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RÉSUME

On a chauffé des cellules V79 d'hamster chinois dans un milieu de

culture ou dans des solutions de 0.155-mol.dnT3 de LiCl, NaCl, KC1, MgClj,

CaCl2 et BaCl2. La présence de n'importe quel de ces solutions ioniques

pendant le chauffage des cellules a augmenté leur sensibilité thermique.

L'ordre d'augmentation de la sensibilité thermique était KC1, LiCl et NaCl

pour les sels monovalents et BaCl2 > MgCl2
 > CaCl2 pour les sels cations

bivalents. L'addition de glucose aux solutions de LiCl ou NaCl n'a pas

réduit la sensibilisation thermique produite par ces solutions. Lorsque les

cellules avaient été sensibilisées par un traitement au LiCl ou NaCl, un

changement du pH de 7,2 à 6,6 n'avait pas augmenté davantage leur sensibili-

té. Ces données démontrent que les facteur ioniques et nutritifs et leurs

interactions jouent un rôle dans la sensibilité thermique cellulaire.

L'Énergie Atomique du Canada, Limitée
Établissement de recherches nucléaires de Whiteshell

Pinawa, Manitoba ROE 1L0
1984 juin

AECL-7830



MODIFICATION OF THERMAL SENSITIVITY

OF CHINESE HAMSTER CELLS BY EXPOSURE TO

SOLUTIONS OF MONOVALENT AND DIVALENT CATIONIC SALTS

by

G . P . R a a p h o r s t , E . I . Azzam and J . Vadasz

ABSTRACT

Chinese hamster V79 cells were heated In culture medium or In

0.155-mol.dm~3 solutions of LiCl, NaCl, KC1, MgCl2, CaCl2 and Bad 2. The

presence of any one of these ionic solutions duriiig heating increased the

thermal sensitivity of the cells. The order of increased thermal sensitivi-

ty was KC1 > LiCl > NaCl for the monovalent salts and BaCl2 > MgCl2 > CaCl2

for the divalent cation salts. The addition of glucose to LiCl or NaCl

solutions did not reduce the thermal sensitization caused by these solu-

tions. When cells were sensitized by LiCl or NaCl treatment, a change in pH

from 7.2 to 6.6 did not further increase thermal sensitivity. These data

show that nutrient and ionic factors and their interplay are involved in

cellular thermal sensitivity.
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1. INTRODUCTION

The Ionic environment and ionic fluxes associated with cells can
play a major role in cell growth [1,2], cell physiology [1] and the re-
sponse of cells to environmental agents [3-7]. Thus, examination of the
role of ionic milieu in cellular responses to environmental agents may lead
to an understanding of the underlying mechanisms of such responses.

In earlier experiments, it was shown that changes in the osmolar-
ity and ionic composition of cellular media resulted in large changes in
water content, water structure, nuclear chromosome morphology and radiation
sensitivity [3,8-12]. The alteration in radiosensitivity was related to
the changes in cellular water structure and content as well as to changes
in the ability to repair radiation damage [13,14]. Anlsotonic treatment
with NaCl solutions also resulted in increased heat sensitivity of cultured
cells [7,15].

Radiation has been used extensively in cancer therapy, and in the
last decade extensive testing of the use of hyperthermia combined with rad-
iation has shown a greatly increased potential for cell killing and an en-
hancement of cancer cure rates [16-18]. It is also known that the ionic
composition of tumors and normal tissues may be different [19-22], Thus,
knowledge of the response of cells to heat and radiation under conditions
of alterp-i ionic milieu may provide insights into the expected responses of
tumor c- _is under such conditions.

The response of cells to radiation during exposure to an altered
ionic environment has been extensively investigated [3-5,23,24J. In this
study, we have extended these studies to examine the effect of altered
ionic milieu on the thermal sensitivity of cells in culture.

2. MATERIALS AND METHODS

A Chinese hamster lung fibroblast cell line, designated V79-S171,
was used in these experiments. Cells were cultured in DF medium consisting
of a 1:1 ratio of Dulbecco's modified BME and F12 containing 5% fetal calf
serum and 0.05% gentamycin sulphate. Under these conditions the cells had
a doubling time of 11 to 12 h.

Cells were plated approximately 16 h before experimental proced-
ures were started to avoid changes in cellular sensitivity as a function of
time after plating [25]. At this time, cellular multiplicity ranged from
1.5 to 2.0 and multiplicity corrections were made according to standard
procedures [26].

For exposure of cells tc the various ionic solutions, as indicat-
ed in the Results section, tho medium was first removed from the cells,
which remained attached in the 25-Cm

2 (T25) culture flasks, and each flask
was rinsed with 2 mL of treatment solution before 5 mL of the solution were
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added* The solution was added 30 min before heating and removed 5 min
after heating. After the solution was removed, the cells were rinsed with
2 mL of culture medium before 5 mL of culture medium were added* Cells
were incubated for 6-10 days after treatment and then the resulting colon-
ies in the culture flasks were fixed, stained and counted for survival.
All survival data were corrected for plating efficiency, which ranged from
60-95% in all experiments.

