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ABSTRACT

Human glioma (U-118 MG, U-251 MG) and human colon carcinoma
(HT-29) spheroids and monolayers were continuously exposed to amilor-
ide under physiological Na* and 1ICO;, conditions. Amiloride in concen
trations of 0.1-0.2 HIMinhibited growth, while 0.5 HIMor higher induced
disintegration of the glioma spheroids within 4-6 days. Growth retarda
tion of the HT-29 spheroids was achieved at concentrations of 0.4-0.5
HIMand total growth inhibition and disintegration were achieved at 1.0
IHM.Monolayer cultures of glioma cells were also more sensitive to
amiloride than those of colon carcinoma cells. The higher amiloride
concentrations induced pyknotic nuclei mainly in the central areas of the
spheroids where the extracellular pH (pii,) was low. The amiloride-
sensitive glioma spheroids had lower pH, than the colon carcinoma
spheroids. The intracellular pH (pHÂ¡),measured in monolayers, was
higher (7.11-7.18) in glioma cells than in colon carcinoma cells (6.94).
High concentrations of amiloride, 1.0 m\i for l h in combination with
low Na+ concentrations, caused a strong pHÂ¡decrease in glioma cells but

only a slight decrease in the colon carcinoma cells. The pHt measurements
in glioma monolayers were carried out after 2-6 days of continuous
exposure to 0.1 HIMamiloride at physiological levels of Na* and I IC'O.i

to simulate the conditions during growth inhibition. After several days
this caused, when growth already was inhibited, an acidification of pHÂ¡.
Parallel measurements with X-ray microanalysis showed an increase of
intracellular sodium and a decrease of intracellular potassium in the
gliomas, while no such changes were seen in the colon carcinoma cells
under identical conditions. It is concluded that the two glioma cell lines
were more sensitive to amiloride, both as monolayers and spheroids, than
the corresponding cultures of the colon carcinoma cell line. The inhibition
of proliferation by amiloride seemed not to have a clear connection to
pHi regulation.

INTRODUCTION

There is a need for therapeutic methods which specifically
kill tumor cells while inducing minor damage to normal tissue.
Agents which are most toxic at tumor-specific conditions char
acterized by low pH and PO2,deficiencyof nutrients, and excess
catabolic products (1, 2) might be expected to fulfill this re
quirement. One possibility may be to use agents which are
mainly toxic at low pH, as proposed by Tannock and Rotin (3).
Such agents could either transform from nontoxic to toxic
when pH is lowered or interfere with cellular structures which
are especially vulnerable when cells are exposed to low pH.

There are indications that disturbances of the membrane-
associated Na+/H* antiport, which regulates pHÂ¡,3might be
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more critical for cell survival in acidic areas than in areas with
normal pH (3). If so, disturbances in the pHÂ¡control and thereby
many other metabolic steps could specifically be inflicted on
tumor cells. The pHÂ¡plays an important role in controlling
metabolism and proliferation (4, 5) because the activity of a
large number of metabolic enzymes, as well as the synthesis of
proteins, RNA and DNA, increases with increasing pHÂ¡within
the physiological range. A decrease in pHÂ¡of 0.2-0.3 units is
associated with the transition to quiescence (6) and an elevation
of pHÂ¡is necessary to bring cells back to the cell cycle (5). The
pHÂ¡is regulated by at least three transmembrane antiport
systems: the amiloride-sensitive Na+/H+ and the stilbene deriv
ative (4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid
or 4,4'-diisothiocyanostiibene-2,2'-disulfonic acid) sensitive
Na+-dependent and Na+-independent HCO3~/C1~exchangers

(7, 8).
NaVH+ antiport-deficient tumor cells lost or severely re

duced their capacity to grow tumors in vivoor to form multi-
cellular spheroids, which suggests that the antiport is important
for tumor growth (9). Moreover, Na+/H+ antiport-deficient

cells, in the absence of the HCO3/CO2buffering system, showed
an increased sensitivity to low pHe (9, 10). It is possible that
cells in solid tumors, where the conditions are somewhat acidic
(11) and consequently the HCO3~concentration may be reduced
(3), regulate their pHÂ¡mainly by the Na+/H+ antiport and are

more sensitive to inhibition of this function than cells in normal
tissues. Such tumor cells probably need a more active control
system than normal cells to keep the pHÂ¡within the physiolog
ical range. In fact, an increase in Na+/H+ exchange activity has

been observed in isolated renal cell membranes after chronic
metabolic acidosis (12). A blockade of this exchanger and
inhibition of pHÂ¡regulation may therefore cause selective dam
age to tumor cells in acidic areas.

