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ABSTRACT

Oval cells and biliary epithelial cells were isolated from livers
of rats fed a choline-deficient diet containing 0.1% ethionine and

from normal rat livers, respectively. Nonparenchymal cell sus
pensions prepared from these livers by collagenase perfusion
followed by digestion of undissociated tissue with 0.1% colla
genase, 0.1% Pronase, and 0.004% DNase I were separated
into six fractions by centrifugal elutriation. Cells in each fraction
were characterized histochemically for 7-glutamyl transpepti-
dase, peroxidase, alkaline phosphatase, and glucose-6-phos-
phatase activities, and for albumin and a-fetoprotein by immu-

nocytochemical methods. Cells from Fraction 5 of the elutriation
procedure had various features predicted for oval cells and were
selected for further studies. The cell yield in this fraction, from
each preneoplastic liver, was 5.7 x 107 cells, 93 Â±2% of which

were 7-glutamyl transpeptidase positive, 6 Â± 1% peroxidase
positive, 61% albumin positive, and 29% a-fetoprotein positive.

Cells in this fraction have a median diameter of 13.1 ^m and are
diploid and cycling. The majority of these cells has morphological
features characteristic of biliary epithelial cells, although some
cells display features intermediate between duct cells and hep-

atocytes. Nucleic acid hybridization using specific probes re
vealed that these cells contain albumin and a-fetoprotein mes

senger RNAs, while hepatocytes from normal and preneoplastic
liver contain only albumin messenger RNA. Biliary cells obtained
from normal livers do not contain albumin messenger RNA. The
large-scale purification and characterization of cell populations

from preneoplastic livers is an important step in elucidating the
cellular derivation of liver tumors.

INTRODUCTION

Although liver carcinogenesis is a common model for the study
of tumor induction in animals, its essential molecular and cellular
events are poorly understood. Current theories of hepatocarcin-
ogenesis suggest that neoplastic transformation derives from
"dedifferentiation" of mature hepatocytes or from the abnormal

differentiation of precursor cells (27, 43). It is not yet possible,
however, to identify, at the early stages of liver carcinogenesis,
the cells which will give rise to tumors or to distinguish the steps
which intervene between cell initiation and neoplasia (6, 35).

One of the first changes induced by most chemical carcinogens
is the emergence in the liver of cells, distinct from hepatocytes,
which resemble biliary epithelial cells (5, 9, 22, 38). This popula
tion of cells proliferates to such an extent that it may constitute
a majority of the liver cellular elements at the early stages of

1Supported by USPHS Research Grant CA 23226 from the National Cancer

Institute.
2Trainees supported by NIH Grant GM 07601.
3To whom requests for reprints should be addressed.

Received July 15,1983; accepted October 3, 1983.

hepatocarcinogenesis, particularly in animals given carcinogens
in conjunction with diets deficient in lipotropic factors (30). Some
of these cells form typical and atypical bile ducts and, although
it is assumed that the population is derived from biliary cells, its
lineage and function are unclear. Because of these uncertainties,
ductular-like cells which proliferate during carcinogenesis are

generally referred to as oval cells, a name which reflects their
morphology but is noncommital as to origin or biological role (5).

A central issue regarding oval and ductular cells derives from
observations which suggest that these cells are capable of
differentiating into hepatocytes. In some systems, such as azo
dye carcinogenesis, it is possible that oval cells constitute the
progenitor population of neoplastic hepatocytes (15, 25). This
hypothesis is strengthened by the demonstration that, at the
early stages of carcinogenesis induced by some chemical agents,
oval cells, rather than hepatocytes, contain oncodevelopmental
proteins commonly associated with liver neoplasia (12, 19, 38).
The observations of Grisham et al. (10), that hepatic epithelial
cells may derive from nonparenchymal cell precursors in tissue
culture, have led them to suggest that "terminal biliary ductular
cells are facultative stem cells for hepatocytes."

A direct analysis of the developmental potential and the bio
chemical properties of oval cells requires the isolation of large
numbers of these cells free or nearly free from contamination by
other cellular types, especially hepatocytes. In this paper, we
describe the isolation, by centrifugal elutriation, of oval cells from
preneoplastic livers of rats fed for 4 to 6 weeks a CDE4 diet.

Since oval cells might be derived from and share morphological
features with bile duct cells, we have, for comparative purposes,
isolated biliary epithelial cells from normal rat liver. Both cell
populations, as well as hepatocytes purified from normal and
preneoplastic livers, have been analyzed for: (a) the activity of
several enzymes (GGT, G6P, ALKP, and peroxidase) with his-
tochemical methods; (b) the presence of serum proteins (AFP
and ALB) by immunocytochemistry; (c) DNA content (ploidy)
using microspectrophotometry; and (d) the presence of AFP and
ALB mRNAs by nucleic acid hybridization with specific probes.
A study of the isozyme composition of oval cells isolated from
preneoplastic livers and biliary epithelial cells obtained from nor
mal livers, and of parenchymal cells from normal and carcinogen-
treated animals, is presented in an accompanying paper (13).

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Charles River Breeding Laboratories, Wil

mington, Mass.) weighing 130 to 150 g were fed either a standard

4The abbreviations used are: CDE, choline-deficient diet containing 0.1% DL-
ethionine; GGT, i-glutamyl transpeptidase; G6P, glucose-6-phosphatase; ALKP,
alkaline phosphatase; AFP, a-fetoprotein; ALB, albumin; MEM, minimum essential
medium.
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Elutriation of Oval Cells

laboratory chow or a CDE diet (38) prepared by Teklad Test Diets
(Madison, Wis.). Rats receiving the carcinogenic diet were killed 4 to 6
weeks after the start of the feeding. Histological examination showed
that oval cells were abundant in the livers of the animals receiving the
carcinogenic diet, as described previously (1, 32, 38).

