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ABSTRACT

We examined the effect of rate of temperature rise on the thermosen-
sitivity of a murine lymphoblastic leukemia. 11210 cells suspended in
RPMI 1630 medium:5% fetal bovine serum at pH 7.4 were heated from
37Â°C-42Â°C,43Â°C,or 44Â°Cover variable times (immediately, 30, 60,120,

180 min) in a circulating water bath controlled by an electronic temper
ature programmer. Survival of the cells using a soft agar clonogenic assay
was plotted against the time at final temperature so that a Da (min of
heat required to reduce survival by 63% on the exponential portion of
the survival curve) could be calculated as an estimate of thermosensitivity.
Cells heated from 37Â°C-42Â°Cover a time period of 30 min (10Â°C/h)were

less thermosensitive (Da 62.7 Â±12.5 min) as compared to those exposed
immediately to 42Â°C(I),, 38.5 Â±2.2 min). Cells heated over a period of
180 min (!.(>'( li) showed almost no death even after 4 h at 42Â°C.

Thermosensitivity of cells heated to several other high temperatures was
also a function of rate of heating. This relative thermal resistance induced
by slow heating was not a result of a change in membrane cholesterol
content or fatty acid composition. Similarly, there was no difference
between cells heated at slow and fast rates in cell cycle distribution or in
cellular protein concentration. The major heat shock protein of M,
70,000, which was induced by immediate heating, was not synthesized at
the same high rate 1-12 h after heat treatment by the cells made
thermotolerant with slow heating. We conclude that the thermosensitivity
of this neoplastic cell can be altered considerably by the rate of heating.
This alteration is not due to a change in membrane lipids. Furthermore,
the heat shock protein at M, 70,000 which was synthesized after imme
diate heating could not be demonstrated in the gradually heated LI 210
leukemia cells.

INTRODUCTION

The sensitivity of mammalian cells to hyperthermia can be
decreased by changes in many factors. These include higher pH
of the environment (1,2), position in G i or G2 phase of the cell
cycle (3, 4), exponential growth phase (4, 5), presence of serum
(5), and decrease in proportions of cellular polyunsaturated
fatty acids (6, 7).

Sensitivity to heat can also be decreased by prior heat con
ditioning. The effect of this prior heat that is a function of its
scheduling and fractionation (8). In this regard there are several
ways of inducing thermotolerance. First, thermotolerance can
be induced by continuous heating at temperatures below 43Â°C

and usually appears after about 3 h of heating (2, 9). Second,
cells which have been acutely conditioned by heating to tem
peratures greater than 43Â°Cand then incubated at temperatures
nearer to 37Â°Care resistant to subsequent hyperthermia be
tween 43.5Â°Cand 45Â°C(10, 11). In spite of considerable study,

the mechanism of thermotolerance is unknown. It has been
speculated that a change in membrane fluidity is an early event
in the development of thermotolerance (12). The subject of
thermotolerance has been reviewed (8, 12).
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Herman et al. (13) reported that the heat sensitivity of
Chinese hamster ovary cells and a fibroblast line was a function
of the rate of delivery of the heat. By delivering the heat at a
slow rate, a thermotolerant population of cells could be devel
oped. This method of bringing about thermotolerance differs
from the other techniques and merits further study, because of
its pertinence to the manner by which heat is delivered clinically.
Since it is important to know how generalized it is, we studied
this method of inducing thermotolerance. For these studies we
chose a neoplastic cell, since original studies were on cell lines
derived from normal tissues. We explored the possibility that a
change in membrane lipids is the mechanism of this type of
heat resistance. In this regard it is well known that poikilo-
therms adjust their membrane lipids as the temperature in
creases in order to prevent lipid fluidity from increasing to a
level incompatible with membrane function (14, 15). Finally,
we examined whether HSP3 develop synchronously with ther

motolerance induced by a slow heating gradient. Data from
other investigators (16, 17) had demonstrated a temporal rela
tionship between the development of thermotolerance and
HSP.

MATERIALS AND METHODS

Cell Culture. LI210 murine leukemia cells in suspension culture were
grown at 37Â°Cin medium consisting of RPMI 1640 (Grand Island
Biological Co., Grand Island, NY), 5% FBS3 (KC Biological, Inc.,

Lenexa, KS), and gentamicin sulfate (40 /ig/ml; GIBCO) in a humid
atmosphere of 5% CO2:95% air. Cells were reseeded into fresh medium
every 3 days.

