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INTRODUCTION

It has been demonstrated that hyperthermia causes greater damage to malignant cells
in solid tumor in wive than to the same cell line cultured in vitro (Kang, et al., 1980;
Marmor et al., 1977). It has also been reported that the malignant tumors in vive may
be more heat-sensitive than are the surrounding normal tissues (Storm et al., 1979;
Mendecki et al., 1976; Overgaard and Suit, 1979; Kim and Hahn, 1979). These pheno-
mena may be attributed, at least in part, to the well-known facts that intratumor milieu
is intrinsically acidic and that acidic environment greatly enhances hyperthermic killing
of mammalian cells (Gerweck, 1977; Overgaard and Bichel, 1977; Freeman et al., 1977;
von Ardenne and Reitnauer, 1971).

Indications are that acidic environment may not only potentiate initial hyperthermic
cell killing but also suppress the repair of thermodamage and development of thermo-
tolerance (Henle and Dethelefsen, 1978; Nielson and Overgaard, 1979; Gerweck et al.,
1980; Goldin and Leeper, 1981). Song et al. (1980) and Bicher et al. (1980) reported
that intratumor acidity further increases upon heating. It is conceivable that understanding
the mechanisms and kinetics of pH change in the heated tumors would help clinicians
plan effective protocols of fractionated hyperthermia of human tumors.

The neoplastic tissue is characterized by its high aerobic and anaerobic glycolysis.
Therefore, the most plausible cause for the heat-induced increase in acidity in the heated
tumors appears to be an increase in glycolysis accompanied by an increase in lactic acid
synthesis and/or accumulation of lactic acid. Gullino e al. (1964) reported that the lactic
acid content in the interstitial fluid of Walker tumor of rat was 2-3 fold greater than
that in the subcutaneous fluid or aortic serum of rats. In light of well-known high glyco-
lytic activity in neoplastic cells, the rather large difference in the lactic acid content between
the tumor and the normal tissue is not surprising. In fact, as much as 37% of glucose
utilized dy Walker tumors is converted into lactic acid by aerobic and anaerobic glycolysis
(Gullino et al., 1967).

In the present work we investigated the heat-induced change in the intratumor tempe-
rature, pH and lactic acid, and in membrane surface proteins, as well as in cell survival

in experimental tumor system.
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MATERIALS AND METHODS

TUMOR

The SCK tumor used in the present study was a mammary carcinoma of female A/J
mice which arose spontaneously in 1974 and was adapted to grow both in vivo and in
vitro by Dr. Clement in the Radiobiology Laboratory, University of Minnesota Medical
School. We have been maintaining it by alternate passage in vitro and in vive, routinely
subculturing the cells in vitro several times before injecting them back into animals. Cells
obtained from cultures or from tumors in vivo grow well in RPMI 1640 medium supple-
mented with 109 fetal calf serum. For in vivo studies, the exponentially growing cells
in culture were treated with 0.25% trypsin for 15 minutes, washed three times with plain
RPMI 1640, and the cells able to exclude trypan blue were counted. About 5x 10* cells
were injected subcutaneously into the right leg of A/] mice. When the tumors grew to

7-8 mm in diameter, which took about 9-10 days, we used them as an in wive experi-
mental tumor system.

HYPERTHERMIA OF TUMOR CELLS IN VITRO

Cell Survival Studies. Exponentially growing cells in culture were trypsinized and the
viable cells were counted. The appropriate number of cells were plated in T-type glass
culture flasks. Fifteen hours after incubation at 37°C in a humidified mixture of 5% CO,
and 95% air, the medium was replaced with prewarmed fresh medium, and the flasks
were plugged with rubber stoppers. Two 21-gauge needles were pierced through the stoppers
and water-saturated mixture of 59 CO, and 95% air was flushed into the flasks through
one of the needles at a flow rate of 0.5 liter/min/flask. After incubation for 45 minutes
at 37°C with continuous gassing and gentle rocking, the needles were removed and the
flasks were immersed horizontally in a thermostatically controled water bath.

After heat treatment for various length of time, the flasks were removed and the rubber
stoppers were replaced with ordinary flask caps, and the cells were cultured for 9-12 days
at 37°C in a COg-incubator. After fixing with 959 alcohol and staining with crystal
violet, the macroscopic clones containing more than 50 cells were counted and the surviving
fractions were calculated.

