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ABSTRACT

This set of experiments is the second of a series designed to explore
alterations in cell dynamics and growth control of new populations of
hepatocytes that appear to play a role in the carcinogenic process induced
in the liver by chemical carcinogens. This is part of an ongoing study of
the biochemical and molecular basis for cancer development. A rat model
for hepatocarcinogenesis, the resistant hepatocyte model, was chosen
with its synchrony of several steps in the process. Carcinogenesis was
initiated by the administration of a single necrogenic dose of diethylni-
trosamine. Resistant bepatocytes so induced were stimulated to prolifer
ate rapidly to form nodules by a mitogenic stimulus in the presence of a
brief exposure to dietary 2-acetylaminofluorene sufficient to inhibit the
proliferation of the majority of uninitiated hepatocytes, the nonresistant
population. A small subset of these hepatocyte nodules, the persistent
nodules, was examined at 2, 4, and 6 mo postinitiation. Duration of
phases of the cell cycle, growth fraction, doubling time, cell death, and
cell loss and the responses and subsequent recovery after the application
of a strong mitogenic stimulus, partial hepatectomy, were measured. The
first pircancerous hepatocyte nodule, at 2 mo, showed a "normal"dura

tion of phases of the cell cycle. The growth fractions were about 4,4, and
8%at 2,4, and 6 mo, respectively, as comparedto 0.4% in the surrounding
hepatocytes. Accompanying the increased growth fractions were consid
erable levels of cell loss, measuring about 3% at 2 mo and 7% at 6 mo.
At 6 mo, the hepatocyte nodule population, unlike the hepatocytes in the
surrounding liver, shows a failure to return to its base-line level after
stimulation of cell proliferation by partial hepatectomy. The results of
this study have identified two new steps in the early precancerous phase
of hepatocarcinogenesis relating to alterations in the control of cell
proliferationand are consistent with the hypothesis that new and evolving
cell populations may play an important role in the step-by-step carcino
genic process. These new populations appear to acquire alterations in
growth control in a seriatim fashion, with retention of some "normar

properties.

superficial level. Are the changes in cell dynamics and kinetics
and in the control of the cell cycle acquired as a single pattern
during malignant transformation or are they acquired seriatim
during the long carcinogenic process? If they are acquired
progressively, is there some sequence of changes that occurs
reproducibly in even a single model of carcinogenesis?

This is the second of a series of studies designed to explore
cell dynamics and the control of the cell cycle in some discrete
steps in hepatocarcinogenesis as a prelude to exploring in
greater depth the possible biochemical and molecular mecha
nisms of any alterations observed. The development of the RH3
model for liver chemical carcinogenesis (28-31) is making
available a system in which a stepwise sequential analysis of
several aspects of preneoplastic and precancerous changes dur
ing cancer development with chemicals is becoming possible.

In the first report (32), some aspects of cell proliferation were
examined during the rapid expansion of the initiated hepato
cytes to form the earliest population of hepatocyte nodules.
Prolongation of the S phase of the cell cycle but no other
obvious changes were found.

In this study, several aspects of cell kinetics and of the control
of the cell cycle were examined in a small subset of nodules,
the persistent hepatocyte nodules. These few nodules show
persistent cell proliferation and growth with a labeling index
well above that of the surrounding liver (26, 27) and are one
precursor population for hepatocellular carcinoma (29, 33).
Duration of phases of the cell cycle, growth fraction, doubling
time, cell death, and cell loss and the responses and subsequent
recovery after the application of a strong mitogenic stimulus,
PH, at three time points, in populations of precancerous hep
atocyte nodules are the subjects of this paper.

INTRODUCTION

Cell proliferation appears to play a crucial and critical role
in several steps in cancer development with chemicals in the
liver and in other organs and tissues (1-12). In addition to its
obvious importance as a major phenotypic expression of cancer,
cell proliferation determines, in part, a cell's susceptibility to

an initiating carcinogen (13, 14) and is required for the estab
lishment of an initiated hepatocyte population (15-19). Cell
proliferation is essential for the amplification of the initiated
cell populations during promotion (20-25). Also, during pro
gression from hepatocyte nodules to cancer, cell proliferation
is characteristic of the persistent nodule population (26, 27).

Although altered control of cell proliferation is a common
hallmark of malignant neoplasia in general, the nature of the
many changes often seen is poorly documented, even at a
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MATERIALS AND METHODS

Animals. Male Fischer 344 rats (Charles River Breeding Laborato
ries, Kingston, NY) initially weighing 160 to 180 g were used. The rats
were maintained on a chow diet (Purina laboratory chow diet No. 5001)
and a daily cycle of alternating 12-h periods of light and dark. Food
and water were available ad libitum.

Experimental Designs. The experiments were performed using the
RH model for the sequential study of hepatocarcinogenesis designed
by Solt and Farber (28). In this model, a necrogenic dose of DENA,
200 mg/kg (Eastman-Kodak Co., Rochester, NY), was injected i.p. into
each animal. Two wk later, the rats were fed a semisynthetic diet
containing 0.02% 2-AAF (diet No. 121; Dyets, Inc., Bethlehem, PA)
for 2 wk. After the first week of feeding this diet, the animals were
subjected to PH or given CCIÂ»in corn oil (1:1, v/v), 2 ml/kg body
weight i.g., in order to generate hepatocyte nodules rapidly and syn
chronously. The animals were returned to the chow diet after the 2 wk
and remained on it for the duration of each experiment. Groups of rats
were used at 2, 4, and 6 mo after the time of injection of the DENA,
i.e., postinitiation.

