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Abstract. Hyperthermia induces transient changes incent studies also show similar heat-induced changes in
[Na*]; and [K']; in mammalian cells. Since CHlux is  [Na‘]; and membrane potential [2], although these
coupled with N& and K" in several processes, including changes are probably not related to either hyperthermic
cell volume control, we have measured the effects of heatell killing or thermotolerance. Thus, the physiological
on [CIT]; using the chloride indicator, MQAE, with flow role of thermally induced alterations in [Nlaand mem-
cytometry. The mean basal level of [§;lin Chinese brane potential has not yet been determined.
hamster ovary cells was 12um Cells heated at 42.0° or Since N&, K", and CT fluxes are integrally in-
45.0°C for 30 min had about a 2.5-fold increase inJCI volved in cell volume regulation via osmotic control
above unheated control values when measured immedj4,6,19,20,26,32], we hypothesized that the heat-induced
ately after heating. There was about a 3-fold decrease inhanges in Na and membrane potential may also be
[Na*]; under the same conditions, as measured by Sorelated to cellular osmotic control. To test this hypoth-
dium Green. The magnitude of the increase in"JCl esis, we measured the effects of hyperthermia on intra-
depended upon time and temperature. Thé][@kcov- cellular chloride ([CT];). Heat-induced changes in
ered in a time-dependent fashion to control values by 3gNa*]; and [K']; are similar to the events which occur in
min after heating. When cells were heated at 45.0°C folRVI (regulatory volume increase). During RVI, a net
30 min in the presence of 1.5urfurosemide, the heat- uptake of KCI is observed which involves the MW&"
induced [CT]; increase was completely blocked. Since ATPase pump [13,20-32] and the W&*/2CI” cotrans-
furosemide inhibits the N@&K*/2CI” cotransporter, Cl  port system, which can be inhibited by furosemide
channels, and even TICO; exchange, these ion trans- [8,13,18,21,27,30].
porters may be involved in the heat-induced increase in  In this study, the chloride indicator MQAE was
[CI7T];. used with flow cytometry to measure the effects of hy-

perthermia on the [C]; of Chinese hamster ovary cells.
Key words: Hyperthermia — MQAE — Intracellular The effect of furosemide on heat-induced Ticthanges
chloride — Intracellular sodium — Furosemide — Flow Was also evaluated.
cytometry

Materials and Methods
Introduction CELL CULTURE
Hyperthermia has long been thought to cause at leagt mutant Chinese hamster ovary cell line (IS1) [36] was used in this
some of its effects by alterations at the level of thestudy_. These cell_haV(-*‘T the same heat response as CHO cells, but retain

lasma membrane [14,15]. Previous reports have ShOWa variety _of phyS|oIog_|cal stains much k_)etter than CHO ceII;. Cells

plasma me . ! . . p \nere routinely grown in Ham’'s F12 medium supplemented with 10%
that hyperthermia causes alterations in intracellular fregata povine serum at 37°C in a 5% Gancubator. Only cells in
sodium ([Nd];) [25,28], potassium [31,35], membrane exponential growth were used for experiments.
fluidity [10,11] and membrane potential [5,28]. Our re-

CeELL LoADING wiITH MQAE

_— Cells were trypsinized and counted using an electronic cell counter
Correspondence tavl.H. Fox (Particle Data, Elmhurst, IL). One million cells were centrifuged, then
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resuspended in 1 ml hypotonic loading buffer containingd MQAE where F, is the ratio channel number at [§l = 0 and K, is the
(Molecular Probes, Eugene, OR) and incubated at 37°C for 3 min [33].Stern-Volmer constant. The ratio values obtained using three calibra-
Cells were then centrifuged and resuspended in either various calibraion samples of different [C] were used to derive a fit to the Stern-
tion buffers @escribed belojvor Ham’s F12 medium with 2 m so- Volmer equation with linear regression analysis.

dium bicarbonate and 10nHEPES, pH 7.3, without phenol red or

serum. All measurements were made at least 15 min after loading to

allow cells to recover from hypotonic shock. The hypotonic loading CELL LOADING AND CALIBRATION WITH SODIUM GREEN

buffer (150 mOsm) contained 65unNacl, 1.2 nu CaCl, 0.6 mm ) . )
MgCl,, 10 mvu HEPES, and 5 m KCI, pH 7.3. [Na']; measurements using Sodium Green with flow cytometry have

been previously described [3]. Brieflg x 1¢ cells were centrifuged,

then resuspended in 1 ml loading buffer (Ham’s F12, serum-free) con-
HEAT AND CHEMICAL TREATMENTS taining 10 um Sodium Green tetraacetate and 0.05% Pluronic (Mo-

lecular Probes, Eugene, OR) and incubated at 37°C for 1 hr. Following
Cells were loaded with MQAE, as described above, before heat angiye |oading, cells were centrifuged and resuspended in either fresh
chemical treatments. Samples were heated in suspension using a tefedium (for heating experiments) or calibration buffers. Calibration
perature-regulated water bath (£0.05°C), and analyzed immediatelyyas achieved using the ionophore, gramicidin D (Sigma, St. Louis,
unless otherwise specified. Control samples were kept at room teMMO) and appropriate mixtures of high Nand high K solutions.

