
[CANCER RESEARCH 39, 3509-351 4, September 1979]
0008-5472/79/0039-0000$02.00

Maintenance of Adult Rat Hepatocytes on C3H/10TÂ½ Cells1

Robert Langenbach,2 Linda Malick, Anna Tompa,3 Charles Kuszynski, Heather Freed, and Eliezer Huberman

Eppley Institute for Research in Cancer, University of Nebraska Medical Center, Omaha, Nebraska 68 105 (R. L., L. M., A. T., C. K., H. F.), and Biology Division,
Oak Ridge National Laboratory. Oak Ridge, Tennessee 37380 [E. H.]

ABSTRACT

A procedure is described for maintaining primary cultures of
adult rat hepatocytes on a layer of irradiated C3H/i 0TÂ½cells.
These hepatocytes were capable of metabolizing the liver
carcinogen N-2-acetylaminofluorene to water-soluble products
and after 14 days in culture could still metabolize approximately
70% of the Day 1 level. Hepatocytes maintained on the C3H/
10TÂ½cells were inducible for the liver-specific enzyme, tyro
sine aminotransferase, and exhibited approximately a 4-fold
induction by hydrocortisone during a 10-day culture period.
Morphologically, these hepatocytes retained many character
istics of hepatocytes in vivo. By contrast, hepatocytes main
tamed on plastic lost both N-2-acetylaminofluorene-metaboliz
ing ability and tyrosine aminotransferase activity by Day 5. This
was presumably due to degeneration of the hepatocytes and
an overgrowth by fibroblasts. The maintenance of morpholog
ically and biochemically functional hepatocytes in culture on
feeder cells may provide a valuable approach for studying drug
metabolism and liver cell transformation in vitro.

INTRODUCTION

The long-term maintenance of functional liver cells in culture
that are representative of liver cells in vivo would be valuable
for studies on regulation of cell growth, drug or carcinogen
metabolism, and mutation or transformation with liver carcino
gens. However, hepatocytes, like other differentiated cell
types, are not easily maintained in culture without loss of many
of their in vivo functions. Therefore, cell culture methodologies
must be developed to preserve the functional and morpholog
ical characteristics of these and other differentiated cell types.

Several techniques have been developed to isolate liver cells
for growth or maintenance in culture. One method for obtaining
large numbers of functional hepatocytes from adult animals is
based on perfusion of the liver with collagenase or hyaluroni
dase plus collagenase (3â€”5,14, 36, 44, 45). Williams et a!.
(42) refined the collagenase perfusion technique to the extent
that a large portion of the hepatocyte population from normal
adult rat liver can be isolated as individual viable cells.

While the methodologies have improved for isolating large
numbers of viable liver cells, the long-term maintenance of liver
cells in vitro with retention of liver functions has been difficult
to achieve. The effects of different culture medium and serum
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concentrations on cell seeding and viability and phenotypic
expression of liver cells have been reported (6, 12, 18). The
presence in the medium of hormones, such as insulin or glu
cagon, has enhanced the plating efficiency of hepatocytes
(1 8), aided in maintaining normal hepatocyte ultrastructure,
and prolonged glycogen synthesis and hepatocyte survival (2,
13, i 8). A complex medium containing insulin, hydrocortisone,
inosine, glucagon, triiodothyronine and ornithine will support
proliferation of arginine-synthesizing hepatocytes in culture,
but the number of liver cells which could survive this selective
pressure was low (21). Long-term culture of liver cells with
ultrastructural characteristics of liver cells in vivo and with
measurable levels of cytochromes b5, P.450, and inducible
tyrosine aminotransferase was achieved by maintaining cells
on floating collagen membranes (26â€”28,35). However, this
method may have limitations for mutagenesis and transforma
tion studies due to shrinkage of the collagen gel.

One approach which has proven beneficial for maintaining
epithelial cells in culture has been to coculture them with feeder
cells (1 , 10, 33, 37). Inasmuch as we (i 9, 20) and others (34)
have previously used the cocultivation of primary liver cells
with mutable mammalian cells to develop a liver cell-mediated
mutagenesis assay, we investigated whether feeder cells could
prolong the maintenance of hepatocytes in culture. The present
report describes a method of culturing primary hepatocytes
from adult rat liver on a feeder layer of irradiated C3H/i 0TÂ½
cells. The level of the liver-specific enzyme, tyrosine amino
transferase, the metabolism of the liver carcinogen AAF4 to
water-soluble products, and the morphology of the hepatocytes
maintained on the feeder layer and on plastic are compared. A
report using scanning electron microscopy to study the inter
action of hepatocytes cocultivated with C3H/ 1OT'/2cells has
been published previously (25).

