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Abstract—7he growth kinetics and the in vivo radiosensitivity of two human small cell
carcinomas of the lung (SCCL) grown in nude mice were investigated. The tumors, CPH SCCL
54A and 54B, were derived by in vitro cloning of a single SCCL and were subsequently serially
grown in nude mice. The growth curves were described according to a transformed Gompertz
Sunction, and the cell kinetics were examined by flow cytometric DNA analysis (FCM) and by the
technique of labelled mitoses. The effect of single-dose irradiation was estimated by the specific
growth delay calculated from the growth curves, and by the cell cycle distribution changes monitored
by FCM. The results showed that the tumors differed in the in vivo radiosensitivity despite
similarities in the growth kinetics. The results support the concept that difference in sensitivity
among tumor subpopulations is an important reason for therapeutic failures.

INTRODUCTION transplantable human malignant tumors, and,
HETEROGENEITY of tumors has been ascribed to since investigations have shown that many impor-
inappropriate differentiation processes and to tant tumor characteristics are preserved even after
genetic instability during the clonal evolutionary numerous serial transplantations [11, 12], the re-
processes leading to fully developed malignancies sults obtained in these model systems may be of
[1]. A consequence of these hypotheses is the relevance to similar tumors in patients.
presence of subpopulations in tumors with different This study reports the effect of single-dose irra-
scnsitivity to antineoplastic treatment [2-5]. diation on the growth kinetics of two subpopula-
Accordingly, the treatment of human tumors of tions derived from a single human small cell carci-
identical histological type results in a great varia- noma of the lung (SCCL). The tumor growth
tion of the trcatment response. kinetics were examined by gompertzian growth

Since the cellular sensitivity to irradiation and to curves [13], the technique of per cent labelled
cell cycle phase-specific drugs is dependent on the mitoses (PLM) [14], and by flow cytometric DNA
position in the cell cycle [6, 7], a detailed charac- analysis (FCM) [15]. The in vivo radiosensitivity
terization of the cell kinetics and especially of the was evaluated by calculation of the treatment-
treatment-induced changes is important for the induced specific growth delay (SGD) [16], and
understanding of the response patterns of tumors. FCM was performed on tumor tissue obtained by
However, duc to cthical and practical problems the sequential fine-needle aspiration to monitor the
cell kinetics of human tumors are only sparscly effect on the cellular level [17].
investigated [8]. The results showed that the tumors differed in

In immune-suppressed and in thymus aplastic radiosensitivity despite close similarities in growth
nude mice [9, 10] it is possible to establish serially kinetics. This supports the concept that difference

in sensitivity among tumor subpopulations may be
important for therapeutic failures.
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[18] by cloning of an in vitro ccll linc established
from a previously untrcated human SCCL. The
tumor was histologically subclassified as the in-
termediate type (WHO).

After cloning and subsequent growth in vitro the
tumor cells were transferred to nude mice of
BALC/c background for further serial transplanta-
tion. The mice were kept under sterile conditions in
laminar air flow clean benches. The room tempera-
turc was 25 £ 2°C and the relative humidity was
55 * 5%. Sterile food and water were given ad
libitum.

Serial transplantation was performed under
general anaesthesia with propanidid (Epontol®) by
inserting tumor blocks of about 2 mm sub-
cutaneously into both flanks of the mice.

Growth data

From about 2 weeks after transplantation the
tumors were measured in two dimensions, three
times a week using a sliding gauge [13], and the
tumor area, A = the product of the two measure-
ments, was calculated. The growth data were
described according to the Gompertz equation:

A(t) = A(O) exp { (1 — exp(—a))a/B }. (1)

The growth function used was a transformation of
equation (1) [13]):

In { InA(max) — InA(#) } = InB/a — at. (2)

The A-values were used to construct normalized
mean growth curves [13] according to equation
(2). This function depicts the growth as a straight
line with negative slope (a), when the tumor size
In { InA (max) — 1nA(¢) } is plotted against time.
A(max) is the theoretical maximum area and A(¢)
is the tumor area at time /. The InA(max) was
graphically [13] estimated to be 7 for both tumors.

Tumor volume was calculated from tumor arca
as described elsewhere [13].

