0270-9139/83/0306-0989$02.00/0

Vol. 3, No. 6, pp. 989-1001, 1983
Printed in U .S.A.

HEPATOLOGY
Copyright 0 1983by the American Association for the Study of Liver Diseases

Mallory Body Formation Runs Parallel to
y-Glutamyl Transferase Induction in
Hepatocytes of Griseofulvin-Fed Mice
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To evaluate whether Mallory bodies (MBs) are linked to the induction of the enzyme y-glutamyl
transferase (GGT), mice were fed 2.5% griseofulvin (GF). The experimental and control mice
livers were examined at four time periods, i.e., after 4 months' of GF feeding, 1 month after GF
withdrawal and 13 days after GF refeeding, and at sacrifice after 4 months of GF withdrawal.
The livers from mice continuously fed GF or control diet for 10 months were also examined.
Tumors and nontumorous livers were examined histologically, histochemically, electron microscopically, and immunocytochemically. The tumors consisted of hepatomas and hyperplastic nodules. To localize MBs inside GGT-positive cells, a double-staining method was employed; GGTpositive cells were identified histochemically followed by staining for MBs using the unlabeled
immunoperoxidase technique. The per cent area of the GGT-positive foci was closely correlated
with the frequency of MBs observed in the course of a GF feeding and withdrawal. Almost all of
the MBs were located in GGT-positive cells in both tumors and nontumor liver tissue. MBs and
GGT positivity involved the same liver cells. They both were found in high frequency in tumors
induced by GF. These results indicate that MB formation, like GGT induction, is a phenotypic
change induced by GF. The coexistence of the two phenomenon in the same cell throughout all
phases of tumor formation suggests that MBs may be related to the neoplastic process in the GFfed mouse model.

Since Mallory body (MB)-like filament formation is
associated with neoplastic behavior in a tissue culture
cell line derived from a rat hepatoma (1-6) and since
MB formation is associated with toxic hepatitis an hepatoma in mice fed the carcinogens, griseofulvin (GF), or
dieldrin (7-9), we postulated that Mallory bodies (MBs)
are a putative marker for preneoplastic change (9-11).
To test this hypothesis, we studied the association of
MBs with the development of hepatocellular foci positive
for y-glutamyl transferase (GGT) activity, because GGT
activity measured histochemically is considered to be a

reliable marker of phenotypically altered hepatocytes in
mice and rats during hepatoma induction (12-36). To
study the coexistence of MBs and GGT induction in
hepatocytes in the livers of mice fed GF during the
development of GGT-positive foci, we also studied hyperplastic nodules and hepatomas.
MATERIALS AND METHODS

ANIMALS
Twenty-three male C3H mice (age 2 to 4 months) were
fed ad libitum a protein-rich semisynthetic, complete
standard Teklad Test Diet to which 2.5% GF was added.
The experimental design is outlined in Figure 1.Fourteen
Received January 17, 1983; accepted June 20,1983.
This work was supported by a Veterans Administration Research control mice were fed the basic diet without GF added.
Support Grant.
The livers of 12 GF-fed (Group 1)and six control (Group
This work was presented at the 33rd Annual Meeting of the Amer2) mice were biopsied three times surgically under methican Association for the Study of Liver Diseases, Chicago, Illinois,
oxyfluorene anesthesia, i.e., after 4 months of GF feeding,
November 2-3, 1982.
The work about preparation and characterization of anti-Mallory 1 month after GF withdrawal, and 13 days after GF
body antiserum was presented at the 66th FASEB Meeting, New refeeding (Figure 1).Eleven mice were fed GF continuOrleans, Louisiana, April 15-23, 1982 and published .as an abstract ously for 10 months (Group 3), and eight mice were fed
(Fed. Proc. 1982; 44:392).
Address reprint requests to: Samuel W. French, M.D., Department the control diet continuously for 10 months (Group 4)
of Pathology, School of Medicine, University of Ottawa, Ottawa, On- (Figure 1). Six mice of Group 1 and three of Group 2
tario, Canada.
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FIG.1. Schematic representation of experimental design protocol.

