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A N a + / K  + / C l -  cotransport pathway has been examined in the FAT29 human colonic a~en~earcinoma cell 
line using ~ R h  as the K congener. Ouabain-resistant bumetanide-seRsitive (OR-BS) K ÷ influx in attached 
HT29 cells was 17.9:!:0.9 nmoi/min per mg protein at 25°C. The identity of this pathway as a 

Na + / K  + /CI  - cotranspevter has been deduced from the following findings: (a) OR-BS K + influx ceased if 
the external O - ( O ~ - )  was replaced by NO3" or the external Na + (Na~') by choline; (b) neither OR-BS 
UNa+ nor 36G- influx was detectable in the ab~mce of external K + ( K ~ ) ;  mid (e)  cencomit~t 
measurements of URb+, 2ZNa+, and ~ C i -  influx ind|cated that the sto|chlometTy of the c o ~ s p o ~  system 
approached a ratio of 1N + : 1K ÷ : 2 0  -. In addition, OR-BS K ÷ influx was exquisitely sensitive to cel|~ar 
ATP levels. Depletion of the normal ATP content of 35-40 nmol/mg protein to 10-IS ~ o l / m g  protein, a 
concentration at which the ouabain-sensitive K + influx was unaffecte~ completely a~| ished K ÷ cot~ampO~o 
OR-BS K + influx was dightiy reduced by the diva|ent cations CaZ+~ Ba2÷~ Mg 2÷ a~d ~Ln 2÷. Although 
changes in cell volume, whether sh~nldng or swelling, did not influence OR-BS K + influx, ouabain-sensitive 
K + influx was activated by cell swe||ing. As in T ~  cells, we foimd that the OR-BS K + inflwz in HT29 ceils 
was stimulated by exogenous cyclic AMP analogues and by augmented cyclic AMP content in response to 
vasoactive intestinal peptide, forskolin, norepinephrine and forskolin or prostagIan~in E a. 

l|n~reduction 

A quaternary cotransport system for Na +, K + 
and CI- has now been extensively investigated in 

Abbreviations: DIDS, 4,4'-diisothiocyanostilbene-2,2'-di- 
sulfonic acid; FSK, forskolin; PGE 1, prostaglandin El; NE, 
norepinephrine; FSK, forskolin; FIP, vasoactive hatestinal 
pepfide; BSS, balanced salt golution, DMEM, Dulbecco's mod- 
ified Eagle's medium; HPLC, ~gh-performance l/quid chro- 
matography; Hepes, ~b(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; O, ouab~fin; B, bumetan/de; R,-resistant; S, 
-sensitive. 

Correspondence: H.D. Kim, Department of Pharmacology, 
School of Medicine, University of Missouri-Columbia, Col- 
umbia, MO 65212, U.S.A. 

both epithdial and non-epithdial ceils [10,24]. Re- 
cent work on the cotransport pathway reveals 
common salient features which include a stringent 
interdependency of the transported species and a 
narrow substrate specificity [3,20]. Thus, K ÷ in- 
flux by the cotransport pathway ceases in the 
absence of either Na ÷ or CI-. Lithium has been 
fourd to be a poor substitute for sodium [11,32] 
and the anions which can participate in cotrans- 
port are 1/mited to chloride or bromide [12,29]. 
Cotransport is inhibited by several loop diuretics 
including bumetanide and the less potent fur- 
osemide. 

Recently, Haas et al. [12] have shown that ion 
flux by the cotransport pathway is not affected 
over a wide membrane potential range in duck red 
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cells treated with DIDS and valinomycin. Thus, in 
most, but not all cases [13], the cotransport path- 
way mediates the electrically neutral movement of 
ions with a stoichiometry of 1 : 1 : 2 for Na +, K +- 
and CI-, respectively [10]. The activity of the 
cotransport system is dependent not only on the 
net driving force established by the sum of chem- 
ical potential ~adients of all participating ion 
species across the cell membrane [14], but also on 
effects elicited by the generation of intracellular 
second messengers. An intriguing finding is that 
increased levels of cyclic AMP cause an inhibition 
of Na+/K+/CI  - cotransport in some cells and a 
stimulation in others [9,26,29,30]. This diametric 
regulation has also been observed with cyclic GMP 
which is produced in response to atrial natriuretic 
factor [22,23,25]. In addition, phorbol esters, most 
likely acting through stimulation of protein kinase 
C, elicit either inhibition [21] or stimulation [27,31] 
of cotransport, depending on the cell type. 