Irradiation and growth delay

One or both tumors in each animal were treated
with a single dose X-irradiation under general
anaesthesia and under sterile conditions as de-
scribed previously [19], using a Stabilipan (Sie-
mens) therapeutic unit, which yields 4.58 Gy/min
at 300 kV, 12 mA, and with a Thoreus I filter. The
doses stated below are calculated doses at the
center of 10-mm-diameter tumors.

The T54A tumors were treated 30 days after
transplantation. A total of 48 tumors in passage 28
in nude mice were randomized to a treatment dosc
of 0, 3, 5 and 10 Gy, the groups comprising 20, 9,
10 and 9 tumors, respectively. Three tumors were

excluded as the mice died before the end of the
observation period.

The T54B tumors were treated 22 days after
transplantation. A total of 42 tumors in passage 19
in nude mice were randomized to the treatment of
0, 3, 5 and 10 Gy, the groups comprising 15, 10, 8
and 9 tumors, respectively. Six tumors were ex-
cluded as the mice died before the end of the
observation period.

The effect of irradiation was cvaluated from the
mean growth curves by calculation of the treat-
ment-induced growth delay (7GD), defined as the
time to grow to twice the mean treated volume
[19]. The TGD-values were used to calculate the
specific growth delay (SGD) [16].

TGD — CGD
CGD ’

where CGD is the growth delay of untreated con-
trol tumors.

SGD =

Flow cytometric DNA analysis (FCM)

The irradiated tumors were examined for treat-
ment-induced changes in the cell cycle distribu-
tion. Tumor tissue for analysis was obtained by
fine-needle aspiration at intervals after the treat-
ment. In order to obtain reference values the first
aspirations were performed prior to the irradiation.
The individual tumors were aspirated at intervals
of at least 2 days.

In a separate experiment 15 untreated T54A
tumors in passage 26 in nude mice and 15 untre-
ated T54B tumors in passage 23 were aspirated
weekly to investigate the possible cell cycle dis-
tribution changes during the growth of the tumors.
A total of 49 (T54A) and 42 (T54B) samples were
analyzed, and the results were stratified according
to the tumor volume at the time of sampling.

Preparation of samples, storage at —80°C, and
staining by propidium iodide were performed as
described elsewhere [20-22]. The flow cytometer
used was a FACS III (Becton Dickinson, Sunny-
vale, CA). The DNA index of the tumors [23],
defined as the ratio of the DNA content of the
tumor G, cells to that of human diploid cells, was
determined by use of chicken and trout red blood
cells as internal standards [22]. The cell cycle
distribution of the tumor cells and the fraction of
diploid mouse stromal cells were determined by
statistical analysis of the DNA histogram [24].

Per cent labelled mitoses (PLM)

In a separate experiment untrcated T54A and
T54B tumors in passage 26 and 23, respectively,
were measured for determination of the trans-
formed Gompertz growth curves and were subsc-
quently examined by the technique of PLM as
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previously described [14]. Briefly, 29 days after
transplantation the mice were given 40 pCi *H-
labelled thymidine i.p. (specific activity 6.7 Ci/
mM, New England Nuclear). The tumors were
excised at intervals and autoradiographs were pre-
parcd using the dipping technique (Kodak K-2
emulsion). After 6 wecks of cxposure the PLM
(labelled/total mitoses X 100) were calculated
from at least 200 labelled and unlabelled mitoses
scored in representative arcas of the tumors.

A total of 42 (T54A) and 42 (T54B) tumors were
transplanted for this examination. Five were ex-
cluded because the tumors did not grow and four
because the autoradiographs were unsuccessful.

The PLM data were analyzed by a computer
program [25] calculating the duration of the cell
cycle phases (7¢,, T, and Tj), the median cell
generation time (7)), and the frequency distribu-
tion of T¢.

Derived parameters
The growth curve parameters were used to
calculate the tumor volume doubling time [26]:

40 )
V{max) ~°
The potential doubling time (7,,,) and the cell loss
factor (¢) were calculated from [27, 28]:

1
T) = T In{1+ In2/ In

T
prot =\ Fs
T,
— 7 _ _‘pot
$é=1 T,

In the calculation of T,,,,, Fsis the § phase fraction
obtained by FCM.

The growth fraction (GF) was calculated from
T¢ and T, according to [28]:

T(‘? In2

pot

Ina=-

and

GF =g — 1.

RESULTS
The PLM data of the tumors and the best-fit
computed curves appear from Fig. 1.

