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Abstract

Computerised image analysis, performed on histological sections of (C57BL6/N) mouse lungs that had been intravenously (i.v.)
injected with B16-F10 melanoma cells was used to develop a novel method to quantify the efficacy of potential antineoplastic drugs.
This procedure allowed the evaluation of the rate of inhibition of growth and the anti-invasive capability of new molecules, thus
resulting in more accurate data than that obtained from common macroscopical counting of surface metastatic foci. Several mor-
phological parameters can be measured by this method: the percentage of tissue area occupied by metastases, which accounts for
tumour implantation into the organ; the growth index, related to the size of the metastases, and the invasion index, related to the
frequency of foci. These morphometric data were found to be correlated to the levels of lung hydroxyproline and transglutaminase
activity, well known markers of tumour invasion and cell differentiation, respectively. The main objective of this computerised
procedure was to evaluate how the tumour cell is affected in the host by the drug under investigation. The use of the method is
exemplified by an analysis of the antitumour activity of some methylxanthines. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The metastatic spread of cancer cells to different
organs represents the major cause of death in cancer
patients. Despite the advances recently achieved in the
treatment of tumours, the management of malignancies
still remains a difficult task for the oncologist [1,2].
Indeed, one of the aims of most cancer researchers is
the development of a suitable technical model which
could allow both the evaluation of the metastatic
potential of tumour cells, and the antineoplastic effect
of new molecules.

Computer-assisted image analysis is currently used for
the quantification of results for a wide range of biologi-
cal experimental procedures [3-7]. In the present study,
this technique coupled with a valid experimental metas-
tasis model, like lung colony formations following
intravenous (i.v.) injection of B16-F10 melanoma cells
into syngeneic mice, has been shown to be a simple and
reliable tool for a more accurate analysis of lung colo-
nies formed by tumour cells. Moreover, the main
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advantage of this method is the possibility of evaluating
how the antineoplastic activity of new drugs is exerted
in vivo, discriminating between inhibition of tumour
growth and anti-invasive properties. This information
may be very useful to investigate whether the effects of
the antineoplastic molecule could be quantified and
manipulated selectively, in the hope of establishing
more targeted anticancer therapeutical interventions.

We have previously shown that a set of morphometric
parameters can be measured on histological sections of
mouse target organs that have been colonised by B16-
F10 melanoma cells [8]. In this report, we describe a
method which facilitates the interpretation of these
parameters for the objective and quantitative in vivo
evaluation of invasion and tumour growth for pharma-
cological studies.

2. Materials and methods
2.1. Materials

Theophylline, caffeine and theobromine were purchased
from Sigma (St Louis, MO, USA). [*H]-putrescine 2
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HCI (38.15 Ci/mmol) was purchased from NEN (Bos-
ton, MA, USA). Culture medium (Dulbecco’s minimum
essential medium, DMEM), fetal bovine serum (FBS)
and 0.5% trypsin/0.1% ethylenediamine tetraacetic acid
(EDTA) were from GIBCO Laboratories (Grand
Island, NY, USA). All other chemicals were provided
by Merck (Darmstadt, Germany).

2.2. Cell culture

B16-F10, highly metastatic murine melanoma cells
(obtained from I.J. Fidler, University of Texas, M.D.
Anderson Cancer Center, Houston, TX, USA), were
propagated under standard culture conditions [9]. Cul-
tures were found to be free from mycoplasma species
using the Hoechst staining procedure. The invasive
potential has been assessed in an in vitro invasion assay,
as previously described [10]. The metastatic activity,
both spontanecous and experimental, was found to be
stable over the time of the experimental procedures. Cell
viability was tested by the trypan blue (0.25%) exclu-
sion test at different times of culturing. Cells were trea-
ted with methylxanthines (theophylline, caffeine or
theobromine) at a final concentration of 1 mM and
incubated for 48 h in the same culture conditions (5%
CO», 37°C). Cells were washed twice with DMEM, har-
vested with trypsin/EDTA solution, resuspended as iso-
lated cells, counted with a Thoma slide and used for the
in vivo experiments.

