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Abstract . The influence of extracellular matrix
configuration on the tissue-specific function of cul-
tured hepatocytes was investigated . Adult rat hepato-
cytes sandwiched between two layers of collagen gel
were compared to cells cultured on a single layer of
collagen gel for differences in the total RNA content,
the level of albumin-specific mRNA, the rate of albu-
min gene transcription, and the rate of albumin
mRNA translation . Adult hepatocytes in the sandwich
system maintained the level of albumin mRNA similar
to that found in the normal liver for at least six
weeks, whereas the level of albumin mRNA declined
rapidly in the single gel system . After one week of
culture, hepatocytes in the single gel system could be

THE study of tissue-specific gene expression is central
to understanding developmental biology. The liver is
frequently used in this respect because of its wide

range of tissue-specific functions, ability to regenerate in
vivo, and responsiveness to changing environments . Since
the first introduction of a large-yield preparation of viable
cells from the liver (3), hepatocytes have been studied exten-
sively in vitro . The scope of these studies have ranged from
gene regulation, metabolism, and intracellular trafficking to
carcinogenesis, transplantation, and cryopreservation (1, 7,
11-14, 19, 29, 32, 35, 44, 50, 51) . Generally, these studies
were performed either on freshly isolated cells or in short-
term cultures . This is in part due to a rapid degeneration of
hepatocytes in vitro under classical culture conditions . More
recently, there have been several methods which prolonged
the maintenance ofhepatocyte function in culture . These in-
clude co-culture with a liver-derived epithelial cell line, ad-
dition of complex extracellular matrix, and use of specially
formulated culture medium (2, 4, 21, 23, 27, 28, 37, 39, 40,
45, 46, 47, 49) . These studies suggest that the state ofhepato-
cytes can be modulated by soluble and insoluble factors, as
well as by cellular contact . However, despite much intense
effort, there is still a lack of fundamental understanding of
all the necessary factors to culture and maintain differen-
tiated hepatocytes .

It is well established that extracellular matrix can modu-
late gene expression in many biological systems (9, 10,
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induced to recover the high level of albumin mRNA
and albumin production when a second layer of colla-
gen gel was overlaid at that time . Furthermore, sand-
wiched hepatocytes maintained significantly higher
transcriptional activity compared to cells in the single
gel system . In addition to transcriptional control, the
ultimate rate of albumin production was shown to de-
pend on the rate of translation, which increased with
culture time and reached a plateau in one to two
weeks . This increase in translational activity over time
in culture was observed in both the sandwich and the
single gel systems and, thus, appeared to be indepen-
dent of the configuration of extracellular matrix .

24-26, 31, 38, 41, 53, 54) . It has been suggested that a com-
plex extracellular matrix but not its purified components is
necessary to maintained long-term differentiated hepato-
cytes in vitro (4) . However, the complexity and heterogene-
ity of such biomatrix preparations make further analysis of
the mechanism of inducing differentiation difficult . We have
previously shown that by sandwiching hepatocytes between
two layers of hydrated rat tail tendon collagen gel (15, 16),
a variety of hepatocyte functions can be maintained in vitro .
This system uses a single, simple, and defined extracellular
matrix component and does not require other cell types or
specific chemicals . All that appears to be necessary is the
culture medium, adequate oxygenation, and the proper
configuration of the extracellular matrix . To elucidate the
mechanism responsible for the observed pattern of albumin
production, the intracellular processes involved with biosyn-
thesis and transport of albumin were analyzed . Since this is
a multi-step process which requires precise coordination of
many enzymatic reactions, an interruption at any one of
these steps conceivably can lead to altered protein produc-
tion . These steps can be lumped into three general catego-
ries : nuclear transcription of the albumin gene, cytoplasmic
translation of albumin mRNA, and vesicular transport and
exocytosis of synthesized albumin . This report presents evi-
dence which suggests that transcription appears to be
responsible for the observed differences in the level of albu-
min mRNA between the single gel and the sandwich sys-
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tems. In addition, the translational activity increases over
time in both culture systems to modulate the rate ofalbumin
synthesis .

Materials andMethods

Reagents andSolutions
Type IV Collagenase, lot number 108F-6835, was purchased from Sigma
Chemical Co . (St . Louis, MI), Percoll from Pharmacia Fine Chemicals
(Piscataway, NJ), DME with 4 .5 g/l glucose from Gibco Laboratories
(Grand Island, NY), FBS, lot numbers 12103324 and 12103K30, penicillin,
and streptomycin from Hazleton (Lenexa, KS), insulin from Squibb
(Princeton, NJ), glucagon from Lilly (Indianapolis, IN), EGF from Col-
laborative Research (Bedford, MA, hydrocortisone from Upjohn (Kalama-
zoo, MI), and Sea-Kem LE agarose from American Bioanalytical (Natick,
MA) . Unspecified chemicals were purchased from Sigma Chemical Co .,
Aldrich (Milwaukee, WI), EM Science (Gibbstown, NJ) . Perfusion buffer
is 154 mM sodium chloride, 5 .6 mM potassium chloride, 5.5 mM glucose,
25 mM sodium bicarbonate, and 20 mM N-2-hydroxyethylpiperazine-N'-2-
ethane sulfonic acid (Hepes), pH 7.4. PBS is 138 mM sodium chloride, 2 .7
mMpotassium chloride, 8.1 mM sodium phosphate, and 1.1 mM potassium
phosphate, pH 7 .4 . lx HBSS is 138 mM sodium chloride, 5 .4 mM potas-
sium chloride, 0.33 mM sodium phosphate, 0.33 mM potassium phosphate,
0.8 mM magnesium sulfate, and 5.6 mM glucose, pH 7.4 . Denhardt's solu-
tion (lx) is 1% (wt/vol) Ficoll, 1% (wt/vol) polyvinylpyrrolidone, and 1%
(wt/vol) BSA . SSC (lx) is 150 mM sodium chloride and 15 mM sodium
citrate, pH 7.

