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ABSTRACT

Digitized video-intensified fluorescence microscopy with the Ca2*-
sensitive fluorescent dye fura-2 was used to measure cytosolic free Ã‡a2*
(|Ca2*|f) in HT-29 human colon cancer cells. At 37Â°C,the [Ca2*|, of

individual cells ranged between 50 and 150 IIM.with a mean of 120 UM.
Raising the temperature to 41Â°Cfor l h resulted in a slight reversible
decrease (10-20%) in the mean |Ca2*|f. At 44Â°Cfor 1 h, most (>80%)
cells exhibited a |Ca2+|f greater than 200 IIM.This heat-induced rise in
[Ca2+]rwas not immediate but commenced after a lag time of 30 min.
Postincubation at 37Â°Cfor 2-6 h after heating for l h at 44Â°Cresulted
in a recovery of the basal |< ;r'*[, in some but not all cells. A linear

relationship was determined between percentage of cell killing and the
number of cells with |Ca2+|(of >200 nM after 37Â°Cpost-heating incuba
tion. Manipulation of extracellular |< ;r'| between 0.1 and 10 HIMduring
heating did not modify the heat-induced changes in |Ca2*)f.No significant
differences in survival at 37Â°Cor 44Â°Cwere observed with cells incubated
at 10, 1.0, and 0 [plus 1.0 HIMethylene glycol bis(/3-aminoethyl ether)-
A',Ar,A",^V'-tetraacetic acid) mM extracellular Ca2*. The Ca2* channel

blockers verapamil and nifedipine did not protect cells from heat treat
ment. These results suggest that irreversible heat-induced changes in
intracellular Ca2* homeostasis mechanisms may be a critical factor in

heat cytotoxicity.

INTRODUCTION

The mechanisms underlying hyperthermia-induced cell death
and generation of thermotolerance in survivors are poorly
understood. One hypothesis (1) has suggested that damage to
the cell plasma membrane is a key factor in hyperthermia cell
killing. In support of this hypothesis, a number of studies (2-
5) have demonstrated heat-induced changes in plasma mem
brane structure and function.

Ca2* is a key regulatory component of cellular metabolism
and Ca2* transport across the plasma membrane is one of
several cellular Ca2* homeostasis mechanisms. Recent studies
suggest that hyperthermia can modify cellular Ca2+homeostasis

and by so doing cause cell death and/or generation of thermo
tolerance. For example, rat hepatoma cells incubated in Ca2*-

free medium become resistant to severe hyperthermia and to
induction of heat shock protein synthesis (6). A heat-induced
increase in total cell Ca2* of Chinese hamster ovary cells has

also been demonstrated by Vidair and Dewey (7), but no pro
tection at low [Ca2*]c4 or sensitization at high [Ca2*]c was
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observed. Malhotra et al. (8) demonstrated that the hyper-
thermic sensitivity of rat hepatocytes varied in a biphasic man
ner, with increased cell killing at [Ca2*]cgreater than 4 mM and
in the absence of extracellular Ca2*. The increased cell killing
at high [Ca:*]c did not correlate with increased Ca2* influx.

More recent studies using cell suspensions and the fluorescent
Ca2* indicator dye fura-2 indicate that hyperthermia results in
a change in [Ca2*]f of Drosophila salivary gland and Kc cells
(9). Other investigators (10-12) have demonstrated that heat
shock induces a rapid rise of cellular inositol triphosphates,
followed by an increase in [Ca2*]ras measured with the indicator

dye quin2.
A major difficulty in relating biochemical parameters to

mechanisms of heat cell killing is that most biochemical meth
odologies do not permit analysis at the single cell level and thus
the direct association of a heat-induced metabolic event with
those cells destined to survive or die. DVIFM and fluorescent
probes sensitive to a number of cellular functions present the
possibility of examining heat-induced cellular metabolic proc
esses at the single cell level. A number of recent studies have
demonstrated that DVIFM can be used to monitor [Ca2*]r of
single living cells (13-15). Herein, we report our initial studies
with DVIFM of the effects of hyperthermia on [Ca2*]f, using
the fluorescent Ca2* indicator dye fura-2. This dye (16) can be

introduced into cells as a membrane-permeant acetoxymethyl
ester derivative, which is hydrolyzed by cytoplasmic esterases,
entrapping the fluorescent EGTA derivative within the cell.
Fura-2 has excitation maxima at 385 nm for the free dye and
340 nm for the Ca2* complex. The ratio of emission intensities

at the two excitation wavelengths permits correction for dye
leakage and photobleaching, as well as correction for dye con
centration heterogeneity within the cell (13-16).

