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control values by 24 h. On the other hand, the rate of synthesis
for actin, a major structural cellular protein, remained relatively
constant throughout the 72 h of the experiments. Examining the
proteins by 2-dimensional gel electrophoresis, we can identify at
least 2 major polypeptides in the M, 68,000 to 70,000 region
(Fig. 3).

RIF Tumors. Densitometer tracings from the autoradiogram
of a SDS-polyacrylamide slab gel of [**S]methionine-labeled pro-
teins from control and heated RIF tumors are shown in Chart 7.
Again, it is demonstrated clearly that after an initial treatment of
44°C for 15 min, the rate of synthesis of HSPs with molecular
weights of 66,000, 68,000, 70,000, and 87,000 were significantly
enhanced. For example, 2 to 4 h after the 44°C, 15-min treat-
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ment, the rate of synthesis for M, 66,000 to 70,000 HSP was 3-
fold higher than that of the controls.

Effect of Tumor Dissociation on the Thermal Response of
Control and Thermotolerant Cells

The effect of trauma, caused by the experimental procedures
used to prepare a single cell suspension from SCC VII/SF
tumors, on the thermal response of control or thermotolerant
cells, was examined. Cells from control tumors, tumors immedi-
ately after a 43°C, 15-min in vivo priming dose, or thermotolerant
tumors (4 h after the 43°C, 15-min priming dose) were challenged
by a 30-min, 45°C in vitro heat treatment at various times after
37°C incubation of the single tumor cell suspension preparation.
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Fig. 1. Autoradiogram of a SDS-polyacrylamide slab gel of [**S]methionine-
labeled proteins. TheenhancedsynmestsofM,ssooo 70,000, and 87,000 HSPs
in cells from heated (43°C, 15 min) SCC VII/SF tumors is evident. C, unheated
controls. C,, unheated control recovered from anesthesia given 4 h earfier. 0 to 48,
recovery time (h) in situ after D, and before in vitro labeling. Molecular weights
(x107°) are shown at left. Actin, identified by molecular weight (M. 43,000), is

™
- < - -9

I l
,..

- lm

o

!-ﬁi

Wary

RS I

w

m--x
m-mi

indicated by A.

0O 0 C 3 345456 6 16 16
43 a415° 43 415" 43 415°43° 415" 43° 415

Fig. 2. Autoradiogram of SDS-polyacrylamide siab gel of [*S)methionine-la-
beled proteins in cells from SCC VII/SF tumors after an initial D, exposure in vivo
at 43°C for 15 min or 41.5°C for 40 min. C, unheated controls. 0 to 16, recovery
(h) time in situ after D, and before in vitro labeling. Molecular weights (x10~°) are
shown at left. Actin (M, 43,000) is indicated by A.

The results are shown in Chart 8. The control unheated and
thermotolerant tumors had very different survival responses. For
control unheated tumor, the survival value was 10~ if the 45°C
heat challenge was given immediately after tumor dissociation;
if the 45°C heating were given 2 h later, the survival was 1072,
a 100-fold increase in survival. On the other hand, for the cells
obtained from thermotolerant tumors (i.e., 4 h after the 43°C
priming heating in vivo), the survival after a 45°C, 30-min heat
treatment given immediately after tumor dissociation was 5 X
1072, If the 45°C heating was given 2 h later, the survival was 2
x 107", only a 4-fold increase. When the survival of the tumor
cells obtained from the tumors immediately after the 43°C in
vivo priming dose is plotted as a function of 37°C incubation
before the 45°C heating, the data in Chart 8 (0 h curve) dem-
onstrated clearly that thermotolerance can be developed in vitro
after tumors were preheated in vivo. In this case, tolerance
reached its maximum 3 to 4 h after the first heat challenge.

DISCUSSION

There is considerable experimental evidence showing that
thermotolerance can be induced in tumors and can thus modify
the tumor response to fractionated hyperthermia. For example,
Maher et al. (7) examined the thermal resistance in a sponta-
neous murine fibrosarcoma tumor implanted into the feet of C3Hf
mice. Urano et al. (11) compared the response after muitiple
hyperthermia and the kinetics of thermotolerance between a
spontaneous C3Hf mouse mammary carcinoma and a chemically
induced fibrosarcoma. Nielsen and Overgaard (8) also examined
the effect of temperature and time of preheat treatment in a C3H
mammary carcinoma. Most recently, Rofstad and Brustad (10)
studied the kinetics of the development of human melanoma
xenograft. Rhee et al. (9) assayed the cell survival of SCK
mammary carcinoma cells after fractionated hyperthermia at
43.5°C. Even though different end points, such as tumor growth
time analysis, tumor control dose, or in vitro cell survival, were
used in these studies, the data agreed well. All investigators
found that thermotolerance was induced by a short priming heat
dose, developed rapidly, reached maximum within 24 h after the
first treatment, and decayed slowly. The magnitude of thermo-
tolerance to the second heat treatment increased with increasing
priming dose. If the preheating time was increased at a constant
preheating temperature, the degree of tolerance and the time
interval required to allow maximal development was also in-
creased.

