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Summary. A large conductance multi-state channel was identified 
and characterized in single channel recordings from cell-attached 
and excised patches of the human colonic tumor cell line, T84. 
The channel activity was dependent on the presence of both 
permeable cations and anions. In Na+-free symmetrical CI- solu- 
tions or C1--free symmetrical Na + solutions the channel was 
inactive. Addition of 5 mM NaC1 (Nal or KCI) induced channel 
activity. The selectivity sequence obtained from the shift in rever- 
sal potential was I-(1.9) > CI-(1) > Na*(0.5) > K+(0.3). SO~-, 
SCN- (thiocyanate) and NMDG + were impermeant. Multiple 
subconductance states were identified at all voltages explored 
(+90 mV). The minimum conductance encountered in symmetri- 
cal 100 mM NaC1 was a 15 pS substate, the maximum, 210 pS. 
The channel appeared to be composed of multiples of the 15 
pS subunits which were reversibly blocked by the loop diuretic 
bumetanide (5 /xM). 
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Introduction 

An agonist-induced CI- pathway has been pre- 
viously described in the human colonic cell line T84 
[14]. Another important pathway for C1 conduction 
in this cell line appears to be a volume-activated C1 
conductance [23]. In an attempt to explore alterna- 
tive pathways for C1- and Na + conduction, we have 
examined single channel activity in the T84 cells 
using the patch-clamp technique. 

In the present study we have identified another 
pathway for C1 and Na + movement, a large con- 
ductance poorly selective anion channel. This chan- 
nel has some of the characteristics of high conduc- 
tance voltage-gated anion channels (HVACs) 
described in other epithelial cells such as renal A6 
cells [15], bovine kidney cells (GBK) [22], sweat 
gland epithelia [12] and pulmonary alveolar cells 
[18]. These characteristics include multiple sub- 
states, conductance larger than 200 pS, low channel 
activity in cell-attached patches and activation by 

strong depolarization. However, the channel de- 
scribed here is unique because the open state is 
dependent on the simultaneous presence of both per- 
meable cations and anions, In this regard it resem- 
bles a Na+-dependent C1 -selective channel found 
in hippocampal neurons [5]. 

Material and Methods 

CELL CULTURE 

The T84 cell line was purchased from American Type Culture 
Collection as frozen cells in passage number 59. Cells were pre- 
pared in one of two ways: (a) plated on culture dishes previously 
coated with collagen (Sigma IV) or (b) plated on permeable filters 
millicell-CM (Millipore) also coated with collagen (Sigma). The 
cells were grown in Dulbecco's modified medium supplemented 
with 10% fetal bovine serum with 1% streptomycin, penicillin and 
neomycin at 37~ in an atmosphere of 5% CO2. Confluency was 
reached in approximately one week. Cells were used from passage 
60 to 90. 

Cells were prepared for cell-attached, inside-out and 
outside-out patch clamp experiments in one of two ways. Either 
the media were replaced with the solution to be used in the 
experiment and the cells studied directly, or the media were 
removed and the cells treated for 2 rain at room temperature with 
Hank's basic salt solution containing 0.25% trypsin. The second 
treatment improved the number of successful patches, possibly 
by removing secretory material from the surface of the monolayer 
which may interfere with the patch pipette. After treatment, tryp- 
sin solution was replaced by the extracellular solution. The two 
methods of preparation gave similar results regarding ion selectiv- 
ity and voltage sensitivity. 

SOLUTIONS 

All the salts used were analytical grade (Sigma). Osmolarity of 
all solutions was adjusted to 300 mM with sucrose. The NaCI-1 
solution contained 50 mM NaC1 and the NaCl-h solution contained 
100 mM NaC1. Other solutions used contained in raM: 100 



242 L. Vaca and D.L. Kunze: NaC1 Transport 

NMDGC1, 100 Na2SO 4, 100 NaI, 100 KCt, 100 NaSCN. The 
extracellular solution used in cell-attached experiments contained 
in raM: 145 NaC1, 5 KC1, 1 CaCI2, 1 MgCIR. All the solutions were 
buffered with 10 mM Tris (hydroxymethyl) amino methane and 
adjusted to pH 7.2, with either HCI or H2SO 4. The calcium con- 
centration in all the solutions was maintained at 1 p~M with ethyl- 
eneglycol-bis-(/3-aminoethyl ether)-N,N,N',N'-tetraacetic acid 
(EGTA) (Sigma), according to the calculations of Fabiato [3]. The 
perfusion system was designed to allow replacement of the bath 
solution in less than 1 rain. 