Preparation ofHepatocytes
Hepatocytes were isolated from 2-3-mo-old female Lewis rats (Charles
River Breeding Laboratories, MA) weighing 180 to 220 g, by a modified
procedure ofSeglen (48) . Animals were anesthetized in a chamber contain-
ing saturated ether. The liver, weighing 7 to 8 g, was first perfused through
the portal vein in situ with 400 nil of perfusion buffer with 1 mM EDTA
at 45 ml/min . The perfusate was equilibrated with 5 liters/min of95% 02
and 5 % C02 through 5 m of silicone tubing (inner diameter 0 .058 in, outer
diameter 0.077 in) and was maintained by a 100-mm heat exchanger (reflux
condenser 283000 ; Kontes, Vineland, NJ) to be 37°C before entering the
liver. The liver was subsequently perfused with 200 nil of 0.05% col-
lagenase in perfusion buffer with 5 mM calcium chloride at the same flow
rate. During this time, the liver swelled to abouttwicethe original size . The
swollen liver was dissected away from ligaments and thediaphragm and was
transferred toa 100-mm dish with 20-mlice-cold perfusion buffer. The liver
capsule was teased apart, and the resulting cell suspension was filtered
through two nylon meshes with grid sizes 250 and 62 Am (Small Parts, Mi-
ami, FL) . The cell pellet was collected by centrifugation at 50 g for 5 min.
Cells were further purified by a modified procedure of Kreamer et al . as
follows (33) . The cell pellet was resuspended to 50 nil, and 12 .5 ml of cell
suspension was added to 10.8 ml of Percoll and 1 .2 ml of IOx HBSS . The
mixture was centrifuged at 500 g for 5 min, and the cell pellet was washed
twicewith DME. Routinely, 200 to 300 million cells were isolated with via-
bility between 92 and 99% as judged by Trypan blue exclusion . Nonparen-
chymal cells, as judged by their size (<10 ,um in diameter) and morphology
(non-polygonal or stellate), were <1% .

Preparation ofRat Tail Tendon Collagen
Type I collagen was prepared fromLewis rat tail tendons by a modified pro-
cedure of Elsdale and Bard (17) . Four tendons weredissected from each rat
tail and stirred in 200 nil of3% (vol/vol) acetic acid overnight at 4°C. The
solution was filtered through four layers of cheesecloth and centrifuged at
12,000 g for 2 h . The supernatant was precipitated with 40 nil of 30%
(wt/vol) sodium chloride, and the pellet was collected by centrifugation at
4,000 g for 30 min . Thepellet wasdissolved in 50 ml of 0.6% (vol/vol) ace-
tic acid, and the solution was dialyzed against 500 nil of 1 mM hydrochloric
acid five times . For sterilization, 0.15 ml of chloroform was added to the
solution . The solution was stirred for two days with a loose cap to allow
evaporation of chloroform . A 5-ml aliquot was lyophilized and weighed to
determine the yield of collagen . Generally 100 mg was isolated per rat tail .
This preparation yields Type I collagen molecules mostly in its native, not
cross-linked, triple-helical form (17) .
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Hepatocyte Culture
Collagen gels were prepared by distributing 1 nil of collagen gel solution
(1 part 1Ox DME, pH 7.4, and nine parts collagen solution at 1 .11 mg/ml,
chilled on ice, mixed just before use) evenly over a 60-mm tissue culture
dish (Falcon, Lincoln Park, NJ) and incubated at 37 °C at least 1 h before
use. Collagen forms a gel at physiological pH and ionic strength at room
temperature, but the rate of gelation is accelerated at higher temperature .
Two million viable cells were seeded in4 nil ofmedium, consisting ofDME
supplemented with 10% (vol/vol) FBS, 0.5 U/ml insulin, 7 ng/ml glucagon,
20 ng/ml TGF, 7.5 kg/nil hydrocortisone, 200 U/ml penicillin, and 200
Wg/ml streptomycin. This constituted the single gel system . For the sand-
wichsystem, an additional 1 ml of collagen gel solution was distributed over
the cells after 1 d of culture at 37°C and 10% C02 . Culture medium was
first removed and care was taken to ensure that the second layer of collagen
gel was evenly spread over the entire dish . 30 min of incubation at 37°C
were allowed for gelation and attachment of the second gel layer before the
medium was replaced . Culture medium was changed daily. The collected
media samples were stored at 4°C before analyses .

AlbuminAssay
Collected media samples were analyzed for rat albumin content by ELISA
as previously described (15) . Chromatographically purified albumin was
purchased from Cappel Laboratories (Cochranville, PA) . Antibodies to al-
bumin were purchased from Cappel Laboratories . The 96-well plates
(NUNC-Inununo Plate, Maxisorp, Newbury Park, CA) were coated with
100 A1 of 50 Mg/mlrat albumin in 25 mM carbonate buffer, pH 9.6, overnight
at 4°C . The wells were washed four times with PBS plus 0.5% (vol/vol)
Tween 20 (PBS-Tween) . 50 Al of sample was mixed with equal volume of
antibody (800 ng/ml in PBS-Tween) before it was transferred to the wells .
After overnight incubation at 4°C, the wells were washed four times with
PBS-Tween and were developed with 100 Al of 25 mM citrate and 50 mM
phosphate, pH 5, plus 0.4 mg/ml o-phenylenediamine and 0.012 % (vol/vol)
hydrogen peroxide at room temperature. The reaction was stopped with 50
Al of 8 N sulfuric acid after 7 min of incubation . The presence of bound
antibodies was detected by the conversion of o-phenylenediamine by the
conjugated peroxidase . The absorbance was measured at 490 run with the
Dynatech MR600 microplate reader (Chantilly, VA) . Positive controls in-
cluded known concentrations of purified rat albumin, transferrin, and
fibrinogen added to culture medium, and negative controls included the cul-
ture medium and PBS-Tween. Concentrations of standards were calibrated
by their absorbances at 280 nm, using 0.6 as extinction coefficients for
1 mg/ml solution of albumin . Concentrations of samples were determined
from a standard curve generated for each ELISA plate . Absolute rates of
production were calculated from the concentration by multiplying the total
volume of the medium (plus the volume of the collagen gel only on the day
when it was introduced to the culture) and dividing by the elapsed time.
Results were expressed in lxg/h/dish . Generally, two duplicate wells were
averaged for each sample, and replicate cultures agreed within 10% of each
other.