The diuretic drug amiloride is a potent inhibitor of the Na+/
H+antiport (7,8) and has been reported to inhibit tumor growth

in vivo (13). Studies of cultured cells have indicated that ami
loride is toxic if the cells are acidified (3). With a fewexceptions,
amiloride has been found to be a competitive inhibitor of the
antiport with respect to extracellular Na* (8). The aim of the

present investigation was to analyze the effects of the inhibition
of the Na+/H+ antiport by amiloride on spheroid and monolayer

cultures of tumor cells. Growth, morphology, pHÂ¡,intracellular
sodium, and potassium levels were investigated after amiloride
treatment.

Spheroids were used because they spontaneously develop
radial pH, Po2, and proliferation gradients similar to solid
tumor nodules in vivo(2, 14). Monolayers growing under opti
mal conditions were used for comparison. Three human tumor
cell lines were used: the gliomas U-118 MG and U-251 MG
and the colon carcinoma HT-29. The morphology and growth
of these cells have been analyzed previously in our laboratories
(14-17).

The measurements of growth disturbances were carried out
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EFFECTS OF AMILORIDE ON TUMOR CELLS

under normal culture conditions in spite of the fact that ami-
loride is known to be a more potent inhibitor of the Na+/H+
antiport and pHÂ¡regulation when the Na+ and HCO3~ concen

trations are low (8, 18). If amiloride or similar drugs are to be
used for therapy, or in combination with other therapeutic
agents, they have to be active under physiological conditions.
However, some measurements on the effects of amiloride at a
high concentration (1 mM for 1 h) of the intracellular concen
trations of Na+, K+, and pHÂ¡were made with low Na+ in the

culture solution to allow amiloride to more efficiently compete
with Na+ for binding to the Na+/H+ antiport.

MATERIALS AND METHODS

Cell Cultures. Human colon adenocarcinoma cells [line HT-29,
(American Type Culture Collection, Rockville, MD)] and human
glioma cells [lines U-251 MG and U-118 MG (16)] were cultivated
both as spheroids and as monolayer cultures. All cells were maintained
in Ham's F-10 medium supplemented with 10% fetal calf serum, L-

glutamine (2 HIM),penicillin (100 IU/ml), and streptomycin (100 Mg/
ml) (Flow Laboratories, Stockholm, Sweden) at 37Â°Cin humid air
containing 5% CO2. Spheroid cultures were started with 2.5 x IO5cells
in 130 ml medium in silicone-treated (Sigmacote; Sigma Chemical Co.,
St. Louis, MO) spinner flasks at 70 rpm using a Techne stirrer system
(MCS-104L; Techne, Ltd., Cambridge, England).

Amiloride Exposure. Amiloride (Sigma Chemical Co., St. Louis,
MO) was dissolved in medium at 50Â°Cfor 45 min in a water bath and

thereafter sterilized by filtration. Amiloride was administered to the
cells for different durations and at varying concentrations (0.1-2.0
mM).

Solutions. Locke's solution was composed of 128 mM NaCl, 5.6 mM

KC1, 2.1 mM CaCl2, 5.5 mM D-glucose, 10 mM NaHCO3, and 7 mM 4-
(2-hydroxyethyl)-l-piperazineethanesulfonic acid; 290 mOsm. Car-
boxyfluorescein diacetate stock solution consisted of 100 mM 4',5'-

dimethyl-5 (and 6)-carboxyfluorescein diacetate (Molecular Probes,
Inc., Junction City, OR) dissolved in dimethyl sulfoxide. Nigericin
solution was composed of 130 mM KC1, 1 mM MgCl2, 10 mM NaHCOj,
7 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, and 14 MM
nigericin. Cholin chloride solution was the same as Locke's solution

except that NaCl was substituted with 130 mM cholin chloride.
Growth Curves. Spheroids were individually placed in agarose-coated

multidishes (Nunclon; Labassco, Stockholm, Sweden) in 1.5 ml of
culture medium with or without amiloride. Three to 12 spheroids were
used for each concentration in 2 repeated experiments. The diameters
of the spheroids were 240-340 Mmfor HT-29, 340-480 Mmfor U-251
MG, and 450-550 Mmfor U-118 MG at the beginning of the growth
experiments. The diameters were measured 3 times a week followed by
a change of medium. The volume of each spheroid was calculated from
the equation

V = 4/3* (a x b)3'2

where a and ft were the observed minimum and maximum radii,
respectively, measured at right angles.

