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Abstract

Hyperthermia, either alone or combined with radio-, immuno- or
chemotherapy, can control tumor growth, but its effect on metastasis
is still controversial. In the present study, we investigated the influ-
ence of hyperthermia on the metastatic potential of B16-F10 murine
melanoma cells. Incubation of melanoma cells at 43oC for 30 min led
to a significant decrease in cell viability. About half of the cells
survived the acute exposure to heat. These thermoresistant cells
displayed a longer lag phase as compared to control unheated B16-F10
melanoma cells. Other parameters of cell growth such as doubling
time and saturation density were equivalent in both control and
thermoresistant cells. Both control and treated cells were adherent, but
thermoresistant cells failed to spread during the first 48 h after heat
exposure. B16-F10 cells colonize the lungs of C57BL/6J mice when
injected intravenously; the number of lung colonies is a measure of the
metastatic potential of injected cells. Median values of 22, 10.5 and 31
colonies per injected mouse were observed for control cells, cells
heated to 43oC for 30 min and thermoresistant cells, respectively, with
statistically significant differences between groups (Mann-Whitney
test, P<0.02). Thus, despite its cytotoxic action, heat exposure induced
the acquisition of a more metastatic phenotype in a subpopulation of
B16-F10 cells.
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More than two thirds of cancer deaths are
caused by metastases resistant to treatment
which may be present, but undetectable, even
in the early stages of the disease. As the
tumor progresses, neoplastic cells are ame-
nable to changes which generate a heteroge-
neous cell population. Tumor cell heteroge-
neity represents a further complication in
planning adequate treatment for metastatic
disease. For most cases, no effective treat-
ment is available, and frequently different
therapeutic modalities are combined in the
management of cancer patients.

Hyperthermia has been reported to be

beneficial for the treatment of cancer since
ancient Greece. Hippocrates stated that fire
would be successful when all other methods
failed (1). However, only in 1985 did the
United States Food and Drug Administra-
tion recognize hyperthermia as an effective
treatment for some cancers (2,3). Hyperther-
mia is now accepted as a therapeutic modal-
ity for cancer palliation. There is good evi-
dence that hyperthermia alone or in combi-
nation with radio-, immuno- or chemotherapy
can control the local growth of tumors. Cur-
rently, hyperthermia is indicated in combi-
nation with radiotherapy for the treatment of
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skin tumors (4,5) and in combination with
the antiblastic agent melphalan for the treat-
ment of malignant melanoma of the extremi-
ties (1,6,7). In experimental models, combi-
nation of hyperthermia and cytokines, e.g.
interleukin-2, suppressed tumor growth (8).
However, the long-term effects of hyper-
thermia, such as its effects on metastatic
potential, are still controversial (4,9).

In this study, we investigated the effects
of hyperthermia on the growth parameters
and metastatic potential of a murine mela-
noma cell line, B16-F10. This model was
first established by Fidler (10) from a spon-
taneous melanoma tumor of C57BL/6J mice.
By means of progressive selection, Fidler
isolated variants with different metastatic
potentials. B16-F10 is one of these variant
cell lines, suitable for experimental metasta-
sis assays. Once injected into the tail vein,
B16-F10 cells colonize lungs within 2-3
weeks. Since these cells produce melanin,
dark (brown/black) lung nodules are easily
counted with the aid of a magnifying glass.

B16-F10 cells were cultured in RPMI
1640 (Sigma, St. Louis, MO) supplemented
with 10% heat-inactivated fetal calf serum
(Cultilab, Campinas, Brazil) and 50 mg/ml
gentamicin sulfate in a humidified incubator
equilibrated with 5% CO2 at 37oC. All re-
agents used were purchased from Sigma (St.
Louis, MO). Cells were harvested at subcon-
fluence with PBS-EDTA (10 mM sodium
phosphate buffer, 150 mM NaCl, and 2 mM
EDTA, pH 7.4). The cells used in this study
were not maintained for more than 15 con-
secutive passages in culture.

We first evaluated the effects of temper-
ature on cell viability. In a first set of experi-
ments, B16-F10 cells were heated to 37, 43
and 46oC for 30 min in PBS-EDTA. Cell
viability was then determined using Trypan
blue dye exclusion (11). Viable cell mem-
branes are not permeable to the dye, while
dead cells readily stain blue. The percentage
of viable cells in each experimental condi-
tion was then determined by light micros-

copy. While in the control group (cells heated
to 37oC in PBS-EDTA), 81.4% of cells re-
mained alive after 30 min (median value),
63.2% of cells heated to 43oC and 38.4% of
cells heated to 46oC were viable after 30
min. Nine samples from each group were
counted and the groups were compared by
the Kruskal-Wallis test. Differences in the
median values were statistically significant
(P<0.05). These results indicate that PBS-
EDTA alone leads to cell death if used for a
prolonged period of time. The additional
effect of exposure to increased temperatures
was also clearly demonstrated. Thermosen-
sitivity varies within different cell types and
even within variants of the same cell line.
B16-F1, a less invasive variant of the B16
cell line, is more resistant to temperature
exposure than B16-F10 (12). In vitro, nor-
mal cells are more resistant to hyperthermia
than neoplastic cells (13,14). This is equiva-
lent to saying that the thermal dose required
to induce cell death is higher for normal cells
as compared to their malignant counterparts.

