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ABSTRACT

The kinetics of thermotolerance development were compared for cells
in the SCK mammarycarcinoma of A/J mice, and the same cells cultured
in vitro. Tumors in the legs of mice or cells in culture flasks were
conditioned with heat in a water bath at 43Â°Cfor 30 min and the cells

were left in the tumors or the culture flasks for various lengths of time
after heat conditioning. The magnitude of thermotolerance was deter
mined by preparingsingle cells and subjecting them to a test heating in
a controlled environment in vitro at 43Â°C,and the survival of the cells
was determined by measuring the colony-forming ability in vitro. Ther
motolerance in tumors reached its maximum 12 h after heat conditioning,
at which time the survival response was characterized by I),,(the duration
of heating required for exponential cell inactivation to 1/e) of 116 min.
This changed to a Dâ€žof 170 min when the cells in tumors were incubated
in culture medium of neutral pH during the development of thennotol-
erance. In contrast, the thermotolerance of cells cultured in vitro was
fully developed within 8 h, at which time the />â€žwas 306 min. The
kinetics of thermotolerance development, therefore, varied significantly
between the cells of the same origin but grown in vivo or in vitro. Killing
of rumor cells in vivo caused by the heat-conditioning dose was about
three times greater than that for tumor cells in vitro, but the greater
damage did not result in a greater development of thermotolerance. The
above results indicate that the development of thermotolerance in tumors
is suppressed by the influence of intratumorenvironment.

INTRODUCTION

During the last decade, our understanding of the biological
effects of hyperthermia has advanced significantly. One of the
most intriguing observations is that resistance to heat develops
in cultured cells or tissues either during a prolonged heating at
temperatures below 42.5Â°C, i.e., permissive temperature, or
after an acute heating at temperatures higher than 43Â°C(1-7).

Such a development of heat resistance or thermotolerance has
been observed in a variety of cells in culture as well as in
organized tissues, such as rodent pinna (8, 9), crypt in small
intestine (10, 11), tail cartilage (12), leg (13, 14), and other
tissues (15,16), and tissues in other species as well (17). Tumor
tissues are not exempt from acquiring thermotolerance (18-
23), and this complicates the clinical use of fractionated hyper
thermia.

It has been demonstrated that the development of thermo
tolerance is suppressed by acidic extracellular environment at
least for cells cultured in vitro (24-29). In this context, the
extracellular milieu in tumors is known to be intrinsically acidic
as compared with that in normal tissues (30), and it becomes
further acidic when tumors are heated (31 ). Therefore, it would
be of interest to know whether the acidic intratumor environ
ment suppresses the development of thermotolerance in tu
mors. We previously studied the development of thermotoler
ance in the SCK tumors by determining the cell survivals in
heated tumors (32). The cells in tumors were sensitive to the
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second heatings applied within 5 h after the first heating, but
became increasingly resistant to the second heatings applied
12-72 h after the first heating. Indications were that the expres
sion of thermotolerance was also markedly reduced when ther-
motolerant tumors were heated in situ (33). In the present
study, the development of thermotolerance in tumors was fur
ther studied, and the kinetics of thermotolerance development
was compared for cells of mouse mammary carcinoma in vivo
and the same cells cultured in vitro.

MATERIALS AND METHODS

Animal and Tumor Cells. Male A/J mice (The Jackson Laboratory,
Bar Harbor, ME), 8-10 weeks old, and the SCK tumor, a mammary
carcinoma of A/J mice, were used in the present study. This tumor
arose spontaneously in our laboratory in 1974 and was adapted to grow
both in vivo and in vitro. Detailed information on the characteristics of
this tumor is described elsewhere (34). The 38th generation cells stored
in liquid nitrogen were thawed, cultured, and used in the present study.
The cells were subcultured once a week and discarded after 15-20
subcultures. The culture medium was RPMI 1640, supplemented with
20% calf serum and antibiotics, 100 units penicillin and 100 mg
streptomycin (Gibco Laboratories, Grand Island, NY) per ml of me
dium. For the induction of solid tumors, about 1.5 x 10scells suspended

in 0.025 ml of medium were inoculated under the superficial layer of
the gastrocnemius muscle of the leg of A/J mice. Tumors of 8-10 mm
in diameter were obtained about 10 days after the inoculation and were
used in the present study.

