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Abstract. Cell-attached patch-clamp studies with the hu- 
man colon carcinoma HT-29cl.19A cells revealed a 
small chloride channel with a unitary conductance of 
6.5 pS at 70 mV and 4.6 pS at - 7 0  mV clamp potential 
after cAMP was increased by activation of adenylyl cy- 
clase by forskolin. Usually channels inactivated upon 
patch excision, but in a few excised patches the channels 
stayed active and displayed a linear I/V relation in sym- 
metrical (150 mmol/1) chloride solutions with a conduc- 
tance of 7.5 pS. A 16-fold increase in channel incidence 
was observed when forskolin and phorbol 12,13-dibutyr- 
ate (PDB) were present together. The open probability 
was voltage-independent and was not different in the 
presence of forskolin plus PDB or with forskolin alone. 
The conductance sequence of the channel as deduced 
from outward currents carried by five different anions 
including chloride was: C1 > Br- > NO~ > glucona- 
te > I-. The permeability sequence deduced from the 
reversal potentials was NO3- -> Br- > C1- > I- > glu- 
conate. With iodide in the pipette the conductance de- 
creased strongly. Moreover, the inward current was re- 
duced by 61%, indicating a strong inhibition of the 
chloride efflux by iodide. Similarly, the forskolin-in- 
duced increase of the short-circuit current (Iso) in conflu- 
ent filter-grown monolayers was strongly reduced by 
iodide in the apical perfusate. Iodide also increased the 
fractional resistance of the apical membrane and repolar- 
ized the membrane potential, indicating an inhibitory ac- 
tion on the forskolin-induced increase of the apical 
chloride conductance. The PDB-induced /so was also 
reduced by iodide, suggesting that the same chloride 
conductance is involved in the forskolin and in the 
PDB response. The results suggest that forskolin via 
cAMP-dependent protein kinase and PDB via protein 
kinase C regulate the same non-rectifying small- 
conductance chloride channels in the HT-29cl.19A 
cells. 
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Introduction 

An intriguing question in the study of epithelial se- 
cretion is which C1 channel may be involved in the 
conductance increase of the apical membrane. The so- 
called outwardly rectifying intermediate-conductance 
C1- channel (ORIC) appears to be defective in cystic 
fibrosis and, because cystic fibrosis is a disease affecting 
C1- secretion, it was assumed that this channel is in- 
volved in C1- secretion of epithelia. However, primarily 
on the basis of gene-expression studies it is now thought 
that C1 secretion may be mediated by an ohmic small- 
conductance C1- channel that can be activated via cAMP 
by protein kinase A (PKA). Cyclic-AMP-regulated 
small-conductance chloride channels have been ob- 
served in different tissues including pancreatic duct [16, 
17], choroid plexus [13], epididymis [30], thyroid cells 
[11], colon carcinoma [34] and a distal nephron cell line 
[28]. These channels appear to be similar to the channel 
expressed in cells after transfection of the cystic fibrosis 
gene. After the expression of the gene product (desig- 
nated cystic fibrosis transmembrane conductance regu- 
lator, CFTR) in different cell types, which before trans- 
fection were deficient in the channel, a non-rectifying 
small-conductance chloride channel (8 pS) that can be 
activated by PKA was found [1, 10, 24, 31, 35]. Further 
evidence for CFTR being a chloride channel has been 
provided by specific mutation in the transmembrane do- 
main of CFTR, which changes the anion-selectivity se- 
quence of the channel [1]. Furthermore, it has been 
shown recently that purified CFTR, incorporated into 
planar lipid bilayers, led to a PKA-activatable small-con- 
ductance chloride channel [8]. The gene product is ex- 
pressed prominently in the HT-29cl.19A cells [14] and 
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it appears that the smal l -conductance channel  that we 
describe in this paper  is its biophysical  correlate. 

