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Two-color flow cytometric (FCM) analysis using anti-bromodeoxyuridine (BrdU) monoclonal antibody
(MoAb) was used to investigate the cell kinetics of regenerating liver after 70% partial hepatectomy in
rats. Three peaks were seen in DNA histograms of rat hepatocyte nuclei, corresponding to diploid(2c),
tetraploid(4c), and octaploid(8c). These proportions changed in the course of regeneration which were
clearly demonstrated by DNA histograms using flow cytometry. The proportion of diploid, tetraploid,
and octaploid nuclei in control liver were 49.3 + 1.6%, 45.0+ 7.4%, and 1.7+0.7%, respectively. A
significant change occurred at 24 hours after hepatectomy, as FCM revealed 25.9+ 1.1% diploid,
54.5 + 1.2% tetraploid, and 9.0 + 0.9% octaploid. This shift to polyploid nuclei persisted until 72 hours,
and then gradually returned to the pattern of control liver. The S-phase nuclei which incorporated BrdU
increased rapidly at 24 hours to a peak of 11.3+0.9%, and gradually decreased to 5.8+0.8%,
5.3 + 0.8%, 2.4 + 0.6%, 2.9_+ 1.1%, and 1.2 +_ 0.6%, at 48, 72, 96, 120, and 168 hours, respectively. This
2-color FCM analysis made a detailed analysis of the cell kinetics in regenerating hepatocytes possible,
and may be applied in investigations of various aspects of liver regeneration.
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INTRODUCTION

Liver regeneration is an extraordinary phenomena the mechanism of which has
been investigated from many points of view over a long period. In terms of
hepatotrophic factors, the significance of portal blood flow was stressed, 13 and
insulin and glucagon were shown to be portal humoral factors for liver
regeneration4-6. Many non-portal factors were also investigated, including thyroid
hormone, glucocorticoids, prostaglandins, and epidermal growth factorl.

In addition to hepatotrophic factors, there are many problems to be solved in
liver regeneration from the point of view of molecular biology and genetics. For
example, the mechanism of initiation and termination of liver regeneration, as well
as the interaction between parenchymal and non-parenchymal liver cells. The latter
are known to produce hepatocyte growth factor (HGF) ll or transforming growth
factor/12 this indicates a possible paracrine mechanism of growth regulation, which
is yet to, and be investigated. It is clinically important in surgery to appreciate the
cell kinetics after partial hepatectomy and also the recently introduced transhepatic
embolization prior to radical operation3.
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Generally, the cycle of proliferating cells is divided into four stages G1, S, G2,
and M phase. S phase and M phase are characterized by DNA synthesis, and
mitosis, respectively, G1 and G2 are phases between these two stages. There is
another stage which is the non-proliferating state of cells Go phase. In normal
liver, hepatocytes are in Go phase. When some induction to regeneration (for
example, partial hepatectomy) occurs, hepatocytes enter G phase, which is an
initial stage in cell cycle. They proceed through the cell cycle (G-S-Gz-M), and at
the end of M phase, cell division occurs. Normally, G0/G phase is characterized by
2n (diploid), Gz/M phase by 4n (tetraploid), and S phase by somewhere between 2n
and 4n. However, there are a large proportion of polyploid nuclei in hepatocytes,
and they are tetraploid or occasionally octaploid (8n) at Go phase.
Recently, 2-color flow cytometric(FCM) analysis has been applied to the investi-

gation of cell kinetics14’15. The intensity of red fluorescence of propidium iodide
(PI), a DNA staining dye, is in proportion to the amount of DNA in cell nuclei
when they are stained with the dye. The relative DNA content of each nuclei (i.e.
cell nuclei ploidy) can then be measured by flow cytometry. Diploid, tetraploid,
and octaploid cell nuclei show different peaks in DNA histograms, in parallel with
their DNA content. In addition, bromodeoxyuridine(BrdU), a thymidine analo-
gue, is uptaken into DNA during DNA synthesis (i.e. S phase). Because BrdU in
cell nuclei is detectable by staining with fluorescein isothiocyanate(FITC) conju-
gated anti-BrdU monoclonal antibody, it is possible to discriminate S phase nuclei
from others using FCM. By 2-color FCM analysis with propidium iodide and FITC
conjugated anti-BrdU MoAb, the fluorescence of PI(red) and FITC(green) in each
cell is measured independently. Each phase of the cell cycle G0/G1, S, and G2/M
phase is then clearly recognized in a cell population. This method is simple, free of
radiotoxicity, and a large number of cells is analyzed in seconds.
There are mononuclear and binuclear cells amongst mammalian hepatocytes.

