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ABSTRACT 

The nonproliferating chicken liver cell culture system described yields cell mono- 
layers with morphological and lipogenic properties characteristic of the physiologi- 
cal-nutritional state of donor animals. Synthesis and secretion of fatty acid, 
cholesterol, and very low density lipoprotein (VLDL) occur at in vivo rates and 
respond to hormones and agents which affect these processes in vivo. Cells 
derived from fed chickens maintain high rates of synthesis of fatty acid and 
cholesterol for several days if insulin is present in the medium. High rates of fatty 
acid synthesis are correlated with the appearance of membrane-enclosed triglycer- 
ide-rich vesicles in the cytoplasm; deletion of insulin causes a decrease (Tl/2 -- 22 
h) in fatty acid synthetic activity. Addition of glucagon or cyclic AMP (cAMP) 
causes an immediate cessation of fatty acid synthesis and blocks the appearance of 
the triglyceride-rich vesicles. Fatty acid synthesis in liver cells prepared from 
fasted chickens is <5% that of cells from fed animals. After 2-3 days in culture 
with serum-flee medium containing insulin - triiodothyronine, fatty acid synthesis 
is restored to normal; glucagon or dibutyryl cAMP blocks this recovery. Liver cells 
derived from estradiol-treated chickens synthesize and secrete VLDL for at least 
48 h in culture. Electron micrographs of these cells reveal more extensive develop- 
ment of the rough endoplasmic reticulum and Golgi complex compared to cells 
from untreated chickens. Whereas [3H]leucine incorporation into total protein is 
unaffected by estrogen treatment, [3H]leucine incorporation into cellular and 
secreted immunoprecipitable VLDL is markedly increased indicating specific 
activation of VLDL apopeptide synthesis; 8-10% of the labeled protein synthe- 
sized and secreted is VLDL. Dodecyl sulfate-acrylamide gel electrophoresis of 
immunoprecipitated 3H-VLDL reveals three major apopeptides of 300,000, 
11,000, and 8,000 daltons corresponding to those of purified chicken VLDL. 

Among the major functions of the liver cell are low density lipoprotein (VLDL) for use by extra- 
lipogenesis and the synthesis and secretion of very hepatic cells. These processes have been exten- 

332 THE JOURNAL OF CELL BIOLOGY �9 VOLUME 73, 1977 �9 pages 332-353 



sively investigated with perfused livers, liver slices, 
and, more recently, with isolated hepatocytes (8- 
10, 21, 26, 35, 40, 48). Studies with these liver 
preparations are limited in that only acute effects 
on lipogenesis and VLDL synthesis can be ex- 
plored, since the preparations are viable for only a 
few hours. On the other hand, cells in primary 
culture retain differentiated function for several 
days. During this time, factors affecting lipogene- 
sis and VLDL synthesis at the level of transcrip- 
tion, translation, and enzyme turnover can be in- 
vestigated. 

We have developed an avian liver cell primary 
culture system which meets these objectives. 
Chicken liver cells are particularly well-adapted 
for studies on iipogenesis and VLDL synthesis and 
secretion. The liver accounts for nearly all de novo 
fatty acid synthesis in the chicken (41), and pro- 
vides a substantial fraction of the fatty acid utilized 
by other tissues including adipose tissue. More- 
over, in avian species the liver has the unique role 
of synthesizing and secreting lipid and protein 
precursors, notably VLDL, for egg yolk formation 
in the ovary (36). Since these processes are under 
the control of estrogen in avian species (22, 30), it 
is possible to increase hepatic VLDL output 10- to 
50-fold by administering this hormone (29). This 
can be accomplished in the livers of both male and 
sexually-immature chickens. Within a few days 
after the injection of estrogen, there is an extraor- 
dinary rise in the level of VLDL in the blood to 
10-15 g/100 ml of serum (22, 30). The source of 
the increased plasma levels of VLDL induced by 
estrogen has been conclusively shown to be the 
liver (44). Thus, cells in primary culture from the 
livers of estrogen-treated chickens offer advan- 
tages for the study of lipogenesis and lipoprotein 
assembly and secretion. 

Various modifications of the method of Berry 
and Friend (4), involving perfusion of the liver 
with collagenase, have been widely used for the 
preparation of hepatocytes from the rat (9, 10, 11, 
12, 25, 40, 54) and the chicken (9). Anatomical 
considerations make this procedure cumbersome 
for 2- to 3-wk-old chicks, and maintenance of 
sterile conditions during cell preparation is diffi- 
cult. A technique for the preparation of viable 
liver cells from the young chicken which avoids 
hepatic perfusion and which can be performed 
under sterile conditions has been developed in our 
laboratory. In monolayer culture, these liver cells 
have the capacity to carry out lipogenesis and 
VLDL assembly and secretion at rates which ap- 

proximate those of liver tissue from animals in 
different physiological states, i.e., fasted, fed, and 
estrogenized. Such cells exhibit morphological 
characteristics comparable to those of intact liver 
and, in addition, are responsive to hormones and 
agents known to affect these processes in vivo. A 
preliminary report of these findings has been 
made (49). 

MATERIALS AND METHODS 

Materials and Miscellaneous Methods  

White Leghorn chickens (10-15 days old) of mixed 
sex were maintained on a low fat, high carbohydrate diet 
for at least 48 h before sacrifice unless otherwise indi- 
cated. In some experiments, chickens were injected daily 
for 3 days before sacrifice, with 17-fl-estradiol (20 nag/ 
day per kg body weight, intraperitoneally) in propylene 
glycol. DNase I and selected lots of type III collagenase 
were obtained from Worthington Biochemical Corp. 
(Freehold, N. J.). Collagenase was dissolved in phos- 
phate-buffered saline (PBS) to give a concentration of 
150 U/ml and was stored at -20~ until used. DNase 
was dissolved in 1 mM HCI to a concentration of 2.5 rag/ 
ml. Serum for the culture medium was obtained from 12- 
to 18-mo-old white Leghorn roosters. After allowing 90 
min for dotting to occur, dots were cut into small pieces 
and the blood was centrifuged at 10,000 g for 20 min. 
The serum was filtered twice under vacuum through 
Schleicher and Schuell no. 589 filters (Sehleicher & 
Sehuell, Keene, N. H.), after which it was sterilized by 
passage through a 0.45 /.Lm Millipore filter (Millipore 
Corp., Bedford, Mass.) with a prefilter and stored at 
-20"C. Basal Medium (Eagle) (10x) with Earle's salts, 
without L-glutamine and NaHCO3 (BME), was obtained 
from Grand Island Biological Co. (Grand Island, N. Y.). 

PBS, pH 7.3, contained (grams per liter): KCI, 0.2; 
KH~PO4, 0.2; NaCI, 8; and Na2HPO4"7 H20, 1.48. 
Phosphate buffer (10x) contained (grams per liter): 
KH2PO4, 2; Na2HPO4' 7 H20, 14.8, and was adjusted 
to pH 7.6 with NaOH. Eagle's medium phosphate 
buffered (EPB) contained BME supplemented with 
phosphate buffer, 20 mM D-glucose, streptomycin (0.1 
mg/ml), penicillin (100 U/ml), 2% rooster serum, and 
amino acids as follows (milligrams per liter): L-alanine, 
50; t-arginine hydrochloride, 150; L-asparagine, 57; L- 
aspartate, 120; L-cysteine, 90; L-cystine, 15; L-gluta- 
mate, 150; L-glutamine, 600; glycine, 100; L-histidine 
hydrochloride, 150; L-isoleucine, 100; L-teucine, 25; L- 
lysine hydrochloride, 205; L-methionine, 100; L-phenyl- 
alanine, 100; L-proline, 100; L-serine, 100; L-threonine, 
150; L-tryptophan, 50; L-tyrosine, 100; L-valine, 150. 
Amino acids were adjusted to pH 7.3. Bovine insulin 
and porcine glucagon, provided by Dr. Walter N. Shaw 
(Eli Lilly and Co., Indianapolis, Ind.), were dissolved in 
water (1 mg/ml), adjusted to pH 2.8 and stored at 4~ 
Cholera enterotoxin and sodium heparin were obtained 
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from Schwarz/Mann Div., Becton, Dickinson & Co. 
(Orangeburg, N. Y,). Amino acids, streptomycin sul- 
fate, penicillin G, 17-~estradiol, and triiodothyronine 
were from Sigma Chemical Co. (St. Louis, Mo.). All 
hormone, enzyme, and amino acid solutions used for 
cell culture were sterilized by passage through 0.22-t~m 
Millipore filters. Falcon (VWR Scientific Div., San Fran- 
cisco, Calif.) and Nunclon plastic tissue culture dishes 
(Vangard Systems Inc., Dobbs Ferry, N. Y.) were used 
interchangeably except where indicated. Reeve-Angel 
ultra-fine glass fiber filter discs (2.5 cm) were obtained 
from Arthur H. Thomas Co. (Philadelphia, Pa.). All 
reagents for electron microscopy were obtained from 
Electron Microscopy Sciences (Fort Washington, Pa.). 
NCS tissue solubilizer was obtained from Amersham/ 
Searle Corp. (Arlington Heights, IU.), and Triton X-100 
from Packard Instrument Co. (Downer's Grove, I11.). 
Sodium [1-~4C]acetate, L-[4,5-3H(N)]leucine, and [5,6- 
3H]uridine were obtained from New England Nuclear 
(Boston, Mass.). Lactic dehydrogenase was measured by 
a modification of the method of Stolzenbach (47). The 
assay mixture contained, in a volume of 1 ml, 100 mM 
potassium phosphate, pH 7.0, 0.67 mM sodium pyru- 
vate, 0.2 mM NADH, 0.2% Triton X-100, and sample. 

