





























































































































































































































































































































































































































































































































































































































































































































































































































































































































Isolina Fuentealba

crisis. En frotis sanguineos obtenidos durante
O inmediatamente después de un episodio
hemolitico, se ha observado fragmentacion de
globulos rojos, anisocitosis, poiquilocitosis, po-
licromasia. cuerpos de Howelj Jolly y ocasional-
mente normoblastos. Los cuerpos de Heinz se
detectan en hasta un 159, de los eritrocitos.
La recuperacion del episodio hemolitico esta
asociada con reticulocitosis (Ishmael y col,
1972).

ishmael y col. (1972) informan que duran-
te el periodo pre-hemolitico existen leves fluc-
tuaciones en los valores leucocitarios; pero du-
rante la hemolisis se ha detectado un incremen-
to de 2-3 veces, junto a un aumento en el
porcentaje de neutrdfilos. Esto ultimo puede
deberse a un estimulo proveniente de las células
hepiticas danadas.

Experimentalmente se ha observado que al
aumentar los niveles de cobre aumenta la activi-
dad de enzimas séricas, tales como dehidrogena-
sa lictica, “transaminasa glutimico oxalacética”
y enzimas hepdticas especificas, como arginasa,
sorbitol dehidrogenasa y glutamato dehidroge-
nasa. Esto se ha observado varias semanas
previas a la hemolisis. Inmediatamente antes
y/o durante ella, ademds del aumento de acti-
vidad de las enzimas ya mencionadas, ocurre
aumento de los niveles de transaminasa glutd-
mico pirtvica (Todd y Thompson, 1963: Ish-
mael y col., 1972; Gopinath y Howell, 1975).
Se ha informado que en aquellos animales que
sobreviven a una crisis hemolitica, la actividad
de las enzimas baja después de ln hemdlisis y
aumenta nuevamente antes o durante la hemo-
lisis subsecuente (Ishmael y col., 1972, Gopi-
nathy Howell, 1975).

HALLAZGOS ANATOMOPATOLOGICOS

No se han observado lesiones macroscopicas
en ovinos sacrificados durante el periodo pre-
hemolitico; sin embargo, histologicamente esta
fase se caracteriza por tumefaccion turbia y
necrosis de algunos hepatocitos, hipertrofia e
hiperplasia de las células de Kupfer, cuya inten-
sidad depende de la cantidad de cobre entrega-
da en la racion (Ishmael y col., 1971).
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En la crisis hemoiitica se describe aumento
de tamano del higado, el cual presenta consis-
tencia friable v color que varra desde amarnillo
anaranjado a café amarillento. Los rifiones se
observan aumentados de tamafio, de color rojo
oscuro o café rojizo (Adamson v Valks, 1969:
Ishmael y col., 1971: Gopinath y col., 1974:
Gopinath 'y Howell, i975: Soli y Nafstad,
i1976: Arora y col., 1971: Gooneratne y Howell.
1983). El bazo se encuentra aumentado de ta-
mano v su consistencia es friable (Ishmael y
col., 1971: Arora y col., 1977).

Los principales cambios histopatoidgicos
observados durante la fase hemolitica en el
higado son dreas focales de necrosis de las cé-
lulas hepiticas y acumulacion de pigmento
biliar en los canaliculos biliares (Ishmael y col.,
1971; Gopinath y Howell, 1975). En el rifion
se ha informado aumento de la eosinofilia,
degeneracion, vacuolizacion, necrosis y desca-
macion del epitelio tubular; sobre todo a nivel
de los tubulos contorneados proximales. Las
células epiteliales contienen granulos eosinofy-
licos refractiles de tamaifio variable, los que se
tifien positivamente para cobre y fierro; algunos
tibulos renales se observan marcadamente
dilatados y contienen cilindros hialinos (Gopi-
nath y col., 1974; Gopinath y Howell, 1975;
Soli y Nafstad, 1976; Gooneratne y Howell,
1983). La degeneracion y necrosis de las células
de los tibulos renales se deberian a la combi-
nacion de hemoglobinemia e hipercupremia
(Gopinath y col., 1974). En el bazo existe ne-
crosis intrafolicular y se observan eritrocitos
fragmentados y hemosiderina dentro de las
células fagociticas de la pulpa roja y dreas
perifoliculares (Soli y Nafstad, 1976). A nivel
de cerebro y médula espinal ocurre espongiosis
(Ishmael y col., 1971; Morgan, 1973; Howell
y col., 1974; Gopinath y Howell, 1975).