There are also polyploid nuclei such as tetraploid or octaploid, in addition to
diploid, and the proportions of these change in the course of liver regeneration6.
However, this has not been fully investigated. Because of the complexity of
hepatocyte DNA histogram patterns and cell cycles, FCM analysis is suitable for
investigating the cell kinetic state of liver regeneration. In this series, we applied
this method to investigate the cell kinetics of regenerating liver after partial
hepatectomy in rats.

METHODS

Animals

Adult male Wistar rats weighing 250-300 grams were purchased from SLC
Co.Ltd.(Shizuoka, Japan). They were fed a standard pellet rat diet ad libitum pre-
and postoperatively and maintained on 12 hour light-dark cycles. A 70% partial
hepatectomy was performed in the morning under light ether anesthesia, according
to the technique of Higgins and Anderson17. Sham operation consisted of laparo-
tomy and cutting of the falciform ligament of the liver.

BrdU Labeling and Liver Perfusion
20mg/kg of 5-bromor2’-deoxyuridine (BrdU: Sigma, St. Louis, USA) was injected
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through the penile vein as a pulse label for detection of S phase hepatocytes in
regenerating liver, at given time intervals (6, 12, 24, 48, 72, 96, 120, and 168 hours)
after operation. Rats were anesthetized one hour after the injection using intraperi-
toneal pentobarbital sodium (30mg/kg of body weight). Liver cells were isolated by
the collagenase perfusion method, previously described by Seglen8. Briefly, the
portal vein was cannulated with a polyethylene catheter, and the superior vena cava
was cut for drainage. Immediately after cannulation, 100ml of 5mM EGTA-Hepes
buffer solution was perfused for about 5 minutes, followed by 200-250ml of 0.05%
collagenase (Wako Pure Chemical Industries, Osaka, Japan)-Hepes buffer solution
to disperse the tissue. The liver was then removed, dispersed by surgical blades in
cold Ca*+ and Mg++ free phosphate buffered saline (PBS(-)), filtered through
gauze, and centrifuged several times at 50g for 5 minutes in cold PBS(-) to isolate
the hepatocytes. The samples were then fixed with 70% ethanol, and stored at
-20C until the assay.

Sample Preparation for FCM Analysis

Samples were prepared for 2-color FCM analysis using anti-BrdU monoclonal
antibody according to a modification of the method described previously4’5.
Briefly, samples were suspended in 4N HCI for 20 minutes for partial strandization
of DNA. This is necessary in order for the monoclonal antibody used in this series
to gain access to incorporated BrdU in the DNA. The solution is then neutralized
with 0.1M sodium tetraborate. After washing with cold PBS(-), hepatocytes were
suspended in 0.1% pepsin (Sigma, adjusted to pH 1.5 with 6N HC|) for 5 minutes
at room temperature to isolate nuclei, as shown in Figure 1. They were then washed
with cold PBS(-) twice by centrifuging at 500g for 10 minutes, and the number of
nuclei were adjusted to 1 x 106. To each pellet of sample, 20pl of fluorescein
isothiocyanate (FITC) conjugated anti-BrdU monoclonal antibody (Becton-
Dickinson, Mountain View, USA) was added and incubated for 20 minutes at room
temperature. Nuclei were then washed twice in cold PBS(-), and finally the pellet
was suspended in 2ml of propidium iodide (PI) solution containing 5pg of PI per
ml. Samples were stored on ice in the dark for at least 1 hour. They were filtered
using a 20pm nylon mesh immediately prior to FCM analysis.

