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Quantitative analysis of tumor initiation in rat liver: role of cell
replication and cell death (apoptosis)
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Initiation is a key event in carcinogenesis. The operationalThomas Waldhör, Suresh Moolgavkar1 and
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investigation is difficult. Therefore, the biological and
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characterization of initiation would be of great value toThe formation and development of initiated cells has been
understand chemical carcinogenesis and to design cancerstudied at the beginning of hepatocarcinogenesis. Rats
prevention strategies.received the genotoxic carcinogen N-nitrosomorpholine

In rat liver the expression of placental glutathione S-(NNM); placental glutathione S-transferase was used as a
transferase (GST-P) is a useful marker for most (pre)neoplasticmarker of initiated cells (G� cells). Single G� cells
lesions (4,5). Studies on the very first stages of hepato-appeared within 24 h after NNM; their frequency
carcinogenesis have become feasible after the discovery ofincreased steeply for ~2 weeks, then decreased and finally
selective staining of single rat hepatocytes for GST-P [placentalremained constant. G� foci consisting of ≥2 G� cells
glutathione S-transferase-positive (G�) and placental gluta-appeared successively after the single cells. Histological
thione S-transferase-negative (G–) cells], which appear afterdetermination of DNA replication and apoptosis revealed
administration of various genotoxic hepatocarcinogens, but notthat: the formation of single G� cells may not depend on
after tumor promoters and other non-genotoxic agents (6).DNA replication of precursor cells; single G� cells showed
Formation of G� single cells increased with the dose of theconsiderably lower DNA replication than G– normal
genotoxic initiator and decreased when metabolic activationhepatocytes; from the 2-cell stage onwards G� foci
of the initiator to the ultimate carcinogen was inhibited (6–8).displayed enhanced DNA replication and apoptosis. Data
Mutated Ha-ras was found in small preneoplasias of mice andfrom histological sections were transformed into the third
rat liver a few weeks after initiation, suggesting that thedimension by a new stereological method which considers
mutation occurred early in the carcinogenic process (9,10).the non-spherical shape of many G� lesions. Rates of
Furthermore, the incidences of single cells with the G�division and death of G� cells and of formation and
phenotype or with a mutation in the albumin locus were nearlygrowth of G� foci were estimated by a stochastic model:
identical, which supports the hypothesis that the formation ofinitially G� clones appeared at a rate of 12 000 per day
G� cells results from a mutational event (11). When initiationand liver until a maximal number of 176 000 (phase I) was
is followed by treatment with a tumor promoter a smallreached; thereafter they declined to 134 000 (phase II);
percentage of G� single cells develop to G� foci, which maythey then remained constant (phase III). Estimated division
give rise to G� tumors (6,12). Based on these findings, mostrates of G� cells decreased from phase I to phase III,
investigators assume that single G� hepatocytes are initiatedwhile the death rate increased in phase II, when every
and capable of evolving into hepatic neoplasia.third G� clone disappeared. As a result, at day 50 after

The number of initiated cells within an organ is a majorNNM only 0.3% of G� single cells had formed a clone
determinant of the risk of cancer formation. In previous studiescontaining ≥5 cells. In conclusion, experimental and
the dose of the initiating carcinogen, extent of genotoxiccomputed parameters provide direct evidence that
damage, size or frequency of putative preneoplastic liver focihepatocarcinogenesis evolves clonally and that initiated
and incidence and multiplicity of tumors have been used ashepatocytes have a selective proliferation advantage,
the main parameters of mathematical models developed forassociated with an enhanced potential to undergo apoptosis.
the description and prediction of carcinogenesis (13–20). InThereby, depending on the conditions, initiated clones
the present work a quantitative analysis has been performedexpand or become extinct. Extinction may lead to reversion
on the formation and further fate of G� single cells usingof the biological effects of initiation.
both experimental and mathematical methods. To compute the
number and the three-dimensional (3D) size distributions of
G� lesions we first applied stereological procedures, used in

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; AB, apoptotic previous studies (21–23). However, these procedures assume
body; AI, apoptotic body index; CI, confidence interval; G�, placental gluta- a spherical shape of preneoplasias, a condition not met bythione S-transferase-positive; G–, placental glutathione S-transferase-negative;

many small G� lesions. Therefore, a novel stereologicalGLDH, glutamate dehydrogenase; GST-P, placental glutathione S-transferase;
LI, labeling index; NNM, N-nitrosomorpholine. approach was developed and used that is based on a discrete
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computer model for the variable 3D aggregation of G� cells Materials and methods
into lesions (24; E.G.Luebeck and M.de Gunst, manuscript in Experimental studies on early hepatocarcinogenesis
preparation). Combined with a temporal stochastic growth Animals and treatment. Male SPF Wistar rats, 3–5 weeks old, were obtained
model for these lesions it allows for the quantitative estimation from the Zentralinstitut für Versuchstierzucht (Hannover, Germany). Animals

were randomly assigned to experimental groups, kept under standardizedof the number and sizes of clones (i.e. the number of G�
conditions (Macrolon cages, 20 � 3°C room temperature, 40–70% relativesingle cells, of G� foci and of G� cells within foci) in the
humidity) and fed Altromin 1321N (Altromin, Lage, Germany). After 3 weeksliver as a function of time (16,25). The parameters of the
adaptation animals were treated with NNM (Serva, Heidelberg, Germany);

growth model are estimated from transectional observations; immediately before application, NNM was dissolved in phosphate-buffered
they provide quantitative information on the rate of initiation saline, pH 7.4, and was given as a single dose of 250 mg NNM/10 ml

solution/kg body wt by gavage between 8 and 9 p.m. when the wave ofas well as of division and death of G� cells, which can be
hepatic DNA synthesis was at its peak (see below). Controls were treateddetermined only partly from experimental observations. Thus,
with pure solvent only. Unless otherwise stated, [3H]thymidine (6.7 Ci/mmol;

model-derived estimates are essential for understanding the NEN, Frankfurt, Germany) was injected into the peritoneal cavity as a single
cell kinetics of initiated cells in the first period after carcino- dose of 0.2 mCi/kg body wt between 8 and 9 p.m. Thirty-six hours later

animals were killed by decapitation under CO2 narcosis. For more detailedgenic insult.
descriptions see Grasl-Kraupp et al. (27). The experiments were performedThe crucial property of initiated cells is considered to be
according to the Austrian guidelines for animal care and protection.

