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The establishment ofnovel bile ductular cell cultures was
accomplished with the use of explants of a hyperplastic
bile ductular tissue preparation obtained from rat livers
at 10 to 15 weeks after bile duct ligation or a bile ductu-
lar cell fraction isolated from this tissue preparation by
a procedure involving Percoll density gradient centrifu-
gation. Observations made on these primary explant and
monolayer bile ductular cell cultures were limited to the
first 3 days of culture where the morphologic features
of the bile ductular epithelium remained fairly well
preserved, while fibroblast contamination was found to
be very low. These cultured cells also retained over this

IN RATS and other mammals, extensive bile ductular
hyperplasia without evidence of carcinomatous change
is a characteristic chronic pathologic feature of liver dur-
ing experimental extrahepatic cholestasis produced by
ligation of the common bile duct. 1-4 In this respect, the
isolation of well-differentiated hyperplastic bile ductu-
lar tissue and cells induced by such a noncarcinogenic
stimulus can provide an important approach for ex-
amining the functional and biochemical properties of
this epithelial cell. In addition, it has the potential for
leading to the development of a novel cell culture sys-
tem for investigating various aspects of the character-
istics and regulation of bile ductular cell differentiation
and proliferation, as well as of cholangiolar carcino-
genesis under the conditions of a highly controlled en-
vironment. Furthermore, it is apparent that studies
defining the biochemical and functional properties of
hyperplastic bile ductular tissues and cells resulting from
bile duct ligation has a direct bearing on 1) whether there
are specific lineage differences between these cells and
the "bile ductular" or "oval" cells stimulated to prolifer-
ate in liver by many chemical carcinogens5-7 and 2) what
role, if any, the bile ductular or oval cell plays in chem-
ical hepatocarcinogenesis.8

Surprisingly, there have been very few reports con-
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period a high specific activity for the bile ductular cell
marker enzyme y-glutamyl transpeptidase, as well as pos-
sessed measurable but decreasing specific activities for
leucine aminopeptidase and alkaline phosphatase. Karyo-
typic analysis of the cultured monolayer cells further
showed them to be diploid. In addition, preliminary trans-
plantation studies demonstrated the presence of well-
differentiated bile ductular-like structures following
inoculation ofthe freshly isolated bile ductular cell frac-
tion into the interscapular fat pads ofrecipient rats. (Am
J Pathol 1985, 120:67-78)

cerning the isolation and culturing of bile ductal or duc-
tular cells from either normal or noncarcinogen-
induced cholestatic rat liver. Wootten et al9 investigated
the properties of alkaline phosphatase in biliary tract
tissue preparations obtained from rat liver after bile duct
ligation, and Oda et all' described a technique utiliz-
ing discontinuous sucrose density gradient centrifuga-
tion to isolate a bile-duct-enriched fraction from nor-
mal rat liver. More recently, Grant and Billing" isolated
a fraction rich in bile ductular cells from the livers of
rats at 6-20 days after bile duct ligation by isopyknic
centrifugation of a crude nonparenchymal fraction
through a linear metrizamide gradient. Ledda et al'2
have also just described a similar technique to isolate
a bile ductular cell-enriched population from rat liver
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11-13 days after bile duct ligation. In addition, these
investigators have shown this freshly isolated cell popu-
lation to contain very low, but measurable, amounts
of aminopyrine-N-demethylase and aniline hydroxylase
activities and to be resistant to aflatoxin B1 cytotoxic-
ity when exposed to this procarcinogen in primary cul-
ture for a period of 24-48 hours. However, no morpho-
logic characterization of these cultures was performed.
Our laboratory has very recently reported the isola-

tion of a hyperplastic, well-differentiated bile ductular
tissue preparation from the livers of rats at 10-13 weeks
after bile duct ligation. 13 In addition, we have described
the isolation from this tissue preparation of a viable
cell fraction that was highly enriched in bile ductular
cells and small intact ductules.13 We now present for
the first time a combined morphologic and enzyme
marker characterization of novel short-term primary
bile ductular cell cultures that were established from
explants of the hyperplastic bile ductular tissue prepa-
ration itself, as well as from the isolated bile ductular
cell-enriched fraction. Transplantation of the freshly
isolated bile ductular cell fraction into the interscapu-
lar fat pads of suitable host rats was also examined.