In the experiments with monolayer cultures, 3 parallel dishes (di
ameter, 35 mm) with 2 x IO4 cells/dish were used for each drug

concentration in 2 repeated experiments. At each data point the cultures
were trypsinized, counted, pooled, diluted, and subcultured to 3 new
dishes with the same cell densities (about 2 x IO4cells/dish) for treated

and control cultures. The excess of cells were discarded; however, the
growth curves were constructed as if all cells had been saved at each
trypsinization.

Outgrowth Test. After a 4-day exposure to amiloride in agarose-
coated culture dishes, the spheroids were transferred to uncoated dishes
containing normal culture medium. Ten spheroids with diameters rang
ing from 650 to 750 urn were analyzed in each group. A spheroid was
scored as a survivor if it gave rise to a growing monolayer culture within
a 4-week period of observation. This technique has been described
previously in the analysis of effects of anticancer drugs and radiation
(19,20).

It was not possible to analyze the effects of amiloride by clonogenic
survival of dissociated cells from the spheroids. Although different
enzymatic treatments were applied, the spheroids could not be disso
ciated in a reproducible way (20).

Histology. Spheroids were fixed overnight in formalin solution (10%,
neutral buffered; Sigma Diagnostic, St. Louis, MO), embedded in glycol
methacrylate (Historesin LKB 221 500; LKB Produkter AB, Stock
holm, Sweden), and sectioned to thicknesses of 2 /.an. The sections
were stained with hematoxylin.

pH Measurements. All pH measurements were carried out in a
superfusion chamber which has been previously described (21). The
superfusion medium (Locke's solution, exceptions are indicated) cir

culated (10 ml/min) through the chamber with a constant Po2 (140
Torr); pH (7.3-7.4) was adjusted by CO2 and temperature (37"C).

Monolayer cultures grown on plastic coverslips, or spheroids attached
to the coverslips were placed at the bottom of the chamber.

Photometry. Monolayer cultures of cells at confluency were loaded
with 3 M' of carboxyfluorescein diacetate stock solution/1 ml culture
medium (final concentration 300 MMand 0.3% dimethyl sulfoxide) in
darkness for 30 min at 17Â°Cand pH 6.7 according to the method of

Chaillet and Boron (22). During this time the dye was converted into
the pH-sensitive derivative 4',5'-dimethyl-5 (and 6)-carboxyfluorescein.
At the end of the incubation the cells were washed with Ham's F-10

medium and placed in the superfusion chamber mounted on the stage
of a photomicroscope (Zeiss). The cells were viewed with a x40 water
immersion objective. The light absorption of 4',5'-dimethyl-5 (and 6)-

carboxyfluorescein-loaded cells (about 150 cells/measurement) was
analyzed at 37Â°Cin a light transmission mode between the wavelengths

410 and 620 nm using a motor-driven monochromator (M20, Zeiss)

illuminated by a halogen lamp. The intensity of light transmitted
through the cells was measured by a photomultiplier (type 9502A; EMI,
Ruislip, England) and the spectral analysis was carried out by a com
puter (Perkin Elmer 7/32). After recording the absorption curve of the
dye-loaded cells, the calibration of pHÂ¡was performed using the niger
icin method according to the description of Chaillet and Boron (22).
The cultures were superfused with nigericin solution to equilibrate pHi
with pHe. The pHc was varied between 7.1 and 7.5 by different CO2
concentrations and the absorption curves were recorded. The isosbestic
point, where absorption is independent of pHÂ¡,could be seen at 470
nm and the maximum absorption was at 512 nm. The calibration curves
were constructed from the light transmission changes at the maximum
absorption (512 nm) and the extracellular pH as measured by a pH
electrode (Ingold, Dortmund, Federal Republic of Germany). The light
transmission change value at 512 nm, measured before calibration, was
used to estimate the pHÂ¡.Only those experiments in which a constant
absorption at an isosbestic point of 470 nm could be observed, indicat
ing a negligible dye leakage, have been evaluated. The calibration curve
proved to be linear between pHe 6.6 and 7.4. The mean steepness of
the calibration curves both in the glioma and colon carcinoma cells was
2.1 Â±0.91 (n = 56).

