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Summary 

Parenchymal cells, isolated from rat liver by a simple non-enzymic tech- 
nique, were fractioned according to ploidy class by rate zonal centrifugation 
on sucrose density gradients. This method of fractionation applied to liver cells 
prelabelled in vivo with tritiated thymidine separated different size classes of 
cells synthesising DNA. 

Introduction 

Mammalian liver is composed of  a variety of  cell types, including Kupffer, 
endothelial, and bile duct  cells, but  interest is usually focussed on the paren- 
chymal cells, which consti tute the major cell type  and endow the organ with 
most  of  its characteristic biochemical properties [1]. The parenchymal cell 
populat ion itself is far from uniform: except  in the neonate it is distributed 
between different ploidy classes [2] and a segregation into distinct functional 
types may also occur [3]. In addition, cells of  all these classes may traverse the 
cell cycle at different frequencies and rates [4]. Procedures to enable the 
separation of  the various classes of  parenchymal cells would assist studies of 
normal and pathological liver and allow investigations of problems, such as the 
formation of  polyploid cells and the development of hepatomas, to proceed 
from a histochemical to a biochemical level. 

Numerous  techniques now exist for preparing suspensions of isolated cells 
from rat liver [5] and several a t tempts  to fractionate such suspensions into 
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individual cell types have been recorded (e.g. Refs. 6--8). This paper describes 
the application of  rate zonal centrifugation in zonal rotors, with its advantages 
of rapidity and high capacity, to liver cell suspensions isolated from young rats 
at the stage of  rapid liver polyploidisation, and reports on the incorporation of 
radioactively labelled precursor into the DNA of fractionated liver cell popula- 
tions. 

Materials and Methods 

Animals. The rats were from an inbred line of  C strain Wistars fed ad libitum 
on Purina chow diet. In the radioactive labelling experiments, female rats 
weighing about  90 g (roughly 40 days old) were each injected intraperitoneally 
with 100--150 pCi tritiated thymidine (23.3 Ci/mmol, The Radiochemical 
Centre, Amersham, Bucks, U.K.) in 0.2 ml isotonic saline either 2 or 24 h 
before killing. 

Liver dissociation. Liver suspensions were prepared using a modification [9] 
of  the method  of  Rappapor t  and Howze [10],  which employs the chelating 
agent, sodium tet raphenylboron (BDH Ltd., Poole, Dorset). After  dissociation 
the isolated cells were collected by centrifugation ( 2 0 X g ,  4 min at 4°C), 
resuspended in approximately 40 ml buffer 1 (0.146 M NaC1; 0.0053 M KC1; 
0.0007 M Na2HPO4; 0.0055 M dextrose; 0.0188 M Tris-HC1, pH 7.4, measured 
at 25°C) per dissociated liver, and again harvested by centrifugation. The cells 
were washed once more in this way before final resuspension in buffer 1. 

Cell diameters. These were measured using a Wild (Heerbrugg, Switzerland) 
M 20 phase-contrast microscope fi t ted with a Leitz (Wetzlar, F.R.G.) measuring 
eyepiece. 

Rate zonal centrifugation. A gradient ranging from 20 to 36.6% (w/w) 
sucrose (AnalaR grade) in 1 mM Tris-HC1 (pH 7.4) of  capacity 1 1 and linear 
with respect to volume was pumped into the A-XII zonal rotor  of  an MSE 
Mistral centrifuge at 600 rev./min and 4°C. This was followed by an underlay 
of 55% (w/w) sucrose. The sample containing 8--10 • 106 cells, suspended in 10 
ml of  buffer 1, was applied to the top of  the gradient as an inverse sample gra- 
dient, formed by a device consisting of  two interconnected syringes, one con- 
raining the sample, and the other  10 ml of  buffer 1. This procedure minimised 
possible hydrodynamic  instabilities [11].  The sample band was displaced from 
the centre of  the rotor  with an overlay of  Tris-HC1, pH 7.4 (90 ml). After cen- 
trifugation at 600 rev./min for approximately 20 min, during which the migra- 
tion of  the cells in the centrifugal field was followed by eye or with the aid of 
a stroboscopic device [11],  the gradient was unloaded, also at 600 rev./min, by 
displacement towards the rotor  centre by underlay, at a rate of  50 ml/min. The 
light-scattering profile of  the rotor  effluent was recorded at 600 nm and 40-ml 
fractions were collected manually. 

