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Characterization of apical potassium channels induced in rat

distal colon during potassium adaptation
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Chronic dietary K* loading stimulates an active K* secretory process in rat distal colon,
which involves an increase in the macroscopic apical K* conductance of surface epithelial
cells. In the present study, the abundance and characteristics of K* channels constituting
this enhanced apical K* conductance were evaluated using patch clamp recording
techniques.

In isolated non-polarized surface cells, K* channels were seen in 9 of 90 (10 %) cell-attached
patches in cells from control animals, and in 247 of 437 (57 %) cell-attached patches in cells
from K*-loaded animals, with a significant (P < 0-001) shift in distribution density.
Similarly, recordings from cell-attached patches of the apical membrane of surface cells
surrounding the openings of distal colonic crypts revealed identical K* channels in 1 of 11
(9 %) patches in control animals, and in 9 of 13 (69 %) patches in K*-loaded animals.

In isolated surface cells and surface cells in situ, K* channels had mean slope conductances
of 209 + 6 and 233 + 14 pS, respectively, when inside-out patches were bathed symmetrically
in K,S0, solution. The channels were sensitive to ‘cytosolic’ Ca>* concentration, were voltage
sensitive at ‘cytosolic’ Ca®* concentrations encountered in colonic epithelial cells, and were
inhibited by 1 mm quinidine, 20 mm TEA or 5 mm Ba®* ions.

The data show that dietary K* loading increases the abundance of Ca’*- and voltage-
sensitive large-conductance K™ channels in the apical membrane of surface cells in rat distal
colon. These channels constitute the enhanced macroscopic apical K™ conductance previously
identified in these cells, and are likely to play a critical role in the active K* secretory
process that typifies this model of colonic K* adaptation.

Mammalian colonic epithelia possess mechanisms for active
K* absorption and K* secretion that adapt to chronic
changes in dietary K" intake, and thereby help to maintain
K* homeostasis (Binder & Sandle, 1994). These phenomena
have been studied in most detail in rat colon, especially in
the distal segment, where dietary K* depletion enhances
active K* absorption and dietary K* loading reverses basal
net K* absorption to net K* secretion (Foster, Sandle,
Hayslett & Binder, 1986). Transformation of the K* transport
properties of the distal colon during dietary K* loading
reflects increased K* uptake across an amplified basolateral
membrane containing a greater number of Na'—K*-ATPase
units (and presumably, Na*—K*—~2CI™ cotransport sites); a
rise in intracellular K* concentration; and a considerable
increase in the TEA-sensitive apical K* conductance of
surface cells (Kashgarian, Taylor, Binder & Hayslett, 1980;
Sandle, Foster, Lewis, Binder & Hayslett, 1985). These
cellular responses to K* loading constitute an active K*
secretory process which requires both the increased dietary

K* load per se and the associated rise in circulating plasma
aldosterone concentration (Foster, Jones, Hayslett & Binder,
1985). Furthermore, under voltage clamp conditions,
inhibition of the parallel aldosterone-induced electrogenic
Na" absorptive process by amiloride results in a negative
(rather than zero) transepithelial short-circuit current which
equates with the net K* secretory flux (Foster et al. 1986),
indicating the underlying electrogenicity of the K* secretory
process.

Although the above studies have provided considerable
insights into the cellular basis for the changes in K*
transport that occur in rat distal colon during dietary K*
loading, the nature of the enhanced apical K* conductance
has not been explored at the single channel level. Previous
studies have highlighted the difficulties in single channel
recording from the apical membrane of intact rat distal
colon, even after removal of surface mucus (Diener,
Rummel, Mestres & Lindemann, 1989). Nevertheless, large-
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conductance (120—150 pS) K* channels have been identified
in a small number of cell-attached apical membrane patches
on surface cells in intact distal colonic mucosa from control
animals (Diener et al. 1989). In the present study, single
channel recordings were obtained from the plasma membrane
of isolated surface cells and the apical membrane of surface
cells around the openings of intact crypts from the distal
colon of control and dietary K*-loaded rats. Our data show
that dietary K* enrichment stimulates a considerable
increase in the abundance of large-conductance apical K*
channels. These K* channels, which are Ca’’ sensitive,
voltage sensitive at ‘intracellular’ concentrations of free Ca’*,
and inhibited by quinidine, TEA and Ba®*, are likely to play
an important part in the electrogenic K* secretory process
induced in rat distal colon by dietary K* loading.