perature following loading throughout each experiment. Furosemidece||s were incubated in M gramicidin D in calibration buffers for 30
(Sigma, St. Louis, MO) was dissolved in Ham's F12 (serum-free) at amin at room temperature before measurement.

concentration of 1.5 m. Cells were resuspended in medium contain-

ing 1.5 mv furosemide immediately prior to heating. All samples were

run on the flow cytometer at room temperature within 90 min after Ragylts
loading.

Flow cytometry histograms from a typical calibration of
FLow CYTOMETRY [CI7]; in CHO 1S1 cells using MQAE are shown in Fig.
The cell hzed usi EPICS V cell er M _1_. The quorespence/FALS ratio method describe_d pre-
e cells were analyzed using an EPICS V cell sorter (Coulter, Miami,, i1, o1y, for Sodium Green [3] was also used for the [C

FL) interfaced to a Cicero data acquisition and display system (Cyto- .
mation, Ft. Collins, CO). MQAE was excited with 100 mw at 351— Mmeasurements. Cell size, as measured by FALS, was

364 nm using an argon ion laser. Sodium Green was excited with 50@ISO measured 15 min after hypotonic dye loadidaté

mW at 488 nm. Fluorescence at wavelengths above 408 nm (MQAENOt showi. Cells which were loaded with MQAE had
or 515 nm (Sodium Green) was measured on a photomultiplier tubethe same FALS distribution as control cells without
and forward angle light scatter (FALS), which is r.elated to cell size, MQAE, and appeared normal under microscopic obser-
FALS was calcuated for each el using the Gicera software and cor 210N THUS, the loading procedure did not have any
lected as a histogram [3]. Mean values of this ratio histogram werea‘pparent (.aﬁeCt on cell size. . . .

used for calibration to obtain chloride concentration. Thirty thousand A typlcal Stern-Volmer calibration p|Ot, derived
cells were measured from each Samp|e. from the mean Values Of ratiO hiStOgramS SUCh as those
represented in Fig. 1, is shown in Fig. B.is the ratio
channel number obtained by taking the ratio of fluores-
cence/FALS for each cell measured. The valueFgf
Calibration of the ratio channel number in terms of intracellular chlo- wWas obtained by extrapolating the linear portion of the
ride was accomplished with the'kH™ ionophore nigericin (Sigma, St.  ratio channel numbers.[CI7]; calibration curve to [CI]]

L(_)uis, MO) and the CL(_)H’ ionophor_e tributyIFin chloride (Aldrich, = 0, using linear regression analysis. This was done
Milwaukee, WI) [33]. High-K calibration solutions were made from since it was not possible to make a calibration solution

appropriate mixtures of high Cland high gluconate solutions. The . . . . S
high CI solution contained (in m): 20 NaCl, 1.2 CaG 0.6 MgCh, with the proper ingredients which has zero chloride; the

10 HEPES, and 120 KCI. The high gluconate solution was the sameh'gh glucon_ate solution used was aCt_ua”y 3.4 [‘.ﬁll 1.
except NaCl and KCI were replaced by sodium gluconate and potasE@ch experiment performed was calibrated using 5, 25,
sium gluconate, respectively. Solutions were adjusted to pH 7.3 usingand 50 nm [CI7] buffers. Using this calibration proce-
NaOH. Calibration was performed by addingu nigericin and 10 dure, the mean [C]i in CHO I1S1 cells was 12.4 snwith
wM tributyltin chloride to cells in 1 ml calibration buffers of various SEM = 121’ from 3 experlments on different days
[Cl ]._ngerlc_ln stock solutlo_ns were 1 wmin 1Q0% ethanol gnd tri- The temperature dependence of 1]Cland [Né’]i
butyltin chloride stock solutions were 1.84vmin DMSO. Five pl . .
nigericin stock solution and 5.4l tributyltin chloride stock solution was then evaluated in CHO IS1 cells (Flg'_B)'_ Th?
were added to stained samples 5-25 min before measurement. longNapes of these curves are complementary, which implies
phore incubation times depended upon the concentration of chloride ikhat the same phenomenon may underlie both of these
the calibration buffer [33]. heat-induced effects. There was a remarkable symmetry

Observed values of the ratio channel number F (fluorescencepetween these two responses, especially after 41°C at
FALS) at 5, 25, and 50 m [CI"] were used with the Stern-Volmer \yhjch there is an inflection point in both curves. At this
equation [33,3.4]‘ in order to solve for unknown [§I The Stern Vol- point, [Na*]i increases, and [C]Ii decreases by a small
mer equation is: L .

but significant and reproducible amount compared to the

(Fo/F) — 1 = K JCIT] 1) values at lower temperatures.