their potential for selective growth under the influence of Four animals each were analyzed at days 0.5, 1.5, 2.5, 17.5, 20.5, 24.5,
growth-promoting stimuli. Whether this property is acquired 27.5 and 31.5 post-NNM treatment; the number of animals analyzed at days

0, 3.5, 4.5, 7.5, 13.5 and 107.5 were 9, 6, 2, 3, 3 and 10, respectively.during initiation and is already expressed by single initiated
The determination of hepatic DNA content was as given elsewhere (38).cells has not been investigated experimentally. Studies on

The extent of cell lysis was estimated by determining serum glutamatemore advanced stages of hepatocarcinogenesis revealed that dehydrogenase (GLDH) activity, applying commercial test kits (Merck,
preneoplasias and neoplasias exhibit higher replicative Darmstadt, Germany).
activities than normal liver, leading to preferential expansion Histology and morphology. Liver weight was recorded and specimens of liver
(26–28). Apoptotic activity also increases from normal liver, tissue were fixed and processed as described (27). Sections 2 µm thick were

stained either with hematoxylin and eosin or by immunohistochemistry, whichto foci, to adenomas and to carcinomas (27,29). As a result, cell
was accomplished by the unlabeled antibody peroxidase–anti-peroxidaseturnover is accelerated in the course of hepatocarcinogenesis.
technique according to previous descriptions (39). The following antiseraHowever, at all stages rates of cell replication were higher were used (dilutions in parentheses): anti-GST-P (1:320) (Biotrin International,

than those of apoptosis, allowing a net gain of (pre)neoplastic Dublin, Eire); anti-rabbit immunoglobulin and horseradish peroxidase–anti-
peroxidase complex (both 1:50) (Dakopatts, Glostrup, Denmark). G� singlecells (27,29). Tumor promoters suppress apoptotic activity and
cells and G� multicellular foci were identified by the anti-GST-P stain.thus further accelerate growth of the lesions. In the case of
Autoradiography for evaluation of labeling indices was performed aswithdrawal of the promoter, the high rate of apoptosis in described (27).

(pre)neoplasias may increase even further, leading to a net For 3D reconstruction of G� single cells 30 serial sections, 4 µm thick,
were stained for GST-P and subjected to autoradiography. Any G� singleloss of cells and to selective regression of tumors and tumor
cells, with or without [3H]thymidine label, were identified in serial sectionprestages while the surrounding unaltered tissue is little affected
no. 15. Individual G� cells were then followed in the consecutive serial(27,29–31). sections (nos 16–30 and 14–1) using two microscopes linked by a bridge for

To study the growth characteristics of the very first stages overprojection (Zeiss, Germany). Whether a G� single cell was actually
single or whether there was immediate contact with one or more G� cells inof hepatocarcinogenesis we applied N-nitrosomorpholine
one of the serial sections was recorded. This allowed 3D reconstruction of(NNM), one of the nitrosamines occurring in tobacco smoke
the actual size of lesions of 1, 2 or �2 G� cells.and in a variety of foods and alcoholic beverages, which Areas of evaluated tissue sections or areas of necrotic liver tissue were

likely contributes to the development of human cancer measured by means of a semi-automatic image analyzer (VIDS IV; Ai-Tektron
GmbH, Meerbusch, Germany).(32,33). NNM causes damage to and death of hepatocytes,

activation of p53, inflammation, regeneration of the liver Experimental determination of DNA synthesis and of apoptosis per day.
Implantation of osmotic minipumps may lead to significant shifts in prolifera-and, finally, the development of numerous preneoplastic
tion kinetics in liver regenerating after toxic injury (W.Bursch, personallesions that evolve into tumors under various promoting
communication). We therefore used the following protocol that allows for thestimuli (34–37). Similar events are associated with human determination of rates of cell replication and apoptosis per day. Animals were

hepatocarcinogenesis. Therefore, NNM-induced changes may adapted to rhythmic feeding (from 9 a.m. to 2 p.m.) from 4 weeks before
NNM treatment until the end of the experiment. This procedure synchronizesprovide a useful model to elucidate the mechanisms of carcino-
DNA synthesis and, presumably, apoptosis in unaltered liver and in preneo-genesis in the mammalian liver.
plastic lesions to single waves per day, which are ~12 h apart (27,40). At theIn the present study application of NNM generated numerous peak of DNA synthesis, replicating cells were labeled by [3H]thymidine

G� single cells in the livers of rats; a subfraction of these application. In order not to disturb their eating behavior, animals were killed
36 h later, allowing determination of apoptosis at its daily maximum.cells developed into larger clones. In single G� cells replication

Determination of cell replication. The labeling index (LI) is defined as thewas low but in G� mini-foci replication and death of cells
number of labeled nuclei/100 nucleated hepatocytes; LIs were determined inwere increased. This indicates that the defects in growth at least 2000 hepatocyte nuclei/liver and in all nucleated cells of individual

control, previously found in more advanced (pre)neoplasias, G� cell clones.
We assumed that all labeled hepatocytes proceeded through mitosis, asare acquired during initiation or soon thereafter and become

shown previously (41). We tested whether or not a fraction of labeledmanifest in the first stages of carcinogenesis. These studies
hepatocytes underwent a second cell division during the 36 h interval betweenprovide direct experimental evidence that initiated cells have [3H]thymidine application and death. [3H]thymidine was injected 24 h post-

a selective growth advantage. In addition, their increased NNM; there was no significant difference between the LIs of animals killed
either 12 [9.43, 95% confidence interval (CI) 8.82–10.1] or 36 h later (10.56,rate of apoptosis suggests the potential to undergo selective
95% CI 9.98–11.2) and hence no evidence for a second replication cycleelimination. By this mechanism clones carrying the irreversible
within 36 h.‘initiation effect’ may become extinct under certain conditions. To study whether rhythmic feeding synchronizes DNA synthesis of G�

This would lead to reversal of the biological effects of single cells, as shown for (pre)neoplastic lesions (27,40), a subgroup of four
animals received three consecutive injections of [3H]thymidine at 1, 6 andinitiation.