Materials and Methods

Animals

Fisher 344 male rats, 126-150 g, were purchased from
Harlan Sprague Dawley, Madison, Wisconsin. The rats
were housed 2-3 per cage and maintained under a 12-
hour light/dark illumination schedule. Food and wa-
ter were given ad libitum. Bile duct ligation was per-
formed by double ligating of the common bile duct,
followed by resectioning of the intervening segment. 14

Bile Ductular Cell Culture

The hyperplastic bile ductular tissue preparation was
obtained from the cholestatic rat livers at 10-15 weeks
after bile duct ligation by a slight modification of our
previously described procedure. 13 The isolation of the
bile-ductular-cell-enriched fraction from this tissue
preparation involving density gradient centrifugation
in Percoll was also done as previously described. 13 Pri-
mary explant cultures were initiated with bile ductular
tissue fragments obtained on a Nitex Swiss nylon
monofilament screen (TETKO, Elmford, NY) with a
mesh pore diameter of 100,. Washed tissue fragments
were then suspended in plating medium and plated into
35-mm or 60-mm collagen-coated tissue culture plates15
at protein amounts ranging between 1 and 4 mg/plate.
Primary monolayer cell cultures were established with
the isolated bile-ductular-cell-enriched fraction. Fol-

lowing one or two washings in plating medium, this
population of cells, having in each experiment a via-
bility of > 957o as determined by trypan blue dye ex-
clusion, was plated at a density of 2-4 x 101 cells/sq cm
in collagen-coated tissue culture plates 35 or 60 mm in
diameter. The tissue culture medium used for cell plat-
ing and for the subsequent maintenance of both the
primary explant and monolayer cell cultures was com-
posed of Leibovitz (L-15) medium (K.C. Biological, Inc.,
Lenexa, Kans), pH 7.4, supplemented with HEPES (18
mM), albumin (2 mg/ml), penicillin (100 ,g/ml), strep-
tomycin (100 l.g/ml), glucose (1.5 mg/ml), insulin (0.5
,ug/ml), and 10%7o fetal calf serum. In some cases, the
medium also contained 10-6M dexamethasone. Medium
changes were made every 24 hours after the initial cell
plating.

Enzyme, Chemical, and Histochemical
Assay Procedures

All enzyme and chemical procedures were performed
with whole cell homogenates prepared in 0.001 M Tris-
HCl buffer, pH 7.0. The activities of y-glutamyl trans-
peptidase and alkaline phosphatase were determined
as previously described.13 15'16 Leucine aminopeptidase
activity was assayed according to a slight modification
of the procedure of Goldbarg and Rutenburg.17 Pro-
tein was measured by the method Lowry et a118 with
bovine serum albumin as the standard, and inorganic
phosphate was assayed by the method of Ames."9
Histochemical detection of the activity of y-glutamyl
transpeptidase was performed on cultured bile ductu-
lar cells as previously described. 13 Histochemical
demonstration of leucine aminopeptidase was done ac-
cording to the procedure of Nachlas et al.20

Electron Microscopy

The hyperplastic bile ductular tissue preparations
were cut into 1 mm cubes and fixed for 2 hours at room
temperature in 3.0% gultaraldehyde in 0.1 M cacodyl-
ate buffer, pH 7.4. The samples were then postfixed for
1.5 hour on ice in 1.0I%o OS04 in 0.1 M cacodylate buffer,
pH 7.4, dehydrated, and embedded in Epon-Araldite.
Freshly isolated bile ductular cells were pelleted and then
fixed for 30 minutes at room temperature in 3.0%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. The
cell pellet was washed in buffer and embedded in 7.0%
agar before postfixation for 1 hour on ice with 1.0%
OS04 in 0.1 M cacodylate buffer. Following dehydra-
tion with alcohols, the fixed cell pellets were embedded
in Epon-Araldite. Bile ductular cells in short-term pri-
mary explant and monolayer cell culture were fixed in
tissue culture dishes for 45 minutes at room tempera-
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ture with 3.0Wo cacodylate-buffered glutaraldehyde. The
cultured cells were then washed in buffer and postfixed
for 45 min on ice in 2.0% OS04. After dehydration
through 90% ethanol, the cultured cells were infiltrated
with 90%o through 97% hydroxypropyl methacrylate
(Electron Microscopy Sciences, Fort Washington, Pa)
according to the procedure of Brinkley et al.2" The cells
were then embedded in Luft's Epon 812, and the result-
ing polymerized resin was immersed in liquid nitrogen
in order to separate the embedded cells from the tissue
culture dish. Small areas of the cell monolayer were then
cut out and glued onto BEEM capsule studs. All thin
sections were made with a Sorvall MT-2 ultramicrotome
equipped with a diamond knife and stained with ura-
nyl acetate and lead citrate. All sections were examined
at 75 kv with a Hitachi H-500 electron microscope.

