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Abstract

Mechanisms of intracellular pH (pH,) regulation seem to be involved in cellular growth and cell division. Little is known about how
extracellular acidosis, known to occur in central regions of solid tumors, or alkaline conditions affect pH; regulation in colonic tumors.
pH; changes in the colonic adenocarcinoma cell-line SW-620 were recorded by spectroftuorimetric monitoring of the pH-sensitive,
fluorescent dye BCECF, and proliferative activity was assessed by [*HJthymidine uptake. Resting pH; in Hepes-buffered solution was
7.53 + 0.01 (» = 36). Both 1 mM amiloride and Na *-free solution inhibited pH; recovery from acidification and decreased pH; in resting
cells. In HCOj /CO,-buffered media resting pH; was 7.42 + 0.01 (n = 36). Recovery from acidification was Na *-dependent, Cl "-inde-
pendent, and only partially blocked by 1 mM amiloride. In the presence of amiloride and 200 uM H,DIDS pH, recovery was completely
inhibited. In Na™-free solution pH, decreased from 7.44 + 0.04 to 7.29 4+ 0.03 (n = 6) and no alkalinization was observed in Cl -free
medium. Addition of 5 uM tributyltin bromide (an anion/OH~ exchange ionophore) caused pH; to decrease from 7.43 + 0.05 to
7.17 £ 0.08 (n = 5). The effects of pH,, on steady-state pH;, pH, recovery from acidification and proliferative activity after 48 h were
investigated by changing buffer [CO,]} and [HCO7]. In general, increases in pH, between 6.7 and 7.4 increased pH; recovery,
steady-state pH; and growth rates. In summary, SW-620 cells have a resting pH; > 7.4 at 25°C, which is higher than other intestinal cells.
Acid extrusion in physiological bicarbonate media is accomplished by a pH,-sensitive Na*/H™* exchanger and a pH -insensitive
Na*-HCOj cotransporter, both of which are operational in control cells at the resting pH,. No evidence for activity of a C1~/HCO;
exchanger was found in these cells, which could account for the high pH; observed and may explain why the cells continue to grow in
acidic tumor environments.

Keywords: pH, intracellular; pH regulation; Growth; Carcinoma cell; (Human colon)

1. Introduction intracellular Na* concentration [11]. Furthermore, this
mechanism plays an important role in the onset of cellular
growth, as it is directly activated by growth factors and
tumor promoting agents (phorbol esters, diacylglycerol)

[5,15,16].

Carcinoma cells are often resistant to radiation and
chemotherapy and therefore represent a major target for
experimental and clinical studies dealing with new anti-

tumor strategies. The maintenance of intracellular pH (pH;)
within a narrow range is of vital importance for each cell,
as most cellular functions are pH-sensitive [18]. The
Na®/H* exchanger has been found to counteract cyto-
plasmic acidification and to regulate cell volume and
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It has also been demonstrated that the Na*/H* ex-
changer is required for tumor growth [25]. Thus, Na* /H™
antiport-deficient subpopulations of human bladder carci-
noma cells were no longer able to form spheroids or
induce tumor growth in-vivo, and revertant cells with
tumorigenic capacity regained the Na*/H™' exchanger
activity. In addition the tumor cells were selectively killed
by reducing pH, [17], which was achieved by reducing
extracellular pH (pH_) below 7.3 during simultaneous
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application of the proton ionophore CCCP (carbonyl
cyanide 3-chlorophenylhydrazone) along with amiloride
and DIDS (4,4'-diisothiocyanostilbene-2,2 -disulfonic acid).
These agents are known to inhibit membrane-based pH;
regulating mechanisms and the findings could be of great
interest for treatment of solid tumors, which often exhibit
central acidic regions [26].

Mechanisms of pH, regulation in human colonic epithe-
lial cells, which are exposed to considerable proton gradi-
ents, are a current topic of ongoing studies. We have
recently demonstrated roles for Na* /H* exchange, Na*-
HCO; cotransport and Na“-dependent C1~/HCO; ex-
change in freshly isolated human colonic crypt cells [29].
Several studies have suggested an effect of pH, on
steady-state pH; [6,21,28], and systemic acid-base disor-
ders have been found to change colonic mucosal pH, and
ion transport in rats [34], mediated by changes in the
intraceilular acid-base milieu.