Microelectrodes. Improved double-barreled microelectrodes for pHÂ¡
recordings were used according to the method of Dufau et al. (23) in
the measurements of monolayer cell cultures. Thick septum glass
capillaries (World Precision Instruments, New Haven, CT) with a tip
diameter of about 0.2 Mmwere used. One channel was backwashed with
0.5% dimethyldichlorsilane dissolved in carbon tetrachloride and dried
for 10 min at 350-400Â°C.Afterward, the neutral ion carrier ETH 1907

(4 nonadecylpyridine Proton-ionophore II; Fluka, Zurich, Switzerland)
was backwashed into the same channel and connected to a high imped
ance amplifier (1015; WPI). The sensitivities of these electrodes were
between 50 and 55 mV/pH. The electrodes were calibrated before and
after impaling of cells and in cases in which a difference occurred a
linear drift as a function of time was assumed. The other channel, filled
with 0.1 mM KC1, served for recording the membrane potential. Since
the signal from the pH-sensitive channel is contaminated by the mem
brane potential the difference between both channels was calculated
automatically to obtain the original intracellular pH value. Five to 12
cells were analyzed in each group of amiloride-treated cells."

pHi was rather easy to measure with microelectrodes in the U-118
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MG glioma cells, while the U-251 MG glioma and the HT-29 colon
carcinoma cells could not be analyzed by this technique. The latter cell
types gave no stable intracellular signals and the HT-29 cells easily
ruptured during puncture.

pll, measurements in spheroids were made using microelectrodes
with a tip diameter of about 2-3 urn according to techniques previously
described (14, 17).

X-Ray Microanalysis. X-ray microanalysis, as described by Zierold
(24), was applied to measure the intracellular sodium and potassium
contents of the cells. Droplets of U-l 18 MG or HT-29 cells suspended
in Locke's solution (exceptions are indicated) were placed on gold

specimen supports and immediately frozen in liquid propane. The
frozen specimens were sectioned below 150Â°Kwith the cryo-ultrami-

crotome Reichert FC4/Ultracut. The 100-nm thick sections were freeze
dried and cryotransferred into a scanning transmission electron micro
scope (Siemens Elmiscope ST 100 F) equipped with a cold stage. They
were imaged and analyzed at 138Â°Kusing an 100 kV electron beam of

1.4 nA. Energy-dispersive X-ray microanalysis was carried out by means
of a SiLi detector (nuclear semiconductor) combined with a multichan
nel analyzer (Link Systems). The detection limits are approximately 10
mmol/kg dry weight for elements with atomic numbers higher than 12.
For sodium the limit is 30 mmol/kg dry weight. Details of energy-
dispersive X-ray microanalysis of cryosections and data evaluation are
described elsewhere (24).

Statistical Evaluation. The t test for paired and unpaired data was
used to evaluate statistical differences. A difference was assessed to be
significant at/*< 0.01.

RESULTS

Growth of Spheroids. Continuous exposure of glioma spher
oids (U-l 18 MG and U-251 MG) to 0.1 HIMamiloride gave a
strong growth inhibition, while 0.2 ITIMcompletely inhibited
growth. At a concentration of 0.5 HIMor higher the spheroids
swelled, became loose aggregates, and disintegrated after 4-6
days. In contrast with this the colon carcinoma (HT-29) spher
oids could withstand amiloride concentrations in the range of
0.1-0.3 mM without growth inhibition, 0.4-0.5 mivi decreased
the growth rate, and 1.0 mM caused total cell death and disin
tegration after 4 days (Fig. 1).

Outgrowth Test of Spheroids. To investigate whether the
growth retardation observed after amiloride treatment was re
versible, the drug was removed after 4 days and the spheroids
were allowed to grow out as monolayers under normal culture
conditions. All HT-29 spheroids treated with 0.0, 0.1, 0.2, or
0.5 mM amiloride gave rise to growing monolayers and the
result was scored as positive, while all HT-29 spheroids treated

10 12 14 16

Fig. 1. Growth of U-l 18 MG (A), U-251 MG (B), and HT-29 (C) spheroids
during continuous exposure to amiloride. O, control; â€¢,0.1 mM amiloride; A, 0.2
mM amiloride; V, 0.3 mM amiloride; A, 0.4 mM amiloride; V, 0.5 mM amiloride;
D, 1.0 mM amiloride; dashed lines, disintegration of the spheroids; points, means;
bars, Â±SD.

with 1.0 HIMwere inhibited and consequently scored as nega
tive. None of the glioma spheroids exposed to 0. 1 mM or higher
concentrations of amiloride produced growing monolayers
(Table 1).