Determination of Cell Cycle Length and Duration of Cell Cycle Phases.
These parameters were determined by using a modified RFLM method

3The abbreviations used are: RH, resistant hepatocyte; PH, partial hepatec
tomy; DENA, diethylnitrosamine; 2-AAF, 2-acetylaminofluorene; RFLM, re
verse fraction labeled mitoses; -,-(. 1, -y-glutamyltransferase; i.g., intragastric(ally);
dThd, thymidine; Tâ€ž,doubling time; '/"â€ž,,â€žtheoretical population doubling time.
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ALTERED GROWTH CONTROL IN EARLY PRECANCEROUS LIVER

(32, 34, 35). The protocol is outlined in Fig. 1. Sixty rats were used.
Two mo after treatment with DENA, one animal was given an injection
of [mefA>>/-3H]thymidine(1 ftCi/g body weight; specific activity, 78 Ci/

mmol, i.p.; New England Nuclear, Lachine, Quebec, Canada). One h
later, a second animal was given an injection in the same manner. This
sequence of giving injections to one animal every hour continued until
all 60 rats had received injections. One h after the last animal was given
the injection, all rats were killed by cervical dislocation. By this method,
each rat represented a single hourly time point between 1 and 60 h.
Animals were killed between 11 and 12 a.m. The livers were removed,
and multiple 1- to 2-mm-thick sections were taken from each lobe of
the liver so as to include grossly visible nodules and surrounding liver
and were fixed in formalin. Tissue samples were prepared for routine
histology and for autoradiography. Autoradiography was performed by
the dipping method, using Kodak NTB2 emulsion (Kodak, Rochester,
NY). Dipped slides were exposed for 1 wk at 4'C. Slides were developed

and stained with hematoxylin and eosin. The fraction of labeled mitoses
was determined in each animal's hepatocyte nodule population by

microscopic examination, using a x40 objective, and by scoring about
100 mitotic figures, as labeled or unlabeled. The mitotic figure was
considered labeled when the number of silver grains was more than 3-
fold higher than that of the equivalent background without tissue. The
results were charted and analyzed by the computer program of Mac-
donald (36, 37) and by the method of Quastler and Sherman (38).

The labeling index was also determined in the nodule population and
in the nonnodular surrounding liver hepatocytes of each animal. At
least 2000 hepatocytes were scored as labeled or unlabeled. These data
for the nodules were plotted as a function of the time of day that | '11j-

(11lui was injected, in order to evaluate the possibility that the nodule
population has a diurnal rhythm with respect to the incorporation of
pHJdThd.

Growth Fraction. The fraction of proliferating cells in a population
is called the growth fraction. This is defined as the labeling index after
a duration of continuous administration of [3H]dThd equal to the

cumulative length of phases G, + Gi + M (39). By this procedure most
of the cycling proliferating cells would be labeled, but any cells that are
cycling in a more random fashion would be missed. As defined, the
growth fraction represents the minimum number of cycling cells. The
growth fraction was determined in the nodules by a continuous labeling
method (39). At 2, 4, or 6 mo after DENA treatment, all rats received
an i.p. implant of two osmotic minipumps (Model 2001 Alzet; Alza,
Palo Alto, CA). Each pump contained 600 Ã-(i in 200 *d of | 'I I |d I lui

(specific activity, 78 Ci/mmol) and was capable of releasing 3 nC\/n\/
h for a period of 1 wk. Animals were given the implants between 8 and
11 a.m. They were killed at 4, 8, 12, 24, 48, 96, and 168 h after
implantation of the minipumps. Liver sections from each rat were
processed for autoradiography, and the labeling index and fraction of
labeled mitoses were determined. The percentages of mitotic and ne-
crotic figures were assessed in these tissues by counting the number of
mitotic or necrotic cells per 10,000 hepatocytes. A necrotic figure was
defined as a heptocyte with a pyknotic nucleus and an eosinophilic

DENA (200 mg/kg)

[>H)dThd

Fig. I. Outline of the RFLM experiment. Sixty animals were placed on the
experimental regimen. Two mo after DENA administration, one rat was given
an injection of [meiA.y/-3H]thymidine(1 Â«tO/gbody weight). One h later, a second
animal was given an injection in the same manner. The staggered sequence of
injections continued for 59 h. One h after the last rat was given an injection, all
the rats were killed. In this way each animal represented a time point between 1
and 60 h. See text for further details. Each bar is 1 wk; D, chow diet; u. 0.02%
2-AAF diet; ÃŽ.injection of [5H]thymidine; t animals killed.

cytoplasm. Mitotic figures were either in metaphase or anaphase. In
order to extend the study beyond 7 days, some animals received addi
tional pumps at the end of the first week, and these rats were either
killed at the end of the second week or received a third set of pumps
and were killed at the end of the third week. Liver sections were
processed for autoradiography and evaluated accordingly.

Doubling Time and Cell Loss. Animals on the experimental regimen
were killed at 1, 2, 4, 6, or 8 mo after initiation with DENA. Liver
sections were fixed in ice-cold acetone and stained for -y-GT (40). An
image analyzer (Hewlett-Packard Digitizer 9874A) was used to deter
mine the average area of the three largest â€¢y-GT-positivepersistent
nodules per animal. An average size was determined at each time point.
Since the lesions were roughly circular, their areas were assessed to be
that of a circle and their volume that of a sphere. Given a volume of a
single hepatocyte under these conditions as approximately 1.1 x 10 '
mm3 (32), the number of cells per nodule could be calculated. These

data were graphed and a curve constructed. The actual 70S were
determined from the curve. The '/',,,,rswere calculated using the experi
mental values for cell cycle time and growth fraction. By comparing '/"/,

with TPÂ«,the extent of cell loss was assessed. Cell loss was expressed
as the fraction of cells lost during one cell cycle.

Presence of a Proliferating Subpopulation in Hepatocyte Nodule. At
2,4, or 6 mo after treatment with DENA, a double labeling experiment
was performed using initially [3H]dThd and 3 days later [14C]dThd. The

protocol is outlined in Fig. 2. Each animal used at the three different
time periods received an i.p. injection of [3H]dThd (0.5 nCi/g body
weight) (specific activity, from 50 to 80 Ci/mmol) 4 times at 8-h
intervals. On the third day after the first set of injections, all rats
received an i.p. injection of [MC]dThd (0.03 nCi/% body weight) (specific

activity, 60 Ci/mmol) 4 times at 8-h intervals. The rats were killed 1 h
after the last injection.