METHODS

Preparation of animals

Experiments were performed in adult male Sprague—Dawley rats
(200—300 g). Control animals were fed 20 g per day of normal rat
chow (daily dietary K* intake, 1-8 mmol). Dietary K*-loaded
animals were fed for 10-14 days with 20 g per day of chow
enriched with KClI (daily dietary K* intake, 14-4 mmol). A control
or K*-loaded animal was chosen at random (by G.1.S) on the day of
the experiment, killed by cervical dislocation, and the distal 5 cm
of colon removed and placed in ice-cold (0—4°C) 0:9% NaCl
solution. Subsequent surface cell/crypt isolation procedures and
patch clamp recordings were undertaken (by I.B) without prior
knowledge of the K* status of the animals.

Isolation of surface cells from distal colon

Surface cells were isolated from the distal colon using a method
described previously (Steiger, Marxer & Hauri, 1986). The distal
colonic segment was flushed gently five times with 10 ml of ice-cold
0:9% NaCl solution containing 10 mm D-glucose and 0'5 mm
dithiothreitol (DTT), and opened longitudinally to expose the
mucosal surface. The tissue was placed in 60 ml of isolation buffer
containing (mm): Na¥, 40; CI°, 30; EDTA, 5; DTT, 0-5; Hepes, 8;
buffered to pH 7-6 with Tris, and kept at room temperature for
45 min with gentle shaking for 30 s at 10 min intervals, after which
the tissue was removed from the cell suspension. Cells were
harvested by centrifugation (2000 r.p.m. for 5 min; Mistral 2000
swing-out rotor), and the pellet resuspended in 30 ml of the K,SO,
solution (see below), washed and recentrifuged (2000 r.p.m. for
5min). This was repeated five times and the final pellet
resuspended in 5 ml of K,SO, solution and kept on ice.

Isolation of intact crypts from distal colon

The distal colonic segment was flushed three times with 10 ml of a
NaCl Ringer-like solution containing (mm): Na', 146; K*, 4-2; Ca™,
1-2; Mg**, 1-2; CI', 125:8; HCO,", 1-6; HPO,*, 1-2; H,PO,", 0-2;
D-glucose, 5; buffered to pH 7:4 by gassing with 95% 0,—5% CO,.
The segment was threaded over a glass rod and secured at both
ends with cotton thread. The serosa and muscle layers were
stripped away, the segment everted over the rod and resecured. The
glass rod—colonic segment assembly was connected to a vibrator,
and incubated for 30 min in the NaCl Ringer-like solution
containing 5mmM EDTA and 0-5mm DTT (gassed with 95%
0,-5% CO,), during which the assembly was vibrated for 30 s at
60 Hz every 5 min. At the end of the incubation period, the colon
was vibrated for a further 60 s whilst being physically agitated
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with the polished tip of a glass Pasteur pipette, which released
intact crypts from the basement membrane. Crypts were collected
by centrifugation, the pellet resuspended in 25 ml of NaCl Ringer-
like solution and washed five times (centrifugation at 1200 r.p.m.
for 5 min throughout). The pellet was finally resuspended in 5 ml of
NaCl Ringer-like solution and kept on ice.

Single channel recording techniques

A stock solution of 50 ul ml™ polyethylenimine in 0-5 M sodium
borate (pH 8:3) was diluted 1:100 with the borate solution, and
plastic coverslips (Thermanox, Nune, Inc., Naperville, IL, USA)
were soaked in the solution for 1—2 h. Coverslips were then washed
thoroughly with distilled water, and an aliquot of the surface cell or
crypt suspension (kept on ice) placed on a coated coverslip and left
for 10 min to allow adherence of cells or crypts to the coverslip
surface. The coverslip was placed in a small chamber (volume,
1:5ml) and viewed on the stage of an Olympus CK inverted
microscope with conventional illumination (x400 magnification).
The microscope was mounted on a vibration isolation table. Single
channel recordings were obtained from membrane patches in cell-
attached and excised inside-out configurations as described
previously (Hamill, Marty, Neher, Sakmann & Sigworth, 1981).
Patch pipettes were fabricated from fibre-filled borosilicate capillary
tubing (o.d., 1'5mm; id., 086 mm; Clark Electromedical
Instruments) using a two-stage vertical puller (PP-83, Narishige),
and the tips fire polished using a microforge (MF-83, Narishige). In
some experiments, pipette tips were filled with K,SO, solution
containing (mm): K*, 145; Ca®*, 1-2; Mg™, 1-2; CI7, 5; S0,*", 72:3;
D-glucose, 10; Hepes, 10; titrated to pH 74 with KOH; the
chamber (bath) was filled with a Na,SO, solution containing (mm):
Na', 140; K*, 45; Ca®*, 1-2; Mg*, 1-2; CI,, 5; SO}, 723;
D-glucose, 10; Hepes, 10; titrated to pH 7-4 with NaOH. In other
experiments, the pipette and the bath were filled with K,SO,
solution, which depolarized the cells, allowing K™ currents to be
measured at the command voltage (V) applied to the pipette via
the patch clamp amplifier (EPC-7, List Electronics). Pipette and
membrane seal resistances were 4-15MQ and 4-30 G,
respectively. The pipette and bath electrodes were silver chloride-
coated silver wires. Experiments were performed at room
temperature (20—22 °C).