Karyotyping of Cultured Bile Ductular Cells

Bile ductular cells in 2-day-old primary monolayer
cell culture were incubated overnight in 10-7M Colcemid
(Sigma Chemical Co., St. Louis, Mo). The medium was

then removed, and the cultures were harvested by incu-
bation for 10 minutes at 37 C with 0.25% trypsin (K.C.
Biological) in phosphate-buffered saline, pH 7.4. Har-
vested cells were pelleted by centrifugation at 2000 rpm
for 5 minutes at 4 C, and cell pellet was resuspended
in 5 ml of 0.075 M KCI and incubated for 20 minutes
at 37 C. An equal volume of ice-cold ethanol/acetic
acid (3:1) was then added to the cell suspension, and
the cells were pelleted by centrifugation at 1000 rpm
for 5 minutes at 4 C. After a single washing in ethanol/
acetic acid, cells from a single culture were resuspended
in 0.2 ml ethanol/acetic acid, and drops of the cell sus-

pension were then individually pipetted onto clear ice-
cold glass microscope slides. After air-drying of the
slides, they were stained for 10 minutes with 2.0%
Giemsa stain. Photomicrographs of the metaphase
chromosome spreads were then taken and evaluated ac-

cording to an established karyotyping technique.22

Bile Ductular Cell Transplantation

Cell transplantation of freshly isolated hyperplastic
bile ductular cells was performed essentially according
to the interscapular fat pad cellular transplantation pro-

cedure of Jirtle and Michalopoulos.23 24 Bile ductular
cells from a rat at 15 weeks after bile duct ligation were
suspended on ice in a solution of 0.26%/o rat tail colla-
gen in L-15 medium, pH 7.0 (R. Jirtle and G.
Michalopoulos, personal communication). The cells
were then inoculated at a concentration of approxi-
mately 4 to 6 x 106 cells in a 0.2-0.3-ml volume into
the intrascapular fat pads of 6-7-week-old Fisher 344

male rats that were subjected 2 hours earlier to a two-
thirds hepatectomy.24 After 3 weeks, the rats were
sacrificed, and their fat pads were removed and then
fixed in 1007o neutral buffered formalin. Following ap-
propriate processing, the fat pad tissue samples were
sectioned, stained with hematoxylin and eosin (H&E),
and examined by light microscopy for the presence of
formed bile ductules.

Results

Light- and electron-microscopic examinations of the
isolated hyperplastic bile ductular tissue preparation
from the livers of the bile-duct-ligated rats revealed
them to be composed almost entirely of well-differen-
tiated bile ductules supported by a fine fibrotic struc-
ture. In this regard, the ultrastructural features of the
hyperplastic bile ductular cells in the preparation (Fig-
ure 1) were consistent with those already reported for
proliferated bile ductular cells as observed in the intact
livers of rats that had been previously subjected to non-
carcinogenic cholestatic stimuli, such as bile duct liga-
tion or chronic intoxication with a-naphthyl isothio-
cyanate.2'4

In short-term culture (Days 1 to 3), primary explants
of the bile ductular tissue preparation retained many
of the morphologic characteristics of the freshly iso-
lated samples. As shown in Figure 2a, the bile ductular
epithelial cells in these short-term primary explant cul-
tures exhibited a certain degree of polarity with respect
to maintaining their organization around distinct
lumens. These lumens, in turn, were limited by well-
developed junctional complexes located between adja-
cent epithelial cells. In addition, the lumens were read-
ily observed to be lined by small microvilli, and on
occasion, a single cilium could be seen projecting into
some of the lumens (data not shown).
The bile ductular epithelial cells in the short-term pri-

mary explants closely resembled those in vivo, as well
as those in the freshly isolated tissue preparations, in
terms of their round or ovoid indented nucleus with
single nucleolus, their high nuclear/cytoplasmic ratio,
and their sparse cytoplasmic complement of small
mitochondria and profiles of rough endoplasmic retic-
ulum. Desmosomes were also readily observed, and cell
shape varied from being somewhat cuboidal to oblong.
In addition, these cells were found to possess a mature
Golgi apparatus and to contain small lipid droplets in
their cytoplasm.
By Day 3 of culture, bile ductular epithelial cells were

frequently seen extending in the form of monolayer out-
growths from the primary tissue explants (Figure 2b).
These outgrowths were readily recognized at the non-
luminal edges of the explant and were distinguished in
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Figure 1-Electron micrograph of a bile ductule within a hyperplastic bile ductular tissue preparation isolated from rat liver at "12 weeks after bile duct
ligation. L, lumen lined by numerous projecting microvilli (MV); JC, junctional complex; D, desmosomes; F, periductular fibroblast. (x 3900)

part from the explant by their lack of definite lumens.
Small microvilli and junctional complexes were found
at cell surfaces located at the periphery of the out-
growths. Furthermore, distinctly organized basement
membrane components were not observed to be as-
sociated with the cellular outgrowths. Nevertheless, the
epithelial cells comprising the monolayer outgrowths
possessed morphologic features which closely resem-
bled those of the bile ductular cell.