tively, as shown in Figure 1. All mice were sacrificed a t
10 months (Figure l),and their livers were cut into 2mm-thick slices to collect tumors and nontumor liver
tissue for processing. Three of the 11 livers from mice
fed GF for 10 months (Group 3) were examined to include
nontumor liver tissue but only tumors present on the
surface were processed. Tumors measuring over 2 mm in
size were collected. Tumors consisted of hyperplastic
nodules and hepatomas. Hepatomas were diagnosed
when diagnostic trabecular pattern was observed. The
remaining liver which included foci or nodules measuring
up to 2 mm was defined as nontumor liver tissue.
HISTOCHEMISTRY
Portions of the tumors were fixed in formalin and
embedded in paraffin for light microscopic observation
by hematoxylin and eosin staining. Separate blocks of
nontumor liver tissue and tumors were frozen quickly in
liquid nitrogen, and sections were cut 6-pm thick using
a cryostat. The tissue sections were cold acetone fixed
2% hr and air dried for histochemical enzyme assay for
GGT (37). Each tissue assay was done in duplicate.
Controls for GGT histochemistry included a no substrate
control, a boiled control, and a positive kidney control.
Serial sections were stained with hematoxylin and eosin
after 2 min of methanol fixation for counting MBs.
Sections stained for GGT activity were projected onto
paper mounted on the wall at a standard distance and
magnification by using a projecting lens (Proj.-0k.H 3.2
X, Ernest Leitz Wetzlar, Germany), and GGT-positive
foci were sketched on the paper. A GGT-positive focus
was defined as an area in more than two adjacent canaliculi stained for GGT activity or the cell cortex of at
least one hepatocyte stained for GGT activity. Bile duct
staining normally observed in both experimental and
control livers was excluded on the basis of the characteristic branching and architecture. Foci measuring up to 2
mm in size, and nodules and hepatomas were assessed
for GGT activity and MB content.
IMMUNOCYTOCHEMISTRY
A double-staining method for GGT activity and MBs
was employed to localize MBs inside GGT-positive cells.