1412



Tumor initiation in rat liver

Fig. 1. Different probabilities that an intact hepatocyte and an apoptotic
body are cut in a tissue section.

11 p.m on day 19 post-NNM treatment. The percentage of labeled nuclei of
G� single cells obtained with this protocol was 2.2% (95% CI 0.46–6.38),
as opposed to 1.94% (95% CI 0.5–4.96) after a single injection at 8 p.m. This
result indicates that rhythmic feeding also synchronizes DNA synthesis of
G� single cells.

Determination of cell death by apoptosis. Apoptotic bodies (ABs) were
identified in hematoxylin and eosin stained sections according to previously
established criteria (30). The apoptotic body index (AI) indicates the number
of ABs per 100 intact hepatocytes. AIs were determined in �4000 unaltered
cells/liver, in all cells of individual G� clones and in all unaltered cells
immediately surrounding G� cells.

In untreated livers of full-grown rats with balanced gain and loss of
hepatocytes, LI is on average ~3-fold higher than AI (27,40). In order to
estimate the actual loss of hepatocytes per day we multiplied the AI by a
correction factor of 3. The discrepancy between LI and AI was expected for
the following reasons. ABs and hepatocytes are of approximately spherical
shape with a mean diameter of 4 and 28 µm, respectively, as schematically
depicted in Figure 1 (W.Bursch, personal communication; 42). According to
Fullman’s formula the relative probability of cutting hepatocytes and ABs in
a section 2 µm thick is (4 � 2)/(28 � 2) � 0.2 (21); thus the probability of
detection is 5-fold lower for ABs than for hepatocytes. Furthermore, one
hepatocyte undergoing apoptosis usually breaks into several ABs, which are
supposed to be randomly grouped in three dimensions; in two dimensions
two ABs are seen on average. In summary, the probability of finding at least
one residue of a dying hepatocyte may be lower by a factor of 2–3 than of
seeing an intact hepatocyte.

The detection of GST-P is not reliable in dead cells; false negative and
Fig. 2. G� single cells and multicellular foci in rat liver 7.5 days afterfalse positive ABs can be observed (not shown). Therefore, it is unclear
NNM treatment. (A) Numerous G� single cells randomly distributed withinwhether an extra- or intracellular AB in the immediate surroundings of a G�
a liver lobule. (B) A G� focus consisting of six cells configurated as a row.cell derives from a normal G– hepatocyte or from a second G� cell. To
Magnification �125.overcome this problem, we counted ABs, independent of their staining pattern

for GST-P, within G� foci and in the immediate surroundings of G� cells
(m). Thereafter the estimated ‘background’ number of ABs deriving from

evaluated here for the case of piecewise constant parameters assuming (mean)unaltered G– hepatocytes was subtracted from m using the following formula:
exponential growth of the clones (see Appendix).

AIcorr for G� cells � 3�{(m – a)/NG��100} Stereology. Several analytical methods are available that deal with the
stereological problem, namely the problem of how to translate the numberm is the number of ABs within G� cells and in hepatocytes immediately
and size distribution of foci seen in two-dimensional (2D) tissue sections tosurrounding G� cells, a � Nsurr�AIunalt/100, Nsurr is the number of hepatocytes
the respective 3D quantities. Most parametric methods (i.e. methods thatimmediately surrounding G� cells, AIunalt is the index of ABs in unaltered
assume a parametric form of 3D size distribution like the clonal growth modelG– hepatocytes and NG� is the number of G� cells.
described above) assume that foci are of spherical shape, an assumption that

Modeling growth and regression of G� single cells and multicellular foci is clearly inadequate for small foci such as those observed in this experiment
(see Results and Figure 2). In order to address this problem a discreteThe clonal growth model. The G� cell clones observed in this experiment

were analyzed quantitatively via a stochastic growth model which provides stereological method was used that deals with the stereology of randomly
shaped cellular clusters and was applied to a subset of the data presented inexplicit expressions for the number and size distributions of the clones. To

be specific, let X be the number of normal hepatocytes that are at risk of this study (for details see ref. 24). By analogy with Wicksell (43) and the
Saltykov method (22) for spheres this method consists of a discrete 3D to 2Dacquiring the G� phenotype. This alteration may occur either spontaneously

or in response to genotoxic exposures such as the NNM exposure described transformation.
However, in contrast to these methods, this new method is applicable toin the present experiment. Let v be the rate (per cell) at which normal

hepatocytes are transformed into G� cells. Clones are then assumed to arise other shapes than spheres and the sizes of the observed transections are given
in terms of the number of transected cells rather than in terms of radii oraccording to a non-homogeneous Poisson process with rate vX. In the context

of chemical carcinogenesis this process is referred to as initiation. Subsequent areas. The Saltykov-like coefficients, here referred to as anm, represent the
probabilities of transecting an arbitrary clone of size m and observing n cellsclonal expansion of the initiated cells is described in terms of a simple birth

and death process. Initiated cells either divide with cell division rate α or per unit area in the transection. These coefficients were obtained by simulating
the random spatial configurations of small cell clusters composed of tightlydisappear with rate β. The model, however, does not distinguish between cell

loss due to apoptosis and loss of the G� enzyme marker. Only cells or clones packed cuboidal cells. They do not depend on the parametric growth model,
but only on the possible spatial configurations of the clones. The computerof cells that show the G� phenotype are evaluated by the mathematical

analyses here. simulations used to generate the coefficients anm are based on cellular
parameters that define the random configurations of cells within the clones.Based on these assumptions formulae for the number and size distribution

of initiated cells were derived by Dewanji et al. (16) and are explicitly The specific cellular parameter used here has been described in detail (24;
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E.G.Luebeck and M.de Gunst, manuscript in preparation) and was selected to
closely reflect the observed clone assemblies in rat liver while preserving
computational simplicity.