In intestinal epithelia, the N a + / K + / C I -  
cotransport system has been implicated in trans- 
cell~ar salt transport. Recently, two cell lines 
derived from human colonic cancer cells, T84 and 
HT29, have been used as models for studying 
epithelial cells. While T84 cells have been exten- 
sively characterized with respect to membrane 
transport processes, including N a + / K + / C I -  
cotransport [4], cyclic AMP-activated chloride 
transport [18] and cyclic AMP- and Ca 2+-activated 
K + transport [19], relatively little is known about 
the ion transport properties of HT29 cells. On the 
other hand, HT29 cells have been widely used for 
the identification and characterization of plasma 
membrane receptors for a variety of hormones 
and neurotransmitters, including insulin [7,8], 
vasoactive intestinal peptide (VIP) [1,33] and a2- 
adrenergic agonists [2,34]. 

In this paper, we present evidence for the pres- 
ence of a Na+/K+/CI  - cotransport pathway in 
H'I29 cells. In addition, the possible regulation of 
the cotransporter by cyclic AMP was investigated 
by taking advantage of the wide range of cyclic 
AMP levels that can be produced in HT29 cells 
[15,16,34]. Both the elevation of intracellular cyclic 
AMP by VIP, forskolin (FSK), prostaglandin E 1 
(PGE1), or by sequential treatment with 
norepinephrine (NE) and forskolin and the ad- 
dition of exogeneous cyclic AMP analogues re- 

suited in a stimulation of cotransport in HT29 
cells. 

Materials and Methods 

Cell culture 
HT29 cells from a huma~l colonic adenocar- 

cinoma [6] were grown as previously described 
[8,34] in DMEM supplemented with 5% fetal 
bovine serum and 5% newborn bovine serum in 
75-cm 2 tissue culture flasks in a humidified atmo- 
sphere of 5~ CO2/95% air. Confluent cultures 
were subcultured with 0.05% trypsin/0.01% EDTA 
into either 35-ram diameter tissue culture dishes or 
24-well multiwell plates at a density of 5.104 cells 
per cm 2 and grown to confluence with the medium 
being replaced every other day. Confluent cultures 
were used on days 6 to 9 of growth with the final 
medium change being no longer than 24 h before 
use .  

K +-influx determinations 
K + influx was measured using S6Rb as a K 

congener in HT29 cells that had received fresh 
medium the previous day. Cells were washed twice 
with DMEM containing 20 mM Hepes buffer (pH 
7.4) (DMEM-Hepes) and were maintained at room 
temperature in the same medium for 90 rain. Cells 
were then washed with 0.15 M NaCI and either 0.9 
ml (35-mm dishes) or 0.27 ml (24-well plates) of a 
balanced salt solution (BSS) composed of (raM): 5 
KC1/136 NaCI/5 glucose/1 sodium phos- 
phate/10 Tris-Hepes buffer (pH 7.4) which was 
added to each dish. Ouabain was added at a final 
concentration of 0.2 mM to one set of dishes and 
0.2 mM ouabain plus 0.1 mM bumetanide was 
added to a second set, unless otherwise noted in 
the figure legends. The third set received carrier 
only (dimethyl sulfoxide, 0.2~ v / v  final con- 
centration). All dishes were then preincubated for 
10 win at room temperature. To initiate the flux 
measurements, either 0.1 ml (35-ram dishes) or 
0.03 ml (24-well plates) of BSS containing 86Rb 
was introduced to give a final radioactivity of 1-2 
~tCi per dish. At frequent intervals, the medium 
was removed by aspiration and the cultures were 
rapidly washed two or three times with ice-cold 
0.15 M NaCI. As StRb influx in the presence or 
absence of uptake inhibitors was found to be 
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linear up to 10 rain (Fig. 1), subsequent measure- 
ments were made using a 5-rain influx period. The 
cells were then lysed with 1 rnl of 0.2 M NaOH, 
which was transferred to a scintillation vial along 
with a subsequent 1 ml distilled water wash. After 
neutralization with 0.2 ml of 1 M HCI and ad- 
dition of 18 ml of Budget-Solve, the radioactivity 
was measured by liquid-scintillation spectroscopy. 
To determine the level of retained extracellular 
radioactivity, cells were washed and lysed im- 
mediately after S6Rb exposure. These values, 
amounting to 0.2~ of total radioactivity per dish, 
were routinely determined in each experiment and 
used for the correction of radioactivity associated 
with the cell pellet. All determinations were made 
in duplicate. Flux values are expressed per mg 
cellular protein as determ/ned by the procedure of 
Lowry [17]. 