Nontumor liver tissue from GF-refed mice (Group lc),
GF withdrawn mice (Group Id), and 10 months GF-fed
mice (Group 3) and control mouse livers (Groups 2c, 2d,
and 4), and tumors were studied in this way. First, the
tissue was stained for GGT activity histochemically, then
the tissue sections were incubated in 0.5% H20zin 0.05
M EDTA in phosphate-buffered saline (pH 7.2) (PBSEDTA solution) to block endogeneous peroxidase for 30
min at room temperature. After rinsing in PBS-EDTA
solution, 3% goat whole serum was applied as a blocking
antibody for 30 min at room temperature. Rabbit antiMB antibody (1500 dilution in 1%goat whole serum)
was applied, and sections were incubated overnight at
4°C. After rinsing in PBS-EDTA solution, goat antirabbit IgG (1:lO dilution) was applied for 30 min at room
temperature. After rinsing in PBS-EDTA solution, rabbit peroxidase antiperoxidase complex in 1% goat whole
serum (1:50 dilution) was applied for 30 min at room
temperature. After rinsing in PBS-EDTA solution,
0.04% 4-chloro-1-naphthol (blue color) in 0.05 M Tris
buffer (pH 7.60) with 0.001% H202was used for color
development to avoid confusion with protoporphyrin pigment (brown color) in nontumor liver tissue of GF-fed
mice. This substrate solution was applied for 30 min at
37°C. 4-chloro-1-naphthol solution was prepared using a
modification of the procedure described by Nakane (38):
40 mg of 4-chloro-1-naphthol with 6.055 gm Trizma base
was stirred overnight to dissolve it in 70 mi of distilled
water followed by pH adjusted to 7.60 using 2N HC1 and
finally brought to 100 ml with distilled water. After
rinsing in distilled water, sections were mounted with
water-soluble mounting medium. The chromogen 3-3’diaminobenzidine (DAB) in 0.05 M Tris buffer (pH 7.6)
was used for the color development in tumors and control
mouse liver. DAB was used in tumors and control liver
because these tissues were free of protoporphyrin pigment. The brown product formed with DAB is easier to
visualize than the blue product formed from naphthol.
Goat whole serum, goat anti-rabbit IgG, and rabbit peroxidase antiperoxidase complex were purchased from
Cappel Laboratories, (Cochranville, Pa.). Control stains
were run in parallel in all cases using preimmune rabbit
serum to rule out nonspecific staining.
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CHARACTERIZATION OF ANTI-MB
ANTISERUM
MBs were isolated from a human autopsied liver using
a modification of French‘s method (39). Purity was assessed by electron microscopic examination of the pellet.
Polypeptide bands of MB protein were prepared by sodium dodecyl sulfate polyacrylamide (10%) gel electrophoresis (40).Antiserum against the major 45K polypeptide derived from the MB was raised in a rabbit using
bands excised from polyacrylamide gels (41). Gel strips
containing approximately 200 pg of protein were homogenized in 1 ml of 0.01 M PBS (pH 7.0), emulsified with
the same volume of complete Freund’s adjuvant, and
injected by multiple site subcutaneous injections. Six
booster injections were followed a t 2-week intervals in
the same manner except incomplete Freund’s adjuvant
was used. The animal was bled at 2-week intervals over
8 months after the first booster injection. Antibody production was monitored immunocytochemically by the
indirect peroxidase-antiperoxidase method using formalin-fixed, paraffin-embedded, and trypsin-digested
human liver biopsy samples of alcoholic hepatitis (42,
43). The antiserum stained MBs up to a dilution of
1:10,000. The optimal titer for staining MBs was determined to be 1:500 dilution. Characterization of the antiserum was done using immunocytochemically and immunoelectron microscopy techniques. The antiserum
was repeatedly absorbed with freshly isolated human
MBs. Affinity purified anti-MB antibody was obtained
by eluting antibody from MBs which were used for
absorption (44). The antibody was eluted with glycineHC1 buffer (pH 2.71, dialyzed against PBS (pH 7.2), and
stored at -20°C. The anti-MB antiserum and affinity
purified anti-MB antibody stained MBs, the cytoplasm
and cell cortex of hepatocytes, and bile duct epithelial
cells. The results were the same as reported by Kimoff
and Huang (45). These structures did not stain with
preimmune serum or absorbed anti-MB antiserum. Immunoelectron microscopy using Triton x 100 extracted
liver from GF-fed mice (46) showed that the MB fila-
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IMMUNOELECTRON
MICROSCOPY
Sections double stained for GGT and MBs by using
DAB as substrate were dehydrated in ethanol, mounted
in Permount, and checked by light microscopy. After
removal of the cover slips by immersion in xylene, the
sections were rehydrated in ethanol, rinsed in 0.1 M
sodium cacodylate buffer (pH 7.4), and fixed in 1%
osmium tetroxide for 1 hr. After rinsing with sodium
cacodylate buffer, the sections were dehydrated in
ethanol and processed by using Bretschneider’s pop-off
technique (47).Thin sections were observed using a Zeiss
109R electron microscope.

ELECTRON
MICROSCOPY
The specimens were fixed in ice-cold 2.5% glutaladehyde in 0.1 M sodium cacodylate buffer (pH 7.4). After
washing in sodium cacodylate buffer, the tissue was
postfixed in 1% osmium tetroxide in sodium cacodylate
buffer for 1 hr. After rinsing in sodium cacodylate buffer,
the tissue was en bloc stained with 2% uranyl acetate in
15% ethanol, dehydrated in graded ethanol, and embedded in Spurr’s resin. One-micron sections were
stained with toluidine blue, and representative blocks
were thin-sectioned and stained with uranyl acetate and
lead citrate, and observed using a Zeiss 109R electron
microscope.
MORPHOMETRY
In nontumor liver tissue, both the number and the
area of the GGT-positive foci were measured morphometrically by a computerized instrument (Videoplan,
Zeiss). In tumors, the area of GGT-positive cells was
measured in the same way. The number of foci was
expressed as number per square millimeter area. The
area of the GGT-positive foci was expressed as a percentage of GGT-positive foci area in square millimeter
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FIG.2. Frequency of MBs found in hematoxylin and eosin sections of nontumor liver tissue from GF-fed and control mice,
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per total area in mm'. The number of MBs in both the which prevented normal distribution (indicated by "z"
GGT-positive area and the GGT-negative area observed after p values). Values were expressed as mean k S.E.
by light microscopy were counted. The number of MBs
RESULTS
was expressed as number per square millimeter.

