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Summary.-Suspensions of isolated cells were obtained from livers of normal rats
and rats treated with the hepatocarcinogen N,N-dimethyl-4-aminoazobenzene.
Differential centrifugation of dispersed cells yielded a large parenchymal cell fraction
and a small non-parenchymal cell fraction. By means of rate sedimentation through
different concentrations of Ficoll, parenchymal cells were separated into cells with
fast, intermediate and slow rates of sedimentation. Periods of sedimentation were
brief and centrifugal forces low in order to retain the best possible state of preserva-
tion of cells. DNA, RNA and protein contents, acid phosphatase activity, cell size
and nucleocytoplasmic ratios of parenchymal cells sedimenting at fast, intermediate
and slow rates were measured. Cell fractions from normal livers had properties
suggesting that faster sedimenting cells were derived from the centre and middle of
the lobule whereas slowly sedimenting cells were periportal; however, much of the
periportal cell population remained in a residue of undissociated tissue. Compared
with normal cells, carcinogen treated cells appeared to fractionate according to
different physical and chemical criteria and could not be related to their origin within
the liver lobule. They were smaller, slower sedimenting, lower in protein and RNA
content and acid phosphatase activity. The tissue residue contained abnormal
histological structures.

THE NORMAL rat liver is composed of a
number of types of cells among which the
parenchymal cell is predominant. It is
the largest cell so that while accounting
for about 60% of the liver cell population
it makes up most of its mass (Greengard,
Federman and Knox, 1972). Rat liver
cells are arranged in lobules which have at
their centres an efferent venule and at
their periphery structures known as portal
triads which consist of a portal venule,
hepatic arteriole and a bile duct lying in
close association with each other (Elias,
1963; Rappaport and Bilbey, 1960).
Parenchymal cells do not form a uniform
population but have a morphology and
enzymic composition which differ accord-
ing to their site within the lobule. For
example, periportal cells have a smaller

cell size and a greater nucleocytoplasmic
ratio than centrilobular cells and are richer
in lysosomes and mitochondria and their
associated enzymes (Reith and Schuler,
1971). On the other hand, centrilobular
cells have higher levels of glycolytic
enzymes and the enzymes of fatty acid
oxidation (Novikoff, Shin and Drucker,
1960; Novikoff and Essner, 1960; Desmet,
1963).

The administration of a number of
hepatocarcinogens including N,N-di-
methyl-4-aminoazobenzene (DAB), the
carcinogen which is used in this study, has
been shown to result in some cell death
and a form of regeneration which dis-
organizes the normal architecture of the
liver. This is associated with the appear-
ance of new cell types, for example " oval
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cells" which originate in the portal
region and later, abnormal parenchymal
cells which are distributed more generally
(Price et al., 1952; Farber, 1956; Steiner
and Carruthers, 1961; Grisham and Hart-
roft, 1961; Rubin, 1964; Daoust and
Molnar, 1964; Molnar and Daoust, 1965).
With time, foci of neoplastic cells appear
among this altered cell population (Desmet,
1963).

Isolated liver cells have been prepared
by a number of methods (Mateyko and
Kopac, 1963; Jacob and Bhargava, 1962;
Ontko, 1967; Rappaport and Howze,
1 966a,b,c; Gerschenson and Casanello,
1968; Pertoft, 1969; Castagna and Chau-
veau, 1963), of which the most successful
involve perfusion of the liver with Ca2+-
free media containing collagenase and
hyaluronidase (Howard et al., 1967;
Howard and Pesch, 1968; Berry and
Friend, 1969; Seglen, 1972, 1973a,b;
Howard, Lee and Pesch, 1973; Quirstoff,
Bondesen and Grunnet, 1973; Ingebretson
and Wagle, 1972). The differences in size
and composition of cells occurring within
the lobule could possibly provide the
basis of a fractionation of liver cells and 2
laboratories have already reported frac-
tionations of isolated cells based on this
supposition (Castagna and Chauveau,
1969; Castagna et at., 1969; Walter et al.,
1973).