Flow Cytometry Analysis

The fluorescence emission of the stained nuclei was measured on a FACS 440 flow
cytometer/cell sorter (Becton-Dickinson). The green fluorescence was monitored
using the 530nm band pass filter. Red fluorescence was observed after a 640nm long
pass filter. The excitation source consisted of an argon-ion laser operated at the
488nm line with 300mW power output. A minimum of 5X104 nuclei were evaluated
for each sample in dual parameter analysis of DNA content and BrdU uptake. The
proportion of each ploidy of isolated nuclei and those that were labeled by FITC
conjugated monoclonal antibody were evaluated.

Total DNA Content of Regenerating Liver

The DNA content of regenerating livers, at designated time intervals after
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Figure 1 Photomicrographs of isolated hepatocytes and hepatocyte nuclei. (a) Hepatocytes isolated
with the collagenase perfusion method and fixed with 70% ethanol. 200. (b) Hepatocyte nuclei
extracted by 0.1% pepsin treatment. Hematoxylin stain. 200.

hepatectomy, were measured by the diphenylamine reaction, according to the
method of Burton19.

Statistical Analysis

Student’s test for nonpaired samples was used for statistical analysis, and
statistical significance was reached when the p value was less than 0.05. Results
were expressed as mean + S.E.
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RESULTS

Figure 2 shows representative DNA histograms (A) and contour graphs (B) of
hepatocyte nuclei at designated time intervals after partial hepatectomy. The DNA
histogram showed two peaks of diploid and tetraploid in controls. There was no
measurable octaploid nuclei peak. The 4c/2c ratio (the ratio of tetraploid nuclei to
diploid) was 0.91. Contour graphs showed that only a few nuclei incorporated
BrdU. At 6 and 12 hours, no significant changes occurred either in the histograms

A
Control
4c/2c= 0.91

6 hr

I/ 4c12c--- 0.95
12 hr
4C12C= 0.70

24 hr
4c/2c= 2.10 i
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4c/2c= 2.61
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96 hr
II 4C/2C 1.64
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Fluorescence intensity

168 hr
4c/2c= 1.04

Figure 2 Representative DNA histograms (A) and Contour graphs (B) at time intervals after 70%
hepatectomy. Fluorescence staining was performed as described in methods. In (A), X and Y axis
represent fluorescence intensity of PI (linear scale) and cell number, respectively. As PI intensity is in
proportion to the DNA content in each nuclei, each peak shows an accumulation of diploid(2c),
tetraploid(4c), and in some cases, octaploid(Sc) nuclei. In (B), X and Y axis represent PI intensity
(linear scale) and FITC intensity (log scale), respectively. FITC intensity of anti-BrdU MoAb shows the
amount of BrdU uptaken into DNA, which is in proportion to the rate of DNA synthesis in each nuclei.
DNA synthesizing (S phase) cell nuclei, which is BrdU positive, appear in upper part of the graph. The
contour shows the number of nuclei. PI:propidium iodide, FITC:fluorescein isothiocyanate
MoAb;monoclonal antibody.
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or contour graphs. At 24 hours, the DNA histogram patterns changed so that the
4c/2c ratio increased, and the number of 8c (octaploid) nuclei also increased to
create the apparent third peak. This polyploidization proceeded during an initial
phase of regeneration, with a maximum 4c/2c ratio (2.61) at 48 hours. The pattern
then gradually recovered to that of the control, and the 4c/2c ratio decreased to
1.04 at 168 hours, which was nearly the level of the control. Contour graphs at 24
hours demonstrated the appearance of S phase nuclei, which incorporated BrdU
into DNA. BrdU incorporated nuclei were seen between diploid and tetraploid,
and .also tetraploid and octaploid in contour graphs. The number of BrdU
incorporated nuclei gradually decreased after 24 hours, and a few nuclei were BrdU
positive at 168 hours (1.2+0.6%).