Growth of Monolayers. A higher sensitivity of glioma cells to
amiloride as compared to colon carcinoma cells was seen also
in experiments with monolayer cultures, although the difference
was not as pronounced as for spheroids. A concentration of 0. 1
mM amiloride caused inhibition of growth, while 0.2 mM or
higher caused detachment of the glioma cells. In the case of
colon carcinoma cells a similar effect was achieved by concen
trations of 0.3-1.0 mM (Fig. 2).

Histology. Control U-251 MG glioma spheroids had a viable
rim of about 250-300 Â¿Â¿m.Amiloride at a concentration of 0.5
mM induced, after 2- to 3-day treatments, formation of pyknotic
nuclei mainly in the inner region of the viable cell layers.
Examples of such changes are shown in Fig. 3, a and b. Higher
doses (1.0-2.0 mM) caused massive degeneration of the entire
spheroid within this time period. No histolÃ³gica! changes were
seen at lower doses (0.1-0.3 mM).

Control HT-29 colon carcinoma spheroids had a viable rim
of about 200-250 Â¡Â¿m.Amiloride treatment with 2.0 mM for 2
days caused an increase in the number of pyknotic nuclei and
seemed thereby to expand the necrotic center as shown in Fig.
3, c and d. No histolÃ³gica! changes were seen at lower doses.

It was not possible to quantitatively determine the thickness
of the viable rim after amiloride treatment because it induced
pyknotic nuclei in the transition zone between the viable layer
and the necrotic center and took away the otherwise often sharp
border. A similar phenomenon has been previously reported for
U-393 OS human malignant sarcoma spheroids in which an
increasing number of pyknotic nuclei with depth made it im
possible to define a viable rim (25).

Intracellular pH. Table 2 summarizes the results of pHÂ¡de
terminations with the photometric method for the different cell
lines grown as monolayers. Under control conditions U-l 18
MG cells had the highest pHÂ¡value, 7.18 (P < 0.01), while a
pHÂ¡value of 6.94 was obtained for the HT-29 cells. After
incubation of the cells for l h with 1 HIMamiloride (in choline
chloride solution containing 10 mM Na+) a significant decrease

of the pHÂ¡could be recorded in the glioma cells (P < 0.01),
while only a slight decrease was seen in the HT-29 colon
carcinoma cells. The influence of prolonged amiloride treatment
(0.1 HIM) on the pHÂ¡of U-l 18 MG cells was measured with
microelectrodes. The cells were exposed to amiloride at normal
Na+ and HCO3~ concentrations in the medium to simulate the

conditions during growth inhibition. The average value of the
pHÂ¡in 37 analyzed control U-l 18 MG cells was 7.11 Â±0.06.
This was slightly lower, but not significantly different, than the
control value obtained with the photometric method. Exposure
of U-l 18 MG cells to 0.1 mM amiloride gave, after 2 days of
continuous treatment, no significant change in pHÂ¡.A signifi
cant acidification was obtained after 4 days since the pHÂ¡
decreased to 6.98 Â±0.06 (P < 0.01). Values of pHÂ¡ranging

Table I Outgrowth tests for different types of spheroids

Amiloride concentration (mM)

Cell line 0.0 O.I 0.2 0.5 1.0

HT-29
U-251 MG
U-118MG

" +, all tested spheroids gave rise to growing monolayer cultures after the
cessation of amiloride treatment; â€”,no growth.
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10' -

Fig. 2. Growth of monolayer cultures of U-
I 18 MG (A), U-251 MG (A), and HT-29 (C)
cells during continuous exposure to amiloride.
O, control; â€¢,0.1 mvt amiloride; A, 0.2 mM
amiloride; V, 0.3 mivi amiloride; D, 1.0
minamiloride; arrows, start of the amiloride
treatment; dashed lines, detachment of the
cells from the culture dishes.
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Fig. 3. Sections of U-251 MG and HT-29 spheroids. Controls without amiloride treatment (a, U-251 MG; c, HT-29) and after 2 days of treatment with 0.5 mM
(e, U-251 MG) or 2.0 mM amiloride (d, HT-29). Hematoxylin staining.
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Table 2 pHÂ¡in monolayer cultures of cells measured by photometry
The pH, in the superfusion bath was 7.3 Â±0.1.