DNAAssay
DNA content of cultures was analyzed with Hoechst dye 33258 (Calbio-
chem-Behring Corp., La Jolla, California) as previously described (16) .
Cultures were rinsed twice with PBS, and 4 nil of0.05% collagenase solu-
tion were added to the dish . After 30 min, of incubation, sheets of cells de-
tached from the dish and were collected by centrifugation . The cell pellets
were rinsed twice with PBS and were suspended in4 ml solution containing
0.1% SDS, 1 mM EDTA, and 0.1 M Tris, pH 7.4 .40 Alof sample was added
to 2 ml of solution containing 0.1 wg/ml Hoechst dye, 1 mM EDTA, 2 M
NaCl, and 10 mM Tris, pH 7.4 . Fluorescence at 365-nun excitation and 458-
run emission was measured on an SLM (Urbana, IL) SPF 5000 spec-
trofluorometer, with lampvoltage set at 1025 V. Calfthymus DNA standard
was purchased from Sigma Chemical Co .

Extraction of Total RNA
Total RNA was extracted by a modified procedure of Cathala (8) . Cells were
lysed with 7 ml of lysis buffer (5 M guanidine thiocyanate) (Fluka,
Ronkonkoma, NY), 10 mM EDTA, and 50 mM TRIS, pH 7.5) and 0.6 ml
of ß-mercaptoethanol . For cultured cells, the lysates from six dishes were
transferred with a rubber policeman . For freshly isolated cells, lysis buffer
was added to 12 million cells . The lysate was homogenized by Polytron (Du

1044



Pont Instruments, Wilmington, DE) for 45 s, and three volumes of 4 M
lithium chloride were added to the homogenate . After overnight precipita-
tion at 4°C, the mixture was centrifuged at 10,000 g for 1 h . The pellet was
washed with 3 M lithium chloride and was resuspended in 4 ml of TES
buffer (10mM Tris, 1 mM EDTA, 0.2 % [wt/vol] SDS, pH 7.5) . The suspen-
sion was extracted twice with phenol and once with chloroform, followed
by a repeated extraction with4 nil ofTES buffer. RNA was precipitated with
0 .1 volume of 4 M sodium acetate and 2 .2 vol of ethanol at -20°C. The
concentration was determined from absorbance at 260 nm, assuming one
absorbance unit is equivalent to 40 Wg/ml of RNA .

Quantitation ofMessenger RNA
Northern blots were used to ascertain the quality of extracted RNA . Hy-
bridization with nick-translated albumin cDNA probe (a gift from Dr.
James Darnell, Rockefeller University, New York) yielded a major band at
^2 kbp . For more precise quantitation, duplicates of0.6, 0.4, and 0.2 kg
of total RNA were immobilized onto nitrocellulose filter slots for each sam-
ple . The filters were first hybridized with 50% (vol/vol) formamide, 5x
SSC, 5x Denhardt's solution, 50 mM sodium phosphate, pH 7, 0.2%
(wt/vol) SDS, and 0.2 mg/ml salmon sperm DNA for 4 h at 42°C, followed
by hybridization with 4 ml of50% (vol/vol) formamide, 5x SSC, 5 x Den-
hardt's solution, 40 mM sodiumphosphate, 0.1 mg/ml salmon sperm DNA,
and 0.1 ug of the labeled albumin cDNA probe at 42°C overnight . The filter
was washed with .lx SSC and .1% (wt/vol) SDS at 65°C the next day. Auto-
radiography was carried out at -80°C with intensifying screens (Lighten-
ing Plus, Du Pont Instruments) . The radioactivity in each slot was deter-
mined by scintillation counting .

Nuclear Run-OfAnalysis
Nuclear run-off assays were performed using a modified procedure of Jeffer-
son (30) . 20 dishes of cultured cells were first treated with equal volume
of 0.4% (wt/vol) collagenase at 4°C for 1 h to digest the collagen gel . Cells
were collected by centrifugation at 50 g for 5 min . After two washes with
PBS, the cell pelletwas mixed vigorously in 20 nil of0.5 % (vol/vol) NP-40,
10 mM sodium chloride, 3 mM magnesium chloride, and 10 mM Tris, pH
7.4 . The mixture was centrifuged at 300 g for 5 min . After another wash
with the same buffer, the nuclei pellet was resuspended in 40% (vol/vol)
glycerol, 0.1 mM EDTA, 5 mM magnesium chloride, and 10 mM Tris, pH
7.4, and was frozen in liquid nitrogen until nuclei from other samples were
ready. Thawed nuclei were washed in 10 ml of 20% (vol/vol) glycerol, 140
mM potassium chloride, 5 mM magnesium chloride, 1 mM manganese
chloride, 14 mM ß-mercaptoethanol, and 10 mM Tris, pH 8.1 . Washed
nuclei were resuspended in 180 pl of complete reaction buffer containing
20% (vol/vol) glycerol, 140 mM potassium chloride, 5 mM magnesium
chloride, 1 mM manganese chloride, 14 mM /3-mercaptoethanol, 1 mM
ATP (Pharmacia Fine Chemicals), 1 mM GTP, 1 mM CTP, 10 mM creatine
phosphate, 0.1 mg/ntl creatine phosphokinase (Calbiochem-Behring Corp .)
and 20 pl of 32P-UTP (10 mCi/ml, 3000 Ci/mmole, Du Pont Instruments) .
The mixture was incubated at 30°C for 15 min . Nuclei were lysed with 1 ml
of 0 .5 M sodium chloride, 50 mM magnesium chloride, 2 mM calcium
chloride, and 10 mM Tris, pH 7.4 . DNA was digested with 100 U/mt of
DNAase I (Worthington, Freehold, New Jersey), and the reaction was
stopped with 10 mM EDTA and 0.5 % (wt/vol) SDS. The mixturewas added
to 4 .5 ml of 1 mM EDTA, 0.5% (wt/vol) SDS, and 10 mM Tris, pH 8 .4,
and was extracted twice with 1 :1 mixture of phenol/chloroform and once
with chloroform . RNA was precipitated with 10 1ag/ml of tRNA (Sigma
Chemical Co.), 0.2 M sodium acetate, and two volumes of ethanol at
-20°C overnight . The pellet was collected by centrifugation at 10,000 g for
1 h and was precipitated again with 10% (wt/vol) TCA followed by sodium
acetate and ethanol precipitation. The pellet was dissolved in 1 ml of TE
(20 mM EDTA, 10 mM Tris, pH 8), and the radioactivity was determined
by scintillation counting . Filters with 2 Ag per slot of immobilized albumin
cDNA probes were first hybridized in 10 ml of 50% (vol/vol) formamide,
5x SSC, 4x Denhardt's solution, 0.1% (wt/vol) SDS, 50 mM sodiumphos-
phate, and 1 mg/ml tRNA at 42°C for 1 d before it was hybridized in 5 ml
of 50% (vol/vol) formamide, 5x SSC, 1 x Denhardt's solution, 0.1%
(wt/vol) SDS, 50 mM sodium phosphate, 500 ug/ml tRNA, and equal
counts of radioactivity (between 4to 12 million CPM) at 42 °C for 2 d . The
filters were then washed three times in lx SSC and 0.1% (wt/vol) SDS for
20 min each and twice in 0.2 x SSC and 0.1% SDS for 45 min each . Autora-
diography and scintillation counting were the same as for quantitation of
mRNA . For the normal liver. 15 to 65 PPM hybridized to the albumin
cDNA and 0 to 4 PPM hybridized to the pBR323 cDNA .