CHANNEL BLOCKERS 

Bumetanide (Sigma) was dissolved in dimethylsulfoxide (DMSO) 
and diluted to a final DMSO concentration of 1%. This concentra- 
tion of DMSO alone was tested without effect on the channel. 
4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and 4- 
acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid (SITS) 
(Sigma) were diluted directly in the NaCl-h solution. 

PHOSPHORYLATING COCKTAIL 

The phosphorylating cocktail used in inside-out patches con- 
tained 450 nM of the catalytic subunit of the cAMP-dependent 
protein kinase (Sigma), 1 mM of 5'-adenosine triphosphate (ATP- 
Mg=+). The catalytic subunit was diluted in the buffer to be used 
and 1 mg of dithiotreitol (DTT) was added to the solution. The 
mixture was incubated for 10 min at room temperature prior to 
use. The catalytic subunit was prepared fresh for each set of 
experiments. 

PATCH CLAMP 

Data was obtained using the Axopatch amplifier 1C (Axon Instru- 
ments). All experiments were recorded on FM tape. The patch- 
clamp technique as described by Hamill et al. [9] was used in the 
cell-attached, inside-out and outside-out configurations to study 
confluent T84 monolayers. The resistance of the pipettes (7052 
or 8161 glass, Garner) filled with 100 mM NaC1 was 5-10 mfL All 
patch experiments were performed at 37~ Selected data were 
filtered to 5 KHz with an 8-pole Bessel filter (Frequency Devices) 
and digitized for computer analysis. In most of the experiments 
both the pipette and the initial bathing solution were 100 mM 
NaC1. The zero current was obtained with the electrode in the 
bath prior to formation of the cell-attached patch. Changes in the 
liquid junction potential at the reference electrode that occurred 
when the bath solution was changed during the selectivity experi- 
ments were minimized by the use of a 150 mM KC1 agar bridge as 
the reference electrode. These potentials were estimated during 
localized perfusion of the open tip of the agar bridge and ranged 
from 1 to 4 mV. In experiments in the outside-out patch configu- 
ration no corrections were attempted as these experiments were 
designed only to demonstrate the effect of bumetanide on channel 
activity. 

SINGLE CHANNEL ANALYSIS 

Fetchex (Axon Instruments) was used to digitize channel activity 
at a sampling rate of 100 p~sec/point (10 kHz). Fetchan (Axon 
Instruments) was used for single channel analysis. This program 
is based on the half amplitude criteria. The appearance of multiple 

levels produced a large variability in current amplitude among 
experiments. The channel amplitude used to calculate channel 
conductance was obtained as follows. Three to five minutes after 
channel activity was initiated the channel attained a relatively 
stable maximum amplitude. Total point amplitude histograms 
were then obtained during, at least, one minute of continuous 
recording and binned at 0.2 pA. The histogram obtained under 
these conditions was fitted with a Gaussian function and the 
mean value obtained from the largest peak in the histogram was 
selected. This procedure was repeated for all the holding poten- 
tials reported in the experiments. Channel open probability (Po) 
was measured after channel activity reached a stable amplitude. 
To calculate channel Po, we used only events higher than half the 
amplitude of the fully open state (half-amplitude criteria). The 
time used to calculate channel Po is indicated in the figure legends. 

Selected traces of single channel activity were obtained from 
the binary file and transformed to HPGL (Hewlett-Packard 
graphic language) files for illustrative purposes. Total events his- 
tograms were generated from Fetchan files with Sigmaplot 4.0 
(Jandel) and plotted as above. Data is presented with the mean 
• SD, 

Results 

CELL-ATTACHED PATCHES 

The channel that is the subject of this report was 
initially studied in the cell-attached configuration. It 
was present with a low probability of opening (< 10 
events/sec) in approximately 30% of the patches 
explored in the cell-attached configuration (34/145) 
with no potential applied to the patch (cell resting 
potential). Its identity was verified upon excising the 
patch to the inside-out configuration based on the 
following criteria: (i) presence of multiple subcon- 
ductance states; (ii) no change in conductance upon 
excision and (iii) reversal potential near 0 mV with 
asymmetrical NaC1. With NaCl-h (100 mM NaC1) 
in the pipette and in the bath the channel reversal 
potential (Erev) obtained in cell-attached mode oc- 
curred at an applied patch potential of -26 .5  -+ 5.3 
mV (n = 10). 