Cell Suspension

Rats were anesthetized with a mixture of ether and oxygen. Each
liver was perfused in situ via the portal vein with oxygenated calcium-
free Hanks' balanced salt solution [with 20 mw 4-(2-hydroxyethyl)-1 -

piperazineethanesulfonic acid, without bicarbonate, pH 7.4] for 10 min
at 22 ml/min at 37Â°.The liver with the cannula in place was then excised,

and a recirculating perfusion was established using 50 ml of 0.10%
collagenase (type I; Sigma Chemical Co., St. Louis, Mo.) in oxygenated
calcium-supplemented buffer [3.9 g NaCI, 0.5 g KCI, 0.7 g CaCI2-2H2O,
and 24.0 g 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid in 1000
ml; pH 7.6, at 37Â°](33). After 15 min of recirculating perfusion, the liver
was removed to a large Retri dish containing 50 ml of calcium-free Hanks'

solution. The liver capsule was cut, and the tissue was dissociated by
shaking and combing.

Nonparenchymal Cells. After decanting the released cells (which
were saved for the purification of parenchymal cells), the remaining
undissociated tissue was minced in 25 ml of Joklik-modified MEM (Grand
Island Biological Co., Grand Island, N. Y.) with 20 mw 4-<2-hydroxyethyl)-
1-piperazineethanesulfonic acid, containing 0.1 % collagenase, 0.1 % Pro-
nase (Calbiochem-Behring Corp., La Jolla, Calif.), and 0.004% DNase I
(DN-25; Sigma), pH 7.4. The minced tissue was incubated 3 times with

the enzyme solution in a trypsinizing flask. For each incubation, the flask
was kept at 37Â°for 20 min in a shaking water bath at 200 rpm. After

each incubation, the supernatant was decanted and filtered through 45-

/im nylon mesh (TETKO, Inc., Elmsford, N. Y.). Cold MEM with 10% calf
serum (Grand Island Biological Co.) was added, bringing the volume to
50 ml. Tissue fragments retained on the filters after the first and second
digestion were reincubated by including these filters in the final enzyme
incubation. The filtered cell suspensions were centrifugea at 300 x g for
5 min at 4Â°,resuspended in MEM with 10% calf serum, and recentri-

fuged. The pellets obtained from each incubation were combined and
resuspended in a final volume of 10 ml of MEM containing 10% calf
serum.

Parenchymal Cells. Cell suspensions obtained after collagenase per
fusion of normal livers were filtered through 220 urn mesh (TETKO) and
then centrifuged twice at 50 x g for 2.5 min at 4Â°.Cell pellets were
pooled and resuspended in appropriate volumes of Hanks' Solution or

MEM with 10% calf serum. To prepare cell suspensions from preneo-

plastic livers, perfused livers were minced in 25 ml MEM with 0.1%
collagenase and 0.004% DNase I, and ihe minced tissue incubated in a
trypsinizing flask at 37Â°at 125 rpm for 15 min. The cell suspension was

decanted, filtered, and centrifuged as described for normal parenchymal
cells. The tissue which remained undissociated was treated once more
with enzyme solution. The cell pellets were pooled and suspended in
MEM with 10% calf serum.

Samples of all cell suspensions were taken for cell counts, determi
nation of cell viability by try pan blue exclusion, and light and electron
microscopic examination.

Cell Separation

Nonparenchymal Cells. Centrifugal elutriation of the cell suspension
obtained by collagenase/Pronase digestion was performed in a Beckman
JE-6 elutriator rotor equipped with a standard Beckman separation

chamber (Beckman Instruments, Palo Alto, Calif.) run at 2500 rpm and
kept at 10Â°.MEM with 10% calf serum and 0.004% DNase I was used

as the elutriation medium. Approximately 9 ml of cell suspension were
injected into the mixing chamber. Five 100-ml fractions were collected

at increasing pump flow rates of 18, 24, 26, 28, and 40 ml/min. A sixth
"blowout" fraction was collected with the rotor stopped and maximal

pump flow rate. The elutriated cells from each fraction were centrifuged
at 500 x g for 10 min, and the pellets were resuspended in MEM
containing 10% calf serum.

Parenchymal Cells from Preneoplastic Livers. Parenchymal cells
from preneoplastic livers were purified by centrifugal elutriation. Nine ml
of cell suspension, containing 0.5 to 2.0 x 108 parenchymal cells, were

loaded into the JE-6 elutriator rotor with the rotor speed set at 1500
rpm. Five 100-ml fractions were collected at pump flow rates of 20, 25,

30, 35, and 40 ml/min. An additional blowout fraction was also collected
as described above. The cells in each fraction were centrifuged at 50 x
g for 2.5 min, and the pellets were resuspended in MEM containing 10%
calf serum.

Histochemistry

Cell smears were prepared without prior fixation and used immediately
or frozen at -20Â°. Separate slide sets were stained for GGT (31),

peroxidase (7, 41), ALKP (14), and G6P (45). In each preparation, 400
cells were surveyed, and the percentage of positive cells was determined.

Immunohistochemistry

ALB and AFP were localized by the peroxidase-antiperoxidase method

(40) in smears of isolated cells which were washed in buffer and fixed in
periodate/lysine/p-formaldehyde fixative (23). Rabbit antibody to rat ALB

(Cappel Laboratories, West Chester, Pa.) and the IgG fraction of rabbit
antibody to mouse AFP (Miles Laboratories, Elkhart, Ind.) were pretested
and titrated on known positive control tissue sections and were checked
for specificity and cross-reactivity against purified rat ALB (Pel Freez,

Rogers, Ariz.), purified mouse AFP (a gift of T. Tamaoki), calf serum
(Grand Island Biological Co.), and goat serum (Grand Island Biological
Co.). Nonimmune rabbit serum (KC Biologicals, Lenexa, Kans.) or the
IgG fraction from this serum was used, at the same titer as the antibody
preparations, to assess the degree of background staining on control
slides. Cell smears stained by the peroxidase-antiperoxidase method for

either ALB or AFP were counterstained with Giemsa; 400 cells on each
slide were scored to determine the percentage of AFP- or ALB-positive

cells.