In experiments where ion composition was 
varied, the figure legends indicate specific changes. 
The stoichiometry of Na +, K + and Cl- cotrans- 
port was determined by measuring 24Na+ (or 
2'Na+), SeRb+ and 36CI- influx, respectively. 
These measurements were carried out concur- 
rently by the same procedure used for 86Rb up- 
take except that a l-rain influx time period was 
used and the final radioactivity of the appropriate 
isotope was 2-3 pCi per dish. 

Cell A TP determination 
The cellular ATP content was determined 

according to the procedure described elsewhere 
[8]. Briefly, the cells were extracted with 0.3 ml of 
2.5 M perchloric acid and the extract was neutral- 
ized to pH 6.9-7.3 with 6.5 M K2CO 3. The ATP 
content of the perchloric acid extract was 
determined ,~y HPLC. 

Sources of materials 
S6Rb+, 22Na+ and 36C1- were purchased from 

New England Nuclear Corp. (Boston, MA). 24Na + 
was obtained from the University of Missouri 
Research Reactor facility. Furosemidc was 
purchased from Aldrich Chemical Co. (Milwau- 
kee, WI). Bumetanide was a generous gift from 
Dr. Peter Sorter of Hoffmann LaRoche Co. (Nut- 
ley, N J). VIP was obtained from Peninsula labora- 
tories (Bermont, CA). PGEt, 2-deoxyglucose, 8- 
bromo-cyclic AMP and NE were purchased from 

Sigma Chemical Co. (St. Louis, MO) and FSK 
was purchased from CalbiochemoBe~aiag (La Jolla, 
CA). Scra, trypsin and 24-wel1 tissue culture plates 
were obtained from Gibco Laboratories (Grand 
Island, NY), DMEM was purchased from KC 
Biolog/cals Inc. (Lenexa, KS) and Falcon 35-ram 
tissue culture dishes were from Fisher Scientific 
Co. (St. Louis, MO). Budget-Solve was purchased 
from Research Products International Corp. (Mr. 
Prospect, IL). 

Results 

g + influx 
The time-course of K + influx in the presence or 

absence of ouabain or ouabain and bumetan/de in 
HT29 cells is shown in Fig. 1. Total K + influx was 
found to be linear up to 10 nfin. In preliminary 
experiments, it was deter~fined that preincubation 
with ouaba/n for at least 10 rain was necessary in 
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Fig. 1. Time-course of K + influx in the presence or absence of 
bumetanide and/or  ouabain in HT29 cells. After removing the 
growth medium. HT29 cells were allowed to equilibrate in 
DMEM-Hepes buffer (pH 7.4) for 90 rain at room tempera- 
ture. Cells were then preincubated for 10 rain without drug. 
with 0.2 mM ouabain or with 0.2 mM ouabain plus 0.1 mM 
bumetanide in a balanced salt solution (BSS) composed of 
(raM): 5 KCI/136 NaCl/5 glacose/l sodium phosphate/10 
Tris.Hcpes buffer (pH 7.4). BS$ containing S6Rb + was then 
added to give a final radioactivity of I-2 ~zCi/dish. Uptake 
was stopped at the indicated times and the cell.associated 
radioactivity was determined. No inhibRors (open circles); 
ouabain (closed circles); ouabain plus bumetanide (triangles). 
Data shown are from a representative experiment performed in 

duplicate and repeated four times. 
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TABLE I 

K + INFLUX IN HT29 CELLS 

K + influx was measured in control cells as stated in the 
Materials and Methods. The values presented are the mean 4- 
S.E. of the number of experiments shown in parentheses. 