In the present study we have separ-
ated livers from normal and carcinogen
treated animals into readily dissociated
cells and tissue residue. The readily
dissociated cells have been separated into
3 parenchymal cell fractions by centri-
fugation. This paper describes some of
the characteristics of the different cell
populations which have been obtained.

MATERIALS AND METHODS

Animals and diets.-Adult male Wistar
rats inbred in this Institute were used.
Their weight at the start of feeding experi-
ments was approximately 200 g. Animals
referred to as normal were allowed access
ad libitum to a standard diet of Rowett 86
pellets (Thompson, 1936) and water. Animals

for carcinogen treatment were fed a synthetic
10% protein diet containing 0.06% DAB
(Miller et at., 1948) for periods from 2 to 10
weeks. The DAB was purchased from
British Drug Houses, Poole, Dorset.

Preparation of isolated cells.-The method
of dissociation of liver cells was based on that
of Berry and Friend (1969). Animals were
anaesthetized with Nembutal (pentobarbi-
tone sodium) administered intraperitoneally
and given 0.1 ml heparin (500 i.u.) intra-
venously. The portal and hepatic veins of
the liver were cannulated and the liver
perfused at the rate of 16-18 ml/min with
oxygenated Ca2+-free Hanks' solution (Hanks
and Wallace, 1949) containing collagenase
and hyaluronidase. Collagenase was obtained
either from the Worthington Biochemical
Corporation, N.J., U.S.A. or the Boehringer
Corporation, U.K. Hyaluronidase type I was
purchased from Sigma, London, U.K. The
perfusate was recirculated for 20 min, after
which time the liver was chopped into pieces
and incubated with the perfusion medium
containing the enzymes for 15 min in order to
produce maximal dissociation of cells. This
resulting suspension of dissociated and un-
dissociated tissue was then filtered through
nylon mesh of pore size 60 ,um supplied by
Henry Simon Ltd, Cheadle Heath, Stockport,
U.K. During filtration slight pressure was
administered to the mesh from the outside
with a round-ended glass rod in order to
induce the greatest possible number of dis-
sociated cells to pass through the mesh.

The filtrate containing the dissociated cells
was cooled to 4°C and all subsequent steps
were performed at this temperature.

Firstly, the cell suspension was centrifuged
at 50 g for 3 min. The resulting pellet was
washed twice by resuspension in oxygenated
Ca2+-free Hanks' solution followed by re-
sedimentation. The final washed pellet was
resuspended in 35 ml Ca2+-free Hanks' solu-
tion. This fraction consisted mainly of
whole parenchymal cells and was designated
fraction P. All supernatants obtained in the
preparation of the P fraction were combined
and centrifuged at 50 g for 5 min. The
resultant small pellet was washed in Ca2+-free
Hanks' solution and resuspended in a volume
of 5-10 ml. This fraction consisted largely of
non-parenchymal cells and was referred to as
NP.

Fractionation of the parenchymal cell
suspension.-Seven ml of fraction P were
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layered over 15 ml of 9-35% (w/v) Ficoll
(density, 1-033 g/ml, 4°C) in round-bottomed
borosilicate glass tubes (length 9-0 cm, di-
ameter 2-4 cm) and centrifuged at 50 g for
3 min. Ficoll was obtained from Pharmacia,
U.K. The Ficoll-free layer at the top of the
tube, together with the interface, was
removed and the remaining 9-35% (w/v)
Ficoll medium was divided into equal upper
and lower fractions. Both fractions were
diluted with Ca2+-free Hanks' medium and
pelleted by centrifugation at 50 g for 3 min.
The fraction of cells which sedimented faster
in the 9-35% (w/v) Ficoll solution was washed
twice in Ca2+-free Hanks' solution to remove
traces of Ficoll and set aside in suspension in
Ca2+-free Hanks' solution. These cells were
referred to as fast sedimenting (F) cells.