Electron Microscopy

Samples of the isolated cell suspensions were fixed at 4Â°for 45 min

in 1.6% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, containing 0.1
M sucrose. Fixed cells were centrifuged at 15,000 x g, and the pellets
were postfixed for 20 min with 0.1% OsO< in 0.1 M sodium cacodylate
buffer, dehydrated in graded ethanol and propylene oxide, and embedded
in Spurr resin. Thin sections were stained with uranyl acetate and
Reynolds lead citrate.

Cell Sizing

Cells in suspension were sized using a Coulter Model ZM particle
counter with a 140-itm orifice (Coulter Electronics, Edison, N. J.), in
conjunction with a Coulter size distribution analyzer (Coulter Channely-

zer). Median cell sizes were calibrated using microspheres of known
diameter as standards (Coulter Electronics, Hialeah, Fla.).

DNA Microspectrophotometry

Cell smears were fixed in methanol/acetic acid (3/1). Staining with
0.1% 4'-6-diamidino-2-phenylindole, and microspectrophotometric de

termination of fluorescence of individual nuclei were performed according
to the method described by Coleman et al. (3).

ALB and AFP mRNAs in Isolated Cell Fractions

Cytoplasmic extracts were prepared from isolated cell fractions as
described by White and Bancroft (47), and amounts equivalent to 10 to
80 Â¿igof protein were spotted on nitrocellulose sheets (BA85, 0.45 ^m;
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P. Vasvven et al.

Schleicher and Schuell, Keene, N. H.). The cloned DNA probes, pAF6
for AFP mRNA and pmalb2 for albumin mRNA (17, 20), were gifts from
Dr. T. Tamaoki and were labeled by nick translation (29) with [32P]dCTP

(3200 Ci/mmol; New England Nuclear, Boston, Mass.). Dot-blot hybridi
zations were performed for 72 hr at 42Â°using 1 x 106 cpm/ml hybridi

zation buffer (42). After hybridization, the filters were washed, placed in
contact with Kodak XAR-5 film, and kept at -70Â°. To determine sensi

tivity of the procedure and possible cross-reactivity of the probes, from
3 to 100 pg of unlabeled, heat-denatured pAF6 and pmalb2 DNA were

spotted on the filters and hybridized with labeled DNA. Cytoplasmic
extracts treated with 10 Â¿Â¡gof RNase A (Boehringer Mannheim, Indian
apolis, Ind.) for 1 hr at 37Â°prior to denaturation were used as controls

for the hybridization procedure.

RESULTS

Oval Cell Isolation from Preneoplastic Livers. On the basis
of the published data from this and other laboratories, we
adopted the following operational criteria for the recognition of
oval cells: (a) cell diameter, ranging between 10 and 15 Â»m,
about one-half of that of hepatocytes; (b) presence of GOT

activity, demonstrable by histochemical staining; and (c) absence
of histochemically demonstrable peroxidase activity. Initially, we
attempted to isolate GGT-positive nonparenchymal cells from

preneoplastic livers by dissociating the livers by collagenase
perfusion and separating parenchymal from nonparenchymal
cells by differential centrifugation. Nonparenchymal cell fractions
obtained with this method contained no more than 2% GGT-
positive cells and proved unsuitable for further purification. His-
tological examination of the liver tissue which remained undis-

sociated after collagenase treatment revealed that the tissue
was very highly enriched in GGT-positive cells and in structures

resembling bile ducts or ductules, enveloped in a connective
tissue matrix. After experimenting with a number of proteolytic
enzymes alone or in combination, we found that a collagenase/
Pronase/DNase digestion step was most satisfactory for the
preparation of monodispersed nonparenchymal cell suspensions
enriched in GGT-positive cells. Digestion of the undissociated

tissue with the collagenase/Pronase/DNase mixture yielded
preparations which contained 62 Â±3% (S.E.) GGT-positive cells
and 13 Â±1% peroxidase-positive cells. Parenchymal cells con

stituted 2 Â±1% of the population. Approximately 5.9 Â±1.2 x
108 nonparenchymal cells with 95 Â±2% viability by trypan blue

exclusion were obtained from each liver of rats kept on the CDE
diet for 4 to 6 weeks.

The cells obtained by collagenase/Pronase/DNase digestion
were separated according to size and density using the centrif
ugal elutriation procedure. In the initial experiments, 10 different
fractions were collected at increasing pump speeds to determine
the optimal conditions for cell separation. The procedure which
was finally adopted involved the collection of 6 fractions as
indicated in "Materials and Methods" and shown in Chart 1.

Fractions 1 and 2 contained small cells with the characteristics
of endothelial cells, lymphoid cells, and erythrocytes in addition
to some cellular debris. In Fractions 3 and 4, nearly 90% of the
cells were GGT positive but Fraction 5, which contained 93 Â±
2% GGT-positive cells and 6 Â±1% peroxidase-positive cells with

a 93 Â±1% viability, was the most homogenous. In this fraction,
approximately 5.7 x 107 viable cells were collected from one

preneoplastic liver (Chart 1). No viable parenchymal cells were
detected in this fraction, although nonviable hepatocytes were
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Chart 1. Nonparenchymal cells (NPC) from the livers of 6 rats maintained for 4
to 6 weeks on a CDE diet (a) and from the livers of 3 rats maintained on a normal
diet (b) were separated into 6 fractions by centrifugal elutriation. Top, number of
cells in each elutriated fraction was counted in a hemocytometer (â€¢),and viability
was determined by 0.2% trypan blue exclusion (O). Bottom, duplicate cell smears
were made of cells from each elutriated fraction. Smears were stained histochem
ically for GGT (â€¢)or peroxidase (O); 400 cells were counted in each smear.

occasionally found. Fraction 6, a "blowout" fraction obtained

after the rotor had stopped, contained clumped cells and some
viable hepatocytes. The average overall recovery of viable non
parenchymal cells, after centrifugal elutriation (Fractions 1 to 6)
followed by centrifugation and resuspension of the cells, was
approximately 86%.