Hyperthermia and Survival Determination. Exponentially growing
cells were resuspended at a concentration of 2.5 x IO3cells/ml in flasks

containing 10 ml of heating medium consisting of RPMI 1630 and 5%
FBS. pH was adjusted to 7.4. The flasks with tightened caps were
completely submerged in a water bath at the specified temperature.
Cells which were in suspension were heated from 37Â°C-42Â°C,43"C, or
44Â°Cover times which varied from immediately to 3 h. Cells were then

maintained at hyperthermic temperature for various experimental
times, after which they were quickly transferred to a 37Â°Cwater bath

to terminate the hyperthermia exposure. Aliquots were taken immedi
ately for cloning, lipid analysis, or flow cytometry studies. Immediately
heated cells attained a temperature of 42Â°Cin 5.7 Â±0.3 (SE) min (n =

4). A circulating water bath (Neslab Instruments, Inc., Portsmouth,
NH), which is capable of maintaining the desired temperature within
Â±0.02Â°C,was used in all experiments. Rate of temperature change was

controlled by an electronic temperature programmer (Model ETP-3;
Neslab Instruments). Temperatures were measured using a thermome
ter calibrated in tenths of a degree against a National Bureau of
Standards-certified thermometer (Fisher Scientific Co., Pittsburgh,
PA).

The fraction of cells surviving the heating interval was determined
using a soft-agar clonogenic assay, as described previously (7). Briefly,
cells were suspended in medium consisting of RPMI 1640, 20% horse
serum, gentamicin sulfate (40 Mg/ml), and Bacto agar (0.3 g/100 ml;
Difco Laboratories, Detroit, MI) and plated onto 10- x 35-mm tissue

3The abbreviations used are: HSP, heat shock protein(s); FBS, fetal bovine

serum; DO,min of heat required to reduce cell survival on the exponential portion
of the curve to \/e times its initial value (reduction of 63%); SDS, sodium dodecyl
sulfate.

1882

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2425327/cr0460041882.pdf by guest on 19 M

ay 2023
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culture dishes. After the agar was solidified, dishes were incubated at
37Â°Cfor 1 wk at which time the number of colonies consisting of at

least SOcells was counted using an inverted microscope. In this assay,
a linear relationship exists between number of cells plated and number
of colonies formed. The cloning efficiency of unheated cells was 62%.

Lipid Analysis and Cellular Fatty Acid Modification. Cells were
washed 3 times in phosphate-buffered saline and extracted using
CHCI3:CH3OH (2:1, v/v) (18). Neutral lipids and phospholipids were
separated using silicic acid chromaiogruphy (19). Each fraction was
then saponified for 60 min at 56Â°Cin 1.2 N KOH and 80% ethanol

(20). Fatty acids in the saponifiable fraction were methylated for 10
min at 95Â°Cwith 14% BF3:CH3OH (21), and the methyl esters were

separated by gas chromatography using a 1.8 in column packed with
10% SP2330 on 100/200 mesh Chromosorb (Supelco, Inc., Bellefonte,
PA). Peak areas were quantitated and identified by comparison of
retention times to those of standards obtained from Supelco.

Membranes were isolated using a modification of previously reported
methods (22). Aliquots of 10'' cells were disrupted in 10 ml of an

isotonic homogenizing medium containing 0.5 M hexylene glycol, 1.5
M NaCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM Na3PO4 by forcing 4-
niI aliquots through a 25-gauge needle (1.6 cm long). Following cen-
trifugation at 1000 x g for 1 min to remove nuclei and unbroken cells,
the supernatant was placed on a discontinuous sucrose gradient (30 and
45%, v/v) and centrifuged at 17,500 x g for 30 min. The fraction at
the 10-30% interface was collected, diluted with saline, and centrifuged
at 24,000 x g for 30 min, using a Beckman L3-40 ultracentrifuge with
a SW-27 swinging bucket rotor to yield a crude plasma membrane
preparation. Phospholipid (23), cholesterol (24), and protein (25) con
tent were determined. The cellular fatty acids of LI210 cells were
modified by growing the cells for 2 days in RPMI 1640 containing 5%
FBS supplemented with 32 /JMdocasahexaenoate (22:6) or oleate (18:1)
(7).