Our analyses were restricted to foci showing no more than 20 cells. Two
separate calcluations were performed. The first without a lower limit (n � 1)
and the second with a lower size limit (n � 2). For computation of the
transformation coefficients anm an upper size limit of M � 200 cells
was selected.

Hepatocytes are described as densely packed cubes of fixed length. We
chose a � 28 µm, a value that is close to that derived from the measured
mean cellular volume of focal hepatocytes (42). For completeness, we provide
the relevant expressions for analysis of the 2D data observed in this experiment.

Let the size distribution pm represent the probability that a clone which is
observed at time t contains m cells. Since we assume an upper size limit at
M � 200 cells, pm � 0 for m � M. Time of origin of the clone is integrated
out. The number of non-extinct clones in a unit volume at time t, NV, is
Poisson distributed with mean Λ. We note that pm, NV and Λ and all quantities
derived from them depend on t. For simplicity, we omit this dependence in
our notation. The expressions for pm and Λ are derived in the Appendix.

The conditional probability qn of finding a transection that shows exactly
n (�20) cells at time t is given by

qn � (Σ
M

m � n

anmpm)/EZ, n � 1,K, M

with the denominator defined as

EZ � Σ
M

n � l
Σ
M

m � n

anmpm.

Assuming that the clones are Poisson distributed in space, the number of
transections observed at time t on a section of area A, NA, is also Poisson
distributed with mean ENA � AΛVEZ.
Likelihood maximization. We fitted the model to the data by maximizing the
likelihood with respect to the model parameters α, β and vX on each of
several time intervals, starting at the time of birth. The time intervals were
selected to partition the entire period from birth of the animals to 51 days
after NNM so that important changes in the initiation rate and cell kinetic
parameters could be adequately captured. It is important that the time origin
is chosen to coincide with the birth of the animal since foci may occur
spontaneously prior to NNM exposure at day 56. Preliminary analyses, using
up to four different time intervals with variable change points, showed that a
partitioning of the time line into three intervals post-NNM was adequate to
fit the data.
Phase I: expansion phase from 0 to 14 days after NNM.
Phase II: regression phase from 14 to 28 days after NNM.
Phase III: stabilization phase from day 28 after NNM onwards.
The likelihood of the data is given by a product of the probabilities over all
sectional observations, i.e.

Fig. 3. NNM-induced effects in the liver. (A) Incidence of apoptotic bodiesNAi
(AI%) in G– hepatocytes at the time point of killing is given by theL � Π [Poisson (NAi) Π qnij],
columns. The black line represents the serum activity of GLDH and isiε sections j � i

expressed as means � SEM. (B) Incidences of replicative DNA synthesis
where the index i runs over all sections observed, their area being Ai, and where (LI%) in G– hepatocytes are given at the time point of [3H]thymidine
nij denotes the number of cells seen on the jth transection of the ith section. application. (C) The effect of NNM treatment on absolute liver weight

The likelihood was maximized using the DFP algorithm (44) and confidence and hepatic DNA content (means � SD). In (A) and (B) no overlap of
intervals were obtained using the profile likelihood method (45). As will be vertical lines indicates significance at the 95% level. In (A) and (C)
illustrated in the next section, the results, using the maximum likelihood significance of differences of means was calculated by the Rang test:
estimates, can either be expressed in terms of 3D quantities (size distribution, aP � 0.001; bP � 0.05 (calculated separately for days 0–3.5 and 3.5–34.5
expected number of 3D clones per ml liver) or in terms of observable post-NNM treatment).
2D quantities.

Results
159 � 9 g, P � 0.001 according to Wilcoxon’s test), which
returned to pretreatment levels within 25 days.NNM effects on survival, daily food intake and on body and

relative liver weights NNM-induced loss of liver tissue
After NNM application a wave of apoptosis occurred at theTwo of 150 rats died within 1 week after NNM application.

Thereafter no further loss of animals occurred until termination 12 h time point (Figure 3A). This was followed by the
appearance of large areas of hepatocellular necrosis aroundof the experiment. Immediately after treatment food intake

was reduced from ~16 to ~2 g/day/animal. Subsequently the central venules at 24 h (not shown). Morphometric analysis
at the maximal extension of damage 36 h after NNM demon-food consumption gradually recovered and reached its initial

amount 10 days after NNM. NNM-treated animals showed strated that 45 � 7.9% of total liver area was affected by
necrosis. On the border of the necrotic areas liver cell deathmaximal loss of body weight on day 5 (115 � 16 versus
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through apoptosis was detected. Due to massive damage of
the liver tissue a thorough quantification of apoptotic bodies
at the 36 h time point was not feasible.

Determination of GLDH activity in the serum revealed an
at least 100-fold elevated activity ~48 h after NNM application
and a steep decline to basal levels within the following days
(Figure 3A). Due to the dramatic reduction in intact tissue,
absolute liver weights and DNA content per liver were signi-
ficantly decreased to 48 and 56% on day 4, respectively
(Figure 3C).

While GLDH levels returned rapidly to pretreatment levels,
the apoptotic activity remained elevated throughout the 31.5
days of observation (Figure 3A).

Regeneration of the liver

Regeneration of the liver started 48 h after NNM, as indicated
by 10-fold increased replicative DNA synthesis (Figure 3B).
As a result, total hepatic DNA content and absolute liver
weights were back to their original level 24 days after NNM
(Figure 3C). Rates of replication and apoptosis were still
elevated at day 31.5, indicating that cell turnover was increased
for at least 1 month after NNM (Figure 3A).

