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Abstract. Cyclic AMP-activated chloride fluxes have
been analyzed in HT29-18-C, celis (a clonal cell line
derived from a human colon carcinoma) using measure-
ments of cell volume (electronic cell sizing), cell chlo-
ride content (chloride titrator) and intracellular chloride
activity (6-methoxy-N-(3-sulfopropyljquinolinium;
SPQ). HT29-18-C, was shown to mediate polarized
chloride transport. In unstimulated cells, the apical
membrane was impermeable to chloride and net chloride
flux was mediated by basolateral furosemide-sensitive
transport. Forskolin (10 pm) increased furosemide-
insensitive chloride permeability of the apical mem-
brane, and decreased steady-state intracellular chloride
concentration approximately 9%. Cellular chloride de-
pletion (substitution of medium chloride by nitrate or
gluconate), caused greater than fourfold reduction in cel-
lular chloride concentration. When chloride-depleted
cells were returned to normal medium, cells regained
chloride and osmolytes via bumetanide-sensitive trans-
port, but forskolin did not stimulate bumetanide-
insensitive chloride uptake. The inhibition of cAMP-
activated chloride reuptake was not explained by limiting
cation conductance, cell shrinkage, choice of substitute
anion, or decreased generation of cAMP in chloride-
depleted cells. When cells with normal chloride content
were depolarized (135 mm medium potassium + 10 um
valinomycin), cAMP activated electrogenic chloride up-
take permselective for CI” = Br™ > NO;™ > I". The elec-
trogenic transport pathway was inhibited in chloride-
depleted cells. Results suggest that chloride depletion
limits activation of electrogenic chloride flux.
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Introduction

The intestinal epithelium mediates electrogenic CI™ se-
cretion in response to elevation of intracellular second
messengers, including cyclic AMP (cAMP) and calcium
(Ca®*y [15]. Disorders of chloride secretion are the basis
for several diseases. Inappropriate stimulation of chlo-
ride secretion causes tissue water loss in diarrheal dis-
eases [15]. Conversely, cystic fibrosis patients have lost
the ability to stimulate intestinal chloride secretion in
response to cAMP/PKA [10, 35] and Ca**/PKC [19, 35]
second messenger pathways. Study of cells from cystic
fibrosis patients has identified tissue-specific regulation
of chloride secretion, because cystic fibrosis airway ep-
ithelia can still mediate chloride secretion in response to
calcium mobilizing agonists [22, 45).

The basis for tissue-specific regulation of chloride
secretion remains uncertain. Based on observations that
the cystic fibrosis gene product (CFTR) can function as
a small conductance ohmic chloride channel activated by
cAMP/PKA [3, 2, 7] or Ca**/PKC [9, 14], one simple
explanation is that CFTR is the main route for intestinal
CI” secretion, whereas airway cells express additional
chloride channels besides CFTR [3]. In support of this
model, a diversity of epithelial chloride channels have
been observed in both normal and CF tissue [40], includ-
ing Ca**-activated chloride channels in airway cells [5].

Observations suggest that regulation of intestinal
chloride secretion is more complex than suggested by
this simple model. Multiple chloride channel types have
been identified in intestinal epithelial cells based either
on molecular cloning (CIC-2), or patch clamp analyses
[5, 13, 41]. In addition, endogenous CFTR expression
has not always correlated with the observation of cAMP-
stimulated chloride fluxes or the appearance of the ohmic
chloride channel in HT29 intestinal cells [31, 32, 33].
Finally, regulation of membrane recycling and cytoskel-
eton have been shown to affect the activity and/or dis-
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tribution of both apical chloride channels and basolateral
Na/K/CI cotransport proteins in intestinal cells [11, 28,
36].

Recent evidence suggests that intracellular chloride
may also contribute to regulation of membrane transport
and/or plasma membrane recycling. It has been shown
that lowered intracellular chloride concentration is re-
quired to activate multiple sodium transporters in parotid
acinar cells [37]. Conversely, cellular chloride depletion
inhibits protein secretory pathways in neutrophils {17]
and inhibits cAMP-stimulated endocytosis in intestinal
T84 cells [36]. Chloride depletion also inhibits CFTR
internalization in T84 cells, and affects CFTR channel
activation in LTK-fibroblasts heterologously expressing
CFTR [36, 44]. Based on these results, we questioned
whether chloride depletion affected cAMP-stimulated
chloride flux routes in a model intestinal epithelia. The
HT29 model has been used previously to identify factors
required for expression of CFTR [30, 31] and cAMP-
activated chloride channels [32, 33]. Here we character-
ize cAMP-activated chloride flux routes in a stably dif-
ferentiated HT29 subclone (HT29-18-C,) [15, 31], and
report that activation of electrogenic cAMP-stimulated
chloride fluxes is inhibited by intracellular chloride de-
pletion.

Materials and Methods

CeLL CULTURE

HT29-18-C, cells obtained from Daniel Louvard (Institut Pasteur,
Paris, France) were used 8-18 passages after cloning from the parent
line [20]. For simplicity, the cells will be referred to as HT29-18-C,
cells. Cells were cultured in Dulbecco’s modified Eagle’s medium
containing 25 mM glucose and supplemented with 10 mg/ml human
transferrin (Sigma), 50 IU/ml streptomycin, 50 mg/ml penicillin, 4 mm
glutamine, and 10% fetal calf serum. Cells were grown at 37°C in
humidified 10% CO,/90% air in plastic flasks (Costar, Cambridge,
Mass), with culture medium changed daily [31].