MATERIALS AND METHODS

The Ca2*-sensitive dye fura-2 (16) and its membrane-per

meant form, fura 2/AM, were obtained from Molecular Probes,
Inc. (Eugene, OR). The Ca2* ionophore ionomycin and the

protonophore CCCP were purchased from Calbiochem (San
Diego, CA) and Sigma Chemical Co. (St. Louis, MO), respec
tively.

The human colon cancer cell line HT-29, obtained from
American Type Culture Collection (Rockville, MD), was grown
as a monolayer in RPMI 1640 with or without 10% fetal calf
serum, with daily changes in medium. One day prior to exper
iments, the exponentially growing cells were harvested with
trypsin/EDTA and plated on ethanol/HCl-washed 2.5-cm-di-
ameter round glass coverslips. The plating efficiency for these
cells ranged between 50 and 80%. The relatively high plating
efficiency was obtained by maintaining the cells (control and
experimental during treatment) in suspension at high cell den
sities (>105/ml) before dilution. Cell survival was monitored by

colony formation. For this, either cells were heated in suspen
sion and then plated or, alternatively, cells attached to glass
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coverslips were heated as described above for [Ca2+]rdetermi

nations, harvested with trypsin/EDTA, and plated. Both meth
ods gave equivalent results.

The coverslips with attached cells were incubated for 15 min
at room temperature with 2 /Â¿Mfura-2/AM in RPMI 1640,
washed twice with RPMI 160, and incubated at room temper
ature or 37Â°Cfor an additional 90 min to ensure complete

cleavage of the ester. In some experiments, cells were loaded
with dye after heating. In this case, cells were incubated at 37Â°C

for 4 min with 2 ^Ã•Mfura-2/AM in RPMI and subsequently
washed 3 times with RPMI equilibrated at 37Â°C.Ninety min

later the cells were examined microscopically, after rinsing once
with serum-containing medium. As discussed in "Results," this

loading procedure ensured a relatively homogeneous intracel-
lular distribution of fura-2 (Fig. 1) and complete cleavage of
ester linkages.

Cells were heated by two methods. For most experiments,
coverslips were placed in Petri dishes with 3 ml culture medium,
sealed with Parafilm, and equilibrated at 37Â°Cfor 15-30 min.

The Petri dishes were then immersed in a shaker bath at the
desired temperature and incubated for the designated times
before being returned to 37Â°Cincubator. Coverslips were then

mounted in a Dvorak perfusion chamber with an internal vol
ume of 0.25 ml (Nicholson Precision, Gaithersburg, MD),
permitting perfusion of cells with serum-containing RPMI 1640
at a flow rate of 0.20 ml/min.

Cells were heated while on the microscope stage by perfusion
with medium at the designated temperature and by temperature
regulation of a brass block mounted on the microscope stage,
in which the Dvorak chamber is seated tightly. The inside of
the brass block is tunneled to permit water flow maintained at
the desired temperature with a circulating water bath. The
temperature of the microscope coverslip was continuously mon
itored with a flat thermoresistor probe (Yellow Springs Instru
ments, Yellow Springs, OH) mounted on the top coverslip, to
which the cells were bound. Changing temperature from 37Â°C
to 44Â°Crequired approximately 20 min.

A Zeiss x63 oil immersion Neofluor (numerical aperture 1.3)
objective was used for epifluorescence measurements, with a
Zeiss Universal microscope equipped with a quarts condenser
and 75 W Xenon arc. Excitation light was passed through band
pass filters, centered at 350 and 385 nm (10 nm, 0.5-nm band
width; Acton Research, Acton, MA), and a Zeiss quartz con
denser. Filter selection and synchronization with image capture
were achieved with a computer-controlled filter wheel, with a
minimum time between image capture at each wavelength of 1
s. Emission frequency was selected with a 500-nm (50-nm band