In order to gain insight in how tumor cells of the large
intestine are affected by altered environmental conditions,
we studied pH; regulatory mechanisms of SW-620 cells, a
cell-line derived from a human colonic adenocarcinoma
[13], both in Hepes- as well as in bicarbonate-buffered
media. We found that these tumor cells had an unusually
high resting pH, at 25°C (> 7.4) compared to normal
colonic epithelial cells. We therefore determined mecha-
nisms of pH, regulation to gain insight into the genesis of
the high steady-state pH,. We found that, like many other
cells, SW-620 cells had Na*/H™ exchange and Na®-
HCO; cotransport, but C1~-dependent pH; regulation (in-
cluding the acid-loading C1~ /JHCO; exchange) was not
operational. We then tested the effects of changing pH_ on
steady-state pH;, pH; regulation and growth to gain insight
into how acidotic or alkalotic conditions, either of which
may exist inside tumors, may affect these cells in their
‘physiological state’.

2. Materials and methods
2.1. Tissue culture and BCECF-loading of cells

SW-620 cells originate from a lymph-node metastasis
of a patient with colonic adenocarcinoma [13] and show
ultrastructure typical of epithelial cells, including intra-
cellular junction complexes and microvilli [33]. Cells were
purchased from the American Type Culture Collection
(Rockville, MD) and grown to confluent monolayers in a
humidified incubator (5% CO,/air, 37°C) in RPMI-1640
bicarbonate-medium (Flow, Irvine, Scotland, UK). The
medium contained 10% fetal bovine serum, 4 mM glu-
tamine and 75 wg/ml gentamicin. The cells were subse-
quently trypsinized (0.03% trypsin containing 0.02%
EDTA, three times a week on average, ratio approximately
1:5) and seeded onto 9 X 55 mm rectangular plastic slides
of Leighton Tubes (Costar, Cambridge, MA) 24-48 h

before the experiment. Experiments were performed when
the cells were still in a subconfluent state.

For dye loading the cells were exposed to 4 uM of the
acetoxymethyl ester of the fluorescein-derivative BCECF
(2',7'-bis(carboxyethyl)-5(6)-carboxyfluorescein) for 30
min at 25°C. After permeating the cellular membrane, the
dye is cleaved to its membrane-impermeant form by non-
specific intracellular esterases [31] and thus remains trapped
in the cytosol. The cells were then incubated in dye-free
NaCl-Ringer’s solution for 20 min to allow stabilization
after the dye-loading procedure.

2.2. Measurement of pH,

The slide with the dye-loaded cells was mounted in a
cuvette and placed in a Perkin-Elmer LS-5B Spectrometer,
that was used to alternately expose the cells to a
monochrome excitation light at 439 nm and 490 nm. Slit
widths were 10 nm each. The resulting fluorescence sig-
nals were collected at an emission wavelength of 526 nm.
A ratioing method, dividing the pH-sensitive intensity at
490 nm by the pH-insensitive 439 nm intensity, was used
to compensate for differences in number of cells and
dye-quantity [19]. Changing between the two excitation
wavelengths and data acquisition (about every 4 s) was
controlled by fura-2 software (modified for BCECF by E.
Wenzl) running on a personal computer. Bathing solutions
were changed by quickly transferring the cells into another
cuvette filled with the new incubation medium. In a pre-
liminary set of experiments background fluorescence of
similar cell preparations as well as fluorescence of the
plastic slides was measured, and, since values did not
exceed 5-7% of total fluorescence intensity, no correction
was performed in further protocols. We also measured
fluorescence of the bathing solutions at the end of the
experiments in order to evaluate dye-leakage, and if these
values exceeded 10% of the total fluorescence intensity,
the data were excluded.

2.3. Calibration of fluorescence ratios in terms of pH,

At the end of each experiment the cells were exposed to
the artificial K*/H"* exchanger nigericin in high [K*]
solution [23]. When [K*], equals [K*], nigericin sets
(H*],=[H"], (pH, = pH,), and 490 nm/439 nm ratios
were obtained for four declining pH, = pH; values, cover-
ing the range of pH 6.5-7.8, where BCECF fluorescence
intensity is known to be linearly related to pH,. By using a
least squares linear fit a regression function was deter-
mined (R > 0.95 for all experiments).

