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SUMMARY - Normal adult rat liver cells have been successfully cultured as 
monolayers without subjecting donor animals to a partial hepatectomy before 
cell isolation. Coating plastic tissue culture dishes with acid soluble calf 
skin collagen increases the efficiency of cell attachment. Hepatocytes form 
a monolayer in 24 hr in serum-free L-15 medium although lo"/, fetal calf serum 
for 24 hr increases efficiency of attachment. In serum-free medium the mono- 
layer remains viable for at least one week without added insulin. Cultured 

cells maintain tyrosine transaminase and four of the five urea cycle enzymes 
at levels above or equal to freshly isolated cells for 72 hr. Adenylyl cy- 
clase activities are maintained for at least 72 hr, and are stimulated by 
epinephrine, glucagon and fluoride. Tyrosine transaminase activity is in- 
creased in cultured cells by glucagon and dexamethasone, but urea cycle en- 
zymes are not. 

The factors which control enzyme activities in liver cells are difficult 

to study in the intact animal. Many variables cannot be controlled and direct 

vs indirect effects of diets, chemicals and hormones on enzyme activities can- 

not be separated experimentally. We have been studying the factors which 

induce or suppress the urea cycle enzymes in rat liver, and have developed a 

suitable cell culture system which allows us to study this cycle in vitro. 

The culture method should be ideal for investigators wishing to prepare large 

numbers of stable monolayer cultures in serum-free medium for any studies of 

liver cell metabolism over a period of one to seven days, 

Recently Bissell et al. (1) and Bonney et al. (2) have successfully cul- 

tured in monolayers hepatocytes isolated from regenerated adult rat liver. 

Such monolayer cells exhibit minimal mitotic activity and demonstrate several 

major metabolic functions characteristic of liver in vivo. 

*Supported by PHS Research Grant AM-17299 
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We have improved upon their culture methods in three ways: 1) cells can 

be isolated from normal adult rats; 2) coating the culture dishes with acid 

soluble calf skin collagen greatly improves plating efficiency; 3) serum-free 

medium without added insulin is able to maintain healthy cells for seven days. 

These cell cultures maintain high levels of urea cycle enzymes and of tyrosine 

transaminase for 96 hr. 

MATERIALS AND METHODS 

Adult male Sprague-Dawley rats (250-350 g) were used for cell prepara- 
tions. Leibovitz’ L-15 medium and fetal calf serum (FCS) were purchased from 
Grand Island Biological Co., Grand Island, N. Y. HEPES (N-2-hydroxyethyl- 
piperazine-N’-2-ethanesulfonic acid) was purchased from Calbiochem, San 
Diego, Calif., glucagon from Eli Lilly and Co., Indianapolis, Ind., dexametha- 
sone from Merck, Sharp & Dohme, West Point, Pa., acid soluble calf skin col- 
lagen from Sigma Chemical Co., St. Louis, MO., bacitracin from Nutritional Bio- 
chemical Co., Cleveland, Ohio. Petri dishes were obtained from Falcon Plas- 
tics, Oxnard, Calif. 

Rat liver parenchymal cells were isolated with coliagenase (Worthington 
Biochemicals) using an in vitro perfusion technique under strictly aseptic -- 
conditions. The method of lngebretsen and Wagle (3) was employed except that 
bovine serum albumin was omitted from the perfusion medium. After the paren- 
chymal cells were separated from liver debris, the cells were washed four 
times with Hank’s buffer and one time with culture medium in order to remove 
traces of collagenase. Viability of cells was checked by exclusion of trypan 
blue dye. Cells were counted in duplicate with a hemocytometer. Only the 
preparations with at least 81% viability were used in cell culture. Standard 
culture medium was Leibovitz ’ L-15 containing 28 mM HEPES, pH 7.4, 100 u/m? 
penicillin and lOOflg/ml streptomycin. Sterile fetal calf serum or hormones 
were added when indicated. 

Calf skin collagen was dissolved in triple distilled water (1 mg/ml) in 
a boiling water bath and sterilized by passage through a Millipore filter 
(0.45 Am pore size). Then 0.5 ml of collagen solution was pipetted into 
100 mm plastic petri dishes. After the dishes were shaken gently until the 
bottom surfaces wereOcoated with collagen, they were then placed in a humidi- 
fied incubator at 37 for 48 hr or until dry. 

Suspensions of 3-S x 106 cells were placed in coated 100 mm plastic 
petri dishes in 7.0 ml of culture medium. The plates were then placed in a 
humidified incubator at 37’ under 95% 02-s% CO2 mixture. Medium was changed 
every day, at which time loosely attached cells were removed by irrigating the 
surface of the plate by drawing the medium in and out of a pipet. 

To prepare cultured cells for enzyme assay the culture medium was drawn 
off a petri dish, approximately 5 ml of O.g;/, NaCl was added to the dishes, 
swirled gently and drawn off. This washing was repeated three times to remove 
loosely attached cells. Approximately 1 ml of 0.075 M KCI was added to the 
dish and the cells were scraped free with a rubber policeman. The cell suspen- 
sion was homogenized with a Polytron for 15 seconds, and used for enzyme 
assays without further purification. 