Liver samples were fixed in either formalin for routine histolÃ³gica)
and autoradiographic evaluation or in acetone for staining for -y-GT
(40). Unstained formalin-fixed slides, without coverslips, were proc
essed for double layer autoradiography, as described by Schultze et al.
(41) using Kodak NTB2 emulsion. The first layer of photographic
emulsion was developed for 2 wk at 4'C. After this procedure, a layer

of gelatin was applied to prevent possible radiation from tritium decay
to affect the second layer of emulsion. The second layer of emulsion
was also developed for 2 wk at 4'C. When completed, the slides were

counterstained with hematoxylin and eosin.
The slides were microscopically examined with at least 2000 hepa

tocytes being counted with the use of a leni" grid at x400 magnification

from both randomly selected nodules and surrounding nonnodular liver.
A hepatocyte was scored as labeled when the number of silver grains
above its nucleus was more than 3-fold higher than the equivalent area
on part of a slide without tissue. The labeling index was determined as
follows.

no. of labeled hepatocytesLabeling index = ...... * x 100
no. of labeled hepatocytes

+ unlabeled hepatocytes

The double labeling index was defined as the number of hepatocytes

DENA ecu
2. 4 or 6
months [3H]dThd ["CJdThd

after DENA 1

days after
pHjdThd administration

Fig. 2. Outline of the protocol of double labeling experiment. Animals were
placed on the experimental regimen, using carbon tetrachloride, CCU, (1:1, v/v,
2 ml/kg body weight, i.g.), as the proliferative stimulus during promotion. At 2,
4, or 6 mo after the administration of DENA (200 mg/kg, i.p.), groups of animals
received repeated injections of | 'I IÂ¡dllul at a dose of 0.5 pCi/g body weight, 4
times at 8-h intervals. Three days later, the same animals received repeated
injections of ("CjdThd at a dose of 0.03 nCi/g body weight, 4 times at 8-h

intervals and were killed 1 h after the last injection. The livers were removed and
processed for autoradiographic analysis. D, 1-wk chow diet; B, l wk of a diet
containing 0.02% 2-AAF.
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ALTERED GROWTH CONTROL IN EARLY PRECANCEROUS LIVER

with silver grains over their nuclei in both layers of emulsion divided
by the number of hepatocytes with grains in both layers plus number
of hepatocytes with grains only in the lower layer. Heavily labeled cells
in the lower layer were predominantly due to 'H labeled 0-particles and
labeled cells in the upper layer due to [4('-labeled 0-particles. The

double labeling index was determined by examination of at least 200
hepatocytes in both the nodule and surrounding hepatocytes.

Responses to Partial Hepatectomy. Groups of animals were partially
hepatectomized (42) at 2, 4, or 6 mo after DENA treatment. The
protocol is outlined in Fig. 3. On Days 1, 2, 4, 7, 14, and 21 after PH,
groups of animals were given injections i.p. of [3H]dThd (0.5 /tCi/g
body weight) (specific activity, 78 Ci/mmol) 4 times at 8-h intervals
and were killed l h after the last injection. All animals were killed
between 8 a.m. and 10 a.m. On Day O, a group of sham-operated rats
received the same thymidine treatment as the operated animals. Body
weights were recorded at the time of killing. The livers were removed,
rinsed in saline, blotted dry, and weighed. Multiple 1- to 2-mm-thick
sections were taken from each lobe of the liver such that at least one
sample of each lobe was fixed in formalin and one in cold acetone. The
formalin-fixed sections were processed for routine microscopic exami
nation. The acetone-fixed sections were cut from low-melting paraffin
blocks (43, 44) and were processed for -,-( Â¡Tand for autoradiographic

examination. This enabled a ready identification of persistent nodules
(26, 27, 43). After a 3-wk exposure at 4*C, the slides were developed

and then counterstained with hematoxylin. This counterstain enabled
the counting of labeled hepatocytes and their ready differentiation from
bile duct epithelial cells, endothelial cells, and other nonhepatocyte
cells. The areas of the section of each liver lobe and of -y-GT-positive

persistent nodules were measured using the image analyzer.

RESULTS

Nodule Pattern. The appearance and biological behavior of
the hepatocyte nodules were as reported previously (26,27,29).
The majority (90% or more) of the first nodule population
associated with the selection procedure (dietary 2 AM plus
PH or CCLÂ»)showed evidence of significant remodeling by
differentiation (27) by 2 mo with only a few (5 to 15 per liver)
remaining as distinct grayish-white persistent nodules, sharply
delineated from the surrounding brownish-red liver. These per
sistent nodules were generally easy to identify and to distinguish
from the surrounding liver.

Cell Cycle of Nodule Hepatocytes and Its Phases. The RFLM
curves are plotted in Fig. 4. From these curves, the values for
the various cell cycle parameters for hepatocyte nodules at 2
mo were calculated by two methods, that of Macdonald et al.
(36, 37) with a computer program and that of Quastler and
Sherman (38). The values, recorded in Table 1, are comparable
with both methods. The total cell cycle length derived from the

PH

DENA CCI4

tut
01 2 4

t t
21

days after PH

Fig. 3. Outline of the protocol to determine the response of nodular liver to
PH. Animals were placed on the experimental regimen, using CCU carbon
tetrachloride (1:1, v/v, 2 ml/kg body weight, i.g.) as the proliferative stimulus
during promotion. At 2, 4, or 6 mo after the administration of DENA (200 mg/
kg, i.p.), groups of animals were partially hepatectomized (l'Ili The response to

PH was monitored at 1,2,4,7, 14, ami 21 days after surgery, by the administration
o! | 'l(|d Mul at a dose of 0.5 /iCi/g body weight, 4 times at 8-h intervals. One h

after the last injection, animals were killed, and liver sections were processed for
autoradiography. One group of rats was not partially hepatectomized, but it did
receive the same | 'I I|dTini injection schedule as did the other groups. This group
served as Day 0 control. O, 1-wk chow diet; H, 1 wk of a diet containing 0.02%
2-AAF; T. | '11|dThd administration and subsequent sacrifice.

Fraction
of

Labeled
Mitoses 60

40

100 r â€¢â€¢â€¢

80

20 30 40

Time (hours)

50 60

Fig. 4. RFLM curve of 2-mo-old persistent nodule population. Curve con
structed and analyzed by the computer program of Macdonald <â€¢/al. (36, 37).
Each point is a value determined from the persistent nodule population of one
animal from the experiment outlined in Fig. 1. Autoradiographs (see text for
details) were microscopically examined, such that about 100 mitotic figures were
evaluated as labeled or unlabeled. The fraction of labeled mitoses, expressed as a
percentage, is plotted against the length of time between the administration of
| 'I IÂ¡dI lui and sacrifice.