HISTOPATHOLOGY
Nontumor Liver Tissue. Liver tissue free of tumors
The data obtained were analyzed using the Student's measuring over 2 mm were analyzed for the presence of
t test. Mann-Whitney U-test was employed instead of MBs. MBs (number per square millimeter area) were
Student's t test when the data consisted of many zeros found in all but one GF-fed mouse liver in sections
STATISTICS

FIG.3. A hepatoma from a mouse fed GF for 10 months showing a
typical diagnostic trahecular pattern. H & E, x 122.

FIG.4. A hyperplastic nodule from a mouse fed GF for 10 months
showing a variety of cell patterns. Some hepatocytes demonstrate MBs
(arrows).H & E, x 190.

TABLE
1. NUMBER
AND
Group

Id
2d & 4
3
3

No, of
mice

Treatment

GF withdrawal
Control
GF continuous
GF continuous

I

6
11
l1

Mice-bearing tumor

No.

%

3
3
11
5

50%
27
100
46

SIZE OF

TUMORS

Tumor

Hyperplastic nodule
Hyperplastic nodule
Hyperplastic nodule
Hepatoma

Results are expressed as mean f S.E.
Tumor size is expressed as the mean of (long axis short axis).
p < 0.01 when Group Id is compared with Group 3 hepatoma.
p < 0.01 when Group 3 hyperplastic nodule is compared with Group 3 hepatoma.
Only completely analyzed livers are included (n = 8).
All other comparisons were not statistically significant.

a

'

+

No. of
tumors

Average no. of
tumors per liver

Average size of
tumors" (mm)

4
8

1.3 k 0.3
2.7 k 0.3

3.1 f 0.7'
5.5 k 1.2
4.7 f 0.2'
6.9 k 0.8

6.3 f O.gd
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stained with hematoxylin and eosin at 4 months of GF
feeding (0.72 f 0.20, mean f S.E.). MBs were decreased
after GF withdrawal (0.11 & 0.06, p < 0.01') and were
increased again after GF refeeding (3.33 _+ 1.38, p <
0.029, and were decreased again after 4 months of GF
withdrawal (0.08 f 0.05, p < 0.01') (Figure 2). The
frequency of MBs found in the livers of mice fed GF for
10 months (Group 3) was 2.28 f 0.38. This was not
significantly different from that of GF-refed mice (Group
lc). No MBs were found in control livers (Groups 2a, 2b,
2c, 2d, and 4) (Figure 2).
Tumor. Eighty-eight tumors more than 2 mm in size
were identified from all groups at 10 months. The number
of hyperplastic foci under 2 mm was not quantitated. In
mice fed GF for 10 months, seven hepatomas showing
diagnostic trabecular pattern were found (Figure 3). They
were larger (6.9 k 0.8 mm) than 69 hyperplastic nodules
from mice fed GF for 10 months (4.7 .t 0.2, p < 0.01)
and four hyperplastic nodules from GF withdrawn mice
(3.1f 0.7, p < 0.01) (Table 1).MBs were found in tumors
including hepatomas in sections stained with hematoxylin and eosin but this method was not as sensitive a
method for detecting MBs as was immunocytochemistry.
In one hepatoma, many MBs were found to be surrounded by neutrophils. Hyperplastic nodules from GFfed mice showed various cell types, i.e., eosinophilic cells,
basophilic cells, foamy cells, fat-bearing cells, and MBbearing cells (Figure 4). Spontaneous hyperplastic nodules from controls showed no MB-bearing cells.
HISTOCHEMISTRY
Nontumor Liuer Tissue. GGT-positive foci of liver cells
were found in all livers of GF-fed mice. Bile duct staining
was observed in all livers examined. The lobular distribution of the GGT-positive foci was not studied. GGT
FIG. 5. Nontumor liver tissue from a GF-refed mouse (Group lc)
showing a discrete focus of GGT-positive hepatocytes (solid arrows). activity was generally detected in the canalicular region
Protoporphyrin pigment (open arrows) is present scattered in the (Figure 5 ) . Sometimes it was also found at the cell border.
Slight staining of the cytoplasm was sometimes present
lobule. GGT, x 122.
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FIG.7. GGT-positive foci area expressed as a percentage of total area in the nontumor liver tissue from GF-fed and control mice.