Sucrose concentrations in fractions were measured with an Abb~ refractom- 
eter (Bellingham and Stanley, Ltd., London N15) and cells were harvested by 
centrifugation (1500 × g for 10 min at 4°C). Cell pellets were resuspended in 
1.0 ml buffer 1 and portions used for the preparation of  stained smears and 
particle volume determination as well as for scintillation counting of  incor- 
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porated radioactivity. Cell recoveries from the gradients were in the range 8 0 -  
95%. 

Differential cell counts. Smears of  resuspended cell fractions were air-dried, 
fixed 15--30 min in 10% formal/saline, and washed in saline. The smears were 
Feulgen stained for DNA and mounted  in Xam (G. Gurr, Ltd., London SW6). 
The slides were examined in the Wild M 20 microscope fit ted with a Whipple 
eyepiece grid (Graticules, Ltd., Garrick Street, London SWl) and at least 400 
cells per gradient fraction were scored for ploidy type. For microspectro- 
photometr ic  determinations of nuclear ploidy, a Barr and Stroud integrating 
microdensi tometer  (1 Pall Mall East, London,  SWlY 5AU) was used by cour- 
tesy of  Dr. U. Mittwock,  Dept. of  Genetics and Biometry,  University College 
London.  

Particle volume determination. The numbers and volume distributions of 
the resuspended cells were estimated using a Coulter Counter Model F (Coulter 
Electronics, Ltd., Dunstable, Beds., U.K.) fit ted with a 100 pM aperture type 
and previously calibrated with ragweed pollen of known volume (obtained 
from Coulter Electronics, Ltd.). Cell counts  were made at a succession of equal 
threshold (i.e. volume) increments between a minimum threshold setting which 
excluded debris and gave the total cell concentration,  and a maximum setting 
at which only cell aggregates, a very small proport ion of the particle popula- 
tion, were counted.  When processed manually the data were plot ted as a counts 
vs. threshold curve (approximately sigmoidal in shape) and the threshold value 
giving half the total cell count  was determined. On conversion to pm 3 this 
yielded the median cell volume of the cell population. In the case of resus- 
pended cells from the zonal gradient fractions, the data were processed using an 
IBM 360: curves were fi t ted to particle counts vs. threshold data with a poly- 
nomial regression analysis program from the collection of the University Col- 
lege Computer  Centre. 

In subsequent  steps introduced into the program the mean and modal thres- 
hold values for the particle populat ion as well as the standard deviation about  
the mean were computed  and all these items was printed in tabular form for 
any series of  zonal gradient fractions. 

Radioactivity determinations. 0.5 ml samples of  resuspended gradient frac- 
tions were washed successively with 20 ml of  ice-cold 3% (v/v) perchloric acid 
and 80% (v/v) C2HsOH. The pellets were digested in 0.25 ml hyamine 
hydroxide (Nuclear Enterprises, Ltd., Edinburgh, U.K.) overnight at 37°C then 
transferred after addition of 2 ml CHaOH into 15 ml scintillation fluid (4 g, 
2,5-bis(5-t-butylbenzoxazol-2-yl)thiophen (BBOT) in 1 1 toluene) and counted 
in a liquid scintillation spectrometer (Beckman or Intertechnique) at approxi- 
mately 20% efficiency. 