CelltypeU-118MGU-251

MGHT-29Control7.18

Â±0.06
(Â«=14)Â°7.11

Â±0.03
(n =7)6.94

Â±0.18
(n=13)1

HIMamiloride,
1 h(130rriM

choline chloride,
10 miviNa*)6.84

Â±0.06
(n =8)6.63

Â±0.07
(Â«=7)6.84

Â±0.12
(n = 7)

* Mean values Â±SD; n, number of experiments.

Table 3 Sodium and potassium levels as measured by X-ray microanalysis in U-
118 MG glioma and HT-29 colon carcinoma cells treated with amiloride

CelltypeU-118MGHT-29Control

(Locke's

solution)Na*22Â±
16mMÂ°

K+ 125 Â±47 HIM
(n =18)Na+

18 Â±13 mM
K*138Â±28mM

(n=18)1

mM amiloride
(130 mM choline
chloride, 10 mM

Na+), 1hNa+

8 Â±6 mM
K* 156Â±47mM

(n =20)Na*

4 Â±4 mM
K* 198Â±30mM

(n = 20)0.1

mM amiloride
(Ham's F-10), 6

daysNa+
125Â±46mM

K*34Â± 17 mM
(1 =24)Na*

10 Â±6mM
K* 149 Â±47 mM

" Mean values Â±SD; n, number of analyzed cells.

from 6.8 to 7.0 could be observed also after 5- or 6-day expo
sures.

Intracellular Sodium and Potassium. The intracellular sodium
and potassium values were measured with X-ray microanalysis
in U-118 MG glioma and HT-29 colon carcinoma cells. The
control values of both sodium and potassium were similar to
data reported in physiological textbooks (26). Treating the cells
with 1 mM amiloride in the choline chloride solution (contain
ing 10 HIMNa+) for l h resulted in a decrease of the intracellular

sodium content for both cell types (Table 3). However, the X-
ray microanalysis is not sensitive enough at low ion levels and
the absolute values after 1 HIM amiloride exposures should
therefore be considered as approximate.

Exposure of the cells to 0.1 mM amiloride in culture medium
with normal Na+ concentration for 6 days induced an increase
of sodium and a decrease of potassium (P < 0.01) in U-118
MG cells, whereas HT-29 cells showed no differences compared
to the controls.

Extracellular pH. pHe gradients were measured in spheroids
with diameters in the range of 700-800 /Â¿m.The pH decrease,

growth test. The glioma spheroids could not proliferate after a
4 days of amiloride treatment with any concentration in the
range of 0.1-1.0 mM, while the colon carcinoma cells retained
their proliferative capacity even after treatment with a dose of
0.5 mM. Monolayer cultures of the gliomas U-118 MG and U-
251 MG were also more sensitive to amiloride than monolayer
cultures of the HT-29 colon carcinoma cells, although the
differences were not as pronounced as with spheroids.

The studied gliomas and colon carcinomas have recently been
shown to differ in their metabolism. The gliomas had low
oxygen consumption and high lÃ¡clateproduction in comparison
to the colon carcinomas. The central pHc values of the glioma
spheroids were low (6.8-6.9), while those of the colon carci
noma spheroids were higher (approximately 7.1) (14). Similar
pHe values were obtained in the present study. A reasonable
explanation is that glioma spheroids prefer to metabolize glu
cose by the glycolytic pathway and the colon carcinoma spher
oids by the oxidative pathway (14). The extruded end products,
lactate and H+ ions (4, 27), can cause the low central pHe values

in glioma spheroids.
The amiloride-induced degenerative changes in the inner

parts of the spheroids coincide with the low pHc in these
regions. The low pHe may act as a sensitizing factor for the
induction of pyknotic nuclei and cell lysis by high concentra
tions of amiloride. Histological changes were seen in sections
of both glioma and colon carcinoma spheroids. For example, 2
mM amiloride induced an expansion of the necrotic area due to
formation of pyknotic nuclei in the amiloride-resistant colon
carcinoma spheroids and four spheroids degenerated within
some days. The U-251 MG glioma spheroids reacted to 0.5
mM amiloride treatment by increased formation of pyknotic
nuclei, expansion of the necrotic central mass, and, after 6 days,
total disintegration. Note that the pHe was lower in the glioma
spheroids than in the colon carcinoma spheroids. It has previ
ously been reported that amiloride enhances the toxicity of
nigericin at low pHe (28).