Heat Shock Protein. Following experimental heat treatment, LI210
cells were incubated for various times at 37Â°Cin methionine-free RPMI
1640 medium supplemented during the last h with [35S]methionine

(1000 Ci/Mmol; 25 Â¿iCi/ml;New England Nuclear Corp., Boston, MA)
to label newly synthesized proteins. Cells were then washed 3 times
with phosphate-buffered saline; proteins were immediately extracted
with cold 10% trichloroacetic acid; and the precipitated protein was
washed 3 times with cold acetone, dissolved with 100 n\ of sample
buffer [0.25 M Tris-HCI (pH 6.8):20% /J-mercaptoethanol:40% glyc-
erol:9.2% SDS:0.004% bromophenol blue], and heated for 3 min in a
boiling water bath.

Proteins were separated using SDS:polyacrylamide gel electropho-
resis. Slab gel electrophoresis was performed using a 5-15% acrylamide
gradient and 1% SDS with a 3.2% polyacrylamide stacking gel by the
method of Laemmli (26). Molecular weight markers were used to
comigrate on the gel for comparison. An approximately constant
amount of protein was loaded on each gel lane. After separation, the
gels were stained with 0.25% Coomassie blue in water:methanol:acetic
acid (5:4:1), soaked for 1 h in 1 M sodium salicylate with 1% glycerol,
and dried down onto paper for autoradiography. The X-ray film is then
exposed at -70"C and developed. After developing, autoradiograms

were scanned with a Beckman DU-8 scanning spectrophotometer with
a slab gel module at 550 nm, and the incorporation of [35S]methionine
in each band was quantitated by integrating the areas on the densitom-
etry tracings. The peak for each band was expressed as a percentage of
the total.

Cell Cycle Analysis. The relative distribution of cells in GÃ¬,S, and
GÃ¬+ M was determined by flow cytometry of propidium iodide-stained

nuclei of the cells as previously described (27). Cells were suspended in
2 ml of hypotonie propidium iodide [propidium iodide (0.05 mg/
ml):0.1% sodium citrate:0.1% Triton X-100) (Sigma Chemical Co., St.
Louis, MO) and stored refrigerated and protected from light until
analysis. For each sample, IO4 nuclei were analyzed. Both the nuclear

fluorescence and narrow angle light scatter were simultaneously mea
sured using a multiparameter fluorescence-activated cell sorter (FACS
IV; Becton-Dickinson Corp., Sunnyvale, CA). Fluorescent micro-
spheres (Duke Scientific, Palo Alto, CA) were used to confirm instru
ment stability throughout each run. These studies were performed in

the University of Iowa Flow Cytometry Facility under the direction of
Dr. Andrew Yen.

RESULTS

There was a remarkable difference in the survival curves for
LI210 cells heated to test temperature at various rates (Fig. 1).
When cells were heated immediately to 42"C, less than 1% of
the cells survived a subsequent 4-h exposure at 42Â°C.In con
trast, there was almost no cell death after 4 h at 42Â°Cwhen
cells were heated slowly (1.6Â°C/h) over a 3-h period. Cells
heated to 42Â°Cat an intermediate rate (10Â°C/h)were interme

diate in thermosensitivity. Table 1 shows the effect of various
rates of heating from 37Â°C-42Â°Con thermosensitivity of the
cells after 3 h at 42Â°C.There was a progressive decrease in

thermosensitivity as compared to immediately heated cells at
each of the four slower rates of heating.

We next determined whether the relationship of thermosen
sitivity to rate of heating in LI210 cells occurs when cells are
heated to higher temperatures. Fig. 2 shows survival curves of
cells heated to 43Â°Ceither immediately or over a period of 3 h.
While less dramatic than those at 42Â°C,differences in cell

too
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Fig. 1. Effect of rate of heating on thermosensitivity at 42'C. LI 210 cells were
heated from 37'C-42'C at rates varying from immediately to 1.6'C/h (total time,
3 h). Survival at 42*C was then determined by a soft-agar clonogenic assay. Points,

mean of at least 4 determinations: bars, SE.