The fraction of cells which sedimented
slower in 9.35% (w/v) Ficoll solution was
resuspended in approximately 5 ml Ca2+-free
Hanks' solution and relayered over 15 ml
7-5% (w/v) Ficoll solution (density 1-026 g/ml,
40C) and again centrifuged at 50 g for 3 min.
The Ficoll-free layer at the top of the tube,
together with the interface, was removed and
the remaining 7-5% (w/v) Ficoll medium was
divided into equal upper and lower fractions.
Both fractions were then sedimented, washed
twice in Ca2+_free Hanks' solution and
resuspended in Ca2+-free Hanks' solution.
The cells which sedimented slower in 7-5%
(w/v) Ficoll solution were referred to as slow
sedimenting cells (S) while those which
sedimented faster were referred to as inter-
mediate sedimenting cells (I). NP cells were
not obtained in sufficient yield for similar
fractionation.

Microscopy.-Cell counts were performed
in a Neubauer double cell counting chamber.
Cell and nuclear diameters were measured
directly from photomicrographs. Lipid
vacuoles were detected by staining fresh
smears with oil red 0. Tissue residues were
fixed in formol-calcium (Baker, 1944) and
examined histologically. Isolated cells were
fixed either before or after pelleting with
phosphate buffered OS04 at pH 7-3 (Millonig,
1961) embedded in Epon (Luft, 1961) and
screened with the electron microscope by
Dr R. M. Hicks, Department of Pathology,
Middlesex Hospital Medical School, London
WIP 7PN.

Chemical estimations.-Protein, DNA and
RNA were determined by the method of
Lowry et al. (1951), the diphenylamine

method (Burton, 1956) and the orcinol
method (Mejbaum, 1939) respectively. Stan-
dards were bovine serum albumin (B.D.H.,
Poole, Dorset), calf thymus DNA type I and
bovine testicular RNA type I, both from
Sigma, London.

Acid phosphatase activity.-/3-glycerophos-
phatase activity was assayed on 0-25 ml
samples of cell suspensions for 1 h using
0-5 mol/l ,3-glycerophosphate in 1 mol/l ace-
tate buffer, pH 5-0 as substrate (Bertaght and
De Duve, 1952). Inorganic phosphate re-
leased into the supernatant was assayed by
the method of Fiske and Subbarow (1925).

RESULTS

Dissociation of liver cells
During perfusion with the enzyme

solution the structure of the liver began
to break down, with the result that after
about 10 min in the case of the normal
animal, perfusate began to pass through
the surface of the liver. In DAB treated
liver this effect was variable and often
occurred as soon as 5 min after the com-
mencement of perfusion.

The weight of residue remaining in the
nylon mesh indicated that both normal
and DAB treated liver were approxi-
mately 50% dissociated by the present
method.

Yield of cells
The total yields of P and NP cells are

shown in Table I. The yield of P cells
from DAB treated liver was very variable
compared with that from normal liver but
there was no statistically significant differ-
ence between the two. The yield of NP
cells was much less than that of P cells in
both cases. Again the yield of NP cells
from DAB treated liver was more variable
than that from normal cells, but in this
case the yield from DAB treated liver
compared with normal liver was signi-
ficantly greater statistically (P < 0-001).

Microscopy
Light microscopy showed that P cells

from normal liver consisted of single, large
and well-rounded parenchymal cells of
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TABLE I.-Total Yield of Parenchymal (P) and Non-parenchymal Cells (NP)
from Normal and DAB treated Liver

p NP
Normal 206-6_41- 7 x106 (6) 15-4_5.0 x 106 (6)
DAB* 221-2+ 86-0x 106 (19) 40O0±32-6x 106 (19)

Valtues are expressed as means ± s.d. with the number of experiments in parentheses.
* 19 animals were fed DAB diet for periods from 12 to 71 days.

mean diameter approximately 30 /tm.
Occasionally small aggregates occurred.
P cells from DAB treated liver appeared
smaller, with a mean diameter of 25 ,tm
and many were vacuolated.