pass) filter.
Fluorescence images at each excitation wavelength were ob

tained with a DAGE-MTI 66 silicone intensified target camera
and digitized with a Digital Equipment Microvax II microcom
puter and Image Technology video boards (IP-512 series; Wob-
urn, MA). The autogain and dark current features of the camera
were disabled to allow for manual control and linearity of
camera response to changes in light intensity. To facilitate
sampling of a large number of cells, a graphics tablet (Sum-
magraphics Bit-Pad Two, Fairfield, CN) was used to manually
select square areas (5x5 pixels, 4.4 pm2) within cells. Thus,
the emission intensity used to calculate [Ca2+]fwas the average

of all pixel intensities in the area selected by the bit pad. A
background area of equivalent size but outside of cells was also
delineated and used to correct for camera dark current and
background fluorescence at each excitation wavelength. Over
the range of camera gains employed, autofluorescence with

excitation at either 350 or 385 nm did not exceed 15% of the
total emission signal and was invariant during incubation at
either wavelength. Autofluorescence values were determined for
each experiment with cells not labeled with fura-2 and sub
tracted prior to emission ratio calculation. To increase the
signal to noise ratio, eight video frames were averaged at each
excitation wavelength.

The fiso//.â„¢?ratio was calibrated in terms of [Ca2+]f, using
standards containing 10 MM fura-2 in 140 mM KC1, 1 mM
MgCl:, 5 mM NaCl, 10 mM HEPES (pH 7), and Ca2+/EGTA

buffers, and calculated according to (15, 16):

. _K, (R - Aâ„¢) (I0/IS)
(/fmaxâ€”R)

The fluorescence ratio (Rmm= IÂ¡so/1MSat [Ca2+] = 0) varied

between 0.30 and 0.40 for standard solutions and for dye within
cells, whereas /?maxranged between 7.0 and 7.5 at saturating
[Ca2+] levels. /â€ž/Ais the ratio of fluorescence at 385-nm exci
tation at [Ca2*] = 0 and saturating [Ca2+]. Using standard

solutions, we determined a Kd for fura-2 of 240 nM over the
temperature range of 37-44Â°C.

A critical feature of these studies concerns the potential for
nonrandom selection of cells in the [Ca2*]Â¡measurements. This

concern imposed restraints on the heating protocols used. Thus,
heating was limited to a maximal dose of 44Â°Cfor 1 h. Heat

doses greater than this invariably resulted in cell detachment
from the coverslip and extensive dye leakage in some but not
all cells. Neither of these problems was apparent when heating
was less than or equal to 44Â°Cfor 1 h. As far as possible, each

microscope field and eight cells within each field were randomly
selected.

For some studies a Perkin-Elmer MPF-44 spectrofluorome-
ter was used, as previously described (15), to characterize the
spectral properties of fura-2 obtained from loaded cells by
Triton extraction. Cells, after loading with fura-2 as described
above, were lysed by addition of Triton X-100 to 0.2% (v/v).
After centrifugation at 100,000 x g for 50 min, the excitation
and emission spectra of the supernatant were recorded.

RESULTS

Initial experiments were performed to determine appropriate
loading conditions for fura-2 and to verify that intracellular
fura-2 responded to changes in [Ca2+]f in an identical fashion
as dye free solution. If cells were incubated for 15 min at 20Â°C

with 2.5 MMfura-2/AM, followed by a 90-min incubation at
20Â°Cor 37Â°C, a relatively homogeneous dye distribution

throughout the cell was obtained, without any visible dye clump
ing (Fig. 1). In contrast, incubation at 37Â°Cfor 60 min with 2.5

/Â¿Mfura-2/AM resulted in obvious sequestration in the perinu-
clear region of cells. Intracellular fura-2 extracted from cells
with 0.2% Triton X-100 had spectral properties similar to those
of fura-2 and dissimilar from those of fura-2/AM, indicating
that essentially complete cleavage of the ester linkages of fura-
2/AM was obtained by these loading procedures. Using a cell
volume for HT-29 cells of 5 pi/cell, as determined with 3H2O
and [3H]polyethylene glycol as extracellular space marker (2),
an intracellular [fura-2] ranging between 35 and 80 MMwas
determined by spectrofluorometry of Triton X-100 extracts
from three cell preparations.

