequent Ki-67 nuclear staining
was detected in hepatocytes (Figure 7B), while there
were very rare stained nuclei in the normal-appearing
portions of the Atp7b�/� livers at 44 or 56 weeks (Figure
7C). As described above, at these later stages the

Atp7b�/� livers also contain multiple foci of cholangitis
with foci of neoplastic transformation; in these regions,
the Ki-67 staining was very prominent in both the prolif-
erating ducts and nearby hepatocytes (Figure 7D). Inter-
estingly, the increase in DNA synthesis showed a gradi-
ent effect depending on proximity to the region of
proliferation. In the regions away from the proliferating
bile ducts, the Ki-67 staining was minimal (Figure 7E),
whereas in the vicinity of the expanding ductal neo-
plasms the hepatocytes showed distinct threefold to four-
fold increase in DNA synthesis (Figure 7F).

Discussion

The Atp7b�/� Mouse Is a Valuable Model for
Analysis of Copper-Induced Pathology in Liver

Availability of appropriate animal models is an important
step toward understanding and effective treatment of
WD. To facilitate development of such models, we have
characterized Atp7b�/� mice, genetically engineered by
targeted inactivation of the WD gene. We show that the
key manifestations of WD are preserved in these animals.
The Atp7b�/� mice accumulate copper in the liver, show
lack of copper incorporation into ceruloplasmin, marked
decrease of oxidase activity in plasma, and elevated
copper in urine. (At variance with humans, the mouse
apo-ceruloplasmin appears to be more resistant to pro-
teolytic degradation than human protein, as evidenced
by the presence of significant amounts of total cerulo-
plasmin in all Atp7b�/� sera). The Atp7b�/� mice show
dramatic morphological changes in the liver, which
progress from mild necrosis and inflammation to a wide-
spread hepatocellular injury and culminates with liver
regeneration and changes in the bile duct morphology
consistent with cholangiocarcinoma. Altogether, the
Atp7b�/� mice represent a very useful and interesting
model for analysis of copper toxicity in the liver. It is
particularly important that marked morphological and
biochemical changes, observed in these animals, can be
directly linked to inactivation of a single gene, Atp7b.

With this in mind, it is interesting to compare the
Atp7b�/� phenotype with the phenotype of LEC rats and
tx mice (the txj mice have not been characterized in
detail). There are clear similarities, including age-depen-
dent changes in copper concentration in the liver, delay
in development of pathological changes compared to the
rate of copper accumulation, and marked changes in
nuclear morphology. There are also significant differ-
ences. For example, LEC rats were reported to develop
hepatocellular carcinoma, while this tumor has not been
observed in the Atp7b�/� mice. Variation in frequency of
hepatocellular carcinoma between LEC rat lineages sug-
gests that in rats, gene(s) other than Atp7b may facilitate
development of this tumor.14 Interestingly, both lineages
of LEC rats display cholangiofibrosis, a condition preced-
ing development of cholangiocarcinoma, which we con-
sistently detect in Atp7b�/� mice (see below for details).