NP cells from normal and DAB treated
liver were smaller than their corresponding
P cells. The mean diameter from normal
liver was 24 lBm and from DAB treated
liver 18 ,um. As expected, electron micro-
scopy showed that this was a very mixed
fraction containing Kupffer cells, plasma
cells, bile duct cells, lymphocytes and
erythrocytes as well as cell debris.

Tissue residue from normal cells was
found to contain large masses of poorly
dissociated tissue, clumped dissociated
cells, trapped single cells and cell frag-
ments. Many cells were vacuolated and
more binucleate cells were observed in the
tissue residue than in the cell suspension.
The architecture of the poorly dissociated
tissue corresponded with that of the
periportal region of the intact liver: intact
bile ductules and parts of the portal
vascular branches with partially dis-
sociated cords of cells attached were
identified.

Tissue residue from DAB treated liver
appeared less dissociated. Even small
fragments contained cords of undisso-
ciated cells and connective tissue fibres.
Oil red 0 staining indicated the presence
of numbers of lipid vacuoles which were
rarely seen in normal tissue residue.
Portal remnants were more apparent in
large fragments of tissue residue from
DAB treated liver. Abnormal structures
were also present in this tissue residue,
such as areas of proliferated " oval " cells
and, with longer times of feeding, areas of
cholangiofibrosis and neoplastic nodules.
Electron microscopic examinations of

isolated cells indicated that the fewer
manipulations the cells had undergone
during their fractionation the better was
their apparent state of preservation.
Therefore F cells appeared better pre-
served than S cells. Isolated cells from
DAB treated liver showed changes asso-
ciated with the action of the carcinogen,
namely, many free ribosomes and a
proliferation of smooth endoplasmic reti-
culum.

Quantitative data for cellsfrom normal liver
having fast intermediate and slow rates of
sedimentation

The numbers of normal cells recovered
in the fractions, F, I and S were in the
proportions 5 : 4 : 1 respectively. Data
collected for the F, I and S fractions show
trends some of which are statistically
significant. The trend is best seen by
looking at the extremes, namely the F and
S fractions. Cell diameter varies in the
manner F > S. In all other measure-
ments, namely nucleocytoplasmic ratio,
protein, DNA, RNA and acid phosphatase
contents per 106 cells there is a converse
trend, i.e. S > F (see Tables II and III).

Differences between S and F fractions
are statistically significant in the cases
DNA content (P < 0.005) and acid phos-
phatase activity (P < 0.05).

Cells from DAB treated liver
Cells were fractionated from 10 animals

receiving diet for 23, 27, 31, 38, 45, 50, 52,
58, 60 and 64 days respectively. In most
of the parameters measured no time
dependent trend was observed and there-
fore results were treated statistically en
bloc.

Numbers of cells in the fractions F, I
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TABLE II.-Relative Yields, Cell Diameters and Nucleocytoplasmic Ratios of
Fast (F), Intermediate (I) and Slow (S) Sedimenting Cells from Normal and

DAB Treated Livers
Normal

49 * 46± 21- 65 (5)
40 84+ 17 39 (5)
10-48 4.53 (5)

28-5+5-4 jim
27-0±4-1 ,um
25-4±:3 2 ,um

DAB treated

:38- 4 17- 6 (10)
48-3±19-0 (10)
16 7±4 83 (10)

25-6±4-9 ,um
24-5±4-3 jim
24-1±4-0 ,um

Yucleocytopla.somic ratio
F 12-90± 3 44% 18-54 6-800o <0-001
I 15-58± 9-16% 21I 69±8-42% <0 05
S 24- 69±10- 75% 23 49+ 8- 34% N.S.

Cell and nuclear diameters were measured directly from light micrographs of liver cell suspensions from
5 normal animals and 18 DAB treated animals (12-71 days). Nucleocytoplasmic ratio was expressed as
the percentage of the total cell area occulpie(d by the nuclear area. Values are expressed as means j- s.d.
of 5 fielis per experiment.