SOLUTIONS

All media were approximately 310 mosmol/kg H,O as measured on a
Wescor 5500 vapor pressure osmometer (Logan, UT). All experiments
were performed using solutions equilibrated with room air at 37°C.
Chloride medium contained (in mm): 130 NaCl, 5 KCl, 2 CaCl,, 20
HEPES, 1 MgSO,, 0.83 Na,HPO,, 0.17 NaH,PO,, 25 Mannose, ti-
trated to pH 7.4 with NaOH. Compared to chloride medium, gluconate
medium had gluconate salts substituted mol:mol for all chloride salts,
nitrate medium had nitrate salts substituted mol:mol for all chloride
salts, and potassium medium substituted KCI mol:mol for NaCl. All
other experimental solutions are described in the text or below.

ELecTtrRONIC CELL SIZING

Cells in flasks were trypsinized into a single cell suspension as de-
scribed [38]. Routinely, suspended cells were allowed to reequilibrate
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in chloride medium for 60 to 120 min with gentle mixing at 37°C prior
to experimental use. To preincubate cells in different media,
trypsinized cells were aliquotted into 2 ml microfuge tubes, centrifuged
(2000 x g x 10 sec) and the cell pellet resuspended in medium of the
desired composition (e.g., chloride gluconate, or nitrate medium). The
volume of suspended HT29-C, cells was measured at 37°C with a
Coulter Counter (Model ZM, Hialeah, FL) coupled to a computerized
(CompuAdd 286/12, Austin, TX) pulse height analyzer (Tennelec/The
Nucleus, Oak Ridge, TN) as described previously [38]. Briefly, I ml of
cell suspension was injected into 25 ml experimental medium at time
zero, and cell volume was measured at subsequent time points, Each
measurement represents averaged data from 15,000 to 35,000 cells
collected over 8 sec. Using histograms of cell number vs. single cell
volume, the computer automatically determined the centroid of the
single cell volume distribution in femtoliters (1077 liters, equivalent to
pm?). The instrument was calibrated using latex beads of known vol-
ume (Coulter).

CELLULAR CHLORIDE CONTENT

Intracellular chloride content was determined using a chloride titrator
as described [38]. Briefly, cells on 35 mm dishes were preincubated
for 60 min with chloride, gluconate, or nitrate medium (as described in
figure legends) and then immersed in experimental media for the time
noted in figures. For chloride determination, cells were washed three
times in an ice-cold Cl-free medium (in mm): 130 TMA-NO;, 1
MgSO,, 10 HEPES, 2 EGTA, pH 7.4, lysed in 10% perchloric acid,
and ion content measured with a Labconco Digital Chloridometer (cal-
ibrated with standards in 10% perchloric acid). Results were normal-
ized to cellular protein [12], with bovine gamma globulin as standard.

CHLORIDE EFFLUX

Efflux of isotopic chloride was measured precisely as described pre-
viously [31]. Briefly, cells on 35 mm plastic dishes were pre-
equilibrated two hours with 4 pCi/ml **Cl in chloride medium, washed
with ice-cold gluconate medium, and then at time zero exposed to 37°C
gluconate medium to initiate efflux. As performed previously, some
cells were exposed to 1 uM ionomycin (Calbiochem) at time zero, or 10
um forskolin (Calbiochem) in the last 5 min of isotopic preequilibra-
tion. Twelve time points were collected in the first 15 min of efflux,
and results presented as the efflux rate constant after fitting the data to
a single exponential [31].

QUALITATIVE MEASUREMENTS OF CELL CHLORIDE ACTIVITY

HT29-C, cells were grown on permeable filter supports (Anotec) as
described previously [29, 39]. Confluent cells on filters were loaded
with the chloride sensitive fluorescent dye 6-methoxy-N-(3-
sulfopropyl)quinolinium inner salt (SPQ: Molecular Probes, OR) [21]
by overnight incubation with 10-20 mM SPQ added to culture medium.
Filters with dye-loaded cells were mounted in a chamber allowing
separate apical and basolateral perfusion [29], and studied on the stage
of a digital imaging microscope [39]. Cellular fluorescence was ex-
cited at 380 £ 10 nm, and emission monitored at 510 + 40 nm with a
Hamamatsu intensified CCD camera (Model C2400-97) operating at
constant intensifier gain and constant camera gain. Data were collected
as digitized 4-frame averages (128 msec/image) by a Perceptics image
processor (Knoxville, TN). In each experiment, 20 cells in the camera
field were selected for real-time analysis. During an experiment, the
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average pixel intensity in each selected cell (116 pixels/cell = 15 um?)
was calculated separately within each collected image, and camera
background values were subtracted from fluorescence values. To com-
pile the fluorescence response from multiple cells, the fluorescence of
each cell was normalized to its initial fluorescence at the start of the
experiment. Results from a single experiment are presented as average
normalized values from all cells selected for real-time analysis. Cali-
brations of SPQ vs. intracellular chloride concentration were not con-
sidered reliable because of (i) our inability to fully deplete cells of
intracellular chloride (see results), and (ii) dye leakage (data not
shown).

CycLic AMP Assay

Intracetlular cAMP levels were assayed using a titrated cyclic AMP
radioimmunoassay (Amersham, Arlington Heights, IL). HT29-C, cells
on 35 mm dishes were experimentally treated, washed three times in
ice-cold gluconate medium, and then lysed in 1 ml ice-cold 0.6N per-
chloric acid for at least 5 min. Aliquots (950 pl) of lysate were trans-
ferred to a microfuge tube, pH neutralized with (85 pl) 5M K,CO,,
samples vortexed, then centrifuged (16,000 x g x 5 min). Aliquats (50
ul) of the supernatant were assayed for cAMP as described by the
manufacturer (Amersham, Arlingion Heights, TL). Results were nor-
malized to cellular protein.