Fura-2 in cells loaded at 20Â°C,followed by a subsequent

incubation for 90 min in the absence of dye, was completely
responsive to changes in [Ca2+]f. By itself, the Ca2+ ionophore
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Fig. 1. Fluorescence image of fura-2-
loaded HT-29 cells at an excitation wavelength
of385nm.

ionomycin was unable to equilibrate transmembrane Ca2+ gra

dients, as seen in Table 1, which compares the /jso/Ass ratio at
1.0 mM Ca2+ for fura-2 in cells versus in solution. With the

addition of the protonophore, CCCP, equilibration is achieved,
with a maximal /.W/jss similar to that obtained for fura-2 in
solution. These results (and parallel findings with other cell
types; e.g., see Refs. 15 and 17) suggest that some cells have a
remarkable capacity for regulating [Ca2+]f. Alternatively,

CCCP, by depolarizing the cell membrane potential, may facil
itate the transmembrane equilibration of negatively charged
ionomycin and thus Ca2+. In experiments not shown, it was

also demonstrated that 100 /Â¿Mcarbachol, a muscarinic agonist,
elicited a transient increase in [Ca2*]fthat peaked at 2 min from
a basal [Ca2+]fof Â«100n\i to Â«500nM and returned to a basal
[Ca2+]rafter 5 min of perfusion. These results indicate that HT-

29 cells respond to carbachol in a similar fashion as other
colonie cells [e.g., T84 cells (15, 18)] and that the intracellular
fura-2 concentrations used here do not buffer physiological
changes in [Ca2+]rto a significant degree.

As shown in Fig. 1, several areas, including one for back
ground, were selected using the mouse and bit pad. Each area
is approximately 5x5 pixels (4.4 ^m2). When multiple areas

within a single cell were monitored, no significant selection
artifacts were detected. The [Ca2+]fcalculated near the edge of

the cell, predominantly cytoplasmic, did not appear to be dif
ferent from [Ca2+]fdetermined at the center of the cell, mostly

nuclear. By using this procedure, approximately 100 cells could
be analyzed within 10 min.

The mean value for [Ca2+]rat 37Â°Cand the distribution profile

Table 1 Calibration of fura-2

*35O/'380Fura-2

in solution at |Ca2*] = 0 mM
Fura-2 in solution at |Ca2*| = 1.0 HIM
Cytosolic fura-2 plus ionomycin at (Ca2*] = 0
Cytosolic fura-2 plus ionomycin and CCCP

at |Ca2*] = 0
Cytosolic fura-2 plus ionomycin at |Ca2*) =

2.0 mM
Cytosolic fura-2 plus ionomycin and CCCP

at [Ca2*] = 2.0 mM0.32

7.25
0.43
0.301.12

6.91

varied among the different cell preparation examined. Of the
cells (n = 2605) examined at 37Â°C,values for [Ca2+]r varied

between 50 and 200 nM, with an average of 120 nM. Less than
0.1% of all nonheated cells exhibited a [Ca2*]fof >150 nM. Fig.
2A shows the [Ca2*]fdistribution for one population of HT-29

cells, with a mean value of 128 nM (SD = 37 nM). In contrast,
the profile for another cell population at 37Â°C(Fig. 3/4) indi

cates a mean value of 109 nM (SD = 24 nM) and is narrow
compared to that obtained in Fig. 2A. Reasons for this varia
bility between cell preparations are currently being investigated.
They do not impinge on the general conclusions drawn from
the present experimentation.

Fig. 2B shows the [Ca2+]f profile at 41Â°Cfor the same cell
population as in Fig. 2A. Measurements were made at 41Â°C

after l h Â±5 min of heating on the microscope stage. There is
an apparent decrease in the mean [Ca2+]rto 107 nM (SD = 41
HM), versus 128 nM (SD = 37 nM) at 37Â°C.This downward
shift was reversible by subsequent incubation at 37Â°Cfor l h
(123 nM; SD = 25 nM). The decrease in [Ca2*]rat noncytotoxic

heat doses was observed with two other cell preparations, with
a mean decrease of 20 nM (P < 0.1, Student's paired t test).

If cells are incubated at 44Â°Cfor 1 h, the majority of cells
(>80%) are characterized by [Ca2+]r of >200 n\i (Fig. 2C;

different coverslip but same population of cells as in Fig. 2A).
A detailed kinetic analysis of these changes in [Ca2*]r has not
been performed. However, no changes in [Ca:+]f are observed
at 30 min of heating at 44Â°C.