Results and Discussion 

The cell suspensions used in these experiments consisted very largely of  
single parenchymal cells. Doublets  or aggregates of  higher order were infre- 
quent  (less than 5%). Contamination with erythrocytes  and nuclei or other 
subcellular debris was very slight, although some small nucleated cells probably 
non-parenchymal,  were detectable.  In gross morphology the parenchymal cells 
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Fig.  1. Size d i s t r i b u t i o n  of  s u m m e d  maxLrnum and  m i n i m u m  d i a m e t e r s  ( in  Mm) of  80  r a n d o m l y  se lec ted  
l iver  cells i so la ted  f r o m  a 200  g f ema le  rat. 

were irregular, presenting roughly circular or elliptical profiles. 
It is now clear that  the sodium tetraphenylboron-based liver dissociation 

technique introduced by Rappaport  and Howze [10] causes some damage to 
both cell ultrastructure and biochemistry [13]. However, rat liver cell cultures 
have been established using cells dissociated by a similar tetraphenylboron- 
using technique [ 14] and, of particular relevance to fractionation studies, the 
overall dimensions of the cells appear to be little affected by the disaggrega- 
t ion procedure. Measurement of the maximum and minimum diameters of 80 
cells isolated from the liver of  a 200 g (approx. 8 weeks old) female gave an 
average of 21.2 pm (Fig. 1); this may be compared with an estimate by Lound 
[15] of 21.0 pm for the mean in vivo diameter of parenchymal cells in the 
liver of mature Columbia-Sherman rats, and with 22.8 pm reported [6] for the 
enzymatically dissociated liver cells of 200 g Sprague-Dawley rats. Similarly 
the median cell volumes of cell suspensions prepared from 39-day-old rats given 
in Table I are comparable with Lound's in vivo figure of 5400 pm 3 [15]. 

Typical yields were of the order of 5 • 107 cells/g wet weight of liver. This 
represents a recovery of about 40% of the parenchymal cells, assuming that  1 g 
of  rat liver contains 2 • l 0  s cells, of which 60% are parenchymal [12]. This 
estimated recovery implies that  much liver tissue has been destroyed or other- 
wise lost during cell dissociation. However, Table I demonstrates that  there is 
an increase with age in the mean cell volume of  the isolated cells and Table II 
shows that  this phenomenon of  cell enlargement is associated with the process 
of polyploidisation. The consti tution of  the isolated parenchymal cell suspen- 
sions therefore seems accurately to reflect the known sequence of events in 

T A B L E  I 

M E D I A N  C E L L  V O L U M E S  O F  L I V E R  C E L L  S U S P E N S I O N S  I S O L A T E D  F R O M  C S T R A I N  WISTAlq 
R A T S  O F  D I F F E R E N T  A G E - W E I G H T  C L A S S E S  

A p p r o x i m a t e  age (days )  29 39 50 
Weight  class (g) 5 0 - - 6 0  9 0 - - 1 0 0  1 4 0 - - 1 5 0  
N u m b e r  o f  cell s u s p e n s i o n s  e v a l u a t e d  * 6 8 12 
M e a n  m e d i a n  cell v o l u m e  ~um 3 ) 3 5 5 5  5 6 6 2  6 6 7 4  
S.D. (/zm 3 ) 667  343  851 

* Each  cell s u s p e n s i o n  was  p r e p a r e d  f r o m  the  l iver  o f  o n e  ind iv idua l  an ima l .  
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TABLE II 

THE PERCENTAGE FREQUENCIES OF NUCLEI IN THREE CELL PLOIDY CLASSES IN PAREN- 
CHYMAL SUSPENSIONS ISOLATED FROM RATS OF THREE WEIGHT CLASSES 

For  each weight  category  a cell suspens ion  f r o m  a single ra t  was  eva lua ted ,  at  least  140 nuclei  bein~ 
scored  b y  m i c r o d e n s i t o m e t r y  of  Feulgen-s ta ined  cells. 