TABLE III.-Biochemical Results from Fast (F), Interrnediate (I) and Slow (S)
Sedimenting Cells from Normal and DAB-Treated Livers

mg Protei/ll 06 cells
F
I

S

llg DNAI/I06 cells
F

S

Normal

I-61 0-27 (5)
1-61±0-24 (5)
1-73+0-12 (5)

17-82±3-30 (5)
19-74±3-94 (5)
30- 65±5- 50 (5)

DAB treated

1-564-0-56 (10)
1 28±0- 58 (10)
091_+0-40 (10)

25- 05± 8- 28 (10)
24-55± 9-25 (10)
29-06±17-13 (10)

jig RNA /106 cells
F 122-75± 3396 (5) 92*9±39-81 (10)
I 127- 97±13- 72 (5) 79- 2±28- 93 (10)
S 131 20-1-18 10 (5) 57-6±19-53 (10)

jig P released/60/106 cells (acid phosphatase activity)
F 56 66±25 44 (5) 36 :3 ±19-27 (10)
I 60-91±21-19 (5) 40-6 ±18- 5 (10)
S 97 80 24 22 (5) 29 - 75± 22 - 44 (10)

Figuires are expresse(d as mean --(s.. The numbers of experiments are in parentheses.

and S occurred in the proportions 4 : 5
1*7 respectively.

Cell diameter, nucleocytoplasmic ratio,
acid phosphatase activity and DNA con-

tent differed little between the fractions.
However, protein and RNA contents
varied in the manner F > S and the
differences were statistically significant,
P being < 0-005 for protein content and
< 0*05 for RNA content (see Tables II

and III).

Cornparison of normal cells and cells from
DAB treated liver

Statistically significant differences were
found in some comparisons between the
same fractions of normal cells and cells
from DAB treated liver: For example,
cells from DAB treated liver sedimented
more slowly. The S fraction from DAB
treated animals had significantly higher
numbers of cells than that from normal
animals (P < 0.05) and the much larger

0h Y'ieldl
F
I
S

(ell diameter
F
I

J)

N'.S.
N.S.

<005

N.S.
N.S.
N.8.

100



CARCINOGEN TREATED LIVER CELLS

numbers of cells in the NP fraction from
DAB treated liver (P < 0.05) was attri-
buted to an increase in the small paren-
chymal cells in this fraction. Except in
the case of S cells, DAB treatment gave
rise to cells with a higher nucleocyto-
plasmic ratio (for F cells P < 0-001 and I
cells P < 0.05) while the protein and
RNA contents and acid phosphatase
activity were lower in all fractions, but
particularly so in the S fraction where in
statistical analysis P < 0u001u in all cases
(see Tables II and III).

It is stated above that no time
dependent trend was observed in most of
the parameters measured. One possible
exception, however, was the DNA content
of slow cells which was lower than controls
at most time intervals but rose to 200%
and 170% of the mean control value at 38
and 45 days respectively. This is reflected
in the high standard deviation for this
group of results shown in Table III.

DISCUSSION

Fractionation of normal liver
The technique used to produce the

liver suspension itself brings about a
fractionation. Only half the liver is
dissociated and when the residue is
examined histologically it is composed
mainly of periportal areas. From this it
is concluded that the dissociated cells are
largely of centrilobular and mediolobular
origin.

The NP fraction contains blood cells,
small parenchymal cells of periportal
origin and some bile duct cells. It contains
very few Kupffer cells, despite the fact
that these cells are numerous (36% cell
number in the liver), have no intercellular
junctions and are relatively resistant to
proteolytic enzymes (Mills and Zucker-
Franklin, 1969). The work of Van Berkel
and Seglen suggests that a higher centri-
fugal force than used in the present work
is required to sediment them (Seglen,
1973b; Van Berkel, 1974).

The F, I and S parenchymal cells
appear to indicate a fractionation of cells

according to their origin in the lobule.
The cells have been separated according
to size and nucleocytoplasmic ratio. S
parenchymal cells are small, have a high
nucleocytoplasmic ratio, a high DNA
content and a high acid phosphatase level.
All these properties are characteristic of
periportal cells, as described by histolo-
gists and histochemists (Novikoff et al.,
1960; Novikoff and Essner, 1960; Desmet,
1963). Their yield is also low, which is to
be expected from a method giving poor
dissociation of periportal cells.