Table 1 Effect of five rates of heating on thermal sensitivity of LI 210 cells
L12IO cells were heated from 37Â°C-42Â°Cat various rates in a precision water

bath with programmable temperature control. Survival after 3 h at 42*C was

measured in a soft agar clonogenic assay.
Rate of heating (-C/h) Survival (%)

Immediate"

10
5
2.5
1.6

4.3 Â±0.7*

10.8 Â±3.3
35.3 Â±0.6
84.0 Â±2.1
91.9 Â±3.4

Â°For this immediate heating, cells were quickly and totally submerged into a
precision water bath preheated to 42'C.

* Mean Â±SE of four determinations.
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TIME (Min at 43Â°)
Fig. 2. Effect of rate of heating on thermosensitivity at 43'C. Methods were

the same as Fig. I.

Table 2 Survival curve parameters as a function of rate of heating to various test
temperatures

L1210 cells were heated from 37*C to the designated test temperature over

varying periods of time and then maintained at test temperature for up to 5 h.
Survival was measured using a clonogenic assay.

Test
temperature

CC)424344Time

to
test temperature

(min)Immediate

30180Immediate

ISOImmediate

180DÂ«38.5

Â±2.2*

62.7 Â±12.5
>300t17.7

Â±1.4
34.8 Â±2.420.6

Â±0.7
20.9 Â±0.1Time

to
90% death

(min)"137

169
>300C62

1163030

" Minutes of exposure at designated test temperature required to reduce

percentage of surviving cells by 90%.
* Mean Â±SE.
1 Exact values indeterminate due to minimal cell death.

survival between immediately heated and those heated slowly
over 3 h were significant at all time points. We speculated that
the pattern might change when cells were heated to even higher
temperatures, since there is evidence that the mechanism of
heat killing may be different above 43Â°C(9). When the cells
were heated from 37Â°C-44Â°Cin further experiments, there was

no relationship between rate of heating and thermal sensitivity
(e.g., after 30 min at 44Â°C,8.1 Â±3.0% of immediately heated

cells survived versus 9.0 Â±0.3% of gradually heated cells).
The quantitative characteristics of the survival curves of

LI210 cells heated to three test temperatures are shown in
Table 2. The A>, which is a measure of the slope of the
exponential portion of the survival curve, was higher for the
cells heated at slower rates to test temperatures at 42Â°Cand
43Â°C,indicating less thermosensitivity. The D0 for cells heated
immediately or slowly to 44Â°Cwere not different. Table 2 also

shows the time required for 90% cell death. This parameter

takes into account the shoulder of the survival curve as well as
the slope, and for that reason it has utility as a measure of
effective thermosensitivity. For test temperatures of 42Â°Cand
43Â°C,the time to 90% death is longer for those cell cultures
heated more slowly. At a test temperature of 44Â°C,the differ

ence was no longer evident.
We next explored the mechanism of the relationship of rate

of heating to thermosensitivity. Since an inverse relationship of
cell cholesterol content and heat sensitivity has been reported
in a series of mammalian cell lines (28), we examined choles
terol in the isolated plasma membranes of"1.1210 cells heated
immediately or slowly to 42Â°C(Table 3). The molar ratio of

cholesterol to phospholipid in the plasma membrane of cells
heated immediately and cells heated over a period of 3 h was
not significantly different either at the time of reaching test
temperature or for up to 2 h thereafter.

We next examined the fatty acid composition of the phos
pholipid fraction of cells which had undergone various heat
treatments (Table 4). It is known that modification in the fatty
acid composition of the L1210 cell changes its heat sensitivity
(7), and therefore an acute change in the proportions of poly-
unsaturated and saturated fatty acids could be the mechanism
for thermotolerance. The major fatty acids of the L1210 cells
were 18:1, stÃ©arate(18:0), and palmitate (16:0). This distribu
tion is similar to that found in our earlier studies (7). The
percentage of palmitoleate (16:1) showed a small but significant
increase in all heated cells compared to unheated cells, and the
rate of heating or duration of exposure did not affect this
increase. Otherwise heating itself had no effect. There was no

Table 3 Cholesterol content of plasma membranes from LI 210 cells healed
slowly (thermotolerant) or immediately (thermosensitive)

L1210 cells were heated from 37Â°C-42'C over 180 min (slow heat) or imme
diately and were then maintained at 42Â°Cfor 0, 1, or 2 h. Membranes were

prepared by discontinuous sucrose gradient sedimentation. Cholesterol was de
termined by a sensitive spectrofluorometric method and phospholipids by a
spectrophotometric method.