Table 1 Cell cycle lime and duration of the phases of the cell cycle in hepatocyte
nodules 2 mo after DENA administration and in regenerating liver cells

Duration of phase

PopulationHepatocyte

nodule
(2 mo after
DENA)Phase

of cell
cycleG,SMMacdonald

method
(36, 37)

(h)22.2
Â±12.0*

5.9 Â±2.0
4.3 Â±2.1
1.5Â»Quastler

and
Sherman

method (38)
(n)23

632

Cell cycle time 33.9 Â±12.1

Regenerating
liver''(32)

G,
S
Gj
M

21.6 Â±20.0
7.0 Â±2.6
3.4 Â±0.9
1.6Â»

Cell cycle time 33.6 Â±20.2

34

NA'

7.3
2.7
3.1

NA
' Mean Â±SD derived from measurements of 10 to 30 nodules at each time

point.
* Fixed value.
' NA, not available. This was used when phase duration or cell cycle time could

not be derived.
'These values were determined previously (32).

computer program was 33.9 h as compared with 34 h from the
Quastler-Sherman method. The durations of the phases GI, S,
G2, and M were 22.2, 5.9, 4.3, and 1.6h, respectively. The
durations of the total cell cycle and of the different phases for
the nodule hepatocytes at 2 mo were similar to those obtained
previously for hepatocytes during liver regeneration (Table 1)
(32).

Diurnal Rhythm of Thymidine Incorporation. As part of the
analysis of the data from the experiments on the preparation
of the RFLM curves, the labeling index of the nodule hepatocyte
population of each liver was plotted as a function of the time
of day that the animal was given injection (Fig. 5). The curve
clearly illustrates the fluctuations of the labeling index with
time in a 24 h period. The peak time for the greatest proportion
of hepatocytes to be in the S phase was about 4 a.m.. and the
nadir appeared at 4 p.m.

Growth Fraction and Population Turnover Time. Two mo after
the DENA treatment, the growth fraction was determined from
the cumulative labeling curve after a duration of time equal to
the sum of the lengths of the G2, M, and d phases (39). This
total was 28.1 h. Using this method, a growth fraction of 4%
was obtained (Fig. 6). The same cell cycle phase lengths were
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ALTERED GROWTH CONTROL IN EARLY PRECANCEROUS LIVER

used to determine the growth fraction of the hepatocyte nodules
present at 4 mo after DENA administration. This assumption
seemed reasonable because the length of G2 + '/: M was similar
in the 2- and 4-mo nodule populations. This was illustrated in
the percentage of labeled mitoses curve (Fig. 6A). The time
required for 50% of the mitotic figures to become labeled was
the same length (about 5 h) in both the 2- and 4-mo nodule

20

Labelling 1S
Index

Hk\ 10

60 54 48 42 36 30 24 18 12 6 0

0 6 12 18 0 6 12 18 0 6 12

Time after [3H]-TdR
-Injection (Hours)

â€¢Timeof Day (Hours)

Fig. 5. Diurnal pattern in 2-mo stage persistent hepatocyte nodule population.
Labeling index of persistent nodule population of each animal from the experi
ment outlined in Fig. 1. The labeling indices, expressed as percentages, were
plotted as function of the time of dey of | 'I l|d llul administration, and of the
length of time between administration of ['I I|d I lui and sacrifice. The curve was

drawn free hand. Each point represents values determined from autoradiographs
(see text for details), such that at least 2000 hepatocytes from persistent nodule
populations were evaluated as labeled or unlabeled. lilK. thymidine.

populations. Thus, using the value of 28.1 h as the summation
of the durations of d, G2, and M phases at the 4-mo stage, the
growth fraction was estimated as about 4% (Fig. 6B). At 6 mo,
the growth fraction was determined by the same method. How
ever, since the percentage of labeled mitoses curve in Fig. 6/4
indicated the likelihood of a slightly longer G2 + '/i M period

at 6 mo (7 versus 5 h), the value of 30 h was used to obtain
from Fig. 6B a growth fraction of approximately 8%. The use
of 28.1 h for the summation of d, G2, and M phases would
not decrease this value below 7.5%.

The labeling index of hepatocyte nodule populations, present
at 2, 4, and 6 mo post-DENA injection, was plotted as a
function of the duration of exposure to [3H]dThd. The length
of [3H]dThd exposure and the subsequent labeling of prolifer

ating cells lasted from 4 h up to 3 wk. The curves constructed
from these data (Fig. 6C")were used to determine the population

turnover time. This parameter was defined as the time required
for the labeling index to reach 100%, which would indicate that
the entire cell population had been renewed. However, after 3
wk of continuous [3H]dThd exposure, not all the hepatocytes

in the nodule were labeled; therefore, the time required for 50%
of the cells to become labeled was used as a basis for comparing

Percentage
of

Labelled
Mitoses

20

Labelling
Index

O 4| 8 12

20

24

20

24

u 100

80

Labelling eo
Index so
(%) 40

'O 1| 2 4

28 hr = G. + (x + M

30

20

7 J14 21
12days

"0 1| 2 4

30 hr Days

Duration of exposure to |3H] dThd

Fig. 6. Growth fraction and continuous labeling curves. At 2 (Kim' 7), 4 (Row 2), and 6 (Kim 3) mo after DENA treatment, rats received i.p. implants of osmotic
minipumps. The pumps were filled with ImcrA.rA'H]th\ midim- and released 3 pCi/Vl/h for up to I wk. Animals were killed at 4, 8, and 12 h and at 1, 2,4, and 7 days

after implantation. Additional animals received second and in some cases a third set of minipumps, and these animals were killed at the end of the second and third
weeks, respectively. Autoradiographic data of the hepatocyte nodule population (see text for details) were used to generate 3 curves. I. the percentage of labeledmitoses plotted as a function of the duration of exposure to I'lljil'l lui. Each point represents the fraction of labeled mitoses out of approximately 100 mitotic figures

from the hepatocyte nodule population of one animal on the experimental regimen. The curve generated was used to compare the cell cycle length of the nodule
populations present at 2, 4, or 6 mo after DENA administration. The length of time required to label 50% of the mitotic figures is equal to the duration of G: plus Vi
M. â€¢.the 50% level of labeled mitotic figures; |, the time at which 50% labeling occurs. B, the labeling index of hepatocyte nodules during 7 days of exposure to
| ' 11|d I lui. Each point represents the percentage of labeled hepatocytes out of at least 2000 hepatocytes in persistent nodules of each animal examined. At each point,