Weight  M o n o n u c l e a t e  Binucleate  M o n o n u c l e a t e  
(g) d iploid  diploid  t e t r ap lo id  

50 81.7 12.7 5.6 
100  24.2 64 .4  11 .4  
150  5.4 45.1 49 .5  

vivo with respect to polyploid cell formation,  suggesting that selective destruc- 
tion of  particular classes of  parenchymal cells has not  occurred. 

Zonal fractionations 
In these experiments sucrose was chosen as a suitable gradient solute on the 

grounds of  its high water solubility, low toxicity,  and cheapness (gradient 
volumes of  1 1 being used in rate separations). Though sucrose may present 
osmotic problems because of  its low molecular weight, it had been previously 
found, in, for example, the case of  pigeon erythrocytes  that useful fractiona- 
tions could be achieved on sucrose gradients in zonal rotors [16]. Liver cells in 
gradient fractions examined immediately after the various centrifuge separa- 
tions reported here had retained their original morphologies, though there were 
indications of  shrinkage at the higher sucrose concentrations. 

Most previous at tempts  to fractionate liver cell suspensions by sedimentation 
methods  have exploited isopycnic centrifugation, and usually only one zone of  
parenchymal cells has been found [6,17,18].  This was also the case in our 
experiments: liver cells banded isopycnically on linear gradients (0--50% (w/w) 
in 1 mM Tris-HC1, pH 7.4) as a single peak with a modal buoyant  density 
averaging 1.18 (39.3% (w/w) sucrose). In the instance of  cells isolated from the 
pooled livers of  three 150 g females, and centrifuged to equilibrium (45 min at 
8300 rev./min, 4°C) on a linear 33--48% (w/w) sucrose gradient (in 1 mM Tris- 
HC1, pH 7.4) in an MSE AHS zonal rotor,  a single symmetrical cell band was 
obtained, extending through about  50% of the 600 ml gradient. Ploidy fre- 
quencies in the central eleven fractions (10 ml each) containing the bulk of  the 
cells were determined by scoring 400 randomly selected cells per fraction. No 
indication of  a fractionation according to ploidy was found, though a frac- 
t ionation of functional types, as has been reported by Drochmans and col- 
leagues, and others [6,19,20],  could conceivably have occurred. 

Since ploidy classes are known to differ in size (Tables I and II and Ref. 21) 
it might be expected that rate sedimentation would effectively resolve them. 
Figs. 2 and 3 summarise the results of two rate zonal fractions of parenchymal 
cells prelabelled in their DNA with tritiated thymidine 2 or 24 h before iso- 
lation. With respect to cell type  separation they are typical of  our results 
for rate zonal fractionations of  liver cell suspensions from rats of  this age (40 
days). Panels 2a and 3a illustrate the turbidity profiles of  the gradients. Though 
essentially unimodal,  the cell distribution is not  symmetrical, indicating hetero- 
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Fig.  2. R a t e  z o n a l  f r a e t i o n a t i o n  o f  liver cel ls  f r o m  a 9 0  g f e m a l e  rat w h i c h  has  rece ived  1 0 0  # Ci  o f  [ 3 H ] -  
t h y m i d i n e  2 h b e f o r e  kill ing. Abscissa:  gradient  f rac t ion  n u m b e r .  Ordinates:  (a )  z~ . . . . . .  z~ t u r b i d i t y  in 
A 6 0 0  un i t s ;  • • ,  n u m b e r s  o f  cel ls  per  fract ion  ( X 1 0 - 6 ) .  ( b )  m e d i a n  v o l u m e s ,  in # m  3 ( X 1 0 - 3 ) ,  o f  
part ic les  in gradient  fract ions .  ( c )  n u m b e r s  o f  d i f f e r e n t  p a r e n c h y m a l  cell  t y p e s  in gradient  f rac t ions  
(X 10  - 6 ) .  • • ,  m o n o n u c l e a t e  diplo ids;  o . . . . . .  ~, binuc lea te  diploids;  o . . . . . .  o m o n o n u c l e a t e  tetra-  
plo ids .  (d )  L . . . . . .  A, 3 H  d p m  per  f rac t ion  ( X 1 0 - 4 ) ;  • e ,  3 H  d p m  per  102  cells.  A and B indicate  
peaks  o f  spec i f ic  act iv i ty .  