Electron-microscopic examination of the isolated
bile-ductular-cell-enriched population from the hyper-
plastic bile ductular tissue preparation showed it to be
comprised for the most part of single bile ductular cells
and some small intact bile ductules (Figures 3c). In ad-
dition, histochemical enzyme determinations made on
cell smears demonstrated that between 70% and 90%o
of the cells in this isolated population were positive for
the marker enzyme activities of y-glutamyl transpepti-
dase and leucine aminopeptidase (Figure 3a and b).
Contamination of the total peak bile-ductular-cell-en-
riched population by hepatocytes, as determined with
cell smears stained with H&E or for glucose-6-
phosphatase activity, was found to be <0.2%, while

Kupffer cells (macrophages) stained for peroxidase ac-
tivity made up approximately 2.0% of this isolated cell
population. 13 Cell smears stained with Wright's stain
also indicated a <1.0% contamination of the bile-
ductular-cell-enriched population by the various leu-
kocyte types and by red blood cells (data not shown).
A small number of "dark" or electron-dense cells, mor-
phologically similar to the bile ductular cells, were also
noted by electron microscopy in the isolated bile duc-
tular cell population (data not shown).

Short-term primary epithelial cell cultures (Days 1-3)
could readily be established by plating the isolated
bile-ductular-cell-enriched population. The plating
efficiency for these cells was routinely found to be about
50%7o when they were seeded in the presence of 10% fe-
tal calf serum on collagen-coated plastic culture dishes.
Under the maintenance conditions used in this study,
distinct monolayer colonies of y-glutamyl-transpepti-
dase-positive epithelial cells were observed by Days 2
and 3 of primary culture (Figure 4a). At this time, little
fibroblast contamination of the cultures was noted, and
karyotypic analysis of 12 random metaphase spreads,
as exemplified in Figure 4b, demonstrated only cells with
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Figure 2a-Electron micrograph of a 3-day-old primary explant culture derived from a hyperplastic bile ductular tissue preparation isolated from rat
liver at v12 weeks after bile duct ligation. Culture medium contained 10-6 M dexamethasone. L, lumen; D, desmosomes; JC, junctional complexes.
(x 4900) b-Electron micrograph of a bile ductular cell outgrowth from the 3-day-old primary explant culture described above. MV, microvilli; JC,
junctional complex; D, desmosomes. (x 5950)
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Figure 3a-Histochemical staining for y-glutamyl transpeptidase activity in a bile-ductular-cell-enriched population isolated from rat liver at 12 weeks
after bile duct ligation. Both the single cells and small, intact bile ductules (arrows) in this preparation are strongly positive for this enzyme activity,with the intact ductules showing the more intense activity. (x 40) b-Histochemical staining for leucine aminopeptidase activity in the same bile-
ductular-cell-enriched population. Note the marked similarity in cellular staining patterns obtained for both leucine aminopeptidase activity and for y-glutamyl transpeptidase activity. ( x 40) c-Electron micrograph of single bile ductular cells in the bile-ductular-cell-enriched population isolated from
rat liver at 12 weeks after bile duct ligation. (x 12,500)

Figure 4a-A 3-day-old primary epithelial monolayer culture derived from the total peak bile-ductular-cell-enriched population isolated in Percoll gra-dients from rat liver at 13 weeks after bile duct ligation and stained for y-glutamyl transpeptidase activity. (x 200). Note that all of the epithelial cells
in this figure show a positive cytoplasmic staining for y-glutamyl transpeptidase activity, with some cells showing a more intense staining reaction than
others. b-A representative metaphase spread obtained from a 3-day-old primary epithelial culture from a bile-ductular-cell-enriched population iso-
lated from rat liver at 10 weeks after bile duct ligation. (Giemsa, x 1000) c-Electron micrograph of a 3-day-old primary epithelial monolayer culture
from the bile-ductular-cell-enriched population isolated at 13 weeks after bile duct ligation. Section was made parallel to the substratum surface. D,desmosomes. (x 6860)
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Figure 5-Electron micrograph of a 3-day-old primary epithelial monolayer culture from the bile-ductular-cell-enriched population isolated at 13 weeks
after bile duct ligation. Section was made perpendicular to the substratum surface. L, lumen; MV, microvilli; JC, junctional complex; D, desmosome;
M, medium-facing surface; S, substratum-facing surface. (x4880)

a normal diploid chromosome content. In addition,
these cultured epithelial cells were demonstrated by elec-
tron microscopy to exhibit ultrastructural features which
were also quite compatible with those of the bile duc-
tular epithelial cell (Figures 4c and 5). Moreover, in sec-
tions cut perpendicular to the substratum surface, dis-
creet cell-bounded lumens limited by tight junctions and
containing small projecting microvilli were evident in
some regions of the culture. Small microvilli were also

observed at the medium-facing cell surface of the cul-
tured epithelial cells (Figure 5).