Exposing the cells (in cell-attached mode) to 
1 mM of the permeable derivative dibutyryl-cAMP 
produced variable results regarding channel activa- 
tion. Channel activity appeared within 2 min in only 
20% of the patches subsequently confirmed to con- 
tain this channel (6/30). Two substances that in- 
crease intracellular cAMP levels in T84 cells [14] 
were also examined for their ability to induce chan- 
nel activity in quiescent patches. Activity appeared 
in only 5/35 cell-attached patches after 50-100/XM 
isoproterenol was applied. Vasoactive intestinal 
peptide (VIP) was equally ineffective; channel activ- 
ity appeared in only 4/20 patches in response to 
0.1-1.0/ZM VIP. 

Application of strong polarizing pulses to the 
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patch, more positive than + 50 mV or more negative 
than -50  mV, induced channel activity in 50% of 
the cell-attached patches tested (10/20). However, 
this channel activity returned to control values 2-3 
minutes following polarization (returning to the rest- 
ing potential). 

I N S I D E - O u T  PATCHES 

In 70% of the cell-attached patches channel activity 
was not present (111/145). These patches of mem- 
brane without channel activity were excised from 
the cell and a potential outside the range of -+50 mV 
was applied to the patch. Channel activity appeared 
within 3 rain in 65 of the 111 patches that had no 
previous activity in the cell-attached mode. 

In the following experiments patches were rou- 
tinely excised to the inside-out configuration imme- 
diately after seal formation (n = 420). The mem- 
brane potential was held outside the range of -+50 
mV and activation of the channel was usually initi- 
ated within 3 min. It appeared first as an instability 
of the baseline resembling a "leaky patch." Within 
a few seconds baseline stability recovered and chan- 
nel activity was initiated as a small conductance 
which increased in multiple amplitude steps to a final 
maximum amplitude within 3-5 rain. Figure 1 shows 
an example of such activity. Transitions among vari- 
ous sublevels continued and the closed state could 
be reached from any of several levels. There was a 
large variability in maximum amplitude among ex- 
periments. However, it was possible to identify a 
minimum amplitude which was present in the major- 
ity of our patches. This minimum amplitude which 
can be observed at the beginning of the first record 
in Fig. 1 was seen in all the patches before appear- 
ance of supralevels. The maximal amplitude ob- 
served appeared to be composed of aggregates of 
the minimum amplitude. 

Figure 2A shows the current-voltage relation- 
ship for the minimum amplitude level obtained from 
a patch in which it was possible to explore several 
voltages before the appearance of additional levels. 
The smallest conductance level observed under 
symmetrical NaCl-h conditions (Fig. 2B) was ap- 
proximately 15 -+ 2 pS (n = 10). All the levels were 
considered as part of the same channel based on the 
following criteria: (i) all amplitudes reversed at the 
same potential in ion replacement experiments, (ii) 
all amplitudes were reversible blocked by bumeta- 
nide and (iii) baseline could be reached from any 
level. Multiple conductance levels were observed at 
all the voltages explored (-+90 mV). The mean of the 
largest conductance level in 130 patches in symmet- 
rical NaCl-h was 210 pS (+20 pS), which corre- 
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Fig. 1. Panel A. Consecutive records of channel activity in an 
inside-out patch. Channel was activated by holding the membrane 
potential at - 6 0  mV for 3 min. Channel activity was initiated as 
a small amplitude followed by fast transitions to various levels 
with higher amplitudes. The maximum amplitude was composed 
of six equally-sized subconductance states, corresponding 
roughly to zero current (base line), 1.2 pA, 2.4 pA, 3.5 pA, 4.8 
and 6 pA. Each amplitude level increment was about 1.2 pA 
which corresponds to the amplitude of the smallest subconduc- 
tance state at this holding (see Fig. 2). The closed level (indicated 
by the arrows) could be reached several times within a second, 
from any of the amplitude levels, which would be unlikely in a 
patch with multiple independent channels. Panel B. Total points 
amplitude histograms obtained from the first trace in A. The six 
peaks correspond to the six levels indicated by the dotted lines 
in Panel A. The voltage is reported with the extracellular solution 
as reference (for inside-out patch the pipette is the reference). 
Channel activity was low pass filtered at 5 kHz and digitized at 
10 kHz. The solution is NaCl-h (100 mM NaC1) in both sides of 
the membrane, the holding potential is - 6 0  inV. 

sponds to 14-15 aggregates of the 15 pS subconduc- 
tance states. 

