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Changes of Proliferation Kinetics after X- 
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Abstract-A human malignant melanoma grown in nude mice was exposed to 
single-dose X-irradiation and the effect on the proliferation kinetics was 
investigated by two methods. Flow cytometric DNA analysis was performed on 
tumour tissue obtained by sequential fine-needle aspirations after the treatment to 
monitor the initial cell cycle distribution changes. The technique of labelled 
mitoses was used to examine the kinetics of the tumours during regrowth. The 
results showed that the treatment initially induced a partial synchronization of 
small fractions of cells accumulated in the G, phase of the cell cycle and a dose- 
dependent decrease of the cell generation time due to a shortening of the G, 
duration time during regrowth of the tumours. Furthermore, it wasshown that the 
calculated values of growth fraction and cell loss factor became unreliable because 
the tumours contained a dose-related increasing proportion of radiation- 
inactivated tumour cells. 

INTRODUCTION 
THE CELL proliferation kinetics are important in 
the tumour response to radiotherapy, because the 
cellular sensitivity is dependent on the position in 
the cell cycle [l, 21. The recognition of the 
significance of proliferation kinetics and of 
treatment-induced changes of the parameters is 
mainly based on results from the study of 
experimental tumours and in vitro cultured cell 
lines [l-5]. 

The use of immune-deficient animals enables 
systematic in uiuo studies of the cell kinetics of 
human tumours, and since basic tumour 
characteristics are preserved after heterotrans- 
plantation [S] the results obtained in the model 
system may be relevant for similar tumours in 
patients. 
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In this study a human malignant melanoma 
grown in nude mice was exposed to different 
single doses of X-irradiation. The initial 
radiation-induced kinetic changes were monitored 
by flow cytometric DNA analysis (FCM), and the 
regrowth kinetics of the tumour were investigated 
by the technique of labelled mitoses (PLM). 

The FCM results showed that the treatment 
induced a generally dose-dependent partial 
synchronization of small fractions of cells 
accumulated in the G, phase of the cell cycle, and 
the PLM results showed a dose-dependent 
decrease in the cell generation time due to 
shortening of the G, duration time during 
regrowth of the tumours. The experimental data 
were used to estimate the growth fraction and the 
cell loss factor, but increasing proportions of 
radiation-inactivated tumour cells with dose 
made the calculated values unreliable for the 
treated turnours. 

MATERIALS AND METHODS 
Tumour transplantation 

A tumour block of about 2 mm of a human 
malignant melanoma [7] was transplanted 
subcutanously to each flank of 6-week-old female 
nude mice (BALB/c nu/nu BOM). The animals 
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were kept under sterile conditions in laminar 
clean benches. Room temperature was 25 + 2°C. 
Relative humidity was 55 f5%. Sterile food 
pellets and water were given ad libitum. 

In this study a total of 216 tumours in passages 
49,56, and 76 in nude mice were transplanted into 
108 animals. Seventeen tumours were excluded: 
14 because the mice died before the end of the 
experiments and three because the tumours 
showed no growth. 

The mice were randomized to the treatment 
groups at the time of transplantation. 

Irradiation and dosimety 
Three weeks after transplantation one tumour 

in each animal was irradiated. The tumours in the 
opposite flank of the mice served as controls [7]. A 
single dose X-irradiation of 0.7, 2.8, 7.4, 14.5 or 
36.4 Gy was given under general anaesthesia and 
under sterile conditions as described previously 
[7], using a Miiller RT 100 therapeutic unit, 
which yields 10.9 Gy/min at 100 kV, 8 mA, and 
with a 1.7-mm Al filter. The doses stated are 
calculated doses at the centre of IO-mm-diameter 
tumours. 

FCM analysis 
Tumour tissue for DNA analysis was obtained 

by fine-needle aspirations. The analyses were 
performed at intervals until 10 days after the 
irradiation. Following the last aspiration the 
tumours were labelled for PLM analysis (see 
below). On the tumours treated with 0.7 Gy, 
however, the FCM and PLM experiments were 
performed in separate series. 

One treated and the untreated control tumour 
in the opposite flank of the mouse were aspirated 
for each time point and dose level. A total of 77 
treated tumours and 77 untreated controls were 
aspirated. Individual tumours were biopsied only 
once. 

The aspiration procedure, staining by pro- 
pidium iodide and storage of samples were 
performed as described elsewhere [8-lo]. The flow 
cytometer used was a cytofluorograph model 4802 
(Bio/Physics System, Inc., Mahopac, NY) or a 
FACS III cell sorter (Becton Dickinson, Sunny- 
vale, CA). The DNA distributions were analysed 
by a computer program calculating the fractions 
of cells in the cell cycle phases [l 11. 