Time at
final

temperature
(h)01

2Cholesterol:phospholipid

(molarratio)Immediate

heat(0.19
Â±0.02)Â°-*

0.20 Â±0.02
0.23 Â±0.03Slow

heat0.24

Â±0.02
0.22 Â±0.04
0.23 Â±0.01PNSC

NSNS

" Mean Â±SE of four separate experiments.
* Unheated cells.
' NS, not significant at P < 0.05.

Table 4 Fatty acid composition ofLI210 cellphospholipids
L12IO cells were heated from 37Â°C-42Â°Cover 180 min (slow heat) or imme

diately and were then maintained at 42Â°Cfor 0 or 2 h. Cells were washed 3 times

and then extracted with CHCI,:CH3OH (2:1, v/v). Phospholipids in the lipid
extract were isolated using silicic acid chromatography and then subjected to
alkaline hydrolysis. Fatty acids in the saponifiable fraction were methylated, and
the methyl esters were separated by gas:liquid chromatography.

% of fatty acid composition

SlowheatFatty

acid16:0

16:1
18:0
18:1
18:2
20:4
Other'Immediate

heat
2 h at42'C12.4

Â±0.8Â°

4.2 Â±0.3
16.4 Â±0.4
49.2 Â±1.6

3.4 Â±0.3
6.2 Â±0.4
8.5 Â±0.4Oh

at
42-C12.1

Â±0.7
4.2 Â±0.3

16.3 Â±0.4
48.6 Â±1.7

3.5 Â±0.3
6.3 Â±0.4
9.0 Â±0.42

hat
42'C12.3

Â±0.6
4.1 Â±0.4

16.5 Â±0.3
49.9 Â±1.3

3.3 Â±0.2
5.9 Â±0.7
8.2 Â±0.7Unheated11.6

+ 0.7
2.9 Â±0.3*

16.4 Â±0.5
50.1 Â±1.4

3.2 Â±0.2
6.2 Â±0.6
9.6 Â±0.8

" Mean Â±SE of determinations made on three individual samples of cells.
* Differences between unheated and heated cells were significant for 16:1 (/><

0.05).
c Includes small amounts of 14:0, 18:3, 20:1, 20:3. 20:5, 22:4, 22:5, 22:6, and

unidentified fatty acids.
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difference in the relative proportion of the fatty acids of the
LI210 phospholipids after slow heating as compared to im
mediate heating (Table 4). Therefore, the development of ther
mal resistance of this type is not mediated by a change in fatty
acid composition.

We desired to further define the role of fatty acids in this
process. If membranes are involved in the development of
thermotolerance, it seemed possible that prior modification of
a major structural feature of the membranes would have an
effect on the ability to adapt to heat exposure. We have previ
ously demonstrated that enrichment of the phospholipids of
the LI210 leukemia is associated with a marked increase in
sensitivity to hyperthermia temperatures (7). Therefore, we
modified the fatty acid composition of the cellular lipids of
L1210 leukemia cells by growing the cultures in medium sup
plemented with either 22:6 or 18:1 (7). This results in a 30%
or greater enrichment in 22:6 or 18:1. The enriched cells were
then heated gradually (30 min) from 37Â°C-42Â°Cand tested for

subsequent thermosensitivity. As seen in Table 5, cells enriched
with either fatty acid developed thermotolerance. Furthermore,
there was no difference in cells enriched with the polyunsatu-
rated fatty acid 22:6, which we have previously shown markedly
increases heat sensitivity in nonthermotolerant cells, and those
enriched with 18:1.