Preparation of  Chicken Liver 
Parenchymal Cells 

All procedures were carried out at room temperature 
unless otherwise indicated. Five 13- to 17-day-old chick- 
ens (about 100 g each) were decapitated, feathers and 
skin were removed, the carcasses were rinsed with 70% 
ethanol, and the livers were removed aseptically in a 
laminar-flow hood. Livers were rinsed with PBS and 
minced finely, after which the tissue mince was rinsed 
with PBS and transferred to a 250-ml Erlenmeyer flask. 
20 mi of collagenase solution, 015  ml of DNase, and 
2.5 ml of 400 mM glucose were added to the minced 
tissue (about 30 ml). The tissue suspension was incu- 
bated for 20 min at 37~ in a gyratory shaker set at 130 
oscillations/min. After the tissue had settled, the super- 
nate ( - 2 0  ml) containing dissociated cells was trans- 
ferred to two sterile plastic tubes with a blunt large-bore 
pipette and was centrifuged at 190 g for 1 min. The cell 
pellet was subjected to a procedure for lysing erythro- 
cytes (5, 52), while the remaining tissue mince was 
undergoing further collagenase treatment as described 
below. The cell pellet was resuspended in 5 ml of a 0.14 
M NH4CI-0.017 M "Iris (CI-) solution at pH 7.2. After 5 
min, 5 ml of EPB containing 2% rooster serum was 
added and the suspension was centrifuged at 190g for 1 
min. The cell pellet was washed two more times with 
EPB (containing 2% rooster serum), finally resuspended 
in 0.5 ml of this medium, and set aside (at 25~ exposed 
to air) to be pooled with cells obtained in subsequent 
processing. 

To the remaining tissue mince were added 20 ml of 
collagenase and 1 ml of glucose. The mince was dis- 

persed by repeatedly drawing it in and out of a blunt 
large-bore pipette, after which the suspension was incu- 
bated and processed as before. This procedure was re- 
peated one additional time. Pieces of tissue remaining 
after the three collagenase treatments were further disso- 
ciated by vigorous in-and-out pipetting action as above. 
This suspension was filtered through a 100-mesh silk 
screen and the filtered cells were subjected to the eryth- 
rocyte lysis procedure. The washed cells from each stage 
of the procedure were combined, filtered through 100- 
mesh silk screen to remove aggregated Kupffer cells and 
any clumped cells, and the filtrate was brought to a final 
volume of 20 ml with EPB (containing 2% rooster se- 
rum). Cell number was determined and the viability 
estimated by trypan blue exclusion. Cell suspensions 
usually contained 40-50 x 106 cells/ml having a viability 
of 85-95%. The entire hepatocyte isolation procedure 
required about 2 h. 

Preparation and Maintenance of  
Liver Cell Monolayers 

Aliquots of cell suspensions (within 10-15 min of iso- 
lation) were pipetted into cell culture dishes containing 
medium previously equilibrated in 10% CO2-90% air at 
37~ Except where indicated, the standard culture me- 
dium consisted of BME supplemented with 5% rooster 
serum, 0.22% NaHCOa, 2 mM L-glutamine, 20 mM 
glucose (total concentration, 25 mM) streptomycin (0.I 
mg/ml), penicillin (100 U/ml), and amino acids (see 
Materials and Miscellaneous Methods). In all experi- 
ments, except those on VLDL synthesis and secretion, 
plating densities were 3 x 106 cells/35-mm dish (2 ml of 
medium) and 10 x 10 ~ cells/60-mm dish (4 ml of me- 
dium). When VLDL synthesis and secretion were inves- 
tigated, 18 • 10 ~ ceUs/60-mm dish (4 ml of medium) 
were plated. The plates were swirled gently to disperse 
the cells and then were incubated in a humidified forced- 
draft incubator under 10% CO2-90% air at 37~ at 
equilibrium, the pH of the medium was 7.25-7.35. Me- 
dium changes were made every 24 h unless otherwise 
specified. Insulin, glucagon, and triiodothyronine were 
added at levels of 5, 5, and 1 p,g/ml of medium, respec- 
tively, where indicated. 

Isolation and Purification of 
Labeled and Unlabeled 
Serum VLDL 

Blood from laying hens was collected and held at 
room temperature for 30 min. Clots were rimmed, and 
after standing for an additional 30 rain, the serum was 
separated by centrifugation at 12,000 g for 15 min. 
VLDL was separated from the serum by centrifugation 
at serum density (d =-=- 1.006 g/cm a) at 150,000g for 48 h 
in a preparative ultracentrifuge at 15"C. The upper 
VLDL layer was collected and resuspended in 0.15 M 
NaC1 containing 10 mM sodium phosphate, pH 7.5, and 
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0.5 mM EDTA. The resuspended VLDL (21 mg of 
protein in 3 ml) was applied to a 2.2 x 40 cm column of 
Sepharose 6B (Pharmacia Fine Chemicals, Piscataway, 
N. J.) previously equilibrated with the elution buffer at 
2~ The column was eluted with 0.15 M NaCI contain- 
ing 10 mM sodium phosphate, pH 7.5, and 0.5 mM 
EDTA, and the eluate was collected fractionally. Frac- 
tions comprising the majority ( - 7 5 % )  of the void vol- 
ume protein peak were pooled and dialyzed against two 
changes of 100 vol of glass-distilled water. Protein in 
VLDL samples was measured by the method of Lowry et 
al. (34) modified such that reagent A contained 0.4% 
sodium cholate. 

To prepare aH-VLDL labeled primarily in the apopro- 
tein portion of the molecular aggregate, 4-day-old chick- 
ens were injected intraperitoneally with a priming dose 
of 0.5 mg of 17-/~-estradiol in propylene glycol. After 3 
wk each chick received a second injection of the hor- 
mone (20 mg/kg of body weight). [3H]Leucine (1.0 mCi) 
was injected 18 h later, and after an additional 4 h, blood 
was collected and 3H-VLDL isolated as described above. 
The labeled VLDL was then dialyzed against 10 mM 
sodium phosphate, pH 7.4, 0.15 M NaCI, and 0.5 mM 
unlabeled leucine. The final VLDL product had a pro- 
tein concentration of 2.1 mg/ml and a specific activity of 
130,000 cpm/mg of protein. 

Preparation o f Anti- VL D L Antibody and 
the Immunochemical Measurement o f  
V L D L Apoprotein Synthesis 
and Secretion 

Antibody against chicken serum VLDL apoproteins 
was generated in male, white New Zealand rabbits by 
injecting 0.25 mg of purified VLDL protein (1.0 rag/ 
rabbit) mixed with Freund's complete adjuvant into each 
foot pad. At 2 and 4 wk, the procedure was repeated. 
Blood was collected 2 wk after the last injection, and 
booster injections were given every 2 mo thereafter. The 
Ouchterlony double-diffusion technique (42) was used to 
verify the specificity of the antiserum. Immunotitration 
equivalence-point titers were in the range of 50 #1 antise- 
rum/35 ttg VLDL protein. 

To follow the kinetics of [3H]leucine incorporation 
into total protein and into immunoprecipitable VLDL in 
cells and medium, liver cell monolayers (18 x 106 cells/ 
60 mm dish) were incubated in 2 ml of medium contain- 
ing [aH]leucine for up to 6 h. The medium contained all 
amino acids as described in Materials and Methods, with 
the omission of unlabeled L-leucine. After incubation, 
the medium was removed and aliquots were taken for 
TCA precipitation of total protein and immunoprecipita- 
tion of VLDL as described below. PBS (2 ml) was added 
to each dish and cells were scraped and transferred to a 
Dounce homogenizer. The suspension was homogenized 
(50 strokes) with a tight-fitting pestle at 37~ and an 
aliquot (0.1 ml) was added to a tube containing 0.1 ml of 

cold 20% TCA. Precipitated protein was collected on 
glass fiber filters which were washed with 100 ml of cold 
5% TCA and then with 100 ml of cold 95% ethanol. 
Filters were placed in counting vials, dried at 100*C, and 
counted in toluene liquid scintillator. The remaining cell 
homogenate was transferred to a 37~ water bath; so- 
dium deoxycholate was added to give a final concentra- 
tion of 1%, and the suspension was homogenized. After 
centrifugation at 30,000g for 15 rain at 250(=, an aliquot 
(0.2 ml) of the supernate was mixed in a Beckman 
microfuge tube (Beckman Instruments, Inc., Spinco 
Div., Palo Alto, Calif.) with 10 #,1 of carrier chicken 
serum VLDL (35/.tg of protein), VLDL antiserum (50- 
100/xl), and sodium deoxycholate to give a final concen- 
tration of 1%. Tubes were shaken, incubated for 2 h at 
37"C, then for 24 h at 4~ after which they were 
centrifuged for 2 min in a Beckman microfuge and the 
pellets were washed 4 times with 0.15 M saline. The tip 
of the tube, containing the immunoprecipitate, was 
sliced off and transferred to a counting vial containing 
0.32 ml of 1% sodium dodecyl sulfate (SDS). After 2 h 
at 50~ ~H-activity was determined in 3 ml of Triton- 
containing liquid scintillator. Immunotitration curves 
were run under these conditions with each batch of 
antiserum to establish the level needed for maximum 
immunoprecipitation of VLDL protein. 

Dodecyl Sulfate-Polyacrylamide 
Gel Electrophoresis o f  
VLDL Apoproteins 

Unlabeled and [aH]leucine-labeled VLDL or immu- 
noprecipitates were dissolved in 100 #.1 of 2% SDS at 
550C, 2-mercaptoethanol was added to a final concentra- 
tion of 1%, and the solution was heated for 2 min at 
100~ Samples were applied in 20% glycerol with 
bromophenol blue tracking dye to 3.3 or 10% acrylam- 
ide gels containing 0.1% SDS prepared as described by 
Weber et al. (53). After electrophoresis at 2 mA/gel for 
20 min and 8 mA for 11/2-2 h, the gels were exposed to 
10% TCA overnight and then either were stained with 
Coomassie blue or were frozen and sliced for all-analy- 
sis. Gel slices were incubated overnight at 37~ in 0.3 ml 
of 90% NCS solubilizer and then counted in 3 ml of 
toluene scintillator. 