PLM analysis 
Ten days after irradiation, when regrowth had 

commenced in all dose-groups [7], the mice were 
given 40 PCi 3H-labelled thymidine i.p. (sp. act. 
6.7 Ci/mM, New England Nuclear). At intervals 
after the labelling the tumours were excised and 
immediately fixed in 4% neutral formaldehyde. 

The tumours were cut into halves and 4-pm 
sections were placed on rinsed slides. Using a 
dipping technique, the slides were coated with 
Kodak K-2 photoemulsion. After 6 weeks of 
exposure in the dark at 4°C the autoradiographs 
were developed in amidole, fixed in sodium 
thiosulphate and stained with haematoxylin. 
Using an oil-emersion objectives (X100) and an 
ocular grid, at least 100 labelled and unlabelled 
mitoses were scored in representative areas of the 
tumours and the PLM (labelled mitoses/labelled 
+ unlabelled mitoses X 100) was calculated. 

In some of the irradiated tumours, however, the 
areas of surviving tumour tissue in the auto- 
radiographs were so small that only 40-60 
mitoses could be scored. 

The background labelling of tumour cells in 
sections from unlabelled tumours were O-2 
grains. Mitoses labelled by four or more grains 
therefore were considered labelled. 

A total of 165 tumours were prepared for PLM 
analysis, but 15 were excluded because the 
autoradiographs were unsuccessful. 

The PLM data were analysed by a computer 
program [12] calculating the duration of the 
postmitotic phase (TG,), of the DNA synthesis 
phase (T,), of the premitotic phase ( TG2) and of the 
median cell generation time (T,), together with 
the frequency distribution of Tc. 

Deriued parameters 
The tumour volume doubling time was 

calculated according to 

TD= -iln 1 +(lrQ/ln- 
I 

v (t) 
V (max)) 

which was derived from the Gompertz growth 
function [13, 141. In this equation V(t) is the 
volume at time t, V(max) = 12.683 mm3 [14] is the 
theoretical maximum volume of this melanoma 
and (Y is a constant. In this study T, was calculated 
for V(t) = 200 mm3, applying the previously 
found values for (Y in the individual treatment 
groups [7]. 

The potential doubling time was calculated 
from [15]: 

T,,,, = h ;+ 

and 
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In the calculations of T,,, the thymidine labelling 
index (LZ) was substituted by the S-phase fraction 
determined by FCM [16]. 

From the values of TD and T,, the cell loss 
factor was calculated [17]: 

q)=l_Tpot 
TD 

The potential doubling time and the cell 
generation time ( Tc:) were used for calculating the 
growth fraction from 

lna = Tc - ln2 
T PO1 

and 

GF= a-l, 

where a is the number of proliferating cells 
produced per division [17]. 

RESULTS 

The results of the FCM analyses are shown in 
Fig. 1. Despite some variation in the results from 
individual turnours, it appears that the treatment 
generally caused dose-dependent changes in the 
cell cycle distribution. The changes between days 
0 and 5 in the G, + M phase showed two elevations 
at an interval of 1.5-2 days. A maximum of about 
20% of the cells were accumulated in this phase, 
corresponding to 3-5 times that of the control 
values. The first GZ + M wave occurred at a dose- 
related interval after the treatment. Similar 
changes were seen in the S phase, with a delay of 
approximately 1 day. The Gi phase generally 
showed changes inverse to the G, + M phase. 

After 5-8 days the cells had redistributed. With 
increasing dose the tumours redistributed to 
decreased G, (and S) fractions and to an increased 
G, + M fraction compared to the pretreatment 
values (Fig. 1). 

The cell distribution changes in the 36.4 Gy 
dose-group were less distinct (Fig. 1). The reason 
for this phenomenon is probably that large doses 
of irradiation result in a large fraction of 
radiation-induced necrotic cells. Therefore the 
cell cycle changes of the surviving cells are 
obscured in the FCM histograms. 