MATERIALS AND METHODS

Cells and Cell Culture. Cells were grown in Williams Medium
E (Flow Laboratories, Rockville, Md.) plus 10% heat-macti
vated fetal calf serum (Grand Island Biological Co., Grand
Island, N. Y.) supplemented with 2 mp@iL-glutamine (Flow Lab
oratories), penicillin (i 00 units/mI), streptomycin (i 00 @tg/mI),
and Fungizone (1 @tg/mI).Cells were maintained in 25-sq cm
T-flasks (Falcon Plastics, Oxnard, Calif.) in humidified incuba
tors with 5% CO2in air at 37Â°.The cloned mouse embryo cells,
C3H/i OT'/2 (32), were maintained as previously described
(24), except for the above growth medium. T-flasks of confluent
C3H/10TÂ½ cells were given a medium change and 24 hr later
lethally irradiated (5000 A). The cells were used as feeder cells
1 to 3 days after irradiation.

Primary liver cells from 6- to i 0-week-old male Sprague

4 The abbreviations used are: AAF, N-2-acetylaminofluorene; PAS, periodic

acid-Schiff.
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Dawley rats were prepared by the method of Williams et a!.
(42) as previously described (19). The viability of cells deter
mined by trypan blue dye exclusion was 90% or greater. Three
hr after initial cell seeding, the medium was changed to remove
unattached cells and cell debris. The medium was changed
every 48 hr thereafter. Liver epithelial cell numbers were de
termined by staining the cultures with hematoxylin and PAS
and then counting the PAS-positive epithelial-like cells with a
light microscope containing an eyepiece micrometer. The
C3H/1OT'/2 cells did not stain with PAS and dead liver cells
could be identified because of their amylase-resistant PAS
positivity.

Metabolism of AAF by Primary Liver Cells. Hepatocytes
were incubated for 24 hr with [â€˜4CJAAF(10 pg/mI, 4 x 1O@
cpm/ml; New England Nuclear, Boston, Mass.). The carcino
gen was dissolved in dimethyl sulfoxide and added to the
medium to give a final concentration of 0.5% dimethyl sulfox
ide. The medium containing AAF was added by medium change
at the indicated times after initiating the hepatocyte cultures.
The metabolism experiments were terminated by adding 5 ml
of a 1% sodium dodecyl sulfate solution, and the production of
water-soluble products was measured as previously described
for polycyclic aromatic hydrocarbons (1 6) and aflatoxin (20).
Total recoveries of radioactivity were 90 to 100%. In the
absence of cells, 0.8 to 1.4% of the [â€˜4C]AAFwas in the
aqueous phase and considered as background. All experi
ments were run with 3 dishes/point and the results are the
average of 2 separate experiments.

Tyrosine Aminotransferase Assay. Tyrosine aminotrans
ferase was assayed by the procedure of Diamondstone (9).
Eighteen hr prior to cell harvest, hydrocortisone was added to
the cultures to a final concentration of 1O@ M to induce the
enzyme (6, 26). The cells were harvested with 0.05% trypsin
and 0.02% EDTA in phosphate-buffered saline (Grand Island
Biological Co.). To prevent liver cell breakage, a pipet with a
large opening was used to dislodge and transfer the cells. The
cells were stored at â€”80Â°until the assay was performed. Cells
were broken by freezing and thawing with liquid nitrogen, and
all time periods of individual experiments were assayed simul
taneously. Neither hydrocortisone-treated nor untreated C3H/
1OT'/2 cells showed measurable tyrosine aminotransferase ad
tivity. Activities for AAF metabolism (see above) or tyrosine
aminotransferase are expressed as total activity per T-flask in
Charts 2 and 3. Specific activities presented in the text are
expressed per 106 PAS-positive liver epithelial-like cells rather
than per mg protein. This is because the C3H/1 0T1/2 cells
contributed protein in the feeder layer studies, and the number
of C3H/ 10TÂ½cells decreased with time during the course of
the cocultivation. Secondly, in cells seeded on plastic, fibro
blast-like cells began to proliferate which would accelerate the
decrease in specific activity of the remaining hepatocytes when
expressed per mg protein.