TO determine the viability of cultured cells, the monolayer was detached 
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by incubating with 0.25% trypsin and examined for its exclusion of trypan blue 

dye. 

Urea cycle enzymes were assayed according to Richardson et al. (4), 
tyrosine transaminase according to Spencer and Gelehrter (5), adenylyl cy- 
clase according to White et al. (6), and protein was measured by Lowry's 
method (7). 

RESULTS 

At 48 hr of culture with 10% FCS added, the efficiency of cell attachment 

was 47.8 f 3.6% (n = 15) in collagen-coated dishes and only 28.3 + 5.2;/, (n = 7) 

in non-coated dishes. When serum-free medium was used, the efficiency was 

40.4 f 4.1% (n = 10) in collagen-coated dishes and 19.0 * 8.7% (n = 5) in non- 

coated dishes. When cultured in 10% FCS, cells that bound tightly to the col- 

lagen-coated dishes were flat and polygonal in shape (Fig. la). However, when 

cells were cultured in serum-free medium, many had a rounded shape (Fig. lb); 

they gradually detached and were lost at the subsequent changes of medium. If 

the cells were cultured in lC% FCS-medium for the first 24 hr, and shifted to 

ium thereafter (10 --> 0), the cells remained polygonal after no-serum med 

medium shift 

shifting med 

Table 1 

ing. The number of cells attached decreased 10% at the time of 

ium and thereafter remained constant for at least three days. 

compares the urea cycle enzymes and tyrosine transaminase activi- 

ties of whole rat liver homogenate with freshly isolated rat hepatocytes. 

Specific activities of CPS, OCT and AL were higher in isolated cells whereas 

AS, arginase and TAT were lower. The cultured cells maintained all these en- 

zyme activities over a period of four days (Fig. 2). CPS and AL declined in 

all three media. OCT and AS were best maintained in the 10 -> 0 serum 

medium. Arg and TAT were stable in all three media. By the seventh day of 

culture, a 1 of the enzyme activities except arginase fell to O-lo"/, of control 

values. 

Stimu ation of tyrosine transaminase activity was carried out by adding 

serum-free media containing hormones to cells which had been cultured in 

serum for 24 hr. Enzyme was assayed 24 hr after hormone addition. Tyrosine 
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Fi ig. 1. Rat hepatocytes in monolayer after 2 days of incubation. (a) stand- 
ard L-15 culture medium supplemented with lo"/, FCS; (b) standard culture 
medium, no serum added. 

728 



Vol. 64, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

transaminase activity increased 2, 10 and 3.5 fold respectively with 8 x 10-T M 

insulin, 1 x 10'5 M dexamethasone and 1 x low4 M glucagon. 500 pg/ml bacitra- 

tin (8) was added to the medium to inhibit the degradation of glucagon by 

hepatocytes (9). 

729 



TA
BL

E 
1 

Ur
ea

 
Cy

cle
 

En
zy

m
es

 
an

d 
Ty

ro
sin

e 
Am

ino
tra

ns
fe

ra
se

 
Ac

tiv
itie

s 
in

 
W

ho
le 

Ra
t 

Liv
er

 
an

d 
Iso

lat
ed

 
Ra

t 
He

pa
to

cy
te

s 

un
i 

fm
g 

pr
ot

ein
 

(m
ea

n+
SE

M
) 

m
illi

un
itU

/m
g 

pr
ot

ein
 

CP
S 

OC
T 

AS
 

AL
 

AR
G 

TA
T 

W
ho

le 
ra

t 
liv

er
 

(n=
ZO

) 
(4

) 
2.

46
*0

.1
0 

52
.2

* 
2.

9 
o.

g7
+o

.o
6 

1.3
5k

O.
05

 
65

5*
49

 
20

.7k
1.3

 
(n

=j’
)g

: 

Iso
lat

ed
 

ra
t 

he
pa

to
cy

te
s 

4.8
8k

O.
37

 
gz

.8
*lo

.z 
0.

60
*0

.0
8 

1.5
Ok

O.
17

 
38

0*
38

 
IO

.6+
O.

g 
(n

=6
)>

k 
(n

=ll
)* 

-‘-
 

Liv
er

 
or

 
ce

ll 
pr

ep
ar

at
ion

s 
fro

m
 

11
 

do
no

r 
an

im
al

s 

Ab
br

ev
iat

ion
s: 

CP
S 

Ca
rb

am
yl 

ph
os

ph
at

e 
sy

nt
he

ta
se

 
(E

.C
.2

.7
.2

.a
) 

OC
T 

Or
nit

hin
e 

ca
rb

am
yl 

tra
ns

fe
ra

se
 

(E
.C

.2
.1

.3
.3

) 
AS

 
Ar

gin
ino

su
cc

ina
te

 
sy

nt
he

ta
se

 
(E

.C
.6

.3
.4

.5
) 