For heating, the flasks containing cells were sealed with wax
just before heat treatment. Heating was carried out in custom-designed
water baths made from 1.25-cm Luclte. A Tempunit TU-1A thermoregulator
(Techne, Princeton, NJ) was used for temperature regulation, with addi-
tional stirring pumps. With this equipment, the temperature was maintained
constant to + 0.05°C and was uniform throughout the bath to + 0.05°C.
Temperature changes were made by transferring the flasks from one tempera-
ture-controlled bath to another. The half-time for temperature equilibra-
tion in a T25 flask containing 5 mL of medium was approximately 30 s.

Ionic solutions were made by dissolving reagent grade salts
(LiCl, NaCl, KC1, MgCU^UjO, CaCl2 or BaCl2.2H20) in water. All salt
solutions were prepared to a concentration of 0.155 mol.dm- , since 0.155
mol.dm NaCl is approximately at the isotonic concentration. However,
equal concentrations of the other salts such as MgCl_, CaCl~ and Bad, will
not be isotonic for cells due to different disassociation or the salts.
For example,0.155 mol.dm" NaCl caused no change in cell volume, while
0.155 mol.dm KC1 caused an increase in cell volume [9]. The experiments
were designed to measure the effect of specific ions at equal concentra-
tions. Unless otherwise indicated in the Results section, all solutions
were buffered with 1 mmol.dm Tris buffer to give a pH of about 7.2 at 42
to 44°C.

For each experimental point shown, four replicate flasks were
used and the standard error of the mean is indicated when greater than the
size of the datum point symbol. All experiments were repeated two or more
times.

3. RESULTS

Heating at temperatures above the normal body temperature of 37 C
can reduce cell survival, as illustrated by the data presented in Figure 1.
The higher the temperature, the more quickly cells were killed. At temper-
atures of 40.5 to 42.0°C, cell killing increased as a function of the heat-
ing time for 4 to 6 h, after which the cells became resistant, a phenomenon
known as thermotolerance. For heating at temperatures of 43 C or higher,
cell killing was very rapid and no thermotolerance was evident during the
short heating interval. However, at these temperatures thermotolerance can
still develop during incubation at 37°C after heating [27].

Figures 2 to 4 show the results of heating cells a t 42.0, 43.0
and 44.0°C, in culture medium or in various O.155-mol.dm~3 ionic solutions.
There was a large enhancement of the thermal sensitivity at the three temp-
eratures tested in the presence of any of the three salt solutions. The
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order of the degree of thermal sensitization was KC1 > LiCl > NaCl. The
difference in effect between LiCl and NaCl was small. The survival ratios
after various heating times in medium, compared to heating in salt solut-
ions, are presented in Table 1. These data show that thermal sensitization
increased with heating time. While there was variability in sensitization
at various temperatures, there was no consistent increase in sensitization
with temperature for equal heating times. At 42 or 43°C, the effect of
glucose in the NaCl solutions was tested to determine whether the presence
of an energy source would alter cellular heat sensitivity under nutrient-
deprived conditions. The survival.data for.heating in the NaCl solution
with or without glucose (7.8 x 10 mol.dm ) were comparable, indicating
that glucose did not restore cellular heat sensitivity to that of cells
heated in culture medium.

The monovalent salt solutions were slightly toxic to the cells,
even at 37 C, as shown in Figure 5. The survival data shown in parts A, B
and C of Figure 5 are the toxicity data for the experiments whose results
are shown in Figures 2,3, and 4, respectively, and the heat survival data
in the latter figures have been normalized to the respective toxicity data.

The data presented in Figures 2-4 were derived from experiments
in which ionic solutions were buffered with Tris buffer (1 mmol.dm ) to
pH 7.2. When the Tris buffer was not added to the LiCl solution, the pH
ranged from 6.6 to 6.8 and survival was the same as for cells heated in
buffered LiCl (Figure 6). Thus, the presence of Tris buffer had no effect
on thermal sensitivity. Also, when cells were heated in NaCl buffered to
pH 7.2 or 6.6, using Tris buffer (Figure 6), the survival was about the
same; hence, reducing the pH in ionic solutions did not further thermally
sensitize cells that were already sensitized by the presence of the ionic
solutions.

The effect of heating cells to 43.0°C and 44.0°C in divalent salt
solutions is shown in Figures 7 and 8, and in Table 1. A large enhancement
of thermal sensitivity was observed when the cells were heated in the pre-
sence of divalent cation solutions. The degree of thermal enhancement was
BaCl, > MgCl2 > CaCl,, although the difference between MgCl2 and CaCl, was
small relative to the sensitizing effect of BaCl^. The degree of thermal
sensitization for all divalent cationic solution treatments was larger at
44 C than at 43 C. The MgCl2, CaCl2 and Bad, solutions were slightly toxic
at 37 C, and these data are shown in Figure 9. The toxicity data shown in
parts A and B of Figure 9 correspond to the heat-survival experiments whose
results are shown in in Figures 7 and 8, respectively, and the heating data
were normalized to the corresponding toxicity data for equal salt solution
exposure times.