mainly after 10 months of GF feeding (Group 3). The
number of GGT-positive foci per mm2 area was 3.55 2
0.56 at 4 months of GF feeding. This number decreased
after GF withdrawal (0.40 f 0.04, p < 0.001), increased
again after GF refeeding (10.23 2 2.00, p < 0.001), and
decreased again after 4 months of GF withdrawal (0.23
f 0.13, p < 0.001) (Figure 6).
The changes in the frequency of GGT-positive foci
during the course of GF feeding and withdrawal were
closely correlated with changes in the frequency of MBs
as shown in Figure 2. The number of GGT-positive foci
per mm' area in the livers of mice fed GF for 10 months
(Group 3) was 6.09 k 0.75. This number was smaller
than that in GF-refed mice (Group lc) (p < 0.05). Only
bile ducts and a single canaliculus were positive for GGT
in the control livers until 6 months (Groups 2a, 2b, and
2c). No GGT-positive foci were observed in these control
livers. Only one GGT-positive hepatocyte was found in
2 of 11 control livers at 10 months (Groups 2d and 4),
where the GGT reaction was limited to the cell cortex
(Figure 6).
The per cent GGT-positive foci area per total area was
6.23 +- 1.28 at 4 months of GF feeding. The per cent
GGT-positive foci decreased after GF withdrawal (0.39
k 0.16, p < 0.0051, increased again after GF refeeding
(4.68 k 1.19, p < 0.005), and decreased again after 4
months of GF withdrawal (0.42 f 0.16, p < 0.02) (Figure
7).
The changes in the per cent of GGT-positive foci area
during the course of GF feeding and withdrawal were
closely correlated with changes in the frequency of MBs
as shown in Figure 2. The per cent GGT-positive foci
area Der total area in the livers of mice fed GF continuously for lo months (Group 3, was 31*8 2*7 which is
FIG. 8. A hepatoma from a mouse fed GF for 10 months showing
higher than that in GF-refed mice (Group 1c) (P < 0.001) intense GGT activity localized at the cell borders and canaliculi. GGT,
(Figure 7).
x 190.
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Tumor. Seventy-two of 73 (99%) hyperplastic nodules This is more than double that of the nontumor tissue at
and all of seven hepatomas from GF-fed mice showed 10 months of continuous feeding (Group 3,31.8 t 2.7%)
GGT activity (Table 3). GGT activity was frequently and 15 times that of the 13-day GF refed mice (Group
detected at the cell borders in hyperplastic nodules and lc). One of 8 spontaneous tumors (Groups 2d and 4)
hepatomas (Figure 8). Both canalicular and cytoplasmic showed focal GGT-positive cells in control mice (Tables
activities were noted (Figure 9). The per cent GGT- 2 and 3).
positive area per total area of 69 hyperplastic nodules
It should be emphasized here that the GGT-positive
and seven hepatomas from mice fed GF continuously for foci data was obtained using two-dimensional measure10 months were 76.8 f 3.5 and 74.8 & 10.8%, respectively. ments. Since this data does not correct for the size and
shape of the foci, it does not accurately reflect the threedimensional volumes of the foci (48).