Heating. A prewarmed water bath (Thermomix 1480, B. Braun
Company, West Germany) with a temperature variation of less than
().02Â°Cwas used for heating in vivo and in vitro. Temperatures in the

flasks and tumors were monitored with 29-gauge thermocouples (Type
MT-29/1, Sensori t-k Inc., Clifton, NJ), which were calibrated against

a mercury thermometer certified by the National Bureau of Standards.
For the study of thermotolerance in vitro, the cells in exponential

growth phase were harvested by treatment with 0.25% trypsin (Difco
Laboratories, Detroit, MI) solution in RPMI 1640 for 10 min at 37Â°C,

and washed once with 20% calf serum in RPMI 1640. The trypan blue-
excluding cells were counted and seeded in culture flasks (Falcon No.
3013, Becton Dickinson Co., Oxnard, CA) with 4 ml of RPMI 1640
containing 20% calf serum at pH 7.15-7.25 (hereafter this will be called
a defined medium). The flasks were sealed with Parafilm (Marathon
Products, Neenah, WI) and then submerged in a 43"C water bath. The

temperature of medium inside the culture flasks equilibrated with that
of the water bath within 2 min of heating.

For the heating of tumors in vivo, mice were lightly anesthetized
with ether and mounted on heating jigs. The tumor-bearing leg of each
mouse was anchored to a supporter on the jig and the tumor was
submerged in a 43.5Â°Cwater bath. The temperatures at various regions
in the 8- to 10-mm SCK tumors rose to 42.8-43.2Â°C with an average
temperature of 43Â°Cwithin 2 or 3 min of heating, and remained within

this range until the end of heating. One group of the tumors was left in
situ for varying lengths of time after the heat-conditioning in vivo,
dispersed to single cells, and then exposed to test heatings in vitro
immediately after the dispersion. Another group of tumors was dis
persed to single cells immediately after the heat-conditioning in vivo,
plated in culture flasks, incubated for varying lengths of time in culture
medium in vitro, and then exposed to test heating for the determination
of thermotolerance.

Cell Survival Study. The dispersion of tumors for the above-men
tioned experiments was done as follows. Tumors were excised, minced,
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THERMOTOLERANCE IN VIVO AND IN VITRO

and treated with 0.25% trypsin solution containing 0.00125% DNase
(Sigma Chemical Co., St. Louis, MO) in RPMI 1640 for 20 min at
room temperature. Trypsin activity was then neutralized with 20% calf
serum in RPMI 1640, and the cell suspension was passed through two
layers of gauze and rinsed once. The trypan blue-excluding cells were
counted and seeded in culture flasks. Following various treatments, the
cells plated in culture flasks were incubated for 8 days in an incubator
at 37'C under 5% CO2 atmosphere. The resultant clones were fixed

with 95% ethanol and stained with 1% crystal violet, and the number
of clones containing more than 50 cells was counted. Hyperthermic
cell survival curves were constructed, and the duration of heating
required for exponential cell inactivation to \/e (Â£>â€ž),was calculated
from the slope of the best-fitting line of regression for the survival data.

Each datum, described as an average value and SE of the mean, was
calculated from the data of 3-9 experiments with duplicate cultures for
in vitro cells, and the data of 9-18 determinants (tumors) with 4
replicated cultures per tumor. The Student's / test was used for statis

tical analysis.

RESULTS

We first investigated whether the cell dispersion procedure
with trypsin alters the heat sensitivity of the SCK tumor cells
cultured in vitro. The cells in exponential growth phase were
dispersed with trypsin, as described in the preceding section,
and heated at 43Â°Ceither immediately after a trypsin treatment

or after incubation for 18 h. As shown in Fig. \A, the slopes of
exponential portion of survival curves were not significantly
different from each other even if the cells were heated imme
diately after (â€¢)or 18 h after (O) trypsin treatment (P > 0.1).
The variance in the shoulder of survival curve seemed to be due
to cell multiplication as a result of 18 h of incubation prior to
heating. During the 18-h incubation, dispersed cells anchored
and proliferated with a population-doubling time of about 10.5
h. The possible effect of trypsin treatment on heat sensitivity
of cells in tumors was also tested. Tumors were minced and
one-half of them were treated with trypsin solution for 20 min
at room temperature, and the other halves were gently ground
on a 50 mesh stainless steel sieve. The number of trypan blue-
excluding cells obtained by a trypsin treatment was 9.85 Â±0.85
x IO7 cells/g. The number of cells obtained by using the sieve
was about one-fifth of this amount. Despite this large difference
in cell yield, the plating efficiencies of the cells prepared by
these two different methods were both about 50%. The dis-
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Fig. 1. Effect of cell dispersion on heat sensitivity of the SCK tumor cells.
Cells cultured in vitro (A) were heated at 43*C either immediately after dispersion