The curve of tumor T54A shows ‘fade’ in the
second peak [8], i.c. the points are below the curve.
Thus, the resultant median T¢-value of 34.0 hr for
T54A (Table 1) is not very reliable.

The PLM data of T54B show a greater spread in
the cell cycle time compared to that of T54A,
mainly due to a greater spread in the G, duration
time (Table 1). This is visualized in Fig. 2, which
shows the frequency distributions of the cell gen-
eration time.
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Fig. . Fractions of labelled mitoses after pulse labelling with *H-

labelled thymidine of the T54A and T34 B human small cell carcinomas of

the lung. The tumors were labelled 29 days after transplantation

Sfollowing recording of the growth for determination of the mean growth
curves.

The computed cell cycle duration times are
summarized in Table 1 together with the calcu-
lated growth paramecters. It appears that the
growth characteristics of the tumors were rather
similar in the growth curves as well as in the cell
cycle kinetics. This is in agreement with the results
obtained by the repeated FCM (Table 2). The cell
cycle distributions showed no systematic changes
during the growth of untreated tumors (data not
shown). Therefore, all the results were pooled in
the calculation of the mean values listed in Table 2.

The transformed Gompertz growth curves of the
two tumors were described by the same theoretical
maximum size (InA(max) = 7) and by the slopes,

FREQUENCY, PER CENT

1 20 30 40 S0 60 70
CELL GENERATION TIME, HOURS

Fig. 2. Distribution of the cell generation time of the T54A (full line)

and the T54B (dotted line) human small cell carcinomas of the lung. The

distributions are consistent with the labelled mitoses data of Fig. 1. The
computed median generation times are indicated by the arrows.
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Table 1.  Proliferation characteristics of the T54A and T54B human small carcinomas of the lung grown in nude mice. The tumors were

derived by in vitro cloning from the same original human tumor. The median cell generation time (T¢.), the duration times of the G\, S, and

G, phases of the cell cycle and the standard deviation of the means (S.D.) were determined by computer analysis of the data obtained by the

technique of labelled mitoses. The slope of the transformed Gompertz growth curve (o), the tumor volume doubling the time (T)) the

potential doubling time (T.), the cell loss factor (&), and the growth fraction (GF) were calculated as described in the Materials and
methods section. All time values are in hr.

No. Mean T T("l T T(,g_, [ To Tow & GF
vol. 10%
(mm®) Mean  S.D. Median Mean S.D. Median Mean S.D. Median % %
T>4A 38 257 340 15.0 6.7 13.7 16.6 59 15.7 3.6 1.0 35 38.9 120 100 1.3 26.6
T54B 37 238 289 205 31.7 11.2 12.3 38 11.8 3.7 0.7 36 35.9 127 69 466 340
Table 2. The mean per cent cells in the cell cycle phases + §.D. Ts4A
determined by flow cytometric DNA analysis of the T54A and = 12
T54B human small cell carcinomas of the lung. The cellular 3: 10
DNA content of the tumor cells (DNA index) was determined in = a8
two samples from each of the tumors. g
06
E
T54A T54B w 04
N
o 2
No of analyses 49 42 g 00
G, 87.2 = 3.8 84.7 £ 3.0 -02
S 11.8 £ 3.9 13.1 £27
G, + M 1.0+ 05 22+ 09 DAYS AFTER TRANSPLANTATION
DNA index 9.95 1.32 Fig. 4. Normalized mean transformed Gompertz growth curves of the

a = 0.0389 and o = 0.0359, respectively (Table 1).
Statistical analysis of the a-values by Wilcoxons
tests for two samples showed no significant differ-
ence between the growth of the tumors (u = 1.43,
P > 0.05). '

The experimental growth data were well fitted
by the growth equation used. The coefhicients of
correlation were 7 = 0.993 and r = 0.998 for tumor
T54A and T54B, respectively.

The radiation effect on the growth curves of the
tumors appears from Figs. 3 and 4. The treatment

T64B

TUMOR SIZE ,In[inAlmax)-InA{t)}

T
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LA S B S SO S B M B S B L
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T

Fig. 3. Normalized mean transformed Gompertz growth curves of the

T54A human small cell carcinoma of the lung following single-dose

irradiation 30 days (arrow) after transplantation. The curves were used

to calculate the time (growth delay) to reach twice the mean treated tumor
volume (dotted line).