FIG.9. A hepatoma from a mouse fed GF for 10 months showing
MBs (arrows) within neoplastic hepatocytes. GGT activity is localized
at the cell borders. Both canalicular and cytoplasmic activities are also
noted. When viewed in color, the MBs stain blue and the GGT reaction
product stains orange-red so the two are easily distinguished. Doublestaining method, X 144.

TABLE
2. PATTERN

OF

GGT AND MBS IN

THE

IMMUNOCYTOCHEMISTRY
Nontunor Liver Tissue. Double staining for GGT and
MBs revealed MBs which stained blue within orangestained GGT-positive foci. It was easy to distinguish
MBs from protoporphyrin pigment because of the blue
reaction when 4-chloro-1-naphthol was used as substrate. Almost all of the MBs were detected within GGTpositive foci (Figure 10). The preimmune serum controls
showed only GGT-positive foci without staining of MBs
(Figure 11).The per cent GGT-positive foci area per
total area and the number of MBs per mm2 total area
based on the double-staining method in the nontumor
liver tissue from GF-refed mice (Group lc) were closely
correlated (r = 0.8362, p < 0.01) (Figure 12). The same
was true for mice fed griseofulvin continuously for 10
months (r = 06213, p < 0.05).
Tumor. The double-staining method revealed many
MBs, mainly within GGT-positive neoplastic cells in
both hyperplastic nodules (Figure 14) and hepatomas
(Figure 9). No MBs were seen in spontaneous tumors
(Table 3). Both GGT and MBs were found in high
frequency in hepatomas from mice fed GF continuously
for 10 months (100 and 71%, respectively) and hyperplastic nodules from GF-fed mice (99 and 86%, respectively) (Table 3). It is noteworthy that a few GGTpositive foci with MBs remained in 2 of 4 hyperplastic
nodules and 5 of 6 livers (tumor-free liver tissue) after 4
months of GF withdrawal (Group Id), suggesting this
change was partially reversible (Figure 10, Tables 2 and
3). The number of MBs per mm2 GGT-positive area was
significantly higher than the number of MBs per mm2negative area in nontumor liver tissue at 13 days after
GF refeeding, after 4 months of GF withdrawal, after 10
months of continuous GF feeding, and in hyperplastic
nodules from mice fed GF continuously for 10 months
(Table 4). This verifies the observation that almost all
of the MBs were located within GGT-positive cells. As

TUMORS BASEDON

THE DOUBLE-STAINING METHOD

GGT and MB patterns
Group

Treatment
_________

Id
2d& 4
3
3

No. of
mice

Tumor

GGT(+)

GGT(+)

GGT(-)

GGT(-)

MW+)

MB(-)

MB(+)

MW-)

2”
0
61
5

1
1
8
2

0
0
0
0

1
7
0
0

Total

~~

GF withdrawal
Control
GF continuous
GF continuous

6
11
11

5

Hyperplastic nodule
Hyperplastic nodule
Hyperplastic nodule
Hepatoma

“Number of tumors showing each combination of the two markers

4
8
69
I
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shown in Figure 15, a majority of MBs were localized
within GGT-positive cells in both tumors and nontumor
liver tissue. The number of MBs per mm2 total area in
MB-positive tumors (16.9 ? 4.4) was greater than that
in the corresponding nontumor liver tissue (5.2 rf: 1.1,p
< 0.02), indicating MBs are more concentrated in tumors
compared to nontumor liver tissue. However, the number
TABLE
3. FREQUENCY
OF GGT AND MBS I N THE TUMOR
AND
NONTUMOR
LIVERTISSUE
AT 10 MONTHSBASEDO N THE DOUBLESTAINING
METHOD
Tissue

Tumor
Hepatoma
Hyperplasticnodule
Spontaneoustumor
Nontumor liver tissue
4 mos. GFwithdrawal
10mos. GFcontinuous
Control

Group

No.
of

GGT

MB

positive

positive

menS

NO.

%

NO.