2.4. Determination of intracellular buffer capacity, rates of
pH, changes and of H *-efflux

We used a technique reported by Boyarski et al. [7,8]
and Wenzl et al. [36] for calculation of intrinsic buffer
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capacities ( B8;). B, was derived from the equation
B, =d[H"]/dpH

Cells were incubated in Hepes-buffered media in order to
exclude effects of HCO;-dependent exchange mecha-
nisms. Then Na*-free solution was used to block the
activity of the Na*/H™ exchanger. When NMG" was
replaced by decreasing concentrations of NH; (30, 20, 10,
5, 0 mM) B, could be calculated for each according
change of pH, using the Henderson—Hasselbalch equation.
Total intracellular buffer capacity ( 8,) was then calculated
from the equation B, = B; + 2.3[HCO5 ];, where [HCO; ],
was determined at each pH; by use of the Henderson—Has-
selbalch equation, assuming CO, to be at equilibrium in
the cytoplasm and the extracellular space. Fig. 1 shows the
dependence of B; on pH,. The obtained values were
slightly lower than those reported for parietal cells [36] or
renal mesangial cells [7]. There was a strong increase of
Bucos over B, above pH, =74, similar to what was
recently described for isolated rat hepatocytes [2].

In several experiments rates of change of pH,; and of
transmembrane H*-efflux after intracellular acidification
were calculated for different experimental conditions. Rates
of pH, change (dpH /dr) were determined from the slopes
of a linear least-squares fit of the pH; trace passing a given
pH; value.

Net H -efflux rates (/") were calculated at a given
pH, = pH, from

Jn‘:t,pH. = (de/dtPH|)( BPHz)
where By, is the cellular buffer capacity at a given pH,,
as described by Wenzl et al. [37].

2.5. Modification of external HCO; / CO, conditions dur-
ing pH; measurements

Cells were exposed to different environmental condi-
tions resembling in vivo conditions, ranging from uncom-
pensated metabolic acidosis to alkalosis, by changing from
Hepes- to HCO; /CO,-buffered Ringer’s. Either 35 mM,
25 mM, 15 mM or 5 mM HCO; was used (gassed with
either 15, 5 or 2.5% CO,, balance vol.% O,). These
protocols generated 12 experimental groups with pH val-
ues ranging from 6.26 to 7.88. pH, recovery in the differ-
ent HCO; /CO, media was monitored for 15 min. The pH
of the incubation media was kept constant throughout this
time before switching back to Hepes solution.

2.6. Testing effects of different HCO; / CO, conditions on
proliferative activity

Cells were grown in RPMI-1640 medium (Cat. No.
F1225, without bicarbonate; Biochrome, Berlin, Germany)
supplemented with 10% FCS and 4 mM glutamine. Where
applicable, NaHCO; was added to final concentrations of
45, 35, 25, 15, 5 mM and 2.5 mM HCOj;, and solutions
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Fig. 1. Buffer capacities in SW-620 cells. Intrinsic { 8;), extrinsic ( Bycq3)
and total buffer capacity ( B,) were determined as described in Section 2
and are shown as functions of pH;. Values are means from 14 experi-
ments.

were preequilibrated with 5% CO, for 24 h. Cells were
trypsinized and resuspended in the different bicarbonate-
media and distributed in 96-well microtiter plates. Dilution
of an initial concentration of 0.5-10° cells/ml yielded
final plating cell numbers of about 25000 cells per well.
Control rates of growth were obtained using standard
tissue culture medium (25 mM HCOj7 ) gassed with air /5%
CO, as well as with 95% O, /5% CO,. All cultures were
set up in triplicate, incubated for 48 h at 37°C and labelled
with 37 kBq/well [*Hlthymidine for the last 18 h. Cells
were collected with a cell harvester (Skatron, Lier, Nor-
way) after trypsinization, and the filter disks (Schleicher
and Schuell, Dassel, Germany) were measured by liquid
scintillation counting for incorporated radioactivity
(Quicksafe A, Zinser, Maidenhead, UK). Data were ex-
pressed as means of counts per min per well per 48
h+ SEM.

2.7. Chemicals and solutions

All chemicals were from Sigma (St. Louis, MO) unless
otherwise stated. 2’,7’-Bis(carboxyethyl)-5(6)carboxyfluo-
rescein-acetoxymethyl ester (BCECF/AM) and [H,] 4,4’
diisothiocyanostilbene-2,2'-disulfonic acid (H,DIDS) were
from Molecular Probes (Eugene, OR). Tributyltin bromide
was from Aldrich (Milwaukee, WI).