Incorporation o f  [14C]Acetate into 
Fatty Acids and Cholesterol 

Cell monolayers in 35-ram dishes were incubated for 1 
h with 1 ml of medium containing 5 mM sodium [1- 
14C]acetate (300-800 cpm/nmol). The cells were then 
scraped from culture dishes, transferred to tubes contain- 
ing 0.9 g of KOH, and the plates were rinsed with 1 ml of 
PBS which was then added to the tubes. An equal 
volume of absolute ethanol was added (final concentra- 
tion of KOH, ca. 4 N) and the tubes were placed in a 
boiling water bath for 2 h. Nonsaponifiable lipids were 
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extracted into petroleum ether and used for cholesterol 
isolation as described below. The aqueous phase was 
then acidified to a pH <1.0 with concentrated HCI. 
Fatty acids were extracted into petroleum ether; the 
extract was washed with 5% acetic acid and taken to 
dryness under N~. The samples were counted in toluene 
scintillator. 

The extract containing nonsaponifiable lipids was 
washed twice with 0.1 N NaOH and twice with 5% 
acetic acid. The washed extract was dried under N2 and 
cholesterol was isolated as the digitonide by a modifica- 
tion of the method of Sperry and Webb (46) and Craw- 
ford (13). The residue was dissolved in 2 ml of acetone- 
absolute ethanol (1:1). Two drops of glacial acetic acid 
and 0.2 ml of 1% carrier cholesterol in absolute ethanol 
was added, and cholesterol was precipitated by the addi- 
tion of 5 ml of 0.5% digitonin in 70% ethanol. After 
standing at room temperature for 24 h, the tube was 
centrifuged at 27,000 g for 10 min. The pellet was 
washed once with 4 ml of acetone-diethyl ether (1 : 1 ) and 
once with 4 ml of diethyl ether, after which it was dried 
at room temperature, dissolved in 1 mt of methanol, and 
counted in toluene scintillator. 

Isolation o f  Cytoplasmic Triglyceride-Rich 
Vesicles from Chicken Liver Cells 

The medium was removed from cells cultured in the 
presence of insulin for 24-48 h. After washing the mono- 
layer twice with PBS, cells were lysed by adding glass- 
distilled water and aspirating the cells with a Pasteur 
pipette. The mixture was gently homogenized (30 
strokes) at 2~ in a Dounce homogenizer with a loose- 
fitting pestle, after which the homogenate was trans- 
ferred to a centrifuge tube. Centrifugation at 900 g for 
5 min caused the lipid vesicles to float, giving rise to a 
layer which was carefully removed with a Pasteur pi- 
pette. The vesicles were resuspended in water and cen- 
trifuged again as described above; this procedure was 
repeated one additional time. Examination of the vesicle 
preparation by phase contrast microscopy revealed a 
uniform population of vesicles closely resembling that 
observed in situ. 

Characterization o f  Labeled Lipids 
in Cells and in Triglyceride- 
Rich Vesicles 

After incubating the cell monolayer with [1- 
~4C]acetate, cells were scraped from the culture dish and 
the dish was washed with PBS. Ceils and washings were 
homogenized at 2~ in a Dounce homogenizer with a 
tight-fitting pestle. One volume of cell homogenate was 
extracted with 20 vol of chloroform:methanol (2:1, vol/ 
vol) containing 10 mM acetic acid. After washing with 
20 vol of 0.15 M NaCI followed by 12 vol of Folch upper 
phase solution (43), the extracts were evaporated to 
dryness under Nz and resuspended in a small volume of 

chloroform. This concentrated extract was applied to 
silica gel thin-layer plates and chromatographed using a 
1,2-dichloroethane:glacial acetic acid (100:1) solvent 
system; authentic palmitic acid, tripalmitin, phosphatidyl 
choline, cholesterol, and cholesteryl esters were cochro- 
matographed as standards. Spots were visualized with 
2,7-dichlorofluorescein, cut out, and counted in toluene 
scintillator. To characterize labeled lipids in triglyceride- 
rich vesicles, an aliquot was subjected to chloroform- 
methanol extraction and thin-layer chromatography as 
described above for cell homogenates. 

Electron Microscopy 
Medium was removed from the cell monolayer and 

cells were fixed in the 35-mm Falcon culture dish for 1 h 
at 2~ with 2% glutaraldehyde in 0.1 M cacodylate 
buffer, pH 7.2. The monolayer was then fixed with 
osmium tetroxide, stained with uranyl acetate, embed- 
ded in Epon and prepared for electron microscopy as 
described by Huang and Pagano (24). Serial sections 
were cut with a diamond knife on an LKB ultramicro- 
tome (LKB Instruments, Inc., Rockville, Md.), 
mounted on copper grids (200 mesh), and stained with 
lead citrate. Electron micrographs were obtained at 60 
kV with a Siemens Elmiskop I double condenser elec- 
tron microscope. 

R E S U L T S  

Characteristics and Morphology 
o f  Chicken Liver Cells in 
Monolayer Culture 

Unlike most procedures for the isolation of bio- 
chemically competent  nonproliferating liver cells 
from the rat (4, 9-12,  25 ,40 ,  54), peffusion of the 
liver is not required to obtain viable liver cells for 
primary monolayer  culture from the 2- to 3-wk- 
old chicken. By avoiding the cumbersome perfu- 
sion technique, sterility is more readily maintained 
during the preparation of hepatocytes. The colla- 
genase tissue dissociation procedure described in 
Materials and Methods produces a good yield of 
liver cells with high viability and plating efficiency. 
When freshly prepared,  85 -95% of the hepato- 
cytes in the cell suspension exclude trypan blue 
dye, while 95-98% of cells in the monolayer ex- 
clude the dye after 24-48 h in culture. The cell 
suspension is briefly exposed to dilute NH4CI 
which preferentially lyses erythrocytes (5, 52) 
which would otherwise contaminate the prepara- 
tion. The combination of this procedure with fil- 
tration of the cell suspension through a 100-mesh 
silk screen to remove Kupffer cells gives rise to cell 
monolayers that are > 9 5 %  parenchymal cells by 
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microscope examination. The cell yield for a typi- 
cal preparation in which 5 livers ( - 1 5  g wet 
weight of tissue) are used is 109 cells or 7 • 107 
cells/g of tissue. Neither cell yield nor viability is 
significantly affected by fasting the donor animal 
for 48 h or by prior estrogenization, experimental 
treatments the biochemical effects of which will be 
described subsequently. 

Within 2 h after plating, more than 95% of the 
cells have attached firmly to the surface of the 
culture dish. It was observed during initial studies 
that the presence of homologous serum in the 
medium was necessary to maximize the rate and 
extent of cell attachment to the dish; calf serum, 
fetal calf serum, and horse serum were ineffective 
in replacing chicken serum for optimal cell attach- 
ment. Rooster serum, rather than hen serum or 
growing chick serum, was used in the present 
studies on de novo  lipogenesis because of its lower 
lipid content. Upon attachment, cells begin to lose 
their refractile appearance, flatten, and spread 
out on the dish (Fig. 1 A). Within 4-5 h after 
plating, nearly half of the cells have flattened (Fig. 
1 B), markedly increasing their area of contact 
with the dish and apparent diameter (average 
diam., 20-30 /zm). When contact with neighbor- 
ing cells is made, spreading ceases and polygonal 
cell boundaries are established. At appropriate 
plating densities, a confluent monolayer is 
achieved with 24-48 h. Illustrated in Fig. 1 C is a 
confluent monolayer of avian liver cells in culture 
with insulin for 45 h. The polygonal character of 
the cells in the monolayer is reminiscent of that in 
thin sections of avian liver (23). The presence of 
insulin in the medium is required for optimal cell 
flattening and spreading; in its absence cells attach 
normally, but remain spherical and do not pro- 
duce confluent monolayers. 

It has been established (results not shown) that 
avian liver cells cultured under the conditions de- 
scribed do not proliferate. There is neither an 
increase in cell number nor significant incorpora- 
tion of [methyl-3H]thymidine into TCA-precipita- 
ble nucleic acid from the time of plating. It will be 
demonstrated subsequently, however, that avian 
liver cells are responsive to hormones and actively 
carry out the synthesis of fatty acids, cholesterol, 
protein, and RNA for up to 4-5 days in culture. 
Fibroblast contamination and proliferation are 
minimal in the liver cell cultures; confluent mono- 
layers usually contain <3% fibroblasts even after 
4-5 days in culture. 

When liver cells from normally fed chickens are 

maintained in monolayer culture in the presence 
of insulin for 24-48 h, substantial amounts of 
lipid, primarily triglyceride, are synthesized de 
novo (Table I). Although an appreciable amount 
of this lipid is secreted into the medium (20-30% 
of the [14C]acetate incorporated into long chain 
fatty acyl groups), a substantial quantity of lipid 
accumulates in refractile triglyceride-rich vesicles 
in the cytoplasm (Fig. 2 B, cells in culture for 48 
h). The lipid cores of the vesicles stain intensely 
with the lipid stain, Oil Red EGN. Illustrated in 
Fig. 3A is an electron micrograph of a cell con- 
taining the cytoplasmic vesicles which vary in di- 
ameter from 0.1 to 2/~m. Electron micrographs at 
higher magnification (Fig. 3B) reveal that the 
lipid-containing vesicles are bounded by a mem- 
brane bilayer. Also visible in Fig. 3A and B are 
vesicles containing osmiophilic structures that are 
similar to VLDL particles described by others (1, 
20); some of the smaller triglyceride-rich vesicles 
have the appearance of multivesicular bodies or 
secondary lysosomes. Detailed examination of the 
electron micrographs suggests that vesicle expan- 
sion occurs by membrane fusion with both smaller 
lipoprotein-containing vesicles and smaller triglyc- 
eride-rich vesicles (see unbroken arrows, Fig. 
3 B). The triglyceride-rich vesicles can be isolated 
by flotation at low centrifugal force after cell lysis 
by gentle homogenization in hypotonic medium. 
On the basis of experiments in which cells were 
labeled with a lipogenic presursor, [14C]acetate, it 
is evident (Table I) that the newly synthesized 
lipid in the isolated vesicles is primarily triglycer- 
ide with only small amounts of phospholipid, free 
fatty acid, cholesterol, and cholesterol ester. Simi- 
lar experiments with [3H]leucine indicate a low 
content of newly synthesized protein in the vesi- 
cles. 