Dunn et al . Albumin Regulation in Hepatocyte Sandwich Cultures

Polyribosome SizeAnalysis
Polyribosome size was estimated by a modified procedure of Lodish (36) .
70 dishes of cultured cells were treated with equal volume of0.4% (wt/vol)
collagenase plus 0.1 mg/ml emetine for 1 h at 4°C. The released cells were
washed twice with PBS and once with buffer A (10 mM potassium chloride,
1 .5 mM magnesium acetate, and 10 mM Hepes, pH 7.5) . The cells were
resuspended in 2 nil of buffer A and were allowed to swell for 10 min on
ice. The cells were dounced 40 strokes with pestle B, and the homogenate
was centrifuged at 1,500 g for 10 min. The absorbance at 260 nun of the
supernatant was adjusted to 30 U, and 1 .5 nil of this suspension was mixed
with 1 ml of buffer B (240 mM sodium chloride, 7.5 mM magnesium ace-
tate, and 120 mM Tris, pH 8.5), 0.3 ml of 10% (wt/vol) deoxycholate, and
0.3 ml of 10% (wt/vol) polyoxyethylene 20 cetyl ether (Brij 58) . 3 ml of
this mixture was layered on top ofa 34-m1 15-30% (wt/vol) linear sucrose
gradient containing 80 mM sodium chloride, 2 .5 mM magnesium acetate,
and 40 mM Hepes, pH 7.5 . The gradient was centrifuged at 26,000 rpm for
90 min in a rotor (SW28 ; Beckman Instruments, Inc., Palo Alto, CA) . The
gradient was fractionated by displacement with 50% (wt/vol) sucrose from
the bottom of the tube at 1 .5 ml/min. The output was monitored at 260 not
continuously, and 4.5-ml fractions were collected in eight tubes, each con-
taining 0.45 ml of 10% (wt/vol) SDS. 1 ml from each tube was diluted with
3 ml of water and 0.4 ml of buffer C (1 M sodium chloride, 10 mM EDTA,
and 100 mM Tris, pH 7.5) . This mixture was extracted once with 1 :1 mix-
ture of phenol/chloroform and once with chloroform . Extraction was
repeated with 4 ml of water and 0.4 ml of buffer C . RNA was precipitated
twice with 0 .1 volume of4 M sodium acetate and 2 volumes of ethanol . Hy-
bridization condition and scintillation counting were the same as that for
quantitation of mRNA .

Pulse-Chase Experiments
Radioactive labeling was performed by a modified procedure of Lee (34) .
Hepatocytes were cultured onpolystyrene dishes for one day under the same
condition as described above. The dishes were rinsed twice with methio-
nine-free medium containing the same additives except dialyzed serum was
used in place of regular serum . Cells were incubated for 30 min at 37°C
in 4 ml of methionine-free medium before the medium was replaced with
1 ml of methionine-free medium with 100 p.Ci of ["S]methionine (Amer-
sham Corp., Arlington Heights, IL) . Every 10 min, the medium was col-
lected, and the cells wererinsed twice with PBS before theywerelysed with
1 ml of PBS plus 1% (vol/vol) Triton X-100, 0.5% (wt/vol) deoxycholate,
100 KIU/ntl aprotinin, 1 ug/mI antipain, 1 Ag/ml leupeptin, and 2 MM
PMSF. For the chase, the labeling medium was replaced with 1 ml of the
usual culture medium, andsamples were collected every 10 min . The cellu-
lar lysate was mixed overnight at 4°C, and the supernatant was collected
the next day by centrifugation at 1,500 g for 10 min .

Immunoprecipitation and Gel Electrophoresis
Conditions for immunoprecipitation were pre-determined to quantitatively
remove albumin from samples . 5 11 of rabbit anti-human albumin antibody
(Accurate, Westbury, NY) were mixed with 25 pl of each sample for 6 h
at 4°C before 150 /tl of protein ASepharose (1 :1 mixture of PBS and
sepharose gel, Sigma Chemical Co.) was added . After overnight mixing,
the pellet was collected by centrifugation for 5 min in a microfuge. The pel-
let was washed twice with PBSplus 1% Triton X-100, 0.5% (wt/vol) deoxy-
cholate, and 2 mM PMSF before it was resuspended in 105 /tl of 10 mM
Tris and 1 mM EDTA, pH 8. 60 Al of this suspension was added SDS to
2.5% (wt/vol) and Q-mercaptoethanol to 5% (vol/vol) . This mixture was
boiled for 10 min before bromophenol blue was added to 0.01% (wt/vol) .
1 j1 of this mixture was applied to a 10-15% (wt/vol) gradient Phast-Gel
(Pharmacia Fine Chemicals) . The gels were fixed with 25% (vol/vol)
isopropanol and 10% (vol/vol) acetic acid for 2 h, followed by two changes
of glacial acetic acid for 15 min each . The gels were impregnated with 22 %
(wt/vol) diphenyloxazole (PPO) in acetic acid for 30 min, and PPO was
precipitated with water. The gels were preserved with 5 % (vol/vol) glycerol
and were dried at room temperature . Autoradiography was performed as
described above, except with the omission of the intensifying screens . The
autoradiograms were digitized with an Hewlett-Packard Scanjet Plus scan-
ner (San Diego, California), and integrated densities of the bands were de-
termined with the software program IMAGE (National Institutes of Health,
Bethesda, MD) on a Macintosh IIfx (Cupertino, California) .
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Results