Single channel currents were recorded with the patch clamp amplifier
and stored on videotape after pulse-code modulation (PCM 701ES,
Sony). Stored currents were low-pass filtered at 750 Hz, and loaded
into computer memory (Elonex PC 386S-200) via a DigiData 1200
interface system (Axon Instruments) at a sampling frequency of
2-5 kHz using pCLAMP software (version 5.1, Axon Instruments).
Voltages applied to the membrane patches (V,,,,) were referenced to
the interior of the patch pipette. Current—voltage (I-V ) relations
were constructed by plotting the single channel current (equal to
the difference between the open and closed channel current) at each
value of V. Goldman—Hodgkin—Katz (GHK) current and voltage
equations (Goldman, 1943; Hodgkin & Katz, 1949) were used to
calculate K*:Na" permeability (Py:Py,) ratios and reversal
potentials (V,.,), respectively. Single channel open probability was
determined using an analysis program written in Quick Basic 4.0
(Microsoft). Transitions between the fully closed and fully open
current levels occurred when the current crossed a threshold set
midway between these two states. Single channel open probability
(P,) was calculated as:

P,=(Znt,)/N,

where N is the maximum number of channels seen to be open
simultaneously during 30s of recording under a specific set of
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experimental conditions (verified by the number of peaks on
current amplitude histograms generated during single channel
analyses), n represents the state of the channels (0, closed; 1, one
channel open, etc.) and ¢, is the time spent in state n.

The regulation of K™ channels by Ca®* was studied in excised inside-
out patches of isolated surface cells from the distal colon of K*-
loaded animals, with K,SO, solution (containing 1-2 mm Ca™*) in
the pipette and K,SO, solution in the bath containing varying
amounts of Ca’* buffered with 5 mm EGTA to provide free Ca®*
concentrations of 1 nm, 10 nM, 32 nM, 100 nm and 1 um (Fabiato,
1988).

The effects of the K* channel blockers quinidine (1 mm) and TEA
(20 mm) were evaluated in excised inside-out patches of isolated
distal colonic surface cells from K*-loaded animals with K,SO,
solution (containing 12 mm Ca’*) in the pipette and the bath. In
order to study K* channel blockade by Ba®* (5 mm), both the
pipette and the bath were filled with a KCI solution containing
(mm): K*, 145; Ca?*, 1-2; Mg2+, 1-2; CI°, 149-8; p-glucose, 10;
Hepes, 10; titrated to pH 7-4 with KOH.

Results are generally expressed as means * s.E.M., and comparisons
between mean values were made using a two-tailed Student’s ¢ test
for paired data. The frequency distributions of K* channels in
patches on isolated surface cells from control and K*-loaded
animals were compared using a two-tailed Mann—Whitney U test.
The data were also modelled as a Poisson distribution in order to
estimate the overall increase in K* channel density in response to
dietary K™ loading. In all instances, P< 0-05 was considered
significant.

RESULTS

Effect of K* loading on abundance of large-
conductance channels
Isolated surface cells

In view of the technical difficulties encountered in recording
apical ion channel activity in intact sheets of rat distal
colonic epithelium, no attempt was made to patch the apical
membrane of surface coloncytes in this type of preparation,
and we elected to evaluate the effect of K* loading on K*
channel abundance using isolated surface cells. The success

Figure 1. Effect of dietary K* loading on the
abundance of large-conductance channels in isolated
surface cells from rat distal colon

The percentage of patches containing a given number of
channels is shown on the y-axis, and the numbers of
channels per patch are shown on the z-axis. B8, control
animals (90 patches in total); ll, K*-loaded animals

(437 patches in total). The data from the two groups of
animals were significantly different (P < 0001,
Mann—Whitney U test).