The addition of glucagon (or dibutyryl cAMP) 
to the insulin-containing medium totally prevents 
the accumulation of triglyceride-rich vesicles (Fig. 
2A). Moreover, it will be shown later that this 
inhibitory effect is the result of the specific 
suppression of de novo  lipogenesis by these 
agents. Electron micrographs (Fig. 4A)  of cells in 
monolayer culture for 48 h in a glucagon-contain- 
ing medium reveal a cytoplasm devoid of triglycer- 
ide-rich vesicles. Dibutyryl cAMP has the same 
effect (result not illustrated). Exposure to gluca- 
gon for 48 h produces an alteration in the struc- 
ture of the mitochondrial membranes of avian 
liver cells (Fig. 4B). Many mitochondria exhibit 
focal thickening along the external membrane sur- 
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FIGURE 1 Light micrographs of chicken liver cells in monolayer culture. Normal chicken liver cells at (A) 
2 h, (B) 4 h, and (C) 48 h after plating in standard culture medium containing 5% rooster serum and 
insulin. Liver cells from fed 15-day-old chicks were isolated and plated as described in Materials and 
Methods. Medium was aspirated just before photography to remove unattached cells. Upon attachment, 
cells appear spherical and refractile, as in (A) (broken arrows); after flattening and spreading on the dish, 
their refractile character (A and B, unbroken arrows) is lost. Confluent monolayers of polygonal cells as 
in (C) are obtained between 24 and 48 h after plating. Scale bars in (A) and (B), 10/xm; in (C), 100/zm. 
(A and B) x 620; (C) • 155. 
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TABLE I 

Composition of Lipids in Cells and Cytoplasmic 
Vesicles Synthesized from p4C]Acetate* 

Distribution of t~-aetivity in lipid from: 

Lipid Cells Cytoplasmic vesides 

% 

Triglyceride 80.9 94.4 
Phospholipid 8.0 2.4 
Cholesterol 

Free 4.2 0.7 
Esterified 2.0 1.2 

Fatty acid 4.9 1.3 

* Liver cells from fed chickens were maintained in cul- 
ture for 24 h in the standard medium containing 5% 
rooster serum and 5 tzg of insulin/ml. After a 1-h incuba- 
tion with [1-14C]acetate, cellular lipids were extracted 
with a chloroform-methanol mixture and the extract was 
subjected to thin-layer chromatography (see Materials 
and Methods for details). To label the cytoplasmic vesi- 
cles, cells in culture for 24 h were labeled with 5 mM [1- 
~4C]acetate for 20 h and then chased with 5 mM unla- 
beled acetate for 5.5 h. Vesicles were isolated as de- 
scribed in Materials and Methods and their labeled lipid 
composition was determined as described above. Each 
data point lepresents the mean of duplicate dishes. 

face. In these regions, membrane whorls appear to 
occupy the intercristal space between the inner 
and outer mitochondrial membranes. Despite this 
apparent alteration in mitochondrial structure, 
many major energy-requiring biochemical func- 
tions are not impaired. For example, the rates of 
protein and RNA synthesis of cells exposed to 
both glucagon and insulin for periods up to 4 days 
are comparable to those of cells exposed to insulin 
alone. During this period the rates of protein and 
RNA synthesis increased 2- to 2.5-fold. 

In the intact animal, de novo fatty acid synthesis 
by the liver is markedly curtailed by fasting (31, 
32). Similarly, liver cell monolayers derived from 
fasted chickens have <5% of the fatty acid syn- 
thetic capacity of those prepared with cells from 
fed chickens. However, when carried for 2-3 days 
under cell culture conditions in serum-free me- 
dium containing insulin (-+ triiodothyronine), this 
capacity is restored to normal levels; when carried 
in culture for 4-5 days, supranormal levels of fatty 
acid synthesis are achieved. Shown in Fig. 2 C and 
D are cell monolayers prepared from fasted chick- 
ens (40 h) and then maintained in culture medium 
containing insulin for 4 and 5 days, respectively. It 
is evident that the cytoplasmic cell compartment 
has become engorged with the triglyceride-rich 

vesicles. This process is accelerated by triiodothy- 
ronine and can be completely prevented by the 
presence of glucagon or dibutyryl cAMP in the 
medium (not illustrated). Importantly, these mor- 
phological findings correlate well with biochemical 
parameters of iipogenesis to be presented in a 
later section. It should be noted that all of the lipid 
accumulated in the cytoplasmic triglyceride-rich 
vesicles pictured in Fig. 2 C and D arose via de 
novo synthesis, since the medium was lipid-free 
i.e., serum-free. 

Cells derived from the livers of chickens treated 
with 17-/3-estradiol (20 mg/kg of body weight per 
day for 3 days) and carried in culture for 24 h with 
insulin present differ morphologically and func- 
tionally from those prepared from normal or 
fasted animals. The major morphological differ- 
ence is the more extensive development of the 
rough endoplasmic reticulum (Fig. 5A and B) and 
Golgi complex (Fig. 6A)  in cells from estrogen- 
ized animals. This is correlated with the observa- 
tion that such cells have a greatly increased capac- 
ity to synthesize and secrete VLDL (results to be 
described in a later section). It is particularly sig- 
nificant that the structural integrity of organelles 
critical to lipoprotein synthesis and secretion, i.e., 
the rough endoplasmic reticulum (Fig. 5 B), Golgi 
complex (Fig. 6A) ,  lipoprotein vesicles (Fig. 6 B), 
and microvilli (Fig. 6B),  remains intact under 
primary cell culture conditions for 24-48 h. 

Effect o f  Hormones on Fatty Acid and 

Cholesterol Synthesis by Monolayer 

Cultures o f  Liver Cells from 

Fed and Fasted Chickens 

The liver is the major site of de novo fatty acid 
synthesis in the chicken, providing adipose tissue 
with a large fraction of its fatty acid precursors for 
lipogenesis (39, 41). Monolayer cultures of liver 
cells from fed chickens synthesize fatty acids from 
acetate at substantial rates, 1.5-3.0/zmol of ace- 
tate incorporated into fatty acyl groups per minute 
per gram dry weight of liver when measured 4-48 
h after plating. The composition of lipids synthe- 
sized from [14C]acetate by chicken liver cells in 
monolayer culture for 24 h is illustrated in Table I, 
triglyceride being the major lipid formed. The 
pattern of lipids synthesized approximates that of 
serum VLDL (2), the principal lipid-containing 
secretory product of avian liver. 

The high initial rate of fatty acid synthesis by 
liver cells in monolayer culture can be maintained 
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FIoul~ 2 Light micrographs of chicken liver cells in monolayer culture. Liver cells from fed (A and B) 
and fasted (C and D) chickens. Cells from fed chickens were maintained in monolayer culture for 48 h with 
standard medium containing 5 % rooster serum, and in (A), insulin plus glucagon, or in (B), insulin. Note 
the presence of cytoplasmic triglyceride-rich vesicles in (B) and their absence in (A). In (C) and (D), cells 
from chickens fasted for 36 h were plated in standard culture medium containing 1% rooster serum and 
insulin. At 4 h, medium was removed and replaced with the same medium minus serum after which cells 
were maintained in culture with insulin in (C) for 96 h and in (D) for 120 h. With cells from fasted 
chickens, the accumulation of triglyceride-rich vesicles was delayed by 24-36 h relative to that of cells from 
fed chickens. Bars, 1 /zm. (A) x 800; (B-D) x 621. 



FIGURE 3 Electron micrographs of liver cells in monolayer culture. (A) Liver cells from fed chickens in 
monolayer culture for 24 h in standard medium containing 5% rooster serum and insulin, illustrating 
cytoplasmic triglyceride-rich vesicles. M, mitochondria; N, nucleus; TRV, triglyceride-rich vesicles. (B) 
Membrane-enclosed, triglyceride-rich vesicles at higher magnification. Large triglyceride-rich vesicles 
appear to be undergoing fusion with smaller triglyceride-rich vesicles (unbroken arrows) and lipoprotein- 
containing vesicles (broken arrows); the latter contain osmiophilic particles having the properties of 
VLDL. The triglyceride-rich vesicles are bounded by a membrane bilayer. Bars, 1/zm. (A) • 5,200; (B) 
• 42,000. 
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~6URE 4 Electron micrographs of liver cells in monolayer culture. (A) Liver cells in monolayer culture 
for 24 h in standard medium containing 5% rooster serum and both insulin and glucagon. Glucagon 
prevents the formation of the cytoplasmic triglycedde-dch vesicles shown in Fig. 3. N, nucleus. (B) 
Mitochondria of the same cells at higher magnification, illustrating altered membrane structure. The focal 
thickenings observed on the mitochondrial surface in (A) are shown at higher magnification in (B) to be 
due to membrane whorls (arrows) in the intercristal space between the inner and outer mitochondrial 
membranes. Bars, 1 ~m. (A) x 7,000; (B) x 28,000. 
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FIGURE 5 Electron micrographs of liver cells in monolayer culture. Regions of liver cells from estradiol- 
treated chickens in monolayer culture for 24 h in standard medium containing 5% rooster serum and 
insulin. Illustrated in (A) and (B) is the extensive development of the rough endoplasmic reticulum (RER) 
and in (A) the presence of triglyceride-rich vesicles (TRV). M, mitochondria. Bars, 1 /.Lm. (A) x 14,000; 
(B) x 35,000. 
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F1out~ 6 Electron micrographs of liver cells in monolayer culture. (A) Golgi-rich region and (B) 
microvilli of liver cells from estradiol-treated chickens in monolayer culture for 24 h in standard medium 
containing 5% rooster serum and insulin. Shown in (B) near the microvilli are numerous tipoprotein 
vesicles; contained within these vesicles are osmiophilic electron-dense structures which closely resemble 
VLDL particles. TRV, triglyceride-rich vesicles; G, Golgi complex; M, mitochondria; LPV, lipoprotein 
vesicle; MV, microvilli. Bars, 1 p,m. (A) x 28,000; (B) • 35,000. 