%

3
Id& 3
2d & 4

7
73
8

7
72
1

100
99
13

5
63
0

71
86
0

Id
3
2d&4

6
11
11

5
11
2

83
100
18

5
11
0

83
100
0

FIG.11. Preimmune serum control of nontumor liver tissue from a
mouse withdrawn from GF for 4 months (Group Id). A GGT-positive
focus is present but MBs are not stained with the control sera. Doublestaining method, x 375.

of MBs per GGT-positive area in MB-positive tumors
was not statistically different from that in corresponding
GGT-positive foci in the nontumor liver tissue even
though the trend was for an increase (Table 5 ) . This was
thought to be explained by the difference in per cent
GGT-positive area per total area compared to the difference in the number of MBs per total area (Table 5 ) .
Thus, the per cent GGT-positive area of tumors did not
correlate with the number of MBs per mm2of total tumor
area (Figure 13).
IMMUNOELECTRON MICROSCOPY
AND ELECTRON
MICROSCOPY
Immunoelectron microscopy showed reaction product
located at the margin of MBs (Figure 16). This correlated
well with the light microscopic observations where reaction product was localized to the periphery of the MBs
(Figures 9, 10, and 14). The presence of MBs was confirmed by conventional electron microscopy.
FIG. 10. Nontumor liver tissue from a mouse withdrawn from GF
Electron microscopy of selected blocks of liver tissue
for 4 months (Group Id) showing a GGT-positive fOCUS (Solid Urr0UJ.S)
revealed
characteristics of the hepatocfies in hywith MBs (open arrows). The enzyme staining of the bile canaliculi
was obvious when viewed in color but is less striking as seen here in perplastic nodules, i*e-,profiferation of smooth endoblack and white. Double-staining method, X 285.
plasmic reticulum, decrease in glycogen and rough en-
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FIG.13. GGT-positive foci area expressed as percentage of total area and the number of MBs per mm2 of total area are correlated using liver
tumor tissue from mice fed GF for 10 months. The data are from 7 hepatomas and 69 hyperplastic nodules.

doplasmic reticulum. In some areas, the loss of ectoplasm, microvilli, and canaliculi was observed. Examination of a hepatoma showed prominent canaliculi formation, prominent smooth and rough endoplasmic reticulum, and a focal increase in intermediate filaments.
Details of our electron microscopic findings will be reported elsewhere.

DISCUSSION
By using a sensitive double-staining method for locating MBs within GGT-positive cells, a close relationship
was observed between GGT positivity and the presence
of MBs. That is, the frequency of GGT-positive foci
(Figure 6) and the GGT-positive foci area expressed as
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the percentage of total area (Figure 7) were closely cor- clusion is supported by two other observations. First,
related with the frequency of MBs in the course of GF MBs occurred in high frequency and were more concenfeeding and withdrawal. Almost all of the MBs were trated in tumors including hepatomas than in the corlocated in GGT-positive cells in nonneoplastic livers and responding nonneoplastic liver tissue. Second, MBs perliver tumors. This finding suggests that MB formation, sisted after 4 months of GF withdrawal in both tumors
like GGT induction (12-36), is a phenotypic change that and nontumor liver tissue indicating an autonomous
is somehow related to the neoplastic process. This con- process.
There are two alternative hypotheses regarding the
pathogenesis of MBs. However, neither of these, i.e., the
microtubular failure hypothesis (49, 50) nor the vitamin
A deficiency hypothesis (50), explains the persistence of
MBs after 4 months of GF withdrawal.
Eight spontaneous tumors were found in 3 of 11 control
mice (27%)and GGT activity was found in only one of
these tumors. These findings are in agreement with other
investigators' observations (24,51). The reason why carcinogen-induced tumors develop GGT positivity and
MBs and spontaneous tumors do not, needs to be clarified.
Goldfarb et al. (52) examined hyperplastic nodules for
GGT activity in mice fed GF for 10 to 11 months followed
by 2 to 6 months of withdrawal. GGT activity was found
after the withdrawal of GF but positive staining was
weak and focal. In contrast, our studies showed that a
high percentage of GGT positive area per total area
(76.8%)was found in hyperplastic nodules at 10 months
of continuous GF feeding. This discrepancy may be explained by the effect of griseofulvin as an inducer and/
or by remodeling GGT-positive foci and nodules after
carcinogen withdrawal as was shown by Enomoto et al.
(32). This fact may explain the very high percentage
(31.8%)of GGT-positive foci area per total area of nontumor liver tissue observed at 10 months of GF feeding
compared to the percentage at 4 months of GF feeding,
and 13 days of GF refeeding (6.2 and 4.7%,respectively).
Thus, there was a progressive increase in GGT-positive
cells with time and with hyperplastic nodule formation
as long as GF was fed. It should be pointed out here that
the GGT-positive foci data was obtaied using two-dimensional measurements. Since this data does not correct
for the size and shape of the foci in three dimensions, it
does not accurately reflect the volumes of the foci (48).
In both hepatomas and hyperplastic nodules, GGT
FIG.14. A hyperplastic nodule from a mouse fed GF for 10 months
showing MBs (arrows) within GGT-positive neoplastic cells. GGT activity was frequently detected at the cell border and
activity is localized at the cell borders. Double-staining method, x 190. within the cytoplasm as well as around the canaliculi.
TABLE4. LOCALIZATION
OF MBs IN GGT POSITIVE
FOCI COMPARED
WITH GGT NEGATIVE
AREABASEDO N THE DOUBLE-STAINING
METHOD
Group