G� single cells and multicellular foci after NNM treatment
in histological sections (2D data)

Before treatment few G� cells could be detected. After NNM
G� single cells increased dramatically in number reaching a
maximum of ~150/cm2 section area at day 13 (Figures 2 and
4A). The increase in the number of lesions consisting of 2, 3
and more G� cells per cross section was less steep, with
maxima at days 13 and 17. Thereafter, numbers of G� single

Fig. 4. (A) Kinetics of appearance of G� single cells and G� foci.cells per cm2 as well as of lesions �5 G� cells per cross
Experimental data are expressed per cm2 evaluated tissue sections between

section declined. The number of G� single cells dropped to days 0 and 107.5 post-NNM treatment. G� foci (�1 cell) were grouped
one third of the maximum on day 34.5 (53/cm2) and later to into three different size classes according to the number of component cells

per cross section (means � SEM). (B) Calculated data expressed per liverone fifth on day 107.5 post-treatment (Figure 4A).
between days 0 and 51 post-NNM treatment. 3D data were obtained byLesions consisting of 2 or 3–5 G� cells also leveled off to
mathematical calculation; G� lesions were divided into four different sizeone third to one fifth of the peak value. The mean number classes according to the number of their component cells in three

of all lesions also slowly decreased to one third of the maximal dimensions. Means are given.
value (200.2 � 62.4/cm2 at day 13.5 versus 60.5 � 26/cm2 at
day 107.5, P � 0.01 according to Wilcoxon’s test). A similar
finding was reported by Satoh et al. (46). Table I. Experimental and model-generated estimates of the occurrence of

G� single cells and G� foci (to facilitate direct comparison experimentalStereological estimates of G� single cells and multicellular
data were corrected for the relative change in liver volume)foci (3D projections)

In the present study many of the small G� foci did not exhibit Days after 1 cell/cm2 1 cell/cm2 �1 cell/cm2 �1 cell/cm2

NNM (exp) (model) (exp) (model)a spherical shape as assumed in previous modeling studies.
As an example, Figure 2 shows a clone consisting of 6 G�

0.0 2.5 � 2.0 2.0 1.3 � 1.9 6.3
cells. In the extreme case, up to 11 G� cells formed a chain- 0.5 4.8 � 3.5 6.1 0.4 � 0.9 6.3
like row in two dimensions. Therefore, a novel stereological 1.5 10.1 � 4.6 14.3 0.0 6.6

2.5 18.2 � 7.4 22.6 4.8 � 3.3 7.3method was used which explicitly considers the composite
3.5 33.0 � 18.1 30.8 6.9 � 7.7 8.3nature and random shape of the cellular clones studied here
4.5 34.6 � 3.8 38.9 3.8 � 0.5 9.6(for details see Materials and methods). The computed number 7.5 64.2 � 35.6 63.4 5.6 � 3.5 5.5

of G� single cells and lesions per cm2 agree well with the 13.5 105.0 � 57.1 111.6 58.7 � 5.2 36.1
experimentally observed number, as shown in Table I. 17.5 115.1 � 35.3 92.9 40.3 � 24.8 28.1

20.5 94.9 � 52.9 80.8 43.1 � 17.1 23.5The estimated 3D clone numbers were adjusted for total
24.5 69.0 � 68.6 66.9 22.7 � 21.3 18.7liver mass and were expressed per liver (Figure 4B). Both 2D
27.5 78.6 � 64.1 57.9 28.5 � 24.9 16.1

data and 3D projections revealed three different phases after 31.5 58.8 � 52.7 57.7 24.0 � 26.5 17.0
NNM administration. Phase I, lasting from day 0 to day 14 34.5 58.9 � 34.4 57.6 40.2 � 16.6 17.6
post-NNM, reflects the continuous appearance of G� single
cells and their development to multicellular foci. Phase II,
lasting from day 14 to day 28, is characterized by regression pronounced than apparent on histological sections. In phase

III, from day 28 onwards, the numbers of G� single cells andof the number of G� cell clones and loss of constituent cells.
Due to the increase in liver mass after the first 2 weeks the of multicellular foci appeared to stabilize and an increase in

larger foci was observed.decrease in G� single cells and G� lesions per liver was less
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Fig. 5. Daily gain or loss of G� clones per liver. 3D data were used to calculate the daily gain or loss of G� cell clones in phases I, II and III post-NNM
treatment.

Rate of formation of G� cell clones steep increase in single G� cells in the first days after NNM
does not depend on preceding DNA replication.Using the maximum likelihood estimates of the growth

We also determined DNA replication 2 h after [3H]thymidinemodel the number of cells initiated per liver per day and the
application to assess LI of G� single cells directly, rather thanexpected number of clones per liver were computed (see
of their precursors. Under these conditions LI of G� singleAppendix). According to these estimates, ~5200 clones were
cells also ranged considerably below that of G– cells and G�present in the liver at day 0. Between days 1 and 14 after
foci (Table II). This suggests that replication to a 2-cell cloneNNM ~171 000 new clones developed (mean rate per liver
occurs considerably less frequently than replication of G– cellsper day � 12 200); the total clone number decreased by
and of cells in G� foci.~42 200 (–23.9%) in phase II. In phase III the total number

For stereological reasons some G� cells appearing as singleof G� clones increased again, leading to the appearance of
in histological sections (2D) are actually part of G� foci with11 350 new clones until day 51 (493 clones/liver/day). All
�2 cells. We therefore determined the true percentage ofphases together resulted in a net gain of ~140 150 G� clones
[3H]thymidine-labeled single G� cells by 3D reconstructionin the organ (for data per day see Figure 5). Due to the
in serial sections: 73% of all but only 26% of the labeled G�overwhelming numerical predominance of single G� cells,
single cells in two dimensions were truly single in threegain or loss of all G� cells, including those from larger foci,
dimensions (Table IV). This result indicates that the low LIwere within a similar range (approximate numbers: phase I,
of single G� cells reported above are still overestimates. True�231 000 G� cells; phase II, –57 000 G� cells; phase III,
rates of DNA synthesis of single G� cells and of their�52 000 G� cells; total gain 226 000 G� cells).
precursors are even lower and may, on average, be only ~25%Furthermore, the 3D size estimates imply that by day 51
of rates calculated from histological counts.post-NNM 23.9% of the G� single cells appearing after NNM