Light and Transmission Electron Microscopy. The liver
cells for light microscopy were fixed in situ with 95% methanol
for 2 hr and stained with hematoxylin and PAS reagent (Fisher
Scientific Co., Fair Lawn, N. J. ; P-403 kit), coated with glycerol
gelatin, and coverslipped prior to photography. For electron
microscopy, the hepatocytes were maintained on carbon
coated Melanex (Transilwrap Co. , Kansas City, Mo.). The C3H/
1OT'/2 cells were seeded first, grown to confluency, and irra
diated prior to seeding the hepatocytes. After various growth

periods, the cells were fixed in 2.5% phosphate-buffered glu
taraldehyde, postfixed in buffered 1% osmium tetroxide (8,
30), and embedded in Araldite 502 (23). Thin sections were
stained with uranyl acetate and lead citrate (31 , 39) and
examined with a Philips 300 electron microscope.

RESULTS

Light and Electron Microscopic Observations. Primary liver
cells were seeded on a monolayer of C3H/i 0TÂ½cells to
determine if such cocultivation could prolong the longevity of
the hepatocytes as compared to culture methods in which the
hepatocytes are seeded directly onto plastic. After seeding 5
x 106 liver cells in 5 ml medium into T-flasks, with and without
a layer of C3H/1 0T1/2 cells, the cells attached with a plating
efficiency of 40 and 20%, respectively (Chart i ). The seeded
hepatocytes could be stained histochemically for glycogen with
PAS. Treatment of the fixed liver cells with a-amylase (0.1%)
abolished their reactivity for the PAS staining.

The number of liver epithelial cells attached to the C3H/
10T1/2 cells decreased by about 35% by Day 3 and then
appeared to increase slightly by Day 14 (Chart 1). While the
cells counted at the various times indicated in Chart 1 were
PAS-positive epithelial-like cells, the growth of some nonhe
patic cells was also occurring during the 14 day cocultivation.
The viability, as determined by trypan blue dye exclusion, of
the hepatocytes on C3H/1OT'/2 cells was 90 Â±5% (S.E.)
throughout the 14-day period. By contrast, when liver cells
were seeded on plastic, the number of epithelial-like cells
attached decreased from about 106 with a viability of 80% on
Day 1 to 1o@cells/flask with a 60% viability after 7 days. By
Day 14, fibroblast-like cells had overgrown the culture.

Between Day 1 and 14 in culture, the morphological changes
paralleled the different growth behaviors on the 2 substrates.
By Day 5, the liver cells on C3H/1 0TÂ½cells developed ex
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Chart 1. Number of liver cells attached to plastic and to feeder C3H/iOT'/2
cells at various times after seeding. Liver cells (5 x 106) in 5 ml medium were
added to each 25-sq cm T-flask. The cells were given fresh medium every 2
days. Cells were counted with an eyepiece micrometer.
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Culture of Hepatocytes on Feeder Cells

seeded on plastic than in cells seeded on C3H/1 OT'/2cells.
The feeder C3H/i 0TÂ½ cells metabolized only 0.1 @xgAAF
during a 24-hr incubation, and this value was subtracted from
the cocultivation data in Chart 2.

Tyrosine Aminotransferase. In addition to determining the
morphological characteristics of the liver cells and their carcin
ogen-metabolizing ability, the liver-specific enzyme, tyrosine
aminotransferase, and its inducibility by hydrocortisone were
studied (6, 28). Total activity per flask is shown in Chart 3;

6 7 8 9 (0

5 10
TIME (days)

5

tended epithelial colonies with cuboid-shaped,PAS-positivecells
(data not shown). Scanning electron micrographshaveindicated

that the hepatocytes initially attached on top oftheC3H/i
0T1/2cells; however, by Day 5 some hepatocyteswerefound
under the feeder cells (25). The hepatocytes at 5daysdisplayed

rounded nuclei with 1 to 3 prominent nucleoli. Atthissame
time in culture, the liver cell colonies on plasticweresmaller

and the peripheral cells were flattened and were de
taching from the substrate (data not shown). Thedifferencesbetween

liver cells maintained on feeder cells and on plasticatDay
14 are shown in Figs. 1 and 2. The liver cells onC3H/81

OT'/2 cells remained epithelial-like and were PAS positive(Fig.1
), while the cells cultured on plastic were fibroblast-likewitha
flattened and elongated shape and were not PAS reactive44(Fig.