PHOSPHORYLATING COCKTAIL 

In a separate set of 56 excised patches that showed 
no activity prior to excision the patch potential was 
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Fig. 2. Example of activity from an inside-out patch containing 
the smallest subconductance state displayed by the channel in 
symmetrical NaCl-h (100 mM NaC1). Panel A shows the current- 
voltage relationship obtained from I0 different experiments and 
Panel B shows traces with channel activity at the holding poten- 
tials indicated to the left of each record. The channel conductance 
obtained under these experimental conditions was 15 _+ 2 pS 
(n = 10). The solid line drawn through the points in Panel A 
represents a linear least-squares fit. Closed level is indicated by 
the dotted lines. Channel activity was low pass filtered at 1 kHz 
and digitized at 5 kttz. 

he ld  wi th in  the  r ange  o f  -+20 m V  (usua l ly  + 10 mV) 
to r e d u c e  the  pos s ib i l i t y  o f  ac t i va t i on  b y  vol tage .  
The  e f fec t  o f  a p h o s p h o r y l a t i n g  cock ta i l  was  t e s t ed  
b y  a p p l i c a t i o n  to the  i n t r ace l lu l a r  sur face .  C ha nne l  
ac t iv i ty  was  o b s e r v e d  wi th in  2 min  a f te r  add i t i on  o f  
the  p h o s p h o r y l a t i n g  cock ta i l  in on ly  I0 o f  the  56 
p a t c h e s  e x p l o r e d .  To d e m o n s t r a t e  tha t  channe l s  
w e r e  p r e s e n t  in the  u n r e s p o n s i v e  p a t c h e s  (46/56), 
d e p o l a r i z a t i o n  o r  h y p e r p o l a r i z a t i o n  b e y o n d  -+ 50 mV 
was  app l i ed .  Channe l  ac t iv i ty  in 32 o f  the  46 p a t c h e s  
o c c u r r e d  wi th in  5 rain o f  po l a r i za t ion .  
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Fig. 3. Panel A. Activity of an inside-out patch in asymmetrical 
NaCI, The pipette solution contained NaCI-I (50 mM NaC1) and 
the bath solution NaCl-h (100 mM NaC1). All the conductance 
levels reversed direction at +6.0 mV. Under these conditions 
ECl- should be + 18.0 mV and ENa +, - 18.0 inV. Closed level is 
indicated by the dotted lines. The numbers shown at the left of 
the traces indicate the holding potential with the pipette (extracel- 
lular) solution as reference. The channel conductance (166 pS) 
was calculated from the largest amplitude peak obtained with a 
multiple Gaussian fit of the total points amplitude histograms 
at each holding potential. This channel conductance (166 pS) 
corresponds to approximately 11 of the 15 pS subunits. PanelB.  
Open probability (Po)-voltage curve. As indicated in the figure, 
the channel showed no voltage sensitivity in the range explored 
(+90 mV). Channel Po was obtained from l-rain records at each 
voltage. The half amplitude criteria was used to separate the 
open from the closed level. Channel events larger than the half 
amplitude of the fully open state were considered as an opening 
event. Channel activity was low pass filtered at 5 kHz and digi- 
tized at 10 kHz. 

ION SELECTIVITY 

To  d e t e r m i n e  w h i c h  ion p e r m e a t e s  the  channe l ,  we  
d e s i g n e d  e x p e r i m e n t s  to  e x a m i n e  the  channe l  se lec-  
t iv i ty  in i n s ide -ou t  p a t c h e s .  Wi th  s y m m e t r i c a l  
N a C l - h  so lu t ion  Ere v o b t a i n e d  f rom 13 d i f fe ren t  
e x p e r i m e n t s  was  0 -+ 1 mV.  