2.3. Animal experiments

Male C57BL6/N mice (6 to 8 weeks old) were
obtained from IFFA Credo (L’Abreole, France). Lung
metastases were produced by intravenous injection of
2x10° viable B16-F10 cells (control), or cells pretreated
with methylxanthines suspended in 0.2 ml DMEM into
anaesthetised mice (Farmotal, 50 mg/kg body weight).
As a control, a group of animals (normal) were injected
with 0.2 ml DMEM only. The viability of the injected cells,
controlled by trypan blue dye exclusion, was always
higher than 95%. For each experimental condition, 8§-10
mice were inoculated in the lateral tail vein. Mice were
sacrificed by cervical dislocation on the eighteenth day
after tumour cell injection. Lungs were rapidly excised,
rinsed in phosphate buffered saline (PBS), weighed and
further processed. All experimental protocols have been
carried out following the Guidelines for the Welfare of
Animals in Experimental Neoplasia [11] and the ECC
Council Directive 86/609, OJL 358, 1 December 1987.

2.4. Hydroxyproline content and transglutaminase
activity in mice lung homogenates

The tissue to be analysed was frozen in liquid nitrogen
upon excision and stored at —70°C. The lung hydroxy-

proline content was estimated according to a published
procedure [12]. Transglutaminase activity in the lung
homogenate was assayed as reported by Chung and
Folk [13].

2.5. Histology

Samples were fixed in 10% formalin for 48 h, dehy-
drated in ethanol and embedded in paraffin. Tissue
10 pm-sized serial sections performed every 100 pm were
obtained with an ultramicrotome Leitz 1512 (Germany)
and were stained with haematoxylin and eosin.

2.6. Quantitative analysis of the tumours

The number of surface metastases was evaluated by
two independent operators. A total of 500 lung foci was
considered as the maximum value, and expressed as
>500. The precise localisation of B16 melanoma colo-
nies in the lungs and the morphometric evaluation were
performed on approximately 100 random lung sections
in each lung. Quantification of the portion of lung sec-
tion occupied by metastatic tissue (percentage of
implantation), the growth and invasion indexes were
obtained using an integrated image analysis system
(Quantimet 970, Cambridge Instruments, UK). Densi-
tometric analysis of digitalised microscopical images
were used to discriminate metastases of B16-F10 mela-
noma from normal lung tissue. The following para-
meters were measured in each lung section: the
percentage of tumour implantation, calculated as the
ratio between the total metastatic area (TMA) and the
total area of the histological section (TA): % tumour
implantation= M2 x 100, the growth index (GI),
expressed as the ratio between the average area of
metastatic foci (AAMF) and the total area of the histo-
logical section (TA): GI = 24ME the invasion index (II),
calculated as the ratio between the total metastatic area
(TMA) and the average area of metastatic foci

(AAMF): 11 = MA

2.7. Statistical analysis

Values for tumour-bearing mice injected with
untreated B16 cells were compared with those for mice
injected with methylxanthine-treated cells. The results
were expressed as the mean+d-standard error of the mean
(SEM) of the values obtained for each lung. All experi-
mental data were analysed by non-parametric Mann—
Whitney test (P values lower than 0.05 were considered
as significant). Statistical correlations between morpho-
metric parameters (Gl and II) and biochemical data
(transglutaminase activity and hydroxyproline content,
respectively), have been carried out by Bravais—Pearson
correlation test (P values lower than 0.05 were con-
sidered as significant).
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3. Results