The thermal dose is related not only to
temperature of exposure, but also to duration
of exposure (14). We next compared the
exposure of B16-F10 cells to 37oC and 43oC
for increasing periods of time (15 to 75 min).
Cell viability was determined as described
above. As expected, cell viability decreased
gradually with time in both groups. After 75
min, cell viability was about 75.9% (median
value of 6 samples) in the control group,
while in the group heated to 43oC only 30.5%
of the cells were viable (median value of 6
samples) (P<0.05, Kruskal-Wallis test). As
mentioned above, approximately 60% of cells
died after a 30-min exposure to 46oC. Expo-
sure for 60-75 min to 43oC caused a similar
effect.

In these experiments, we evaluated cell
death using a rather insensitive method. Loss
of cell membrane permeability is a late event
in the biochemistry of cell death (11). Thus,
in these assays the cytotoxic effects of hy-
perthermia are clearly underestimated. To
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circumvent this limitation, we studied cell
behavior after heat exposure and observed a
progressive decrease in cell viability for up
to 3 h after cessation of hyperthermia (data
not shown). However, a number of cells
(about 44%) were resistant to exposure to
43oC for 30 min (thermoresistant).

B16-F10 cells are highly adherent and
spread, presenting neurite-like cytoplasmic
extensions (Figure 1a and c; Reference 15).
Thermoresistant B16-F10 cells were adher-
ent, but did not spread completely within the
first 48 h after heat exposure (Figure 1b and
d). Cell growth was also monitored and the
lag phase of thermoresistant cells was found
to be longer than that of control cells. Once
the log phase was achieved, both control and
thermoresistant B16-F10 cells displayed simi-
lar doubling times and reached the same
saturation density (data not shown). Thus,
the growth parameters of thermoresistant
cells did not vary significantly.

In order to evaluate the effect of hyper-
thermia on the metastatic potential of B16-
F10 cells, three experimental groups were
defined: a) control, cells heated to 37oC for
30 min in PBS-EDTA (group 37oC); b) cells

heated to 43oC for 30 min in PBS-EDTA
(group 43oC), and c) cells heated to 43oC for
30 min in PBS-EDTA and then maintained
in tissue culture for 13 days (group 43oC-
d13). Sets of 30 C57BL/6J female mice,
aged 4-6 weeks, were divided into three
groups. Animals were injected intravenously
into the lateral tail vein with 105 viable cells
of one of the groups described above. Three
independent sets of 30 animals each were
injected. Errors of intravenous injections oc-
curred in some animals in all three groups,
and in these cases the cells were injected into
the subcutaneous tissues of the tail. Tail
tumors were then observed, but the data for
these animals were not included in the anal-
ysis. In the three sets, 29, 28 and 27 animals
were injected with cells from groups 37oC,
43oC and 43oC-d13, respectively. After 3
weeks, the animals were sacrificed under
anesthesia and exsanguinated, and the lungs
were excised and fixed in 3.7% formalde-
hyde. After fixation, pigmented lung nod-
ules were counted and the results are shown
in Figure 2. The median numbers of meta-
static nodules in groups 37oC, 43oC, 43oC-
d13 were 22, 10.5 and 31, respectively.

Figure 1 - Spreading, but not ad-
hesion, of B16-F10 cells is de-
layed after acute heat exposure.
Suspensions of B16-F10 cells
were exposed to 37oC (a and c)
or 43oC (b and d) for 30 min.
Control and heated cells were
then cultured. After 24 h (a and
b), control cells adhered and
spread while heated cells
(thermoresistant) adhered but
did not spread. After 48 h (c and
d), some thermoresistant cells
displayed the cytoplasmic pro-
jections typical of cell spreading
(d).
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Pairwise comparisons (37oC vs 43oC; 37oC
vs 43oC-d13; 43oC vs 43oC-d13) indicated
that differences were statistically significant
(Mann-Whitney test, P<0.02).

The decrease in number of metastatic
nodules observed in the 43oC group as com-
pared to the 37oC group should be under-
stood as a consequence of the cytotoxic ef-
fect of hyperthermia. Although the number
of viable cells injected was the same, as
mentioned above, cell viability decreased at
a higher rate in the 43oC group than in the
37oC group even after the cessation of hy-
perthermia. On the other hand, group 43oC-

d13 showed a significant increase in the
number of metastatic foci as compared to the
control group. This difference in metastatic
potential may be due to some selective effect
of heating stress, either directly or indirectly
involved in the propagation of more invasive
B16-F10 subclones. Similar results were re-
ported for local hyperthermia in melanoma-
bearing mice (16).

The phenotypic changes that determined
the increased metastatic behavior, as well as
the differences in cell spreading of thermo-
resistant B16-F10 subclones, are still un-
known. This experimental model may pro-
vide a useful system for determining the
molecular mechanisms in the later steps of
the metastatic cascade (arrest in the vascula-
ture and extravasation) (17). Furthermore,
the fact that more aggressive cell popula-
tions may be generated with stressful stimuli
such as heating may serve as a cautionary
note for those interested in using hyperther-
mia as a therapeutic modality for humans.
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Figure 2 - Metastatic potential of
control (37oC), acutely injected
heated cells (43oC) and thermo-
resistant (43oC-d13) B16-F10
cells. Control and treated cells
were injected intravenously into
C57BL/6J mice (105 cells/
mouse). After 21 days, the ani-
mals were sacrificed and the
number of lung colonies was
counted. Groups 37oC, 43oC,
and 43oC-d13 consisted of 29,
28 and 27 animals, respectively.
Pairwise comparison (37oC vs
43oC, 37oC vs 43oC-d13, 43oC
vs 43oC-d13) demonstrated a
significant difference in the
metastatic potential of 43oC-
heated cells (decrease as com-
pared to control) and of thermo-
resistant cells (increase as com-
pared to control) (*P<0.02,
Mann-Whitney test).
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