In  a n o t h e r  set  o f  e x p e r i m e n t s ,  a NaC1 g r a d i e n t  
us ing  NaCI-1 (50 mM NaC1) as the  p i p e t t e  so lu t ion  
and  N a C l - h  (100 mM NaC1) in the  b a t h  was  i m p o s e d  
to d e t e r m i n e  the  s e l ec t i v i t y  ra t io ,  PNa/P a .  F i g u r e  
3A i l lus t ra tes  an  e x a m p l e  u n d e r  t h e s e  e x p e r i m e n t a l  
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Table. Selectivity ratios for anions and cations 

Solutions ([o]/[i]) Erev/mV +- SD N P(ion)/P(C1-) a 

NaCl-h/NaCl-h 0 -+ 1 13 - -  
NaCI-1/NaCI-h 6 -+ 1.5 35 0.5 -+ 0.05 (Na) 
NaCI-h/KC1 6 +- 2 26 0.3 -+ 0.1 (K) 
NaCl-h/NaI 12 -+ 2 14 1.9 -+ 0.2 (I) 
NaCI-h/NMDGC1 5 -+ 3.3 42 <0.15 (NMDG) 
NaCI-h/NaSCN - 2 8  -+ 5 5 <0.01 (SCN) 
NaCI-h/Na2SO 4 - 3 4  -+ 1 4 <0.01 (SO4) 

P[C1] = 1. [o] = extracellular (pipette for inside-out). [i] = 
intracellular (bath). Erev = reversal potential (in mV). SD = stan- 
dard deviation. N = number of patches explored. NaCI-1 = 50 
mM NaC1. NaCl-h = 100 mM NaCI. 

conditions. All the subconductance states reversed 
direction of current flow at Ere v = 6 • 1.5 m V  

(n = 35). As indicated in Fig. 3B, this channel is not 
voltage-gated, since channel Po was not affected by 
changing the membrane potential in the range -+90 
mV. Under these ionic conditions Ere v calculated for 
a cation channel should be approximately - 18 mV 
and for an anion channel, + 18 mV. A selectivity 
ratio of PNa/Pcl = 0.5 was obtained from the reversal 
potential. Similar intracellular ion replacements 
were performed to determine selectivity ratios for 
other anions and cations. In these experiments 
NaCl-h was used in the pipette as test solution while 
different solutions containing the anion or cation to 
be tested replaced the intracellular (bath) solution. 
Assuming a constant permeability ratio of PNJPc~ = 
0.5, the Ere v obtained after each ion replacement 
was used in the Goldman-Hodgkin-Katz equation 
to calculate selectivity ratios for other cations and 
anions. The results are summarized in the Table. 
The current-voltage relationships for a single inside- 
out patch after replacing the intracellular solution 
wffh different cation and anion combinations is 
shown in Fig. 4. 

The results obtained from the selectivity experi- 
ments (Table) indicate that this channel differenti- 
ates poorly among small anions and cations showing 
a permeability sequence of I (1.9) > CI-(1) > 
Na+(0.5) > K+(0.3). SO22, NMDG- and SCN- 
(thiocyanate) were impermeant. 

A N I O N  AND C A T I O N - D E P E N D E N T  PERMEATION 

While performing ion replacements we observed 
that in Na+-free C1- solutions or C1--free Na + solu- 
tions channel activity was abolished. In experiments 
where both the intracellular and extracellular solu- 
tions were NMDGC1 (n = 31) no current was ob- 
served (Fig. 5A, left panel). Thus, under these condi- 
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Fig. 4. Effect of  ionic composit ion of  the bathing solution on 
the reversal potential of  the multiple conductance channel in an 
inside-out patch. The pipette solution is NaCl-h, the bath solution 
was NaCl-h (O), NMDGC1 (V1), NaI (A), KCI (O) and NaSCN 
(V). To plot the current-voltage relationship, the largest ampli- 
tude at each holding potential was obtained from the total points 
amplitude histograms as in Fig. 3 (see Materials and Methods).  
The solid lines drawn through the data points represent  a linear 
least square fit. Experiments  such as this were used to obtain the 
selectivity ratios shown in the Table. 

tions it appeared that C1 did not permeate the 
channel, contrary to what we expected from the 
selectivity experiments. However, when 5 mM NaC1 
was added to the bath solution both inward and 
outward current appeared (Fig. 5A). The Ere v ob- 
tained was 0 -+ 3 mV (n = 25). After return to 
the original bath solution (NMDGC1), the current 
disappeared (Fig. 5A, right panel). In a different set 
of experiments, with Na2SO 4 replacing NaCI as the 
pipette and bath solution, no current was present 
even though Na + was present on both sides of the 
membrane, as shown in the left panel of Fig. 5B. 
Again, adding 5 mM NaC1 to the intracellular surface 
of the patch elicited current (n = 15) with Erev = 
0 -+ 2 mV (Fig. 5B, center panel). Replacing the 
bath solution with N a 2 S O  4 without C1 abolished the 
current (Fig. 5B, right panel). 