In this study, in addition to measuring cell survival, we asked
specific questions about protein synthesis in murine tumors
during fractionated hyperthermia. Can synthesis of HSP 70 be
induced in tumors? Is HSP 70 synthesized in unheated controls?
What is the relationship between HSP synthesis and thermotol-
erance? Can the concentration of HSP 70 be used to predict the
thermal response of tumors or to predict the degree of residual
thermotolerance during fractionated hyperthermia? Our data
showed that mild heat shock in the temperature range of 41°C-
45°C induced thermotolerance in murine tumors, results con-
sistent with those of others. The kinetics of induction and decay
of thermotolerance depended on the temperature and duration
of the priming heat treatment. If the initial treatment temperature
was at 41° or 42°C, thermotolerance almost fully developed 2
to 4 h after the initial treatment and decayed aimost completely
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Chart 6. Kinetics of HSP synthesis during
the development of thermotolerance. Relative 200 +
rates of synthesis, expressed as a percentage
of nonheated controls, of individual HSPs (M,
68,000 to 70,000 and M, 87,000) and a major
cellular structural protein, actin, are plotted as
a function of recovery time in situ after the initial 100
D, treatment. As pointed out in “Materials and
Methods,” the M, 68,000 to 70,000 region is
analyzed as one composite protein peak. ®, D, R ,
= 41°C for 60 min; O, D, = 42°C for 40 min; 0
A, Dy = 43°C for 15 min; and A, D, = 44.5°C 300
for 10 min.
200 1

RATE OF PROTEIN SYNTHESIS (% OF CONTROL)

by 72 h. If the initial treatment temperature was 43°C or higher,
a few h at 37°C was required before thermotolerance was fully
expressed. Thermotolerance was at its maximum between 6 to
24 h after the initial heating. In contrast to 41° or 42°C priming
dose, thermotolerance lasted longer; by 72 h, a substantial
degree of thermotolerance remained.

It is of interest to point out that, when tumors were in their
thermotolerant state, very probably they were also more resist-
ant to the trauma caused by the sequential experimental proce-
dures used to prepare tumor single-cell suspension, i.e., from
excising the tumors, mincing the tissues to cell dissociation. As
demonstrated in Chart 8, the control tumor cells heated imme-
diately after the preparation of single cell suspensions were very
sensitive to the 45°C, 30-min heat treatment, and it took 2 to 4
h for this sensitivity to disappear, as evidenced by a 100-fold
increase in survival. Under similar conditions, only a very minor
difference in thermal sensitivity was seen for cells obtained from
thermotolerant tumors. When the survival of the cells obtained
from the tumors immediately after the 43°C in vivo priming dose
was plotted as a function of 37°C incubation before the 45°C
heating (Chart 8, 0 h curve), it is demonstrated clearly that
thermotolerance also developed in vitro after tumor cells were
preheated in vivo. The expression of tolerance reaches its max-
imum 3 to 4 h after the first heat challenge. The kinetics of
development of thermotolerance in vitro is similar to the kinetics

0 L 1 1 1 1 \ s
04 8 1216 2024

48 72
TIME AT 37°C ( HR)
Table 1
Synthesis and accumulation of HSP 70 and thermotolerance in murine tumors
after 43°C hyperthermia
Time after hyperthermic shock:
Normal
unstressed Oh 2h 4h 6h 1day 2days
Synthesis of HSP +° +++ A+ + +
Aocusf;glaﬂonof + ++ 4+t e 4+
H
Thermotolerance il ++  ++ +++

:Determined on 1-dimensional gel stained with Coomassie blue G-250.
—-, undetectable; +, barely detectable; ++, detectable; +++, easily detect-
able.

of thermotolerance in vivo.

During the development of thermotolerance, the rates of syn-
thesis of some of the high-molecular weight HSPs, specifically
the HSP 70 and the HSP 87, were enhanced. Two-dimensional
gel analysis indicated that the M, 68,000 to 70,000 region con-
sisted of at least 2 major polypeptides. These HSPs are not
simply novel components of heat-shocked tumors, since they
are also expressed constitutively in nonheated controls. The rate
of synthesis of HSP 70 reached maximum 2 to 4 h after the
priming heat dose, returning to the control rate by 24 h. The rate
of synthesis of HSP 87 was also enhanced shortly after the initial
heat treatment and returned to the control rate by 24 h. On the
contrary, 24 h after initial heating, thermotolerance was at its
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Chart 7. Densitometer tracings from the autoradiogram of an SDS-polyacryl-
amide slab gel of [**S]methionine-labeled proteins from RIF tumors after an initial
D, exposure at 44°C for 15 min. Molecular weights (x10~3) are shown at bottom.
Actin, identified by molecular weight (M, 43,000), is indicated as A. The rates of
synthesis of M, 66,000, 68,000, and 70,000 HSP are significantly enhanced 2, 4,
even 6 h after the D, treatment, but they gradually returned to the control rate by
24 h.

maximum,; it only gradually decayed, and it returned to the control
value at least 72 h later. Thus, the kinetics of the rate of enhanced
synthesis of HSP after a single heat treatment do not correlate
with the decay of thermotolerance.

In Table 1, we present the rate of synthesis, the accumulation
of M, 68,000 to 70,000 HSP, and the expression of thermotol-
erance in SCC VII/SF tumors after a 43°C, 15-min heat treat-
ment. The data indicate that the levels of HSP 70 but not the
rate of synthesis, correlate well with the expression of thermo-
tolerance. The results agree well with our previous observation
using tissue culture cell lines (32). Thus, it appears likely that the
measurement of the levels of HSP 70 can be used as an assay
to determine the degree of thermotolerance or even the thermal
response of tumor tissues during fractionated hyperthermia as
applied in the clinic.
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Fig. 3. Autoradiogram of a 2-dimensional gel showing the increased synthesis of the M, 68,000 and 70,000 HSPs in SCC VII/SF tumors after 42°C hyperthermia.
[**SImethionine for 4 h after D. Total cellular extracts were analyzed by isoelectric focusing

in the first dimension (from right to /eft) and SDS-polyacrylamide gel electrophoresis in the second dimension (from top to bottom). A, actin; V, vimentin. Arrows indicate
the M, 70,000 HSP family in heated and in control unheated cells.
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