Influx pathway m o l / m i n  per mg protein 

Ouabain.sensifive K + influx * 

Ouabain.resistant bumetanide- 
sensitive K + influx 

4.74-0.6 
(n = 56) 

17.94-0.9 
(n = 69) 

" As stated in the text, from 69 determinations 13 measure- 
ments, which exhibited no measurable OS K + influx, are 
excluded. 

order to fully inhibit ouabain-sensitive (OS) K + 
influx. Since 0.2 mM ouabain was maximally ef- 
fective in inhibiting OS K + influx (data not 
shown), we routinely used a 10-rain preincubation 
with 0.2 mM ouabain in measering N a + / K + / C I -  
cotransport activity. For reasons which are not 
entirely clear, the magnitude of the OS K + influx 
was highly variable. Some HT29 cell passages had 
little or no measurable active K + influx. From 69 
determinations, 13 measurements showed no 
detectable active K + influx (Table I). However, 
regardless of the magnitude of active K + influx, 
the addition of either bumetanide or furosemide 
to ouabain-pretreated cells resulted in a virtual 
abolition of K + influx in every case (Fig. 1), 
implying that K ÷ entry is mediated to a large 
extent by the ouabain-resistant (OR) diuretic-sen- 
sitive pathway. The OR diuretic-insensitive com- 
ponent, which is presomed to reflect a leak path- 
way, represents a minute fraction of the total K + 
influx. 

Diuretic dose-response relationship 
As is the case for most cell types, bumetanide 

was more potent than furosemide in inhibiting OR 
diuretic-sensitive K + influx in HT29 cells. The 
half-maximal inhibi tory concentra t ions  of 
bumetanide and furosemide were approx. 0.5 pM 
and 7/~M, respectively, as shown in Fig. 2. In all 
subsequent experiments, 0.1 mM bumetanide was 
used to define OR diuretic-sensitive K + influx. 

Effects of external, K +, Na + and C!"  on OR-BS  
K + influx 

Fig. 3A shows OR-BS K + influx as a function 
of external K + (Ko+). External Na + and C I - w e r e  
held constant at 105 and 136 raM, respectively. 
External K + was varied by replacement with tetra- 
methylammoniurn chloride. The Vma x was 18.4 
nmol/mha per mg protein with a K= for K + of 
2.5 raM, similar to previously reported K m values 
in other systems of 1.5-10 mM [3,13,20,26,28,35]. 

Figs. 3B and C show the absolute dependency 
of OR-BS K + influx on external Na + (Nao +) and 
CI-  (CI o), respectively. When external N a + con- 
centrations were varied, the isotonicity of BSS was 
maintained with tetramethylammonium chloride. 
With the media K + and CI-  being held constant 
at 5 and 141 mM, respectively, raising the [Na+]o 
resulted in a progressive increase in K + influx 
with saturation taking place near 25 mM (Fig. 
3B). Vm= , was 10.7 nmol /min  per mg protein with 
a K m for Na + of 3.9 raM. 

External chloride was varied with isotonicity 
maintained by replacement with NO 3 . The media 
Na + and K + were held constant at 131 and 5 raM, 
respectively. As [Cl-]o was raised, OR-BS K + 
influx increased linearly, with no apparent satura- 
tion up to 116 mM [C.1-]o (Fig. 3C). A compara- 
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Fig. 2. Cont~ntration-dependent inhibition of ouabain-re- 
sistant K + influx by loop diuretics in HT29 cells. The experi- 
mental conditions were similar to those described in Fig. 1, 
except that cells were preincubated for 10 min in BSS in the 
presence of 0.2 mM ouabain and the indicated concentrations 
of bumetanide (open circles) or furosemide (closed circles). K + 
uptake was deterwJned after a 5-min influx period. The data 
shown are from a representative experiment performed in 