The factors responsible for induction of necrosis in poorly
vascularized areas of tumors are not known in detail. Cell
degeneration and induction of necrosis in the central areas of
spheroids are known to spontaneously develop when spheroids
grow to large diameters. Such processes are thought to be
induced by combinations of different stress factors such as
acidosis, hypoxia, deficiency of glucose, and accumulation of
catabolic products (3, 25, 29-32). Drug-induced expansion of
necrosis, without causing clear morphological changes on the
outer cells, must be due to processes interfering or acting
synergistically with, for example, the acidic or hypoxic stressin relation to the culture medium pH 7.30, inside the spheroids

at 200 tim from the outer surface was 0.15 Â±0.03, 0.27 Â±0.04, in the central areas and this mi8ht have been the case durinÃŸ
and 0.44 Â±0.16 for the HT-29 (n = 4), U-251 MG (n = 4) and the hiÃ«hconcentration amiloride exposures.

Amiloride induced detachment of cells in the monolayer
cultures (Fig. 2); however, this is not a clear sign of severe
toxicity. Detachment of cells from the surface in a monolayer
culture is certainly not equivalent to the induction of necrosis
in the central areas in spheroids (or tumor nodules). Massive
detachment of cells in monolayer cultures can be obtained by
rather mild treatments such as trypsinization or extensive wash
ing with phosphate buffer.

The pHÂ¡of monolayer cultures of colon carcinoma cells were

U-118 MG (n = 6) spheroids, respectively. These results were
in agreement with previously published values (14).

DISCUSSION

Amiloride was more toxic to the glioma U-118 MG and U-
251 MG spheroids than to the colon carcinoma HT-29 spher
oids. Concentrations higher than 0.1 mM completely inhibited
growth and 0.5 HIM or higher induced disintegration of the
glioma spheroids. Total growth inhibition and disintegration of
the HT-29 colon carcinoma spheroids was achieved at a con
centration of 1.0 mM. The higher amiloride sensitivity of glioma
spheroids was also clearly demonstrated by the spheroid out-

lower than that of the glioma cells (Table 2). When the cells
were treated with 1 mM amiloride for 1 h, only a small decrease
of the pHÂ¡was observed in the colon carcinoma cells, while the
pHj decrease in the glioma cells was significant. This suggests
that the Na+/H+ exchanger in colon carcinoma cells had low
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or no activity at the pHÂ¡value of approximately 7. Cantiello
and Lanier (33) also observed a quiescent exchanger in HT-29
cells and found that it could be activated by intracellular acidi
fication. In glioma cells the exchanger was active at higher pHÂ¡
(7.11-7.18) and could be inhibited by amiloride, resulting in a
pHÂ¡decrease. It is possible that the intensive glycolysis in the
glioma cells requires a more efficient pHÂ¡control.

The pHÂ¡change in glioma U-l 18 MG cells was also measured
with microelectrodes after prolonged treatment with low con
centrations of amiloride under physiological Na+ conditions as

in the growth inhibition experiments. pHÂ¡decreased only after
an exposure lasting several days to 0.1 mivi amiloride. This
suggests that the early growth inhibitory action of amiloride
could not be mediated directly by the inhibition of the amilor-
ide-dependent antiports. During such a prolonged treatment
the significant increase of intracellular Na+ and decrease of
intracellular K+ (Table 3) indicate an impairment of the Na+/
K+ ATPase activity (which normally maintains the Na* gra
dient). Thus, the observed pHÂ¡decrease in U-l 18 MG cells
could be a consequence of disturbances in the Na+ gradient and
not of a direct inhibition of the Na+/H+ antiport. Other effects

of amiloride such as inhibition of protein synthesis, DNA
synthesis, and transport processes (8) could possibly also con
tribute to the growth inhibition observed.

The effects of amiloride can thus be described on three levels:
(a) the lytic action of high amiloride concentrations in spher
oids, (b) the influence of amiloride on intracellular pH, and (c)
the inhibition of proliferation by low amiloride concentrations.
These phenomena might be related, although the relations are
presently unclear.

For future work, it is of importance to analyze whether the
cytolytic action and the inhibition of proliferation can be more
efficient by using more potent Na+/H+ antiport inhibitors such
as dimethyl- or diethylamiloride (34).
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