(â€¢)or after 18 h following dispersion with trypsin (O). Tumors (B) were also
dispersed with trypsin (O) or mechanical sieve (â€¢)and the dispersed cells were
heated at 43.2'C immediately after trypsin treatment. Bars, SE.

persed cells were seeded in a defined medium and heated at
43.2Â°Cfor varying lengths of time. The resultant cell survivals

are plotted as a function of heating duration in Fig. IB; the
open and closed circles represent the clonogenic survival of the
cells prepared by enzymatic and mechanical dispersion, respec
tively. Because the best-fitting lines of regression for both
groups were not significantly different from each other (P >
0.1 ), a common line was drawn for the data of both groups. It
was apparent that the cell dispersion procedure with trypsin did
not modify heat sensitivity of the SCK tumor cells cultured in
vitro or those in solid tumors.

For the investigation of thermotolerance development of the
SCK tumor cells in vitro, the cells in exponential growth phase
were heated at 43Â°Cfor 30 min (heat conditioning), incubated
at 37Â°Cfor 0-48 h, and then reheated at 43Â°Cfor 0-120 min

(test heating). In Fig. 2, the percentage of cell survivals was
plotted as a function of total exposure time to heat. There was
an indication of thermotolerance development as early as 1 h
after heat conditioning: the /)â€žfor a single heating was 53.5 Â±
4.5 min (O h), and that for the test heating given 1 h after heat
conditioning was 61.2 Â±0.4 min (l h), which are significantly
different from each other (P < 0.05). The thermotolerance
reached its maximum (D0 of 306 Â±53 min) 8 h after heat
conditioning. The thermotolerance gradually diminished there
after, but did not completely subside 48 h after heat condition
ing. The presence of an initial shoulder of survival curve (O h
in Fig. 2) appears to indicate that the cells in culture can
accumulate sublethal heat damage, which seems to be repaired
by 1 h after heating, as judged by the reappearance of the
shoulder 1 h after heat conditioning.

In the subsequent study, the development and decay of ther
motolerance of the SCK tumor cells in vivo was allowed to take
place in in situ condition after heat conditioning in vivo, and
the magnitude of thermotolerance was measured at 43"( ' under

a controlled environment in vitro. When tumor cells in vivo
were left in situ for 1 h after heat conditioning, the cells became
sensitive to a test heating in vitro (Fig. 3); the Z)0values were
18.5 Â±1.1 min (O h) and 15.0 Â±1.3 min (l h), which are
significantly different from each other (P < 0.05). However,
tumor cells in vivo became resistant to a test heating when left
in situ for 3 h after heat conditioning, indicating a development
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Fig. 2. Changes in heat sensitivity of the SCK tumor cells cultured in vitro

following heat conditioning at 43'C for 30 min. Heat survival curves for test
heatings at 43Â°Cwere obtained at varying lengths of time after heat conditioning.

Bars, SE.
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Fig. 3. Developmentof thermotoleranceof tumor cells in vivo.SCK tumors

were heat conditioned, left in situ for varyinglengths of time and dispersedinto
singlecells for the determination of thermotolerance.Test heating at 43*Cwas
givento the dispersedcells in a controlled environment in vitro.Bars, SE.
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Fig. 4. Altered development of thermotolerance of tumor cells in vivo. SCK

tumors were dispersed immediately after heat conditioning, and the dispersed
cells were incubated in a defined medium of neutral pH in vitro during the
development of thermotolerance. Test heating at 4.VC was given to the cells in a
controlled environment in vitro. Bars, SE.

of thermotolerance in tumors. The thermotolerance progres
sively increased, and reached its maximum by 12 h (l)â€žof 116.0
Â±23.5 min), and then gradually subsided thereafter, but did
not completely decay 48 h after heat conditioning. Survival
curves of tumor cells in vivo showed no clear evidence for an
initial shoulder, except the survival curve for the test heating
given 48 h after heat conditioning.