Analysis ofAlbumin mRNA Content in Single Gel and
Sandwich Systems
Previously we demonstrated that hepatocytes cultured in the
single gel system ceased albumin production after one week
ofculture, whereas hepatocytes cultured in the sandwich sys-
tem maintained albumin production for at least six weeks
(15) . By the end of the first week, the rates of albumin pro-
duction differed by roughly tenfold although the total DNA
contents were similar in these two systems. We first inves-
tigated whether this difference in production was reflected in
albumin mRNA contents by determining the total RNA con-
tent and the level of albumin mRNA in the different systems
over time. Total RNA extracted from cells cultured in the
single gel system declined over the first two weeks, whereas
total RNA extracted from cells cultured in the sandwich sys-
tem remained fairly constant after an initial decrease (Fig .
1 a) . A similar pattern was observed for total DNA (Fig . 1
b) . At the end of the first week of culture, however, the
amounts of total RNA and total DNA in both systems are
nearly equal . The quantity of RNA per unit of DNA, on the
other hand, increased for both systems over the first week
and thereafter remained relatively constant (Fig . 1 c) .
The level of albumin mRNA was found to be high in

freshly isolated cells but declined for cells in the single gel
system over the first week (Fig . 2 a) . On the other hand, the
level of albumin mRNA in the sandwich system was found
to be high at the end of one week . The specific radioactivity
(CPM/pg RNA), obtained from the slope of the plot CPM
versus microgram ofRNA, was determined for each sample .
By normalizing the specific radioactivity to that of freshly
isolated cells, a comparison was made among cells cultured
for different lengths of time (Fig . 2 b) . The fractional abun-
dance of albumin mRNA in the freshly isolated cells was
similar to that found in the normal liver. For hepatocytes in
the single gel system, the level of albumin mRNA decreased
to roughly half of that in normal liver by the first day and
continued to decrease to less than one-tenth ofthat in normal
liver by the end ofthe first week. In contrast, the level of al-
bumin mRNA in the sandwich system was maintained at a
level comparable to that found in the normal liver for at least
six weeks of culture.
We had previously shown that hepatocytes cultured for

one week in the single system essentially ceased albumin
production, but such cells could be "rescued" when a second
layer of collagen gel was overlaid (15) . It was shown that
functions could be restored in rescued cells even after one
week ofculture in the single gel system . Recovery ofalbumin
production in these rescued cells was accompanied by a par-
allel change in the level of albumin mRNA (Fig . 3) . Thus,
albumin production rate was found to correlate with the level
of albumin mRNA .

Albumin Gene Tlranscription
Given that the single gel system and the sandwich system

differed primarily in level of albumin mRNA, there should
be a concomitant difference in the biosynthesis and/or degra-
dation of albumin mRNA in these two systems . To test the
hypothesis that the level of albumin mRNA was controlled
transcriptionally, a nuclear run-off assay, which reflected the
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Figure 1. Total RNA and DNA contents of cells cultured in the sin-
gle gel and the sandwich systems . (a) Total RNA per dish decreased
to roughly 70% after one week ofculture in both systems. There-
after, total RNA continued to decrease for the single gel system but
remained stable for the sandwich system. (b) Total DNA content
per dish followed similar pattern as the total RNA content . (c) The
amount of RNA per unit of DNA increased with culture time for
both culture systems to roughly twice that of freshly isolated cells
by the end of one week . Error bars represent standard deviations
of determinations based on four batches of cells.
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Figure2 . Albumin mRNA level ofthe single gel and the sandwich systems as measured by slotblot hybridizations . (a) Radiolabeled albumin
cDNA was hybridized to duplicates of 0.6, 0.4, and 0.2 lAg of total RNA for each sample. The level of albumin mRNA appeared to be
highest in freshly isolated cells, followed by cells cultured for seven days in the sandwich system and cells cultured for seven days on a
single layer of gel . The level of albumin mRNA was barely detectable for cells cultured for seven days on a single layer of gel . (b) The
specific radioactivity in each sample was normalized to that of freshly isolated cells . For hepatocytes cultured on the single gel, the level
of albumin mRNA rapidly decreased over a period of one week. For hepatocytes cultured in the sandwich system, the level of albumin
mRNA remained relatively stable for six weeks. The level of albumin mRNA in the intact liver was roughly the same as that in freshly
isolated cells . Error bars represent standard deviations from four batches of freshly isolated cells .

number of polymerases transcribing the gene, was used to
determine the transcriptional activity in various cell popula-
tions . The albumin gene transcriptional activity was found
to be high in the liver but was significantly reduced in freshly
isolated cells (Fig . 4 a) . The albumin gene transcriptional
activity followed a course of further decline in the single gel
system . In contrast, cells cultured in the sandwich system re-
tained higher activity of albumin gene transcription . To ob-
tain a quantitative estimate of the transcriptional activity, the
radioactivity of each sample was normalized to that of nor-

Figure 3. Albumin production rate and albumin mRNA level of he-
patocytes cultured for seven days in the single gel system that were
subsequently converted to the sandwich system by an additional
overlay of collagen gel . Both the level of albumin mRNA and the
production of albumin increased over a period one week after the
collagen overlay. Results shown represent repeated measurements
from a single batch of cells . In repeated experiments, the ultimate
level of albumin mRNA recovery varied but correlated with the ex-
tent of albumin secretion recovery.

Dunn et al . Albumin Regulation in Hepatocyte Sandwich Cultures

mal liver. For freshly isolated cells, the albumin gene tran-
scriptional activity was roughly halfthat of the normal liver
(Fig . 4 b) . After one day of culture in the single gel system,
the transcriptional activity decreased to about one-eighth
that of the normal liver, and after seven days of culture, the
transcriptional activity dropped to less than one-tenth that of
the normal liver. In contrast, for hepatocytes cultured in the
sandwich system, the transcriptional activity increased to
roughly half that ofthe normal liver and remained steady for
at least three weeks . For cells that were first cultured in the
single gel system for seven days followed by the addition of
a second layer of collagen gel, the transcriptional activity
also returned to the level similarto cells cultured in the sand-
wich system initially (data not shown) . These data suggest
that the level of albumin mRNA in both the single gel and
the sandwich systems correlates well with albumin gene
transcriptional activity.