Table 1 shows the stability over time in culture of var-
ious marker-enzyme-specific activities characterizing
both the primary explant culture and the primary
monolayer cell culture that was established with the iso-
lated bile-ductular-cell-enriched population. Here it can
be seen that, in each case, the y-glutamyl-transpepti-
dase-specific activity of the cultured cells remained rel-
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Table 1 -Enzyme Marker Specific Activities of Primary Explant and Cell Monolayer Cultures of
Hyperplastic Bile Ductular Epithelium From Bile-Duct-Ligated Rat Liver

Specific Activity§
Days in culture y-Glutamyl transpeptidase

Freshly isolated
1
3

Freshly isolated
1
2

Freshly isolated
1
2
3

4.23 + 0.29
3.76 + 0.18
5.30 + 0.86
1.21 + 0.07
1.27 + 0.09
1.31 + 0.15
2.79 0.17
2.16 + 0.12
1.90 + 0.22
3.04 0.57

Leucine aminopeptidase Alkaline phosphatase

0.65 + 0.07
0.55 0.03
0.25 + 0.04
0.43 0.05
0.55 + 0.06
0.36 -+- 0.06
0.57 + 0.04
0.58 0.05
0.36 + 0.04
0.38 0.07

1.34 0.09
1.28 + 0.07
0.30 0.05
1.60 0.11
1.21 0.12
0.25 0.03
4.40 0.28
4.41 0.37
2.10 0.30
1.39 0.27

* Established from a hyperplastic bile ductular tissue preparation isolated from rat liver at 10 weeks after bile duct ligation.
t Established from a hyperplastic bile ductular cell-enriched fraction isolated from rat liver at 13 weeks after bile duct ligation.
t Established from a hyperplastic bile ductular cell-enriched fraction isolated from rat liver at 10 weeks after bile duct ligation.
§ Each value represents the mean + SD determined from measurements made in triplicate: y-glutamyl transpeptidase specific activity, micromoles

p-nitroaniline/milligram protein/hour; leucine aminopeptidase specific activity, micromoles P-naphthylamide/milligram protein/hour; alkaline phosphatase
specific activity, micromoles phosphate/milligram protein/hour.

atively constant over a 3-day culture period with respect
to the values obtained for this enzyme with fresh tissue
and cell isolates. In comparison, these cultures exhibited
measurable but decreasing specific activities of the
marker enzymes leucine aminopeptidase and alkaline
phosphatase over the same period of time.

Preliminary transplantation results with the isolated
bile-ductular-cell-enriched population further support
its potential usefulness. In this regard, organized foci
of bile-ductular-like structures were detected in the
scapular fat pads of appropriate recipient rats at 3 weeks
after inoculation of the isolated bile ductular peak gra-

dient population into this tissue site (Figure 6). Only
formed ductules were observed within the fat pads, and

Figure 6-Presence of well-differenti-
ated ductular tissue in the interscapu-
lar fat pad of an isologous recipient rat
at 3 weeks after transplantation of '4
X 106 cells from the bile-ductular-
cell-enriched peak fraction obtained
from rat liver at 15 weeks after bile duct
ligation. (H&E, x 200)

there was no evidence for the presence of hepatocytes
in this tissue after transplantation.

Discussion

In the present study we have employed both morpho-
logic and biochemical criteria to demonstrate in an un-

equivocal manner the establishment of primary explant
and cell monolayer cultures of hyperplastic bile ductu-
lar epithelial cells from the livers of rats at 10-15 weeks
after bile duct ligation. The 10-15-week period after bile
duct ligation was chosen as the time point for isolating
the hyperplastic bile ductular tissue preparation because
by this time the bile ductular cell proliferation in vivo