duplicate and repeated two times. 
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Fig. 3. Dependence of OR-BS K + influx on [K + ]o, [ Na+ ]o 
and [Cl-]o-  (A) Effect of external K + on OR-BS K + influx. 
The Na + and e l -  content in BSS were reduced to 105 mM and 
136 mM, respectively. TLe K + concentration was varied with 
the isotonicity and CI-  content being maintained with tetra- 
methylanunonium chloride. Values shown are the mee.n ± S.E. 
of two or four experiments, each performed in duplicate. (B) 
Effect of external Na + on OR-BS K + influx. The medium 
composition was the same as in Fig. 1, except that the isotonic- 
ity and CI -  content at the various Na + concentrations were 
maintained with tetramethymmmonium chloride. Values shown 
are the mean±S.E,  of three or four experiments, each per- 
formed in duplicate. (C) Effect of external CI-  on OR-BS K + 
influx. The CI -  concentration in BSS was varied by replace- 
ment with N O r ,  while the Na  + and K + content were held 
constant at 131 mM and 5 mM, respectively. Values shown are 
means ± S.E. of four experiments, each performed in duplicate. 

ble observation has been reported in BALB/c  3T3 
preadipose cells [21]. As expected, ouabain-sensi- 
tive K + influx was not influenced by changes in 
chloride concentration (data not shown). 

As shown in Fig. 3, OR-BS K + influx ceases in 
the absence of external Na + or CI-. In addition, 
bumetanide-sensitive inflm: of both Na + and CI- 
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was drastically reduced in me absence of external 
K + (data not shown). 

Estimaiio.~ of the stoichiometry of cotransport 
To determine the stoichiometry of cotransport, 

concurrent measurements of OR-BS influx of 
86Rb+, 24Na+ and 36Cl- were made. The results of 
five experiments revealed a N a + / K + / C I -  
stoichiometry of 0.9 ± 0.2: 1.0 : 1.8 :t: 0.3 with the 
K + value set to 1.0. Taken with the results 
described above, these findings suggest the pres- 
ence of a N a + / K + / C 1 -  cotransporter in HT29 
cells and ~l~a~ the stoiclfiometry cf the ~,otrans- 
porter is 1Na + : 1K + : 2C1-. 

Lack of volume activation 
Changes in cell volume did not affect OR-BS 

K + influx. However, cell swelling did stimulate 
active K + influx as shown in Table II. 

A TP dependence of OR-BS K + influx 
Although N a + / K + / C I -  cotransport is known 

not to be catalyzed by the hydrolysis of ATP [I1], 
it is nonetheless dependent on ATP content in 
many cell types [28]. Fig. 4 shows ~he dependency 
of HT29 cell cotransport on ATP content, wMch 
was manipulated by the treatment of cells with 
2-deoxyglvxose. With ATP depletion, cotransport 
was progressively reduced and was not detectable 
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Fig. 4. ATP dependence of K + influx. The experimental 
conditions were similar to those in Fig. 1, except that ceils were 
preincubated with BSS containing 5 mM 2-deoxyglucose, in- 
stead of glucose, for various time periods to deplete the cellular 
ATP content. K + influx was then determined as stated Jn the 
Materials and Methods in the presence of 2.deoxyglucose. 
ATP levels were measured from a perchlone acid extract 
of several dishes just prior to the influx assay. Data points 
shown are the means of duplicate determinations from tl~ee 

experiments. 
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TABLE II 

K + INFLUX IN RESPONSE TO CHANGES IN CELL VOLUME 

K + influx was measured as stated in the Materials and Methods section, except that cells were preincubated for ,.~ rain in a modified 
BSS solution. The Na + and CI- content of BSS were reduced to 85 mM and ~he osmolarity of the medium was varied by addition of 
sucrose. Cells remained in this medium during the 5-min influx assay. The values shown are the mean + S.E. of four experiments, each 

performed in duplicate. 