MISCELLANEOUS

Unless otherwise indicated, all chemicals were obtained from Sigma or
Fluka and were of the highest grade available. HEPES was obtained
from Research Organics. Bumetanide was the generous gift of Hoft-
man-LaRoche. Furosemide was the generous gift of Hoechst-Roussel
Pharmaceuticals. Statistical significance was determined using one-
way analysis of variance (ANOVA) or unpaired two-tailed t-test. Av-
erage values are presented as mean + SEM.

Results

Results of initial experiments suggested that increasing
celiular cAMP caused net osmolyte loss from HT29-C,
cells. As shown in Fig. 1, HT29-C , cells shrink when
exposed to the cAMP agonist forskolin, but not the in-
active derivative 1,9-dideoxyforskolin [43]. In three
preparations, a statistically significant shrinkage was ob-
served after 10 min incubation in forskolin (74 + 7 fl, P
< 0.01 compared to cells without drug), but not 1,9-
dideoxyforskolin (11 + 6 fl, P > 0.05).

ACTIVATION OF CHLORIDE UPTAKE AND CHLORIDE EFFLUX
MEcHANISMS BY cAMP

Isotopic chloride efflux was used to define the presence
of cAMP-stimulated chloride transport mechanisms in
HT29-C,. As shown in Fig. 2, either forskolin or cal-
cium ionophore (1 um ionomyein) stimulated *°Cl efflux
into chloride-free medium (gluconate substitution). In
four experiments, the rate constant of net chloride efflux
from unstimulated cells (0.29 + 0.05 min’l) was signif-
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Fig. 1. Effect of cAMP on cell volume of HT29-C, cells. Suspended
HT29-C, cells were equilibrated at 37°C for | hr in chloride medjum.
At time zero, a 1 ml aliquot of cells was injected into 25 ml of chloride
medium (@), chloride medium containing 10 uM forskolin (&) or 10
UM 1,9-dideoxyforskolin (A) as hydrophobic control. Cell volume was
measured as the indicated times by electronic cell sizing, and results are
presented as the mean single cell volume in the population. Results of
a single representative experiment are shown. Compiled results from
three experiments are presented in results.
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Fig. 2. Effect of forskolin or ionomycin on net isotopic chloride efflux.
Cells were pre-equilibrated 2 hr with 4 pCifm! *°Ci added to chloride
medium. At time zero, cells were exposed to gluconate medium and
samples collected at the indicated time points. When required, cells
were exposed to 10 pm forskolin (1) 5 min prior to initiating efflux, or
1 pm ionomycin (A) at time zero. Results were analyzed as described
in Materials and Methods [26]. Results from a single representative
experiment are shown. Compiled results from four experiments are
presented in results.

icantly increased by either forskolin or ionomycin (0.67
+ 0.02 min™ or 0.75 + 0.16 min™', respectively; both
conditions P < 0.05 vs. untreated cells by ANOVA).
Thus, the stably differentiated HT29-C, cell is a suitable
model to study cAMP-activated chloride fluxes, unlike
the HT29-18 parent line which fails to demonstrate
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Fig. 3. Effect of forskolin and bumetanide on cell volume and cell
chloride content. At time zero, cells pre-equilibrated in chloride me-
dium were exposed to the same medium (@), or chloride medium
containing 100 uM bumetanide (M), 10 um forskolin (A), or both drugs
(). (A) Cell volume of suspended HT29-C, cells was measured as
described in Fig. 1 and Materials and Methods. Results from a single
representative experiment are shown in the figure. Compiled results
from five experiments are presented in results. (B) At the indicated
times, cells on plastic dishes were processed for measurement of cell
chloride content. HT29-C, cell extracts were measured using a chloride
titrator as described in Materials and Methods. Results in B are mean
+ sem of five observations.

cAMP activated chloride fluxes in either the undifferen-
tiated or differentiated state [31].

Measurements of cell volume and cell chloride con-
tent were used to test whether cAMP changed net ion
content when chloride was kept constant in the medium.
As shown in Fig. 3A, the volume of unstimulated cells
was not significantly affected by 10 min exposure to 100
UM bumetanide (an inhibitor of Na/K/2Cl cotransport
[27, 28] (7 £ 8 fl shrinkage observed in five prepara-
tions). Over the same time course, bumetanide had a
larger effect in cells simultaneously exposed to forskolin
(32 £ 8 fl, P = 0.02 vs. effect of bumetanide alone in
paired measurements). This suggests the forskolin acti-

D.M. Fine et al.: Cyclic AMP Stimulated Chloride Fluxes in HT29-C,

vated net osmolyte uptake via a bumetanide-sensitive
transporter. Qualitatively similar results were observed
with | mM furosemide, another inhibitor of Na/K/2Cl
cotransport (data not shown). The effect of bumetanide
was corroborated by measurements of cellular chloride,
shown in Fig. 3B. The chloride titrator assay confirmed
that bumetanide-sensitive chloride efflux (net loss of 2 +
10 nmol CI"/mg protein after 10 min drug exposure, n =
5 experiments) was significantly larger (P = 0.002) in the
presence of forskolin (56 = 7 nmol Cl7/mg protein, n = 5
experiments).