Hepes-buffered NaCl-Ringer’s solution consisted of
150.0 mM NaCl, 2.5 mM K,HPO,, 1.0 mM CaCl,, 1.0
mM MgSO,, 10.0 mM glucose, 20.0 mM Hepes; bicar-
bonate-buffered NaCl-Ringer’s contained in mM: NaCl
125.0, NaHCO, 25.0, K,HPO, 2.5, CaCl, 1.0, MgSO,
1.0, glucose 10.0. In Na*-free solutions Na* was replaced
by NMG™, in Cl -free solutions Cl- was replaced by
gluconate or cyclamate. In NH,Cl-containing solutions
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NH; replaced Na* or NMG®, in Cl -free (NH,),SO,
replaced Na*-gluconate or Na*-cyclamate. NH was used
at a concentration of 25.0 mM, except when buffer capaci-
ties were determined.

High [K*] solutions for calibration consisted of 140.0
mM KCl, 1.3 mM MgSO,, 2.0 mM CaCl,, 12.0 mM
glucose, 20.0 mM Hepes, and nigericin was added to a
final concentration of 10 uM.

Hepes-buffered solutions were equilibrated with air,
HCOj -buffered solutions with 5% CO,/95% O, (unless
otherwise stated) both in the beakers and the cuvette
during measurements. pH of bathing solutions (pH,) was
7.4 (except for calibration) and the temperature adjusted to
25°C for all measurements.

2.8. Viability of cells

Before starting experiments dye-loaded and unloaded
cells of the same batch were exposed to 0.5% trypan blue.
At the end of each experiment cells were checked the same
way. The data were rejected when more than 10% of the
cells accumulated the dye.

2.9. Statistics

Values are presented as means + S.E.M. of six accord-
ing experiments (unless otherwise stated). The Student’s
t-test for unpaired data and Analysis of Covariance was
used to calculate statistical significance and P < 0.05 was
considered significant. For comparison of proliferative ac-
tivity assays Tukey’s Studentized Range Test and a test for
Quadratic Effects was applied.

3. Results
3.1. Steady-state pH; in Hepes and HCO; / CO, solutions

In Hepes-buffered NaCl-Ringer’s steady-state pH; was
7.53 £ 0.01 (n=136; see Figs. 2 and 3). When Hepes-
Ringer’s was replaced by 25 mM HCOj /5% CO,-buffered
NaCl, pH, suddenly decreased to 7.10 + 0.01 (n = 36),
probably because of the quick entry of CO,, and recovered
to 7.39 4 0.01 within 8 min (Fig. 3). The mean steady-state
pH; after a stabilization period of 24 min in HCO; /CO,-
NaCl was 7.42 £+ 0.01, which was 0.11 units lower than in
Hepes-NaCl (P < 0.001).

3.2. Evidence for Na*/H " exchange

A convenient method to study acid extruding mecha-
nisms is to induce cytoplasmic acidification and to monitor
subsequent pH, recovery under different experimental con-
ditions. Applying the well known ammonium-prepulse
technique [24], SW-620 cells were pulsed with 25 mM
NH,C] in Hepes-buffer. pH; first rose to a value of
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Fig. 2. Effect of 1 mM amiloride on pH, recovery after intracellular
acid-loading in Hepes-buffered solutions. Cells were acidified using the
ammonium-prepulse technique with 25 mM NH,Cl. Subsequent incuba-
tion of cells with 1 mM amiloride in Hepes-NaCl completely blocked pH,
recovery during the 8 min of exposure to amiloride. When amiloride was
removed, pH; increased towards normal values. The trace is representa-
tive of six similar experiments.

8.08 £ 0.02 due to the quick entry of NH, (Fig. 2). After 2
min NH; was removed from the external solution, and
pH; dropped from 7.95 + 0.03 to 7.05 £+ 0.07. pH, recov-
ery was completely blocked by addition of 1 mM amiloride,
a known inhibitor of Na*/H"* exchange [3], to NaCl
Ringer’s. When amiloride was removed, pH,; recovered
back to 7.43 + 0.05 within 8 min. When the cells were
exposed to Na®-free medium after the NH, pulse, cells
acidified to pH; 7.06 + 0.08 and remained acidic (7.06 +
0.07) for 8 min (not shown).