Nontumor liver tissue
13 days GF refeeding
(Group Ic)
4 mos. GF withdrawal
(Group Id)
10 mos. GF continuous
(Group 3)
Tumors'
37 hyperplastic nodules
(Group 3 )

No. of

No. of MBs/mmZof

No. of MBs/mm2 of

mice

GGT-positive area

GGT-negative area

No. of MBs/
mmz total area

7

167.4 & 42.6"

0.77 f 0.22"

8.4 2 2.8

5

134.9 & 88.8'

0.032 f 0.021b

0.5 f 0.3

11

14.3 & 2.7'

0.38 +- 0.14'

5.2 f 1.1

10

19.4

2.2 f 0.5d

9.5 & 1.3

4.3d

Results are expressed as mean & S.E.: a p < 0.005; 'p < 0.01 (Mann-Whitney U test was used in this analysis instead of Student's t test); p
< 0.001.
' Only tumors showing MBs and both GGT-positive and negative areas are included.
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FIG.15. Schematic drawing of types of tissue analyzed and the pattern of staining using a double-staining method for GGT and MBs. The
majority of MBs were found in GGT-positive foci or neoplastic cells.
TABLE
5. COMPARISON
OF THE FREQUENCY
OF MBS FOUNDIN MBPOSITIVE TUMOR
AND NONTUMOR
LIVERTISSUE
FROM 11
CONTINUOUSLY
GF-FEDMICE
GGT(+)
Tissue examined

No.

No. of
MBs/mm2
of total
area

No. of

area

MBs/mm2

Total

of GGT

area

16.9 k 4.4””
5.2 k 1.1

22.2 k 4.4
14.3 k 2.7

78.2 i 3.4’
31.8 k 2.7

(+) area

%

MB-positive tumors
Nontumor liver tissue

66
11

Mean ? S.E.
p < 0.02 when MB-positive tumors are compared with nontumor liver tissue.
‘ p < 0.001 when MB-positive tumors are compared with nontumor liver
tissue.

This pattern of staining is similar to that reported in
both human hepatocellular carcinoma (53-56) and human nodular regenerative hyperplasia (57). A possible
explanation for the fact that the cell border stains in
hepatomas and hyperplastic nodules was suggested by
the electron microscopic observation that the ectoplasm
and canaliculi were missing in some tumor cells.
There are some noteworthy parallels between the occurrence of MBs found in man and mice. MBs take
months to induce and persist for months after drug
withdrawal in both man (58-61) and mice. MBs are seen
in benign and malignant hepatic tumors in both man
(62, 63) and mice (8, 9). However, the incidence of
hepatocellular carcinoma development in human livers
which contain MBs is not high in some diseases, i.e.,
Wilson’s disease (64). Therefore, it is premature to draw
an analogy between MB formation in man and mice
regarding the relationship of MBs to the neoplastic process.
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