geneity of  particle sedimentation rate within the cell population. Indeed, panels 
2c and 3c show that rate zonal centrifugation achieves a partial separation of  
cells according to ploidy, though there is a significant overlap of the mononu- 
cleate diploid and binucleate diploid-mononucleate tetraploid populations. This 
could result from a clumping of dissimilar cell types although the tetraphenyl- 
boron isolation technique generates suspensions with a very high proportion of 
single cells which have little tendency to adhere, contrasting in the latter 
property with enzymically dissociated liver cells. 

Aggregates might form after application of the cells to the gradient, but 
microscopic examination of zonal fractions immediately after centrifugation 
has revealed clumps, usually just doublets, only in the last fractions, well after 
the main cell peak, and clumps were prominent only at the gradient-underlay 
interface. Also the majority even of cell doublets should sediment considerably 
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Fig. 3. Rate  zona l  f rac t i on a t ion  o f  l iver cel ls  f r o m  a 9 0  g f ema le  rat wh ich  had rece ived 50  #Ci  o f  [ 3 H ] -  
t h y m i d i n e  2 4  h b e f o r e  ki l l ing.  Ordinates  and abscissa are as in Fig.  2 e x c e p t  that  no  turbidi ty  prof i le  is 
given in panel  a, and t h e  spec i f ic  act iv i ty  prof i le  in (d)  is in 3H d p m  per  103 cells. C and D indicate  peaks  
o f  spec i f ic  act iv i ty .  

Fig. 4.  V o l u m e  o f  d i s t r i b u t i o n  of  l iver cel l  suspens ions  prepared f r o m  single f e m a l e  rats o f  d i f f erent  
weights :  (a)~,50 g; (b)  7 0  g; (e) 1 0 0  g, a n d  (d)  1 5 0  g. 

faster than the single cells composing the main cell zone. Another contribution 
to impaired reso lut ion could arise from cell shrinkage at higher sucrose concen- 
trations; as panels 2b and 3b show there is a tendency for the mean cell 
volumes of  fractions from the denser regions of  the gradient to level out. 

However, this incomplete separation of  cell ploidy types could simply reflect 
genuine overlaps in the size distributions of  these cell types, and this interpreta- 
tion is supported by Coulter counter analyses of  volume distributions of  cell 
suspensions isolated from livers undergoing active polyploidisation. As Fig. 4 
shows, the size distributions of  liver cells isolated from rats between 50 g and 
150 gare in-all cases essentially continuous,  yet, during this growth period there 
is a clear increase in mean cell volume associated with an upward shift in mean 
cell ploidy, and ~his is accompanied by the emergence of  considerable hetero- 
geneity of  ploidy type (Tables I and II). Enzymatically dispersed cells also have 
cont inuous volume distributions, with effects on attempts at fractionation that 
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can be seen in the work of  Tulp and colleagues [7] who allowed suspensions of 
collagenase-dissociated hepatocytes  to sediment through Ficoll gradients at unit 
gravity. Although considerable separation of  ploidy types was achieved, the 
fractionation was incomplete. By contrast, diploid and tetraploid parenchymal 
nuclei can be very clearly separated both by rate zonal sedimentation in sucrose 
gradients [22] and rate sedimentation at unit gravity in Ficoll gradients [7].  
Cell mass may be much less sharply correlated with content  of DNA than is 
the nuclear mass both because of  the effects of  variable position in the cell 
cycle and the possibility that cell mass is affected by the functional status of 
the cell. 