Translation ofAlbumin mRNA
Previously, we reported that hepatocytes cultured in the
sandwich system increased albumin production at least
fivefold over the first 1-2 wk before a steady rate was reached
(15), even though the total content of DNA was not in-
creased . This suggested that, during the initial culture
period, either albumin mRNA was not efficiently used for
translation or, alternatively, the synthesized albumin was not
processed or secreted properly. The hypothesis that albumin
mRNA was not translated efficiently was evaluated with the
polyribosome size assay. The distribution of polyribosomes
in normal liver is shown in Fig . 5. Each preparation was frac-
tionated into eight aliquots for further analysis of albumin
mRNA content . In intact liver, most of the albumin mRNA
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Figure 4. Albumin transcriptional activity of the single gel and the sandwich systems as measured by nuclear run-off assays. (a) Transcrip-
tional activity appeared to be highest in the intact liver and was significantly reduced in freshly isolated cells . Transcriptional activity was
even lower in cells cultured for one day on a single layer of gel and was barely detectable in cells cultured for seven days on a single layer
of gel . In contrast, transcriptional activity was significantly higher in cells cultured for seven days in the sandwich system compared to
the single gel system. (b) The amount of bound radiolabeled mRNA in each sample was normalized to that of intact liver. For freshly
isolated cells, the transcriptional activity was reduced to roughly 40% that ofthe normal liver. In the single gel system, the transcriptional
activity was reduced to roughly 10 and 5 % by the first and seventh day, respectively. In the sandwich system, the transcriptional activity
remained roughly at 40% for at least three weeks. Error bars represent standard deviations of repeated experiments using four batches
of cells .

Also

Also

ELUTION TIME (min)
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Figure S. Total polyribosome profiles ofthe normal liver measured
from the absorbance at 260 nm during fractionation of the sucrose
gradient . (a) Profile was obtained after 3.5 h ofcentrifugation . Six

was found to associate with larger-sized polyribosomes (Fig.
6 a) . However, for freshly isolated cells, most ofthe albumin
mRNA was associated with smaller-sized polyribosomes.
With culture time, there was a gradual increase in the size
of polyribosomes associated with albumin rnRNA for both
single gel and sandwich systems . Tb obtain a simple quan-
titative relationship for comparison, the distribution of albu-
min mRNA was converted to an average polyribosome size
by calculations outlined in the Appendix . The average poly-
ribosome size was estimated to be -10 in normal liver and
five for freshly isolated cells (Fig . 6 b) . With culture time,
the albumin mRNA polyribosome size gradually increased
to as large as 15 . Thus, it appeared that a temporal increase
in albumin mRNA translational efficiency occurred for cul-
tured hepatocytes in both systems .

Secretion Kinetics ofAlbumin

An alternative explanation for the gradual increase of albu-
min production rate in the sandwich system was an initial
malfunction ofthe secretory process such that only a fraction
of the synthesized albumin was secreted. If such a defect
were to exist, it should be most dramatic on the first day
when the production of albumin was relatively low. To test
the hypothesis of defective albumin secretion, pulse-chase

distinct peaks represent monoribosome, diribosome, triribosome,
etc. However, the absorbance did not return to baseline before the
end of the sample was reached, suggesting some larger-size poly-
ribosomes were pelleted at the bottom. (b) Profile was obtained af-
ter 1 .5 h of centrifugation . In addition to the previous six peaks,
an aggregate which represented larger-size polyribosome was ob-
served .
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Figure 6. Albumin polyribosome size of the single gel and the sandwich systems as measured by velocity sedimentation through sucrose
density gradients. (a) The density gradient was divided into eight three-minute aliquots, and each was analyzed for the albumin mRNA
content. The mean polyribosome size for each aliquot was calculated by the method outlined in the Appendix . For the liver, albumin mRNA
was most abundant in aliquot five corresponding to polyribosomes of size 11 . Immediately after cell isolation, albumin mRNA shifted
towards smaller size polyribosomes. With culture time, in both single gel and sandwich systems, albumin mRNA gradually shifted towards
larger size polyribosomes. (b) Average polyribosome size was calculated by the method outlined in the Appendix . The average size of
albumin polyribosome was 11 for the intact liver. This was reduced to five for the freshly isolated cells . In the single gel system, the average
polyribosome size increased to 8 and 11 after 1 and 7 d of culture, respectively. In the sandwich system, the average polyribosome size
increased to 11 and 14 after 7 and 14 d of culture, respectively. No further increase was noted after 21 d of culture . Error bars represent
standard deviations from repeated experiments using four batches of cells .

experiments were performed to measure fractional secretion
and secretory transit time of albumin. Two compartments
were monitored for this purpose: intracellular and extracel-
lular pools. After the administration of radiolabeled methio-
nine, the first appearance of newly synthesized albumin in
the extracellular pool was about 40 min(Fig . 7 a) . For better

b.
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quantitation, the bands were digitized to yield integrated
density. A plot of integrated density versus pulse/chase time
confirmed the above qualitative result (Fig . 7 b) . The initial
accumulation of intracellular albumin is linear, suggesting
no rapid degradation . The transit time, defined as the lag
time between the linear portions of the intracellular and ex-

MIMITES

Figure 7. Secretion kinetics ofalbumin for cells cultured for one day as measured by pulse-chase experiments. (a) Autoradiograms ofSDS-
PAGE of immunoprecipitated intracellular and extracellular pools of albumin. Cultured cells were labeled for 100 min with [35S]methio-
nine followed by 100 min of chase without the tracer. After 10 minutes of labeling, albumin first became detectable in the intracellular
pool and eventually became saturated. After 40 min of labeling, albumin began to accumulate in the extracellular pool . After the chase,
albumin decreased continuously in the intracellular pool . In the extracellular pool, albumin immediately appeared and eventually reached
a plateau . Repeated experiments using different batches ofcells yielded similar results. (b) The autoradiograms were quantifiedby digitiza-
tion . The initial accumulation of intracellular labeled albumin appears to be linear. The lag time between the linear portions of intracellular
and extracellular pools during the pulse was -40 min. After 100 min of chase, the amount of intracellular albumin present prior to the
chase was completely recovered in the extracellular pool, leaving minor amount of residual albumin.



tracellular accumulation oflabeled albumin, was roughly 40
min . After 100 min of labeling, culture medium was
replaced to commence chasing . All of the intracellular la-
beled albumin before the chase were found in the extracellu-
lar pool afterwards . Therefore, synthesized albumin was
quantitatively secreted .