Size and Ploidy of Isolated Oval Cells. The size profile of
cells in Fraction 5 was determined with a Coulter Channelyzer
(Chart 2). The median diameter of the cells was 13.1 um, a value
which conforms to the expectation for oval cells, although the
coefficient of variation was relatively large.

Microspectrophotometric analysis of the cells present in Frac
tion 5 showed that, overall, they have a diploid DNA content and
constitute a cycling population (Chart 3), an observation which
agrees with data on thymidine labeling of oval cells in preneo
plastic livers (9, 19,36).

Morphological Characterization and Enzyme Histochemis-
try. The majority of the cells of Fraction 5 have the following
features: (a) irregularly shaped nuclei with variable amounts of
condensed chromatin; (b) high nuclear/cytoplasmic ratios; (c)
little rough endoplasmic reticulum; and (d) mitochondria of small
size and number (Fig. 1). Occasional lipid droplets as well as
other unidentified cytoplasmic inclusions are also apparent, and
the surfaces of some of the cells appear to have protruding
microvilli. These features have been noted in previous descrip
tions of oval and biliary cells in liver and in isolated cell fractions
(4, 9, 15, 25, 37, 39). These cells are easily distinguishable from
the few Kupffer cells present which have abundant lysosomal
structures and cytoplasmic projections. Some of the cells in
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Elutriation of Oval Cells

Fraction 5 are slightly larger and have more abundant cytoplasm
than do typicaj biliary ipithelial cells (Fig. 2). These larger cells
have more and bigger mitochondria than do biliary cells, and
may be "transitional" cells in various stages of maturation to

hepatocytes.
Only about 1% ef the Fraction 5 cells stained for G6P, a

marker- for mature hepitoeytes, while approximately 46% were

ALKP positive. (Table 1). Since histochemical demonstration of
these enzymes was done only by light microscopy, it is not clear
whether the cells which displayed demonstrable G6P activity
were transitional cells. The same histochemical method detected
G6P activity in all hepatocytes collected, in the "blowout" fraction

of the elutriation procedure and in parenchyma! cells isolated
from normal or preneoplastic livers (see below).

Isolation of Biliary Epithelial Cells from Normal Livers. The
method described for oval cell isolation from preneoplastic livers
also proved to be the most satisfactory for the preparation from
normal livers of monqdisperged nonparenchymal cell suspen-
sipnÂ§enriched in QQT-pesitive cells- Htetological examination of

the tissue, remaining itter collagenase dissociation, but before
the coliagenase/P-ronas.e/PNase step, showed a variety of duct
structures surrounded by connective tissue. After treatment of

the undissociated tissue with collagenase/Pronase/DNase, the
cell suspensions were elutriated using same pump speeds as
for oval cell isolation. The proportion of GGT-positive cells pro
gressively increased from Fractions 1 to 5 (Chart 1). Cells isolated
in Fraction 5 stained for: GGT, 67 Â±9%; peroxidase, 12 Â±7%,
G6P, less than 1%; and ALKP, 11% (Chart 1; Table 1). Approx-
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Chart 2. Size distributions (CoulterChannelyzer)of cells from an unfractionated
nonparenchymalcell suspensionobtainedafter collagenase/Pronase/DNasediges
tion of a CDE liver ( ), and of cells from Fraction 5 obtained,after centrifugal
elutriation of the cell suspension( ). The medianvolumeof the cells in Fraction
5 was 1172.5 cu Â»im,and the coefficient of variation was 49%.

H0"4Â¿\13131296

â€¢3

â€¢a4236â€¢302418126-i*

1 1 . f -L->.â€” in_

LIM

b

oÂ»
f)

Â«SÂ»
T

SÂ»
(O

CD
t-- O. -

Chart 3 Relative fluorescence measurements using 4'-6-diamidino-2-phenylin-

dc4e(0.1 jig/ml) of cells from elutriated Fraction 5 of: (a) CDE nonparenchymal
cells; and (i>)normal nonparenchymalcells. In a: the number of nuclei counted was
100; the mean fluorescencevalue was 32.13; and the coefficient of variation was
31.64%. In t>:the number of nuclei counted was 50; the mean fluorescence value
was 24.34; and the coefficient of variation was 14.89%. In both cases, the
background fluorescencewas less than 1.00.

Table 1
Histochemicaland immunohistochemicalcharacteristics ot cells from elutriated nonparenchymalcell fractions

Eachvertical column represents one experiment; 400 cells were counted in each slide preparation,and the
percentageswhich stained positively are shown.

Frac
tion1

2
3
4
5
Â§ALKPCDE*25

42
58
53463718

28
35
3045

45Normal"11

17
11
13131313

18
14
13i13G6PCDE0

14

3i181

11

2
1
9Normal0

0
0
1
1

170

0
00111AFPCDE0

916

23
22
196

12
13
1735

1312se6660
68
45CDE1

28
53
81
W
34ALBNormal0

64
73
63
64
261

7
6
6
6

319

6
1
3
2

18
a These cells were obtained from livers of rats maintainedon a chplÂ¡ne-<Jeficientdiet with 0.1% ethionine

for 4 to 6 weeks.
b These cells were obtained from livers of rats fed a normalcholine-supplementeddiet without carcinogen.
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P. Yaswen et al.

imately 1.7 Â±0.3 x 106 GGT-positive nonparenchymal cells with

91 Â±3% viability were collected in Fraction 5 from one rat liver.
These cells had similar size and general morphological charac
teristics as oval cells isolated from preneoplastic livers, although
"transitional" forms were not observed. Microspectrophotometric

analysis (Chart 3) of the DNA content of individual cells indicated
that they constituted a diploid, noncycling cell population.