Influx pamway Osmolarity (mcslVO 

200 300 400 

Ouabain.sensitive K + influx 
Ouabain.resistant bumetanide-sensitive K ÷ influx 

12.3~0.3 2.4±1.8 2.4~0.4 
18.2±0.3 20.6±1.5 22.9±1.2 

near 10 nmol ATP/mg  protein (B), a concentra- 
tion at which K + influx by the active transport 
pathway was still fully operational (A). 

Dit,alent cation dependency 
Fig. 5 illustrates the effects on OR-BS K + 

influx of a variety of divalent cations in the pres- 
ence of the bivalent metal ion ionophore, A23187. 
While A23187 had n~ effects on OR-BS K + in- 
flux, cotransport was decreased approx. 20~ in 
the presence of A23187 and the divalent cations 
Ca 2+, Mg 2+, Mn 2+ and Ba 2+. Data are presented 
as percent of OR-BS K + influx in control cells 
(see below). 

Effect of cyclic A M P  on OR-BS K + influx 
Fig. 6 shows the effects of the exogenously 
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Fig. 5. Effects of divalent cations on OR-BS K + influx. Cells 
were preincubated and OR-BS K + influx was measured as 
stated in the Materials and Methods. A23187 (10/~M) in the 
absence or presence of the indicated divalent cations (1 raM) 
was present d~u'ing both the lO-min BSS pretreatment and the 
5-rain uptake assay. Each value shown is the mean+ S.E. of 
duplicate determinations frem four experiments. Data is pre- 
sented as the percent of uptake in cells incubated in the 

absence of ionophore or divalent cations (see text). 

added cyclic AMP analogue, 8-bromo-cyclic AMP, 
and of various agents known to increase intracel- 
lular cyclic AMP content in HT29 cells. In addition 
to the relatively moderate increases in cyclic AMP 
in response to VIP [16,33], PGE 1 [16] and FSK 
[!5], the sensitization of HT29 cells to FSK by 
pretreatment with NE results in increases of up to 
two orders of magnitude [15]. It should be noted 
that some of these experiments were performed 
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Fig. 6. Effect of 8-bromo-cy¢lic AMP and agents that increase 
endogenous cyclic AMP levels on OR-BS K + influ×. Experi- 
mental conditions were similar to those described in Fig. 1. 
PGE 1 (10/AM) and VlP (10 nM) were added 30 rain prior to 
the initiation of the K + influx assay, whereas FSK (10/~M) 
and 8-bromo-cyclic AMP (1 mM) were added 90 rain prior to 
the influx assay. Sequential treatment with NE and FSK was 
performed as follows: cells were pretreated with 10/~M NE for 
90 rain in DMEM-Hepes, washed, and then 10/~M FSK was 
included in the 10-min BSS preinculSation. All agents tested 
(except NE) were present during the uptake assay. OR-BS K + 
influx was assayed for 5 min. Values shown are the mean + S.E. 
for duplicate or quadrupficate determinations and are ex- 
pressed as the percent of uptake in control cells (see text). The 
number of experiments for each treatment are shown in 
parentheses. PGE 1 (4), VIP (9), FSK (5), NE/FSK (8), 8- 

bromo-cyclic AMP (44). 



similarly to those presented in other figures, that 
is, in 35-ram diameter dishes. Other experiments 
included in Figs. 5 and 6, however, were per- 
formed in 24-well plates, of which each well has 
21~ of the surface area of a 35-ram dish, resulting 
in fewer cells (and lower protein) per well. Al- 
though cyclic AMP stimulators and analogues 
consistently s,~imulated and divalent cations in- 
hibited OR-BS K* influx in both types of dish, w~ 
have observed an anomalous quantitative dif- 
ference in uptake between the two types of dish 
when uptake is expressed as a function of protein 
concentration. OR-BS K + influx in 24-well plates 
was found to be 4.6 ± 0.5 nmol/min per mg pro- 
tein (n ffi 12) in control cells, or approx. 25% of 
that in 35-ram dishes. While we are investigating 
the basis for this anomaly, the data for Figs. 5 and 
6, expresse, d as a percent of the uptake activity in 
cont~-ol cells in each experiment, strongly sugges: 
regulation of Na+ /K+/CI  - cotransport in HT2~ 
cells by both divalent cations and cyclic AMP. 