Apical potassium channels in rat distal colon
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rate for obtaining gigaohm membrane seals was greater than
75%. With K,SO, solution in the pipette and either K,SO,
or Na,SO, solution in the bath, large-conductance channels
with a high P, (~0-85) were seen in 9 of 90 (10%) cell-
attached patches in surface cells isolated from the distal colon
of control animals. However, similar large-conductance
channels were present in 247 of 437 (57%) cell-attached
patches in surface cells from K*-loaded animals. As shown
in Fig. 1, K" loading produced a significant shift in the
frequency distribution of the large-conductance channels
(P < 0:001). In surface cells from control animals, one
channel was seen in seven patches, two channels in one
patch, and three channels in one patch. By contrast, 45% of
patches on surface cells from K*-loaded animals contained
at least two channels, with up to seven channels occurring
in some patches. Modelling the data as a Poisson
distribution (and correcting for over-dispersion by scaling
the errors using the ratio of residual deviance/degrees of
freedom), we estimated that dietary K* loading increased
K* channel density by a factor of 11:1 (95% confidence
limits, 5:5 and 22-3).

Surface cells in situ

Since isolated surface cells were non-polarized, it was
unclear whether or not the large-conductance channels
originated from the apical membrane. This problem was
addressed by recording from the apical membrane of surface
cells surrounding the openings of intact crypts isolated
from the distal colon of control and K*-loaded animals,
with K,S0, solution in the pipette and the bath. Obtaining
gigaohm membrane seals was more difficult in this
preparation (20 % success rate) than in isolated surface cells,
despite additional washing of the crypts with K,SO,
solution containing 1 mm DTT, and it was not possible to
map the distribution density of these channels around the
crypt openings. Nevertheless, whereas a single large-
conductance channel was seen in only 1 of 11 (9%) cell-
attached apical membrane patches in crypts from control
animals, identical channels (up to five per patch) were seen

1001
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in 9 of 13 (69 %) cell-attached apical membrane patches in
crypts from K*-loaded animals. There were insufficient
apical membrane patches on surface cells in situ to perform
a statistical analysis of the effect of K* loading on the
frequency distribution of the channels. However, taken
together, the data from isolated surface cells and surface cells
in situ indicate that K" loading stimulated a considerable
increase in the abundance of large-conductance channels,
which reside in the apical membrane.

A
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Basic properties of large-conductance channels
Isolated surface cells

Figure 24 shows typical current recordings from a cell-
attached patch on an isolated surface cell bathed in Na,SO,
solution (K,SO, solution in pipette) with the corresponding
linear I-V,,, relation (Fig.2B). Data from eight such
experiments using cells from K*-loaded animals provided a
mean slope conductance and V., of 139+ 6 pS and

B
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Figure 2. Large-conductance K* channels in isolated surface cells from rat distal colon

A shows typical recordings from a cell-attached patch on a surface cell from a K*-loaded animal at
different command potentials (V,,,,) referenced to pipette interior (Na,SO, solution in bath, K,SO, solution
in pipette). In this and the other figures, dashed lines indicate zero current levels, downward current
deflections indicate K* flow from the pipette to the cell or bath, and upward current deflections indicate K*
flow from the cell or bath to the pipette. B shows the I-V, relation of the recordings in A (data fitted by
linear regression analysis). C shows the voltage sensitivity of K* channel activity (P,, single channel open

probability; » = 8 patches).
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355 + 09 mV, respectively. Figure 2C shows that a high
level of spontaneous channel activity was maintained when
Veom Was varied between —60 and 40 mV, indicating that
the large-conductance channel gated independently of voltage
under these experimental conditions. Large-conductance
channels with identical properties were seen in cell-attached
patches on surface cells isolated from control animals (data
not shown).