Whole cell protein contents of the LI210 cells which were
heated immediately to 42Â°Cversus cells heated slowly to 42Â°C
(1.6Â°C/h) were not significantly different after a subsequent 1
h at that temperature [100 Â±1 (SE) Mg/IO6cells versus 94 Â±7
Mg/106cells; n = 3-4; P = not significant]. Similarly the protein

content was not different in the slowly versus immediately
heated cells which were maintained at 42Â°Cfor shorter or longer

periods of time.
We also examined the effects of slow and fast heating on the

distribution of cells in the cell cycle. Since cells in G, or G2
phase of the cell cycle are less sensitive to heat, a shift in the
phase distribution could explain the change in heat sensitivity
manifested by the cells which were heated at a slow rate. There
was no difference in the percentage of cells in d (immediately
heated cells, 51 Â±1, versus gradually heated cells, 52 Â±4), S
(42 Â±2 versus 45 Â±4), or G2-M (1 Â±<\ versus 4 Â±1).

We next examined how long the thermotolerance induced by
gradual heating persists. For these studies LI210 cells were
heated from 37Â°C-42Â°Cover 180 min to induce thermotoler

ance, and then thermosensitivity was determined at multiple
times from 0-110 min during subsequent incubation at 37Â°C.

Thermosensitivity at each time point was tested by heating
immediately to 42Â°Cfor 2 h and measuring survival in a

clonogenic assay. For a control, the clonogenic survival of
LI210 cells previously made thermotolerant but not further
heated was determined at each time point. These studies showed

that thermotolerance was 50% dissipated by 23 h and entirely
gone by 46 h, which is equivalent to 5 doubling times.

Finally, we examined the possibility that HSP may play a
role in thermotolerance of the LI210 leukemia cells brought
about by gradual heating. In order to do this, it was first
necessary to identify a HSP in this neoplastic lymphoid cell
line. For this purpose cells were heated immediately from 37Â°C-
42Â°C,and the temperature was maintained for an additional h.
The flasks were then placed at 37Â°Cfor 1-12 h, and the proteins
were labeled and separated as described in "Materials and
Methods." There was synthesis of new protein or at least

enhanced synthesis of a previously undetected protein with a
molecular weight of 70,000 (Fig. 3) and less obvious ones at
molecular weights of 90,000 and 110,000. These were also
visualized when the proteins were separated on 7.5% and 10%
polyacrylamide, but separation and visualization were improved
with a 5-15% acrylamide gradient. Visualization of low-molec
ular-weight proteins by this technique was limited, so a HSP in
that portion of the gel may not have been identified. The M,
70,000 protein, which appeared 1 h after hyperthermia expo
sure, was easily seen by 3 h and continued to be synthesized at
5, 7, 9, and 12 h. It could not be seen if the label was present
only during the 5 min of heating and without additional time
at 37Â°C.It was easily seen on densitometry tracings, and the

rate of HSP synthesis represented about 4% of the total protein
synthesis rate (Table 6). We next examined whether gradual
heating of the cells in a manner that induces thermotolerance
is associated with the development of the major HSP. The most
prominent and consistent HSP with a molecular weight of
70,000 was selected for emphasis. L1210 cells were heated
slowly from 37Â°C-42Â°C(180 min; 1.6"C/h) and immediately
returned to 37Â°Cor alternatively held at 42Â°Cfor an additional
60 min. After an additional incubation at 37Â°C,cell proteins

were labeled, separated, and visualized by fluorography. Fig. 3
shows that cells heated slowly failed to synthesize the M, 70,000

B

116-

97.4-

66-

Tablc 5 Lack of effect of prior fatty acid alteration on the development of
thermotolerance

LI2IO cells were grown for 48 h in medium supplemented with either oleate
( 18:1) or docosahexanoate (22:6) at a concentration of 32 JIM.The cultures were
then heated to 42'C at a rate of either IO'C/h or 1.6'C/h. Survival was determined

by a soft agar clonogenic assay.

Survival (%)

1.6'C/h
No. of

min30

60120

18022:678

Â±7"

56 Â±11
11 Â±218:181

Â±653
Â±4

12Â± 122:6102

Â±3
113Â±487

Â±4
95 Â±218:1106Â±3

114Â±397
Â±4

87 Â±3
' Mean Â±SE of at least three separate studies.