Since K § is another cation that permeates the 
channel, we tested the effect of adding 5 mM KC1 
instead of NaC1 in a set of experiments similar to 
those described above (with symmetrical Na2SO4). 
The time course of activation induced by NaC1 and 
KC1 are shown in Fig. 6. As shown in Fig. 6A and 
B, both (NaC1 or KCI) were effective in activating 
the channel. Replacing 5 mM KC1 for 5 mM NaC1 
induced a shift in Er~ v of 2 mV _+ 1.2 m V  (n = 8) as 
expected according to the difference in selectivity 
ratios for Na + and K + (see Table). Channel activa- 
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Fig. 5. Panel A. The control experiment on the left panel ([3) in 
symmetrical NMDGC1 shows no current after exploring several 
holding potentials (only three are shown). Addition of 5 mM NaCI 
to the bath (intracellular) solution as shown in the middle panel 
(0)  evoked channel activity with a Ere v = 0 inV. In the right panel 
channel activity disappeared after removing the NaC1 from the 
bath ([3). Below the panel the current-voltage relationship is 
shown for the different voltages explored (n = 17). Panel B. A 
similar sequence to the above was performed in another patch 
with pipette and bath solutions of NazSO 4 (A) illustrated in the 
left panel. Again after addition to 5 mM NaC1 (Q) channel activity 
was evoked (central panel). Removing NaCI from the bath abol- 
ished the current (z2) as shown in right panel. Below the sequence 
is shown the current-voltage relationship for 15 different patches. 
Channel activity was low pass filtered at 5 kHz and digitized at 
10 kHz. The channel amplitude used to produce the current- 
voltage relationships was obtained from the maximum level of 
total points amplitude histograms for each holding potential as 
indicated in Fig. 3. 
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Fig. 6. P a n d A .  Time course of the single channel open probabil- 
ity (Po) induced by addition of 5 mM NaC1 to an inside-out patch 
previously maintained in symmetrical Na2SO 4. Under symmetri- 
cal Na2SO 4 no channel activity was observed; however, immedi- 
ately after addition of 5 mM NaC1 (downward arrow) channel 
activity was initiated with a Ere V of 0 mV (not shown). After 
returning the bath solution to C1--free Na2SO 4 solution, channel 
activity disappeared. Panel B. Same patch as in A, in this case 5 
mM KCI was used instead of NaCI. Panel C. Same patch as in A 
and B. Channel activity was monitored with symmetrical Na2SO 4 
solutions and after addition of 5 mM NaSCN. NaSCN failed to 
induce channel activity; however, addition of 5 mM NaI activated 
the channel. Removing NaI fi'om the bath restored the original 
conditions. Po was calculated every second as indicated in Mate- 
rials and Methods. The holding potential was + 60 mV (pipette 
as reference). 

tion induced by the NaC1 or KC1 was observed 
within seconds after addition of the solution to the 
bath. In the next set of experiments the effect of 
replacing the anion was assessed. Symmetrical 
NaSCN failed to activate the channel as expected 
since S CN-  is impermeable. However, 5 mM NaI 
induced channel activity with a similar time course 
activation as that produced by NaCI or KC1 (Fig. 
6C). These results indicate that the combination of 
a permeable cation and a permeable anion is needed 
to permit channel activity. 