The effect of methylxanthine treatment of B16-F10
melanoma cells on hydroxyproline content and trans-
glutaminase activity in the lung homogenate is shown in
Table 1. Hydroxyproline content was studied as a mar-
ker of lung invasion of the tumour cells [14,15]. In con-
trol tumour-bearing mice, lung hydroxyproline content
was 12.54+1.0 pg/mg protein. Treating tumour cells with
1 mM theophylline or caffeine, this value significantly
decreased to 6.44+0.8 pg/mg protein (P <0.001) and to
10.0+£1.2 pg/mg protein (P <0.005), respectively. Theo-
bromine did not influence hydroxyproline levels
(11.2£1.3 pg/mg protein). Transglutaminase activity,
considered as a differentiation marker [16], in control
tumour-bearing mice was found unchanged from nor-
mal animals (1.5640.14 pmol [*H]-putrescine/h/mg
protein), and significantly increased with theophylline
treatment (15.4341.23 pmol [*H]-putrescine/h/mg pro-
tein, P<0.001). A lesser increase in transglutaminase
activity was found in the caffeine-treated group (4.6740.24
pmol [*H]-putrescine/h/mg protein, P<0.001), whereas
the value for the theobromine group was similar to the
control (1.762£0.15 pmol [*H]-putrescine/h/mg protein).

Fig. 1 shows the appearance of the mouse lungs three
weeks after the inoculation of melanoma cells. As usual,
the quantitative estimation of the antineoplastic activity
of the drug under investigation was done by counting
the number of surface metastases. Fig. 2 shows that
theobromine-treated cells (Tb) produced values similar
to the control (Ctrl> 500 foci/lung), whereas tumour
implantation appeared lower (44%) for caffeine-treated
cells (Cf=282+22 foci/lung, P <0.005) and particularly
reduced (72%) for theophylline-treated  cells
(Th=138+12 foci/lung, P<0.001). The histological
section of lungs invaded by untreated or theophylline-
treated B16 cells, showed that the melanoma colonies
were usually located either inside (Mi) or superficially
(Ms) near pulmonary blood vessels and bronchioles

Table 1

Determination of hydroxyproline content and transglutaminase activ-
ity in lungs from C57BL6/N mice intravenously (i.v.) injected with
untreated B16-F10 melanoma cells (control) or with cells treated with
1 mM theophylline, caffeine or theobromine

Treatment Lung Lung transglutaminase activity
hydroxyproline (pmol [*H]-putrescine/h/mg
(ng/mg protein) protein)

Normal? 0.8+0.05 1.41+£0.12

Control 12.5£1.0 1.56+0.14

Theophylline 6.440.8> 15.43+1.23%

Caffeine 10.0+£1.2¢ 4.6740.24°

Theobromine 11.2+1.3 1.764+0.15

@ Injected with vehicle only.
b Significantly different from control, P <0.001.
¢ Significantly different from control, P <0.005.

Cirl Th Cf Tb

Fig. 1. Representative lungs of C57BL6/N mice intravenously (i.v.)
injected with untreated B16-F10 melanoma cells (Ctrl) or treated for
48 h with 1 mM theophylline (Th), caffeine (Cf) or theobromine (Tb).
Superficial metastases are visible as black spots. Approximately 20
mice were treated for each experimental group.

(Fig. 3). The area of lung tissue occupied by metastases
was calculated on each histological section by means of
a computerised procedure. Fig. 4 shows the percentage
of implantation of melanoma cells into the target organ.
Theophylline treatment of melanoma cells inhibits
tumour implantation more than caffeine (51% for
theophylline, P<0.005; 24% for caffeine, P <0.005),
whereas theobromine did not exert any effect. Higher
magnification of the histological sections of the mouse
lungs is shown in Fig. 5. In the control experiments
(Ctrl), the lung foci (arrowed) appeared larger than
those obtained with theophylline-treated tumour cells
(Th), and metastases were also visible in contact with
pleura of the organ. Caffeine-treated melanoma cells
(Cf) produced lung foci which appeared reduced with
respect to the control, whereas in the lung sections
obtained from mice injected with theobromine-treated
cells (Tb), negligible variations in tumour colonisation
were observed.