for up to 48 h, provided a rich medium containing 
insulin is used (Fig. 7A) .  If insulin is omitted,  the 
fatty acid synthetic capacity of the cells declines 
slowly with a half-life of about 22 h (Fig. 7 A) ;  5 x 
10 -2 /xg of insulin/ml of medium is sufficient to 
maintain a maximal rate of fatty acid synthesis for 

24-48 h. Preliminary results I indicate that this 
decline is associated with a corresponding de- 
crease in the cellular level of acetyl-CoA carboxyl- 

I Watkins, P. A., and D. M. Tarlow. Manuscript in 
preparation. 
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FIGURE 7 The effect of insulin, tri iodothyronine, and glucagon on fatty acid synthesis by liver cells in 
monolayer culture derived from fed and fasted chickens. Liver cells (2.8 x 106 cells/35-mm dish) from (A) 
fed or (B) 36-h-fasted chickens were maintained in monolayer culture in the presence of the hormones 
indicated. Cells from fed chickens were provided with the standard medium containing 5 % rooster serum; 
cells from fasted chickens were carried on the same medium containing 1% rooster serum for 4 h after 
plating, after which the medium was removed and replaced with serum-free medium for the duration of the 
experiment. At the times indicated, fresh medium containing 5 mM [1-'~C]acetate was added and the cells 
were incubated for 1 h. Incorporation of 14C-activity into total fatty acyls of cells plus medium was 
determined as described in Materials and Methods. O, no hormone; �9 insulin; &, triiodothyronine ('Ca); 
E3, glucagon; A, insulin + 1"3; I ,  glucagon + insulin; x, glucagon + insulin + Ta. 

ase, a key regulatory enzyme in fatty acid biosyn- "fasted" hepatocytes is initially <5% that of "fed" 
thesis (18, 19, 31 ,32 ,  38). The addition of gluca- cells and remains constant without hormone addi- 
gon either in the presence or in the absence of tion (Fig. 7 B). Addition of insulin to the culture 
insulin causes an immediate (within 15 min) and medium causes a gradual restoration of synthetic 
almost complete inhibition of [14C]acetate incor- capacity of fasted cells to normal over the course 
potation into fatty acids (Fig. 7 A). Giucagon of several days. This process is accelerated when 
inhibits the rate of incorporation of 3H from 3H20 triiodothyronine is present in addition to insulin 
into fatty acids to the same extent (results not (Fig. 7B); 5 x 10 -5/zg of triiodothyronine/ml of 
shown), which indicates that de novo  fatty acid medium is required to elicit a half-maximal in- 
synthesis per se is affected; 5 x 10 -3 p,g of gluca- crease of fatty acid synthesis in the presence of 
gon/ml of medium is required for half-maximal in- insulin. Concomitant with the restoration of the 
hibition of fatty acid synthesis. These biochemical lipogenic rate is a corresponding return to normal 
changes correlate well with the morphological al- of the activity of acetyl-CoA carboxylase 1. Gluca- 
terations caused by the same hormones. It should gon blocks the increase in the rate of [~4C]acetate 
be recalled that insulin induces the accumulation incorporation in the presence of insulin or insulin 
of triglyceride-rich cytoplasmic vesicles and that plus triiodothyronine (Fig. 7 B). In contrast to 
this effect is completely blocked by glucagon (Fig. fasted liver cells, fed cells are unresponsive to 
2 B and A,  respectively), triiodothyronine (Fig. 7 A). 

Earlier investigations (31, 32) have established The magnitude of the glucagon-induced inhibi- 
that fasting or rendering an animal diabetic drasti- tion of fatty acid synthesis in fed hepatocytes and 
cally curtails hepatic lipogenesis. Recovery from the rapidity with which it occurs prompted a fur- 
these states by feeding carbohydrate or by admin- ther study of this phenomenon. The mode of ac- 
istering insulin requires at least 24 h in vivo (31). tion of glucagon is thought to be via the second 
These effects can be simulated under cell culture messenger, cAMP. Therefore, cAMP, its dibu- 
conditions with liver cells obtained from fasted tyryl derivative (Ne,O2-dibutyryl cAMP), and 
chickens. The rate of fatty acid synthesis in cholera toxin, a potent activator of adenyl cyclase 
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(3), were tested as potential inhibitors. Like gluca- 
gon, both dibutyryl cAMP and cholera toxin 
markedly inhibit fatty acid synthesis (Table II). 
Inhibition by c A M P  is not as great, presumably 
because of its slower rate of entry into cells as 
compared with dibutyryl c A M P  (45). The pres- 
ence of insulin in the culture medium does not 
prevent the inhibitory action of  either glucagon or 
dibutyryl c A M P  (Table II). 

Like lipogenesis, cholesterol synthesis by the 
liver provides another basic precursor for the as- 
sembly of VLDL.  This normal hepatic function is 
also retained by chicken liver cells in primary 
culture. Moreover ,  physiological agents known to 
affect cholesterogenesis in vivo have comparable 
effects. As  illustrated in Table III, insulin is re- 
quired to maintain the rate of cholesterol synthesis 
at its high initial level, a rate equivalent to that 
observed in vivo (8). Both glucagon and dibutyryl 

TABLE I I  

Hormonal Effectors of Fatty Acid Synthesis by 
Chicken Liver Cells in Primary Culture* 

Additions Rate of ["C]acetate incorporation 
into fatty acids 

nmol/h/dish % of  control 

Exp I 
None 59 100 
Glucagon 1.2 2 
diBu-cAMP 6.5 11 
cAMP 16 28 
Cholera toxin 2.9 5 

Exp II 
None 67 100 
Glucagon 3.4 5 
diBu-cAMP 6.7 10 
Insulin 72 107 
Insulin + glucagon 6.6 10 
Insulin + diBu-cAMP 3.3 5 

* Liver cells isolated from normal fed chicks were plated 
(2.8 • 106 cells/35-mm dish) and incubated for 4 h. 
Medium was then removed and fresh medium containing 
the indicated additions and 5 mM sodium [1-14C]acetate 
(except when cholera toxin was tested) was added. After 
a 1-h incubation the amount of [~4C]acetate incorporated 
into total fatty acids (free plus saponifiable) of cells and 
medium was determined as described in Materials and 
Methods. When cholera toxin was added, cells were 
incubated for an hour with the toxin before the addition 
of [t4C]acetate. Insulin and glucagon were added at a 
level of 5 /~g/ml, cholera toxin at 1 /xg/ml, cAMP and 
dibutyryl cAMP (diBu-cAMP) (N6,O2-dibutyryl adeno- 
sine 3',5'-cyclic phosphate) at 0.1 mM. Each data point 
represents the mean of duplicate dishes. 

TABLE III 

Factors Affecting Cholesterogenesis in Chicken Liver 
Cells in Primary Culture* 

Rate of ["C]acetate incorporation 
into cholesterol at: 

Additions 4 h 24 h 

nrnol/h/dish 

None 3.0 0.7 
Glucagon 2.1 0.4 
diBu-cAMP 1.6 0.3 
Insulin 3.1 3.4 
Insulin + glucagon 2.8 1.2 
Insulin + diBu-cAMP 2.1 1.0 
Insulin + 7-ketocholes- 2.6 1.9 

terol 
Insulin + 25-hydroxycho- 2.5 0.4 

lesterol 

* Liver cell monolayers (2.8 • llY cells/35-mm dish) 
prepared using cells from fed chicks were incubated for 4 
or 24 h with the additions. Fresh medium containing 5 
mM sodium [l-14C]acetate was then added and incuba- 
tion was continued for 1 h. The incorporation of 
[14C]acetate into cholesterol of cells and medium was 
determined as described in Materials and Methods. Insu- 
lin, glucagon, and 7-ketocholesterol were added at a 
level of 5 ~g/ml, 25-hydroxycholesterol at 10 /zg/ml, 
and dibutyryl cAMP (diBu-cAMP) (N6,O2-dibutyryl 
adenosine 3',5'-cyclic phosphate) at 0.1 mM. 1% roos- 
ter serum was present during the first 4 h of incubation. 
Each data point represents the mean of duplicate dishes. 

cAMP,  which inhibit fatty acid synthesis almost 
completely,  even in presence of  insulin (Fig. 7 and 
Table II), have a less drastic short-term effect 
on cholesterogenesis under similar conditions. 
However ,  after exposure to these agents for 24 h 
(in the presence of insulin), cholesterogenesis is 
decreased by 60 -70%.  Certain oxygenated deriv- 
atives of cholesterol,  i.e., 7-ketocholesterol and 
25-hydroxycholesterol, are potent inhibitors of  
cholesterogenesis by other  cell types in culture (6, 
28). These agents appear to act by blocking the 
synthesis of H M G - C o A  reductase (6, 28) and by 
another mechanism not yet elucidated (6). When 
monolayer cultures of chicken liver cells are incu- 
bated for 4 h with 7-ketocholesterol or 25-hydrox- 
ycholesterol in the presence of insulin, there is 
little effect on cholesterogenesis; a much greater 
inhibition occurs after 24 h, particularly with 25- 
hydroxycholesterol (Table III). Inhibition by these 
agents is specific in that neither protein nor R N A  
synthesis is affected. 
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Synthesis and Secretion o f  VLDL by 

Monolayer Cultures o f  Liver Cells 

from Estradiol- Treated and 

Untreated Chickens 

To measure the synthesis and secretion of 
VLDL by immunoprecipitation, it was necessary 
to purify, characterize, and obtain antibody 
against this lipoprotein. Purification of VLDL 
from laying hen serum was accomplished by flota- 
tion at serum density in the ultracentrifuge fol- 
lowed by gel filtration on Sepharose-6B (see Ma- 
terials and Methods for details). 