As described below, the magnitude of forskolin-
sensitive chloride loss suggests that cAMP also activates
a net chloride efflux pathway which is bumetanide-
insensitive. Forskolin causes a 5.4 + 0.8 percent cell
shrinkage (10 min time point, n = 5 preparations). If cell
chloride redistributed passively with this reduced cell
water content (i.e., if the final intracellular [Cl7] was the
same in forskolin-treated cells), a 5% decrease of cell
chloride content should be observed. However, a 14 + 2
percent decrease was observed (n = 9). In the presence
of bumetanide, an even larger discrepancy was noted
between the predicted effects of forskolin on passive
chloride loss (8%) vs. the observed loss of 41 * 13 per-
cent cell chloride (n = 3). These results strongly suggest
that intracellular chloride concentration decreases after
forskolin exposure, despite cAMP activation of chloride
uptake via bumetanide-sensitive transport. These results
are most easily explained by cAMP activation of a bu-
metanide-insensitive chloride efflux mechanism.

PoLaRITY oF CHLORIDE FLUXES IN RESTING AND
cAMP-stimuLATED HT29-C; CELLS

Confluent cells grown on membrane filters were loaded
with a chloride-sensitive indicator dye (SPQ) [21] and
studied in a chamber which allowed separate superfusion
at the apical vs. basolateral surfaces [29, 39]. Experi-
ments started after cells were preincubated in nitrate me-
dium. As shown in Fig. 4, SPQ fluorescence was
strongly quenched by addition of basolateral, but not
apical, CI". Subsequent removal of apical CI” also had
no effect on SPQ fluorescence, even though addition of
a strongly quenching anion (130 mm SCN) demonstrated
that significant anion-sensitive fluorescence was still
present. Since a decrease in SPQ fluorescence indicates
increased cellular [CI7], results suggest that only the ba-
solateral membrane is permeant to chloride in unstimu-
lated HT29-C, cells. As shown in Fig. 5, basolateral
chloride permeability was diminished by 1 mm furose-
mide, suggesting that basolateral Na/K/2Cl cotransport
mediated chloride uptake across the basolateral mem-
brane. The more potent inhibitor bumetanide could not
be used in these experiments, because bumetanide fluo-
rescence in the medium interfered with quantification of
cellular SPQ fluorescence (data not shown).

As described below, results suggested that forskolin
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HT29-C, cells. Cell monolayers grown on
permeable filter supports were exposed overnight
to 10 mM SPQ in culture medium. The following
day, cells were preincubated in nitrate medium
for 60 min prior to experimental use. Dye-loaded
cells were mounted in a chamber which allowed
independent perfusion of the apical (A) and
basolateral (BL) cell surfaces [25), and
fluorescence measured using a digital imaging
microscope as described in Materials and
Methods. During the experiment, cells were
exposed to nitrate medium (NO,), chloride
medium (Cl) or medium in which 130 mm
sodium thiocyanate replaced 130 mM NaCl in
chloride medium (SCN). Results are the average
fluorescence of 20 randomly selected cells in the
monolayer, and are normalized (as described in
Materials and Methods) to compensate for
variability in dye loading between cells.
Qualitatively similar resuits were observed in
five experiments.
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increased an apical membrane chloride permeability
which was furosemide-insensitive. As shown in Fig. 6,
varying chloride concentrations in the apical superfusate
caused larger changes in SPQ fluorescence after addition
of forskolin. This suggests that cAMP increased apical
membrane chloride permeability. In Fig. 7, the entire
experiment was performed in the presence of 10 um for-
skolin in all perfusates. In this condition, removal of
apical chloride stimulated an increase of SPQ fluores-
cence (chloride efflux) which was not inhibited by addi-
tion of 1 mm furosemide to the apical perfusate.

CoNTRIBUTION OF CHLORIDE TO CELL VOLUME: EFFECTS OF
MEDIUM CHLORIDE REMOVAL

Previous results suggested that cellular sodium and po-
tassium were present at a total of =500 nmol/mg protein

Fig. 5. Furosemide inhibits basolateral chloride
permeability in HT29-C, cells. Monolayers of
SPQ-loaded cells on filters were studied as
described in Fig, 4. At the indicated times | mm
furosemide was added to basolateral perfusates.
Results are the average fluorescence of 20
randomly selected cells in the monolayer, and are
normalized (as described in Materials and
Methods) to compensate for variability in dye
loading between cells. Qualitatively similar
results were observed in three experiments.

[38]. If these cations are assumed to contribute 130 mm
to cellular contents, then values of total chloride content
(214 £ 7 nmol/mg protein, n = 25) indicate a chloride
concentration of 56 mum in unstimulated cells. Values of
cell chloride content and cell volume from Fig. 2 esti-
mate that intracellular {Cl] is reduced to 51 mwm after 10
min forskolin stimulation, or 36 mMm in the presence of
bumetanide plus forskolin.

To establish the relationship between intracellular
chloride content and cell volume, both parameters were
measured in paralle] during successive lowering of me-
dium chloride (Fig. 8). As shown in Fig. 84, net loss of
cell chloride followed iso-osmotic substitution of me-
dium chloride by either gluconate or nitrate. In the pres-
ence of either substitute anion, loss of cell chloride was
correlated with cell shrinkage (Fig. 8B), but less shrink-
age was observed in the presence of nitrate (presumably
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. Fig. 7. Forskolin-stimulated apical membrane
chloride permeability is insensitive to furosemide.
Monolayers of SPQ-loaded cells on filters were
studied as described in Fig. 4. Ten micromolar
forskolin was present in all apical and basolateral
perfusates. Results are the average fluorescence of
20 randomly selected cells in the monolayer, and
are normalized (as described in Materials and
Methods) to compensate for variability in dye
loading between cells. At the indicated time, 1 mMm
furosemide was added to the apical perfusate.
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because entry of nitrate partially compensated for chlo-
ride loss). The decrease in chloride content and cell vol-
ume after one hour incubation in chloride-free media was
used to calculate the residual chloride concentration; 13
mM in gluconate medium, 10 mM in nitrate medium.