T54B human small cell carcinoma of the lung following single-dose

irradiation 22 days (arrow) after transplantation. The curves were used

to calculate the time (growth delay) to reach twice the mean treated tumor
volume (dotted line).

induced a dose-dependent growth delay (TGD) in
both tumors, and the calculated SGD-values show
that the response of T54A was almost twice that of
T54B (Fig. 5).

Despite the evidence in both tumors of a sub-
stantial cell kill (SGD), the irradiation caused no
tumor shrinkage even after the highest dose ap-
plied. This is illustrated for the most sensitive
tumor (T54A) in Fig. 6, top diagram. It is scen
from the course of the volume growth curves that
no significant differences appcared during the ini-
tial 10~15 days after the treatment.

In addition to the volume changes of T54A, the
variation in the fraction of diploid cells arc de-
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Fig. 5. Specific growth delay of the T54A and T54B human small cell

carcinomas of the lung following single-dose irradiation.
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Fig. 6. Mean volume growth curves (top) and mean per cent diploid cells
(bottom) of the T34A human small cell carcinoma of the lung following
single-dose irradiation. The tumor volume data were calculated from the
growth data of Fig. 1. The fraction of diploid cells were computed from
flow cytometric DNA histograms. Each point reprsents one to five untreated
control tumors (@), or two to five tumors treated with 3 Gy (0), 5 Gy
(A), and 10 Gy (V). The dotted line (bottom diagram) were drawn by
the eye.

picted in Fig. 6 (bottom diagram). It appears that
the diploid cells rapidly increased to a maximum of
about 50% on day 12 after the treatment, and that
the level remained eclevated throughout the
observation period. The changes in the diploid
fraction were independent of the radiation dose.

The diploid fraction of cells was the same in
unperturbed tumor T54A and T54B. The calcu-
lated means * standard deviation (S.D.) were
10.9 £ 7.9% (T54A) and 10.0 * 12.7% (T54B).

The posttherapeutic variation in tumor volume
and in diploid fraction was in principle the same in
T54B as that in T54A (Fig. 6).

The treatment effect on the tumor cell cycle
distribution was monitored by sequential FCM.
The cell cycle perturbations were small in both
tumors and comprised, as exemplified in Fig. 7, an
accumulation of cells in the G, + M phase of the
cell cycle followed by an increase in the S phase
fraction. In some of the dose groups (Fig. 7) the
data indicate two Gy, + M peaks. The G, phase
changes were inversce to thosc of the Gy, + M phase.

In both tumors the cell cycle fractions redistri-
buted to the pretreatment levels 12-20 days after
the irradiation.

The tumor cell distribution changes werc more
pronounced in the T54B, whereas the amount of
necrosis was greater in the histograms of the T54A
(not shown).
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Fig. 7. Mean cell cycle changes determined by flow cytometric DNA

analysis of the T54B human small cell carcinoma of the lung following 5

Gy single-dose irradiation. Each point represents the mean of three to six
different tumors.

DISCUSSION

This study showed that two subpopulations de-
rived from the same human SCCL cxhibited a
great difference in the in vivo radiosensitivity, and
the close similarities in the growth characteristics
suggest that this difference may be due to inherent
difference(s) in the cellular sensitvity. However,
the difference in sensitivity may be explained by
the difference in the spread of the cell gencration
time of the two tumors (Fig. 2). The greater spread
in T54B reflects that the spread in the G, duration
time of this tumor is greater than that of the T54A,
and thus that T54B may contain a greater cell
fraction in the parts of the cell cycle in which the
cells are resistant to irradiation [6].

Irrespective of the reason for the different sensi-
tivity the results suggest that if the two tumors are
representative of the heterogencity of human
tumors in situ, then the difference in sensitivity
among subpopulations of a tumor is an important
factor in therapeutic failures.

The cell kinetics of the tumors (Table 1) are
comparable to the few data available from similar
tumors in patients [8], and thc cell cycle distribu-
tions (Table 2) are within the range found in a
large series of SCCL in patients [29].

The median T¢-values of approx. 30 hr and the S
phasc fractions (= labelling index) of 12-13% are
of the same order of magnitude as those found in
other types of human tumors in patients [8] and in
nude mice [14]. Thus, the proliferative parameters
offer no explanation for the general experience that
SCCL 1is a fast growing tumor type in paticnts.
However, the fast net growth might as well be duc
to a relative small cell loss [30]. This would be in
agreement with the calculated ¢-values of 17.3 and
46.6. (Table 1), which arc well below the values
gencerally found in other types of human tumors [8,
14].