The human  colon carc inoma HT-29cl .19A is a 
homogeneous  transport cell clone, very  suitable for the 
study of  the mechan i sm of  agonist- induced chloride se- 
cretion. Previous studies in our laboratory, using the con- 
ventional microelectrode technique,  have shown that for- 
skolin (an activator o f  adenylyl  cyclase) and phorbol  
12,13-dibutyrate (PDB;  an activator o f  protein kinase C) 
can activate chloride conductances  in the apical mem-  
brane o f  these cells [ 3 - 5 ] .  In the accompany ing  paper 
[7] it is shown that addition o f  PDB in the presence 
o f  a supramaximal  concentrat ion o f  forskolin induced a 
further increase o f  the C1- conductance  o f  the apical 
membrane.  This suggests that the forskolin-activated 
chloride conductance  can be modula ted  by PDB or that 
PDB activates a different chloride conductance.  These 
possibilities have been studied further on the single- 
channel  level in cell-attached patches. After HT- 
29c1.19A cells had been activated with forskolin the 
mos t  abundant  channel  was a non-rect ifying (ohmic) 
smal l -conductance channel  with a permeabil i ty ratio I - /  
C1- < 1 and a conductance  ratio I - /C1-  ~ 1. Act ivat ion 
with forskolin plus PDB increased the channel  incidence 
16-fold as compared  with forskolin alone. This corre- 
lates with the increase o f  the conductance  as measured 
with conventional  micropipettes in fi l ter-grown mono-  
layers [7] and indicates that protein kinase C (PKC) can 
modulate  the PKA-act iva ted  channel. Further, to com-  
pare the effect o f  iodide on the single-channel level with 
its effect on forskolin- and PDB- induced  short-circuit 
currents, experiments with iodide in the apical perfusate 
of  confluent  f i l ter-grown monolayers  in a n  Ussing- type 
chamber  were performed.  Iodide appeared to be a 
blocker  o f  the apical C1- conductance.  The results sug- 
gest that the non-rect i fying smal l -conductance C1- chan- 
nel conducts  the secretory CI -  flux in the HT-29cl .19A 
cells and that the PKA-act iva ted  channels can be modu-  
lated by PKC.  Part  o f  this work  has been published as 
an abstract [6]. 

Materials and methods 

Cell culture. The HT-29cl.t9A cell line [2] was grown in Dulbec- 
co's modified Eagle's medium (Gibco) supplemented with 10% 
fetal calf serum in 25-cm 2 culture flasks in a 5% CO2/95% O2 
incubator at 37~ Ceils were grown in medium containing the 
following antibiotics in mg/l: penicillin 40, ampicillin 8 and strep- 
tomycin 9. For patch-clamp studies confluent monolayers were 
subcultured after trypsinization on 35-ram petri dishes (105 cells/ 
dish). Cells were used 3 - 8  days after plating. For microelectrode 
studies, the cells were grown on Nuclepore PC filters coated with 
rat tail collagen as described before [3]. 

Solutions. The composition of the Ringer solution used in the 
microelectrode studies was (in mmol/1): NaC1 117.5, KC1 5.7, 
N a H C O  3 25.0, NaH2PO4 1.2, CaC12 2.5, MgSO4 1.2, glucose 27.8 
(pH 7.4). Anion substitutions were made by replacing all CI- ex- 
cept for 0.1 mmol/1 by iodide or gluconate. In patch-clamp experi- 
ments, the bath solution contained (mmol/1): NaC1 140, KC1 5, 
CaC12 1.5, MgC12 1.0, HEPES 10, pH 7.4. The standard pipette 
solution contained (mmol/1): NaC1 95, KC1 50, CaC12 1.5, MgC12 
1.0, HEPES 10, pH 7.4. The 57 mmol/1 C1- solution had the fol- 

lowing composition (retool/l): NaC146.7, KC1 5, CaC12 1.5, MgC12 
1.0, glucose 160, HEPES t0, pH 7.4. The final concentrations of 
the carrier solutions ethanol (for forskolin) and dimethylsulphox- 
ide (for PBD) were 0.1 v/v and 0.01 v/v respectively. These con- 
centrations are without any electrophysiological effect. 

Materials, All chemicals were from Merck (Merck, Nederland 
BV) except for forskolin: Sigma (Sigma Chemical, St. Louis, 
Mo.), phorbol dibutyrate (PDB): Calbiochem (San Diego) and cul- 
ture media and antibiotics, which were purchased from Gibco. 

Electrophysiology. For microelectrode-impalement studies [3] con- 
fluent, filter-grown monolayers were mounted horizontally in a 
small Ussing-type chamber, leaving an oblong area of 0.30 cm 2. 
The transepithelial potential was measured with Ringer/agar 
bridges, which were connected to the amplifier (W-P-Instruments, 
New Haven, Conn.) through Ag/AgC1 electrodes with the upper 
electrode serving as the common reference for transepithefial and 
intracellular measurements. Open-circuit conditions were used 
throughout. Cells were impaled with glass microelectrodes filled 
with 0.5 tool/1 KC1. 