Isolation of Parenchyma! Cells from Normal and Preneo
plastic Livers. Parenchymal cells were isolated from normal
livers by the collagenase digestion procedure described by Se-

glen (33). Because the purity of these preparations is very high,
elutriation proved to be unnecessary. However, collagenase
digestion of preneoplastic livers yielded preparations of paren-

chymal cells which were heavily contaminated by other cell types
and had to be further purified by elutriation (see "Materials and
Methods"). The fraction obtained at a pump speed of 35 ml/min

was the purest, containing 87 Â±5% parenchymal cells. All of the
parenchymal cells of this fraction were positive for G6P; and
approximately 49 Â±8% were GGT positive. The median cell
diameter was 25 ^m, and the population contained diploid,
tetra-, and a few octoploid cells with typical hepatocyte mor
phology characterized by abundant rough endoplasmic reticu-

lum, large mitochondria, and round nuclei.
AFP and ALB mRNAs in Isolated Oval Cells, Biliary Epithe

lial Cells, and Parenchymal Cells. RNA contained in cyto-

plasmic extracts of parenchymal and oval cells isolated from the
livers of preneoplastic rats was hybridized with 32P-labeled,

cloned AFP cDNA using a dot-blot procedure. Cytoplasmic ex

tracts of oval cells pretreated with RNase served as controls for
the hybridization procedure. Fig. 3 shows that oval cell extracts
contain AFP mRNA while, in parenchymal cells isolated from
preneoplastic livers, this mRNA is barely detectable. Hybridiza
tion of RNA in cytoplasmic extracts with [32P]ALB cDNA (Fig. 3)

demonstrated that: (a) parenchymal cells isolated from normal
and preneoplastic livers contain large amounts of ALB messen
ger, as expected; (D) biliary epithelial cells from normal liver do
not have ALB mRNA; and (c) oval cells isolated from preneo
plastic livers contain ALB mRNA. Extracts of oval or parenchymal
cells pretreated with RNase had no detectable levels of ALB
mRNA.

Histochemical Distribution of AFP and ALB in Oval and
Biliary Epithelial Cells. Using specific immunocytochemical pro
cedures, we found that 29% of oval cells elutriated in Fraction 5
stained positively for AFP, while 61% were positive for ALB
(Table 1). Most parenchymal cells isolated from normal and
preneoplastic livers and approximately 2% of cells in biliary
epithelial cell isolates from normal livers stained for ALB. ALB-

positive cells in these latter preparations might be Kupffer cells
containing phagocytized cellular debris.

DISCUSSION

Understanding'the biological significance of oval cell prolifera

tion in the liver depends on knowledge of the origin, character
istics, fate, and developmental potential of these cells. We ap
proached the problem by isolating oval and transitional cells from
preneoplastic livers in large enough quantities to permit biochem
ical analysis of isolated cell fractions and comparisons between
these cells, hepatocytes, and cells from normal biliary epithelium.

Conventional collagenase perfusion techniques proved inade

quate for the preparation of monodispersed cell suspensions
from preneoplastic livers. A method which uses collagenase
perfusion followed by treatment of the undissociated tissue with
a mixture containing collagenase, Pronase, and DNase was
devised for the isolation of nonparenchymal cells from preneo
plastic livers. Pronase, a mixture of bacterial proteases, has been
widely used for the purification of liver nonparenchymal cells due
to the selective sensitivity of hepatocytes toward these pro
teases (18, 33). Although Pronase may adversely affect cell
surface proteins and receptors and decrease the ability of cells
to form colonies in culture, the cells we have isolated have high
viability as measured by Try pan blue exclusion, well-preserved

morphological structure, as well as intact mRNAs for ALB, AFP,
and some oncogene products.5 When Pronase is omitted from

the isolation procedures, the oval cell fractions recovered after
elutriation are contaminated by a small proportion of hepato
cytes. In addition, the number of oval cells obtained is much
reduced, because the large number of hepatocytes present in
the initial cell suspension limits the amount of nonparenchymal
cells loaded in the elutriation rotor.

Centrifugal elutriation separates cells according to size and
density (28) and permits the isolation of discrete cell types or
subpopulations in relatively large amounts. This method has
been used for the separation of subpopulations of hepatocytes
from normal and preneoplastic livers (2, 46), and for the isolation
of Kupffer and endothelial cells (20, 48) but, so far, it has not
been used for the separation of oval cells. Methods used to
isolate oval cells from preneoplastic livers and ductular cells from
normal livers have included isokinetic centrifugation in Ficoll
gradients, free-flow electrophoresis, and isopyknic centrifugation

in metrizamide gradients (8, 16, 24, 37). In the most homoge
neous elutriated oval cell fraction (Fraction 5), we routinely ob
tained approximately 57 million cells from each liver of rats fed
the carcinogenic diet for 4 to 6 weeks. The cell yields and the
percentage of GGT-positive cells in this fraction are significantly

greater than those reported with other isolation techniques (16,
37). The total number of GGT-positive cells in the combined oval

cell Fractions 3, 4, and 5 isolated from preneoplastic livers was
approximately 1.0 x 10". With the same methodology, the total

yield of GGT-positive biliary epithelial cells isolated from normal
livers was approximately 2.2 x 106.