Apical potassium channels in rat distal colon . 541

Figure 34 shows typical current recordings from an excised
inside-out patch with Na,SO, solution in the bath and
K,S0, solution in pipette, with the corresponding
curvilinear I-V, relation (Fig. 3B). Data from seven such
experiments provided mean calculated values of Py : Py,
and V., of 266 + 12:1 and 84'9 & 0-1 mV, respectively. As
shown in Fig. 3C, replacing Na,SO, solution in the bath with
K,80, resulted in a linear I-V ., relation, with a mean
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Figure 3. Large-conductance K* channels in isolated surface cells from rat distal colon

A shows typical recordings from an inside-out patch of membrane from a surface cell isolated from a K*-
loaded animal at different V., values referenced to the pipette interior (Na,SO, solution in the bath,
K,S0, solution in the pipette). B shows the curvilinear I-V, relation of the recordings in 4 (data fitted
and reversal potential obtained using the GHK current and voltage equations). C shows the linear I-V
relation in an inside-out patch with K,SO, solution in the bath and pipette (data fitted by linear regression

analysis).
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slope conductance of 209 + 6 pS (n = 16). These results
indicate that the large-conductance channels were almost
perfectly selective for K* over Na'. The level of channel
activity in the inside-out patches (irrespective of whether
Na,SO, or K,S0, solution was present in the bath) when
Veom Was varied between —60 and 40 mV was identical to
that seen in the cell-attached configuration (Fig. 2C).
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Surface cells in situ

Figure 44 shows typical current recordings from an excised
inside-out patch of apical membrane from a surface cell at
the opening of a colonic crypt. The patch was bathed
symmetrically in K,SO, solution (containing 1-:2 mm Ca®*),
and the corresponding linear -V, relation is shown in
Fig.4B. The mean slope conductance was 233 + 14 pS

I (pA)
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Figure 4. Large-conductance apical K* channels in surface cells of rat distal colon
A shows typical recordings from an inside-out patch of apical membrane from a surface cell from a K*-

loaded animal at different V,

wom Values referenced to the pipette interior (K,SO, solution in bath and

pipette). B shows the linear I-V,, relation of the recordings in A (data fitted by linear regression
analysis). C shows the curvilinear I~V relation after substituting Na,SO, for K,SO, in the bath (data

fitted and V,

rev Obtained using the GHK current and voltage equations). D shows the voltage sensitivity of

K channel activity with K,SO, (@) or Na,SO, (O) present in the bath solution (r = 3 patches).
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Figure 5. Effect of Ca?* and voltage on large-conductance

K* channel activity in isolated surface cells from rat
distal colon

P, was determined over a range of V,,,, values using inside-out

patches from surface cells isolated from the distal colon of
K*-loaded animals (K,SO, solution containing 1:2 mm in

pipette, and K,SO, solution containing varying concentrations

of free Ca®* in the bath). Data at Ca?* concentrations of 1 nm
(A), 10 nM (O), 100 nm (A) and 1 xM (@) were obtained from
4 patches, those at 32 nM (0O) from 24 patches, and those at
1:2 mm (m) from 25 patches. Error bars omitted for clarity.

(n = 3). The K" selectivity of this channel was explored by
replacing the bath solution with Na,SO, and determining
the effect on the I-V, relation of the channel. As shown in
Fig. 4C, substituting Na* for K* in the bath solution shifted
Viey from 0 mV to a calculated value of 84:7 mV, indicating
a Py : Py, ratio of 247:1, and the mean values from three
patches were 847 + 0:2 mV and 249 + 15: 1, respectively.
Figure 4D shows that the high levels of channel activity
appeared to be voltage insensitive when K,SO, (containing
1-2 mm Ca?*) was present in both the bath and the pipette.
By contrast, channel activity was generally less with
Na, SO, solution (containing 1-2 mm Ca®*) in the bath, but
under these conditions, channel activity increased 2- to
3-fold when the membrane was depolarized from —60 to
40 mV.

Sensitivity to Ca’** and voltage

As described above, a high level of voltage-insensitive K*
channel activity (P,, ~0'85) was observed consistently in
excised inside-out patches when bathed in symmetrical
K,S0, solution containing 1:2mm Ca’. The role of
‘cytosolic’ Ca®* in regulating K* channel activity was
studied in greater detail in excised inside-out patches
(n = 4) of isolated surface cells from the distal colon of K*-
loaded animals. After excision, patches were bathed in
EGTA-containing K,SO, solutions (pH maintained at 7-4
with KOH) containing concentrations of free Ca’* in the
sequence 1 nM, 10 nM, 32 nm, 100 nm and 1 gm. Data were

Figure 6. Effect of quinidine on large-conductance
K* channels

Typical recordings from an inside-out patch of
membrane from a surface cell isolated from the distal
colon of a K*-loaded animal (V,,, = —40 mV). K,SO,
solution was present in both the bath and the pipette.
Upper recording obtained before, and lower recording
obtained after, the addition of 1 mm quinidine to the
bath. Unitary currents were unchanged by quinidine.