Durante la fase post-hemolitica se observa
coloracion pidlida del higado y ausencia de
lesiones macroscopicas. Los rifiones pueden
aparecer normales o tumefactos, de color café
oscuro o negros (Gopinath y Howell, 1975;
Gooneratne y Howell, 1983).

En ovinos muertos durante la fase post-



hemolitica se encuentran grandes cantidades de
pigmento biliar en las canaliculos. aumento de
la actividad fibrobldstica en las triadas portales
y proliferacion de ductos biliares (Ishmael y
col., 1971: Gopinath y Howell, 19753). A nivel
renal se detecta aumento del tejide fibroso
intersticial, ademas de las lesiones observaaas
durante la fase hemolitica (Gopinath y col.,
1974; Gopinath y Howell, 1975; Gooneratne
v Howell, 1983). La funcion renal mejora con
cl tiempo, a pesar de que cuando cesa la hemo-
lisis aun existen evidencias histologicas de dano
renal, lo cual indica que los nefrones sanos o
ligeramente danados son capaces de suplir
funcionalmente a aquellos irreversiblemente
afectados (Gooneratne y Howell, 1983).

En cortes de higado de ovinos intoxicados
en forma crénica también se ha informado pre-
sencia de granulos intracitoplasmiticos tefiidos
positivamente para cobre en los hepatocitos,
células de Kupfer, macrofagos de las triadas
portales y células epiteliales de tabulos renales.
Mediante el empleo de técnicas histoquimicas
para cobre, se ha demostrado que estos granulos
intracitoplasmiticos son lisosomas (Ishmael y
col.. 1971: Gopinath y col., 1974).

Existen pocos trabajos sobre cambios ul-
traestructurales y mediciones morfométricas en
higados de ovinos con intoxicacion cronica por
cobre. Gooneratne y col., (1980) encontraron
que al aumentar la cantidad de cobre en la ra-
cion hay un aumento en el nimero de hepatoci-
tos que sufren degeneracion y necrosis; ademds
de aumento de tamano de los lisosomas dentro
de los hepatocitos. Estos mismos autores obser-
varon algunos cambios ultraestructurales en
musculos, tales como tumefaccion, vacuoliza-
cion, fragmentacion de cristas, formacion de
membranas mitocondriales, degeneracion de las
miofibrillas y separacion entre los sarcomeros.

PREVENCION Y TRATAMIENTO

Para prevenir la intoxicacion cronica en
ovinos se ha recomendado el uso de molibde-
no y SO4 (Harker, 1976; Suttle, 1977). La inci-
dencia de intoxicacion cronica puede reducirse
al incorporar 4 mgs de molibdeno y 4 grs de

Intoxicacion por cobre en ovinos

SO4 por kilo de materia seca de alimentos con-
centrados (Sutile. 1977)

Gooneratne v col.. (1981) describen la ad-
ministracion de tiomolibdato por via endoveno-
sa. Estos autores sostienen que dosis de 100 mg
de tiomolibdaro. dos veces a la semana. previe-
nen ei desarrollo de hemdlisis y ademas la acu-
mulacion excesiva de cobre en el higado. Mas
aun. senalan que la administracion de 50 mg de
tiomolibdato en el primer dia de hemolisis, se-
guido de la misma dosis dos veces a la semana,
serfa efectiva en el tratamiento de crisis hemoli-
tica y en la prevencion de hemdlisis posteriores.
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Evaluation of histochemical methods for the
detection of copper overload in rat liver

I. C. FUENTEALBA, S. HAYWOOD AND J. TRAFFORD
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Liverpool, Liverpool, UK