Flame photometry measurements of cellular K* and
Na" content [38] demonstrated that chloride depletion in
gluconate medium did not greatly disturb cellular content
of monovalent cations., The K™ and Na* content of rest-
ing cells (475 * 28 nmol K*/mg protein and 26 + 2 nmol
Na'/mg protein, n = 12) was only decreased slightly
following 60~120 min in gluconate medium (to 436 + 25
nmol K*/mg protein and 22 + 1 nmol Na*/mg protein).

These experiments suggest that (i) cell chloride is a
major determinant of cell volume, (ii) cell volume can be
used as a sensitive indicator of intracellular C1™ levels
when gluconate is used as a substitute anion, and (iii) 60
min incubation in chloride-free medium depletes cells of
80% of cell chloride, and lowers intraceliular chloride
concentration at least fourfold.

Similar results were observed in five experiments.

ASYMMETRY OF CAMP-ACTIVATED,
BUMETANIDE-INSENSITIVE C1™ FLUXES

Following chloride depletion, cells regained normal vol-
ume when returned to chloride medium. As shown in
Fig. 94, bumetanide blocked this reswelling, suggesting
that the Na/K/2Cl cotransporter was responsible for re-
uptake of osmolytes under these conditions. This was
corroborated by measurements of bumetanide-sensitive
chloride uptake during the reswelling phase (Fig. 9B).
Combined with earlier experiments (Figs. 4 and 5), these
results suggest that a major mechanism for chloride up-
take in unstimulated cells is a basoclateral bumetanide-
sensitive transporter.

As shown in Fig. 9B, a slow bumetanide-insensitive
chloride uptake was observed when chloride-depleted
cells were reexposed to chloride, but this pathway was
not affected by forskolin. In addition, there was no sig-
nificant bumetanide-insensitive cell volume change stim-
ulated by forskolin (Fig. 9A). These results were surpris-
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Fig. 8. Effect of medium anion substitution on cell chloride content
and cell volume. HT29-C, cells (in suspension or on plastic dishes)
were incubated 60 min at 37°C in chloride medium (@) or media in
which the chloride had been replaced mol:mol either by NO; (A) or
gluconate (). At the end of the incubation, cell volume (suspensions)
and cell chloride content (plastic dishes) was determined. Results are
presented as the mean = SEM of 4-6 measurements. (A) Intracellular
chloride content is presented vs. the amount of chloride in the incuba-
tion medium. (B) Cell volume is plotted vs. cell chloride content. Re-
sults are normalized to the respective values of these parameters in
chloride medium. Each symbol compiles results from a single concen-
tration of medium chloride from the upper graph (with the exception
that cell volume was not determined for 20 mm [Cl]). As shown,
chloride depletion is correlated with cell shrinkage, but results differ
based on choice of NO, vs. gluconate as a substitute anion.

ing because of prior observations in chloride-replete
cells: of cAMP-stimulated, loop diuretic-insensitive net
chloride efflux (Figs. 2, 3 and 6), and influx (Fig. 6).
Using chloride-depleted cells, we had anticipated that
forskolin would stimulate a large net chloride uptake due
to the fourfold steepening of the inward chloride gradient
caused by chloride depletion. Experiments were pursued
to reconcile these observations.

Experiments tested different cAMP agonists, and
verified the effects of forskolin on cellular cAMP levels
in different conditions. No stimulation of bumetanide-
insensitive chloride uptake or swelling was observed
when chloride-depleted cells were exposed to 0.1 mm
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Fig. 9. Chloride-depleted cells regain both cell volume (A) and cell
chloride (B) when returned to chloride medium. Control cells were
preincubated in chloride medium and maintained in chloride medium at
time zero (@). All other cells were Cl™-depleted by 60 min preincu-
bation in gluconate medium. Some chloride-depleted cells were main-
tained in gluconate medium at time zero {{J), whereas others were
exposed to chloride medium (M, A, A). At time zero, some cells were
additionally exposed to 10 um forskolin (A), and/or 100 pum bumet-
anide (A, A). Results from representative experiments are shown, but
qualitatively similar results were observed in either five (A) or four (B)
experiments.

IBMX plus 10 um forskolin, 0.1 mm dibutyryl cAMP, or
1 mM 8-Br-cAMP (data not shown). Further experi-
ments verified that forskolin could elevate cAMP in
chioride-depleted cells. The Table shows that cAMP
levels were elevated similarly by forskolin in both chlo-
ride-replete and chloride-depleted cells. These results
suggested that forskolin was an appropriate agonist in
chloride-depleted cells, and that alternative means of
stimulating the cAMP signal transduction pathway gave
equivalent results.

Experiments were designed to test whether cell
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Table 1. Intracellular cAMP levels in HT29-C, cells
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Preincubation Addition at t = 0 cAMP level at t = 1 min
medium (pmol cAMP/mg protein)
Chloride 2.8x0.5

Chloride + Forskolin 194+0.7

Gluconate 2.1+04

Gluconate + Forskolin 14 +£2

Gluconate Chloride + bumetanide 1.1x0.1

Gluconate Chloride + bumet + forskolin 27 0.1

HT29-C1 cells on plastic coverslips were preincubated in either gluconate or chloride medium (as
indicated) for 60 min. Following preincubation, medium was changed at time zero as indicated in the
second column. At time zero, cells were either maintained in the same medium salts as during the
preincubation, or switched from gluconate to chloride medium. In addition, some cells were exposed
to 10 uM forskolin and/or 100uM bumetanide at time zero. After 1 min incubation, cells were
processed for cAMP measurement via radioimmunoassay, as described in Materials and Methods.