The patch-clamp technique [20] was used to measure single- 
channel currents. Patch pipettes were fabricated from borosilicate 
glass (Clark GCI50-t5TF) and pulled in two stages (List, Darm- 
stadt, Germany). Filled with standard pipette solution, the tips 
showed resistances varying between 4 and 8 M~. Single-channel 
currents were amplified using a LM-EPC 7 amplifier (List, Darm- 
stadt, Germany), digitized by means of a pulse code modulator 
(Sony PCM-F1) and stored on a video-casette recorder (Sony SL- 
I-IF 950 E/ES). For analysis, the records were usually low-pass- 
filtered at 0.1 kHz with an eight-pole Bessel filter (902LPF, Fre- 
quency Devices, Haverhill, Mass.) and transferred to a Tulip 
386SX computer with a sampling frequency of 0.2 kHz. The pip- 
ette potential (V D refers to the command voltage applied to the 
pipette interior with respect to the bath, which is grounded. Thus, 
in the cell-attached configuration, where the intracellular potential 
is unknown, the potential difference across the patch is equal to 
the apical membrane potential minus the applied pipette potential. 
In the I/V curves shown, the current is plotted against -Vp. Posi- 
tive currents (upward deflections) represent negative charge flow- 
ing from the pipette to the cell interior (or bath). Channel charac- 
terization was usually performed in the cell-attached patch con- 
figuration. Patches were studied at room temperature, which was 
25~ with confluent and subconfluent cells grown in petri dishes. 
[Microelectrode impalements of petri-dish-grown cells under these 
conditions showed a forskolin-induced depolarization of the intra- 
cellular cell potential by 27 +_ 2 mV (n = 5) from a control value 
of - 5 0  _+ 2 mV]. After giga-ohm seal formation the pipette poten- 
tial was clamped at - 7 0  mV for 2 rain to check whether the patch 
showed any channel activity. If no channel activity was observed 
the pipette potential was switched with 10-mV steps from - 7 0  mV 
to + 70 mV for 3 rain. If during this period the membrane patch 
remained silent, either forskolin (10 txM) or PDB (1 gM) was ad- 
ded to the bath and the pipette potential was switched again with 
10-mV steps from - 7 0  mV to + 70 mV for 5 min. If no channel 
activity occurred 5 min after drug addition a new seal was made 
in the same dish. The effect of cumulative addition of forskolin 
and PDB was studied with patches on cells that were activated by 
one of the secretagogues. In five patches we could follow the effect 
of PDB on channels previously activated by forskolin. The other 
seals were lost and a new seal was made in the same dish; thus, 
in these recordings the cells were already activated by forskolin 
plus PDB. Single-channel events were characterized by means of 
a cell-attached current/voltage (1/V) relation. Because channel ac- 
tivity usually disappeared after patch excision, it was neccesary to 
study the ion selectivity in the cell-attached configuration. This 
was done by replacing NaC1 in the pipette by an equal amount of 
one of the following solutions: NaI, NaBr, NaNO3 and sodium 
gluconate. Ion selectivity was studied in the presence of forskolin 
plus PDB. Because active patches usually contained more than one 
channel, open-state probability (Po) was estimated from the area 
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T a b l e  1. Summary of observations of small-conductance chloride channels in cell-attached patches after prolonged incubations with 
forskolin, ph0rbol dibutyrate (PDB) or forskolin plus PDB 

Incubation Giga-ohm seals Patches with channel 
activity 

Total number of channels Mean number 
of channels/patch 

Control 183 0 (0%) 0 0 
Forskolin 118 14 (12%) 25 0.21 
PDB 91 0 (0%) 0 0 
Forskolin + PDB 58 52 (90%) 198 3.4 

The total number of channels was estimated from the maximal number of current transitions observed during continuous channel record- 
ings and the number of active patches. The channel incidence with forskolin plus PDB is 16 times larger than with forskolin alone 

(A) under the current record of a tracing with a duration (t), divided 
by the maximal number of simultaneously active channels (n) ob- 
served in the patch times the single-channel current (I) multiplied 
by the length (t) of the tracing: Po = A/nit [30]. 

Data are presented as the mean and the standard error of the 
mean. 

R e s u l t s  

Control conditions 

In the absence of  forskolin or PDB (i. e. unstimulated 
conditions) 183 stable cell-attached patches were made. 
In 5 % of  the patches channels were observed within 5 
min after seal formation with a linear I /V  relation (G = 
20 + 1 pS) and a reversal potential (Vrev) of  --Vp = 
27 • 2 mV. No small-conductance chloride channels 
were found under unstimulated conditions (Table 1). In 
addition, we did not observe outwardly rectifying inter- 
mediate-conductance chloride channels under cell-at- 
tached conditions, regardless of the presence or absence 
of  forskolin or PDB. 