Analysis of Membrane Surface Proteins. Lactoperoxidase used was purchased from Sigma
Chemical Co. and Na !3!I was obtained from the Korea Energy Research Institute.

Surface membrane protein labeling with 131 was essentially based on the method of
Hubbard ez al. (1972). Briefly, culture media were removed and cells were washed three
times with .92 saline. Cells were scraped with a rubber policeman and were collected
by centrifugation. Cell pellet was resupended in 0.5 ml phosphate-buffered saline (PBS) and
added by 100 s of lactoperoxidase (500 pg/ml) and 150 #Ci of Na'®l (1 mCi/ml).
Todination reacticn was initiated by the addition of 20 gl of 90 mM H:0, and another 20zl
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of the H,0, was added 10 minutes later. After 10 minutes of incubation, reaction was
stopped by the addition of 10 ml PBS containing 0.5mM of Na,S;0;, and 5mM phenyl-
methylsulfonylfluoride (PMSF). Cells were washed three times by centrifugation with
phosphate buffered-sodium iodide to remove excess radioiodine. The cells collected were
suspended in 0.1 M tris-HCI buffer, pH 6. 8.

The discontinuous SDS-polyacrylamide gel electrophoresis was performed according essen-
tially to Laemmli (1970). Aliquots of homogenate were counted for radioactivity and
cqual amounts of radioactivity were applied to separate slots of 7.5% slab gels. The
samples were dissolved in 0.65 M tris-HCI, pH 6.8, containing 225 SDS, 5% mercapto-
cthanol, and 0.5% bromophenol blue. Samples were boiled for three minutes and electro-
phoresis was carried out with a constant current of 50-70 mA for 4-¢ hr. Gels were
stained with 0.2% Coomassie brilliant blue in 4095 methanol and 109 acetic acid for 3
hr, and destained with 359 methanol and 79 acetic acid until the background became
clear.

The destained gels were dried under gentle vacuum for autoradiography. Autoradio-
grams were prepared by exposing the gels on an X-ray film for a few days. Protein in
homogenate was determined by the method of Lowry et al. (1951).

HYPERTHERMIA OF TUMORS IN VIVO

Cell Survival Studies. Tumors growing in the leg of mice were excised, minced, and
treated with 0.25% trypsin and a smll amount of DNase in plain RPMI 1640 for 20
minutes at room temperature with continuous stirring. The dispersed cells were washed
once with medium containing 209 calf serum and twice with plain medium. About 5x10*
viable cells in 0.05 ml were injected subcutaneously into the legs of female mice.

When the tumors grew to 7-8 mm in diameter, the animals were anesthetized with
pentobarbital (0.04 mg/g) and placed on a Plexiglas board with semicircular holes. The
tumor bearing legs were passed through the holes and immobilized by anchoring a toe
with thread to Plexiglas support adjacent to each hole. The tumors were heated by placing
the board directly over a water bath, immersing the legs. The intratumor temperature,
measured by a 29-gauge thermoprobe, rose from 34-35°C prior to heating to about 0.5°C
lower than the water temperature within 2-3 minutes. The tumors were excised after
hcating and trimmed and weighed. For each experiment, three tumors were minced and
dispersed to single cells, as described above. The number of cells per gram of tumor
was calculated and the cells were cultured in Falcon 3013 plastic culture flasks with 8 ml
RPMI 1640 supplemented with 109 fetal calf serum and antibiotics. The clones were
stained and counted 9-12 days later.

Measurement of Intratumor Temperature. The temperature of tumors was measured with
a 29-gauge copper-constantan thermoprobe (Bailey Instrument Co., Saddle Brook, N.J.,
type MT-3). The probe was connected to a chart recorder (Omniscribe, Model A5223-15,
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Houston Instrument Division, Bausch & Lomb, Austin, Texas) which was calibrated with
a digital readout monitor(Bailey Instrument Co., Model BAT-8).

Measurement of Intratumor pH. The pH of tumors of mice was measured during and
after hyperthermia, using a needle electrode (Micro Electrode, Londonderry, N.H.) with
a diameter of 0.8 mm. Reference electrode with a diameter of 0.1 mm was constructed
and both electrodes were carefully inserted into the center of the tumor. The change in
pH was monitored using a strip-chart recorder. The electrode and thermoprobe were imm-
obilized by firmly attaching them to a stand placed above the tumor.