Fig. 3. Effect of immediate and slow heating on protein synthesis in LI210
leukemia cells. Cells were either heated immediately from 37Â°C-42'C and then
maintained at 42'C for 1 h or were heated slowly (180 min) from 37"C-42"C and
maintained at 42Â°Cfor 1 h. Cells were then incubated at 37*C for 3 h, and
["SJmethionine was added during the last 1 h. Shown is an autoradiograph of
nonheated control cells (Lane A), immediately heated dune B), or slowly heated
(Lane C) cells. Arrow indicates the position of the M, 70,000 HSP.
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Table 6 Quantitation of new protein synthesis following heat treatment
Following heat treatment. L1210 cells were kept at 37*C for 2 h prior to the

addition of |"S]methionine for l h in a methionine-free RPMI 1640 medium.
Proteins were extracted, analyzed by electrophoresis using a gradient
SDS:polyacrylamide slab gel, and visualized by fluorography. Bands were quan-
litatcd by densitometry scan. For comparison with the HSP (M, 70,000), we
chose the nearest peak on densitometry tracing (M, 73.100) and a typical distant

HeatingtechniqueTime

to
42-C(h)Immediate

3
3Time

at
42*C(h)101Protein

synthesis(%)Â°M,

70,0003.9
Â±0.9*CM,73,1002.9Â±0.5

2.5 Â±0.2
3.0 Â±0.4M,29,8008.2

Â±0.9
9.1 Â±0.7
8.5Â±<0.1

Unheated control â€” 2.6 Â±0.1 8.8 Â±0.3
â€¢Percentage of total protein synthesis rate.
* Mean â€¢SE of 3-4 separate determinations of the rate of protein synthesis

as a percentage of total rate.
c â€”,not detected.

HSP at the same high rate. Enhanced synthesis failed to appear
at multiple time intervals at 37Â°Cup to 24 h after heating. Two

other proteins were chosen for comparison. We selected the
closest major peak on the densitometry tracing (M, 73,100) and
an arbitrary distant peak. The synthesis of neither of these non-
HSP was affected by the different heating techniques (Table 6).
Studies of the synthesis of HSP by cells heated from 37Â°C-
43Â°Cat various rates were similar to the 42Â°Cstudies. These

data indicate that there was little synthesis of HSP at the times
and conditions studied in the thermotolerant as compared to
thermosensitive cells.

DISCUSSION

The dependency of thermosensitivity on the rate of temper
ature change is an important biophysical relationship. Our
studies demonstrate this important relationship in the LI210
lymphoblastic leukemia, a neoplastic cell line which is fre
quently used as a model for cancer experimental therapeutic
studies. A better understanding of the cellular defenses against
hyperthermia should yield important clues to the mechanism
and site of heat damage. Rate of heating has a major effect on
extent of heat damage. Therefore, we studied the mechanism
by which the rate of heating affects thermal sensitivity. Our
studies examined several possibilities to explain this relation
ship. Membrane cholesterol content is a major determinant of
membrane fluidity (29, 30). In studies of Chinese hamster ovary
cells and fibroblasts, it was reported that cells heated rapidly to
hyperthermic temperatures had a phasic rise and fall in whole
cell cholesterol as compared to cells heated slowly which had
no change in cholesterol (13). However, in that study total cell
cholesterol was measured. Membrane cholesterol is likely to be
the determinant of cellular physical properties and response to
heat. Therefore, we performed subcellular fractionation and
determined the cholesterol:phospholipid ratio of membrane
preparations. There was no difference in membrane cholesterol
of cells heated slowly or rapidly to temperature. Likewise, there
was no change in the fatty acid composition of the cellular
phospholipids in this study which is another major determinant
of membrane physical properties and sensitivity to heat (7, 31).
Perhaps most importantly, prior fatty acid modification,
which is known to alter the physical properties of cellular
membranes, had no effect on the induction of thermotolerance.
Taken together, these observations indicate that changes in
membrane lipids are not likely to be the mechanism of the
relationship of rate of heating and thermal sensitivity. Studies

of the membrane lipid composition of thermotolerant Chinese
hamster ovary fibroblasts or Ehrlich ascites cells showed no
alterations of cholesterol or fatty acids to explain decreased
heat sensitivity in those cells (32, 33). However, it should be
noted that in these studies the cells were made thermotolerant
by techniques other than slow heating rates.