Since the detection of GST-P in the apoptotic stage is nothad formed 2 cell foci and only 0.3% of the foci had grown
reliable (see Materials and methods), the number of G�into foci containing �5 cells.
single cells undergoing apoptosis could not be determinedDNA synthesis in single G� cells and their precursors
experimentally.DNA replication, which was determined by [3H]thymidine
DNA synthesis and apoptosis in G� fociincorporation 36 h before death, was assayed on histological

sections. At multiple time points after NNM LIs of single G� In G� mini-foci the measured LIs for cell replication and AIs
cells were generally low and were consistently less than of for apoptosis were initially high and then decreased in the
G– cells and of G� cells in lesions of �2 cells (Figure 6, course of the experiment (Figure 6). Replication was ~3- to
upper panel). This suggests that the precursors of single G� 5-fold higher in the foci than in the surrounding normal
cells had a low rate of DNA synthesis 36 h before observation tissue, which was seen after a 2, 12 and 36 h lag between
(killing). A similar result was seen when [3H]thymidine was [3H]thymidine injection and death (Figure 6 and Table II).
injected only 12 h before death (Table II). Rates of apoptosis in G� foci were also 3- to 5-fold above

Next we studied whether the appearance of single G� cells the level of normal hepatocytes, indicating elevated cell
after NNM depends on preceding DNA replication. LIs of turnover in the first stages of hepatocarcinogenesis (Figure 6).
single G� cells were specifically determined in phase I 36 h

Estimation of cell kinetic parameters of initiated cells byafter [3H]thymidine injection, starting at the time of NNM
mathematical analysisapplication. As shown in Table III, LIs of single cells and
The stochastic growth model combined with the stereo-hence of their precursors were much lower than expected if
logical procedure served to estimate the division rate (α) andDNA replication in the precursors were required for the

subsequent formation of G� single cells. This implies that the death rate (β) of the G� lesions. The growth model assumes

1416



Tumor initiation in rat liver

Fig. 6. Cell replication and apoptosis in early hepatocarcinogenesis. DNA synthesis (LI%) was determined separately in G– hepatocytes, in single G� cells
and in lesions of 2, 3–5 and �5 G� cells. Since no differences in LIs of lesions with �2 cells were apparent (data not shown), the subpopulations were
combined. The same procedure was followed for the determination of apoptosis (AI%corr), with the exception that AI could not be determined before day 7.5
post-NNM and in single cells at all time points. For the method for correction of AI (AIcorr) see Materials and methods. Note that [3H]thymidine was injected
36 h before killing (see abscissa). For each time point LI was determined on average in 178 nuclei of G� single cells and in 829 nuclei of G� foci, whereas
a mean of 2392 cells in G� foci was screened for AI. Vertical lines indicate confidence intervals; no overlap indicates a significant difference at the 95%
level. Note the difference in the scales of the ordinates.

Table II. LI of G– hepatocytes, G� single cells and G� foci (�2 cells) in two dimensions after different time intervals between label injection at day 19
post-NNM and killing

Interval between injection and death LI

G� foci (95% CI)G– cells (95% CI) G� single cells (95% CI)

36 h 2.39 (2.08–2.79) n � 8000 1.94 (0.5–4.96) n � 192 8.63 (6.12–11.65) n � 440
12 h 3.87 (3.49–4.35) n � 8000 1.85 (0.36–5.35) n � 162 7.32 (5.82–9.09) n � 1024

2 h 1.52 (1.29–1.85) n � 9000 0.68 (0.18–1.73) n � 586 2.35 (1.63–3.32) n � 1402

Table III. LI of single G� cells in phase I after NNM

Day of LI (%) New G� single cells formed Calculated % of G�
experimental per day/total G� single cells single cells labeled

Label injection Killing per day

0 1.5 0 (n � 12) 12 200/18 400 66.3
1 2.5 0 (n � 57) 12 200/30 600 39.9
2 3.5 5.5 (n � 176) 12 200/42 800 28.5
3 4.5 4.5 (n � 133) 12 200/55 000 22.2
6 7.5 3.6 (n � 336) 12 200/91 600 13.3

12 13.5 1.3 (n � 382) 12 200/164 800 7.4

LIs were experimentally determined. n, number of single cells evaluated. We also calculated the expected number of labeled G� single cells based on the
assumption that the appearance of G� cells requires preceding DNA replication. The number of 12 200 new G� cells formed in the liver per day and per
total experimental period was taken from the results.

that all G� cells divide or disappear with the same rate values with experimentally derived rates for cell division and
cell death among all G� lesions, including G� single cells,regardless of clone size. Due to the overwhelming numerical

predominance of G� single cells in the data, the estimated α2 and among lesions with at least 2 G� cells.
The maximum likelihood estimates of the cell division rateand β2 values represent mainly single cells. Therefore, lesions

of �1 G� cell were subjected to a separate analysis to α2, which also represents the daily rate of single cells entering
the 2 cell stage, was 4% in phase I and dropped to 0.5% incompute α3 and β3. Table V compares estimated α and β
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phases II and III (Table V). These estimates are in good phenotype of the component cells. This also agrees with
previous reports, e.g. homogeneous expression of isoenzymesagreement with the experimental LI in G� single cells and

with the observation that labeled G� cells appearing single in in early preneoplasia (11,47).
two dimensions arose mainly from division into 2 G� cells. Is DNA synthesis necessary for subsequent formation of G�
Consistent with the experimental data, α3 was dramatically single cells?
higher than α2, indicating enhanced cell replication in lesions

Theoretically, G� single cells may emerge from G– cellsof �1 G� cell.
without preceding DNA replication or via asymmetrical divi-Estimation of death rates revealed the highest β2 and β3 sion into a G– and a G� cell. In the latter case expression ofvalues of G� cells in regression phase II, when G� cells
the G� phenotype in one of the two daughter cells mightdisappear at a rate of ~6 or 20% per day, respectively, leading
follow immediately after DNA replication or after a certainto a net loss of G� cells (β2 � α2; β3 � α3). In phases I and
time interval. If expression of the G� phenotype was precededIII, however, the model predicts a net gain of G� cells (α2 �
by DNA synthesis a high proportion of G� single cells,β2; α3 � β3), which is consistent with the experimental data.
emerging in the first few days after NNM, should be labeled.
[3H]thymidine was injected 0, 24 and 48 h after NNMDiscussion
treatment. At killing 36 h after label injection the G� single