,-

i

Culture

Primary explant*

Primary cell monolayert

Primary cell monolayert
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has been shown to become stabilized at a relatively low
rate, with much of the liver mass (ie, >500o) now found
to be occupied by well-differentiated hyperplastic bile
ductular tissue.4.13
A major advantage of the isolation procedure used

in this study is that it allows for the simultaneous cul-
turing of a tissue preparation and a cell isolate, both
of which are highly enriched in viable bile ductular ep-
ithelial cells. In this regard, a good correlation was es-
tablished between the ultrastructural characteristics
shown by the bile ductular epithelial cells in primary
monolayer cell culture versus those in primary tissue
explant culture. This was particularly evident in terms
of comparing the ultrastructural features of the primary
monolayer cells derived from the isolated bile ductular
cell-enriched population with that of the epithelial cell
outgrowths from the bile ductular tissue explant cul-
tures. Furthermore, while most of the bile ductular ep-
ithelial cells from the isolated cell fraction were in cell
monolayer in primary culture, it was also observed
that in some regions of this culture distinct lumens were
present as well. Here, it is most probable that this orga-
nization of the bile ductular cells around lumens reflects
the presence of the small intact ductules found in the
cultured cell isolate and not a de novo formation in cul-
ture of ductular structures from single cells or small
groups of cells. However, further studies are needed to
completely rule out the latter possibility.
Both the primary explant and cell monolayer cultures

of the hyperplastic bile ductular cells were quite com-
parable with respect to their profiles and stability over
time in culture of the marker enzyme activities of y-
glutamyl transpeptidase, leucine aminopeptidase, and
alkaline phosphatase. Each of these enzymes, in turn,
have been shown to be characteristic of non-carcinogen-
induced hyperplastic bile ductular cells in vivo.3'9'11'25-27
In particular, y-glutamyl transpeptidase is perhaps the
most useful of the enzyme markers. We have previously
shown it to be histochemically localized exclusively to
the bile ductular epithelium of the well-differentiated
hyperplastic bile ductular tissue isolated from the livers
of bile-duct-ligated rats.13
The short-term primary bile ductular cell explant and

monolayer cultures established in this study should not
be confused with oval cell cultures derived from the
livers of carcinogen-treated rats8 28 nor with most of the
liver epithelial-like cell lines previously established from
normal adult or fetal rat livers.29-3' Transitional cells
usually found to be associated with carcinogen-induced
oval cell proliferation, and having morphologic char-
acteristics intermediate between the bile ductular cell
and the hepatocyte32.33 were not observed in our
electron-microscopic studies. This is also consistent with

our previous findings demonstrating that, unlike
carcinogen-induced oval cell populations, the bile duct
hyperplasia resulting from bile duct ligation does not
show any indication of a nonhepatocytic cellular ex-
pression of albumin production, glucose-6-phosphatase
activity, or glycogen."3 Hayner et al34 have also recently
reported that a freshly isolated biliary epithelial cell
fraction from normal rat liver possessed a selected iso-
zyme profile that was distinct from that of the hepato-
cyte. In contrast, they found that an oval cell fraction
isolated from the livers of carcinogen-treated rats ex-
hibited a hybrid pattern of isozymes, which implied the
presence of some cells in this population that were in
intermediate states of differentiation between the biliary
epithelial cell and the hepatocyte. In this regard, these
authors also demonstrated by morphologic examina-
tion the presence of transitional cells in their "oval" cell
isolate, although it is not certain as yet whether these
cells are the ones which contained the hybrid isozymes.
The freshly isolated and cultured bile ductular cells

from the bile duct-ligated rats possessed a considera-
bly higher y-glutamyl-transpeptidase-specific activity
than that which was measured by us in an oval cell popu-
lation isolated from the livers of rats fed the carcino-
gen DL-ethionine in a choline-deficient diet. 13 Likewise;
the high y-glutamyl-transpeptidase-specific activity of
these short-term bile ductular cell cultures distinguishes
them from the majority of the established rat liver
epithelial-like cell lines, which are for the most part
negative for this particular enzyme marker activity.35 36
However, Tsao et al37 have recently described the es-
tablishment of a diploid rat liver epithelial cell line from
normal adult rat liver which exhibits a weakly positive
histochemical reaction for y-glutamyl transpeptidase,
as well as possesses a number of other phenotypic prop-
erties described for oval cells. On the other hand, the
origin of this cell line as being derived unequivocally
from bile ductular epithelium still remains to be demon-
strated.
At present, we have limited most of our observations