CHANNEL BLOCKERS 

Figure 7 represents one example from a set of 40 
experiments in which several concentrations of the 
loop diuretic bumetanide were used in outside-out 
patches. In these experiments channel activity was 
monitored under the control conditions and after 
bumetanide was added to the bath to a final concen- 
tration of 5 /xM. The full concentration-response 
range was not tested. However, 10/.~g bumetanide 
produced complete block in all cases (n = 10). Bu- 
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time at smaller subconductance levels (Fig. 7B). The 
time course of the experiment is illustrated in Fig. 
7D. Removing bumetanide from the bath (Fig. 7C) 
produced a full recovery with channel activity show- 
ing similar amplitudes and kinetics as in the control 
condition (Fig. 7A). The full recovery required 20-30 
sec. Stilbene compounds DIDS and SITS (up to 5 
raM) produced no significant effect on channel kinet- 
ics (n = 8 for SITS; n = 15 for DIDS) when applied 
extracellularly. These drugs were not tested in the 
internal side of the membrane. 

r B 

___1~ 
500 ms 

1.00 ~ ~  ~ / 

0 0.75 
D ~ 0.50 

0.25 
0 4 

o 200 

T i m e  (see) 
Fig. 7. PanelA. An example of activity from an outside-out patch 
containing the multiple conductance channel. Channel activity 
was monitored for l0 rain before adding bumetanide (10 sec are 
shown). Panel B. The same patch as in A showing the effect of 
bumetanide 40 sec after the bath solution was replaced completely 
for NaCl-h and 5/xM bumetanide in DMSO (final DMSO concen- 
tration 1%). Current amplitude was reduced and there was an 
increase in the number of transitions to subconductance levels. 
Panel C. The same patch, one minute after removing bumetanide 
from the bath channel activity recovered to control values. Panel 
D. Time course of blockage induced by bumetanide. Channel 
open probability was calculated every second. The solid line 
indicates the point where 1% DMSO was added to the hath solu- 
tion (solid line), As shown, DMSO produced no effect on channel 
activity. After removing DMSO, 5/xM bumetanide was added in 
1% DMSO (downward arrow) channel activity was affected al- 
most immediately. Removing bumetanide and DMSO from the 
bath produced a full recovery of channel activity (upward arrow). 
Re-addition of l% DMSO had no effect on channel activity (solid 
line). Channel activity was filtered at 5 kHz and digitized at l0 
kHz. The holding potential throughout the experiment is + 60 mV 
(bath as reference). 

metanide affected the channel in two different ways. 
First, the open probability was reduced from 0.89 + 
0.12 in control conditions to 0.03 -+ 0.06 after about 
20 sec in the presence of 5 IxM bumetanide (n = 
10) with the appearance of fast flickering bursts. 
Second, when the channel did open it spent more 

D i s c u s s i o n  

SELECTIVITY 

Although the selectivity sequence, I > C1 > 
Na > K, indicates that the channel discriminates by 
charge, the permeability ratios indicate the channel 
is poorly selective for anions over cations. The se- 
quence was obtained after replacing the Erev in the 
Goldman-Hodgkin-Katz equation assuming a PNa/ 
Pc~ = 0.5 obtained from the Ere v with asymmetrical 
NaC1. However, it is important to mention that this 
sequence is valid only if the selectivity ratio, PNa/ 
Pc~, remains constant after replacing Na + or C1- for 
the cation or anion to be tested. 

ANION AND CATION-DEPENDENT PERMEATION 

Channel activity was observed only when a combi- 
nation of a permeable cation and a permeable anion 
were present on the intracellular side of the mem- 
brane. Are there precedents for anion and cation- 
dependent permeability? An anion channel that is 
dependent on the presence of a cation has been re- 
ported in hippocampal neurons [5]. However, the 
hippocampal channel is more permeable to C1- than 
the channel we have identified here as demonstrated 
by a comparison of the magnitude of the shift in 
reversal potentials in response to alterations in C1- 
concentration gradients. In the neuronal channel the 
cation facilitates C1- permeation; however, the cat- 
ion itself is poorly permeable [5]. The channel in the 
T84 cells is half as permeable to Na + as Cl-.  Another 
example of a cation-dependent anion channel is 
found in molluscan neurons. This anion channel is 
dependent on the presence of K + in the extracellular 
fluid; however, K + ions permeate these channels 
poorly [6]. Some of the channels that pass both 
anions and cations rather nonselectively include an 
ATP-activated skeletal muscle channel [21], the gap 
junction channel [19] and the human retinal pig- 
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mental epithelial channel [4]. However, none of 
these channels has been reported to be dependent on 
the presence of both permeable anions and cations in 
order to have a net current movement. 