The apoprotein subunit composition of chicken 
VLDL was determined by dodecyl sulfate-acryl- 
amide gel electrophoresis after dissociating the 
purified lipoprotein with sodium dodecyl sulfate. 
Under these conditions, chicken VLDL gives rise 
to 3 major stained apoprotein bands (Fig. 8, gels 
A and B). The largest of these, band I on gel A, 
has a molecular weight around 300,000, based on 
its mobility in 3.3% acrylamide gels, and appears 
to correspond to the B apopeptide of human 
VLDL (7). This band stains positively with pe- 
riodic acid-Schiff reagent (15), indicating that it is 
a glycoprotein. When tested in the dodecyl sul- 
fate-acrylamide gel electrophoresis system, human 
VLDL gives rise to a major stained apoprotein 
band (results not shown) with a mobility identical 
to that of band I of gel A (Fig. 8). Chicken VLDL, 
like human VLDL, gives rise to a diffuse stained 
apoprotein band (Fig. 8, gel A, band II) just 
beyond the tracking dye on 3.3% acrylamide gels. 
This band can, however, be resolved into two 
stained apoprotein bands (Fig. 8, gel B, bands II 
and III) when the pore size of the gel is reduced by 
raising the acrylamide concentration to 10%. The 
slower moving of these two bands (band II) has a 
slightly faster mobility than cytochrome c, indicat- 
ing a molecular weight of 10-11,000. The faster 
moving band (band III) has a molecular weight of 
7-8,000 based on its mobility relative to insulin. 

Antiserum for immunoprecipitation was ob- 
tained from rabbits immunized with purified 
VLDL. Antibody generated against VLDL pre- 
cipitates only the VLDL component of laying hen 
serum as indicated by the appearance of a single 
precipitin band upon Ouchterlony double-diffu- 
sion analysis (Fig. 9). 

The capacity of chicken liver cells in monolayer 
culture (with insulin present) to synthesize and 
secrete VLDL was investigated utilizing the anti- 

Fmut~E 8 Polyacrylamide gel electrophoresis of dode- 
cyl sulfate-dissociated chicken VLDL. VLDL isolated 
from laying hens' serum was dissociated with SDS, sub- 
jected to electrophoresis on (A) 3.3% and (B) 10% 
acrylamide gels, and then stained as described in Materi- 
als and Methods. To each gel were applied 50 p.g of 
dissociated VLDL protein. 

VLDL antibody for immunoprecipitation. To 
maximize VLDL synthesis, 17-fl-estradiol was ad- 
ministered (20 mg/day per kg body weight, intra- 
peritoneal) to the donor animals for 3 days before 
liver cell isolation. Synthesis and secretion of 
VLDL protein were measured by following the 
rate of [aH]leucine incorporation into immuno- 
precipitable [3H]VLDL appearing in the cells and 
medium. It is evident (Fig. 10B) that during a 
4-h labeling period substantial all-label is incor- 
porated into immunoprecipitable VLDL appear- 
ing in the medium. That this immunoprecipitable 
all-activity is VLDL is indicated by its flotation 
when the medium with unlabeled VLDL added is 
centrifuged at serum density for 14 h at 300,000g. 
Less than 1% of the label in the immunoprecipi- 
tate is extractable with acidic chloroform-metha- 
nol (2:1, vol/vol), demonstrating that 3H is not 
incorporated to a significant extent into the lipid 
components of VLDL. When subjected to dode- 
cyl sulfate-acrylamide gel electrophoresis, the 3H- 
VLDL immunoprecipitate exhibits apoprotein 
patterns on both 3.3 and 10% acrylamide gels 
(Fig. 10B) identical to those of purified VLDL 
(Fig. 8) and authentic aH-VLDL isolated from the 
serum of an estrogen-treated chick injected with 
[aH]leucine (Fig. 10A). A similar VLDL-apo- 
protein labeling pattern is obtained (Fig. 10 C) for 
the immunoprecipitate of cellular material, all- 
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FIGURE 9 Ouchterlony double diffusion of anti-VLDL 
antiserum against laying hen serum. Agarose gels 
(0.5%) contained 0.15 M NaCI, 0.02% sodium azide, 
and 20 mM potassium phosphate, pH 7.0. The center 
well contained 10 tzl of rabbit anti-VLDL antiserum; 
Wells 1-4 contained 0, 5, 10, and 20/zl, respectively, of 
laying hen serum diluted 1:4; wells 5 and 6 contained 10 
and 20 p.l, respectively, of undiluted laying hen serum. 
Hates were developed at room temperature for 3 days. 

VLDL appearing in the medium during the 4-h 
incubation with [3H]leucine appears to arise via 
secretion rather than by leakage from damaged 
cells. This is indicated by the fact that <2% of the 
total cellular lactate dehydrogenase, a cytoplasmic 
marker enzyme, appears in the medium during 
the 4-h labeling period. In contrast, immuno- 
precipitable 3H-VLDL secreted into the medium 
accounts for 25-30% of the total 3H-VLDL (cel- 
lular plus medium) during this period. Pulse-chase 
experiments (not shown) reveal that 80% of cellu- 
lar aH-VLDL formed during a 1-h pulse with 
[aH]leucine appears in the medium during a 2-h 
chase with unlabeled leucine. In addition, dodecyl 
sulfate-acrylamide gel electrophoretic patterns of 
labeled VLDL incubated with cells in culture for 
up to 24 h are identical with those shown in Fig. 
10 B. This and the fact that the level of immuno- 
precipitable 3H-VLDL did not decrease, shows 
that degradation of VLDL is not significant. Thus, 
it may be concluded that liver cells from estrogen- 
ized chicks in monolayer culture synthesize and 
secrete VLDL. Moreover, these processes are still 
active in cells maintained in culture for 48 h. 

In avian species the liver has the unique role of 
synthesizing and secreting lipid and protein com- 

ponents, primarily as VLDL, for egg yolk forma- 
tion in the ovary (36). Since this process is under 
the control of estrogen, it was of interest to com- 
pare the rates of VLDL synthesis and secretion by 
liver cell monolayers derived from untreated and 
estradiol-treated chickens. As illustrated in Fig. 
11 B, after a short lag period, liver cells from 
estrogen-treated chickens secrete aH-VLDL at a 
rate five times that of cells from untreated con- 
trols. Intracellular levels of newly synthesized 3H- 
VLDL are increased as well in cells from estrogen- 
ized animals. The estrogen effect on VLDL syn- 
thesis and secretion is highly specific in that total 
protein synthesis and secretion is increased by no 
more than 10% by estradiol treatment (Fig. 
11 A). A comparison of the relative rates of 
[3H]leucine incorporated into immunoprecipitable 
VLDL (Fig. 11 B) and into TCA-precipitable pro- 
tein (Fig. 11 A) reveals that 10% of the labeled 
protein secreted is VLDL. In terms of total pro- 
tein synthesized, i.e., that in cells plus medium, 
8.5% is VLDL apoprotein. 

Insulin (0.05-5 /zg/ml) promotes a two- to 
three-fold increase in the rate of VLDL apopro- 
tein synthesis as measured by [3H]leucine incorpo- 
ration into immunoprecipitable VLDL (results not 
shown). This effect is not immediate, but is elic- 
ited within 24 h and is retained for 72 h. Insulin 
also causes an increase of similar magnitude in 
[3H]leucine and [3H]uridine incorporation into 
cellular protein and RNA, respectively. Hence, 
the effect of insulin on VLDL apoprotein synthe- 
sis is probably not specific. It is also of interest that 
neither glucagon nor dibutyryl cAMP blocks the 
insulin-induced increase in protein or RNA syn- 
thesis. 

DISCUSSION 

The investigation of hepatic metabolism has been 
greatly facilitated by the use of isolated liver cells. 
Hepatocyte isolation techniques most commonly 
involve perfusion of the liver via the portal vein 
with collagenase and hyaluronidase (4, 9-12, 25, 
40, 54). Although external digestion of embryonic 
chick liver with these enzymes produces viable 
hepatocytes (16), such cells lack significant lipo- 
genic activity (17) since differentiation of the lipo- 
genic enzymes occurs only after hatching. We 
have found the external digestion procedure to be 
satisfactory for use with liver tissue from 2- to 3- 
wk-old chickens. By use of this method large 
quantities of viable cells having in vivo lipogenic 
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FIGUeE 10 Dodecyl sulfate-acrylamide gel electropho- 
retic patterns of: (A), aH-VLDL labeled in vivo with 
[aH]leucine and (B) and (C) cellular and secreted aH- 
VLDL immunoprecipitates, respectively, from liver cell 
monolayers incubated with [3H]leucine. For (A) serum 
3H-VLDL was isolated from the serum of an estrogen- 
ized chicken after injecting [aH]leucine (see Materials 
and Methods for details). The sH-VLDL was dissociated 
with SDS and then subjected to dodecyl sulfate-acrylam- 
ide gel electrophoresis as described in Materials and 
Methods. For (B) and (C), liver cells from 13-day-old 
estradiol-treated chickens were plated in standard cul- 
ture medium containing 5% rooster serum and insulin. 
After 4 h the medium was removed and replaced with 2 
ml of medium containing 100/zCi of [5,6-3H]leucine (5 
mCi//zmol) in place of unlabeled leucine. 4 h later, 3H- 

rates can be prepared quickly under aseptic condi- 
tions. 

One of the principal limitations of isolated he- 
patocyte systems has been their relatively short 
duration of viability. Therefore, the development 
of a cell culture system in which chicken liver 
hepatocytes can be maintained for several days 
should prove extremely useful for long-term stud- 
ies on the regulation of hepatic lipid metabolism. 
The ability of chicken liver cells to form monolay- 
ers greatly increases the utility of this system. The 
presence of homologous serum was found to be 
necessary for attachment of chicken liver cells to 
culture dishes, but not for their subsequent main- 
tenance in monolayer culture. This is evident from 
the fact that fasted hepatocytes, plated for 4 h in 
the presence of 1% serum and carried in serum- 
free medium thereafter, retain their viability and 
their responsiveness to hormones. The presence of 
insulin in the medium was found to accelerate cell 
flattening and spreading as reported for another 
system (37). Although the monolayers used in the 
present studies were maintained for only 4-5 days, 
preliminary studies indicate that liver cells in cul- 
ture remain viable for 10 days or longer. 