Experiments with forskolin 

Two procedures were followed to study channel acti- 
vation by forskolin. (a) Cells with stable, cell-attached 
patches that did not show any channel activity for at 
least 5 rain after seal formation were stimulated by for- 
skolin. In only 5 out of  58 trials small-conductance chan- 
nels were observed within 5 min after stimulation. But 
this does not give information about the density of the 
channels because seals were frequently lost following 
the addition of  forskolin. The 5 tracings were very noisy, 
making it difficult to estimate the current levels. From 
the reversal potential of  about 10 mV we classified them 
as C1- channels. The results are not used in this report. 
(b) Seals were made on cells that were previously acti- 
vated by forskolin for times varying between 10 rain and 
120 min. In fact these were the dishes where a seal was 
lost in the first procedure. In this series small-conduc- 
tance chloride channels were found in 14 out of  118 cell- 
attached patches (Table 1). The tracings showed much 
better-defined current levels. The patches never con- 
tained more than 3 small-conductance channels (mean 
1.8 channels/patch). In 9 out of  the 118 patches a larger 
channel with a conductance of  18 -+ 2 pS and a Vrev of  

-Vp (mV) 

- - - ~  60 

" - - ~  40 

�9 __ , - ~ * ' ~ * ~ m , * m ~ - :  :. : 20 

- -  ==== ~ -20 

- - ~  -40 

--  ~ -60 

1.5 pA 

4 $ ~  

F i g .  1. Cell-attached recordings of small-conductance chloride 
channel at different clamp potentials. - - -, The current level when 
all channels are closed. Upward deflections at positive clamp po- 
tentials indicate the flow of chloride from pipette to cell interior. 
Filter frequency 0.t kHz; sample frequency 0.2 kHz. At _+ 20 mV 
current levels are twice the noise 

30 + 4 mV was observed. These channels were not stud- 
ied further. 

Figure 1 shows single-channel recordings of  the 
small-conductance channel at different clamp potentials. 
At hyperpolarized cell potentials (i. e. -Vp is negative) 
currents were inward; they became outward at depolar- 
ized cell potentials (i. e. -Vp is positive). The records 
show that channels remained open and closed for long 
periods. At hyperpolarized cell potentials, the channels 
show flickery behaviour, caused by a large number of  
fast closing events. The open probability Po was 
0.31 + 0.04 (n = 14) at -Vp = 3 0 - 5 0  mV. The tracings 
used for the estimation of  Po had an average duration of 
62 + 13 s (range: 1 3 - 1 8 6  s). At the filter frequency 
used (100 Hz) no difference in Po values could be ob- 
served with positive or negative potentials. 

The I /V relation (Fig. 2) of  the channel shows that 
outward currents are slightly larger than inward currents, 
The outward rectification is most likely caused by the 
lower chloride concentration in the cell as compared to 
the pipette solution, because in excised patches the con- 
ductance was ohmic (see later). The channel conduc- 
tance calculated from 9 experiments was 6.5 + 0.1 pS 
at -Vp = 7 0 m V  and 4.6 + 0.1 pS at ,Vp  = - 7 0  mV. 
The reversal potential was at -Vp = 2 • 1 mV. Know- 
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Fig. 2. Current/voltage relation constructed from the mean of nine 
experiments as shown in Fig. I (O). Standard errors of the means 
are smaller than the symbols. Slope conductance at -Vp = 
+ 70mV clamp potential was 6.5 + 0.1 pS and at - 7 0 m V  
4.6 +_ 0.1 pS. Bath and pipette solutions contained 150 mmol/1 
chloride. A, Results obtained with pipette chloride concentration 
lowered to 57 mmol/1. The pipette solution was osmotically com- 
pensated with glucose. The I/V curve shows the shift of the rever- 
sal potential to about 25 inV. Data points are the means of three 
experiments. O, The I/V curve constructed from the mean of two 
excised inside-out patches in symmetrical (150 mmol/1) chloride 
solutions�9 Slope conductance was 7.5 pS. Data from cell-attached 
experiments are fitted by second-degree polynomials. Data points 
from the excised patches are fitted by a linear regression 

ing the mean membrane potential under these conditions 
( -24  mV, see Materials and methods), this reversal po- 
tential can be seen to be equivalent to a membrane po- 
tential of about - 2 0  mV. When the chloride concen- 
tration of the pipette solution was lowered to 57 mmol/1 
the Vr~v shifted by 23 mV (see Fig. 2), which is nearly 
Nemstian for a chloride channel (expected shift 24 mV). 