In order to give a measure of the rate of tumour
growth in the target organ, expressed as the growth
index (GI), and of the frequency of foci in the lung,
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Fig. 2. Quantitative evaluation of the number of superficial lung
metastases from melanoma cells intravenously (i.v.) injected into
C57BL6/N mice. Ctrl, untreated cells; Th, cells treated with 1 mM
theophylline; Cf, cells treated with 1 mM caffeine; Tb, cells treated
with 1 mM theobromine. Each group represent the mean+SEM of
approximately 20 mice. The counting of lung foci was limited to a
maximum of 500. *P < 0.001; TP <0.005.
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Fig. 3. Histological sections of lung from C57BL6/N mice intrave-
nously (i.v.) injected with untreated B16-F10 melanoma cells (Ctrl) or
treated for 48 h with 1 mM theophylline (Th). Scale bar: 0.2 mm. Mi,
internal metastases; Ms, superficial metastases.

expressed as the invasion index (II), all the histological
sections obtained from B16-F10 colonised lungs were
further analysed by a computer-assisted image analysis
system (Quantimet). The values of GI and II are shown
in Table 2. The magnitude of the two indexes was not
affected by the treatment of B16 cells with theobromine
(GI=156+12x10"% 11=2389.14+22.3) with respect to
the control (GI=1604+10x10"%; 11=369.74+21.7). In
contrast, the indexes for theophylline and caffeine were
significantly reduced. From these data, it was also pos-
sible to observe that, while the reduction of tumour
growth by theophylline (GI=48+3x10"%, P<0.001)
and caffeine (GI= 62£5x10~4, P<0.001) is similar,
theophylline exerts an higher anti-invasive capability
(I1=105.8+£17.7, P <0.001) than caffeine (11 =278.2+16.4,
P <0.005). Table 2 reports the statistical correlations
between the two morphometric indexes and the bio-
chemical parameters shown in Table 1. The values of r
(Bravais-Pearson correlation coefficient) appear highly
significant for GI/transglutaminase activity (negative
correlation), and II/hydroxyproline levels (positive
correlation).

Table 2
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Fig. 4. Quantitative evaluation by computer-assisted image analysis of
the percentage of lung colonisation by B16-F10 melanoma cells intra-
venously (i.v.) injected into C57BL6/N mice, performed on histologi-
cal sections of lung. The percentage of implantation represents the
ratio between the total metastatic area and the total area of the histo-
logical section. Ctrl, untreated cells; Th, cells treated with 1 mM
theophylline; Cf, cells treated with 1 mM caffeine; Tb, cells treated
with 1 mM theobromine. Each group represents the mean+SEM of
approximately 20 mice. *P <0.005.

4. Discussion

The adhesion of tumour cells to the endothelial
plasma membrane and to the basement membrane pro-
teins, followed by the secretion of specific metallopro-
teinases, allow metastatic cells to invade tissue and then
to proliferate into the target organ [1,17,18]. This com-
plex process is essential for the formation of metastases
and is, therefore, of critical clinical importance. For
detailed investigations of the antineoplastic effect of new
molecules, quantifiable in vivo models of tumorigenesis
are necessary. In this study, we describe an image ana-
lysis procedure which facilitates an objective analysis of
experiments carried out using the melanoma cell line
B16-F10 in an experimental metastasis model. This
procedure appears useful for the in vivo investigation of
potential antineoplastic molecules.

Morphometric parameters obtained by computer-assisted image analysis performed on histological sections of B16-F10 invaded mice lungs and their

correlation with transglutaminase activity and hydroxyproline levels

Treatment Growth index Correlation with Invasion Correlation with

(GI) (x10% transglutaminase activity (r) index (II) hydroxyproline levels (r)
Control 160+10 —0.903 (n=10; P<0.01) 369.7+£21.7 0.948 (n=10; P<0.01)
1 mM theophylline 48432 —0.876 (n=10; P<0.01) 105.8£17.72 0.919 (n=10; P<0.01)
1 mM caffeine 62452 —0.885 (n=10; P<0.01) 278.2416.4° 0.650 (n=10; P<0.05)
1 mM theobromine 156+12 —0.959 (n=10; P<0.01) 389.1+22.3 0.959 (n=10; P<0.01)