Liver cells derived from chickens of differing 
nutritional-physiological state, e.g. fasted, fed, or 
estrogen-stimulated, behave in monolayer culture 
like their counterparts in vivo with respect to lipo- 
genesis and VLDL apoprotein synthesis. Their 
morphological properties in culture are character- 
istic of the physiological-nutritional state of the 
donor animal. Of significance is the fact that 
changes in apparent physiological state can be 
brought about in culture by treatment with appro- 
priate hormones. In particular, the hormonal sta- 
tus of liver cells in the fasted or fed states can be 
simulated with glucagon or insulin and triiodothy- 
ronine, respectively. It is established (31,32) that 
fasting or rendering an animal diabetic drastically 
curtails lipogenesis. Like fasting or the diabetic 
state where the plasma insulin/glucagon ratio is 
depressed (50), deleting insulin from the culture 
medium leads to an 80-85% loss of fatty acid 
synthetic capacity of liver cells in culture within 48 
h. Glucagon or dibutyryl cAMP greatly acceler- 

VLDL was immunoprecipitated from cell extracts and 
medium, dissociated with SDS, subjected to dodecyl 
sulfate-acrylamide gel electrophoresis, gel was sliced (80 
or 100 slices), and the slices were analyzed for all- 
activity as described in Materials and Methods. 
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FIGURE 11 The effect of estradiol treatment in vivo on the synthesis and secretion of immunoprecipitable 
3H-VLDL by chicken liver cells in monolayer culture. Liver cell monolayers from untreated (non-E2) and 
estradiol-treated (E~) chickens were prepared and incubated with [3H]leucine-containing medium as 
described in Fig. 10. [3H]leucine incorporated into cellular and secreted TCA-precipitable protein (total 
protein) and immunoprecipitable VLDL was determined as described in Materials and Methods. 

ates the decline in activity. This pattern is consist- 
ent with the fact that hepatic cAMP levels rise 
during fasting or as a result of diabetes (27). 
Despite a low level of lipogenesis, glucagon- or 
dibutyryl cAMP-treated cells synthesize RNA and 
protein at rates comparable to or exceeding initial 
levels, suggesting that the metabolic integrity of 
the cells is preserved. 

Like the situation in vivo, liver cells in mono- 
layer culture derived from fasted chickens exhibit 
a greatly reduced fatty acid synthetic capacity, as 
well as low acetyl CoA carboxylase activity.' Both 
activities can be restored to normal levels in cul- 
ture by insulin with or without triiodothyronine, 
although the combination of the two hormones 
accelerates recovery. It is interesting that embry- 
onic chick liver cells in culture, which are virtually 
devoid of the enzymes of fatty acid synthesis, 
require only triiodothyronine for their induction; 
insulin has little or no effect (17). Thus, the hor- 
monal stimuli for the induction of hepatic fatty 
acid synthetic capacity during neonatal differentia- 
tion appear to differ from those required for re- 
covery from the fasted state. 

Of importance is the fact that glucagon (or dibu- 
tyryl cAMP) opposes the effect of insulin by to- 
tally blocking the recovery of lipogenesis. Recent 
investigations in our laboratory (51) 1 indicate that 
cAMP exerts its inhibitory effect on hepatic fatty 
acid synthesis by two mechanisms, one via short- 
term control and the other through long-term con- 
trol. In the first instance, cAMP acts within min- 
utes to drastically reduce the cytoplasmic concen- 
tration of citrate, an allosteric activator of acetyl 

CoA carboxylase (32, 33), allowing the enzyme 
1o revert to its inactive conformation. Since the 
carboxylase catalyzes the first committed step of 
fatty acid synthesis, the pathway is blocked at its 
point of inception. This finding accounts for the 
rapid decrease in fatty acid synthesis by cAMP ob- 
served in Fig. 7 A. In addition, cAMP appears to 
block the insulin-induced synthesis of acetyl CoA 
carboxylase I per se. Thus, a rise in cAMP concen- 
tration upon deleting insulin from the medium 
would be expected to promote a decay in lipogenic 
capacity by both the short-term and long-term 
mechanisms. 

The increased hepatic output of VLDL in re- 
sponse to estrogen stimulation (29) is also mani- 
fested by liver cells in monolayer culture. Cells 
isolated from estradiol-treated chickens synthesize 
and secrete VLDL into the medium at substan- 
tially greater rates than cells from untreated con- 
trols. There is an excellent correlation between 
this biochemical function and the morphology of 
cells in culture from estrogen-treated chicks; such 
cells exhibit more extensive development of the 
rough endoplasmic reticulum and Golgi complex, 
as well as the appearance of greater numbers of 
lipoprotein vesicles. Compelling evidence has 
been obtained that liver cells in monolayer culture 
actively secrete VLDL. This is substantiated by 
pulse-chase studies (49) 2 in which >80% of cellu- 
lar VLDL formed during a 1-h [aH]leucine pulse is 
chased into the medium as immunoprecipitable 

2 Reed, R. E., and M. D. Lane. Manuscript in prepara- 
tion. 
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3H-VLDL in 2 h. Since < 2 %  of total cellular 
lactate dehydrogenase activity appears in the me- 

dium during this time, true secretion of V L D L  and 
not leakage from damaged cells must have oc- 
curred. Thus,  liver cells in culture retain the capac- 
ity to carry out all phases of lipoprotein produc- 
tion: synthesis, assembly, packaging, and secre- 
tion. 

A significant fraction of the triglyceride synthe- 
sized by liver cells maintained in culture for sev- 
eral days under lipogenic conditions, i.e., insulin 
present, is incorporated into membrane-enclosed 
vesicles which appear in the cytoplasm. Both the 
number  and size of the triglyceride-rich vesicles 
increase with time in culture, leading to a broad 
size distribution. Al though the vesicles are sur- 
rounded by a membrane,  electron microscopy re- 
veals no association between mature vesicles and 
cytoplasmic membrane  systems. The vesicles can 
in fact be isolated intact after cell lysis in hypotonic 
medium. It is evident that there is an association 
between vesicles; electron micrographs (Fig. 3B)  
reveal that both small lipoprotein vesicles and 
small triglyceride-rich vesicles interact with larger 
triglyceride-rich vesicles. The mechanism by which 
vesicle growth occurs appears to be fusion of  inter- 
acting vesicles followed by coalescence of their 
lipid contents (Fig. 3 B). While this process ap- 
pears to occur to a limited extent in rat (14) and 
avian (23) liver cells in vivo, it becomes a predom- 
inant outlet for fatty acid and triglyceride synthe- 
sized by chicken liver cells after 48 h in culture. 
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the triglyceride-rich vesicles. 

This work was supported by Research Grant AM 
14574 from the National Institutes of Health, United 
States Public Health Service, and a grant from the Amer- 
ican Heart Association, Inc. D. M. Tarlow and P. A. 
Watkins were supported by a training grant (GM 00184) 
from the United States Public Health Service. R. E. 
Reed was supported by a Postdoctoral Fellowship 
(HL05174-01) from the United States Public Health 
Service. 

Received for publication 12 October 1976, and in revised 
form 6 January 1977. 

R E F E R E N C E S  

1. ALEXANDER, C. A., R. L. HAMILTON, and R. J. 
HAVEL. 1976. Subcellular localization of B apopro- 

tein of plasma lipoproteins in rat liver. J. Cell Biol. 
69:241-263. 

2. ANmSON, E. F. 1971. Lipid and acetate metabo- 
lism. In Physiology and Biochemistry of the Domes- 
tic Fowl. D. J. Bell and B. M. Freeman, editors. 
Academic Press, Inc., New York. 1:321-337. 

3. BENNETt, V., and P. CUATRECASAS. 1975. Mecha- 
nism of activation of adenylate cyclase by Vibrio 
cholerae enterotoxin. J. Membr. Biol. 22:29-52. 

4. BERRY, M. N., and D. S. FRIEND. 1969. High-yield 
preparation of isolated rat liver parenchymal cells. 
A biochemical and fine structural study. J. Cell Biol. 
43:506-520. 

5. BOYLE, W. 1968. An extension of the ~lCr release 
assay for the estimation of mouse cytotoxins. Trans- 
plantation (Baltimore). 6"761-764. 

6. BROWN, M. S., and J. L. GOLDSTEIN. 1974. 
Suppression of 3-hydroxy-3-methylglutaryl coen- 
zyme A reductase activity and inhibition of growth 
of human fibroblasts by 7-ketocholesterol. J. Biol. 
Chem. 249:7306-7314. 

7. BROWN, W. V., R. I. LEVY, and D. S. FREDRICK- 
SON. 1969. Studies of the proteins in human plasma 
very low density lipoproteins. J. Biol. Chem. 
244:5687-5694. 

8. BRUNENGRABER, H., M. BOUTRY, and J. M. Low- 
ENSTEIN. 1973. Fatty acid and 3-/3-hydroxysterol 
synthesis in the perfused rat liver, including meas- 
urements of the production of lactate, pyruvate,/3- 
hydroxybutyrate, and acetoacetate by the fed liver. 
J. Biol. Chem. 248:2656-2669. 

9. CAvuZZI, D. M., V. ROa~aMAN, and S. MARGOLIS. 
1971. Simplified method for isolation of intact avian 
and rat liver parenchymal cells. Biochem. Biophys. 
Res. Commun. 45:421-429. 

10. CLARK, D. G., R. ROrNSTAD, and J. Kmz. 1974. 
Lipogenesis in rat hepatocytes. J. Biol. Chem. 
249:2028-2036. 

11. CLAus, T. H., S. J. PILraS, and C. R. PARK. 1975. 
Stimulation by glucagon of the incorporation of U- 
14C-labeled substrates into glucose by isolated hepa- 
tocytes from fed rats. Biochim. Biophys. Acta. 
404:110-123. 

12. CRAm, M. C., and J. W. PORTER. 1973. Synthesis 
of fatty acid synthetase by isolated liver cells ob- 
tained from rats in different nutritional or hormonal 
states. Arch. Biochem. Biophys. 159:606-614. 