The present study shows that G� single cells emerged in rat cells newly formed within 24 h should carry the label. In sharp
liver during the ~2 weeks after NNM treatment. A subfraction contrast to this prediction, LIs of G� single cells in two
of these putatively initiated cells developed into G� pre- dimensions were extremely low at death, i.e. 0% on days 1.5
neoplasias. A considerable number of the cells, however, and 2.5 and ~4% on the following days (Figure 6 and Table
underwent apoptosis, leading to extinction of single G� III). Furthermore, after stereological reconstruction only 26%
cells and to decreased sizes of G� multicellular clones. of the labeled G� single cells in histological sections (2D)
Implications and hypotheses resulting from our findings are turned out to be a true single G� cell in three dimensions
discussed below. (Table IV). Thus, no more than ~1% of the G� single cells

seem to replicate DNA within 36 h of their formation.Clonal evolution of hepatocarcinogenesis
In conclusion, a high proportion of G� single cells, at leastThe consecutive development of G� single cells into G� foci

in the first days after NNM treatment, are formed withoutconsisting of 2, 3–5 and �5 cells (Figure 4) supports the
preceding DNA synthesis. These findings appear to contradictconcept that liver preneoplasias are of monoclonal origin and
the classical concept of initiation, i.e. that the generation ofthat expression of the G� phenotype is heritable by daughter
an ‘initiated’ phenotype requires a genetic alteration which iscells. Mathematical analysis of the experimental data confirmed
fixed by replication. Since the molecular mechanisms ofthe clonal nature of liver preneoplasias and the persistent
induction of the G� phenotype are not known, the appearance
of G� hepatocytes could be due to epigenetic rather than
genetic events.Table IV. 3D reconstruction of G� lesions appearing as single G� cells in

two dimensions Experimental and mathematical determination of DNA
synthesis in G� single cells and small G� foci

Days after 2D 3D
In several experimental approaches (see Figure 6 and TablesNNM No. of single G� True clone size

cells analyzed II and III) replication of G� single cells was found to be
1 G� cell 2 G� cells �2 G� cells considerably lower than in lesions consisting of �1 G� cell.

Independent mathematical estimates confirmed the low rate of(A) 13.5 n � 61 45 (74%) 14 (23%) 2 (3%)
single cells entering the 2 cell stage (Table V). The reasons34.5 n � 64 47 (74%) 11 (17%) 6 (9%)

107.5 n � 29 21 (72%) 7 (24%) 1 (4%) for this finding are unclear. It appears unlikely that G� single
Sum n � 154 113 (73%) 32 (21%) 9 (6%) cells suffer from the genotoxic and cytotoxic effects of NNM,

(B) 7.5 n � 15 2 (13%) 12 (80%) 1 (7%) since a low replication rate was still observed on day 107.5
13.5 n � 10 4 (40%) 6 (60%) 0 (0%)

post-NNM treatment. Rather, it may be an inherent property34.5 n � 2 1 (50%) 1 (50%) 0 (0%)
of G� single cells to be less prone to proliferation than smallSum n � 27 7 (26%) 19 (70%) 1 (4%)
G� clones.

For each time point 20 serial sections ~3 µm thick were used, stained for The model also confirmed an elevated replication rate in
GST-P and processed for autoradiography. The interval between multicellular lesions. This is further evidence for altered growth[3H]thymidine injection and killing was 36 h. In (A) G� lesions were

regulation from the very beginning of hepatocarcinogenesisevaluated independent of whether they were labeled or not; (B) indicates the
3D size of lesions appearing as labeled G� single cells in two dimensions. onwards.

Table V. Experimental and calculated rates of cell birth and death of initiated G� cells

LI (%) α2 (%) (95% CI) α3 (%) (95% CI) AIcorr (%) �1 cell β2 (%) (95% CI) β3 (%) (95% CI)

1 cell �1 cell

Phase I 2.8 14.0 4.2 (3.1–5.2) 22.7 (19.2–26.9) 2.3 0.0 0.0 (0.0–9.5)
Phase II 1.1 6.1 0.5 (0.0–2.5) 12.8 (3.6–21.6) 3.4 6.2 (4.6–8.6) 19.1 (7.7–29.6)
Phase III 0.02 2.5 0.5 (0.0–2.5) 12.8 (3.6–21.6) 1.3 0.2 (0.0–5.5) 0.0 (0.0–90.0)

Experimental data on LI and AIcorr, shown in Figure 6, were used to calculate means for phases I–III. Rates of cell birth α2 and of cell death β2 are
maximum likelihood estimates from the stochastic growth model (for details see Materials and methods).
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Experimental and mathematical determination of apoptosis in cells. Thus early hepatocarcinogenesis seems to involve a kind
G� single cells and small G� foci of intermediary cell population that gives rise to a cell

population undergoing preferential expansion or regression. ItIn the stochastic growth model β does not distinguish between
would be important to elucidate the mechanisms regulatingdeath of G� cells and disappearance of the G� phenotype.
this complex development. Then it might become feasible toComparison of data determined experimentally and mathemat-
induce preferential loss of initiated cells and thereby toically revealed that in phases I and III β values and the
antagonize the process of tumorigenesis at the very beginning.percentage of ABs were within a similar range; thus β

represents mainly loss of G� cells, at least under the present Preferential growth or elimination of G� cells
experimental conditions (Table V).