Apical potassium channels in rat distal colon ' 543
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also obtained from twenty additional patches bathed in
K, SO, solution containing 32 nm Ca?*. Figure 5 summarizes
the level of channel activity at each concentration of bath
Ca™ (pipette contained K,SO, solution with 1-2 mm Ca’*
throughout) over a range of command voltages, and data
obtained with 1:2 mm Ca?" in the bath (n = 25) are included
for comparison. At 1 nmM Ca®*, channel activity was low at
—40 mV (P,, 0-014 £+ 0-012), but increased 16-fold after
depolarization to 40 mV (P,, 0-219 + 0:076). Increasing
bath Ca?* to 10 nm and then 32 nm produced a progressive
increase in channel activity at all voltages, while the
stimulatory effect of depolarization on channel activity was
retained. Although P, was generally greater when bath Ca’*
was raised to 100 nM, the influence of voltage at this Ca’*
concentration was negligible, and changing bath Ca** to
1 gm had no further significant effect on P,. Channel
activity was at its highest level with 1-2 mm Ca’" in the
bath. In summary, these data indicate that the large-
conductance apical K* channel stimulated during dietary
K* loading is both Ca®* and voltage sensitive at ‘cytosolic’
Ca®* concentrations below 100 nm.

Effects of K* channel blockers

The effects of the classic K* channel blockers quinidine,
TEA and Ba®** were tested in excised inside-out patches of
isolated surface cells from distal colon of K*-loaded animals.
In the experiments with quinidine and TEA, patches were
bathed symmetrically in K,SO, solution containing 1:2 mm
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Figure 7. Effect of TEA on large-conductance K* channels
5 I-V ., relations of large-conductance K* channels in inside-out
patches (n = 4) from surface cells isolated from the distal colon of
K*-loaded animals. K,SO, solution present in both the bath and

-60 -40 -20 20 40 the pipette. Data points are mean values (+s.E.M.) before (O) and
Veom (MV) ] after (@) the addition of 20 mm TEA to the bath. TEA reduced
-5 single channel conductance by 50 % at depolarizing voltages,
while P, was unchanged across the entire voltage range.
-10
*-15

Ca’*. Symmetrical KCl solutions were used to study the
effect of Ba™*.

Quinidine

As shown in Fig. 6, addition of 1 mM quinidine to the bath
reduced channel activity in 6 of 6 patches, P, decreasing
from 0-896 + 0:022 to 0-006 + 0-001 (P < 0-001) at a value

for Voo of —40 mV, but there was no change in unitary
current.

TEA

In contrast to quinidine, addition of 20 mm TEA to the
bath had no effect on P, at V,, of —40 mV (0-894 + 0-024
pre-TEA  versus 0:898 £ 0:015 post-TEA) or 40 mV
(0-923 £ 0-052 pre-TEA wersus 0-961 + 0:012 post-TEA).
However, Fig. 7 shows that whereas TEA had no effect on
unitary current amplitude at hyperpolarizing voltages,
unitary currents were reduced by 50% at depolarizing

voltages in 4 of 4 patches. These data indicate that TEA
produced ‘fast’-type channel blockade at depolarizing
voltages when added to the ‘cytosolic’ face of the cell
membrane. It seems likely that under these conditions, TEA
blocked and dissociated from the K* channel with kinetics
that were too rapid to be detected by our recording system,
resulting in a 50 % decrease in the apparent single channel
conductance. Studies in other epithelia indicate that it is not
possible to predict the pattern of K* channel blockade when
TEA is added to the ‘cytosolic’ face of inside-out patches.
TEA decreases the P, of 85-99 pS Ca’*-insensitive baso-
lateral K* channels in rat duodenal crypts (McNicholas,
Fraser & Sandle, 1994), 138 pS Ca’*-sensitive basolateral
K* channels in human colonic crypts (Lomax, Warhurst &
Sandle, 1996), and 210-302 pS Ca?*-sensitive basolateral
K* channels in human respiratory epithelial cells
(Kunzelmann, Pavenstddt & Greger, 1989). By contrast,

B
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Figure 8. Effect of Ba** on large-conductance K* channels