To study the influence of environmental factors on the de
velopment of thermotolerance, the SCK tumors were heat
conditioned in vivo, and immediately dispersed into single cells.
These dispersed cells were incubated in a defined medium of
pH 7.2 at 37Â°Cfor various lengths of time and then subjected

to a test heating in the same medium. The development and
decay of thermotolerance under this condition are illustrated in
Fig. 4. There was no noticeable change in heat sensitivity within
l h after heat conditioning: the /),,s were 18.0 Â±1.16 min (O h)
and 18.5 Â±2.47 min (l h). The cells gradually became resistant
to a test heating, reaching a maximal thermotolerance 12-24 h

after heat conditioning (Â£>0of 170.0 Â±21.3 min). The thermo
tolerance started to decay thereafter, but it had decayed only
slightly when measured at 48 h. Since there was a possibility
that heat sensitivity of cells in vivo changes upon dispersion of
tumors and exposure of the cells to an environment /// vitro,
the following experiment was done to study this possibility.
The SCK tumors were dispersed into single cells without prior
heating, suspended in a defined medium, and incubated at 37Â°C

for various lengths of time before the survival response to a
single heat dose was measured. As shown in Fig. 5, incubation
in culture medium for 1.5-3.0 h rendered the cells heat resist
ant; the Z>0schanged from 13.1 Â±0.5 to 32.1 Â±1.1 min during
the 3-h incubation. There were no further changes in the slope
of survival curve upon incubation longer than 3 h, but a large
initial shoulder appeared in the survival curve for the cells
cultured for 24 h in vitro.

The Â£>0sobserved in Figs. 2-4 are plotted as a function of
time after heat conditioning in Fig. 6. It can be seen that
thermotolerance started to appear between 1 and 3 h after heat
conditioning for both tumor cells in vivo and in vitro. The time
required for the maximal development of thermotolerance of
tumor cells in vivo (Curves B and C) was 4-7 h longer than that
in cells cultured in vitro (Curve A), whether the thermotolerance
was allowed to develop in vivo or in vitro. The maximum D0 of
the cells in vivo which were left in situ after heat conditioning
in vivo (Curve B) was only about one-third that of cells cultured
in vitro (Curve A). When tumor cells in vivo were kept in an
extracellular environment in vitro after heat-conditioning in
vivo (Curve C), the maximum Â£>0of the cells increased, but it
was still about one-half that of cells cultured in vitro (Curve A).

DISCUSSION

A number of studies on the development of thermotolerance
of cells cultured in vitro have suggested that the development
of thermotolerance in tumors may be suppressed, inasmuch as
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Fig. 5. Transition of heat sensitivity of tumor cells in vivo. SCK tumors were

dispersed without heat conditioning, and the dispersed cells were incubated in a
defined medium of neutral pH for varying lengths of time at 37'C. The transition

of heat sensitivity appears to be completed by 3 h of incubation. Bars, SE.
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Fig. 6. Kinetics of thermotolerance of the SCK tumor cells in vitro (Curve A)and in vivo (Curves B and f '). The slopes of survival curves (11.,)were analyzed

from Figs. 2-4. Experimental protocols are included in the figure, where treat
ments in vivoare enclosed in rectangles, and /s are the time intervals between heat
conditioning (A) and test heating (A). Bars, SE.

the intratumor environment is acidic (30). The studies with
C3H mammary tumors (6, 35), however, did not demonstrate
any evidence that the development of thermotolerance in the
tumors was suppressed owing to the intratumor environment.
The above discrepancy with regard to the results from studies
in vivo and in vitro may be attributed to the methodology used.
In the study of thermotolerance in vivo, tumor cells are heat
conditioned and subjected to a test heating in situ. The effec
tiveness of a test heating is influenced not only by the magnitude
of thermotolerance developed but also by other intratumor
factors which affect heat sensitivity of tumor cells. For example,
vascular damage in tumors, which occurs in varying degrees
following heat conditioning (36-39), causes a sensitization of
thermotolerant cells to a test heating when applied in situ (33),
and the sensitization may vary in different regions in tumors
where the magnitudes of vascular damage in different regions
vary. Test heating itself may cause additional vascular damage
in tumors, and thus, further additional cell death (34, 40) may
occur when thermotolerant cells are left in the damaged region.
Therefore, the magnitude of thermotolerance in vivo reflects
more than one variable if it is measured by subjecting the tumor
cells to a test heating in situ. In the present study, we controlled
the extracellular environment during a test heating by dispers
ing tumors to single cells and placing them in a defined medium
before subjecting them to a test heating. In this context, it
should be noted that our dispersion procedure using trypsin
does not cause any modification of heat sensitivity of the SCK
tumor cells (Fig. 1).

The results shown in Fig. 3 are the kinetics of thermotoler
ance in vivo. The development of thermotolerance had taken
place in situ, but the test heating and cell survival study were
carried out under a controlled condition in vitro, which was the
same condition used for the treatments of tumor cells /'// vitro.