If cells, after heating, were subsequently incubated at 37Â°C
for 2-6 h, the [Ca2*]f in a fraction of cells returned to initial
basal levels (Fig. 3Ã„). In this experiment, after 1 h of 44Â°C
heating, 87% of the cells demonstrated a [Ca2+]fof >200 nM.
After incubation at 37Â°Cfor 4 h, 42% of the cells were charac
terized by a [Ca2+]fof >200 nM. This relationship between the
number of cells that retained a [Ca2+]Â¡of >200 nM after heating
at 44Â°Cfor different periods of time and a subsequent recovery
period of 4 h at 37Â°Cwas found to be linear with heating time
at 44Â°Cand cell survival (Fig. 4). Longer heating times were

not possible, since cells detached from the coverslip at higher
heat doses. Recovery periods at 37Â°Cof up to 6 h did not result
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Fig. 2. Histogram analysis of the effect of hyperthermia on [Ca2*],. [Ca2*],

measurements of approximately 100 randomly selected cells were recorded while
the cells were at the designated temperature for 1 h on the thermoregulated
microscope stage. By colony formation assay, cell survival after heat treatments
of 4IÂ°Cand 44'C for l h were, respectively. 101 and 56%. relative to the 37Â°C
control. A. 37'C; B. 41 T; C, 44'C.

in an increased percentage of cells with basal [Ca2+]f.
Fura-2 is a chelator of Ca2+ and thus we attempted to deter

mine whether very high levels of intracellular fura-2 would
protect cells from heat cytotoxicity. Cells loaded with fura-2 up
to an intracellular concentration of 1.0 HIMwere equally sensi
tive to heat as control non-fura-2-loaded cells, over the heating
period to 120 min at 44Â°C.

The role of [Ca2*],..was evaluated by measuring [Ca2+]f at
[Ca2+]cranging between 0.1 and 10 mM. For these experiments,

cells were equilibrated with culture medium buffered with
HEPES and without phosphate to avoid calcium phosphate
precipitation. Lower concentrations of [Ca2+]could not be used,

since the cells lifted off the coverslips under hyperthermic
conditions. No significant relationship between [Ca2+]r and
[Ca2*],..was observed when measured after heat treatment for 1
h at 44Â°Cand recovery for 2 h at 37Â°C.

Cell survival analysis also demonstrated no significant differ
ence in hyperthermic cytotoxicities of cells incubated in medium
containing no Ca2+ but 1.0 mivi EGTA or 1.0 mM or 10 mM
Ca2+ and treated at 44Â°Cfor up to 2 h (Fig. 5/4). The apparent
sensitization observed at high [Ca2+]ewas consistently observed

in repeated experiments but was not statistically significant
with respect to controls. The Ca2+ channel blockers verapamil
(5-20 UM)and nifedipine (25 Â¿JM)had no significant impact on
hyperthermic cell killing (Fig. 5B).

DISCUSSION

In these studies we have used DVIFM to monitor the effects
of heat on [Ca2+]r. DVIFM has a number of advantages over
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Fig. 3. Histogram analysis of the effect of hyperthermia on [Ca2*]r.Cells were

heated for l h at 44'C and returned to a 37Â°Cwater bath for 4 h before
measurement of [Ca2*]rat 37Â°Cin approximately 100 randomly selected cells. In
this experiment, greater than 85% of the cells demonstrated [Ca2*], of >200 nM
at 44'C for 1 h. Cell survival after the 44'C heat treatment was 61%.
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Fig. 4. Percentage of hyperthermic cell killing versus number of cells with
[Ca2*],of >200 nM. Cells were incubated for differing periods of time at 44Â°Cin
a water bath. After an additional 4 h at 37'C, cells were subcultured for colony
formation or used for measurement of (Ca2*]f.