A shows K* channel activity at values for V.., of +40 and —40 mV (referenced to pipette interior, KCl
solution in the bath and pipette) in an inside-out patch of membrane from a surface cell isolated from a K*-
loaded animal before (traces on left) and after (traces on right) addition of 5 mm Ba’" to the bath.
B emphasizes the voltage dependency of Ba** blockade of K* channel activity. Data points were obtained
from 3 patches before (O) and after (@) addition of 5 mm Ba®*.
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TEA decreases the apparent single channel conductance
without changing P, in 12 pS Ca’*-sensitive K* channels in
cultured mammary epithelial cells (Furuya, Enomoto,
Furuya, Yamagishi, Edwards & Oka, 1989), and 200 pS
Ca’*-sensitive K* channels in smooth muscle cell membranes
(Benham, Bolton, Lang & Takewaki, 1985). In the present
study, outside-out patches were not used to test the effects
of TEA on the external face of the cell membrane.

Ba,2+

As shown in Fig. 8, addition of 5 mm Ba®* to the bath
produced voltage-dependent channel blockade in 3 of 3
patches, P, decreasing from 0-816 + 0:049 to 0-387 £ 0-106
(P <0-01) at V,,, =—40 mV, and from 0-792 £+ 0-149 to
0-026 + 0002 (P <0-01) at V., =40 mV, without any
change in unitary current.

DISCUSSION

The distal colon of rats fed a normal diet exhibits net K*
absorption, owing to the presence of an electroneutral
K*-H"-ATPase-mediated process in the apical membrane
of surface cells, which normally has a relatively low K*
conductance (Sandle & McGlone, 1987; del Castillo,
Rajendran & Binder, 1991). Chronic dietary K* loading
stimulates an electrogenic K* secretory process which reflects
increased basolateral K* uptake across an amplified baso-
lateral membrane, a rise in intracellular K* concentration,
and an increase in the macroscopic K* conductance of the
apical membrane (Kashgarian et al. 1980; Sandle et al.
1985). These intracellular changes combine to produce a
3-fold increase in the unidirectional K* flux from serosa to
mucosa (together with a 60% decrease in K* flux from
mucosa to serosa), which results in a reversal of net K*
absorption to net K* secretion (Foster et al. 1985, 1986).
The full adaptive response to dietary K* loading requires a
significant degree of secondary hyperaldosteronism in
addition to the dietary K* load itself (Foster et al. 1985).
The increase in circulating aldosterone concentration is
probably critical for the increase in apical K™ conductance,
since dietary Na* depletion (which induces an even greater
degree of secondary hyperaldosteronism) elicits a similar
net K* secretory response which involves the stimulation of
a TEA- and Ba®*-inhibitable apical K* conductance located
mainly in surface cells of the epithelium (Sweiry & Binder,
1989). Furthermore, net K* secretion across the distal colon
of Na* depleted animals is not dependent on Na* absorption,
since net and unidirectional K* fluxes are not changed after
the mucosal addition of 0-1 mM amiloride, which inhibits
aldosterone-induced apical Na“ channels and the sole
(electrogenic) Na* absorptive process (Foster et al. 1986). It
can therefore be seen that characterization of the apical K*
conductance at the single channel level is central to
understanding the K* secretory process induced by dietary
K* loading and Na* depletion.

From our data, we estimate that dietary K* loading
produced an 11+1-fold increase in K* channel density in the
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plasma membrane of surface cells isolated from the distal
colon. It was not possible to perform a similar analysis of
the relatively small amount of data obtained from surface
cells surrounding the openings of intact distal colonic
crypts. Nevertheless, our results suggest that K* loading
also produces a considerable increase in the abundance of
apical K* channels in surface cells in situ. We have yet to
determine whether dietary K* loading has a similar effect
on apical K* channels along the entire surface cell-crypt
cell axis. However, this seems unlikely based on the results
of studies with site-directed intracellular microelectrodes,
which showed that hyperaldosteronism secondary to
dietary Na* depletion stimulated a TEA-blockable apical K*
conductance in the K* secreting distal colon, which was
localized to surface cells and almost absent from upper crypt
cells (Lomax, McNicholas, Lombés & Sandle, 1994).