In normal liver, AFP mRNA constitutes approximately 0.006%
of the polysomal polyadenylated liver RNA but, in preneoplastic
livers at 4 weeks after the start of the diet, AFP mRNA corre
sponds to approximately 0.21% of the liver polyadenylated RNA
(26). In contrast, AFP mRNA proportions are no higher than
0.012% of the polysomal polyadenylated RNA during liver regen
eration after partial hepatectomy (26), during which more than
90% of hepatocytes proliferate. Thus, the increase of AFP mRNA
during carcinogenesis induced by the CDE diet could be a
consequence of: (a) a change in the expression of the AFP gene
in hepatocytes brought about by the diet but unrelated to hepa
tocyte proliferation; or (b) the presence of a new population of
cells which are capable of synthesizing the protein. To distinguish
between these 2 possibilities, we hybridized a cloned AFP com
plementary DNA probe to cytoplasmic extracts of isolated
hepatocytes and oval cells obtained by elutriation from rats
receiving the CDE diet for 4 weeks. With this procedure, we

* P. Yaswen, N. T. Hayner, and N. Fausto, unpublished observations.
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Elutriation of Oval Cells

detected AFP mRNA primarily in oval cells but not in hepatocytes.
Using an ALB DMA probe, we found that both hepatocytes and
oval cells isolated from livers of rats fed the CDE diet contained
ALB mRNA (although the intensity of the signal was higher in
hepatocytes), but that cytoplasmic extracts from elutriated nor
mal biliary epithelial cells did not contain the messenger. Although
dot-blot hybridization procedures are not strictly quantitative, the

results of these assays indicate that the oval cell fraction isolated
from preneoplastic livers contains both AFP and ALB mRNA
and, thus, is capable of synthesizing proteins which are charac
teristic of fetal and adult hepatocytes, respectively. In contrast,
hepatocytes isolated from preneoplastic livers of rats fed the
CDE diet for 4 weeks contain ALB but very little AFP mRNA,
suggesting that dedifferentiation, at least in relationship to these
markers, is not taking place in parenchymal cells at this stage of
carcinogenesis.

Measurements of AFP and ALB mRNA in isolated cell fractions
do not address the question of the expression of these genes in
individual cells, i.e., whether all or only a fraction of the oval cells
express ALB and/or the AFP gene. The only available way, at
this time, to answer this question is to determine the proportion
of oval cells which stain for ALB or AFP with immunochemical
methods. Immunoperoxidase staining of the isolated oval cells
(Fraction 5) showed that over 60% of the cells stained for ALB,
and 29% of the cells stained strongly for AFP. Although we do
not know if ALB is synthesized in transitional rather than oval
cells, it is clear that GGT-positive nonparenchymal cells can have

typical hepatocyte markers. Interestingly, only a very small pro
portion of these cells, no more than 5%, were positive for G6P,
another marker of mature hepatocytes. Several laboratories have
reported that, in tissue sections of preneoplastic livers, oval or
transitional cells may stain for ALB and/or AFP (4, 11, 19, 34)
and that hepatocytes stain for ALB but not AFP (38). Cells
forming ducts do not stain for either of these markers, while oval
cells stain for AFP, ALB, or both (38).

There was a much larger number of ALKP-positive cells in the

oval cell fractions (46% positive in Fraction 5) than in the corre
sponding fractions obtained from normal livers (11%). In sections
of normal and preneoplastic livers, ALKP stain was located in
canalicular surfaces of hepatocytes and in some cells surround
ing small bile ducts but not in cells lining the larger ducts. It has
been reported that "connective tissue" cells located near bile

ducts and cells which line cholangioles may be positive for ALKP
(21, 44). Since more than 90% of cells in the elutriated oval cell
fractions are GGT positive; most cells in these fractions which
are ALKP* must also be GGT positive. The ALKP- and GGT-

positive cells isolated from preneoplastic livers may be transi
tional cells which have acquired some plasma membrane spe
cialization to form bile canaliculi, or they may be cholangiole-like

biliary cells.
In this paper, we show that oval cell fractions isolated from

preneoplastic livers are comprised of cycling, diploid GGT-posi

tive cells with a median diameter of approximately 13 urn. It is
likely that the GGT-positive cells in these fractions may belong

to various subpopulations with differing characteristics. Morpho
logically, the isolated cells resemble biliary epithelial cells or small,
transitional hepatocytes. They share biochemical features with
biliary cells (isozymes and GGT), with normal hepatocytes (ALB),
and with cells of neoplastic livers (AFP and isozymes) (14). To
date, most of the knowledge about the biology of oval cells has
been derived from the study of liver sections. The isolation of

large numbers of viable oval cells with identifiable markers (14)
will facilitate the detailed biochemical analysis of these cells, their
separation into subpopulations, and the study of their develop
mental potential in vivo and in vitro.

ACKNOWLEDGMENTS

We thank Dr. T. Tamaoki for his gift of DMA probes and mouse AFP; Dr. J.
Leith and Dr. A. Coleman, for their guidance with experimental procedures; S.
Bliven and B. Baynes, for their technical assistance; and Ann Baxter, for her help
in preparing the manuscript.

REFERENCES

1. Atryzek, V., Tamaoki, T., and Fausto, N. Changes in polysomal polyadenylated
RNA and a-fetoprotein messenger RNA during hepatocarcinogenesis. Cancer
Res.. 40: 3713-3718,1980.

2. Bemaert, D., Wanson, J. C., Mosselmans, R., DePaermentier, F., and Droch-
mans, P. Separation of adult rat hepatocytes in distinct subpopulations by
centrifugal elutriation: morphological, morphometrical and biochemical char
acterization of cell fractions. J. Biol. Chem., 34:159-174,1979.

3. Coleman, A. W., Maguire, M. J., and Coleman, J. R. Mithramycin- and 4'-6-
diamidino-2-phenylindole (DAPI)-DNA staining for fluorescence microspectro-

photometric measurement of DMA in nuclei, plastids, and virus particles. J.
Histochem. Cytochem., 29: 959-968, 1981.