4. DISCUSSION

Cell killing by hyperthermia proceeds in a temperature-dependent
manner. As shown in Figure 1, heating at 42, 43 or 44 C, either in the
presence of monovalent or divalent cations, caused an increase in thermal
sensitivity.
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It is well known that ions play a major role in the stability of
macromolecules and that different ions have different stabilizing proper-
ties. For the monovalent ions, the sequence for stabilizing proteins and
DNA has been s|iown to^be Li ^ Na > K , while for the divalent cations the
sequence is Ba > Ca > Mg [28,29]. Our studies on thermal sensitiz-
ation showed that,thermal enhancement in various ion solutions occurred in
the order K > Li > Na for the monovalent cations and Ba > Mg > Ca
for the divalent cations. Thus, our results do not fall in the same se-
quence as those observed for macromolecular stabilization of DNA and speci-
fic proteins [28,29]. However, the earlier papers [28,29] point out that
macromolecular stabilization is also dependent on the particular macromole-
cule. Thus, our data on the ionic dependence of thermal sensitivity may
reflect a different target molecule in the thermal inactivation process.
For example, the data+of Meryman [28] and Von Hippel and Wong [29] list Li
as a destabilizer, Na as a weaV. destabilizer and K as a stabilizer. How-
ever, all these ionic solutions cause thermal sensitization and K , even
though it is termed a stabilizer, caused the greatest increase in thermal
sensitivity, further indicating that the ion stabilizing effects observed
by others [28,29] do not apply for the target in thermal cell inactivation.

For the monovalent cation salts, the order of molarities at which
maxima or minima occur in the radiation survival curves, or in nuclear mag-
netic relaxation, is Li < Na < K , which correlates with the Hofmeister
series for the effectiveness of these ions in swelling gelatin gels
[3,8,9,30]. Thermal sensitization by treatment with these monovalent ca-
tion salt solutions does not fall into the above order, and thus does not
appear to be related to the ability of these ions to affect the water
associated with cells.

The treatments with six different salt solutions all caused ex-
tensive thermal sensitization, as shown in the results. This general
phenomenon is probably caused by heating in the absence of nutrient medium.
This effect has also been observed by Hahn [31] who exposed Chinese hamster
cells to 43,0°C in Hanks' balanced salt solutions and observed thermal sen-
sitization. Further studies showed that deprivation of glucose, or expo-
Bure to carbonylcyanide-3-chlorophenylhydrazone, an uncoupler of oxidative
phosphorylation, enhanced thermal sensitivity [32], and that recovery after
heat damage was inhibited under nutrient-deprived conditions [33]. Our re-
sults show that enhancement of thermal sensitivity was the same for cells
heated in LiCl or NaCl solutions and was unaffected by the presence or
absence of glucose. This disagrees with the data of Haveman and Hahn,
which showed that removal of glucose produced thermal sensitization [32].
The difference may be attributed to the fact that for our experiments,
glucose deprivation occurred about 30 min before heating, while in the ex-
periments of Haveman and Hahn thermal sensitization set in after 6 h of
glucose deprivation [32]. Furthermore, in our experiments cells were well
oxygenated and the data of Kim et al. show that glucose deprivation does
not enhance thermal sensitivity under oxygenated conditions, but does under
hypoxic conditions [34].

Other studies have shown that reduced pH can increase thermal
sensitivity [35-37]. Our data show that cells that are already thermally
sensitized in LiCl or NaCl retain the same thermal sensitivity when the pH
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is altered from 7.2 to 6.6. This result is confirmed by another study
which showed that there is little pH effect when cells are heated in Hanks'
balanced salt solutions [33]. Thus, our data and the results of others
[31-34] show that thermal sensitivity in mammalian cells depends on many
factors, such as nutrient state, pH, oxygenation and ionic environment and
that there is an interdependence among these parameters.
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TABLE 1

SURVIVAL RATIOS*

Temperature

42°C

43°C

44°c

43°C

44°C

Time
(min)

10

20

30

10

20

25

10

20

25

30

10

20

25

10

15

20

LiCl

2.3

12.0

26.0

1.6

6.5

12.0

5.6

16.0

15.0

19.0

MgCl2

1.7

13.0

35.0

14.0

50.0

250.0

NaCl

1.9

6.0

17.0

2.0

4.6

8.3

4.1

13.0

13.0

26.0

CaCl2

1.6

9.4

47.0

5.5

15.0

78.0

KC1

3.4

29.0

36.0

2.4

7.9

33.0

6.3

38.0

91.0

BaCl2

6.0

160.0

3faO0.O

200.0

4500.0

*Survival ratios were calculated by taking the ratio of survival of cells
heated in medium and cells heated in ionic solutions for equal heating
times.
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FIGURE 8: The Effect of Exposure to Divalent Salt Solutions (0.155 Q

mol.dm ) on the Sensitivity of Cells to Heating at 44.0°C.
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