2 to 4 animals were examined. The values are mean Â±SD. The growth fraction was calculated as the labeling index, after a duration of time equal to the sum of the
lengths of the phases G,, G2, and M. ". the duration of the sum of GI plus C;.. plus M; â€”Â»,growth fraction. C, the labeling index of hepatocyte nodules during 3 wk of
exposure to | '11|ill lui. The experimental details are identical to those described in Fig. 4. The cell population turnover time was assessed as the time required for 50%
of the nodule cell population to become labeled with [3H]dThd. â€”Â»,50% labeling level; |. the time for the nodule population to reach for 50% labeling level.

2380

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2427344/cr0460052377.pdf by guest on 19 M

ay 2023



ALTERED GROWTH CONTROL IN EARLY PRECANCEROUS LIVER

different nodule populations. At 2 and 4 mo, 50% of the
hepatocyte nodule cell population was labeled in 12 days. In
contrast, at 6 mo, half the nodule cell population was labeled
in 6 days. The exposure to [3H]dThd did not apparently have a

deleterious effect on the nodule populations, as judged by the
mitotic and necrotic indices (Table 2). In nodule populations
not exposed to thymidine, the mitotic and necrotic indices at 2
mo were 0.30% and 0.17%, respectively; at 4 mo the values
were 0.37% and 0.28%, and at 6 mo, the values were 0.41%
and 0.62%. Only the necrotic index at 6 mo was significantly
different from that at earlier corresponding time points (P <
0.05).

Growth of Persistent Nodules. Measurements of the area of
7-GT-positive hepatocyte nodules at several time points after
DENA administration demonstrated that the persistent hepa
tocyte nodules were growing in size during the progression
period (Table 3). These data were used to calculate nodule
volumes and the number of cells per nodule. These calculations
are based on the assumptions that the hepatocyte nodules are
nearly spherical, and that the average space occupied by a
hepatocyte is 1 x IO"5 mm3 (32). These derived data permitted

the calculation of the observed 7/> of the hepatocyte nodule
from 1 to 2 mo, 2 to 6 mo, and 6 to 8 mo after DENA
administration. These times were chosen because they roughly
corresponded to different phases of growth rate in the hepato
cyte nodule. The growth curve for persistent hepatocyte nodules
suggested that the nodule goes through a fast growth phase,
between 1 and 2 mo, a slow growth phase, from 2 to 6 mo, and
then a second faster growth phase, between 6 and 8 mo. The
observed population doubling time between 1 and 2 mo, the
To, was 294 h (12.25 days); between 2 and 6 mo, the TD was
2100 h (87.5 days); and between 6 and 8 mo, the TDwas 966 h
(40.3 days). The T^ was calculated for each growth phase,
using the cell cycle time of 33.9 h and the growth fraction
derived for that particular nodule population, assuming no cell
loss. No value for 7"^, was calculated between 1 and 2 mo,

Table 2 Effect ofÃ¬-wkexposure to fHJdThd on the mitotic and necrotic indices
of hepatocyte nodules

Time
after

DENA
(mo)246Mitotic

index(%)|3H]dThd

absent0.30

(30/10,068)Â°0.37

(37/10,014)0.41

(41/10,071)['HJdThd

present0.30

(31/10,412)0.40

(45/11,283)0.42

(43/10,188)Necrotic

index(%)[3H]dThd

absent0.17

(17/10,076)0.28

(29/10,290)0.62

(63/10,122)*[3H]dThd

present0.21

(23/10,982)0.28

(29/10,236)0.57

(57/10,088)*

Â°Numbers in parentheses, raw data.
* The 6-mo value is significantly different from the necrotic index at 2 or 4 mo

Table 3 Increase in persistent nodule size with time

Time after
DENA
(mo)12

4
6
8Area

(mm2)0.3

Â±0.00Â°

2.8 Â±0.6
4.2 Â±1.5
5.3 Â±2.4

10.3 Â±3.7Volume

(mm3)0.13

Â±0.00*

3.6 Â±0.38
6.4 Â±1.32
9.2 Â±2.66

24.8 Â±5.28Cell

no. x10*0.1

2C

3.265.79

8.36
22.58

" Mean Â±SD. Values were based on the mean of the 3 largest nodules in each

section from at least 5 animals per time point.
* Volumes were determined on the assumption that the areas were circles and

the volumes were spheres.
' Values were derived from mean volume of nodule/volume of a single cell (1.1

x IO"5 mm3).

because the growth fraction change was so drastic, from 83%
(32) at the time of termination of the 2-AAF diet to about 4%
1 mo after the 2-AAF release. The 7"po,for nodules between 2

and 6 mo after DENA was about 610 h (25.4 days), and between
6 and 8 mo, the 7^, was about 305 h (12.7 days). The cell loss
fraction was calculated, as the difference between the growth
fraction used to determine 7"pot,and the effective growth fraction

demonstrated by TD.The effective growth fraction in the 2- to
6-mo-old nodule population was 1.01%, and in the 6- to 8-mo-

old population, it was 1.03%. The calculated cell loss fraction
for these nodules was about 3.0% and 7.0%, respectively. These
data are summarized in Table 4.

A Proliferating Subpopulation in Persistent Nodules. As
shown in Table 5, the nodule hepatocyte population, at all
stages of development, had a higher labeling index (8.9 to
13.1%) than the surrounding hepatocyte population (0.5 to
0.8%). In addition more 3H-labeled hepatocytes in nodules
incorporated [14C]dThd than in the surrounding hepatocytes.

The double labeling index of the hepatocyte nodule was at least
20% compared to the value of about 10% in the surrounding
liver. The double-labeled cells in both cell populations were
generally randomly distributed but occasionally were found in
small clusters of four or six cells; no large accumulations
(greater than six cells) of double-labeled cells were seen in any
slide. However, when the nodule abutted against a large blood
vessel, the labeling appeared in many hepatocytes near the
vessel. Labeled cells in the nonnodular surrounding tissue
tended to be in Zone 1 or close to a hepatocyte nodule.