In another set of experiments the effects of Na*-free
solution or 1 mM amiloride on resting pH, were investi-

7.8+
P e SV 35mM
7.4+ 25mM
- 15mM
I
[}
MNMWI 5mM
74
8 min
6.6+ NaCl
HEPES | HCQ/CO,

Fig. 3. pH; recovery in 5% CO, shows bicarbonate- and pH ,-sensitivity.
Rapid intracellular acidification occurs after switching from Hepes- to
HCOj /CO,-buffer. 5 mM external HCO; (pH, = 6.73) prevents pH;,
recovery, while 15 mM HCO; (pH, = 7.21) partially stimulates and 35
mM HCO; (pH, = 7.58) overstimulates pH; recovery as compared to
control conditions (25 mM HCO;; pH, =7.43). The overlay graph
shows traces each of which is representative of six similar experiments.
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Fig. 4. Influence of Na*-free solution, amiloride (1 mM) and H,DIDS
(200 uM) on acid-extrusion in HCO3; /CO,-buffer. Cells were acidified
by ammonium-prepulse and no recovery occurred under Na *-free condi-
tions (A). When Na® was added back under the presence of amiloride.
pH, recovery occurred, but was partially inhibited. Removal of amiloride
led to complete recovery (A). Simultaneous incubation of acidified cells
with amiloride and H,DIDS completely blocked pH; recovery (B).
Traces are representative of six similar experiments.

gated in Hepes-buffer. Na®-free treatment caused pH; to
decline by 0.19 + 0.04 pH units over 16 min. Amiloride
caused pH, to decrease by < 0.02 pH units over 1 min,
and 0.10 £+ 0.02 pH units during 8 min. These data are
consistent with the existence of a Na* /H™ exchanger, that
operates at a slow, but finite rate in the steady state to
prevent cellular acidification.

3.3. Evidence for Na*-HCO; cotransport

Intracellular acid loading was induced either by chang-
ing from Hepes- to HCO; /CO,-buffered medium (Fig. 3)
or by performing the ammonium pulse technique in
HCO;-NaCl (Fig. 4). In both conditions the cells rapidly
recovered pH, in the presence of Na* and HCO;. As
shown in Fig. 3, the rate of pH; recovery was dependent
on the [HCO7 ] (and /or pH) of the bathing solutions. The

HCO; dependence of pH, recovery will be discussed in
more detail below. As shown in Fig. 4, pH, recovery did
not occur in the absence of Na™: pH, stayed at 6.80 + 0.02
following the pulse with 25 mM NH]. Similarly, switch-
ing from Hepes-NaCl to HCO;-NMGCI caused pH; to
decrease from = 7.53 to 6.90 £ 0.03, and cells remained
acidic (pH, 6.91 + 0.03) for 8 min.

When cells were acidified and then switched to HCO; -
NaCl solution containing 1 mM amiloride, pH; recovered
slowly from 6.83 + 0.01 to 7.0 & 0.04 (Fig. 4A). Removal
of amiloride caused pH; to increase more rapidly back to
7.33 £0.05. In contrast, when the acidified cells were
treated with both 1 mM amiloride and 200 uM H,DIDS,
a specific non-fluorescent inhibitor of HCOj; -transporting
mechanisms [14], pH, recovery was completely blocked at
6.87 £ 0.02 for 8 min (Fig. 4B). Similar results were
obtained when cells were acidified by the introduction of
HCO; /CO, (data not shown).

In order to evaluate a possible effect of Cl~ on this
recovery we performed the same type of experiment in
Cl™-free solution. As shown in Fig. 5A, cells recovered
from acid loading in the absence of external C1™. H, DIDS
partially blocked (Fig. 5B) and amiloride and H,DIDS
completely blocked pH, recovery (Fig. 5C), indicating that
Cl -independent mechanism(s) were mainly responsible
for recovery from an acid load. These data indicate that
pH, recovery occurred by the combined operation of
Na*/H* exchange and Na*-HCO;J cotransport [10]): the
activity of the Na* /H" exchanger leads to the pH; rise in
Cl -free solutions containing H,DIDS; the Na*-HCO3
cotransporter can elicit pH, recovery in the presence of
amiloride; complete inhibition of both mechanisms was
achieved by the combined actions of amiloride and
H,DIDS in Cl -free bathing solution.

We also tested the effect of inverting the transmem-
brane Na® gradient by changing to Na™-free
HCO; /CO,-solution, and the cells exhibited a pH, de-
cline of 0.15 + 0.01 pH-units over the course of 8 min (not
shown).