cell suspension studies. One is that DVIFM permits analysis at
the single cell level and examination of cell heterogeneity.
Experimentally DVIFM also avoids the problem of dye leakage.
This is not an appreciable problem with HT-29 cells at temper
atures between 37Â°Cand 41Â°C,but at higher temperatures dye

leakage is significant and the extracellular dye fluorescence
contribution to [Ca2+]r determinations becomes substantial.
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Fig. 5. Effects of [Ca2*]c and the Ca2* channel blocker verapamil on hyper-

thermic cell killing. In A. cells were suspended in HEPES-buffered saline contain
ing 0 (plus 1.0 m.M EGTA) (O). 1.0 raw (â€¢).or 10 m\i Ca2* (A) and supplemented
with 10% fetal calf serum and 5 HIM glucose. Cells were heated at 44Â°Cfor

indicated times and plated out in complete medium for cell survival analysis. In
B, cells were treated with the following verapamil concentrations during 44Â°C

heat treatment: 0 MM (O); 5 MM (A); 10 MM (A); or 20 MM (â€¢).Cells were washed
once with culture medium after heating and plated out for cell survival analysis.
Error bars represent SE and are provided for only the last two time points to
avoid confusion.

with a resulting overestimate of [Ca2*]f. In the present studies,

background fluorescence was negligible because cells were per
fused and, in any case, was subtracted from intracellular fluo
rescence by the computer.

Relatively noncytotoxic hyperthermia temperatures do not
cause an increase, but rather a slight decrease, in [Ca2*]f. This

decrease may represent an overcompensation on the part of
cellular Ca2* homeostasis mechanisms to an increased influx of
Ca2* into the cytosol from either extracellular or intracellular
Ca2* stores, in the absence of any irreversible damage to the
homeostatic mechanisms at 41Â°C.

Our experiments demonstrate that hyperthermia at cytotoxic
temperatures increases cytosolic [Ca2*]f in HT-29 cells. The
[Ca2*]r in some but not all cells returns to basal levels with a
post-heating incubation at 37Â°Cfor 2-6 h. The percentage of
cells that recover to basal [Ca2*]f levels corresponds to the

percentage of cells that survive. We had hoped to correlate such
events at the single cell level, but initial experiments using a
fluorescent probe for heat-killed cells [dansyl-lysine (19)] proved
unsuccessful, possibly because of the limited temperature range
that could be used in our experiments. Apparently, labeling
with dansyl-lysine correlates with killing of rodent cells only at
relatively high temperatures (>45Â°C)(19).5 Nevertheless, our
results show that the recovery in [Ca2*]r to basal levels is not

averaged over the entire cell population, as would be the con
clusion from standard spectrophotometric determinations with
cell suspensions. Rather, this recovery is limited to a subpopu-

5G. Rice, personal communication.

lation of cells, the number of which correlates with the number
of cell survivors.

The increase in [Ca2*]f at 44Â°Cwas not immediate. Only at

heating times greater than 30 min were appreciable numbers of
cells characterized by an elevated [Ca2*]f during heating, even

though a significant percentage of cells (25%) would eventually
die (Fig. 4). At 30-min heating but with additional post-incu
bation at 37Â°Cfor >2 h, the number of cells with high [Ca2*]r

corresponded to the number of dead cells. These results could
be taken to suggest that the increased [Ca2*]f observed 2-6 h

after heating is only a postmortem ramification of cell death.
However, this conclusion is difficult to reconcile with the results
demonstrating that after heating for 60 min >80% of cells show
elevated [Ca2*]f but over 40% ultimately survive. Thus, heat
damage to Ca2* homeostasis mechanisms may require time to
be expressed as an increase in [Ca2*]f.

The delay in the observed increase in [Ca2*]f during heating

is in contrast to the almost immediate increase observed either
using quin2 as Ca2* indicator or by measurements of 45Ca2*
influx with mouse HA-1 cells (10,11). Heat shock of Drosophila
cells also caused a relatively fast increase in [Ca2*]r (9). The

most obvious differences between the present report and these
previous studies are the cell types and heating protocols used.
Rodents cells are appreciably more thermosensitive than human
cells (at 45Â°Cfor 40 min, HA-1 survival is approximately 0.1 %,

compared to 40% for HT-29 cells). In the case of Drosophila
cells, the change in temperature (25Â°Cto 37Â°C)used to induce

heat shock is appreciably greater than with either rodent or
human cells. Whereas in these other studies an essentially
immediate change in temperature (e.g., within 5 min) is used
to induce heat shock, the heating protocol used herein requires
at least 20 min to go from 37Â°Cto 44Â°C.