The thermal resistance which appears after slow heating has
been studied in another neoplastic cell. MTC rat mammary
adenocarcinoma cells heated slowly (180 min) from 37Â°C-42Â°C

were only slightly more resistant than immediately heated cells
upon reaching target temperature, and this difference was
mainly due to an effect on the shoulder of the survival curve
(34). After a subsequent 3-4 h, the D0 after slow heating was
about twice that of the immediately heated cells. The thermal
resistance induced in the LI210 cells in our studies is greater
in comparison to immediately heated cells (/>â€žlarger by a factor
of 10) and occurs earlier.

The rate of heating had a particularly strong effect on heat
sensitivity at 42Â°C,which is the temperature used in previous

studies (13, 34). We have shown that the relationship of heat
sensitivity to rate of delivery of heat persists at even higher
temperatures but disappears at 44Â°C,at which temperature

90% of the cells are dead after 30 min regardless of the rate of
heating. It seems likely that the extent of damage caused by
continued exposure to 44' C may limit the cell in mounting a

protective response.
There has been considerable interest in the group of specific

cellular proteins whose enhanced synthesis is stimulated by
heat, chemical, or physical stress (35, 36). These HSP have
afforded a model for the study of transcriptional or translational
events; however, their biological function remains obscure.
There exists one clue to their function; they are often closely
associated with the development of thermotolerance (16, 37-
39). Landry et al. (16, 40) have shown a temporal relationship
between the appearance and decay of thermotolerance and HSP
in Morris hepatoma cells. This correlation holds for various
temperatures, time of exposure, and sequences of heating (40).
Li et al. have shown a similar correlation of induced thermal
tolerance and HSP synthesis in Chinese hamster ovary cells
(17), fibroblasts (38), and in vitro murine tumor models. Based
on this type of study, it has been suggested that HSP may
represent protective molecules for heat exposure. Using data
from studies of tissue culture cells, rat normal tissues, and
murine tumors, Li has suggested that the levels of M, 70,000
HSP can be used as an assay to determine thermal sensitivity
during fractional hyperthermia (41, 42).

Because of the importance of this question of the relationship
of thermotolerance and HSP to thermobiology, we undertook
studies of the expression of HSP by a neoplastic murine cell
line which manifests a marked thermotolerance with gradual
heat delivery. We found that L1210 cells which were made
thermotolerant by gradual heating failed to manifest to any
great extent the M, 70,000 HSP which was expressed after heat
shock of nonthermotolerant cells. Other investigators have had
similar findings. Landry and Chretien (40) reported that sodium
arsenite induced HSP, but not thermotolerance, and conversely
that cyclohexamide induced thermotolerance but inhibited HSP
synthesis in Morris hepatoma cells. Widelitz et al. (43) reported
that in rodent fibroblasts the M, 68,000 HSP, in contrast to
those with molecular weights of 70,000 and 89,000, was not
synthesized in thermotolerant cells. In studies of a rat mammary
carcinoma, Tomasovic et al. (34) demonstrated HSP synthesis
during the expression of thermotolerance brought about by
procedures utilizing a rapid temperature transient. In contrast,
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when thermotolerance was induced using a slow temperature
rise, the synthesis of several HSP was less 2 h after reaching
42Â°Cthan by cells heated rapidly.

We have shown that gradually heated and thermotolerant
LI210 cells have no appreciable HSP synthesis at times that
rapidly heated cells synthesized a M, 70,000 protein (1-12 h
after the end of heat treatment). This might suggest that the
synthesis of the most obvious HSP is not a necessary condition
for the development of heat tolerance. However, our experi
mental design did not include measurements of HSP synthesis
at early time points, such as during the gradual heating process
itself. In this regard, Tomasovic et al. (44) found that slowly
heated MTC cells had higher rates of synthesis of M, 112,000
and 90,000 HSP over the first 2 h after reaching 42Â°Cas

compared to rapidly heated cells. At later time points, rapidly
heated cells had equal or higher rates of synthesis of most HSP.
Therefore, it is possible that we failed to detect a HSP synthe
sized briefly during the time of gradual heating. In any case,
these studies provide information on the similarities and differ
ences in membrane lipids and HSP synthesis between thermo
tolerant and thermosensitive neoplastic lymphoid cells.
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