Figure 3 shows changes in the rate of diploid, tetraploid, and octaploid nuclei at
time intervals after 70% hepatectomy. In controls, the rate of diploid, tetraploid,
and.octaploid were 49.3 _+ 1.6%, 45.0_+ 7.4%, and 1.7_+ 0.7%, respectively. At 12



CELL KINETICS OF REGENERATING LIVER 109

80

70

60

40
0

o 30

20

10

0L, T’
6 12 24 48 72 96

Hours after hepatectomy
20 168

Figure 3 Changes in the proportion of diploid (closed circles), tetraploid (open circles), and octaploid
(open squares) nuclei at time intervals after 70% hepatectomy. The proportion of each ploidy was
calculated from DNA histograms using Consort 30 (Becton-Dickinson) (mean + S.E.). N 5, 8, 9, 10,
10, 10, 5, 5, and 5 at 0, 6, 12, 24, 48, 72, 96, 120, and 168 hours respectively. * and **: Significantly
different from the value of each ploidy at 0 hours (P < 0.05 and P < 0.01, respectively).

hours, diploid nuclei increased to 55.8 + 3.6%, and tetraploid decreased to 38.7 +
4.1%, which were not significantly different from controls. At 24 hours, diploid
nuclei decreased to 25.9 + 1.1%, while tetraploid and octaploid nuclei increased to
54.5 + 1.2% and 9.0+0.9%, respectively. This polyploidization persisted until 72
hours, when the proportion of each ploidy gradually recovered. At 7 days after
hepatectomy, the proportions were 44.8 + 7.0% diploid, 46.8 + 5.8% tetraploid, and
2.2_+ 0.6% octaploid nuclei, which were nearly the levels of control liver.
The proportion of S phase nuclei incorporating BrdU at time intervals after 70%

hepatectomy is shown in Figure 4. Labeling index was highest at 24 hours,
11.3 + 0.9%, and then gradually decreased to 5.8 + 0.8%, 5.3 +0.8%, 2.4 + 0.6%,
2.9_+1.1%, and 1.2+0.6% at 48, 72, 96, 120, and 168 hours, respectively. The
number of samples were 5, 8, 9, 10, 10, 10, 5, 5, and 5 at 0, 6, 12, 24, 48, 72, 96, 120,
and 168 hours, respectively in Figures 3 and 4.

Figure 5 shows the recovery rate of total DNA content of regenerating liver after
70% hepatectomy. The recovery rate at each time interval was 35.4+4.9%,
48.5 + 2.7%, 66.8 + 10:7%, and 89.1 + 7.2% at 24, 48, 72 and 168 hours, respecti-
vely. The number of samples were 5 at each time interval.
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Figure 4 Changes in the proportion of S-phase nuclei incorporated BrdU into DNA at time intervals
after 70% hepatectomy. The proportion was calculated from single parameter histogram of FITC
intensity using Consort 30 (Becton-Dickinson) (mean+ S.E.). The number of samples at each time
interval are described in Figure 3. N 3 at each time interval in sham group. and **: Significantly
different from control (P < 0.05 and P < 0.01, respectively).
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Figure 5 Recovery rate of the total DNA content of regenerating liver at postoperative time intervals
(mean + S.E.). The 100% value is the estimated total DNA content of preoperative liver, calculating
from the DNA content of the resected liver as being 70%. N 5 at each time interval.
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DISCUSSION

Seventy percent partial hepatectomy in rats has long been used as a model of liver
regeneration. There are several methods for assessment of regeneration, including
3H-thymidine uptake, autoradiography, and mitotic index in histology, as well as
the labeling index in immunohistochemistry using proliferative markers such as
bromodeoxyuridine, calculating the percentage of stained (BrdU-positive) cells
among whole cells by microscopic examination.
Two-color flow cytometric (FCM) analysis using monoclonal antibody to