ABSTRACT — Histochemical methods have invariably shown a good correlation with
copper analysis by absorption spectrophotometry in the identification of canine copper
storage diseases. But, in Wilson's disease (WD) in humans no such correlation exists
and similar discrepancies have also been observed in copper-loaded rats. This study
attempts to quantify stainable copper in the livers of copper-loaded rats and relate
this to the hepatic copper concentrations. Male rats fed a high copper diet (1500 ppm)
for 16 weeks were killed at intervals. The livers were analysed for copper and graded
according to stainable copper present in paraffin sections stained with rhodanine
and rubeanic acid. Initially there was a good correlation between histochemically
demonstrable copper and its total concentration, but subsequently, when high liver
levels of the metal were present, copper staining was very variable. This unreliability
has similarities with WD, in which the higher hepatic concentrations of presymptomatic
patients are difficult to detect by conventional copper stains. The variation in the
binding of copper and its intracellular localisation suggested by these results may have

considerable significance in the pathogenesis of copper storage diseases.
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Copper toxicosis, associated with the accumu-
lation of copper in the liver. has been reported in
man (1), Bedlington terriers (2). West Highland
White terriers (3). and in sheep (4). Elevated
hepatic copper can be identified for diagnostic
purposes by either histochemical means or atomic
absorption  spectrophotometry.  Histochemical
methods are faster and less costly (5). and rho-
danine, which stains tissue-bound copper (6). has
been shown to provide a semi-quantitative analy-
sis when compared with atomic absorption values
in Bedlington terriers (7. 8. 9). However. in Wil-
son’s disease in young patients with very high liver
copper concentrations copper staining is unre-
liable (10. 11). Also. in the copper-loaded rat.
there is evidence that stainable copper does not
always compare with total copper concentration

measured by spectrophotometric analysis (12, 13).
The aim of this study was to quantify stainable

copper in the livers of copper-loaded rats and to

relate this to the hepatic copper concentrations.

Material and methods

Malce weanling Wistar rats of uniform age and weight
were caged and fed a pelleted diet (Labsur Animal Diet.
RHM Agriculture South Ltd.) containing 1500 ppm cop-
per (range 1300-1800 ppm) and killed in groups of four
at1.2.3.4.5. 6.8. 12 and 16 weeks. Similar groups of
control animals were fed the unsupplemented diet (Cu
content 10-20 ppm) and killed at 1.4, 8.12and 16 weeks.
Food and water were frecly available to all animals.

The livers were removed (. histological preparation
and copper analysis, samples being taken from the right
median lobe for both purposes (14).
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Histochemistry

Sections from formalin-fixed blocks of liver routnely
processed and paraffin-embedded were cut at 5 ym and
stained for copper. Tissue sections were incubated in
rubeanic acid at room temperature for 72 h and counter-
stained alternatively with neutral red and metanil yellow.
The modified method of Okamoto & Utamara was used
for rhodanine counterstained with haematoxvlin (15).

The copper-stained slides were graded by two pathol-
ogists (I.LF. and S.H.). using a | to 4 point system based
on the number and size of copper-containing granules
within the cytoplasm of the hepatocytes, according to
their zonal distribution.

0 = absence of granules

+ = few very small granules

s e = many small granules

+++ = numerous small to medium size granules

+ + + + = cells saturated with small to medium size
granules

+ + +/0 = considerable individual variation, many
cells being negative for copper.

Copper analysis

All glassware was soaked before use for 48 h in 0.1
mmol/| nitric acid. followed by three 24-h washes each
in deionized water, rinsed, drained and dried in a hot-
air oven at 70 C.

Triplicate 0.3 g samples of liver were removed with
plastic knives, oven-dried at 70 C and digested in Aristar
grade 70% nitric, 70% perchloric acid (2:1) in Pyrex
glass test tubes using the following procedure: 70 C for
30 min. 150 C for 30 min. 250 C for | h and 300 C for
I h in a heating block: each batch of 24 included three
recoveries. The copper content was analysed in an IL
Atomic  Absorption Spectrophotometer (Instrumen-
tation Laboratory Inc. USA). Precinorm “U" Q.C.
serum (BCL) was used to monitor the performance of the

Table |

spectrophotometer. Standardisation was with a solution
containing 2 and 4 ppm copper in 0.1 mmol | HCI pre-
pared from 15.7 mmol | cupric nitrate stock solution
“Spectrosol™ (BDH).

Liver copper concentrations are expressed as the mean
and standard error of the mean. in pg g of liver on a
dry weight basis.

Statistical analyses employed Student’s /-test and the
Pearson-Moment coelficient correlation.