The F and I cells presumably represent
a range of cells from the centrilobular and
mediolobular regions. A method has been
described by Seglen (1973b) which gives a
tissue residue of only 10-15% of the total
liver weight. A similar fractionation
carried out on such dissociated livers
would be expected to give higher yields of
fraction S.

Fractionation of DAB treated liver
The fractionation of livers of animals

which had received DAB was different
from that of normal liver at every point.
Although 5000 of the liver still remained
undissociated, the residue from DAB
treated liver showed even more cells
associated as cords of liver cells. Also in
this residue abnormal structures of a
ductular nature were sometimes found.
At later stages of feeding when nodules
were visible in the liver these failed to
dissociate and were also found in the tissue
residue.

The P cells from DAB treated liver
were somewhat smaller than normal P
cells and many of them were vacuolated
and contained lipid droplets, which is a
toxic effect occurring during DAB ad-
ministration (Porter and Bruni, 1959;
Ketterer, Holt and Ross-Mansell, 1967;
Bruni, 1960; Svoboda and Higginson,
1968). When submitted to the same F, I
and S subfractionation as normal P cells,
it is clear that they form a very different
population of cells. Instead of this
fractionation being determined by size
and nucleocytoplasmic ratio, differences
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in these characteristics in the F, I and S
fractions are small. The differences be-
tween these which are most marked are in
RNA and protein content. After DAB
treatment acid phosphatase levels in the
whole liver have been shown to fall
(Desmet, 1963) and the F, I and S fractions
all have similar low levels of this enzyme,
which is apparently no longer an index of
the periportal origin of a cell.

These differences are statistically signi-
ficant and refer to the results from all
DAB treated animals grouped together.
However, a possible peak in DNA content
was observed at 38 and 45 days. This
period of time requires further study in
order to determine whether changes occur
at this time which are statistically signi-
ficant. It could represent a period of
DNA synthesis preceding cell proliferation
(see Price et al., 1952).

Histologists have noted the presence of
nests of hyperbasophilic cells and cells
with polyploid nuclei in carcinogen treated
livers and have suggested that these are
foci for future neoplasia (Desmet, 1963;
Daoust and Molnar, 1964; Molnar and
Daoust, 1965). However, since these cells
probably account for a small proportion of
the total cells, they are not likely to be
detectable in the fractions obtained in this
work.

The cells fractionated resemble small
parenchymal cells and show signs of toxic
effects, in that they are vacuolated and
have lipid inclusions. Under the electron
microscope, the presence of free ribosomes
is seen and in addition there is massive
proliferation of smooth endoplasmic reti-
culum. The few biochemical character-
istics we have measured show how
different these cells are from normal cells.
It is clear that they are cells responding to
the carcinogen but it cannot be said from
the simple data available whether or not
any of these cell fractions show changes
characteristic of stages leading to preneo-
plasia. More sophisticated experiments
which might reveal such changes are
feasible. For example, it would be of
interest, using tracer labelled compounds,

to study carcinogen binding, nuclease
activity, DNA and RNA turnover and rate
of protein synthesis in the 3 cell fractions
and in the tissue residue.

In conclusion, this preliminary survey
shows that the method of liver cell dis-
sociation utilizing perfusion with colla-
genase and hyaluronidase as used in the
present work tends to leave periportal
tissue undissociated. Of the cells which
do dissociate, a potentially useful frac-
tionation of cells can be obtained from
both normal and DAB treated liver using
rate sedimentation in Ficoll solutions at
low g for short periods of time.

This work was made possible by a
generous grant from the Cancer Research
Campaign. We would like to thank Miss
Lucia Christodoulides for technical assist-
ance and Dr T. Powell for reading the
manuscript and useful discussions.
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