The findings described above allow for the following conclu-The highest apoptotic activities of G� cells were found in
sions, as schematically depicted in Figure 7. In healthyregression phase II. For this phase the model predicts that G�
tissues a low cell turnover (α1, β1) protects against dramaticsingle cells die at a rate of ~0.06/day (Table V). With current
alterations in cell numbers. Initiation (µ1) generates persistentexperimental procedures it is not possible to detect apoptotic
and irreversible cellular changes leading to altered α2 and β2events associated with the death of single G� cells. Thus, a
values in G� single cells. Elevated cell turnover (α3 and β3)direct comparison between the mathematical and experimental
becomes evident in lesions of �1 G� cells, which rendersdata is not feasible. In addition, the molecular mechanisms of
G� cells more sensitive to induction of both proliferation andthe appearance of single G� hepatocytes are not known
extinction. An elevation of β may result in two differentand could be due to unstable epigenetic rather than genetic
biological consequences. (i) The smaller the G� clone thechanges. Then transient expression only of the G� phenotype
greater the probability of its complete elimination. By thisin single cells could be the cause of the disappearance of G�
mechanism the biological consequences of initiation may becells at the later time points of the experiment.
reversed. Evidence for at least partial elimination of G� clonesIn phase II the mathematically estimated death rate of
was gained in phase II of the present study, but also in previous0.20 for G� cells in multicellular foci (β3) exceeds the
studies on food restriction or withdrawal of tumor-promotingexperimentally determined rate of ~0.035 (Table V). This
agents (27,40). Thus, the early stages of cancer may bediscrepancy may, at least in part, be due to a sampling bias,
extinguished under appropriate conditions. (ii) The larger thei.e. large lesions with a probably lower apoptotic activity
G� clone the smaller the probability of complete extinction.have a higher probability of being hit by random cuts than
The G� clone will be reduced in size but will not be eradicated,small lesions with a presumably high apoptotic activity.
which reverses the effect of tumor promotion.Furthermore, there was considerable heterogeneity in the cell

In conclusion, putatively initiated hepatocytes, from the 2-kinetic parameters in the foci.
cell stage onwards, exhibit accelerated turnover and preferentialChanges in replication and death of G� cells in the course
growth or regression, as known for large foci, adenomas andof liver regeneration after NNM
carcinomas. Thus altered regulation of growth control becomesBoth cell replication and cell death by apoptosis determine the
manifest from the very beginning of hepatocarcinogenesisfate of G� clones. In any case, in phase II β values exceeded
onwards.α values, resulting in a net loss of G� cells. Conversely, in

phases I and III the model predicts a net gain of G� cells,
i.e. α2 � β2; α3 � β3. These independent calculations are
consistent with our experimental data (Table V).

The change in rates of replication and death of G� cells
observed in phases I–III may reflect alterations in the concentra-
tions of growth factors in the liver (48,49). In phase I
regeneration signals, released in response to severe damage to
the liver, may act on G� cells and are probably responsible
for the dramatic expansion of all G� clones. In phase II
regeneration of the liver and release of growth factors slows
down. This probably results in deprivation of G� cells of
factors required for survival and/or growth. As a result, G�
clones stop growing and lose component cells.

Similar phenomena may occur in virus-induced hepatocarci-
nogenesis in humans, which is further enhanced by repeated
aflatoxin B1 or alcohol intoxication. It appears that sustained
cell damage or inflammatory responses in the liver release

Fig. 7. Effects of cell birth and cell death on the early stages ofgrowth-promoting stimuli that are necessary for the develop-
hepatocarcinogenesis. Normal cells, light grey; initiated cells, dark grey; µ1,

ment of (pre)neoplasias (50). daily rate of initiation; α, daily rate of cell birth; β, daily rate of cell death.
The net growth rate of cell populations is principally determined by theCharacteristics of initiated cells
difference between birth rates α and death rates β (� α – β). Initiated cells

Elevated cell turnover is one of the hallmarks of the advanced are characterized by altered rates of cell birth (α2, α3) and of cell death (β2,
stages of carcinogenic development. (Pre)neoplastic lesions β3); clonal expansion is favoured if, for example, (α3 – β3) � (α1 – β1).

The probability of a cell being extinguished is determined by the ratio ofexhibit enhanced sensitivity towards growth regulating factors
birth and death rates (� β/α) and is inversely proportional to the number ofwhich results in preferential growth or regression of the lesion
component cells in a given tissue (25). Thus single cells have the highest(27,51). The present study shows that G� single cells do not probability of being extinguished. Extinction of single cells or foci may

meet this criterion and that this important characteristic does reverse the biological consequence of tumor initiation. Reduction in clone
size will antagonize the effect of tumor promotion.not become manifest before lesions consist of at least 2 G�
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Appendix The auxiliary rate variables α̃i and β̃i can be obtained
recursively from the hierarchyThe expressions for the size and number distribution of α̃k � αkenzyme-altered foci that were used for the present analysis are

generalizations of the formulae used in previous analyses (for α̃k – 1 � αk – 1 – δk – 1(αk – α̃kgk)/δk
details see refs 25,52,53). A derivation of these expressions

α̃k – 2 � αk – 2 – δk – 2(αk – 1 – α̃k – 1gk – 1)/δk – 1within the framework of the two-stage model of carcinogenesis
can be found in Dewanji et al. (16). For piecewise constant M
parameters the number and size distribution formulae can be

α̃1 � α1 – δ1(α2 – α̃2g2)/δ2integrated and expressed in closed form (19). Here, a brief
summary of the basic results, for the case of an arbitrary

knumber of intervals with (piecewise) constant parameters, is Then, β̃i � α̃i – δ̃i with δ̃i � δi Π gj(tj, tj � 1).
j � i � 1given. The choice of notation and the particular choice of

auxiliary parameters is motivated by simplicity and ease of
With these definitions the expected number of clones (perprogramming.

unit volume), ENV, can be written as a sum over all timeAssume k intervals Ii � [ti, ti � 1], (i � 1,K, k) with t1 � 0
intervals prior to time t:and tk � 1 � t. Let the cell division rate be αi, the cell death

rate be βi and the initiation rate (per unit volume) be vi on the
ENV � Σ

k

i � 1

(vi/αi)ln{[αigi
–1(ti, ti � 1) – β̃i]/[αi – β̃i]}ith interval Ii. Define the functions

p(i)
m � 1/m{[αi – α̃igi(ti, ti � 1)]/[αi – β̃igi(ti, ti � 1)]}m

and the size distribution, pm, as a sum (defining v0/α0 � 0)
with

pm � (1/ENV)Σ
k

i � 1

[(vi/αi) – (vi – 1/αi – 1)]p(i)
m.

gi(ti, ti � 1) ¥ exp[–δi(ti � 1 – ti)], δi � αi – βi.

Finally, the expected number of m cell clones (per unit
volume) is simply pmENV. In the case of a separate analysis
of lesions of �1 G� cells replace α2 by α3 and β2 by β3.
Please note that in the Results time intervals 1, 2 and 3 are
designated phases I–III.
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