Usually channels inactivated soon after patch ex- 
cision. However, in two experiments the channel stayed 
active for 2 min and 5 min respectively in an excised, 
inside-out patch. The I/V relation found in these patches 
was linear with a conductance of 7.5 pS (Fig. 2). The 
composition of the pipette and the bath solutions in the 
excised patch experiments was such that only chloride 
was symmetrical (pipette contained 50 KC1/95 NaC1 and 
the bath solution contained 5 KC1/140 NaCI), thus al- 
lowing discrimination between cation- and anion-selec- 
tive channels. The reversal potential of 0 mV indicates 
that the channel is a chloride channel. Although a non- 
selective cation channel with a larger selectivity for so- 
dium can not be excluded from the results with excised 
patches, such selectivity is incompatible with the rever- 
sal potential observed in the cell-attached patches. 

Experiments with PDB, and PDB plus forskolin 

In experiments with conventional microelectrodes we 
found that PDB can activate the chloride conductance in 
the apical membrane of the HT-29cl.19A cells [4, 5]. 
Moreover, PDB induced a further increase of the apical 
membrane chloride conductance when added after a su- 
pramaximal concentration of forskolin (0.1 mM) [7]. 
Thus, either PDB modulates forskolin-activated chan- 

1 PAl 15see -Vp = 40mV 

Fig. 3. Tracings showing the increase in "noise" and the number 
of open states of the channel induced by phorbol dibutyrate (PDB) 
in the continued presence of forskolin. - - -, The current level when 
all channels are closed. The filter frequency was 0.1 kHz and 
sample frequency 0.2 kHz. Holding potential ( -  Vp) was + 40 mV. 
The upper trace was taken before PDB, the middle trace shows 
the current activities 2 rain after PDB addition and the lower trace 
is from 5 rain after PDB. The tracing is a typical example of five 
similar (paired) observations 

nels or PDB activates other types of chloride channel. 
To study the effect of PDB on cell-attached patches the 
same two procedures described for forskolin were fol- 
lowed (i. e. PDB was added to the cells on which a silent 
patch was made or new seals were made on cells that 
were incubated for 10-120 rain with PDB). However, 
PDB did not induce channel activity in cell-attached 
patches (n = 6) and we could not find channel activity 
in patches made on cells that were activated with PDB 
for 10-120 rain (n = 91) (see Table 1). Using the Z 2- 
test, the absence of channel activity appeared to be sig- 
nificantly different (P < 0.05) from expectations based 
on the comparison of the increase of the conductance as 
found in the accompanying study [7]. 

In contrast, we could find an effect of PDB on for- 
skolin-activated channels in cell-attached patches. In 
five patches the number of channels increased from 2 to 
4. The transition in the number of active channels oc- 
curred via a period with increased "noise" in the current 
trace (Fig. 3). Also, when new seals were made on cells 
previously activated by forskolin plus PDB a large in- 
crease in channel incidence was found as compared with 
the occurrence with forskolin alone (Table 1). Channel 
activity appeared within a few seconds after the seal was 
established. Usually patches contained more than one 
channel, i. e. 60% of the patches contained more than 3 
simultaneously active channels (mean 3.8 levels/patch). 
In some patches up to 9 levels could be distinguished. 
The Po values calculated from 124 tracings (duration 
10-256 s, mean: 54 s) did not differ over the voltage 
range used (+ 30 mV to +- 70 mV). Po with forskolin 
plus PDB (0.25 _+ 0.01) did not differ significantly from 
Po with forskolin alone. 

To check whether PDB could influence the single- 
channel conductance we compared the I/V curve from 
channels activated by forskolin with those activated by 
forskolin plus PDB. Figure 4 shows that the I/V curves 
are identical, indicating that PDB does not affect the sin- 
gle-channel conductance. But, by increasing the number 
of active channels per patch, PDB strongly affects the 
conductance of the patch. 
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Fig. 4. Currenffvoltage relation with forskofin plus PDB (�9 n = 
23). The I/V curve with forskolin (@, n = 9) is from Fig. 2. The 
curves do not differ significantly 