13. CRAWFOgO, N. 1958. An improved method for the 
determination of free and total cholesterol using the 
ferric chloride reaction. Clin. Chim. Acta. 3"357- 
367. 

14. DIAUGUSTINE, R. P., J.-M. SCHAEFER, and J. R, 
FOUTS. 1973. Hepatic lipid droplets, isolation, mor- 
phology and composition. Biochem. J. 132:323- 
327. 

15. FAIRBANKS, G., T. L. STECK, and D. F. H. WAL- 
EACH. 1971. Electrophoretic analysis of the major 
polypeptides of the human erythrocyte membrane, 
Biochemistry. 10:2606-2617. 

TARLOW ET AL. Lipogenesis and Lipoprotein Synthesis in Avian Liver Cell 351 



16. GOODRIDGE, ALAN G. 1973. Regulation of fatty 
acid synthesis in isolated hepatocytes prepared from 
the livers of neonatal chicks. J. Biol. Chem. 
248:1924-1931. 

17. GOODlUDOE, A. G., A. GARAY, and P. SILPAN- 
ANTA, 1974. Regulation of lipogenesis and the total 
activities of lipogenic enzymes in a primary culture 
of hepatocytes from prenatal and early postnatal 
chicks. J. Biol. Chem. 249:1469-1475. 

18. GREGOLIN, C., E. RYDER, A. K. KLEINSCHMIDT, 
R. C, WARNER, and M. D. LANE. 1966. Molecular 
characteristics of liver acetyl CoA carboxylase. 
Proc. Natl. Acad. Sci. U. S. A.  56:148-155. 

19. GREGOLIN, C,, E. RYDER, and M. D. LANE. 1968. 
Liver acetyl Coenzyme A carboxytase. I. Isolation 
and catalytic properties. J. Biol. Chem. 243:4227- 
4235, 

20. HAMILTON, R. L., D. M. REGEN, M. E. GRAY, and 
V. S. LEQUIRE. 1967. Lipid transport in liver. 1. 
Electron microscopic identification of very low den- 
sity lipoproteins in peffused rat liver. Lab. Invest. 
16(2):305-319. 

21. HEIMBERG, M., and H. G. WILCOX. 1972. The 
effect of palmitic and oleic acids on the properties 
and composition of the very low density lipoprotein 
secreted by the liver. J. Biol. Chem. 247:875-880. 

22. HILLYARD, L. A., C. ENTENMAN, and I. L. CHAI- 
KOFF. 1956. Concentration and composition of se- 
rum lipoproteins of cholesterol-fed and stilbestrol- 
injected birds. J. Biol. Chem. 223:359-368. 

23. HODGES, R. D. 1974. The digestive system. II. The 
Liver. Histology of the Fowl. Academic Press, Inc., 
New York. 88-100. 

24. HUANG, L., and R. E. PAGAr~O. 1975. Interaction 
of phospholipid vesicles with cultured mammalian 
cells. I. Characteristics of uptake. J. Cell Biol. 
67:38-48. 

25. INGEBREISEN, W. R., JR., and S. R. WAGLE. 1972. 
A rapid method for the isolation of large quantities 
of rat liver parenchymal cells with high anabolic 
rates. Biochem. Biophys. Res. Commun. 47:403- 
410. 

26. JEEJEEBHOY, K. N., J. Ho, C. BRECKENRIDGE, A. 
BRUCE-ROBERTSON, G. STEINER, and J. JEEJEEB- 
nov. 1975. Synthesis of VLDL by isolated rat hepa- 
tocytes in suspension. Biochem. Biophys. Res. 
Commun. 66:1147-1153. 

27. JEFFERSON, L. S., J. H. EX'I~ON, R. W. BUTCHER, 
E. W. SUTHERLAND, and C. R. PARK. 1968. Role 
of adenosine 3',5'-monophosphate in the effects of 
insulin and anti-insulin serum on liver metabolism. 
J. Biol. Chem. 243:1031-1038. 

28. KANDUrSCH, A. A., and H. W. CHEN. 1973. Inhi- 
bition of sterol synthesis in cultured mouse cells by 
7-a-hydroxycholesterol, and 7-ketocholesterol. J. 
Biol. Chem. 248:8408-8417. 

29. KUDZMA, D. J., F. ST. CLAIRE, L. DELALLO, and S. 
J. FIUEDRERG. 1975. Mechanism of avian estrogen- 

induced hypertriglyceridemia: evidence for over- 
production of triglyceride. J. Lipid Res. 16:123- 
133. 

30. KUDZMA, D. J., P. M. HE6STAD, and R. E. STOLL. 
1973. The chick as a laboratory model for the study 
of estrogen-induced hyperlipidemia. Metab. Clin. 
Exp. 22(3):423-434. 

31. LANE, M. D., and J. Moss. 1971. Regulation of 
fatty acid synthesis in animal tissues, metabolic reg- 
ulation. In Metabolic Pathways. Henry J. Vogel, 
editor. Academic Press, Inc., New York. 5:23-54. 

32. LANE, M. D., J. Moss, and S. E. POLAKIS. 1974. 
Acetyl coenzyme A carboxylase. CurT. Top. Cell. 
Regul. 8:139-195. 

33. LOWENSTEIN, JOHN M. 1968. Citrate and the con- 
version of carbohydrate into fat. In The Metabolic 
Roles of Citrate. T. W. Goodwin, editor. Academic 
Press, Inc., New York. 61-86. 

34. LOWRY, O. H., N. J. ROSEBROUGH, A. L. FARR, 
and R. J. RANDALL. 1951. Protein measurement 
with the Folin phenol reagent. J. Biol. Chem. 
193:265-276. 

35. LUSKEY, K. L., M. S. BROWN, and J. L. GOLD- 
STEIN. 1974. Stimulation of the synthesis of very 
low density lipoproteins in rooster liver by estradiol. 
J. Biol. Chem. 249:5939-5947. 

36. MCINDOE, W. M. 1971. Yolk synthesis. In Physiol- 
ogy and Biochemistry of the Domestic Fowl. D. J. 
Bell and B. M. Freeman, editors. Academic Press, 
Inc., New York. 1209-1223. 

37. MICHALOPOULOS, G., and H. C. PITOT. 1975. Pri- 
mary culture of parenchymal liver cells on collagen 
membranes. Morphological and biochemical obser- 
vations. Exp. Cell Res. 94:70-78. 

38. Moss, J., and M. D. LANE. 1972. Acetyl coenzyme 
A carboxylase. III. Further studies on the relation 
of catalytic activity to polymeric state. J. Biol. 
Chem. 247:4944-4951. 

39. MUIRURI, K. L., D. R. ROMSOS, and G. A. LEV- 
EILLE. 1975. Influence of meal frequency on in vivo 
hepatic fatty acid synthesis, lipogenic enzyme activ- 
ity, and glucose tolerance in chicken. J. Nutr. 
105:963-971. 

40. NILSSON, A., R. SUNDLER, and B. AKESSON. 1973. 
Biosynthesis of fatty acids and cholesterol in isolated 
rat-liver parenchymal cells. Effect of albumin- 
bound fatty acids. Eur. J. Biochem. 39:613-620. 

41. O'HEA, E. K., and G. A. LEVEILLE. 1969. Lipid 
biosynthesis and transport in the domestic chick 
(Gallus domesticus). Comp. Biochem. Physiol. 
30:149-159. 

42. OUCHTEP, LONV, O. 1967. Immunodiffusion and im- 
munoelectrophoresis. In Handbook of Experi- 
mental Immunology. D. M. Weir, editor. Blackwell 
Scientific Publications, Oxford. 655-706. 

43. RADIN, NORMAN S. 1969. Preparation of lipid ex- 
tracts. Methods Enzymol. 14:245-254. 

44. RANNEY, R. E., and I. L. CHIAKOFF. 1951. Effect 

352 THE JOURNAL OF CELL BIOLOGY" VOLUME 73, 1977 



on functional hepatectomy upon estrogen-induced 
lipemia in the fowl. Amer. J. Physiol. 165:600-603. 

45. ROBISON, G. A., R. W. BtrrCnER, and E. W. 
StrrnERLAND. 1971. Cyclic AMP. Academic Press, 
Inc., New York. 64-65. 

46. SPERRY, W. M., and M. WEBB. 1950. A revision of 
the Schoenheimer-Sperry method for cholesterol 
determination J. Biol. Chem. 187:97-106. 

47. STOLZENBACIJ, F. 1966. Lactic dehydrogenase 
(crystalline). Methods Enzymol. 9:278-288. 

48. SUNDLER, R., B. AKESSON, and A. NILSSON. 1973. 
Triacylglycerol secretion in very low density lipo- 
proteins by isolated rat liver parenchymal cells. Bio- 
chem. Biophys. Res. Commun. 55:961-968. 

49. TARLOW, D. M., R. E. REED, R. S. MILLER, and P. 
A. WATraNS. 1976. Synthesis and secretion of very 
low density lipoprotein (VLDL) by chicken hepato- 
cytes. Fed. Proc. 35:1679. 

50. UNGER, R. H. 1971. Glucagon physiology and 
pathophysiology. N. Engl. J. Med. 285:443-449. 

51. WATKINS, P. A., D. M. TAaLOW, and M. D. LANE. 
1977. Mechanism for the acute control of fatty 
acid synthesis by glucagon and Y,5'-cyclic AMP 
in the liver cell. Proc. Natl. Acad. Sci. U, S. A. 
In Press. 

52. WAVr~OUTn, C. 1974. To disaggregate or not to 
disaggregate. Injury and cell disaggregation, tran- 
sient or permanent? In Vitro (Rockville). 10:97- 
111. 

53. WEBER, K., J. R. PRINGLE, and M. OSBORN. 1972. 
Enzyme Structure. Methods Enzymol. 26:3-27. 

54. ZAHLTEN, R. N., and F. W. San~ATMAN. 1974. The 
isolation of hormone-sensitive rat hepatocytes by a 
modified enzymatic technique. Arch. Biochem. BIO- 
phys. 163:600-608. 

TARLOW ET AL. Lipogenesis and Lipoprotein Synthesis in Avian Liver Cell 353 