of the primary epithelial monolayer cultures to the first
3 days of culture. In this regard, these primary bile duc-
tular cell explant and monolayer cell cultures exhibited
during this brief culture period, and under the present
culture conditions, a very low level of fibroblast con-
tamination, as well as a more differentiated bile ductu-
lar cell morphology than was observed in older primary
cultures. With respect to the bile ductular tissue explant
itself, cellular degeneration was found to be quite
marked by the ninth day of culture. However, in pre-
liminary studies in our laboratory (H. P. Cihla and
A. E. Sirica, unpublished observations), we have also
demonstrated the feasibility of establishing a propaga-
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ble epithelial cell line derived from the primary
monolayer bile ductular cell culture and found to be
positive by histochemistry for y-glutamyl transpeptidase
activity. By comparison, Fausto has recently been cited
in a published personal communication37 as indicat-
ing that the y-glutamyl transpeptidase of carcinogen-
induced oval cells markedly declines in cell culture.
Our initial transplantation studies with the isolated

bile-ductular-cell-enriched population obtained from
the bile-duct-ligated rats have also been encouraging
in that only formed, well-differentiated bile-ductu-
lar-like structures were observed within the interscapu-
lar fat pads of the recipient normal host rats. This, in
turn, suggests the possibility of establishing an in cul-
ture/in vivo transplantation model with these cells for
the purpose of studying cholangiolar carcinogenesis and
the regulation of bile ductular cell functions, prolifer-
ation, and modulation under more controlled ex-
perimental conditions. Further efforts are now being
made to define the optimal conditions for maintaining
the hyperplastic bile ductular cells from bile-
duct-ligated rats in cell culture, along with further de-
veloping conditions for their use in an in vivo trans-
plantation model.

References

1. Cameron GR, Oakley CL: Ligation of the common bile
duct. J Path Bact 1932, 35:769-798

2. Steiner JW, Carruthers JS, Kalifat SR: The ductular cell
reaction of rat liver in extrahepatic cholestasis: I. Prolifer-
ated biliary epithelial cells. Exp Mol Pathol 1962,
1:162-185

3. Chou ST, Gibson JB: A histochemical study of the bile
ducts in long-term biliary obstruction in the rat. J Pathol
1971, 103:163-175

4. Wu PC, Ma L, Gibson JB, Hirai H, Tsukada Y: Serum
alpha-fetoprotein in rats after ligation of the common
bile duct: Relation to ductular cell (oval cell) prolifera-
tion. J Pathol 1981, 133:61-74

5. Farber E: Similarities in the sequence of early histologi-
cal changes induced in the liver of the rat by ethionine,
2-acetylaminofluorene, and 3'-methyl-4-dimethylamino-
azobenzene. Cancer Res 1956, 16:142-148

6. Shinozuka H, Lombardi B, Sell S, lammarino RM: Early
histological and functional alterations of ethionine liver
carcinogenesis in rats fed a choline-deficient diet. Can-
cer Res 1978, 38:1092-1098

7. Lombardi B: On the nature, properites and significance
of oval cells, Recent Trends in Chemical Carcinogenesis,
Vol 1. Edited by P Pani, F Feo, A Columbano. Cagliari,
Italy, ESA, 1982, pp 37-56

8. Sell S, Leffert HL: An evaluation of cellular lineages in
the pathogenesis of experimental hepatocellular carci-
noma. Hepatology 1982, 2:77-86

9. Wootton AM, Neale G, Moss DW: Some properties of
alkaline phosphatases in parenchymal and biliary tract
cells separated from rat liver. Clin Chim Acta 1975,
61:183-190

10. Oda M, Yousef IM, Phillips MJ: Isolation of bile ducts
from rat liver: Technique and preliminary ultrastructural
characterization. Exp Mol Pathol 1975, 23:214-219

11. Grant AG, Billing BH: The isolation and characteriza-
tion of a bile ductule cell population from normal and
bile-duct ligated rat livers. Br J Exp Pathol 1977,
58:301-310

12. Ledda GM, Sells MA, Yokoyama S, Lombardi B: Meta-
bolic properties of isolated rat liver cell preparations en-
riched in epithelial cells other than hepatocytes. Int J Can-
cer 1983, 31:231-237

13. Sirica AE, Cihla HP: Isolation and partial characteriza-
tions of oval and hyperplastic bile ductular cell-enriched
populations from the livers of carcinogen and non-
carcinogen-treated rats. Cancer Res 1984, 44:3454-3466

14. Rubin E: The origin and fate of proliferated bile ductu-
lar cells. Exp Mol Pathol 1964, 3:279-286

15. Sirica AE, Richards W, Tsukada Y, Sattler CA, Pitot HC:
Fetal phenotypic expression by adult rat hepatocytes on
collagen gel/nylon meshes. Proc Natl Acad Sci USA 1979,
76:283-287

16. Sirica AE, Goldblatt PJ, McKelvy JF: Isolation and par-
tial characterization of a bile canalicular plasma mem-
brane fraction from normal and regenerating rat liver.
J Biol Chem 1975, 250:6464-6468