We evaluated the relative abilities of these two trans-
porters to affect pH, recovery from acid loads by calculat-
ing H*-efflux rates (J") at different pH, values in Hepes-
buffered and HCO; /CO,-buffered solutions (both had
pH, 7.4). Slopes of pH, recovery were measured at pH,
7.1, 7.2 and 7.3, and J" was calculated as described in
Section 2. pH, recovery rates were assumed to be due
solely to Na*/H" exchange in Hepes-buffer. The com-
bined rates of the Na*/H™ exchanger and Na*-HCO;
cotransporter were calculated from rates of pH, recovery
in HCO;3 /CO,-buffered solutions, and these rates were
dependent on pH, (Fig. 6). Subtraction of the Na*/H™
exchange rate from the total yielded rates of pH; recovery
due to the Na™-HCO; cotransporter. As shown in Fig. 6,
the J" due to Na*/H" exchange was sensitive to pH;,
while that due to Na*-HCO; cotransport was independent
of pH,.
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Fig. 5. pH, recovery from an acid-load in the absence of external Cl~ in
HCOj /CO, buffer. An ammonium-prepulse was performed with 15 mM
(NH,),SO, in C1™-free medium. pH, recovery was completely inhibited
in Na*- and Cl™-free solution; readdition of Na* caused total pH,
recovery (A). After intracellular acid-loading by changing from Hepes- to
HCOy /CO,-buffer acid-extrusion occurred in C1™-free solution contain-
ing 200 uM H,DIDS, but was not complete after 8 min. Removal of
H,DIDS led to complete recovery (B). The combined activities of
amiloride and H,DIDS totally blocked recovery under Cl™-free condi-
tions (C). Traces are representative of five similar experiments.

3.4. Lack of Cl~-dependent pH, regulation

The possible role of a C1~ /HCO; exchanger, which in
many cells operates by extruding HCO; in exchange for
Cl™ in order to dispose of cytoplasmic alkaline loads, can
be demonstrated by removal of ClI~ from the bathing
solution [24]. Intracellular C1~ must now leave the cell and
HCO; should enter through the anion exchanger, leading
to cytoplasmic alkalinization and an increase of pH;,.

When SW-620 cells were incubated in Cl -free
HCOj; -media (either Na*-gluconate or Na*-cyclamate), no
pH, increase was observed. pH; was 7.47 +£0.02 in

4 —
] ]
~3 — L
£
s ] 1
=
o -
x
a
I,
0 T T T T — T T 1
7.0 7.1 7.2 7.3 7.4

pHi

Fig. 6. Relative rates of H*-extruding mechanisms. Net H*-flux rates at
different pH;-values are shown for recovery in Hepes-NaCl after ammo-
nium prepulse, reflecting Na* /H* exchange (open triangles; n = 4), and
in HCO; /CO,-NaCl after ammonium prepulse (filled squares; n=5),
reflecting the combined ativities of Na* /JH* exchange and Na*-HCO;
cotransport (filled triangles).

HCO;-NaCl and 7.50 + 0.02 in Cl -free solution (P =
n.s.) (Fig. 7). There were no differences between standard
incubation times of 8 min and prolonged exposure of cells
to Cl™-free medium over 30 min in order to ensure intra-
cellular Cl™-depletion (data not shown).

This lack of effect of Cl™-free medium on pH; was not
due to the cells having very low intracellular [C17], be-
cause addition of 5 uM tributyltin bromide, an artificial
anion/OH~ exchanger [1], 10 Cl -free HCO; -buffer
caused pH; to increase rapidly from 7.43 + 0.05 to 7.63 +
0.09 (Fig. 8). Changing back to standard Cl -containing
HCOj7 -buffer produced a steep decline of pH, and a new
resting value of 7.17 + 0.08.

8.27

787

- _WWW

574
7 8 min
NaCl Cl-free T NaCl

6.6

HCOy/CO,

Fig. 7. Exposure to Cl™-free medium in HCO; /CO,-buffer. When NaCl
was isoosmotically replaced by Na*-cyclamate (or -gluconate, trace not
shown), pH; stayed at basal values. No alkalinization occurred as would
be expected in the presence of an operating C1~ /JHCO; exchanger.
Trace is representative of 10 similar experimeunts.
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Fig. 8. Effect of insertion of anion exchange with tributyltin. After
addition of 5 uM tributyltin bromide to Cl™-free HCO; /CO,-buffer
intracellular alkalinization occurred. Readdition of ClI™ caused pH; to
decrease to a lower resting value. Trace is representative of five similar
experiments.