2). The dark coagulated cells in both cultures were dead
cells containing amylase-resistant PAS-positive material.

Ultrastructurally, the liver cells maintained on C3H/1 0T1/2
cells for 14 days were polygonal in shape. Rounded nuclei0

IL.

U)
I-

C)showed
little dense heterochromatin, and the mitochondriahad0elongated

profiles. Cisternae of the endoplasmicreticulum0were
somewhat distended. Small lipid droplets were periph

erally located in the cytoplasm (Fig. 3). Fig. 4 shows a crossUisection

of 2 hepatocytes and a feeder cell after 10 daysinculture.
Thus, the C3H/iOTÂ½ cells enhance the plating effi-Iciency

and aid in maintaining the morphologicalcharacteristicscÂ°of
the hepatocytes inculture.UiTo

investigate the factors influencing the maintenance of
hepatocytes in culture, the effect of medium preconditioned byI-

@ o
@ 0feeder

cells on the seeding of the hepatocytes was studied.
When seeded on plastic, preconditioned medium from C3H/Chart

2. Metabolism of AAF to water-soluble products by liver cells
or on C3H/iOT'h feeder cells and by C3H/iOT'h cells alone. Liveron

plastic
cells (5x1

0T1/2cells did not change the plating efficiency or longevity of
hepatocytes compared to fresh medium. Furthermore, the use
of methanol-fixed C3H/i 0TÂ½cells with fresh or precondi

10') were seeded into a 25-sq cm T-flask. At various times after liver
10 @zg[â€˜4CJAAFper ml were added for 24 hr. A, liver cells on

@,liver cells on plastic; â€¢,C3H/iOT'h cells alone. The experiment
ducted twice in triplicate; SE's did not exceed 20% of the mean.cell

seeding,
d3H/iOTh cells:

was con

tioned medium did not improve the hepatocyte cultures com
pared to seeding on plastic. Of the 3 types of feeder cells
tested (Chinese hamster V79 cells, Sprague-Dawley rat liver20I

@@@ I I@ I
(@)fibroblasts,

and C3H/iOTÂ½ mouse embryo cells), thelatteri6most
effectively enhanced the seeding and prolonged the sur

[14CJAAFto water-soluble products was investigated to deter

vival time of hepatocytes in culture.
Metabolism of AAF. The metabolism of the liver carcinogen

mine the ability of the hepatocytes to metabolize the liver
carcinogen after various times in culture. The AAF (10 pg/mI
in 5 ml) was added to the cultures for 24-hr intervals at the
indicated times after initiating hepatocyte cultures (Chart 2).
Total metabolism per flask is shown in Chart 2, and specific
activities (@zgAAF per 106 liver epithelial cells) can be calculated
from the data in Charts 1 and 2.

The hepatocytes seeded directly onto plastic metabolized
4. 1 @.tg(3.6 !@gAAF per 106 liver epithelial cells) of the total
AAF during the first 24 hr. However, by Day 7 in culture, liver
cells seeded on plastic metabolized only 0. 1 @gof the AAF
(approximately 0.9 @gAAF per 106 liver epithelial cells). Hep
atocytes seeded on C3H/i OT'/2cells metabolized 6.3 @tg(3.3
!Lg AAF per 1 06 liver epithelial cells) of the AAF during the first

24 hr (Chart 2). Furthermore, the liver cells cultured on C3H/B
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0T1/2 cells maintained the ability to metabolize AAF, and at
Day 14 they still metabolized 4.3 @gAAF to water-solubleChart

3. Tyrosine aminotransferase activity in liver cells maintained
and on C3H/ 10TÂ½cells. Liver cells (5 x 1O@)were seeded into each
T-fiask. The enzyme activity is expressed as units per culture whereon

plastic
25-sq cm

a unit istheproducts,
which is 70% of the Day 1 value or 2.9 @tgAAF per

106 liver epithelial cells. Thus, the total amount of AAF metab
olized and the specific activity decreased more rapidly in cellspg

p-hydroxybenzaldehyde formed per 10 mm at 37Â°.a, liver cells
& uninduced;A, hydrocortisoneinduced.b, livercellsond3H/1
uninduced; 0, hydrocortisone induced. The experiment was conducted
duplicate; SE. 5 did not exceed 20% of the value of the mean.on