CHANNEL CHARACTERISTICS 

The large conductance of this channel (>200 pS) and 
the presence of multiple subconductance states are 
characteristics that resemble those of the family of 
high conductance voltage-gated anion channels 
(HVACs) described in a variety of tissues including 
several epithelial cell lines [11, 12, 15, 18, 22] and 
nonepithelial cells [1, 2, 6, 16, 17, 20]. The similari- 
ties include infrequent occurrence of channel activ- 
ity in cell-attached patches [2, 11], activation of 
channels in previously quiescent patches by strong 
depolarization [15, 16, 18, 22], and relatively poor 
selectivity between anions and cations [11, 22]. 
However, there are no reports indicating that these 
channels are dependent on the presence of perme- 
able anions and cations to be functional. Further- 
more, the channel described in the present report 
showed no voltage sensitivity while the voltage de- 
pendence of some of the large conductance anion 
channels can be described by a Gaussian bell, with 
the higher Po around 0 mV. 

CHANNEL BLOCKERS 

An interesting feature of this channel is its sensitivity 
to the loop diuretic bumetanide. Although not quite 
as sensitive as the Na § § cotransporter which 
in most tissues has an ICs0 between 0.05 ~M and 0.5 
/XM [8] the channel reported here is more sensitive 
than the KC1 transporter [10] and the anion ex- 
changer [7] from red cells. Several anion channels 
are sensitive to stilbene derivatives (e.g., SITS and 
DIDS), although this channel was unaffected with 
SITS or DIDS up to 5 raM. 

MULTIPLE SUBCONDUCTANCE STATES 

Channel degradation from a 200 pS conductance to 
multiple subconductance states of 12.5 pS has been 
described in the anion channel from molluscan neu- 
rons [6]. In the present study we have demonstrated 
that the T84 channel grows from a 15 -+ 2 pS conduc- 
tance to a ~200 pS conductance. Similarities be- 
tween the molluscan and the T84 channel are evi- 
dent. The molluscan channel breaks down into 
smaller subconductance states, the T84 channel 
grows to larger amplitudes to reach a maximum level 
(~200 pS). This leads to the speculation that an 

unidentified factor may regulate channel degradation 
or channel assembly. HVACs such as the T lympho- 
cyte anion channel [17], and the anion channel of 
the renal-derived epithelial cell line MDCK [I 1], also 
appear to be composed of equally sized subconduc- 
tance states. 

An interesting model to explain these results is 
to consider this channel as a collection of multiple 
pores, representing the multiple subconductance 
states. Multi-barreled K § channels have been pro- 
posed for renal tubule epithelia [13]. A main gating 
mechanism is thought to operate independently from 
the subunits (individual pores) which may explain 
the frequent transitions from any subconductance 
level to base line, or from base line to the maximum 
amplitude. An unidentified factor may synchronize 
the subunits so that the channel open and closes as a 
unitary conductance. Under certain circumstances, 
the subunits may operate independently which pro- 
duces multiple subconductance states. Channel deg- 
radation or channel growth may be achieved by par- 
tial synchronization. 

CHANNEL FUNCTION 

The function of this channel, as well as that of sev- 
eral other anion channels [11, 15, 18, 22] remains 
speculative. HVACs from the secretory cell line 
MDCK appear to be involved in adrenergic- 
stimulated Cl- secretion [11]. However, in the bo- 
vine kidney epithelial cell line, GBK, substances 
that increase intracellular cAMP failed to induce 
channel activity in cell-attached patches containing 
a similar channel [22]. The latter study is consistent 
with what we report here. Although channel activa- 
tion occurred in 25-30% of the patches in response 
to substances that elevate cAMP in T84 cells or 
when a permeable form of cAMP was added to the 
bath, we are not, at the present time, confident that 
this small percentage actually represents activation 
by cAMP rather than spontaneous activation. A 
large conductance anion channel found in T lympho- 
cytes appears to be involved in cell volume regula- 
tion [17]. A volume-regulated C1- conductance has 
been described in whole-cell experiments with T84 
cells [23]. The role of the channel described in the 
present report in volume regulation has not yet been 
assessed. 

In conclusion, the channel described here pos- 
sesses some of the characteristics of the large con- 
ductance voltage-gated anion channels (HVACs) 
described in other tissues. The distinctive char- 
acteristics of the T84 channel are lack of voltage 
dependence in the range -+ 90 mV, large permeability 
for Na + than most of the HVACs reported thus far 
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and cation and anion-dependent permeation. The 
latter has not been reported for other HVACs. 
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