Results

Histochemistry

As seen in Table 1. copper could be demonstrated
initially after 2 weeks of copper-loading in the
hepatocytes of all zones of the hepatic lobules.
This sparse distribution of copper remained con-
stant within the central zone throughout the trial
period. Meanwhile copper staining increased in
intensity in the two outer zones, achieving maxi-
mum intensity in the outer zones at 5 weeks (Fig.
1). The metal was identified only in copper-con-
taining granules within the cytoplasm of the
hepatocytes. Before this time there was a remark-
able uniformity of staining between individual
livers at any one sampling point. There were no
differences between the sensitivity of rubeanic acid
with the different counterstains and rhodanine.
At 5 and 6 weeks, differences appeared in the
response; although six livers demonstrated maxi-
mum staining intensity, the other two displayed
diminished copper-staining in the outer zones
(Fig. 2). This loss of staining intensity was very

Hepatic copper concentration and histochemical grading with rubeanic acid and rhodanine staining in copper-

loaded rats

Histochemical grade

Time Copper concentration .
(weeks) (pg g)t Central zone Midzone Periportal zone
! 411.0 +40.1 0 0 0
2 94304348 # T +
3 1478.25+59.5 + ++ ++
4 1967.75 +63.5 - +++ + 44
5* 2899.5+60.1 + F4+++ +++
6* 2888.0 4+ 57.3 - +4++ +++
8 2057.54+134.1 + +++/0 +4+4/0
12 2645.75+107.8 + +++/0 +++/0
16 1928.25+90.9 + ++/0 ++/0

* One rat had copper granules varying from + + + 0 in the outer zones.

+ mean + SE of mean (n=4).
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variable between individual cells, some of which
apparently contained no copper whereas others
remained saturated (Fig. 3). Subsequently the
livers from all animals killed displayed a similar,
progressively diminishing intensity of copper-
staining.

No copper was detected in the livers of control
animals.

Liver copper content

The liver copper content rose to 2899.50 4 60.1
pg/g at 5 weeks and remained high until week 8
(2957.54+ 134.1 pg/g). after which it began to fall,
and at week 16 the liver copper concentration was
significantly less than at week 8 (p <0.05).

The liver copper content in control rats varied
from 19+0.39 to 28.75+2.3 pg/g.

Up to weeks 5-6, there was a good correlation
(r=0.78) between quantitative copper determi-

179
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Fig. 1. Liver from a rat after 5 weeks of copper-loading (Cu concentration 2920 pg/g) showing the presence of
numerous copper-positive granules in the periportal. midzonal hepatocytes. Rhodanine and haematoxylin (x435).

nation and the light microscopic grading of cop-
per-stained sections of liver tissue, and no differ-
ences were found between the two pathologists’
scoring. However, from 8 to 16 weeks of copper-
overload. despite the very marked loss of overall
staining intensity and persistently high copper
concentrations, no comparison could be made
since the grading system no longer strictly applied
in a quantitative fashion, and some subjective
variation in scoring was noted.

Discussion

In the present study no differences were found
between the sensitivity of rhodanine and rubeanic
acid staining in the detection of copper. In canine
copper storage diseases, rubeanic acid has been
found to be superior to rhodanine staining for

detecting threshold levels of copper in livers, and
both methods have shown a good correlation with
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Fig. 2. Liver from a rat after 6 weeks of copper-loading (Cu concentration 3151 pg/g) showing the loss of overall
copper staining intensity. Rhodanine and haematoxylin ( x 435).

copper content measured by atomic absorption
spectrophotometry (7. 8).

The findings from this study confirm the orig-
inal observations (12, 13) that copper stains are
unreliable for detecting copper-overload in rats.
They also contribute to a better understanding of
canine copper toxicosis, in which histochemical
methods have invariably shown a good corre-
lation with analysis by absorption spectrophoto-
metry (7-10). and Wilson’s disease, where no such
correlation exists (11).

The rat is an interesting species in that it is less
susceptible to cumulative copper poisoning than
certain species such as the sheep and the pig (1).
A reason for this is that rats can adapt to tissue-
damaging doses of copper (12. 16). An investiga-
tion into the mechanisms of this response (17)
found that, following initial storage of copper in
hepatic lysosomes. the nucleus appeared to take
up excess copper; the saturation of this organelle

coincided with the onset of severe cellular distur-
bance. Subsequently, liver copper levels fell; this
was associated with renal excretion of excess cop-
per; cellular recovery took place and the animals
became tolerant (17).

It is thought that excess liver copper is excreted
from the liver into the blood in a transportable
form and removed by the kidney. The period of
adaptation reflected by changes in liver copper
from a stainable to a non-stainable form may
represent a change from lysosomal storage of cop-
per to a soluble and more transportable form.