bromodeoxyuridine14 and DNA staining dye such as propidium iodide, is a useful
method for investigating cell kinetics15. There are several reasons for this: 1) the
method is free of radiotoxicity, 2) each phase of the cell cycle (e.g. G0/G1, S, and
Gz/M phase) can be clearly discriminated, 3) several fold of 104 cells can be
measured in seconds, and 4) the procedure is relatively simple. As described
previously, the distribution of ploidy seen in parenchymal cells of mammalian liver
is complex,16 that is, mononuclear and binuclear cells, and we observed diploid,
tetraploid and octaploid nuclei in DNA histograms (Figure 2A). Therefore, there
are two cell cycles seen during regeneration (Figure 2B). FCM analysis is a useful
method to investigate this complicated ploidy distribution and cell kinetics of
hepatocytes in the course of proliferation. There are a few reports of flow
cytometric analysis of hepatocytes in rats and mice,222 investigating the effect of
carcinogen treatment on ploidy distribution, its difference among strains, and its
change with aging. Digernes et al. assessed DNA synthesis in rat hepatocytes after
70% hepatectomy by flow cytometric determination of nuclear DNA content and
by incorporation of 3H-thymidine, finding a fairly good correlation between the two
different methods23. However, two-color FCM analysis using BrdU monoclonal
antibody, a more accurate and direct method of determining the S phase fraction
among proliferating cells, has not been used to investigate liver regeneration.
At 12 hours after hepatectomy, the proportion of each ploidy changed slightly,

but not significantly (Figures 2a, 3). The significant change in ploidy distribution
occurred at 24 hours after hepatectomy, together with the initiation of DNA
synthesis (Figure 4), in such a way that tetraploid became dominant instead of
diploid (4c/2c ratio changed from 0.70 to 2.10), and octaploid appeared to make an
apparent peak in the DNA histogram (Figures 2a, 3). These proportional changes
persisted until 72 hours, which indicates that the rate of DNA synthesis and nuclear
division maintain equilibrium during the 24-48 hours after hepatectomy. After 72
hours, this equilibrium changed so that nuclear division dominated, and the ploidy
patterns gradually returned to that of control liver. These findings indicate that the
initiation of DNA synthesis varies among hepatocytes, probably due to the
topographical difference of each cell in its hepatic acinus, which is the structural
and functional unit of liver parenchyma and is composed of hepatocytes differing in
their functions,24’25 although the sharp peak is seen at 24 hours. This is ascertained
by the recovery rate of total DNA content of regenerating liver (Figure 5), which
gradually increased after 24 hours, and nearly reached baseline at 168 hours
(89.1 _+ 7.2%).
There is a rapid rise in the rate of DNA synthesizing nuclei to a peak at 24 hours

after 70% hepatectomy, followed by a relatively sharp decline. As mentioned
previously, BrdU incorporated nuclei were seen between diploid and tetraploid,
and tetraploid and octaploid, as clearly demonstrated in contour graphs at 24 hours
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(Figure 2b). This indicates DNA synthesis is initiated in both diploid and tetraploid
nuclei at the same time during liver regeneration. A few S phase nuclei were seen at
7 days after hepatectomy. These patterns .of DNA synthesis are similar to the
results obtained with 3H-thymidine uptake, described previously,25’26 although the
labelling index (L.I.) is higher in autoradiography. The difference in L.I. may be
partly because the rats were relatively mature, being more than 10 weeks old in this
series. Another possible reason is that we stained BrdU in hepatocyte nuclei by the
direct method using fluorescein conjugated anti-BrdU MoAb. The labelling index
may be higher by the indirect method, using both primary and secondary antibodies
to increase sensitivity.
The conventional method for quantitative evaluation of liver regeneration has

been a measurement of 3H-thymidine uptake, however, this only shows the rate of
DNA synthesis as a liver mass, and it is impossible to observe the whole cell cycle
by this method. Two color flow cytometry, investigating both the total DNA
content and BrdU uptake of each nuclei, has made it possible to describe whole cell
kinetics of hepatocytes during regeneration.
There are a few investigations concerning the significance of polyploidy in