Response to Partial Hepatectomy. The nodular livers re
sponded well to PH. The liver weight was about 3.4% of the
body weight prior to a % partial hepatectomy at all the ages
examined. One day after the operation, the percentages were

Table 4 Observed (TD)and theoretical (T^ population doubling times of
hepatocyte nodules

Time after
DENA

(mo)1-2

2-6
6-8TD(Vf294

2100
966râ€ž<h)*ND*610305Cell

lossND3.07.0

Â°The value was determined from the curve in Fig. 7. The observed population

doubling time was the time required for the cell number in the hepatocyte nodule
to increase by 2.

* The value was calculated from a cell cycle length (33.9 h) and the growth
fraction for that hepatocyte nodule (2-6 mo, the growth fraction was 4%; 6-8
mo, the growth fraction was 8%). The theoretical population doubling time was
the time estimated during which the hepatocyte nodule should have doubled in
size.

c This value was the difference between the growth fraction of T^ and the

growth fraction of TD-See text for details.
d ND, not determined.

Table 5 Comparison of labeling indices between nodular and surrounding
hepatocytes

Time
after

DENA(mo)2(3)"

4(2)

6(4)Labeling

index(%)Nodule

hepatocytes13.1
Â±0.3*

[786/6000F
8.9 Â±6.2

[354/4000)
11.1 Â±1.5
[886/8000]Surrounding

hepatocytes0.8

Â±0.4
[47/6000]"

0.6 Â±0.0
[24/4000]"

0.5 Â±0.4
[36/8000]''Double

labeling index(%)Nodule

hepatocytes21.1

Â±4.0
[127/600]
21.5 Â±3.0
[86/400]

22.5 Â±4.4
[180/800]Surrounding

hepatocytes6.7

Â±2.9
[40/600]''

11.5 Â±6.2
[46/400]''

9.8 Â±3.0
[78/800]"

Â°Labeling indices were determined in both nodular and surrounding hepatocyte

populations from every animal shown in parentheses. Each animal had between
2 and 7 persistent nodules.

* Mean Â±S.D.
' Numbers in brackets, actual data.
'' Nodular hepatocyte labeling index was significantly different from the value

of the surrounding population, P < 0.005.
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about half their presurgical values. The normal liver
weight:body weight ratio was reached by about 14 days post-
operatively at 2 and 4 mo after initiation. However, in the
animals that received surgery 6 mo after initiation, the animals
had obtained about 80% of the normal liver weight:body weight
ratio by 14 days, and the normal value was not reached even at
21 days.

The persistent nodules decreased slightly in number and
increased in volume with time after initiation, as seen in Table
6. Partial hepatectomy did not increase the number of persistent
nodules at 21 days after the operation in any of the groups.
Even though the volume of the average persistent nodule was
different at different stages before PH, it was essentially the
same in all groups, 2.2 to 2.9 mm3, at 21 days after PH. The
average nodule volume increased about 25-fold in the 2-mo
group, from its pre-PH volume. An increase in nodule volume
was also observed in the 4-mo group, of about 4-fold. The
nodules of animals operated on 6 mo after initiation, however,
did not increase in volume after the surgery.

Beginning with an elevated labeling index in the nodules (3.7
to 5.7%) as compared to the surrounding hepatocyte population

Table 6 Response of persistent nodule populations to PH during
hepatocarcinogenesis

Time
after

DENA
(mo)246Time

after
PH

(days)0

210

210

21No.

of persist
ent nodules/

cm22.8

Â±0.2*(3)'

2.4 Â±1.3(4)2.2

Â±0.5 (3)
1.1 Â±0.5(3)'1.8

Â±0.6 (4/
1.6 Â±0.7 (4)'Av.

area of 7-
GT-positive nod

ule(mm2)0.22

Â±0.10(24)'

2.05 Â±0.89(20)1.03

Â±0.28 (15)
2.45 Â±0.31(17)2.08

Â±1.23(20/
2.30 Â±0.90(19)'*

Derived directly from average area values, where area =Av.

volume of
7-GT-positive

nodule
(mm3)"0.08

Â±0.03
2.21Â±0.630.79

Â±0.11
2.88 Â±0.132.26

Â±1.03
2.60 Â±0.64Â»â€¢r2,

and volume =

.
* Mean Â±SD.
' Numbers in parentheses, number of animals from which mean derived.
"'Numbers in parentheses, number of persistent nodules from which mean

derived.
' Day 0 and Day 21 values were not significantly different.
' Value was significantly different (P < 0.05) from the mean at 2 mo on Day

0, according to Duncan's multiple range test.

024 7 14 21 124 7 14 21

Time after PH (Days)

Fig. 7. The response of nodule cell populations and surrounding liver to PH.
The response of hepatocytes in hepatocyte nodules and in the surrounding liver
to partial hepatectomy, at 2 (A), 4 I/O. and 6 iO mo after the administration of
DENA (200 mg/kg, i.p.). The values for labeling index, mean Â±SD, were derived
from 3 to 5 animals, counting at least 2000 hepatocytes in the 5 to 10 nodules
per liver and in surrounding liver cell populations. â€¢,hepatocyte nodule popula
tion; O, surrounding hepatocyte population. At all times examined, the hepatocyte
nodule population had elevated labeling indices compared to the surrounding cell
population prior to PH (P < 0.003). Significantly elevated labeling index of the
nodule population at 21 days compared to its presurgical value (< >) is
indicated !.>*/'â€¢ 0.04 and * * /' â€¢0.005 (Student's t test).

(0.3 to 0.9%) (Fig. 7), the nodules responded as well as the
surrounding liver to PH, both types of populations reaching a
labeling index peak of between 58 and 79%. The labeling indices
of the hepatocytes in the surrounding liver at 2, 4, and 6 mo
returned to their base-line levels by Day 7, and the same was
found in the nodule hepatocytes at 2 mo. However, the nodule
population at 6 mo showed a failure to return to the base-line
levels even at Day 21 after PH. The nodules at 4 mo were less
distinctive but responded more like the 6-mo than the 2-mo
nodules (Fig. 7). It should be pointed out that the "absolute"

values for the labeling index are very dependent upon the
experimental conditions and that the values in any experiment
are only comparable within those experimental variables.