The differences with respect to staining in cop-
per storage diseases may be concerned with the
intracellular localisation and binding of copper,
and probably indicate a real difference in the path-
ogenesis of the human and canine forms.

Intralysosomal copper metallothionein (Lys-
Cu-MT) has been demonstrated in considerable
quantities in Bedlington terrier toxicosis (18),
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Fig. 3. Liver from a rat after 6 weeks of copper loading. Note the variability of copper-positive granules within
individual hepatocytes. Rhodanine and haematoxylin ( x 710).

whereas in Wilson's disease lysosomal-bound cop-
per is not marked in the early stages of the disease
despite high levels of the metal, although a diffuse
distribution of copper has been identified (10, 1 1).

The discussion so far has concerned itself solely
with demonstrable cytoplasmic copper but it is
interesting to note that histochemical staining has
not demonstrated copper in the nucleus of copper-
loaded rats (16, 17), sheep (4. 19, 20) or man (6).
despite considerable evidence of nuclear seques-
tration of the metal (21). It is clear that not all
intracellular copper is in a stainable form, and
that only particular bound forms take up copper
stains. It can be concluded that although copper
stains can be useful in certain defined circum-
stances, their value as a diagnostic aid unsup-
ported by copper analysis is limited.
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Variations in the Intralobular Distribution of Copper
in the Livers of Copper-loaded Rats in Relation to
the Pathogenesis of Copper Storage Diseases
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There are differences in the hepatic intralobular distribution of copper in
copper storage related diseases which may be of pathogenetic significance.
Male rats fed a high copper diet (1500 ppm) for 16 weeks were killed at
intervals in an attempt to compare copper distribution in their livers with
those in human, canine and ovine copper toxicosis. Copper was found to
accumulate almost exclusively in the periportal and mid-zones of the rat liver
lobules and was associated with progressive pathological changes which
included focal and periportal degeneration and necrosis. This pattern of
copper distribution contrasts markedly with the centrilobular retention
reported in familial canine copper toxicosis and chronic copper poisoning in
sheep which suggests that, in these conditions, a secretory deficiency may be
less important than a metabolic zonal defect of intracellular copper metabo-
lism. The pathological changes observed in copper-loaded rats have a
different micro-anatomical localization from those in dogs and sheep, but
show similarities to the early changes reported in the latter species and
indicate the possibility of a similar cellular lesion.

Introduction

Copper toxicosis, associated with increased hepatic copper content, occurs as a
familial disorder (Wilson’s disease) in man (Underwood, 1977) and has been a
well recognized problem in sheep for many years (Soli, 1980). More recently,
inherited copper storage diseases have been reported in Bedlington Terriers
(Hardy, Stevens and Stowe, 1975) and West Highland Whites (Thornburg,
Shaw, Dolan, Raisbeck, Crawford, Dennis and Olwin, 1986).

A study of the pattern of copper distribution in chronic liver disease in man
showed that cholestatic disease such as primary biliary cirrhosis is character-
ized by a periportal granular (lysosomal) deposition of copper, whereas
staining in Wilson's disease is more diffuse and without a particular lobular
pattern (Goldfischer, Popper and Sternlieb, 1980). By way of contrast, in
copper storage discases in the Bedlington and West Highland White, copper
has been identified almost exclusively in the centrilobular zones (Twedt,
Sternlicb and Gilbertson, 1979; Ludwig Owen, Barham, McCall and Hardy,
1980: Erikkson, 1983; Thornburg ef al., 1986; Haywood and Fuentealba,
1987).

A similar distribution of copper has been reported in copper toxicosis in
sheep (Ishmael, Gopinath and Howell, 19715 Gooneratne, Howell and Graw-
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thorne, 1976) although there is some disagreement on this (King and Bremner,
1979; Olsen, 1979).

The study of copper accumulation in the livers and kidneys of rats on high
copper diets is proving of considerable value for the investigation of the
mechanism of copper overload (Haywood, 1980, 1981, 1985; Haywood and
Loughran, 1985; Haywood, Loughran and Batt, 1985). The purpose of the
present study was to explore quantitatively the pattern of copper deposition
and associated changes in the livers of copper-loaded rats. It was hoped
thereby to establish a basis for the interpretation of the hepatic deposition of
excess copper and help to provide an explanation for variations in copper
build-up in the different copper associated diseases.