Results are presented as mean + SEM of four observations.

shrinkage, or the use of gluconate as a substitute anion,
inhibited the cAMP-stimulated bumetanide-insensitive
CI™ flux route. Cells preincubated in nitrate medium had
equivalent chloride depletion vs. cells preincubated in
gluconate, but nitrate-preincubated cells only shrink 10%
(compare to 26% shrinkage after gluconate preincuba-
tion, see Fig. 8). As shown in Fig. 104, nitrate-pre-
incubated cells gave qualitatively similar results as glu-
conate-preincubated cells; there was no forskolin-
stimulated, bumetanide-insensitive volume change when
cells were returned to chloride medium. However, re-
sults were different when cells preincubated in chloride
medium were rapidly shrunken to the same extent as
nitrate-preincubated cells (by exposure to a hypertonic
chloride medium supplemented with 40 mm sucrose).
As shown in Fig. 10B, cells in hypertonic media contin-
ved to demonstrate forskolin-stimulated chloride efflux.
These results suggest that the forskolin-stimulated, bu-
metanide-insensitive transport route could still function
in shrunken cells.

Experiments were performed to test whether cation
conductance limited chloride uptake into chloride-
depleted cells. Neither increased sodium permeability (2
uM gramicidin D), nor increased potassium permeability
(10 pum valinomycin) stimulated osmolyte uptake via the
bumetanide-insensitive flux route (Fig. 11). In the pres-
ence of valinomycin, potassium efflux may compensate
for chloride influx and cause volume change to be min-
imal, therefore parallel measurements of chloride re-
uptake were performed. In chloride-depleted cells ex-
posed at time zero to forskolin and bumetanide in chlo-
ride medium, there was no difference in the rate of
chloride reuptake in the absence vs. presence of valino-
mycin (6 £ 2 nmol chloride uptake/min/mg protein and 5
+ 2 nmol chloride uptake/min/mg protein, respectively; n
=5). These results suggest that cation conductance does
not limit chloride flux.

Experiments were performed to test whether mem-

brane potential limited chloride influx. We first studied
depolarized cells with normal chloride content (chloride-
replete cells), assuming that if we could demonstrate
electrogenic chloride uptake, then cells depleted of chlo-
ride would have a larger driving force for net chloride
entry (due to the fourfold larger inward chloride gradi-
ent) in the same medium. As shown in Figure 124, when
chloride-replete cells were exposed at time zero to high
potassium (135 mm) and bumetanide in the medium we
observed a slow swelling which was not affected by
addition of valinomycin. In contrast, forskolin stimu-
lated bumetanide-insensitive swelling which was further
enhanced by addition of valinomycin. This suggests that
forskolin activates an electrogenic, bumetanide-
insensitive osmolyte uptake in chloride-replete cells.

Using a related depolarization protocol we deter-
mined the apparent permeability of several anions for the
forskolin-stimulated flux route observed in Fig. 12A.
Cells preequilibrated in chloride medium were added to
different high potassium media (with valinomycin and
bumetanide) in which 130 mm chloride was replaced
mol:mol by Br~, I, or NO;~. Volume was measured at
the indicated time points, and results presented as the
volume difference between the presence vs. absence of
forskolin at each time point. Results were compared to
the swelling observed when cells were incubated in stan-
dard potassium medium containing chloride as primary
anion. A forskolin-stimulated volume decrease sug-
gested that chloride loss was faster than uptake of an
alternative anion from the medium. As shown in Fig. 13,
the relative anion permeability of the forskolin-
stimulated, bumetanide insensitive flux was CI” = Br™ >
NO; > 1T

Results were different when the depolarization pro-
tocol was applied to chloride-depleted cells. As shown
in Fig. 12B, forskolin-stimulated osmolyte uptake was
negligible in early (< 20 min) time points, either in the
presence or absence of valinomycin. However, signifi-
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Fig. 10. Effect of anion substitution and cell shrinkage on cAMP ac-
tivation of the bumetanide-insensitive osmolyte flux. Cell volume was
followed vs. time as described in Fig. 1. Control cells were preincu-
bated in chloride medium and maintained in chloride medium through-
out the experiment (@). (A) Cells were Cl™-depleted by 60 min prein-
cubation in nitrate medium. At time zero, Cl-depleted cells were re-
turned to chloride medium (O, A, A). Some cells were additionally
exposed at time zero to 10 uM forskolin (4) and/or 100 uM bumetanide
(A, &). (B) At time zero, cells preincubated in chloride medium were
exposed to hypertonic medium (chloride medium plus 40 mM sucrose)
(O, A, W, A). Some cells were additionally exposed to 10 um forskolin
(3, &) and/or 100 um bumetanide (A, A) at time zero. As shown,
forskolin activates bumetanide-insensitive osmolyte efflux in shrunken
cells with normal chloride content. Results from representative exper-
iments are shown, but qualitatively similar results were observed in
three experiments with each protocol.

cant forskolin-stimulated swelling was observed at later
time points in the presence of a walinomycin voltage
clamp. Results were corroborated by measurements of
cellular CI” content made under the same gradient con-
ditions. As shown in Fig. 144, forskolin stimulates chlo-
ride uptake into cells incubated in potassium medium
plus valinomycin and bumetanide. Figure 14B compiles
four experiments performed under these conditions and
compares the forskolin-stimulated chloride uptake into
chloride-replete vs. chloride-depleted cells. As shown,
chloride-depleted cells take up significantly less chloride
at early time points. This suggests that activation of