It was observed that not only do tumor cells in vivo require 4-
7 h more time to be maximally resistant to heat than do cells

cultured in vitro, but also the maximal development of heat
resistance in tumor cells in vivo is much smaller (I),, of 116
min) than that in cells cultured in vitro (/)â€žof 306 min). The
discrepancy between the kinetics of thermotolerance develop
ment in tumor cells in vivo and in vitro is due to neither a
difference in cell origin nor physical dose of heat conditioning.
In fact, the same dose of heat conditioning resulted in a marked
difference in cell killing in vitro and in vivo, i.e., about 20%
killing for tumor cells in vitro (Fig. 2) and about 75% killing
for tumor cells in vivo (Fig. 3). It has been found, both in vitro
(1,41) and in vivo (8, 20), that the greater the cellular damage,
the longer the time for a maximal development and the greater
the magnitude of thermotolerance. The observed longer time
course of thermotolerance in vivo in the present study may be
attributed to the greater damage of cells in vivo than in vitro.
However, the D0 at maximum thermotolerance in vivo was
actually smaller than that in vitro, despite the fact that damage
of cells in vivo was greater than that in vitro, which is at variance
with the concept of a damage-dependent increase in the mag
nitude of thermotolerance.

As clearly demonstrated above, the kinetics of thermotoler
ance development were different in tumor cells in vivo and in
vitro. The environmental conditions of tumor cells in vivo and
in vitro were different from each other during the development
of thermotolerance. The intratumor environment is suboptimal
prior to heating (30, 31), and it deteriorates further by vascular
damage after heat conditioning (31, 42). In order to minimize
the variables during the development of thermotolerance, tu
mors were dispersed to single cells immediately after heat
conditioning, and the dispersed cells were suspended and incu
bated in a defined medium, whereby the extracellular environ
ment during the development of thermotolerance was con
trolled. We observed, however, that tumor cells in vivo do adapt
to culture condition in vitro, becoming heat resistant ( />â€žof 32
min) in 3 h of incubation even without heat conditioning (Fig.
5). Obviously this fact should be taken into account in estimat
ing the magnitude of thermotolerance of the cells, because its
effect on the actual magnitude of thermotolerance would be
additive. The TTR3 is usually defined as the ratio of a thermo

tolerant D0 following heat conditioning to an initial A, without
heat conditioning (1,4), and TTRmax is calculated at maximum
thermotolerance. In the calculation of TTR for the tumor cells
under the experimental condition described above, 32 min
should be taken as the initial />â€žand the TTRmai of the cells is
calculated to be 5.31 (170 min/3 2 min). On the other hand, the
TTRma!<of tumor cells cultured in vitro is calculated to be 5.77
from the />â€žof 53 and 306 min (Fig. 2). The calculated values
of TTRmaÂ»for tumor cells in vivo and in vitro are similar to
each other, but it is better to interpret this to indicate a marked
difference in the development of thermotolerance when a dam
age-dependent increase in the magnitude of thermotolerance is
considered. Since damage of cells in vivo was about 3 times
greater than that in vitro, as previously discussed, the TTRmax
in vivo is supposed to be at least 2 times larger than that in
vitro, according to the data published in other reports (8, 20).
Nevertheless, the TTRmax in vivo was actually smaller than that
in vitro, such as 5.31 versus 5.77, despite the fact that environ
mental condition during the development of thermotolerance
was the same for both tumor cells in vivo and in vitro. This may
suggest that tumor cells in vivo have less ability in developing
thermotolerance than the same cells cultured in vitro.

The influence of intratumor environment on tumor cells in

3The abbreviation used is: TTR, thermotolerance ratio.
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vivo is clearly demonstrated by the variance in the development
of thermotolerance (Fig. 6), which was allowed to develop in
the condition of either intratumor environment (Curve B) or
culture condition (Curve C). The latter constantly displayed a
larger D0 than the former. The increases in D0s between Curves
B and C were much greater than the change in O0 from 13 to
32 min by an adaptation of tumor cells to culture condition
(Fig. 5). Therefore, it is likely that most of the increases in D0s
reflected an increase in the magnitude of thermotolerance due
to the altered environmental factors. In conclusion, the devel
opment of thermotolerance in the SCK tumors cannot simply
be extrapolated from that of the same cells cultured in vitro,
because those are different from each other, and the develop
ment of thermotolerance in tumors is suppressed by the influ
ence of intratumor environment, as clearly demonstrated in the
present study. The magnitude of thermotolerance in tumors is
considerable, however, as observed in the present study as well
as in other reports (18-23), which would undoubtedly affect the
efficacy of fractionated hyperthermia in the clinic (1-7).
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