Anion selectivity of  the channel 

To characterize the anion selectivity of  the channel we 
replaced 140 mM NaC1 in the pipette solution by sodium 
nitrate, bromide, gluconate or iodide. Figure 5 A shows 
the I/V curves of  these experiments, together with rep- 
resentative tracings of  channel activity. In these experi- 
ments the C1- concentration in the pipette solution was 
kept at 10 mmol/1. From the estimates of intracellular C1- 
(50 retool/l) the reversal potential for C1- is about 
40 inV. Thus, outward currents at -Vp > 60 mV reflect 
the conductance of the channel for the anion in the pi- 
pette. The highest conductivity is for chloride, while iod- 
ide is poorly conducted. The conductance sequence of  
the channel relative to chloride was: CI- > Br -  > NO3- 
> gluconate > I- .  Figure 5 B shows a comparison of  

the I/V curves in one plot. The direction of  the changes 
of  the reversal potentials indicate: P(NO3-) = P(Br- )  
> P(C1 ) > P(I-) > P(gluconate). When gluconate was 
substituted for chloride, the inward currents were in- 
creased, which is to be expected because of the increased 
driving force for chloride through the patch. In contrast, 
iodide, nitrate and bromide reduced the inward current, 
suggesting an inhibitory effect on the chloride efflux. 
This inhibitory action was further investigated for iodide 
using microelectrodes and confluent, filter-grown, 
monolayers in the horizontal Ussing chamber. 

Effect of  apical chloride substitution by gluconate 
or iodide after stimulation with forskolin or PDB 

A -Vp (mV) 
nitrale ~ 1  ii h 4 "0 
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Fig. 5. A Representative tracings from single-channel currents in 
cell-attached patches at -Vp as indicated at the right of the trac- 
ings. --- ,  The current level when all channels are closed. The 
pipette solution contained l0 mM C1- and 140 mM anion as indi- 
cated. Filter frequency was 100 Hz and for iodide 50 Hz. Note 
different current scale in the tracings with iodide in the pipette. 
Current/voltage relations are from a single experiment. Best fit of 
the data-points was obtained by linear regression, except for the 
I/V curves of gluconate and iodide, which were obtained as se- 
cond-order polynomials. B Current/voltage relation. Inset, the 
main anion in the pipette solutions and the number of experiments. 
The points represent the mean and SEM. Points are fitted by linear 
regression (nitrate and bromide) and by second-order polynomials 
for the other data points. Note that the inward currents, carried by 
efflux of CI-, are smaller in the presence of I-, Br- and NO3- 
although the driving force for C1- increased under these condi- 
tions 

Figure 6 shows the depolarization of  the apical mem- 
brane potential, Va, induced by forskolin. Substitution of  
apical chloride by iodide, except for 0.1 mmol/1 chloride, 
induced a rapid, but small and transient further depolari- 
zation of V~, and increase of the transepithelial potential, 
Vt, leading to the repolarization of  Va and decrease of Vt 
and Lo while the fractional resistance fRa (=  Ra/(Ra + 
Rb)) increased. These combined changes indicate a repo- 
larization of the electromotive force of  the apical mem- 
brane, Ea, most likely caused by an inhibition of  the 
chloride conductance by iodide. A summary of steady- 

state changes is given in Table 2. When, after activation 
with PDB, iodide was substituted for chloride the same 
pattern of  changes was observed. In contrast the replace- 
ment of chloride by gluconate in the presence of forsko- 
lin induced a large sustained depolarization of V~ and 
increase of Vt and Iso (see Table 2). Similarly, a further 
depolarization of Va and an increase of  Is~ and V~ can be 
observed in the presence of PDB [5]. 
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Table 2. Summary of the effects of apical substitution of iodide or gluconate for chloride in the presence of forskolin and or PDB 

Conditions AE AVa AfR~ ALe n 
(mV) (mV) (rtA cm -2) 

Forskolin, C1- --+I- -7.2 +- 1.7 -16  +- 3.0 0.30 -+ 0.05 -32 -+ 8.0 9 
PDB, C1- --~ I- -8.6 -+ 3.2 -12 + 2.0 0.07 --- 0.02** -30 +-- 13 4 
Forskolin, C1 ~ gluconate 19.6 -+ 3.5* 47 -+ 7.0* 0.13 4- 0.03* 197 -+ 44* 4 

Gluconate and iodide were introduced 3 min after forskolin and iodide 6 min after PDB. With forskofin, readings were taken at 7 min 
for gluconate and at 9 rain for iodide. With PDB the readings were taken at 15 min 
* Changes are significantly different (P < 0.01 unpaired t-test) as compared to values in line 1 
** The change is significantly different (P < 0.01 unpaired t-test) as compared to the value in fine 1 
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Fig. 6. Changes of the intracellular cell potential (V,) and the trans- 
epithelial potential (Vt) induced by forskolin and by replacing CI- 
in the apical solution by iodide. The voltage deflections were in- 
duced by bipolar current pulses, 20 gA for V~ and 50 gA for V,. 
The deflections are redrawn in only one direction. The effect of 
iodide is a reduction of the apical conductance and a repolarization 
of E~ 