12007

11007

1000 1

volume(femtolitres)

time (min)

Fig. 11. Increasing cation permeability does not stimulate osmolyte
uptake via the bumetanide-insensitive mechanism. Control cells were
preincubated in chloride medium and maintained in chloride medium at
time zero (@). All other cells were Cl™-depleted by 60 min preincu-
bation in gluconate medium. Some chloride-depleted cells were main-
tained in gluconate medium at time zero ([), whereas others were
exposed to chloride medium (M, O, A, A). At time zero, some cells
were additionally exposed to 2 pM gramicidin D (A), 10 uM valino-
mycin (A), and/or 100 um bumetanide (O, A, A). Results from a
single experiment are shown, representative of results from four ex-
periments.

electrogenic chloride uptake is slow and time-dependent
in chloride-depleted cells.

Discussion

In HT29 cells, CFTR expression and second messenger
regulated chloride secretion are affected by epithelial po-
larization, cellular differentiation, and cell phenotype
[30-33]. We studied net chloride transport activated by
cAMP in a single HT29 subclone, to minimize confound-
ing results by these variables. The HT29-C, subclone
maintains a differentiated and polarized phenotype in
culture [20] and has been suggested as a model for cells
transitional between crypt and surface colonocytes, be-
cause it expresses apical Na*/H" exchange [39] as well as
high levels of CFTR mRNA [30]; proteins associated
with both electroneutral sodium absorption and electro-
genic chloride secretion [15].

Results demonstrate that cAMP activates (i) bumet-
anide-sensitive chloride uptake and (ii) bumetanide-
insensitive chloride efflux in HT29-C, cells. The trans-
port sensitive to loop diuretics (furosemide or bumet-
anide) is present in unstimulated cells and is restricted to
the basolateral membrane. A bumetanide-sensitive ba-
solateral Na/K/2Cl cotransporter has been shown to be
activated by cAMP in HT29 and other epithelial cells
(23, 26, 27]. The physiologic significance of this stim-
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Fig, 12. Chloride depletion inhibits activation of an electrogenic up-
take mechanism activated by cAMP. Cells were preincubated 60 min
either in chloride medium (A) or gluconate medium (B). At time zero,
all cells were exposed to ‘KCI medium’ (containing 130 mm KCl
substituted for 130 mM NaCl in chloride medium) plus 100 M bumet-
anide. Some cells were additionally exposed to 10 pm valinomycin
(@), 10 uM forskolin (A), or both drugs (A) at time zero. As shown,
valinomycin stimulated osmolyte uptake in the presence of forskolin,
but the ability of valinomycin to stimulate uptake was diminished in
chloride-depleted cells. Results shown are from a single preparation,
with qualitatively similar results observed in three experiments.

ulation is to increase basolateral C1™ uptake, and thereby
sustain continued chloride secretion across the apical
membrane. In this work we focused on the diuretic-
insensitive chloride flux activated by cAMP. Results
suggested that this pathway was present in the apical
membrane and mediated chloride efflux in the presence
of normal ion gradients.

The molecular identity of the electrogenic, bumet-
anide-insensitive, cAMP-stimulated chloride flux path-
way can not be defined from our experiments. However,
results suggest clear similarities and differences to
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Fig. 13. The osmolyte uptake into depolarized cells discriminates be-
tween different extracellular anions. Cells preincubated in chloride me-
dium were placed into medium containing 130 mM™ salt substituted for
130 mm NaCl in chloride medium. The salt was either KCI (@), KBr
(), KNOj; (A), or KI (O). All media contained 100 um bumetanide
and 10 uM valinomycin to inhibit the cotransporter and clamp mem-
brane potential. The figure compares the difference in cell volume at
the indicated time points in the presence vs. absence of 10 um forskolin.
Forskolin-induced cell swelling (as observed in KCl medium in Fig.
12) is presented as a positive value. Results are mean * Sem of four
experiments.

known chloride channels. The flux mechanism mediates
anion uptake with preference for CI” = Br™ > NO;™ > I".
An anion specificity for CI” > I” has been reported for a
small conductance ohmic C1™ channe] observed in HT29-
19A, T84, and Caco-2 colon carcinoma cells [5, 6, &], as
well as cells heterologously expressing wild-type CFTR
[2, 3]. In HT29-19A, the conductivity series of this
channel was further defined to be CI” > NO;™ > I” [6].
The inwardly rectifying chloride channel CIC-2 has also
been shown to conduct CI™ > I" [41]. In contrast, out-
wardly rectifying conductances with a permeability se-
ries of 1 > Cl have been observed in a number of cell
types (e.g., Tsy, undifferentiated HT29 cells, airway ep-
ithelia) {25, 34, 47]. Based on perm-selectivity, the best
candidates to explain our observations are CIC-2 and the
ohmic chloride channel associated with CFTR. How-
ever, only the ohmic channel and some outward rectify-
ing anion conductances have been shown to be activated
by cAMP [5, 6, 8, 13, 16, 18, 25, 32, 44]. The observed
ion selectivity and cAMP-activation of the electrogenic
chloride flux in HT29-C,; cells are most closely corre-
lated with properties of the small-conductance ohmic
channel, associated with CFTR.