DISCUSSION

The results of this study have shown clearly that the hepato
cytes in the persistent nodules show an ambivalence in their
behavior pattern. In some respects, they resemble closely nor
mal hepatocytes, but in others, they begin to demonstrate some
deviation. The resemblances to normal hepatocytes relate to:
(a) the duration of the cell cycle and its stages; (b) the diurnal
responses of cell proliferation; and (<â€¢)the kinetics of response

to a strong mitogenic stimulus, such as to partial hepatectomy.
(a) In a previous study (32), it was found that the first phase

of nodule biology, their rapid formation by expansion of scat
tered resistant hepatocytes under the intense selection pressure
in the RH model, was associated with a significant prolongation
of the duration of the cell cycle. This was due primarily to a
considerable lengthening of the S phase to almost double the
control value. This is no longer present in the nodule hepato
cytes at 2 mo after initiation. This difference could reflect the
recovery from a short-term inhibitory effect of exposure to 2-
AAF during selection, since at 2 mo, the animal has not received
any 2-AAF for 4 wk. However, this reversibility is somewhat
conjectural, since the small number of persistent nodules, rela
tive to the total number of early nodules, could be derived from
a minority of earlier nodules that might have escaped the
maximum effects of 2-AAF on the cell cycle of the majority.

(h) The existence of an apparently normal diurnal rhythm in
respect to cell proliferation at 2 mo was very evident. The
diurnal variations in mitosis for normal liver are well docu
mented (45-48). The peak of mitosis in normal liver is about
10 a.m. Since the beginning of the S phase precedes the onset
of mitosis by about 9 to 10 h, it is not unreasonable to find a
peak of thymidine incorporation at 4 a.m. in the present study.
The existence of this rhythm suggests that the persistent nod
ules at 2 mo are still influenced by normal mechanisms con
trolling cell proliferation including the entry into the S phase
on a daily basis. Whether this physiological diurnal control is
also present at 4 and 6 mo is interesting but remains to be
studied.

(c) The third feature of the nodules that indicates an appar
ently normal "receptor" and response pattern is the kinetics of

cell proliferation following partial hepatectomy. At 2, 4, and 6
mo, the nodules respond vigorously and rapidly to such a strong
mitogenic stimulus as does the surrounding nonnodular liver
and normal control livers (Fig. 7). The response patterns and
the proportion of the hepatocytes responding (about 60 to 80%)
were quite comparable in the nodules and the surrounding liver.
These findings indicate that the response of nodules to PH,
first reported by Becker and Klein (49), applies to the fairly
well-synchronized nodules at three different time points in the
RH model as well as to a mixture of nodules at different time
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points in the carcinogenic process. This uniform response of
the nodules to PH seems to be in apparent contrast to frank
hepatocellular carcinomas ("hepatomas") which often do not

respond well or at all to such a mitogen (50).
The deviations from the "normal" or control relate to: (fl)

the elevated levels of the labeling index and growth fraction;
(h) the presence of a significant level of cell death; and (<â€¢)the

failure of all the nodule hepatocytes at 6 mo to return to their
base-line level of labeling by 21 days after PH. Unlike the
observations relating to the normal or control behavior, those
relating to some alteration or deviation are in general more
uncertain and less conclusive. Owing mainly to inherent varia
tion in the available methodology in use in studies of the cell
cycle and cell kinetics, results in this important area of cell
biology are more in the nature of "consistent with" rather than
"proof of."

(a) One of the most striking changes observed in cell kinetics
of the nodule hepatocytes was in the growth fraction. At 2, 4,
and 6 mo, the growth fractions were higher than the value of
0.4% observed for the surrounding liver. The values were about
4% at 2 and 4 mo and about 8% at 6 mo.

The basis for the increased growth fraction, first seen in the
earliest persistent nodule at 2 mo after DENA administration,
is not known. The possible activation or amplification of one
or more "oncogenes" (51), especially those relating to growth

factors (72), the possible increase in production of growth
factors by the nodule hepatocytes, the possible acquisition of
an autocrine control at this time (52), and the possible role of
cell death as a stimulus for regenerative cell proliferation are
interesting hypotheses that are currently under study.

(b) The substantial increase in growth fraction, which could
lead to an extremely rapid change in nodule size, was offset by
a relatively high cell loss. These observations were consistent
with the data from the continuous labeling experiment and the
population turnover time data. The time required for 50% of
the hepatocytes to become labeled was about 12 days in the
early and middle stage nodule populations and 6 days in the
later stage population. The cell population kinetic data, as a
whole, were in agreement with nodule growth. This study
demonstrated that precancerous hepatocyte populations have a
well-regulated but nevertheless an altered cell-proliferative bi
ology from that of normal liver.

Although many studies (11, 26, 27, 32, 49, 53, 54) have
demonstrated increased cell proliferation in carcinogen-induced
altered hepatocytes, most of these studies have been limited to
pulse labeling with [3H]dThd and the determination of the

labeling index. An evaluation of growth fraction, per se, appar
ently has not been reported. The determination of this param
eter gives greater insight into the kinetics of the cell population
than does the labeling index. For example, the labeling index
estimated by pulse labeling of an early nodule population, 2 mo
after DENA treatment, compared to that of an older popula
tion, at 6 mo, is about the same (4.0 Â±2.0%) (26,27). However,
as shown in this study, the growth fraction changed from 4%
to at least 8%, over the 4-mo period. The continuous labeling
curves also illustrated the cell population turnover of the nodule
hepatocyte population. The use of the osmotic minipump per
mitted the continuous exposure of the nodule cells to minute
quantities of [3H]dThd such that, even after 3 wk of continuous

labeling, the animals were subjected to a total dose of about 10
Â¿Â«Ci/gbody weight. This amount of radioactivity had no adverse
effect on the cell cycle parameters as evidenced by the similar
mitotic indices in the livers of the control and the [3H]dThd-

administered animals (Table 2). The development of a new

nodule population took less time in the more advanced stage
of nodules, about 12 days, than in the earlier stages, which were
about 24 days. Both of these population turnover times are
remarkable when compared to normal livers, which have a cell
population turnover time of at least 200 days (55).