17. Goldbarg JA, Rutenburg AM: The colorimetric deter-
mination of leucine aminopeptidase in urine and serum
of normal subjects and patients with cancer and other
diseases. Cancer 1958, 11:283-291

18. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Pro-
tein measurement with the Folin reagent. J Biol Chem
1951, 193:265-275

19. Ames BN: Assay of inorganic phosphate, total phosphate
and phosphatases. Methods Enzymol 1966, 8:115-118

20. Nachlas MM, Crawford Dt, Seligman AM: The
histochemical demonstration of leucine aminopeptidase.
J Histochem Cytochem 1957, 5:264-278

21. Brinkley BR, Murphy P, Richardson LC: Procedure for
embedding in situ selected cells cultured in vitro. J Cell
Biol 1967, 35:279-283

22. Tjio JH, Whang-Peng J: Direct chromosome prepara-
tion of bone marrow cells, Human Chromosome Meth-
odology. Edited by J Yunis. New York, Academic Press,
1974, pp 157-161

23. Jirtle RL, Biles C, Michalopoulos G: Morphologic and
histochemical analysis of hepatocytes transplanted into
syngeneic hosts. Am J Pathol 1980, 101:115-126

24. Jirtle RL, Michalopoulos G, McLain JR, Crowley J:
Transplantation system for determining the clonogenic
survival of parenchymal hepatocytes exposed to ioniz-
ing radiation. Cancer Res 1981, 41:3512-3518

25. Kaplan MM, Kanel GC, Singer JA: Enzyme changes and
morphometric analysis of bile ducts in experimental bile
duct obstruction. Clin Chim Acta 1979, 99:113-119

26. Richards WL, Tsukada Y, Potter VR: y-Glutamyl trans-
peptidase and a-fetoprotein expression during a-naphthyl
isothiocyanate-induced hepatotoxicity in rats. Cancer Res
1982, 42:5133-5138

27. Leonard TB, Neptun DA, Popp JA: Serum gamma
glutamyl transferase as a specific indicator of bile duct
lesions in the rat liver. Am J Pathol 1984, 116:262-269

28. Yoshimura H, Harris R, Yokoyama S, Takahashi S, Sells
MA, Pan SF, Lombardi B: Anaplastic carcinomas in nude
mice and in original donor strain rats inoculated with
cultured oval cells. Am J Pathol 1983, 110:322-332

29. Sirica AE, Pitot HC: Drug metabolism and effects of car-
cinogens in cultured hepatic cells. Pharmacol Rev 1980,
31:205-228

30. Grisham JW: Cell types in long-term propagable cultures
of rat liver. Ann NY Acad Sci 1980, 349:128-137

31. Grisham JW: Cell types in rat liver cultures: their
identification and isolation. Mol Cell Biochem 1983,
53/54:23-33



78 SIRICA ET AL AJP * July 1985

32. Sells MA, Katyal SL, Shinozuka H, Estes LW, Sell S, Lom-
bardi B: Isolation of oval cells and transitional cells from
the livers of rats fed the carcinogen DL-ethionine. JNCI
1981, 66:355-362

33. Yaswen P, Hayner NT, Fausto N: Isolation of oval cells
by centrifugal elutriation and comparison with other cell
types purified from normal and preneoplastic livers. Can-
cer Res 1984, 44:324-331

34. Hayner NT, Braun L, Yaswen P, Brooks M, Fausto N:
Isozyme profiles of oval cells, parenchymal cells, and
biliary cells isolated by centrifugal elutriation from nor-
mal and preneoplastic livers. Cancer Res 1984, 44:332-338

35. Huberman E, Montesano R, Drevon C, Kuroki T, St Vin-
cent L, Pugh TD, Goldfarb S: y-Glutamyl transpeptidase
and malignant transformation of cultured liver cells. Can-
cer Res 1979, 39:269-271

36. San RHC, Shimada T, Maslansky CJ, Kreiser DM, Laspia
MF, Rice JM, Williams GM: Growth characteristics and
enzyme activities in a survey of transformation markers
in adult rat liver epithelial-like cell cultures. Cancer Res
1979, 39:4441-4448

37. Tsao T, Smith JD, Nelson KG, Grisham JW: A diploid
epithelial cell line from normal adult rat liver with pheno-
typic properties of "oval" cells. Exp Cell Res 1984,
154:30-52

Acknowledgments
We wish to thank Ms. Judy Jicinsky, Ms. Ellen Heyer, and

Ms. Wanda J. Russell for their excellent technical assistance.
We would also like to thank Ms. Hattie Wyche for typing the
manuscript.