D i s c u s s i o n  

In this report we have described a small-conductance 
chloride channel in HT-29clA9A cells that is syner- 
gistically activated by forskolin and PDB. The channel 
was not observed when cell-attached patches were made 
in the absence of forskolin. The finding that forskolin 
could evoke channel activity suggests that these chan- 
nels are activated by PKA. A similar observation has 
been made in the choroid plexus [13]. In contrast, the 

small-conductance channels described in pancreatic duct 
cells [16], T84 cells [34], human fetal epididymis cells 
[30] and thyroid cells [11], were active without stimula- 
tion, but cAMP increased the channel incidence [11, 16, 
34] or the open probability [16, 30] observed in patches 
made on stimulated cells. However, it appeared to be 
difficult to show that addition of forskolin to the bath 
activates C1 channels in a previously made patch; e. g. 
in thyroid cells [ i l ]  channel activation was never ob- 
served. In the HT-29cl.19A cells, the forskolin-induced 
channel activity in patches made before application of  
forskolin was very noisy and the patches were frequently 
lost upon addition of forskolin, precluding further analy- 
sis. Interestingly, stable active patches, made after incu- 
bation of  the cells with forskolin, became noisy upon 
addition of PDB. After some time the noise decreased 
again, leaving a patch with a larger number of  active 
channels. These phenomena may be related to incorpora- 
tion of  channels in the patch (see later). Alternatively, 
changes in cell volume may influence the leak resis- 
tance. 

The conclusion that the small-conductance channel 
observed in the HT-29cl.19A cells is a chloride channel 
was deduced from the reversal potential in cell-attached 
patches after stimulation with forskolin, knowing the 
membrane potential and the change in the reversal po- 
tential induced by a 2.6-fold reduction of  chloride in 
the pipette solution. Moreover, the reversal potential was 
0 mV in two excised patches bathed in symmetrical 
150 mmol/1 chloride solutions, while Na + and K + ions 
were asymmetrically distributed across the patch. The 
Vrev in cell-attached patches on HT-29clA9A cells is 
close to the value reported for thyroid cells [11], pancre- 
atic duct cells [16] and T84 human colon carcinoma cells 
[34]. 

The small-conductance channel was the most fre- 
quently observed anion-selective channel in our study. 
Channels with linear I/V characteristics, which upon ex- 
cision became outwardly rectifying channels, as have 
been found in the parental HT-29 cells [21] and Necturus 
enterocytes [15], appeared to be refractory in HT- 
29c1.19A cells. Nor have we found, in cell-attached 
patches, outwardly rectifying intermediate chloride- 
selective channels (ORIC), as reported for the T84 cells 
[19] and for airway epithelial cells [25]. These channels, 
mainly found in excised patches (also in excised patches 
from the HT-29cl.19A cells [23]), have long been con- 
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sidered as the principal pathway for the secretory C1- 
effiux [12, 22, 27, 33, 38, 39]. However, recent studies, 
mainly based on expression of the CFTR gene have 
made a primary role of ORIC in cAMP-triggered C1- 
secretion very unlikely [1, 10, 24, 35, 37]. These studies 
strongly suggest that the channel expressed by the CFTR 
gene is a small-conductance channel with properties 
similar to those described for the non-rectifying small- 
conductance channel in this and other reports [11, 12, 
16, 17, 28, 30, 34] and that this is the channel involved 
in transepithelial C1- transport. However, a remaining 
difficulty is that the small channel as well as the ORIC 
channel is defective. An important characteristic that 
may help to identify the channel that participates in 
transcellular transport may be the selectivity of the con- 
ductance. 

Conductance sequence for anions, 
blocking action of iodide 

A difficulty encountered with the cell-attached configu- 
ration in ion-substitution experiments is that the ion con- 
centration at the inside of the patch is unknown. More- 
over, changes of the reversal potential have not been 
determined in paired experiments. Consequently, reliable 
ion-permeability ratios of the channel can not be calcu- 
lated from the reversal potentials. But, from the direc- 
tions of the shifts it can be deduced that, compared with 
CI-, the channel has a larger permeability for Br- and 
NO3- and a smaller permeability for I-  and gluconate. 
Thus the permeability sequence for C1- and I- is differ- 
ent from the sequence observed in ORIC channels [36]. 
We also compared the slope conductance with different 
anions in the pipette at a clamp potential where the out- 
ward current is carried by these anions. The results indi- 
cate the highest conductivity with chloride and the low- 
est with iodide. A conductance ratio C1-/I- larger than 
I is also found in several CFTR expression studies [1, 
10, 36]. As in our study, outward currents were hardly 
detectable in thyroid cells [11] when iodide was in the 
pipette. In excised inside-out patches of CFTR- 
transfected Chinese hamster ovary (CHO) cells the con- 
ductance for I-  present in the bathing solution was not 
detectable. It can be concluded that the small channel 
has a very small conductivity for I-. Iodide in the pipette 
had a blocking action on the inward current, i.e. the 
effiux of C1-. This inhibitory action has also been found 
in the thyroid cells [11] and in CHO [36] and HeLa cells 
transfected with CFTR [1] and has also been reported 
for the T,4 cells [9]. In contrast, no inhibition was found 
in pancreatic duct cells [17]. The latter also deviate from 
other small-conductance C1- channels in that they can 
be blocked by 5-nitro-2-(3-phenylpropylamino)-benzo- 
ate. 