Measurement of Lactic Acid Content. At various times after heating, the tumors and
liver were dissected under light ether anesthesia and immediately frozen in liquid
nitrogen. Preliminary studies indicated that delaying of freezing the tissues for only a
minute after dissection significantly increased the lactic acid content in the tissues.

The lactic acid content was measured using a procedure described by Gutmann and
Wahlefeld (1977). The principle of this method is that the L-(+)-lactic acid is oxidized
to pyruvic acid in the presence of nicotinamide adenine dinucleotide(NAD") by the enzy-
matic reaction of lactate dehydrogenase (LDH).

L-(+)-Lactic acid+NAD* -FPH _ poryvic acid+NADH,

The pyruvic acid formed is trapped by hydrazine in the reaction mixture so that the
reaction can be completed to one direction in the presence of excess amounts of NAD™,
From the amount of NADH, formed, the lactic acid content is calculated.

The frozen tissues were quickly weighed, 10 volume of ice-cold 89 perchloric acid
was immediately added, and then homogenized with a glass homogenizer. Following centri-
fugation for 10 minutes at 3,000x g in a 4°C centrifuge, 0. 2 ml of supernatant was mixed
with 2.8 ml of reaction mixture (pH 9.2) containing 0.5 mmole of hydrazine, 50 units of
LDH (Sigma, Stock No. 82G-6), bmg of NAD* (Sigma Stock No. 260-110) and 0.6
mmole glycine in water. The mixtures were incubated in 37°C water bath for 30 minutes.
The NADH, content was measured spectrophotometrically by the increase in absorbance

at 340 nm, and the lactic acid content was computed.

RESULTS

The kinetics of the SCK tumor cell death following hyperthermia in vitro and in vive
are compared in Fig. . The survival of heat-treated cells was normalized to the control.
As Fig. 1 indicates, there was a significant difference in cell death between the cells in
vitro and those in vivo. When the heat sensitivity is compared in terms of D, value for
each group at same temperature, Dy’s for in vive and in vitro at 42.5°C are 34 min and
140 min respectively, whereas those at 43,5°C are 12 min and 32 min respectively. The
difference in Dy’s is greater at 42.5°C than at 43, 5°C.

The rise and fall of intratumor temperature following application and cessation of heat
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Fig. 1. The heat sensitivity of SCK tumor
cells in wvive and in wvitro were
compared. The survival curves of the
tumor cells heated in wvivo at 42.5°C
and 43.5°C were much steeper than
those of cells heated at same tempera-
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tures. The in vivo tumor cells were
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is shown in Fig. 2. The temperature varied considerably depending upon the size of tumor
and the location of the tip of the thermoprobe. In general, it was higher in the core than
at the periphery. Unlike the muscle (not shown), the tumor temperature did not drop
following the initial rise, possibly due to the lack of increased blood flow in the tumors
heated to 43.5°C. After 1 hr, the average core temperature of the small tumor was
42.9°C. It was apparent that the tumors reached higher temperature than the muscle
upon being heated at the same temperature.

Fig. 2 also shows a representative profile of pH changes following hyperthermia at
43.5°C for 30 min. The pH change in the SCK tumor (1 cm in diameter) upon being
heated at 43.5°C started out at 7,05 and increased to 7.18 during the first 7 min of
heating, and then rapidly declined to 6.67 by 30 min. while it recovered to 6.8, it fell
to 6.58 after being heated again at 43.5°C for 30 min. The pH of the leg muscle was
7.1-7. 4. Contrary to the decrease in pH in the heated tumors, the pH in the muscle
increased significantly when heated to 43.5-45.0°C (not shown).