Figure 2 shows the PLM data and the computed 
best-fitted curves, and it appears that the 
treatment caused a dose-dependent decreased 
distance between the two waves of labelled 
mitoses. The computed cell cycle duration times 
are listed in Table 1 together with the calculated 
kinetic parameters. The cell generation time Tc 
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1. Radiation-induced changes of the cell cycle 
distribution of a human malignant melanoma grown in nude 
mice. Flow cytometric DNA analysis was performed on 
tumour tissue obtained by fine-needle aspirations at intervals 
after irradtation on day 0 wtth the dosesgiven in the figure. The 
data points are results from individual turnours. Thecellcycle 
fractions plotted on day 0 and the corresponding broken lines 

represent means of the analysed control turnours. 

decreased with dose from 40.8 (mean of the 
controls) to 27.6 hr after 36.4 Gy. The T, decrease 
was due to a shortening of the G, duration time, 
whereas no significant changes occurred in TG, 
and T, (Table 1). Furthermore, the frequency 
distributions of the cell generation times (Fig. 3), 
which were drawn on the basis of the computer 
data of the PLM analysis [12], illustrate that the 
changes of T, were caused by a narrowing of the 
distributions together with a minor displacement 
of the distributions towards smaller T, values. 

In addition to the T, shortening, the 
irradiation apparently (see Discussion) caused a 
dose-dependent increase in the cell loss factor and 
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Fig. 2. Fractions of labelled mitoses after [‘HI-thymidine 
pulse labelling of a human malignant melanoma grown in 
nude mice. The tumourswere labelled lodaysafterirradiation 
with the dosesgiven in thefigure. Datapointsfromindiuidual 
tumours and the computed best-fitted curves are shown for 
treated (0 and solid lines) and untreated control turnours (X and 

broken lines). 

a simultaneous decrease in the growth fraction 
(Table 1). 

DISCUSSION 
The present results have shown that single-dose 

irradiation in this human melanoma induced a 
partial synchronization of small fractions of cells 
and, following redistribution on days 5-8 after the 
treatment, a dose-dependent reduction of the cell 
generation time due to a shortening of the G, 
duration time of the regrowing tumours. 

The time interval between the FCM monitored 
Gz + M accumulations (Fig. l), which indicates 
an initial postirradiation generation time of 
1.5-Z days, and the small fractions of synchronized 
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Fig. 3. Distributions of the cell generation times of a human 
malignant melanoma grown in nude mice. The distributions 
are consistent with the labelled mitoses data of Fig. 2 and 
Table 1. The computed median generation timesare indicated 

by the arrows. 

cells, reflecting the radiation-induced mitotic 
inhibition, are in agreement with previous results 
obtained with this tumour by determination of 
the changes in the mitotic index after irradiation 
[18]. It is questionable whether cell accumulation 
of this magnitude could be utilized in the design 
of fractionated radiotherapy to increase the 
treatment effect. 

The PLM investigation of untreated tumours 
has shown [19] that the Tc of this tumour 
increased with increasing tumour size and that 
this T, increase was caused by lengthening of the 
G, duration time, whereas no significant changes 
occurred in the TGa and T,. Since the volume of 
the surviving part of the tumours was reduced 
with the radiation dose [7], the dose-dependent Tc 
reduction due to shortening of the G, duration 
time (Table 1) was to be expected. Furthermore, 
the results are in agreement with the PLM results 
of another human melanoma grown in nude mice 
Em 

The decreased TG, with dose (Table 1) correlates 
with the FCM results after redistribution, the G, 
fraction generally demonstrating a dose-related 
decrease (Fig. 1). 

The frequency distributions of the cell 
generation times of the regrowing tumours 
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Table 1. Proliferation characteristics of a human heterotransplanted malignant melanoma after single-dose 
irradiation 

0.7 Gy 
Control 

2.8 Gy 
Control 

7.4 Gy 
Control 

14.5 Gy 
Control 

36.4 Gy 
Control 

*Tc Tc, TS =G tFs STD T 
(W (W (W (W (%) (days) A (l$ (i) 

GF 
a (%) 

38.4 3.7 14.8 17.7 18.2 ND 0.78 63.4 - 1.52 52.1 
41.8 3.8 14.6 20.3 17.7 6.3 0.78 64.3 57.6 1.57 56.9 

36.7 3.4 14.6 17.0 18.7 8.9 0.78 60.9 71.4 1.52 51.8 
41.4 3.2 15.1 20.9 16.6 6.3 0.77 70.0 53.9 1.51 50.6 

29.6 3.3 15.2 9.4 18.2 9.6 0.78 65.1 71.6 1.37 37.0 
41.4 3.4 16.2 18.8 18.8 6.3 0.78 67.2 55.7 1.53 53.3 

27.7 3.8 14.5 7.3 12.8 20.0 0.76 86.1 82.1 1.25 25.0 
41.3 3.7 15.7 19.7 19.2 6.3 0.79 64.6 57.4 1.56 55.8 