When cells are returned to 37Â°Cafter heating, those cells
that do not recover a basal [Ca2+]f of approximately 120 nM
exhibit [Ca2*]rbetween 200 and 1000 nM. This range of [Ca2*]f
is not in equilibrium with extracellular Ca2*, indicating that at

least some homeostatic mechanisms are still operable and that
the plasma membrane passive permeability to Ca2* is not irre

versibly altered by heat treatment. In addition, it was demon
strated with HT-29 cells that neither Ca2* channel blockers nor
changes in [Ca2+]cover the range between 0 and 10 mivi had

effects on heat cytotoxicity. Drummond et al (9) also demon
strated that removal of [Ca2*]eduring heat shock did not com
pletely inhibit the heat-induced increase in [Ca2*]fof Drosophila

salivary gland or Kc cells.
These results suggest that the increase in [Ca2+]ris due to a

heat-induced release of intracellular Ca2+ stores. This would fit
with recent studies by Calderwood and associates (10-12) dem
onstrating that heat shock stimulates the production of inositol
trisphosphate. An increase in intracellular inositol trisphos-
phate induces the release of Ca2+ from the endoplasmic reticu-
lum or newly discovered calciosome (20, 21). Ca2* uptake by
these subcellular organelles is driven by a Ca2*-ATPase with
structural properties similar to those of the Ca2* pump of

sarcoplasmic reticulum (20, 21). As recently demonstrated, the
sarcoplasmic reticulum ATPase is thermosensitive in the tem
perature range of interest (22). Moreover, studies from our
laboratory indicate that ATP-dependent Ca2* uptake by endo

plasmic reticulum/calciosome is inhibited by heat over the
temperature range of interest (23).

The experiments presented here do not indicate whether it is
the increase in [Ca2*]fperse that is responsible for hyperthermic
cell killing. Indeed, the elevated [Ca2*]f levels (200-500 n\i)
observed in most of those cells that do not recover basal [Ca2*]f
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after heat treatment are probably not cytotoxic. Much higher
[Ca:+]f transients can occur in cells in response to hormones

and during certain phases of the cell cycle (24). Rather, the
present results, in conjunction with our recent findings that
hyperthermia inhibits the endoplasmic reticulum Ca2* pump

(23), suggest the possibility that cytotoxic heat causes irrevers
ible damage to Ca2+ homeostatic mechanisms, such that the

cell no longer responds appropriately to growth factors that use
Ã‡a2*as a secondary messenger (e.g., Refs. 24-26). This hypoth

esis is currently being tested.

REFERENCES

1. Hahn. G. M. Hypcrtherniia and Cancer. New York: Plenum Press. 1982.
2. Mikkelsen. R. B.. and Koch, B. Thermosensitivity of Ihc membrane potential

of normal and simian virus 40-transformed hamster lymphocytes. Cancer
Res.. 41: 209-215. 1981.

3. Lepock. J. R. Involvement of membranes in cellular responses to hyperther
mia. RadiÃ¢t.Res., 92: 433-438. 1982.

4. Calderwood. S. K., and Hahn. G. M. Thermal sensitivity and resistance of
insulin-receptor binding. Biochim. Biophys. Acta. 756: 1-8. 1983.

5. Hahn. Ci. M., and Li, G. C. Interactions of hyperthermia and drugs: treat
ments and probes. Nati. Cancer Inst. Monogr., 61: 317-323. 1982.

6. Lamarche, S., Chretien. P.. and Landry. J. Inhibition of the heat shock
response and synthesis of glucose regulated proteins in Ca2*-deprived rat
hepatoma cells. Biochem. Biophys. Res. Commun.. 131: 868-876, 1985.

7. Vidair. C. A., and Dewey, W. C. Evaluation of a role for intracellular Na*.
K*, Ca2* and Mg2* in hypcrthermic cell killing. Radial. Res.. 105: 187-200.

1986.
8. Malholra. A., Kruuv. J.. and Lepock. J. R. Sensitizaron of rat hepatocytes

to hyperthermia by calcium. J. Cell. Physiol., 128: 279-284. 1986.
9. Drummond, I. A. S., Livingstone. D.. and Steinhardt. R. A. Heat shock

protein synthesis and cytoskeletal rearrangements occur independently of
intraccllular free calcium increases in Drosophila cells and tissues. Radial.
Res., 113: 402-413, 1988.

10. Stevenson, M. A., Calderwood. S. K.. and Hahn. Ci. M. Rapid increases in
inositol Iriphosphale and intracellular Ca2* after heat shock. Biochem. Bio
phys. Res. Commun., 137: 826-833. 1986.