3.5. Influence of pH, in different HCO; / CO, on steady-
state pH,, pH; recovery and cellular growth

Extracellular pH in tumors may be quite variable de-
pending on metabolic activity and blood flow and we were
interested in investigating the effects of different pH_ on
SW-620 cells to approximate fluctuating tumor conditions.
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Fig. 9. Summary comparison of the effects of pH, on steady-state pH;
and growth. pH, ranging from 6.26 to 7.88 was created by increasing
buffer [HCO; ] from 5 mM to 35 mM and [CO,] from 2.5% to 15%.
According pH; values, obtained after a 15 min recovery period from
intracellular acidification (same protocol as in Fig. 3), are shown for each
[HCO; ] at 2.5%, 5% and 15% CO, (left, middle and right symbol,
respectively). Proliferative activity at different HCO; -concentrations and
5% CO, was assessed by [*Hlthymidine uptake (filled diamonds) and
showed significant growth increase with increasing HCO; up to 25 mM,
and a slight decrease at higher HCO; (Test for Quadratic Effects).
Values represent means of six similar experiments (all S.E.M. < 0.05, not
shown).

As shown in Fig. 3, rates and extent of pH, recovery
following acidification with 5% CO, depended on
[HCO; ], though, since changes of [HCO; ], necessarily
cause changes of pH,, it was impossible to determine
whether the effects were due to pH, and/or [HCO;S 1. We
investigated this phenomenon further by incubating cells in
solutions with different [HCO; ] (from 5 to 35 mM), CO,
(from 2.5% to 15%) and pH, (from 6.26 to 7.88). The
effects on steady-state pH, and growth are summarized in
Fig. 9. As shown, pH, appeared to depend critically on
pH,, and was relatively independent of [HCO; ] or [CO,].
In 5% CO,, cell growth was roughly linearly related to
pH, and pH,. The simplest interpretation is that steady-
state pH; and growth were both critically dependent on
pH,, indicating that conditions within a tumor may
markedly affect cell growth.

4. Discussion

Our data indicate that in SW-620 colon carcinoma cells
resting intracellular pH is higher than in other known
gastrointestinal cell types, e.g., parietal cells (pH; = 7.1,
Refs. [20,36]), ileal IEC-6 cells (pH, = 7.25 in Hepes and
7.12 in HCO; /CO,-buffer, Ref. [37]), and normal colonic
epithelial cells isolated from rats (pH; = 7.0, Ref. [10]),
rabbits (pH, = 7.23, Ref. [4]) or humans (pH; = 7.35, Ref.
[29]). Differences of incubation temperatures probably do
not explain the full extent of variability. Following intra-
cellular acidification in Hepes buffer, pH, recovery was
dependent on external Na*, blocked by amiloride and
therefore most likely mediated by a Na*/H™ exchanger.
The mechanism is reversible, demonstrated by the pH,
decrease in Na'-free medium. It has been well described
and found to be present in most investigated mammalian
cells, both in normal and in malignant cell types [11]. The
Na*/H™ exchanger in SW-620 cells, like that in other cell
types, exhibited increased activity as pH; decreased. Be-
cause amiloride caused only a small and very slow de-
crease of pH, when added to control cells in Hepes buffer,
it appeared likely that the exchanger was operating at a
very low rate in the steady state in control cells with
pH, = 7.53.

When changing from Hepes- to HCOj /CO,-buffered
medium, acute acid-loading of the human colon carcinoma
cells occurred, probably due to the quick entry of CO, into
the cytoplasm. Subsequently the cells rapidly recovered to
a slightly lower pH, than before in Hepes-buffer. This pH,
recovery was dependent on external Na™, unaffected by
removal of external CI~ and completely blocked by the
combined activities of amiloride and H,DIDS. The differ-
ences in net H*-efflux during pH, recovery in Hepes- vs.
HCO; /CO,-containing media indicated the presence of an
additional acid extruder in HCO; /CO,-buffer. Because of
its dependence on HCO; and Na*, the independence from
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C1™ and the inhibition by H,DIDS, this additional acid
extruding mechanism besides the existing Na™/H™* ex-
changer was most likely a Na*-HCO; cotransporter. These
findings are consistent with investigations on IEC-6 cells,
a crypt-like rat intestinal cell line [37], rabbit parietal cells
[20,32] and rat hepatoma cells [35]. In each of these cell
types a base-loading Na*-HCO; cotransporter was de-
scribed, whereas an acid-loading Na™-HCO; symporter
was found in rat glomerular mesangial cells [7.8] and in
rabbit renal cortex vesicles [27]. Although it is difficult to
determine definitively, it appears likely that the Na*-HCO7
cotransporter works as a base-loading mechanism in SW-
620 cells. Thus, the Na*/H™ exchanger exhibited only
low rates of pH, regulatory activity at pH, 7.3-7.5 (Fig. 6;
also see above), yet cells were capable of pH; regulation
over this range in HCO; /CO,-containing media, even in
the presence of amiloride (Figs. 4 and 6).