CALIBRATION OF INTRACELLULAR CHLORIDE
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Fig. 1. Flow cytometry histograms of ratio channel numisr[CI7];. Ratio channel number is proportional to the ratio of MQAE fluorescence to
FALS. Cell suspensions were loaded with MQAE, centrifuged, and incubated with nigericin and tributyltin chloride at various chloride concen:
trations. &) 5 mm [CI7]; (B) 25 mm [CI7]; (C) 50 mm [CI7]; (D) control (without nigericin or tributyltin chloride, in medium).

The magnitude of the change in [{lwas depen- after heating at 45.0°C for 30 min (Fig. 5). The kinetics
dent upon heating time at both 42.0° and 45.0°C (Fig. 4)of this recovery were similar to the recovery in [§a
The changes observed in [(lwere similar at both 42.0° and membrane potential after heating [2], though again
and 45.0°C, although there was a slightly larger effect athere was a delay in the response of [Glwhich was not
42.0°C. The difference in [C]; induced by heating at seen for [N4];.
42.0° or 45.0°C is analogous to the difference in TNa Furosemide, an inhibitor of the Ni&*/2CI™ cotrans-
between these two temperatures [2]. However, there wagorter [13,18], was added to some samples prior to heating,
a lag time for this effect at both temperatures forJGI  and cells were analyzed immediately after heat treatment
in contrast to the rapid response observed in[N&ell ~ (Table). When 1.5 m furosemide was present during
size did not change significantly after either heat treat-heating at 45.0°C for 30 min, the 2-fold increase in"|Cl
ment @ata not showh was blocked completely. There was also a small decrease

To determine whether the changes in JCwere  in the [CI]; of unheated control cells, which is expected
transient, we measured [Ql at various times after heat- [16,23]. However, the magnitude of this effect in control
ing. [CI]; recovered to control values by about 20 min cells did not account for the large inhibition of the heat-
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Fig. 2. Stern-Volmer plot of MQAE calibration using flow cytometry. Fig. 4. Dependence of the [} upon heating time. Cells were loaded
CHO 151 cells were loaded with MQAE, centrifuged, and resuspendedvith MQAE, heated at 42.0° or 45.0°C for various times, and analyzed
in buffers of various [CI]. The ionophores nigericin and tributyltin  immediately. Error bars represesem values from three experiments.
chloride were used such that [l = [CIT],. F is the mean ratio  (O), 42.0C; (@), 45.0°C.

channel of fluorescence/FALS for various values of [ChndF, is the

extrapolated ratio of fluorescence/FALS at TlzI= 0.
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TEMPERATURE, °C (30 min) Fig. 5. Time-dependent recovery of [Q] to control values after heat-

ing. Cells were loaded with MQAE, heated at 45.0°C for 30 min, and
Fig. 3. Temperature dependence of [land [N&];,. CHO 1S1 cells analyzed at various times after heating. Unheated control cells were
were loaded with MQAE or Sodium Green, heated for 30 min at kept at room temperature. Error bars represam values from three
various temperatures, and analyzed immediately. Unheated controléxperiments.®), heated; ©), unheated control.
were kept at room temperature. Error bars represensthevalues
fronj three independent measuremen®), (CI]; using MQAE; (), cytometry. Cells heated at 42.0° or 45.0°C for 30 min
[Na'}; using Sodium Green. had about a 2-fold increase in [Ql above unheated
control values when measured immediately after heating.
induced [CT]; increase. The [Ng; was reduced even fur- The heat-induced increase was dependent upon time of
ther in the presence of furosemide, however. heating and temperature. Intracellular chloride levels re-
turned to control values by 20 min after heating at 45.0°C
for 30 min. Furosemide (an inhibitor of the NK*/2CI”
The effects of hyperthermia on [Q] were measured in cotransporter), when present during heating, blocked the
this study using the chloride indicator, MQAE, with flow heat-induced increase in [Tl

Discussion
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Table. Effects of 1.5 nw furosemide on the heat-induced changes in involved in both of these effects. However, there is a
intracellular sodium and chloride. CHO IS1 cells were heated for 30gifference in the kinetics of the changes and in their
m|n.at 45.0°C, then analyzed |mmed|atel_y. [Navas measured with recovery after heating. There was no change i JjCl
Sodium Green and [C]; was measured with MQAE. . . o

after heating 6 min at 45.0°C, yet [Nahad decreased

Sample [C1]; mm [Na*], mm 50% by the same time of heating [2]. By 5 min after

heating, [N]; recovered to 50% of preheated values [2],
Control (Unheated) 12.7 22.6 but [CI']; did not recover at all (Fig. 5). This difference
Eggire%' + furosemide 267 'g 168'07 in kinetics may mean that different transporters and/or
Heated + furosemide 95 26 pumps are involved in transporting Nand CI.