Material and Methods

Thirty six young male weanling Wistar rats of uniform age and weight were caged and
fed a pelleted diet (Labsur Animal Diet, RHM Agriculture South Ltd) containing
1500 ppm copper (range 1300 to 1800). Twenty control animals were fed the
unsupplemented diet (Cu content 10 to 20 ppm). Food and tap water were freely
available to all animals. Groups of 4 rats on the supplemented diet were sampled at 1,
2,3, 4,5, 6, 8 12 and 16 weeks. They were killed by exposure to CO, followed by
cervical dislocation. Control rats were similarly treated at 1, 4, 8, 12 and 16 weeks. The
livers were removed for histological preparation and copper analysis, samples being
taken from the right median lobe for both purposes (Haywood, 1981).

Histology

Transverse sections were taken at approximately 0-5 mm from the ventral border of
the right median lobe and the formalin-fixed blocks of liver were routinely processed,
embedded in paraffin wax cut in 5 pm thick and stained with haematoxylin and eosin
(HE).

Fr)om all HE sections the total area of the tissue was measured with a digitaser tablet
linked to a VIDS III image analysis program running on an IBM compatible
computer (COMCEN). The sections were examined with a 40 X objective and the
cellular changes recorded as the number of hyperchromatic hypertrophic parenchymal
cells per high power field and the number of inflammatory foci per mean total area of
69-6 £ 12:2 mm?. Necrosis was identified in single cells and focal aggregates and the
severity graded on the following scale: mild= +; moderate= + +; severe= + + +.

Histochemistry
The following stains were used for the demonstration of intracellular copper:

Rubeanic acid: tissue sections were incubated at room temperature for 72 h and
counterstained alternatively with neutral red and metanil yellow (Uzman, 1956).
Rhodanine: the modified method of Okamoto and Utamara was used (Lindquist,

1969).

The stained slides were graded as described in a previous study (Fuentealba,
Haywood and Trafford, 1987).

Copper analysis
Triplicate 0-3 g samples of the right median lobe of the liver were removed with plastic
knives and analysed for copper (Fuentealba et al., 1987).
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Liver copper concentrations are expressed as the mean and the standard error of the
mean, in pg of copper per g of liver on a dry weight basis.

Results

Histological changes

The following changes are recorded in Table 1.
Week 1. Minimal changes were observed in the livers of the copper-supple-
mented groups and consisted of a few individual necrotic cells and mononuc-
lear cells with no particular zonal distribution.
Week 2. Scattered foci of hypertrophied parenchymal cells with enlarged nuclei
and homogeneous intensely stained cytoplasm appeared in the periportal
zones, associated with minimal mononuclear cell response. A sparse distribu-
tion of particulate copper was present in the cytoplasm of the hepatocytes in all
zones. ‘
Week 3. Inflammatory foci were clearly established (Fig. 1), although limited
mainly to the periportal zones. These lesions consisted of hypertrophied
hyperchromatic parenchymal cells undergoing necrosis with an associated
inflammatory response of polymorphonuclear neutrophilic leucocytes and
mononuclear cells.

There were many granules of copper in the cytoplasm of the parenchymal
cells of the outer (periportal and mid-zone) areas.
Week 4. Abundant hypertrophic hyperchromatic parenchymal cells occupied
the outer zone (Fig. 2). Multiple foci of inflammatory cells were present.
Copper deposition was very marked in the outer zones and was characterized

Table 1
Pathological changes, hepatic copper concentration and histochemical copper grading with
rubeanic acid and rhodanine staining in copper-loaded and control rats

Time No. hypertrophic Necrosis  No. inflammatory Copper Histochemical grade
{weeks) hyperchromatic Joct per concentration
cells per high power slide* (ug per g)+  Central (peria- Outer (mid and
Sfield cinar) zone  periportal)
20nes
1 ] + 10 411+40 0 0
2 10?2 + 10 10 20 934+35 + +
3 lw3 ++ 20 to 30 1479 £ 60 + ++
4 3106 ++ + 30 t0 40 1968 + 64 + + 4+ +
5106¢ 6 ++ + Diffuse 2900+ 60 + ++++
8 6 + + Diffuse 2888 + 57 + +++ w00
12 6 ++ 10 10 20 2958+ 134 + +++ 100
16 6 - 10 26464 108 + ++ 10
Control§ 1 — 10 20+ 1 0 0

* Mean total area=696 £ 122mm’.
t Mecan £s.E. of mean.
+ Two rats had copper granules varying from + + + 10 0 in the outer zoncs.