Chloride-depleted cells were unable to promptly ac-
tivate chloride uptake via the electrogenic cAMP-
activated mechanism, even in the presence of depolar-
ization and high K' permeability. Results were com-
pared to the prompt activation of forskolin-sensitive
chloride uptake when chloride replete cells were studied
in the same extracellular medium. Measurements of in-
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Fig. 14. Chioride depletion inhibits cAMP activation of chioride up-
take into depolarized cells. Cells were preincubated 60 min either in
chloride medium (0. @) or gluconate medium (A, A). Results are
mean * SEM of 4-5 experiments. (A) At time zero, all cells were
exposed to ‘KCl medium’ plus 100 pm bumetanide and 10 uMm valin-
omycin. Some cells were additionally exposed to 10 um forskolin (@,
A) at time zero. As shown, forskolin stimulated bumetanide-insensitive
chloride uptake, but the ability of forskolin to stimulate uptake was
diminished in chloride-depleted cells. (B) The results in A are analyzed
further. The figure compares the difference in cell chloride at the in-
dicated time points in the presence vs. absence of 10 pm forskolin.
Results are compiled separately for cells preincubated in chloride (@)
vs. gluconate (A) medium. The asterisk indicates statistical signifi-
cance (P < 0.02) between conditions at the indicated time point. As
shown, chloride depletion inhibits chloride uptake via the cAMP-
stimulated, bumetanide-insensitive pathway.

tracellular Na¥, K* and CI” content suggest that the dif-
ference in results could not be explained by a decreased
driving force for chloride uptake following chloride de-
pletion. Chloride depletion causes a 39 mV increase in
the chemical driving force for chloride reuptake (caused
by the predicted fourfold drop in intracellular chloride
concentration) which more than offsets the minor (-3
mV) decrease in electrical driving force caused by the
1.23-fold increase in cellular potassium concentration.
Results suggest that depletion of cell chloride inhibits
activation of cAMP-stimulated chloride flux, but that the
inhibition is relieved slowly when cells are returned to
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chloride-containing media. Results from supporting ex-
periments suggest that inhibition is not explained by lim-
iting cation conductance, cell shrinkage, choice of sub-
stitute anion, or decreased generation of cAMP in chlo-
ride-depleted cells. Our results have interpretational
limitations. It is possible that more than one chloride
transport process is contained in the functional definition
of “‘cCAMP-stimulated and bumetanide-insensitive’’
fluxes. However all such processes would have to be
similarly inhibited by chloride depletion. Alternatively,
although effects of chloride depletion were observed in
both suspended cells and cells attached to plastic, we did
not perform a similar analysis with cells on filters (be-
cause we do not have adequate quantiative tools for such
analyses). Therefore, it remains possible that chloride-
depletion may not atfect cells on filters.

Experiments suggest that some element distal to
cAMP generation is required to activate electrogenic
chloride flux. Results suggest that chloride-depletion is
likely to either (i) enhance the action of an intrinsic in-
hibitory element or (ii) decrease the effect of an activat-
ing element. It has been shown that long chain fatty
acids can act as blockers of chloride channels and may be
intrinsic inhibitors [4, 24], but it is unknown whether the
endogenous concentration of these substances in normal
or chloride-depleted cells are inhibitory. One candidate
for an activating factor is intracellular ATP, known to be
required for activation of the small-conductance ohmic
channel [1]. However, our experiments suggest that cel-
lular ATP levels are adequate during chloride depletion
to support normal cAMP generation and maintain normal
Na* and K* gradients.

Another candidate activating factor is intracellular
chloride ions. It has previously been proposed that in-
tracellular chloride regulates the ohmic chloride channel,
and a chloride channel in renal medullary membranes
{44, 46]. Chloride could potentially act allosterically on
the channels, via chloride-sensitive G-proteins [42], or
via a chloride dependence for delivery of channel pro-
teins to the apical membrane {11, 17, 33, 36]. In these
cases, the time delay required for activation of cAMP-
stimulated chloride uptake into chloride-depleted cells
may be explained by the slow reentry of chloride via
bumetanide-insensitive mechanisms (see Fig. 9B).

As discussed, the observed ion selectivity and
cAMP-activation of the electrogenic chloride flux in
HT29-C, cells are most closely correlated with proper-
ties of the small-conductance ohmic channel, associated
with CFTR. Although it is known that CFTR is ex-
pressed in HT29-C, [31], the observed properties of the
cAMP-activated flux in HT29-C, do not match those
observed in CFTR expression systems. When CFTR is
heterologously expressed in CHO or LTK™ cells [3, 44],
a cAMP-activated outward chloride current (i.e., CI” up-
take) has been observed under conditions of 11.8 mm or
10 mm intracellular CI7, respectively. In LTK- fibro-
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blasts transfected with CFIR, raising intracellular chlo-
ride from 10 to 150 mm activated outward whole-cell
currents in the absence of cAMP [44]. The effects of 150
mm CI™ could not be fully explained by kinetic activation
of the channel, since the relative activation by cAMP was
reduced in high CI". In comparison, our results demon-
strate that chloride-depletion inhibits activation. Both
results suggest a putative role for chloride in regulating
channel function. We propose that in differentiated
HT29-C, cells, chloride may interact with a (non-CFTR)
protein to regulate function of the small-conductance
ohmic channel. Results from heterologous expression
systems and unpolarized HT29 cells suggest that this
putative protein may not be expressed in all cell types (3,
44] and could be involved in CFTR trafficking {11, 33,
36]. Independent of mechanism, our results suggest that
loss of cell chloride limits cAMP activation of an elec-
trogenic chloride flux pathway. Such a mechanism
would be beneficial to chloride secretory cells to limit
the opening of apical chloride flux pathways when cel-
lular chloride content is too low to support vectorial se-
cretion,
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