The fact that furosemide blocks the heat-induced
increase in [CI]; and leads to an even greater heat-
induced decrease in [N (Table) implies that heat af-
fects the N&/K*/2Cr cotransporter, since furosemide
inhibits this cotransport system [8,13,18,21,27,30]. Oua-

ain, an inhibitor of the NaK*ATPase, blocks the de-

Intracellular chloride measurements have been mad
using radioactive ion analogues [17], analysis of cell su
pernatant using chloride selective electrodes [22], an

ion-sensitive microelectrodes [4,7]. MQAE was chosenCrease in [N&, after heating [2]. Thus, both of these

for this study ba_sed upon its sensitivity to chloride andIoumlos are likely involved in the heat-induced changes in
ease of loading into cells [33,34]. MQAE has also beenyz+ and Cr. When the N&K*/2CI cotransporter is

used recently by other investigators [9,12,16,23].pjocked with furosemide, Navould not be pumped into
MQAE measurements are obtained using a single exCigye cell with this cotransporter and the [Niawould fall
tation wavelength, and are not inherently normalized forgyen jower. which is precisely what was observed
dye content within cells. However, we have usedafluo—(Tab|e)_ Furosemide could also cause other effects,

rescence/FALS ratio technique described previously [3},owever. such as inhibiting Clchannels or CYHCO;
to normalize for cell size variations. This was necessa%xchange'

since there are no chloride indicators available which can The changes in sodium and chloride reported here in

be usgd with a quorespence rqtio techniqu_g. As wit_h a”response to hyperthermia, along with observations we
techniques such as this, there is the possibility of artifact$, 5,6 made on membrane potential [2] (and thus potas-
caused by dye leakage. In the case of MQAE, dye leaksjym), are similar to changes in ions as a result of regu-

age would give a smaller fluorescence signal, indicatingamry volume increase (RVI) in response to osmotic
a higher [CT];. This probably explains the slight increase gp,gck [18,24]. The RVI response is dependent upon the
in [CI7]; in unheated control cells shown in Fig. 5. This ng*/k*/2CI cotransporter and the N&K*-ATPase,
could not possibly explain the heat-induced increase iRyhich can be inhibited by furosemide and ouabain, re-
[CI"]; however, since it is reduced back to unheated congpectively. We have shown here that furosemide inhibits
trol levels by 30 min after heating. If dye were leaking the changes in chloride and previously shown that oua-
out, the apparent [C}; would continue to increase. bain inhibits the changes in sodium and potassium [2].
_The typical range of [C]; values for nucleated mam- |t js possible that the cells are responding to heat as if
malian cells is 5-15 m [1]; our measured mean value of {hey \were osmotically shocked, and try to adjust by ion
12 mw is well within this range. There has been only onefjoy, This hypothesis is unproven at the present time,
previous report describing the effects of hyperthermia ony g further work would be necessary to validate it.
[CI']; [4]; this group used microelectrodes to measure a  \jinton et al. [29] has proposed a model to account
mean baseline [C}; of 18 mu in murine neuroblastoma oy |arge increases in transporter-mediated ion flux

cells. No significant effects on [} due to a 45.5°C, 30-  z¢ross cell membranes based on macromolecular crowd-
min heat treatment were found in their study. However,ing. The model is dependent upon a balance between

the}/ o_Iid not measure the effects of this heat treatment OBhosphorylated and nonphosphorylated states of trans-
[CI']; immediately after heating, but showed the effects ag,yrters that regulate their activity. Cell swelling, or
0—4 hr post heat (the time taken to make microelectrod@yher factors that affect macromolecular crowding, re-
measurements on 50 cells). We showed that the heakyis in the inhibition of kinase relative to phosphatase

induced changes in [Q} recovered to baseline values activity, and thus modulate the activity of ion flux. Hy-

within 20 min, so they would have missed these Ch""”ge%r:_;rthermia might be causing macromolecular crowding
Since flow cytometry can be used to make measurementsiects that could lead to the ion changes observed, ac-
on tens of thousands of cells within minutes of heating, OUkording to this model. Again, this is speculation, and

results are also more accurate. _ further experiments would be necessary to confirm or
There is a remarkable inverse correlation betweer}eject the hypothesis.
the temperature dependence of {Nand that of [CT]; in

cells heated for 30 min. The complementary nature Ofrhis work was supported by grant number CA25636 awarded by the
these two curves implies that the same process may beational Cancer Institute, DHHS.
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