§ Sum of 5 groups of 4 rats cach.
Evaluation is based on examination of livers from 4 treated rats at cach time interval.
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Liver from a rat copper-loaded for 3 weeks showing periportal inflammatory focus. HE % 594.

Fig. 1.
Fig. 2. Liver from a rat copper-loaded for 4 weeks showing numerous hypertrophic hyperchromatic

hepatocytes in the periportal zone. HE x 396.
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Fig. 3. (a) Liver from a rat copper-loaded for 5 weeks showing heavy deposition of copper in the periportal
nd mid-zones in contrast to the central zones. CV, central vein; PC, portal area. Rubeanic acid

and metanil yellow. x 157°5.

Fig. 3. (b) Liver from a rat copper-loaded for 5 weeks showing the heavy granular deposition of copper
positive stain in the periportal and mid-zonal hepatocytes. Rhodanine and haematoxylin. x 396.
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Fig. 4. Liver from a rat copper-loaded for 6 weeks showing extensive necrosis and inflammatory changes in

adjacent portal tracts. HE x 396.
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Fig. 5. Liver from a rat copper-loaded for 16 wecks showing the persistence of hyaline bodies in the portal
tracts (arrow). Note recovery of hepatic parenchyma and the absence of inflammatory changes.
% 396. ¢
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by the presence of numerous small to medium size granules in the cytoplasm of
the hepatic cells.

Weeks 5 and 6. Hyperchromatic, hypertrophic cells now occupied the outer
zones; their nuclei were often darkly stained and appeared degenerate.
Inflammatory foci were numerous and tended to coalesce. The outer zones,
and in particular the mid-zone, appeared to be saturated with small to medium
size granules of copper, whereas the central zone still contained very little
copper [Figs 3(a) and 3(b)].

In 2 individuals there was more extensive necrosis and a correspondingly
marked cellular inflammatory reaction, mainly in the outer zones (Fig. 4). Bile
duct hyperplasia and mitotic figures in the hepatic parenchyma were notice-
able. Copper staining was much less in these livers and was very variable
between individual cells.

Weeks 8 to 12. The hyperchromatic hypertrophic cells were still numerous
although degenerative and inflammatory changes had lessened. Copper stain-
ing was now less intense than the preceding weeks and still limited to the outer
zones and showed the same variation between individual cells.

Week 16. The inflammatory changes had regressed to control values, although
the livers of copper-supplemented rats showed the persistence of enlarged
deeply staining hepatocytes, the presence of hyaline bodies in the periportal
areas (Fig. 5) and bile duct hyperplasia. Copper staining demonstrated the
least copper deposition in the hepatic cells compared with livers examined
from weeks 5 onwards.

Control livers contained small areas of non-specific periportal inflammation.
Copper was not detected in sections treated with any of the stains used.

Discussion

This study has shown that copper-loaded rats store the metal predominantly in
the periportal and mid-zones of the liver lobule. Storage is paralleled by
pathological changes in both zones, unequivocally associated with the progres-
sive accumulation of copper. Subsequently there is a reduction in stainable
copper, followed by a decline in liver total copper concentrations and
accompanied by recovery. The decline in stainable copper, its relationship to
total copper concentration and to intracellular events, and the fall in copper
concentration and adaptation that takes place, have been discussed elsewhere
(Haywood, 1985; Haywood and Loughran, 1985; Fuentealba et al., 1987).
The novel findings of this study lie.in the pattern of copper deposition and
the associated changes. This differential distribution might be attributed to the
physiological specialization which exists within lobules, whereby the outer
(mid and periportal) zones alone, due to haemodynamic factors, have the
oxidative capacity to assimilate, store and excrete macromolecules such as iron
(Rappaport, 1979). If follows that, should there be an excess of metal, either
through increased input (absorption) or decreased output (cholestasis), it will
normally be stored within the parenchymal cells of the outer zones. This is seen
in the swan in which increased exposure to the metal (and therefore absorp-
tion) has occurred in contaminated waters (Molnar, 1983). A periportal
accumulation of copper is apparent in human neonates, and the neonates of
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many other species before the biliary secretory route matures (Goldfischer and
Berstein, 1969). A similar distribution of copper in cholestatic diseases in man
has been referred to earlier (Goldfischer e/ al., 1980). Periportal copper
accumulation also occurs in chronic active hepatitis, particularly in Doberman
Pinschers, which is probably also associated with disruption of biliary excretion
(Crawford, Schall, Jensen and Tasker, 1985).