r = Bravais-Pearson correlation coefficient.
@ Significantly different from control, P<0.001.
b Significantly different from control, P <0.005.
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Since the extent of the area of a metastatic focus is
directly related to tumour growth, we considered as
growth index (GI) the ratio between the average area of
metastatic foci (AAMF) over the total area of the his-
tological sections (TA). Furthermore, assuming that a
lung focus is evolved from at least a single tumour cell,
which migrated through the basement membrane and
invaded the target tissue, the number of lung foci is
roughly related to the invasion of tumour cells, the
parameter indicated as Invasion Index (II=TAM/
AAMF). The values found for these two morphometric
parameters, appear to be supported by the biochemical
data obtained in the target organ invaded by the mela-
noma cells. Indeed, it appears that the GI negatively
correlates with a differentiation marker (transglutami-
nase activity), whereas the II positively correlates with
an invasion marker (hydroxyproline content). These
findings strongly suggest that our morphometric proce-
dure provides a reliable evaluation of the in vivo tumour
growth and invasion rates, highlighting its potential
utility in the investigation of the antineoplastic cap-
ability of new chemical agents.

Since promising preclinical results have been reported
for theophylline [19], we tested our method using
methylxanthines with variable antineoplastic activity
[8,20]. Histopathological analysis of lung tissue showed
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infiltration by neoplastic cells around the main bronch-
ioles and extending to the pleura in the control tumour-
bearing animals (Fig. 5, Ctrl). Pretreating B16-F10 cells
with theophylline or caffeine, the tumour foci were
localised more often internally in the organs, thus sug-
gesting a preferential arrest of malignant cells in larger
vessels rather than in the peripheral capillary bed. This
observation may explain the discrepancy between data
obtained counting the lung surface metastatic foci (Fig.
2) and our estimation on the histological sections of the
target organ, which also includes the internal foci (Fig.
4). Indeed, the antineoplastic activity of theophylline
appears overestimated by the surface counting of mela-
noma foci (72% reduction), when compared with Fig. 4
(51% reduction). The results obtained by our digitalised
procedure, supported by the biochemical markers,
demonstrated that theophylline affected the tumour
implantation more than caffeine and theobromine
treatments. For theophylline, the antineoplastic activity
appears to be exerted by the impairment of tumour
growth and cell invasiveness, as shown by the increase
of transglutaminase activity, which led to cell differ-
entiation [16,21], and by the decrease of hydroxyproline
content (Table 1). This is supported by the lowered GI
and II observed for this treatment (Table 2). On the
contrary, as shown in Table 2, the antineoplastic activity
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Fig. 5. Histological sections of lung of C57BL6/N mice intravenously (i.v.) injected with untreated B16-F10 melanoma cells (Ctrl) or treated for 48 h
with 1 mM theophylline (Th), caffeine (Cf) or theobromine (Tb). Arrows indicate melanoma metastases inside the parenchymal tissue. Scale bars

(Ctrl, Th, Cf, Tb): 150 pm.
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caused by caffeine appears ascribed to a greater influ-
ence on tumour growth than on cell invasiveness. These
findings highlight a further advantage of this method,
the possibility of the in vivo discrimination between
inhibition of tumour growth and the anti-invasive
capability of the drug under investigation. Moreover,
the data presented here provide strong direct evidence
that a detailed image analysis of the metastatic foci in
histological lung tissue sections is much more precise
than a simple macroscopical surface counting. The
macroscopical evaluation is in fact usually based only
on the visualisation of superficial tumours of relatively
large size. This is particularly evident considering that
the rate of pigmentation, localisation of foci and size of
the individual tumours are independent parameters
which, as documented here, can be critically modulated
by treatment with different compounds. When the
effects of different methylxanthines were investigated
microscopically, the influence on the distribution, size
and number of melanoma colonies in the lungs could be
more precisely calculated. On the basis of these con-
siderations, we propose that the combination of a com-
puterised image analysis and an experimental metastatic
model of B16-F10 melanoma cells might be a valuable
research tool for studying new therapeutic drugs for
cancer.
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