Discussion
From the data presented above, it appears that the sandwich
system differed from the single gel system primarily in the
albumin gene transcriptional activity, which resulted in
different levels ofcellular albumin mRNA. The level ofalbu-
min mRNA, however, was not the sole determinant of albu-
min production rate . For both the sandwich and the single
gel systems, the translational activity gradually increased
with cultured time . Posttranslationally albumin appeared to
be readily secreted quantitatively.

Differentiated hepatocytes contain specific mRNAs not
expressed in most other cell types . From hybridization ex-
periments, it is apparent that the albumin mRNA level in the
sandwich system is similar to that observed in freshly iso-
lated cells and is much higher than that in the single gel sys-
tem . This comparison, however, is based on equal amounts
of total RNA and reflects the fractional abundance of albu-
min mRNA. To compare the absolute amount of total albu-
min mRNA, one also needs to measure the total amount of
RNA. The RNA content remained fairly constant in the
sandwich system but decreased in the single gel system .
Thus, the difference between the single gel and sandwich sys-
tems in absolute amounts of albumin mRNA was even
greater than that reflected in Fig . 2 b . Interestingly the
amount of RNA per unit of DNA increased in both systems
with culture time, suggesting an increase in ribosomal RNA
per cell . In addition to albumin, other liver-specific mRNAs
including transferrin, ligandin, and cx,-antitrypsin were also
maintained in hepatocytes cultured in the sandwich system
but not in the single gel system (data not shown) . Thus, hepa-
tocytes cultured in the sandwich system appeared to mimic
the in vivo pattern of mRNA expression .
The level of mRNA is determined from the balance of its

synthesis and degradation . Conceivably hepatocytes cul-
tured in the sandwich system could have maintained high
levels of albumin mRNA by stabilizing the existing albu-
min mRNA without synthesizing new transcripts. The re-
sults from nuclear run-off analysis and rescue experiments
showed that albumin gene transcription was active in the
sandwich system . In rescue experiments where a second
layer of collagen gel was added to the single gel system after
seven days of culture, the level of albumin mRNA increased
after the addition ofthe second layer of collagen, thereby in-
directly showing active synthesis of albumin gene tran-
scripts . The rescue experiments also demonstrated that the
single gel system undergoes reversible de-differentiation,
and its re-differentiation is the result of its conversion into
a sandwich system . Since our initial report (15), others have
also shown an increase in albumin mRNA level and albumin
production when a solution of Matrigel was overlaid on he-
patocytes cultured on type I collagen (6) . Results from the
rescue experiments showed that type I collagen overlay was
as effective in the induction of the observed increase in albu-
min mRNA and albumin production .
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Nuclear run-off assays showed that higher transcriptional
activity was responsible for the higher level of albumin
mRNA in hepatocytes cultured in the sandwich system com-
pared to the single gel system . Similar results were also ob-
tained for other liver-specific markers including transferrin,
ligandin, and tyrosine aminotransferase (data not shown) .
The underlying assumptions involved in using this assay as
a transcription indicator include : (a) isolated nuclei retain
the in vivo transcriptional activity ; (b) the rate ofpolymerase
elongation is the same for different samples ; and (c) the total
rate of transcription is the same for different samples. In
spite of a universal lack of testing the validity of these as-
sumptions, this technique remains the standard for measur-
ing transcriptional activity. Based on the correlation of tran-
scriptional activity with mRNA level, Darnell suggested
transcriptional control of normal liver gene expression (14) .
This is in agreement with our result, i .e ., higher transcrip-
tional activity is associated with higher level ofmRNA in the
sandwich system . On the other hand, as compared to the
liver, the sandwich system has the same level of mRNA but
only half of the transcriptional activity. This is in agreement
with the literature that suggests increased mRNA stability in
cultured hepatocytes (30) . However, mRNA degradation ki-
netics needs to be directly measured to confirm this result .
Other systems in the literature capable of long-term main-

tenance of differentiated hepatocytes require the use of co-
culture, complex extracellular matrix, or special medium to
achieve roughly the same level of albumin gene transcrip-
tional activity as the sandwich system, which uses a simple
matrix molecule and a simple medium . On the other hand,
these other systems do not seem to require the sandwich
configuration . Is there, then, a unifying theme that ties these
rather disparate approaches together? One possible common
denominator may be the establishment of proper cellular
polarity. In the sandwich system, hepatocytes are forced to
have two basolateral surfaces separated by a belt of apical
surface. One may postulate that this effect is achieved in
different ways by the apparently different approaches . For ex-
ample, the net effect of co-culture may be to sandwich the
hepatocytes between extracellular matrix proteins produced
by the additional cell line, and the net effect of complex ex-
tracellular matrix is to induce the cells to become clustered
so that the proper cellular polarity is still maintained .
The phenomenon of extracellular matrix modulated gene

expression is frequently observed in biological systems, al-
though no clear mechanism has been elucidated . It is in-
teresting to speculate on the mechanism by which higher
transcriptional activity is maintained in the sandwich sys-
tem . Since it differs from the single gel system only in the
additional layer of collagen gel, the configuration of the ex-
tracellular matrix appears to be an important factor. We have
previously shown that the actin filaments are changed from
the formation of abnormal stress fibers to organized sub-
plasma membrane distribution when hepatocytes are sand-
wiched between collagen gels (16) . This suggests that
cytoskeletal filaments may mediate necessary signals to the
nucleus that result in liver-specific gene transcription . How-
ever, other mechanisms such as the induction of specific ex-
tracellular matrix or surface receptor expression can not be
ruled out .