The results of the repeated FCM of untreated
tumors can be used to deduce information concern-
ing the cell cycle duration times during growth [14]
without the usc of the laborious and time-
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consuming PLM technique. The cell eycle dis-
tributions showed no systematic changes with the
growth of these tumors. This is in contrast to the
finding in a heterotransplanted human malignant
melanoma of an increasing G, fraction, which by
PLM investigation was found to be caused by a
prolongation of the G, duration time whereas the
duration of the S and G, phases was constant with
tumor growth [14]. Analogously, since the cell
cycle distributions of the present SCCL tumors
were independent of the tumor size, it can be
argued that also the cell cycle duration times were
constant during the tumor growth. This would
implicate that the increase in the tumor volume
doubling time (7'p), which occurs during gompert-
zian growth of tumors [14], is caused only by an
increase in the cell loss factor, whereas the growth
fraction remains constant. This means that the
retardation diagram [8] of the tumors, 1.e. a plot of
connected values of GF and ¢ for increasing tumor
sizes, would show a vertical line. Hence, in accord-
ance with the results generally found in ex-
perimental and in other human tumors [8, 14}, the
cell loss is the dominant factor in the growth of
these tumors.

Growth delay defined as the time of growth to
reach a multiple of the tumor volume at the time of
treatment is an accepted in vivo measure of treat-
ment effect [31-33]. However, since the calculated
value of growth delay (TGD) is dependent on the
growth rate of untreated tumors, TGD is insuf-
ficient as the only parameter in the comparison of
treatment effect in different tumors. Therefore it is
necessary to use SGD or another parameter that is
independent of the tumor growth rate.

The lack of shrinkage after the treatment (Fig. 6)
has been described in other tumors (19, 33]. The
reason for the general observation that tumors
initially after irradiation show continued growth
and often without a subsequent shrinkage has been
ascribed to the accumulation in the Go phase of
cells with a relatively large volume due to a
radiation-induced premitotic block in the cell cy-
cle, to treatment-induced edema, and to persistent
necrosis in the tumors [19], especially in tumors
with small ¢-values [34]. Furthermore, flow
cytometry has been used to demonstrate a decrease
in the ratio of tumor cells to all cells by a factor of
15 after irradiation of an experimental tumor [35].
Hence, it seems that the present finding of a very
pronounced accumulation of diploid cells (Fig. 6)

may be a general phenomenon in irradiated
tumors, and the results thus suggest that this is an
important reason for the continued increase in
tumor size after irradiation or, as in the present
tumors, for the lack of tumor shrinkage.

The postirradiation increase in the fraction of
diploid cells may be due to a radiation-induced
reduction in the fraction of tumor cells and/or to an
inflammatory reaction caused by the irradiation.
In the present experiment the results indicate that
the inflammatory reaction was the main reason,
since the increase in the diploid fraction com-
menced rapidly after the treatment in tumors
showing no shrinkage, and since the changes were
independent of the dose applied (Fig. 6).

The diploid cell fraction of the individual tumors
showed great variation due to a different degree of
blood admixture in the fine-needle aspirations.
Thus, the actual values plotted in Fig. 6 (bottom)
are not very reliable, but are considered indicative
of the changes induced in the treated tumors.

The cell cycle distribution changes of the treated
tumors were small as exemplified for T54B follow-
ing 5 Gy in Fig. 7. This is in agreement with the
findings in previous studies on other heterotrans-
planted human tumors {19, 33], and may in part
be explained by the presence of radiation-induced
necrotic cells in the samples which obscure the
analysis of the histogram [26, 33].

The two peaks in the Gy, + M accumulation
indicate that irradiation was followed by a partial
synchronization of the accumulated cells. The in-
terval between the peaks suggests a postirradiation
generation time of 2-3 days, which is a prolonga-
tion compared with the median T¢ found by the
PLM investigation of unperturbed tumors (Table
1}. However, the redistribution in all dose groups
of the cell cycle fractions to pre-treatment level
indicates that the trcatment did not influence the
regrowth cell-kinetics of the surviving tumor cells.
It is therefore likely that the decreased regrowth
rate of tumors treated with 10 Gy (Figs. 3 and 4) is
caused by persistent radiation-induced necrosis in
these tumors [26].
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