The periportal accumulation of copper observed in the rat contrasts
strikingly with the centrilobular retention reported in cases of familial copper-
storage diseases in dogs (Tweldt et al., 1979; Ludwig et al., 1980; Erikkson,
1983; Thornburg et al., 1986; Haywood and Fuentealba, 1987) and chronic
copper poisoning in sheep (Ishmael et al., 1971; Gooneratne et al., 1979;
Kumaratilake, 1984), which differences may reflect the abnormal copper
metabolism inherent in these dogs and sheep. It has been suggested that
defective biliary excretion of copper is responsible for abnormal copper
retention in sheep (Underwood, 1977) and in the Bedlington Terrier (Su,
Owen, Zollan, and Hardy, 1982; Owen and McCall, 1983). However, the
centrilobular accumulation recorded in these species does not support this
hypothesis. Perhaps it indicates a metabolic defect in the handling of copper
peculiar to the hepatocytes of this zone.

The concept of metabolic zonation has developed from an increasing
recognition of the microheterogeneity of liver function whereby hepatocytes in
periportal (afferent) and perivenous (efferent) zones differ in their enzymic
and subcellular structures (Thurman, Kauffman and Jugermann, 1986). It is
thought that many toxic lesions with a specific zonal pattern may be explained
by this functional difference.

Pathological changes in copper-loaded sheep occur initially within the
central zone and consist of focal degeneration and necrosis associated with
aggregates of polymorphonuclear neutrophilic leucocytes and accumulation of
bile pigment in the canaliculi. Later, in the post-haemolytic phase, fibroblast
proliferation in the portal areas and increase in bile ducts and lymphocytic
infiltration occur (Ishmael ¢ al., 1971; Gopinath and Howell, 1975).

In Bedlington Terriers, there are 4 grades of abnormality in the liver as the
disease progresses: pigment granules without any further hepatic tissue
changes, mild focal hepatitis, a chronic active hepatitis and finally cirrhosis
(Twedt ¢t al., 1979; Ludwig et al., 1980; Kelly, Haywood and Bennett, 1984).
As with the sheep (Ishmael et al., 1971; Gooneratne et al., 1979; Kumaratilake,
1984) these changes occur initially in the central zone (Twedt ef al., 1979;
Ludwig et al., 1980; Thornburg et al., 1986).

Hyaline bodies present in the periportal zone in the present study have been
observed previously in copper-overload in the rat (Haywood, 1985) and may
be similar to the Mallory’s hyaline present in primary biliary cirrhosis, long
standing biliary obstruction, Wilson’s disease and Indian childhood cirrhosis

" (MacSween, Anthony and Scheuer, 1979) but not in copper toxicosis in
Bedlington Terriers (Ludwig e al., 1980). The early pathological changes
consisting of focal degeneration and necrosis which occur as a result of copper
accumulation in the rat, although having a different micro-anatomical locali-
zation, are similar to those described in sheep and dogs and indicate the
possibility of a similar cellular lesion.
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The cytotoxic effect of copper has not been fully clarified but there is
evidence to suggest that nuclear destabilization rather than lysosomal disrup-
tion may be the initiating factor (Haywood et al., 1985). Nuclear changes
observed in this study may reflect these events. Karyomegaly has also been
recorded in sheep (Ishmael et al., 1971; Gopinath and Howell, 1975; King and
Bremner, 1979; Kumaratilake, 1984; Seaman, 1985). In Wilson’s disease,
diffuse degenerative changes occur throughout the lobule consisting of vacuo-
lar and fatty change, without reliable copper staining (Goldfischer et al., 1980;
Goldfischer and Sternlieb, 1968). It seems that the primary metabolic defect
occurs at a different locus from that in Bedlington Terriers and sheep.

In conclusion, the distinctive patterns of copper distribution which occur in
copper-associated diseases indicate different pathological mechanisms and
suggest that copper accumulation is not always the result of a simple overload
associated with increased intake or reduced biliary excretion but may be
related more to aberrations in intracellular events which have a particular
distribution.
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