Discussion 

Since their establishment in culture [6], HT29 
cells have been widely used as an epithelial cell 
model in which to characterize plasma membrane 
receptors. HT29 cells express a2-adrenergic [2,34], 
VIP [1,33] and insulin [7,8] receptors among others. 
Recently, we have shown an insulin action in 
HT29 cells in which glycolysis is stimulated by 
insulin without augmenting glucose transport [8]. 
Unlike T84 cells, which are also derived from a 
human colonic adenocarcinoma, relatively little is 
known about ion-transport characteristics in HT29 
cells. 

The fin2ings reported herein unequivocally 
demonstrate the presence of a Na+/K+/C1 - 
cotransport system in HT29 cells. This is based on 
(a) a mutual dependency among trensported 
species; (b) an inhibition of ion flux by loop 
diuretics and (c) an apparent stoichiometry of 
1Na + : 1K + : 2C1-. 

In addition, the N a + / K + / C I  - cotransporter is 
exquisitely sensitive to ATP content, in keeping 
with similar observations reported in Ehrlich 
ascites tumor cells [11] and avian red cells [28]. It 
has been shown that treatment of HT29 cells with 
VIP [16,33], PGE~ [16], FSK alone [15] or the 
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sequential treatment of these cells with NE fol- 
lowed by FSK [15] increas,~s the intracellular cycl/c 
AMP content by up to two orders of roUgh/rude. 
Both exogenously added cyclic AMP analogues, 
(8-bromo-cyclic AMP (Fig. 6) and dibutyryl-cyclic 
AMP (data not shown)), as well as increased en- 
dogenous cycl/c AMP, stimulated the cotransport 
pathway. 

The location of the cotransporter is thought to 
vary, depending on the cell type. The cotrans- 
porter is pregumed to, be localized in the apical 
membranes of chlo~d~ absorptive epithelial and 
the basolateral membra~lcs of chloride secretory 
epithelia [24]. The location of the N a + / K + / C I -  
cotransporter in HT29 cells is not known, whereas 
in "1"84 cells~ Dharmsathaphorn et al. [4] have 
suggested the basolateral membrane as the likely 
site for the cotransporter. I~ was further shown 
that in T84 cells, VIP, acting through the genera- 
tion of cyclic AMP, stimulates the Na+/K+/C1 - 
cotransport pathway, resulting in an intracellular 
accumulation of C1-. Clfloride is then thought to 
diffuse down i~ cl~e~,~cal polel~tiai gradient 
through chloride channels present in the apical 
membrane [18]. The basolateral membrane of T84 
cells also exh/bi~s Na+/K+-ATPase activity and 
contains cyclic AMP- and Ca2+-dependent K + 
channels [4,18,19]. &ccording to th/s scheme, Na + 
entering on the basolateral side by way of a 
N a + / K + / C I -  cotransporter is pumped out of the 
cells by the Na+/K+-ATPase located on the 
basolateral and interstitial lateral space mem- 
branes. Moreover, K + entering on the basolateral 
side through both active transport and cotransport 
routes leaves the cell through the K + channels. 
The net effect is NaCI secretion. 

Of particular interest is the finding that al- 
though changes in cell volume, whether shrinking 
or swelling, do not influence cotransport in HT29 
cells, cell swelling apparently does increase active 
K + transport. The so-called regulatory volume 
increase, which refers to the swelling of hypertoni- 
cally shrunken cells, is thought to depend upon an 
activation of a NaCI or Na+ /K  + /CI -  cotransport 
system or coupled Na+ /H  + and CI - /HCO~ ex- 
change pathways [5,14]. On the other hand, a 
recovery of cell volume after hypotonic swelling is 
referred to as a regulatory volume decrease, which 
relies on KCI cotransport, KCI conductances or 
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parallel K+/H + and CI-/HCO~- exchangers 
[5,14]. In either of the regulatory volume controls, 
the involvement of the Na+/K + pump is less 
clear. In this regard, HT29 cells appear to be a 
valuable model in which to characterize activation 
of the Na+/K + pump by cell swelling. 
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