In many cells the acid-extruding Na®/H* exchanger
and Na"-HCOj; cotransporter are balanced by an acid-
loading anion exchanger, transporting intracellular HCO;
(or OH™) ions for extracellular C1~. This Cl1~/HCO;
exchanger is located at the basolateral membranes of oxyn-
tic cells in intact sheets of frog gastric mucosa [38] and of
HT-29 colonic carcinoma cells grown on filters [9].

In our experiments with SW-620 cells replacement of
NaCl with Na*-gluconate or Na“-cyclamate in bicarbon-
ate-buffer did not cause cytoplasmic alkalinization, arguing
against the presence of an operating anion exchanger.
After insertion of anion/OH™ exchange by use of the
ionophore tributyltin we observed a marked decrease in
pH, of > 0.2 pH-units. Other authors have similarly found
no evidence for anion-exchange in human epidermoid
carcinoma A-431cells [22] and rabbit renal OMCD cells
[12]. Interestingly, freshly isolated human colonic crypt
cells express Na*-dependent anion exchange [29].

It has been shown in erythrocytes as well as in several
epithelia that band 3-immunoreactive or related proteins
are involved in CI~ /HCO; exchange [30]. It seems likely
therefore, that the anion exchanger-proteins all belong to a
family of proteins related to the erythrocyte band 3-gene.
In the SW-620 colon carcinoma cells an altered or re-
pressed expression of the gene responsible for C1~ /JHCO;
exchange could account for our observations under Cl1™-free
conditions. The absence of the anion exchanger in the
presence of the base-loading Na*/H* exchanger and
Na*-HCOj cotransporter might then explain why SW-620
colonic carcinoma cells have a higher steady-state pH;
than cells from normal crypts (which exhibit C1~ /HCO;
exchange). It remains unclear, though, whether the alkaline
shift of steady-state pH; is necessary for the transformed
function of the tumor cells, for example in terms of a
counterregulation against acidic interstitial pH in hypoxic
tumor regions, or whether it is just the result of the altered
balance between acid- (or alkali-) loading and -extruding
mechanisms. Although the genesis of the elevated pH; in
SW-620 cells remains uncertain, it is clear from Fig. 9 that

cells grew faster as pH, and pH; increased. These data
have interesting implications: first, the effects of altered
HCO; and CO, on steady-state pH; were both exerted
through changes of pH, (and not through effects of their
own), indicating that pH, plays a critical role in setting
pH;. Second, in tumors with different blood supplies and
metabolic activities and resulting pH, there will be feed-
back effects on pH; and cell growth of the cells in the
tumor.

In summary, steady-state pH; in SW-620 cells in cul-
ture is unusually high (7.4-7.5), possibly due to the fact
that the cells have two base-loading mechanisms (Na* /H™
exchange and Na*-HCO; cotransport), but, unlike cul-
tured normal intestinal crypt-like cells (IEC-6) and freshly
isolated normal colonic crypt cells, SW-620 cells do not
have an operating acid-loading anion exchanger at the
given conditions. Rates of SW-620 cell growth in culture
appear to be controlled by steady-state pH,;, and pH,
seems to be regulated both by the activities of the two
base-loading mechanisms and by pH,. In the in vivo state,
rates of growth of individual cells will therefore depend on
both the cells’ own inherent metabolic and pH, regulatory
activity and, perhaps even more importantly, also on pH_,
which will be determined by the ensemble activity of all
the cells of the tumor, including those regulating the blood
supply. Our data therefore indicate that manipulation of
pH, regulatory mechanisms (either blocking the base load-
ers or obtaining expression of an acid loader) in combina-
tion with maneuvers designed to alter pH_  might have
clinical relevance for treatment of colorectal cancer.
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