27.6 3.7 15.8 5.9 9.6 101.5 0.74 121.8 95.0 1.17 17.0 
38.0 3.6 15.7 16.9 20.1 6.3 0.79 61.7 59.3 1.53 53.1 

*Computed median cell generation time (Tc) and median duration times of the G,, S and G, phases of the cell cycle. 
TFraction of cells in the S phase of the cell cycle determined by flow cytometric DNA analysis. Control: mean S fraction of the 

analysed tumours. Treated tumours: mean S fraction of tumours analysed 8-10 days after treatment. 
$The tumour volume doubling time TD, the proportionality constant A, the potential doubling time TpL, the cell loss factor 6, the 

number of proliferating cells produced per division a and the growth fraction GF were calculated as described in Materials and 
Methods. ND: not done. 

(Fig. 3) showed that the T, shortening was mainly 
caused by a narrowing of the distributions. The 
change may thus be interpreted as a dose- 
dependent decrease in the kinetic heterogeneity of 
the surviving tumour cells. This may implicate an 
advantage in the planning of fractionated 
radiotherapy or combined treatment with cell 
cycle phase-specific drugs, because the cell cycle 
fractions of the treated tumours obtained by FCM 
will represent kinetically more homogeneous cell 
populations than those of untreated tumours. 

The study of experimental tumours and in vitro 
cultured cells have shown that radiation- 
inactivated cells may pass through several cell 
cycles before they die [21]. The increase in the 
G2 + M fraction (Fig. 1) on days 6-10, especially 
after applying the higher doses, may thus 
represent doomed cells that have lost their ability 
of division but have still not disintegrated. 

In a previous study it was found that single- 
dose irradiation induced a dose-dependent 
decrease in the regrowth rate of this tumor [7]. 
This is apparently inconsistent with the present 
PLM results, demonstrating a dose-dependent 
increase in the proliferation rate during regrowth. 
However, it was also found that the amount of 
necrosis increased with increasing dose [7]. Hence 
with increasing dose the necrotic masses grew, 
thereby causing a reduction of the proportion of 
surviving tumour tissue. This resulted in the 
dose-dependently decreased net growth rate, even 
though the proliferation rate was dose- 
dependently increased. 

The calculated cell loss factor (4) of the treated 

tumours increased with dose (Table 1). This is in 
agreement with the results from single-dose 
irradiated experimental tumours [22]. However, 
the investigations of untreated tumours of 
different size [19] showed that the 4 of this 
melanoma increased with increasing tumour 
volume. It was thus to be expected that 4 would 
decrease with dose, since the volume of the 
surviving tumour tissue decreased with dose [7]. 
The discrepancy between the observed increase 
and the expected decrease in 4 can be explained by 
the increasing necrosis with dose. If the growth of 
unperturbed tumours involves the formation of 
an increasing necrotic proportion, the necrosis 
will add to the measured volume and cause a 
decrease in the volume doubling time. The use of 
TD will then tend to underestimate the cell loss 
factor [15]. The increasing necrotic proportion of 
the tumours in the present investigation, 
however, was not produced as a result of 
proliferation, and was thus related to the 
surviving cell population ‘pre-existing’. There- 
fore the radiation-induced necrosis caused a dose- 
dependent increase in the tumour volume 
doubling time (Table 1 ), and the use of TD in this 
case caused an overestimation of the cell loss 
factor. 

In the investigation of untreated tumours [19] it 
was found that the growth fraction showed no 
systematic changes during tumour growth. 
Therefore no changes due to treatment-induced 
reduction of tumour volume was to be expected in 
the growth fraction of the irradiated tumours. 
This is apparently inconsistent with the decreas- 
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ing values with dose in growth fraction of the 
treated tumours (Table 1). However, the in- 
creasing fraction of doomed G2 + M cells with 
dose (Fig. 1) resulted in underestimated S phase 
fractions (Table 1) which would also have been 
found by use of conventional determination of 
thymidine labelling index, since doomed cells are 
unrecognizable from the surviving cells. Thus the 
use of the underestimated S fractions caused an 
overestimation of T,,,,, and thereby the decreasing 
values with dose in the growth fraction of the 
treated tumours (Table 1). 

It may thus be concluded that in tumours 

calculation of the cell loss factor and the growth 
fraction may provide unreliable and misleading 
results when the measured volume in addition to 
the growing tumour contains a substantial 
proportion of radiation-inactivated cells. 
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