4. Dempo, L, Chisaka, N., Yashida, Y., Kaneko, A., and Onoe, T. Immunoflu-
orescent study on n-fetoprotein-producing cells in the early stage of 3'-methyl-

4-dimethylaminoazobenzene carcinogenesis. Cancer Res., 35: 1282-1287,

1975.
5. Farber, E. Similarities in the sequence of early histological changes induced in

the liver of the rat by ethionine, 2-acetylaminofluorene, and 3'-methyl-4-

dimethylaminoazobenzene. Cancer Res., 76:142-155,1956.
6. Farber, E., and Cameron, R. The sequential analysis of cancer development.

Adv. Cancer Res., 31: 125-226, 1980.
7. Graham, R. C., and Kamovsky, M. J. The early stages of absorption of injected

horseradish peroxidase in proximal tubules of mouse kidney: ultrastructural
cytochemistry by a new technique. J. Histochem. Cytochem., 14: 291-302,

1966.
8. Grant, A. G., and Billing, B. H. The isolation and characterization of a bile

ductule cell population from normal and bile-duct ligated rat livers. Br. J. Exp.
Pathol., 58:301-310, 1977.

9. Grisham, J. W., and Porta, E. A. Origin and fate of proliferated hepatic ductal
cells in the rat: electron microscopic and autoradiographic studies. Exp. Mol.
Pathol., 3: 242-261,1964.

10. Grisham, J. W., Thai, S. B., and Nagel, A. Cellular derivation of continuously
cultured epithelial cells from normal rat liver. In: L. E. Gerschenson and E. B.
Thompson (eds.). Gene Expression and Carcinogenesis in Cultured Liver, pp.
1-23. New York: Academic Press, 1975.

11. Guillouzo, A., Belanger, L., Beaumont, C., Valet, J-P., Briggs. R., and ChiÃ¹,J-
F. Cellular and subcellular immunolocalization of o,-fetoprotein and albumin in
rat liver. RÃ©Ã©valuationof various experimental conditions. J. Histochem. Cy
tochem., 26: 948-959,1978.

12. Guillouzo, A., Weber, A., LeProvost, E., Rissel, M., and Schapira, F. Cell types
involved in the expression of fetal aldolases during rat azo-dye hepatocarcin
ogenesis. J. Cell Sci., 49: 249-260, 1981.

13. Hayner, N. T., Braun, L.. Yaswen, P., Brooks, M., and Fausto, N. Isozyme
profiles of oval cells, parenchymal cells, and biliary cells isolated by centrifugal
elutriation from normal and preneoplastic livers. Cancer Res., 44: 332-338,

1984.
14. Ida, M. Enzyme histochemical study on hepatoma. Acta Pathol. Jpn., 27: 647-

656, 1977.
15. Inaoka, Y. Significance of the so-called oval cell proliferation during azo-dye

hepatocarcinogenesis. Gann, 58: 355-366,1967.
16. Jacobs, J. M., Pretlow, T. P., Fausto, N., Pitts, A. M., and Pretlow, T. G., II.

Separation of two populations of cells with gamma-glutamyl transpeptidase
from carcinogen-treated rat liver. J. Nati. Cancer Inst., 66: 967-973, 1981.

17. Kisoussis, D., Eiferman, F., van de Rijn, P., Gorin, M. B., Ingram, R. S., and
Tilghman, S. M. The evolution of a-fetoprotein and albumin: II. The structures
of the n-fetoprotein and albumin genes in the mouse. J. Biol. Chem., 256:
1960-1967,1981.

18. Knook, D. L., Blansjaar, N., and Sleyster, E. C. Isolation and characterization
of Kupffer and endothelial cells from the rat liver. Exp. Cell Res., 709: 317-

329, 1977.
19. Kuhlmann, W. D. Localization of alpha-fetoprotein and DNA-synthesis in liver

cell populations during experimental hepatocarcinogenesis in rats. Int. J.
Cancer. 27. 368-380,1978.

20. Law, S., Tamaoki, T., Kreuzaler, F., and Duggiczyk, A. Molecular cloning of
DMA complementary to a mouse Â«-fetoprotein mRNA sequences. Gene, 70:
53-61,1980.

JANUARY 1984 329

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

4
/1

/3
2
4
/2

4
1
7
3
0
5
/c

r0
4
4
0
0
1
0
3
2
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



P. Vasivenef al.

21. Leduc, E. H. Cell modulation in liver pathology. J. Histochem. Cytochem., 7:
253-255, 1959.

22. Lombardi, B. On the nature, properties and significance of oval cells. In: P.
Pani, F. Feo. and A. Columbano (eds.). Recent Trends in Chemical Carcino-
genesis. Vol. 1. pp. 37-56. Cagliari, Italy: ESA, 1982.

23. McLean. I W., and Nakane, P. K. Periodate-lysine-paraformaldehyde fixation:
a new fixative for immunoelectron microscopy. J. Histochem. Cytochem., 22.
1077-1083,1974.

24. Miller, S. B., Pretlow, T. P., Scott, J. A., and Pretlow, T. G., II. Purification and
transplantation of hepatocytes from livers of carcinogen-treated rats. J. Nati.
Cancer Inst., 68. 851-857,1982.

25. Ogawa. H., Minase, T., and Onoe, T. Demonstration of glucose-6-phosphatase

activity in the oval cells of rat liver and the significance of the oval cells in azo
dye carcinogenesis. Cancer Res., 34. 3379-3386,1974.

26. Petropoulos, C., Ahdrews, G., Tamaoki, T., and Fausto, N. Â«-Fetoprotein and
albumin mRNA levels in liver regeneration and carcinogenesis. J. Biol. Chem.,
258.4901-4906,1983.

27. Potter. V R. Phenotypic diversity in experimental hepatomas: the concept of
partially blocked ontogeny. Br. J. Cancer, 38: 1-23, 1978.