In addition to transcriptional control, translational control
also appeared to influence the eventual rate of albumin
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production . Polyribosome size assay reflects translational
activity as long as the rate of polypeptide elongation is the
same for different samples . This is a common assumption
made by investigators who study translational control in
different systems (18, 22, 52) . The data suggest that immedi-
ately after isolation hepatocytes translate albumin rtiRNA
inefficiently. With culture time, the size ofpolyribosome as-
sociated with albumin mRNA gradually increases until it is
tripled at the end of two weeks. This is presumably a result
of damage inflicted on hepatocytes during the process of cell
isolation which is reversed slowly in both the sandwich and
the single gel systems. This effect is not specific for albumin ;
the total polyribosome profile becomes shifted towards small
polyribosomes and gradually shifts back with culture time
(data not shown) . The overall effect on the sandwich system
is a gradual increase in albumin production . For the single
gel system, because of the more rapid decline in albumin
mRNA content, albumin production rate is not increased .
This also explains the steep increase in albumin production
observed in the rescue experiments (15) . Presumably the
newly synthesized albumin mRNAs were translated more ac-
tively in the rescued cells compared to those in hepatocytes
after one day of culture.
The secretion kinetics of synthesized albumin was as-

sessed with pulse-chase experiments . This was performed
with hepatocytes cultured on polystyrene dishes because of
the large dead volume associated with collagen gel that com-
plicates the experimental design . Because hepatocytes cul-
tured on polystyrene ceased albumin production after a week
similar to the single gel system, the available data do not
cover a wide range of culture time . Nevertheless, the experi-
ment from the first day of culture is critical to disprove the
hypothesis that the initial low rate of albumin production is
the result of internal degradation . It appears that all synthe-
sized albumin are secreted, and the transit time of secretion
is roughly the same as other reported values (1, 43) .

In summary, the expression of liver-specific function in
cultured hepatocytes was shown to be dependent on the
configuration of extracellular matrix . Hepatocytes in the
sandwich system maintained higher albumin mRNA content
than those in the single gel system . This appeared to be the
result of higher albumin gene transcriptional activity in the
sandwich system . The rate of albumin production was addi-
tionally modulated by translational control, which was not
correlated with the culture configuration . An increase in
translational activity over time was observed for both the sin-
gle gel and the sandwich systems . The secretory mechanism
of albumin was intact in cultured hepatocytes . A normal
transit time and quantitative secretion of all synthesized al-
bumin were observed . A synthesis of similar features present
in long-term culture systems in the literature may be the key
to establish the necessary and sufficient conditions for op-
timal maintenance of hepatocytes .

Appendix

Calculation ofPblyribosome Size
While it is possible to separate polyribosomes of different sizes ona sucrose
gradient, the absorbance profile obtained from the gradient does not have
sufficient resolution to distinguish polyribosomes with more than six ribo-
somes under the givenexperimental condition . Consequently, one needs to
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estimate the sizes of the polyribosomes in the region where distinct peaks
are not resolved based onavailable measurements and theoretical considera-
tions .

In the ultracentrifuge at steady state, the forces of centrifugation,
buoyancy, and friction are balanced such that particles travel at velocity
which is proportional to w2r, where w is the angular speed and r is the dis-
tance from axis of rotation . The proportionality constant is called the
sedimentation coefficient, s . Mathematically, the motion of the particle can
be described by the following differential equation (5) :

dr
= swzr

dt
at t=0,r=ro

r = distance from the axis of centrifugation
ro = distance to the top of the gradient
t = time of centrifugation

For the purpose ofcomparisonto other experimental settings, s is converted
to a standard sedimentation coefficient, s20,w, which refers to sedimenta-
tion in water at 20°C, by the following equation (5) :

Dp = density of the particle in medium
D2o,w = density of the particle in water at 20°C
Dm = density of the medium
Wm = viscosity of the medium
u2o,w = viscosity of water at 20°C

Substituting Eq . 2 into Eq . 1, one obtains the following.
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Since the density and viscosity of the medium changes continuously in the
sucrose gradient (asa function of r), this equation needsto be solved numer-
ically. Alternatively one can use the available data to generate a calibration

Figure la . Calibration curve for the estimation of large-size poly-
ribosome was generated by the method outlined in the Appendix .
S20,ww 2T was plotted against the elution time of the corresponding
peak. The data points were fitted to a quadratic equation .



curve. Integration of Eq . 3 yields F(r) = s2o,w WT, where T is the total
centrifugation time. For a given experiment, tv2T is constant . Therefore,
F(r) is essentially a calibration curve that relates the sedimentation
coefficient to distance of migration .

From theabsorbance profile one can estimate the elution timesof the first
six sizes ofpolyribosomes . Elution time is linearly related to r if one ap-
proximates the gradient as a cylinder. The size of the polyribosome is
related to the sedimentation coefficient by long s� = log S, + 0.6 log n,
where n is the number of ribosomes, and S, is the standard sedimentation
coefficient of monoribosome, 83 (42) . By plotting s20,w vv2 T versus corre-
sponding elution time, one generates the desired calibration curve. How-
ever, as noted earlier, available data do not cover the entire range of elution
time . This can be remedied by performing prolonged ultracentrifugation
such that the smaller polyribosomes sediment closer to the bottom of the
tube, thereby increasing the quantity s2o,w w2T. Fig. 5 shows the polyribo-
somes profiles from two centrifugations runs for 1 .5 and 3 .5 h at 26,000
rev/min in an SW28 rotor. One can readily see the locations of the first six
polyribosomal peaks, which correspond to the elution times ofmonoribo-
some, diribosome, etc . The sizes of polyribosome are converted to their
respective sedimentation values and multiplied by total centrifugation time
and the square of centrifugation speed. These values are plotted versus the
elution times in Fig. 1 (appendix) . By fitting a quadratic equation to the
data, one obtains a relation that gives the sedimentation coefficient as a
function of elution time . The sedimentation coefficient can be converted
back to the corresponding size of polyribosome . This new function can be
averaged over the periods of fractionation, i .e., 0 to 3 min, 3 to 6 min, etc .,
yielding the mean polyribosome sizes for all aliquots. To obtain the average
polyribosome size for a sample, one first normalizes the amount ofalbumin
mRNA in the different aliquots . The sum ofthe products of the mean poly-
ribosome size and the relative abundance of albumin mRNA in each aliquot
gives the polyribosome size for the sample (20) .
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