Separation of labelled cells 
The mean generation time of hepatocytes  in growing rat liver has been esti- 

mated as 22 h, the S phase being 9 h [23].  'Flash labelling' of  cells with triti- 
ated thymidine [24] 2 h before death should therefore identify S phase cells, 
whereas the labelling pattern after 24 h should reveal those cell types being 
formed immediately after a period of  DNA synthesis. Although the incom- 
pleteness of the separation of  the various ploidy classes complicates the inter- 
pretation of  the specific radioactivity profiles, none of  the fractions in the 
peaks of  radioactivity represent a pure cell type,  the gross and specific activity 
profiles at 2 h and 24 h (panels c and d of  Figs. 2 and 3) are distinctly differ- 
ent. 

The specific activity profiles of  the cells prelabelled for 2 h (Fig. 2d) suggests 
that  at least two cell size classes are particularly active in DNA synthesis, 
whereas at 24 h (Fig. 3d) the single major peak of specific activity corresponds 
with the mode of  the total  cell distribution. In peak A (panel 2d) of the 2 h 
profile it seems probable that mononucleate  diploids, the most frequent  cell 
class in the peak fraction (fraction 8), are mainly responsible for the incorpora- 
tion. However,  it would be anticipated that  the volume of the S phase cells 
would be rather larger than that of  the bulk of  the cell population,  so mono- 
nucleate diploids labelled with tritiated thymidine at 2 h might be expected to 
sediment at the leading edge of  the cell type  zone, rather than at the trailing 
edge, in fraction 8. Other cell types could also contr ibute to this radioactivity 
peak, such as one or more of  the small non-parenchymal cells which tend to 
contaminate this region of  the gradient. 

From examination of  the peak B of the 2 h profile (Fig. 2d), it can be seen 
that the specific activity mode corresponds to a gradient zone particularly rich 
in binucleate diploids and mononucleate  tetraploids, both of  which cell types 
are known to engage in DNA synthesis in rats of  this age [25],  and, in accor- 
dance with expectation,  the peak is seen at the leading edge of the distribu- 
tions of  these two cell types. 

The specific activity profile at 24 h (Fig. 3d) shows one major peak (D) with 
a mode in fraction 12, but  there are indications of  a subsidiary peak (C) 
centred on fraction 8, and similar in position with peak A of the 2 h profile. 
This would be consistent with the suggestion that  small non-parenchymal cells 
are mainly responsible for incorporation in this section of the gradient because 
after complet ion of  mitosis, daughter cells of a size resembling the parent cells 
are generated; in contrast, many mononucleate  diploid parenchymal cells 
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would after S phase, remain in a size class double that  of the parent cells, since 
mononucleate  diploids tend to produce binucleate diploids by a process of 
karyokinesis wi thout  cytokinesis [ 2]. The modal region of  the specific activity 
profile, fractions 12 and 13 (peak D), corresponds with the central regions of 
both the binucleate diploid and mononucleate  tetraploid distributions. Forma- 
tion of  tetraploids from binucleate diploid precursors in a particular feature of 
this stage of liver development in rats [2]. Thus, it seems likely that much of 
this incorporated radioactivity is in the mononucleate tetraploids. 

Interpretation of  the radioactivity profiles must  necessarily be cautious in 
view of the heterogeneity of  cell types in the gradient fractions. Identifications 
of  labelled cell types could be confirmed with autoradiography, but  it is 
encouraging that different labelling patterns can be discriminated, and that 
these are consistent with what is known of the development  of rat liver. 

In conclusion, it has been demonstrated that the techniques of rate zonal 
centrifugation, hitherto used mainly for separations of  subcellular organelles 
[21] or those cells naturally existing as suspensions such as reticulocytes [25] 
and mast cells [26],  can also be applied to tissue cells dispersed by a non- 
enzymatic technique. It also appears that, for liver cells, distinct size classes of 
cells synthesising DNA can be recognised. This approach could have some value 
in tracing normal and pathological cellular events occurring in solid tissues. 
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