Ar
gin

ino
su

cc
ina

te
 

lya
se

 
(E

.C
.4

.3
.2

.1
) 

%
G 

Ar
gin

as
e 

(E
.C

.3
.5

.3
.1

) 
TA

T 
Ty

ro
sin

e 
am

ino
tra

ns
fe

ra
se

 
(E

.C
.2

.6
.1

.5
) 

* 
A 

un
it 

of
 

ur
ea

 
cy

cle
 

en
zy

m
e 

ac
tiv

ity
 

is
 

de
fin

ed
 

as
 

th
e 

am
ou

nt
 

ca
ta

lyz
ing

 
th

e 
fo

rm
at

ion
 

of
 

on
e 

m
icr

om
ole

 
of

 
pr

od
uc

t 
pe

r 
ho

ur
 

at
 

37
' 

S*
 

On
e 

m
illi

un
it 

of
 

TA
T 

ca
ta

lyz
es

 
th

e 
fo

rm
at

ion
 

of
 

on
e 

n 
m

ole
 

of
 

p-
hy

dr
ox

yp
he

ny
lpy

ru
va

te 
pe

r 
m

inu
te

 
at

 
37

’ 



Vol. 64, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

t 

CPS OCT 
2.0 

10% SERUM (1 day)-NO SERUM 

1.5 

A 
Kc 

1.0 

0.5 

0 / 

AS AL ARG T A T  

--- - 
I- -I -I 1.5r NO SERUM 

DAYS CULTURED 

Fig. 2. Time course of urea cycle enzymes and tyrosine aminotransferase 

activities in cultured cells. The results are expressed as the ratios of 
enzyme activities of cultured cells (A) to the activities of control cells 
(AC) which were isolated from the same livers but not cultured (see Table 

1). Brackets indicate f SEM of the means of 3-g donor animals. Abbrevia- 
tions of enzymes as in Table 1. 

Upper panel: cells were cultured in L-15 medium containing lo"/, fetal 
calf serum for the first 24 hr and shifted to no serum- 
containing medium at 24 hr (10 --> 0) for the rest of 
culturing time. 

Lower panel: cells were cultured as monolayer in culture medium con- 

taining no serum from 0 to 96 hr. 

Adenylyl cyclase activities of freshly isolated hepatocytes were com- 

parable to those in whole liver and maintained activities up to at least 72 hr 

in culture (Table 2). The enzymes could be activated by epinephrine, glucagon 

and fluoride at 24 and 72 hr. 

DISCUSSION 

The method developed here for culturing adult rat liver cells is con- 

venient and simple. Anatomy is distorted by a previous hepatectomy which 

731 



Vol. 64, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

m 

;t: 

N 

732 



Vol. 64, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

makes liver perfusion to isolate cells difficult. The high efficiency of 

attachment (50%) using petri dishes coated with collagen and la”/, fetal calf 

serum for the first 24 hr allows us to prepare one 100 mm dish covered with a 

complete monolayer when 5 x lo6 cells are inoculated per dish. Thus a 7-12 g 

adult rat liver is sufficient for 30-80 dishes depending on yields of viable 

ccl 1s. Switching to no-serum medium at 24 hr maintains normal cell morphology 

and attachment while obtaining the advantages of a completely synthetic 

medium. 

Isolated liver cells are viable in liquid culture medium for 6-24 hr 

(10-11) and allow convenient study of short-term rwatabolic changes. For 

study of slower adaptive processes like enzyme induction or repression, a 

stable cell culture method is needed so that steady-states can be studied. 

One of the uncontrollable variables in mammalian cell cultures has been the 

need for serum in the otherwise defined media, The factors present in serum 

which help cells form monolayer-s, and which promote growth or stability of 

function and composition are poorly understood. The present liver cell cul- 

ture system is stable from 24 hr to 72 or even 96 hr in serum-free synthetic 

medium and added hormones like insulin are not necessary for cell survival. 

This means that effects of hormones, drugs, or nutrients as possible inducers 

are not complicated by the presence of other hormones or metabolites bound to 

serum proteins, or by binding of the test substances to these proteins. 

The maintenance of high activities of a complete enzyme cycle (urea) 

which includes mitochondrial (CPS, OCT) and cytoplasmic enzymes (AS, AL, ARC) 

allows study of genetic control mechanisms and coordinate induction or re- 

pression of this cycle similar to those performed in the bacterial arginine 

biosynthetic pathway (12). The presence of hormone sensitive adenylyl cyclase 

activity means this culture system can be used to study the role of cyclic AMP 

in enzyme induction, a subject which has remained obscure because of methodo- 

logic difficulties. Stimulation of TAT activity by glucagon, dexamethasone 

and insulin demonstrates the presence of normal induction mechanisms in these 
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cells. Whether the entire urea cycle can be induced in vitro as has been done -- 

in vivo with casein hydrolysate and with glucagon (13) is currently under study. -- 
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