28. Pretlow, T. G., II, and Pretlow, T. P. Centrifugal elutriation (counter-streaming
centrifugation) of cells. Cell Biophys., 1: 195-210, 1979.

29. Rigby, P. W. J., Dieckman, M., Rhodes, C., and Berg, P. Labeling deoxyribo-
nucleic acid to high specific activity in vitro by nick translation with DMA
polymerase I J. Mol. Biol., 773: 237-251. 1977.

30. Rogers, A. E. Dietary effects in chemical carcinogenesis in the livers of rats.
In: P. M. Newberne, and W. H. Butler (eds.). Rat Hepatic Neoplasia, pp. 242-
262. Cambridge, Mass.: MIT Press. 1978.

31. Rutenberg, A. M., Kim, H., Fischbein, J. W., Hanker, J. S., Wasserkrug, H. L,
and Seligman, A. M. Histochemical and ultrastructural demonstration of y-
glutamyl transpeptidase activity. J. Histochem. Cytochem.. 77. 517-526,1969.

32. Schultz-Ellison, G., Atryzek. V.. and Fausto, N. On the existence of variant
forms of gamma-glutamyl transferase in regenerating and neoplastic liver.
Oncodev Biol. Med.. 2: 109-116, 1981.

aS. Segterii P. 0. Preparation of isolated rat liver cells. Methods Cell Biol., 73: 30-
78, 1Â§76.

34. Sell, S. Heterogeneity of alpha-fetoprotein (AFP) and albumin containing cells
ih normal and pathological permissive states for AFP production: AFP contain
ing cells induced in adult rats recapitulate the appearance of AFP containing

hepatocytes in fetal rats. Oncodev. Biol. Med., 7: 93-105,1980.
35. Sell, S.. and Leffert, H. L. An evaluation of cellular lineages in the pathogenesis

of experimental hepatocellular carcinoma. Hepatology, 2: 77-86, 1982.
36. Sell, S., Osbom, K.. and Leffert, H. L. Autoradiography of "oval cells" appearing

rapidly in the livers of rats fed N-2-fluorenylacetamide in a choline devoid diet.
Carcinogenesis, 2: 7-14, 1981.

37. Sells. M. A., Katyal. S. L., Shinozuka, H.. Estes, L. W., Sell, S., and Lombardi,
B. Isolation of oval cells and transitional cells from the livers of rats fed the
carcinogen DL-ethionine. J. Nati. Cancer Inst., 66. 355-362, 1981.

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

39. Steiner, J. W., Carruthers, J. S.. and Kalifat, S. R. The ductular reaction of rat
liver in extrahepatic cholestasis. I. Proliferated biliary epithelial cells. Exp. Mol.
Pathol., 7: 162-185. 1962.

40. Sternberger, L. A. Immunohistochemistry, Ed. 2, pp. 104-169. New York:
Wiley & Sons, Inc., 1979.

41. Straus, W. Imidazole increases the sensitivity of the cytochemical reaction for
peroxidase with diaminobenzidine at a neutral pH. J Histochem. Cytochem.,
30:491-493,1982.

42 Thomas, P. Hybridization of denatured RNA and small DNA fragments trans
ferred to nitrocellulose. Proc. Nati. Acad. Sci., 77: 5201-5205,1980.

43. Uriel, J. Cancer, retrodifferentiation, and the myth of Faust. Cancer Res., 36:
4269-4275, 1976.

44 Wachstein, M. Enzymatic histochemistry of the liver. Gastroenterology, 37:
525-537,1959.

45. Wachstein, M., and Meisel, E. On the histochemical demonstration of glucose-
6-phosphatase. J. Histochem. Cytochem., 4: 592, 1956.

46. Wanson, J-C., Bernaert, D., Penasse, W., Mosselmans, R., and Bannasch, P.
Separation in distinct subpopulations by elutriation of liver cells following
exposure of rats to N-nitrosomorpholine. Cancer Res., 40: 459-471,1980.

47. White, B. A., and Bancroft, F. C. Cyloplasmic dot hybridizationâ€”simple
analysis of relative mRNA levels in multiple small cell or tissue samples. J. Biol.
Chem., 257: 8569-8572, 1982.

48. Zahlten, R. N., Hagler, H. K., Nejteck, M. E., and Day, C. J. Morphological
characterization of Kupffer and endothelial cells of rat liver isolated by coun-
terflow elutriation. Gastroenterology, 75: 80-87, 1978.

ALBUMINmRNA

40ug

20ug

PC OC OC BDC PC PC
RNose RNose

AFPmRNA

40ug

PC OC OC
RNdse

Flg. 3. ALB and AFP mRNAs in isolated cell fractions. Cytoplasmic extracts were prepared from elutriated nonparenchymal cell Fraction 5 from normal liver (BDC)
and from the liver of a rat fed the CDE diet for 4 weeks (OC). Parenchymal cell (PC) cytoplasmic extracts were prepared from unelutriated hepatocytes from normal liver
(ALB) and elutriated hepatocytes from the liver of a rat fed the CDE diet for 4 weeks (AFP). Cytoplasmic extracts treated with RNase were used as negative controls.
Extracts containing 20, 40. or 80 ^g of protein were spotted on nitrocellulose filters and hybridized with ^P-labeled. cloned DNA probes.
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Elutriation of Oval Cells

Fid,. 1. Electron micrograph of typical cells from elutriated Fraction 5 from CDE liver. Note the high ratio of nucleus to cytoplasm, the irregular shapes of the nuclei,
the sparsity of mitochondria, and the presence o! mlcrovilli. Uranyl acetate and lead citrate, x 7576.

Fig. 2. Electron micrograph of a cell from elutriated Fraction 5 from CDE liver which displays "transitional" characteristics. Note the greater area of the cytoplasm in

relation to the nucleus, and the the more abundant mitochondria of this cell in relation to the cells of Fig. 1. Uranyl acetate and lead citrate, x 11,669.
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