plastic:
0Th cells; 0,

twice in
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specific activities (units per 106 liver epithelial cells) can be
calculated from the data in Charts 1 and 3. Hepatocytes
maintained on plastic or on C3H/1 OT'/2cells exhibited tyrosine
aminotransferase activity which could be 4- to 6-fold induced
by hydrocortisone on Day 1 (Chart 3). However, in hepatocytes
maintained on plastic, the basal activity per flask and induced
activity per flask of the enzyme decreased to near zero by Day
5 (Chart 3). By contrast, after 10 days in culture, the hepato
cytes maintained on C3H/i 0T1/2cells still exhibited 50% of
their Day 1 level of tyrosine aminotransferase activity per flask,
and the enzyme was 3-fold inducible (Chart 3). The specific
activity of the uninduced enzyme from cells seeded on plastic
was 3.7 units/106 liver epithelial cells on Day 1 and i .2 units/
i 06 liver epithelial cells on Day 5. The specific activity of the
uninduced enzyme from liver cells on feeder cells was 3.0
units/106 liver epithelial cells on Day 1 and 2.1 units/i06 liver
epithelial cells on Day 10. Thus, the total activity per flask and
specific activity of this enzyme remained higher and hydrocor
tisone inducible when the hepatocytes were maintained on the
C3H/1 0TÂ½cells. The C3H/i 0TÂ½cells did not exhibit tyrosine
aminotransferase activity.

DISCUSSION

The results indicate that liver cells seeded on a feeder layer
of C3H/1OT'/2 cells could be maintained for approximately 2
weeks in culture with retention of biochemical and morpholog
ical features characteristic of hepatic parenchymal cells in vivo.
By contrast, approximately 95% of the hepatocytes seeded on
plastic were detached by Day 7 and both AAF metabolism and
inducible tyrosine aminotransferase levels were also dimin
ished. From the data, it would appear that detachment of
hepatocytes accounted for most of the loss of enzyme activities
in cells seeded on plastic. However, in the surviving cells in
both systems, the specific enzyme activities were also decreas
ing. This therefore suggests that after prolonged culture the
liver cells in both systems lose some differentiated cellular
functions. However, both detachment and loss of the 2 en
zymes measured occurred more slowly in liver cells seeded on
the C3H/iOT'/2 cells.

In the present study, the extent of metabolism of AAF to
water-soluble products was used as a measure of the cells
carcinogen-metabolizing ability, and the measurement of such
products probably represents primarily detoxification of the
AAF by the cultured hepatocytes. However, other investigators
have shown that hepatocytes in culture can activate AAF to
intermediates which elicit unscheduled DNA synthesis (7, 41)
and which mutate cocultivated mammalian cells (34). Thus, the
measurement of water-soluble products presumably includes
the further metabolites of the activated intermediates as well
as metabolites formed via other metabolic pathways.

The mechanism by which the C3H/10TÂ½ cells facilitate
maintenance of the hepatocytes is unknown. Close apposition
of the liver cells and the C3H/iOT1/2 cells may allow the
transport of factors necessary for the maintenance and growth
of hepatocytes in culture. Cell-cell interaction may also provide
a path by which the reactive intermediates of carcinogens are
transported (i 1). An example of such transport is the cell
mediated mutagenesis of mammalian cells with chemical car
cinogens (15, 19, 20, 34). Indeed, the need for proximity

between the metabolizing cell and the mutable cell has been
demonstrated (17).

An important reason for improving and maintaining the cul
ture systems for hepatocytes is to increase the usefulness of
these cells in the detection of chemical carcinogens. Systems
for the hepatocyte-mediated mutagenesis of mammalian cells
have been reported by us (i 9, 20) and by San and Williams
(34). The transformation of liver epithelial cells in culture has
also been reported (29, 43); however, these liver cells, due to
their prolonged culture, probably lost many oftheir liver specific
functions (40). The technique of maintaining primary cultures
of functional hepatocytes on feeder cells may be useful for
studying in vitro chemical transformation of liver cells as well
as for studying metabolism of carcinogens or drugs.
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Fig. 1.
Fig. 2.

Fig. 3.
Fig. 4.

Liver cells maintained on C3H/1 0TÂ½cells after 14 days in culture. PAS, x 125.
Liver cells maintained on plastic after 14 days. PAS, x 125.
Liver cells after 14 days in culture on d3H/10TÂ½ cells. x 7100.
Interaction between hepatocytes (H) and feeder cells (F) after 10 days in culture. x 2200.
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