There are also clear differences between Atp7b�/�

mice and tx mice in two respects. The tx mice were

Figure 6. Accumulation of copper in the nuclei is associated with early
changes in nuclear structure and function. A: Analysis of the purity of nuclear
fraction using organelle markers. T, total homogenate; P, postnuclear super-
natant; M, crude mitochondria; N, nuclei; Na/K ATPase � 1, marker for
plasma membrane; cytochrome c, marker for mitochondria; histone H2B,
marker for nuclei. B: Copper concentration in the purified nuclear fractions.
C: H&E staining of liver sections from control and Atp7b�/� mice. All results
are for 6-week-old animals. Original magnifications, �600.
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reported to have severe neurological phenotype and to
die at the age of 2 weeks unless nursed by normal
dams.10 In contrast, Atp7b�/� mice display such symp-
toms infrequently (our data), either due to difference in
the background strains or presence of additional muta-
tions in the tx mice. In contrast to neurological symptoms,
the liver phenotype is milder in the tx mice compared to
Atp7b�/� mice and LEC rats. Although inflammation and
necrosis are reported, liver pathology develops later
compared to Atp7b�/� mice (or rats), and changes re-
sembling cholangiocarcinoma or hepatocellular carci-
noma are not observed. These differences in phenotypes
are likely due to presence in the tx liver of a mutant Atp7b
protein, which may have residual copper transport activ-
ity (no Atp7b protein is produced in either Atp7b�/� mice
or LEC rats). In fact, recent studies by Voskoboinik and
colleagues28 demonstrate that although the tx mutant
(Met1386Val substitution in Atp7b) has a markedly de-
creased copper-translocating activity in the in vitro vesi-
cle assay, the expression of mutant Atp7b in cultured
cells increases cell resistance to elevated copper indi-

cating that the mutant Atp7b retains some copper trans-
port activity. The availability of two mouse models with
partial and complete inactivation of Atp7b (the tx mice
and Atp7b�/� mice, respectively) seems particularly
valuable. Numerous WD-causing mutations have been
identified in patients; the effect of these mutations on
ATP7B intracellular localization and function vary signifi-
cantly.29,30 Therefore, two mouse models with different
degrees of Atp7b inactivation will help to better dissect
the phenotypic diversity, which is characteristic of WD.

Time-Dependent Changes in Copper
Concentration

It is notable that with age copper levels decline in both
control and Atp7b�/� animals (this report and Buiakova
et al16). Similar age-dependent decrease in hepatic cop-
per was reported in copper overloaded rats31 and in tx
mice.8 Since the expression of Atp7b in the WT liver

Figure 7. Detection of proliferation marker Ki-67 using immunostaining with Mib1 antibody in the Atp7b�/� livers at different stages of the disease. A: Six weeks:
increased hepatocellular DNA synthesis (black nuclear staining) before detectable hepatocellular injury. B: Twelve weeks: many positive hepatocytes at time of
maximal injury. C: Forty-four weeks: normal-appearing hepatocytes with minimal DNA synthesis. D: Forty-four weeks: the proliferating bile duct epithelium is
strongly positive. E: Fifty-six weeks: minimal hepatocyte staining distant from the cholangitis. F: Fifty-six weeks: increased DNA synthesis in the vicinity of the
proliferating bile ducts. Original magnifications, �200.
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decreases significantly with age,32 the observed decline
in copper concentration is likely due to age-dependent
up-regulation of copper-handling mechanisms indepen-
dent of Atp7b. The molecular nature of such mechanisms
is currently unknown. However, the involvement of the
ABC-type transporter MRP2 in the export of copper under
conditions of metal overload makes MRP2 an interesting
candidate for this role.33

Accumulated Copper Induces Distinct
Pathological Changes in the Liver

The morphological changes in the Atp7b�/� livers are
also age-dependent and striking, particularly in older
animals. We observed a frequent occurrence of cholan-
giocarcinoma after earlier hepatocyte dysplasia and bile
duct proliferation. The dysplastic changes in the duct
epithelium are very severe and consistent with neoplastic
transformation, although we did not find any metastases
to prove the point. To our knowledge, this is the first
description of a mouse model for this tumor. (Hereto-
fore animal models of cholangiocarcinoma have been
limited to the Syrian hamster with chemically inducible
tumors34–36.) Interestingly, although tumors are rare in
WD, cholangiocarcinomas have been described in sev-
eral case reports37–41 as well as in a recent retrospective
study of 363 WD patients,42 suggesting higher frequency
of malignancies (cholangio- and hepatocellular carcino-
mas) in patients with WD than in the control population.