11. Stevenson, M. A.. Calderwood, S. K.. and Hahn. G. M. Effect of hyperther
mia (45'C) on calcium flux in Chinese hamster ovary HA-1 fibroblasts and
its potential role in cytotoxicity and heat resistance. Cancer Res.. 47: 3712-

3717. 1987.
12. Calderwood. S. K.. Stevenson, M. A., and Hahn, G. M. Effects of heat on

cell calcium and inositol lipid metabolism. Radial. Res., 113:414-425, 1988.
13. Ambler, S. K., Poenie. M.. Tsien. R. V.. and Taylor. P. Agonist-stimulated

oscillations and cycling of intracellular free calcium in individual cultured
muscle cells. J. Biol. Chem.. 263: 1952-1959. 1988.

14. Ratan. R. R.. Maxfield. F. R.. and Shelanski. M. L. Long-lasting and rapid
calcium changes during mitosis. J. Cell Biol., 707: 993-999. 1988.

15. Reinlib. L.. Mikkelsen. R. B.. Zahnizer, D., Dharmsathaphorn. K., and
Donowitz, M. Carbachol-induced cytosol free Ca2* increases in T84colonie
cells seen by microfluorimetry. Am. J. Physiol.. 257: G950-G960. 1989.

16. Grynkiewicz. G., Poenie, M.. and Tsien. R. V. A new generation of Ca2*

indicators with greatly improved fluorescence properties. J. Biol. Chem..
260:3440-3450, 1985.

17. Li, Q., Altschuld, R. A., and Stokes, B. T. Quantitation of intracellular free
calcium in single adult cardiomyocytes by fura-2 fluorescence microscopy-
calibration of fura-2 ratios. Biochem. Biophys. Res. Commun.. 147: 120-
127, 1987.

18. Dharmsathaphorn. K.. and Pandol. S. J. Mechanism of chloride secretion
induced by carbachol in a colonie epithelial cell line. J. Clin. Invest.. 77: 348-
354, 1984.

19. Fisher. G.. Rice. G. C.. and Hahn, G. M. Dansyl-lysinc, a new probe for
assaying heat-induced cell killing and thermotolerance in vitro and in vivo.
Cancer Res.. 46: 5064-5067. 1986.

20. Volpe. P.. Krause. K. H.. Hashimoto. S.. Zorzato. F.. Pozzan. T., Meldolesi.
J.. and Lew, D. P. "Calciosome." a cytoplasmic organelle: the inositol 1.4.5-
triphosphate-sensitive Ca2* store of non-muscle cells? Proc. Nati. Acad. Sci.
USA. 85: 1091-1095. 1988.

21. Hashimoto. S.. Bruno. B., Lew, D. P.. Pozzan. T.. Volpe. P., and Meldolesi.
.1. Immunochemistry of calciosomes in liver and pancreas. J. Cell Biol., 107:
2523-2531. 1988.

22. Cheng. K. H., Hui, S. W., and Lepock. J. R. Protection of the membrane
calcium adenosine triphosphatase by cholesterol from thermal inactivation.Cancer Res.. 47: 1255-1262. 1987. "

23. Mikkelsen. R. B.. and Stedman. T. Cytotoxic hyperthermia and Ca2* homeo-
stasis: the effect of heat on Ca2* uptake by nonmitochondrial intracellular
Ca2* stores. RadiÃ¢t.Res.. 123: 82-86. 1990.

24. Rasmussen. H.. and Barret, P.Q. Calcium messenger system: an integrated
view. Physiol. Rev., 64: 938-984. 1984.

25. Lopez-Rivas, A., Mendoza. S.A.. Nanberg, E.. Sinnet-Smith. J.. and Roz-
engurt, E. Ca2*-mobilizing actions of platelet-derived growth factor differ

from those of hombesin and vasopressin in Swiss 3T3 mouse cells. Proc.
Nati. Acad. Sci. USA. 84: 5768-5772, 1987.

26. Heskcth. T.R.. Smith, G.A., Moore. J.P., Taylor, M.V., and Metealfe, J.C.
Free cytoplasmic calcium concentration and the mitogenic stimulation of
lymphocytes. J. Biol. Chem., 258: 4876-4882. 1983.

364

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/359/2443702/cr0510010359.pdf by guest on 19 M

ay 2023