The time course changes of lactic acid in the tumor and liver following hyperthermia
are shown in Fig. 3. An average lactic acid content in the control tumor and liver was
4.1 pmole/g and 1.9 pmole/g, respectively. Following hyperthermia at 43.5°C for 30 min,
maximum increase was observed in the tumor and liver at 1 hr and 3 hr, respectively.
The increase in the tumor was followed by a gradual decrease below the control level,
whereas the increase in the liver was maintained at quite a steady value for 24 hr after

hyperthermia.
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Fig. 2. The change of pH and temperature of SCK tumor mass upon heating at 43.5°C. The pH
was measured by needle electrode of 800 gm in diameter and the temperature by
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Fig. 3. Time course changes of lactic acid content in SCK tumor and in the liver following
hyperthermia at 43.5°C for 30 min.
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In Fig. 4 is shown the heat-induced changes in the surface membrane proteins in SCK
tumor cells. Sample Hy was prepared by iodinating SCK cells 24 hr after shock at 43°C
for 1 hr. A general finding was that band 1 and other high molecular proteins decreased
markedly, whereas most of low molecular proteins increased. Major bands 5 and 7 were
found to disappear almost completely by heat shock. The most prominent change was that
the band 9, apparent molecular weight of 69~70K, increased significantly along with other
low molecular proteins in heat shocked cells.

In an attempt to focus on the heat shock protein (hsp) 70K, various heat shocks were
given to SCK cells as shown in Fig. 5. The most striking finding was that ¢9~70K protein

appeared in large quantity at 41°C rather than at higher temperatures.

DISCUSSION

A comparison of the survival curve of SCK tumor cells iz vitro and in vivo following
hyperthermia demonstrated that the cytocidal effect of heating is far greater on the cells
in vivo than on the cells in vitro. This finding is in good agreement with Bhuyan ez al.
(1977) that 7-day old L1210 ascites cells from mice were more heat sensitive compared to
the same cells cultured in vitro. These investigators ascribed the difference in the growth
phase of the cell.

Bichel and Overgaard (1977) reported that at pH 6.4 and 7.2 the plateau-phase cells
were more heat sensitive than exponential phase cells. In addition, since acidity sensitizes
cells to heat, the plateau-phase cells at pH 6.4 were about 1000-fold more heat sensitive
than exponential phase cells at pH 7.2. In the present study, the pH of media for the
in wvitro study was at 7.2 and these cells were in exponential growth phase. On the other
hand, the intratumor environment of the SCK tumor used for iz vivo studies was probably
acidic as is evident from Fig. 2, and at least part of the tumor cells might have been in
platcau phase. Therefore, it might be that the greater heat sensitivity of tumor cells in
vivo than that of tumor cells iz vitro in this study was due, in part, to a high acidic
intratumor environment and/or to the presence of plateau-phase cells. It should be pointed
out, however, that several groups of investigators reported that plateau-phase cells are heat
resistant rather than heat sensitive, as compared to exponential-phase cells (Kase and
Hahn, 1976; Kim e al., 1971; Power and Harris, 1977). Therefore, the role of the
growth phase in the differential heat sensitivity of tumor cells in vitro and in vivo in
our study is not certain.

While the mechanism for the decrease in pH in heated tumors is not clear, it could be
that lactic acid formation is increased due to enhanced metabolism without a concomitant
increase in oxygen supply. It is also probable that draining of lactic acid in the heated
tumor proceeds more slowly due to the vascular damage than heated control tissues,
resulting in sustained depression of the pH. It is now well known that the cytocidal effect
of heat is markedly enhanced under acidic conditions (Gerweck, 1977; Overgaard, 1976).
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It is demonstrated in the present study that the lactic acid content in control SCK tumor
was 4.1 umole/g, while that in the liver was 1.9 pmole/g. This difference in the lactic acid
content in the tumors and liver is consistent with the report by Gullino et al. (1964) that
the lactic acid content in the interstitial fluid of Walker tumor of rat was 2-3-fold greater
than that in the subcutaneous fluid or aortic serum of rats, although the method of samp-
ling for quantitation was different from ours. In light of the well-known high glycolytic
activity in neoplastic cells, the rather large difference in the lactic acid content between
the tumor and the normal tissue is not surprising. In fact, as much as 37% of glucose
utilized by Walker tumors is converted into lactic acid by aerobic and anaerobic glycoly-
sis (Gullino et. al., 1967). The gradual and sustained decrease of lactic acid content
through 24 hr after initial increase at 1 hr in the heated tumor seems quite obsolete in
view of the fact that acidic pH is thought to be attributable to the increased lactic acid,
produced by increased anaerobic glycolysis and/or retained by impared blood flow. Therefore,
the present result of lactic acid content following hyperthermia has to be discussed in
connection with the delayed cell death, when the cells are left in situ after hyperthermia
(Kang, et al., 1980). The delayed cell death seems to be the principal cause for the
decreased lactic acid content in the tumor for 24 hr after hyperthermia. Thus, it is prob-
able that a large portion of damaged cells eventually disintegrate and thus, the formation
of lactic acid by these cells declines gradually post-heating.