The ductal pathology in the older Atp7b�/� mice
closely resembles the cholangiofibrosis described and
depicted by Schilsky14 and colleagues in the LEC rat.
Although cholangiocarcinomas were not observed in the
rats, the authors mentioned the presence of apparent bile
duct adenomas and acknowledge the potential for ma-
lignant transformation. Altogether, the occurrence of hep-
atomas in LEC rats and our observation of spontaneous
development of cholangiocarcinoma in most Atp7b�/�

mice indicate that prolonged copper accumulation is
associated with increased susceptibility to cancer. The
availability of animal models for study copper-induced
tumorigenesis has important implications for understand-
ing and treatment of hepatic malignancies.

The restoration of major portions of the Atp7b�/� liver
after prolonged exposure to elevated copper is another
striking observation. Between 20 weeks, when virtually
every hepatocyte was injured, and 28 weeks, when the
first examples of completely normal architecture and cy-
tology were observed, the liver’s remarkable capacity for
regeneration was apparent. This phenomenon is unlikely
due to spontaneous reversal of the Atp7b�/� mutation
because the large portion of the Atp7b gene-coding re-
gion corresponding to exon 2 has been removed in these
animals and the neomycin cassette was inserted.16 We
cannot, however, exclude the possibility of an induced
splicing event, which would generate a shorter Atp7b
mRNA and truncated but functional protein. The experi-
ments testing this hypothesis are currently underway in
our laboratory. Alternatively, liver recovery could be due

to induced expression of Atp7a, another copper-trans-
porting ATPase, that normally is expressed in embryonic
liver.43 We examined this latter possibility by hybridizing
total mRNA extracted from control and Atp7b�/� liver with
Affymetrix oligonucleotide arrays (see experimental pro-
cedures). Although a number of genes showed changed
levels of expression, elevation of the Atp7a message was
not observed (data not shown) arguing against signifi-
cant Atp7a involvement in liver recovery.

Nuclear Involvement in the Initial Response to
Copper Accumulation

Our results indicate that copper accumulation in nuclei has
marked effect on nuclear morphology and function. Previ-
ously, elevated copper was detected in hepatic nuclei of
WD patients44 and copper-overloaded sheep,45 rats,31 and
tx mice,46 indicating that nuclear copper accumulation is a
species-independent phenomenon. Increase of nuclear
copper in the KO animals is associated with appearance of
Ki-67 immunostaining, pointing to increased DNA synthe-
sis. It seems highly significant that both marked increase in
nuclear size and appearance of the proliferation marker are
observed at the very early stage of copper overload, before
development of significant pathological changes. This ob-
servation suggests that nucleus is an important and per-
haps initial target of copper toxicity and gives support to the
hypothesis that WD pathology occurs as a consequence of
nuclear disorganization.31,47

We do not exclude the role of other organelles in cell
response to elevated copper. In fact, our studies demon-
strate that copper accumulates in several cell compart-
ments and has a distinct effect on mitochondria morphol-
ogy, including changes in mitochondria shape and
appearance of high-density deposits, just as in the human
WD liver. At the same time, the nuclear response to copper
accumulation and/or to WD progression may be under-
appreciated. Not only are there significant changes in DNA
synthesis before development of pathological changes (see
above), but there is a strong correlation between the num-
ber of hepatocytes synthesizing DNA and spatial proximity
of hepatocytes to the foci of inflammation and neoplasia.
Further studies will determine whether or not the observed
gradient in nuclear activity is associated with the gradually
changing levels of intracellular copper in corresponding
regions or if more complex mechanisms are at play.

In summary, the Atp7b�/� mice represent a valuable
model for analysis of consequences of copper accumu-
lation in the liver. Several important phenotypic charac-
teristics of the Atp7b�/� mice resemble the WD pheno-
type, encouraging utilization of these animals for
dissecting the WD pathology. The early involvement of
nuclei, the development of cholangiocarcinoma, and re-
markable regeneration of liver after prolonged exposure
to copper illustrate a marked complexity of copper biol-
ogy and suggest important changes in the hepatocellular
genetic programs triggered by elevated copper.
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