parenchymal cells of the liver27’28. For example, it is speculated that there is a
mutual balance between tissue specific functions and proliferative response, and
polyploidy appears when the former dominates over the latter27. Another hypothe-
sis of the biological significance of liver cell polyploidy is that polyploidization
ensures protection against the deleterious consequences of aberrant genome
formation resulting from aberrant mitosis28. However, a functional difference has
not been clearly demonstrated between diploid nuclei (cells) and other polyploid
nuclei (cells). As for DNA synthesis, diploid nuclei may be easier to get into the
cell cycle (i.e. begin DNA synthesis) than are tetraploid nuclei, because at 24
hours, the decrease in diploid nuclei was much greater than the increase in
octaploid nuclei (Figure 3). Cell selection by a cell sorter equipped with flow
cytometry would make it possible to investigate the different functions of cells of
each ploidy.

In conclusion, 2-color FCM analysis, a new method for detecting cell kinetics, is
also applicable to investigating liver regeneration, and provides more detailed
information as to cell cycle than have previous methods.
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INVITED COMMENTARY

Proliferation and differentiation are the essential manifestations of living orga-
nisms. Mammalian cells generally express these exquisitely controlled properties
reciprocally. Mature tissues in higher animals contain cell populations whose
specialized functions are expressed optimally during proliferative quiescence. With
respect to hepatocyte growth quiescence does not imply a zero proliferation rate.
There is a low frequency of differentiated hepatocyte entry into the cell cycle that is
balanced by low rates of hepatocyte aging and death. The cell cycle concept is
useful to quantitate kinetic changes as cells multiply. Upon stimulation prolife-
ration increases 600-fold. In the regenerating rat liver most hepatocytes proliferate
at least once within 24-36 hours. The liver proliferative response is elegantly
controlled and the growth will eventually cease. Knowledge of the factors that
control this proliferative response both at initiation and at termination will be of
utmost importance for the study of cell cycle control in general and in carcinogene-
sis. The quantitative evaluation of liver regeneration has so far mainly been limited
to measurements of 3H-thymidine uptake which only measures the S phase. With
the 2-color flow cytometry presented in this elegant study it will be possible to
describe whole cell kinetics of hepatocytes during regeneration. It will give us an
excellent opportunity to study influences from different sources during different
parts of the cell cycle during proliferation. It will also give us the possibility of
studying the effect of cellular regeneration after different noxious insults to the
liver. We are now looking forward to results from the use of this technique to
clarify the mechanisms of cellular response essential to HPB surgeons.

Bengt Jeppsson
Department of Surgery

Lund University
Lund, Sweden

INVITED COMMENTARY

Analysis of cell cycle kinetics in the living organism is-a difficult and challenging
task. Flow cytometric techniques using DNA dyes like propidium iodide and
bromodeoxyuridine incorporation into DNA offer useful insights. The cell cycle
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kinetics of most tissues such as normal gut mucosa conform to the classic cell cycle
concept of DNA turnover. That is a 2c DNA content in the G0/G1 phase, 4c DNA
content in the G:M phase and intermediate DNA values in the S phase.
By contrast hepatocytes appear to exhibit true polyploidy with significant

tetraploid (4c) and octaploid (8c) cell populations. Careful interpretation of DNA
histograms is required to confirm true polyploidy, as a spurious result can occur
from simple clumping of cell nuclei in which case 6c and 10c peaks may also be
identified in the histogram.

This account of a dynamic shift in the ploidy distribution of regenerating
hepatocytes is particularly fascinating. It appears to show that polyploidy is a
definite part of the physiological proliferating cycle of hepatocytes and not an
isolated curiosity. Some biological advantage must exist for the hepatocyte, to
preferentially develop within the cell, a nucleus that may contain twice (tetraploid)
or four times (octaploid) the normal DNA content. What this advantage may be
and why this phenomena is not present in epithelial tissues is not clear. However,
further studies using two colour flow cytometric analysis in modals of abnormal
hepatocyte proliferastion (e.g. cirrhosis), may elucidate the significance of polyp-
loidisation in the regenerating liver.

Nigel A. Scott
Department of Surgery

UWCM
Cardiff, UK
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