It is highly probable that an increase in the formation of glycolytic metabolites other
than lactic acid also contributes significantly to the increase in acidity in the heated tum-
ors. Furthermore, our present study does not exclude the possible presence of acid prod-
ucing reactions other than glycolysis in the heated tumors. Indeed, it has been reported
that despite the low intratumor pH, the glycolytic activity is slow and the lactic acid is
small in hepatoma (Gullino et al., 1964; Aisenberg and Morris, 1961), suggesting the
presence of acid-producing reactions other than glycolysis in the hepatoma. In this context,
Streffer et al. (1980) reported that whole-body hyperthermia at 40°C or 41°C decreased
the hepatic content of lactate and pyruvate and increased that of 8-hydroxybutyrate and
acetoacetate, indicating an increase in lipolysis. Needless to mention, the energy
metabolism, i.e., respiration, glycolysis and lipolysis, in normal liver and tumors may not
be the same. Furthermore, whole-body and local heating might affect the energy metabolism
differently, even in the same tumor.

Heat shock effect on membrane surface proteins was generally grouped to the marked
decrease of high molecular proteins and the increase of low molecular proteins. This is in
sharp contrast to the finding that several low molecular proteins of cytoplasmic origin were
completely repressed at the same temperature as ours (Rubin et al., 1982). The 70 K protein
increased much higher in cell membrane iodinated 24 hr after heat shock than that iodin-
ated immediately. The decrease to low level of this protein was shown 48 hr after heat
shock. Landry et al. (1982) reported that heat shock-induced proteing were synthesized
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during the first 4 hr following the conditioning treatment and maintained in the cells at
high level for several hours, but became undetectable by 82 hr. At the same time, the
synthesis of these heat shock proteins were involved in the development and decay of
thermotolerance.

When temperature was raised from the control level of 37°C to values ranging 39-
45°C, 70K protein was markedly induced at temperature above 41°C. Rubin et al.(1982)
reported that 95K and 70K heat shock proteins appeared at 41°C and higher in mouse
fibroblast cell line clone ID. Thus, 41°C is apparently a significent transition temperature
for the heat shock proteins.

In view of the eminent influence of acidity on the thermal response, further investi-
gation is warrented to elucidate the exact cause and kinetics of change in acidity in the
tumors and normal tissues following hyperthermia. At the same time, the behavior of
membrane surface protein, as one of the crucial targets of hyperthermic cell killing as

well as development of thermotolerance, should await for further investigation.
SUMMARY

The biological effect of hyperthermia on the SCK tumor cells in vitro and in vivo were
analyzed in several respects.

A comparison of the survival curve of SCK tumor cells in witro and in zive following
hyperthermia demonstrated that the cytocidal effect of heating is far greater on the cells
in vivo than on the cells in vitro.

The pH change in the SCK tumor upon being heated at 43.5°C started out at 7.05 and
increased to 7.18 during the first 7 min of heating and then rapidly declined to 6.67 by
30 min. Contrary to the decrease in pH in the heated tumors, the pH in the muscle
increased significantly when heated to 43.5-45.0°C.

Following hyperthermia at 43.5°C for 30 min, a maximum increase in the lactic acid
content in the tumor and liver was observed at 1 hr and 3 hr, respectively. The increase
in the tumor was followed by a gradual decrease below the control level, whereas the
increase in the liver was maintained at quite a steady level for 24 hr.

The hyperthermia at 43°C for 1 hr exhibited a general tendency that high molecular
proteins decrease markedly, whereas most of low molecular proteins increase. The most
prominent change was that the heat shock protein 70K increased significantly along with

other low molecular proteins in heat shocked cells.
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Fig. 4. Autoradiograms of '"I-labeled surface
membrane proteins separated by SDS-
polyacrylamide gel electrophoresis. N,
untreated control SCK tumor cells;
Hjs, iodinated 24 hr after the heat
shock at 43°C for 1 hr.
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Fig. 5. Autoradiograms of "“!-labeled surface
membrane protein changes following
various heat shocks. Superscript numbers
refer to the temperature of heat shock
given.