The difference between the observed and theoretical doubling
times was substantial at both the 2- to 6-mo and 6- to 8-mo
time periods. The observed doubling time in both instances was
greater than 3 times the theoretical doubling time (Table 4).
The amount of cell loss would be a significant factor affecting
this difference. Cell death, as a means of cell loss, seemed to
increase with the progressive development of the nodule popu
lation. The amount of cell death observed in the 6-mo nodules
(0.62%) was more than 3 times that seen in the 2-mo nodules
(0.17%) (Table 2).

The role of cell death in the growth of neoplasms is not well
understood. Cell death has recently received some attention
again as a phenomenon during cancer development (32, 56-
60). Schuhe-Hermann et al. (61), in their examination of foci
of altered hepatocytes in a phenobarbital-promoted model,
found that although the cumulative labeling indices with [3H]-

dThd reached 30%, no increase in focus size was observed.
These results were interpreted as an indication of increased cell
death in these populations. Consistent with this hypothesis was
the increase in single cell death (so-called "apoptosis") present

in the altered hepatocyte population (59). One possible mech
anism underlying the observed increase in cell death is that,
during carcinogenesis, populations emerge that have difficulty
undergoing cell division (62), and as a result, such cells may die
during the division process. Interestingly, these dead cells may,
in turn, create a local proliferative stimulus generating more
cell division and possibly tumor progression (60). The increased
cell death may be the result of the environment in the hepatocyte
nodule. It is known that nodules have a predominantly arterial
blood supply (63-65, 73). It is possible that the life cycle of the
hepatocyte in the nodule may be shortened by a decrease in
nutrients or trophic factors coming into the liver via the portal
vein. In addition, products made by hepatocytes in nodules may
lack the normal conduits to remove them from the nodules. As
a result of inefficient removal of these products, a selective
milieu may evolve, such that only some hepatocytes in the
nodule can successfully proliferate. This may result in the
generation of subpopulations of cells.

(c) The present study demonstrates the existence of a new
property of nodule hepatocytes at 6 mo. Unlike the normal
liver, surrounding liver, and the nodule hepatocytes at 2 mo,
those at 6 mo do not show the same return of the labeling index
to the pre-PH "resting" base-line level. Some hepatocytes are

still proliferating at 14 and 21 days post-PH. At least two
hypotheses must be entertained to explain this phenomenon.
The first would suggest that a fraction of hepatocytes in nodules
at 6 mo is now behaving differently by delaying their prolifer
ative response to PH for 2 to 3 wk. The second hypothesis
would suggest that a fraction of the nodule hepatocytes at 6 mo
keeps proliferating several times in response to PH. Such a
phenomenon might suggest the acquisition of some disturbance
in the "shut-off" mechanism for cell proliferation.

The demonstration of a subpopulation of hepatocytes in
persistent hepatic nodules that undergo repeated cell division
is of interest and is consistent with the hypothesis that cancer
develops as a result of a continuous evolution of new cell
populations (24, 66-68). In addition, a biochemical and a
karyotypic analysis of these subpopulations at various times in
the carcinogenesis sequence would answer some major ques-
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Table 7 Number of hepatocytes per cm2 in hepatic nodules before and after PH

Rats at 2, 4, and 6 mo after initiation were subjected to V) PH. Twenty-one
days after surgery, the rats were killed, and livers were processed for histological
examination. Hepatocytes within the nodules were counted and expressed as
number of hepatocytes/cm2 at x400 magnification.

Time after
initiation

(mo)246Time
after PH

(days)021021021No.

of hepato
cytes/cm2 of

nodule63
Â±23"(36)*45Â±\\

(35)'S5Â±l\

(40)SS
Â±2(4irSS

Â±9(50)
14 Â±9(40)''

" Mean Â±SD.
'Numbers in parentheses, number of randomly selected 1-cm2 grid areas

viewed from 5 to 17 persistent nodules of 4 or 5 animals.
' Value was significantly different (P < 0.05) from Footnote d.
a Values at 4 and 6 mo.

lions on the genetic stability of these cells, the role of oncogenes,
and the presence or absence of amplified gene sequences. This
developing liver model offers one of the few systems in which
genetic, molecular, and biochemical modulations can be closely
correlated with the biology during the stepwise development of
cancer.

One of the most interesting novel observations in this study
relates to the acquisition by 6 mo of an apparent defect or
alteration in the ability of some nodule hepatocytes to shut-off
cell proliferation. Unlike all the hepatocytes in the nodules at
2 mo, that returned to their presurgical base line by 7 days
post-PH, some hepatocytes in the nodules at 6 mo did not
return to their presurgical base-line level but continued to cycle
for at least 21 days. One hypothesis for this feature is that
precancerous populations more easily transverse the restriction
point in the cell cycle (69). Passage through the restriction point
and entry into the S phase of the cell cycle is possibly dependent
upon protein(s) required for the induction of DNA synthesis
(70, 71). These proteins may be made in excess in precancerous
populations when stimulated to divide. As a result, the progeny
would enter DNA synthesis in the absence of an exogenous
stimulus for cell proliferation and would continue to cycle in
the absence of additional mitogenic stimuli.

An unusual finding was that persistent nodule populations at
the three time periods entered DNA synthesis in response to
PH to a similar extent, yet not all nodules grew in size as a
result of the operation (Table 6). The 2-mo nodules enlarged
as expected, while the 6-mo nodules failed to do so. A possible
explanation that was explored was that the hepatocyte cell size
was smaller, after PH, in the more advanced nodule population.
An indication of cell size was determined by calculating the
average number of cells in at least 35 randomly selected, 1-cm2

areas. These were viewed at high-powered magnification (x400)
from persistent nodules at each stage of nodule development,
before and after PH. The results, shown in Table 7, demon
strated that about the same cell number per grid was present
before PH, but 21 days after PH, the older nodule populations
at 6 and 4 mo contained more cells per unit area. This suggested
that after PH the older nodules contained smaller cells, which
may in part explain the finding of less apparent growth in
response to PH. Another reason for this observation may be
that the liver has a physical limit on the size of a nodule it can
accommodate.
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