Our finding that the forskolin-induced Lc of conflu- 
ent filter-grown monolayers could be reduced by iodide 
corroborates the idea that the small-conductance chan- 
nels underly the macroscopic, cAMP-dependent, trans- 
epithelial current of confluent monolayers. We also 

found that the PDB-induced/~c was inhibited by iodide, 
suggesting that PDB activates the same conductance as 
forskolin. 

Synergism between PDB and forskolin 

The results from the equivalent-circuit analysis pre- 
sented in the accompanying paper suggest that forskolin 
and PDB both activate chloride channels, although PDB 
is less effective [6, 7]. From comparison of the changes 
in membrane conductance induced by forskolin or PDB 
(Table 6 of accompanying paper) and the channel inci- 
dence in patches after stimulation with forskolin one 
would expect to find about 10 channels in 100 patches 
upon activation of the cells with PDB. From the z2-test 
we conclude that the probability of finding no channel 
activity is less than 5%. Thus, although absence of chan- 
nel activity after PDB stimulatiofir (Table 1) may be still 
a matter of statistics, this is no/t/a very likely explanation. 
However, from the absenc~oof detectable single-channel 
events alone, one can~not fully exclude the possibility 
that PDB can activate separate C1- channels. These 
channels could have very small conductances so that 
they could not be detected in our set-up as unitary chan- 
nel openings. In contrast to expectation, however, in the 
cell-attached patches that were continuously recorded at 
one holding potential, addition of PDB to the forskolin- 
containing medium did not significantly change the ba- 
sal current level. This contrasts with recent findings in 
another clone of the HT-29 cells [26]. In these cells, the 
authors could show an increase of the conductance in 
the cell-attached nystatin patch without detectable sin- 
gle-channel openings and they postulated that the se- 
cretory response is mediated by chloride channels with 
conductances smaller than 5 pS. 

The large increase of channel incidence after acti- 
vation with forskolin and PDB suggests that PKC can 
modulate the PKA-acfivated channel. It has been shown 
that CFTR contains several substrate sites for PKA and 
for PKC [32], several of which are phosphorylated in 
intact cells in response to forskolin and phorbol ester 
[18, 29]. It is apparent that phosphorylation of the PKA 
sites is much more effective than that of the PKC sites. 
Phosphorylation of PKC sites could lead to increased 
susceptibility, so that a low activity of PKA already suf- 
fices to activate the channel. Such a mechanism may 
explain the PDB-induced Iso in the filter-grown cells. A 
synergistic effect between PKA and PKC has also been 
found in excised membrane patches from CHO-K1 cells 
after stable transfection of the CFTR gene, but in these 
cells a very weak stimulatory effect of PKC alone has 
also been observed [35]. Alternatively (or additionally), 
it may be that PKC activates the incorporation of PKA- 
dependent C1- channels in the plasma membrane. Simi- 
lax experiments described by Denning et al. [14] are 
clearly needed to establish a role of channel recruitment 
in the PDB response. In any case the blocking effects of 
iodide on forskolin- as well as on PDB-induced I~o also 
suggest that PKA and PKC activate the same channel. 
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The similarity o f  Po values found with forskolin 
alone and PDB plus forskolin and the similarity o f  the 
conductances  o f  the channels under  the two conditions 
suggest  that PKC did not change  channel  properties in 
these cells. This contrasts with the reported increase o f  
Po in excised patches o f  the CHO-K1  cells after stimula- 
tion with P K A  plus P K C  [35]. But  o f  course one should 
be careful with conclusions based on calculation o f  Po 
values. 

In conclusion,  we have shown that forskolin regu- 
lates non-rect i fying smal l -conductance channels in HT- 
29c1.19A cells and that these channels can underly the 
forskolin-induced Lc because the channel  and the/so are 
both inhibited by  iodide. PDB and forskolin syner- 
gistically activate the smal l -conductance chloride chan- 
nel. 
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