Our results show that K* channel activity was dependent on
both ‘cytosolic’ Ca** concentration and membrane voltage
(activity increasing with depolarization) at concentrations of
Ca®* previously reported in mammalian colonic epithelial
cells (Dharmsathaphorn & Pandol, 1986; Warhurst,
Turnberg, Higgs, Tonge, Grundy & Fogg, 1993). The
properties of a wide range of epithelial K* channels have
recently been summarized (Benos & Sorscher, 1992), but
within gastrointestinal epithelia, apical K* channels with a
linear I-V,, relation, large conductance (140 pS) and
sensitivities to Ca’* and voltage have only been described in
Triturus gall-bladder (Maruyama, Matsunaga & Hoshi,
1986). In the case of rat intestinal epithelia, Ca’*- and
voltage-dependent 250 pS K™ channels have been identified
in the basolateral membrane of small intestinal enterocytes
(Morris, Gallacher & Lee, 1986), and the basolateral
membrane of rat distal colonic crypt cells has been shown to
contain Ca®*-dependent, Ba’*- and TEA-inhibitable 12 pS
K* channels (seen frequently), Ca**-dependent and Ba®*-
inhibitable 187 pS K™ channels (seen infrequently), and
clusters of 27 pS non-selective cation channels (Siemer &
Gogelein, 1992; Burckhardt & Gogelein, 1992). Other large-
conductance K* channels exist in the basolateral membrane
of crypt cells in rabbit and human distal colon (Loo &
Kaunitz, 1989; Lomax et al. 1996). Our study, however,
appears to be the first to have characterized a functionally
important apical K* channel in mammalian colon.

The localization of these large-conductance K* channels to
the apical membrane of distal colonic surface cells, and their
increased abundance during dietary K* loading, provides
strong evidence that they have a pivotal role in the active
K* secretory process that typifies this model of colonic K*
adaptation. It is now clear that these K* channels constitute
the TEA-inhibitable apical K* conductance induced by
dietary K* loading in rat distal colon, which has been
identified in previous microelectrode studies (Sandle et al.
1985). It also seems likely that they account for the increase
in TEA- and Ba**-inhibitable apical K* conductance that
occurs predominantly in surface cells of rat distal colon
during dietary Na" depletion (Sweiry & Binder, 1989; Lomax
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et al. 1994). Although the large-conductance K* channels
are voltage sensitive at ‘cytosolic’ Ca®* concentrations, we
predict from the data shown in Fig. 5 that hyperpolarization
of the apical membrane in vivo (produced, for example, by
amiloride blockade of co-existent apical Na' channels)
should have only a small effect on P, — and therefore net K*
secretion — at intracellular Ca”" concentrations of 100 nm or
above. This hypothesis is supported by perfusion studies in
the distal colon of control and Na'-depleted rats, which
showed that intraluminal amiloride abolished the trans-
mucosal potential difference and decreased the plasma to
lumen (secretory) K* flux in the Na*-depleted group, which
nevertheless remained considerably higher than in the
control group, consistent with the presence of an aldosterone-
induced, potential-independent, transcellular K* secretory
pathway (Edmonds, 1981). In addition, while human
proximal rectum possesses a Ba’*-inhibitable apical K*
conductance (Goldstein, Shapiro, Rao & Layden, 1991),
intraluminal amiloride had no effect on net K* secretion
despite reducing net Na® absorption and transmucosal
potential difference (Sandle, Gaiger, Tapster & Goodship,
1986).

Although dietary K* loading increased the number of
functional apical K channels in surface cells of rat distal
colon, the cellular basis for this change remains unclear.
Complete reversal of net K™ absorption to net K* secretion
by dietary K* loading certainly requires both the increased
dietary K" load and a significant degree of secondary
hyperaldosteronism (Foster et al. 1985). However, the
increase in dietary K* load per se may be sufficient to
stimulate the expression of apical K* channels in surface cells
of rat distal colon, since dietary K* enrichment increases
the macroscopic K* conductance and the K* currents flowing
across the apical membrane of renal cortical collecting duct
cells in adrenalectomized rabbits (Muto, Sansom & Giebisch,
1988). Further studies are required to determine whether
the increases in dietary K* load and/or levels of circulating
aldosterone stimulate the synthesis of new K* channel
protein(s) or the recruitment of pre-existing K channels
from within the cytosol. In any event, maximal levels of
apical K* channel activity may also depend on aldosterone-
mediated changes in other intracellular regulatory
mechanisms dependent on Ca®* concentration and pH.
Although intracellular Ca®* concentrations were not measured
in this study, the Ca®*-mediated cholinergic muscarinic
agonist bethanechol stimulates active K* secretion in rat
proximal colon by enhancing the serosal to mucosal K* flux,
a change which may involve the activation of Ca’*-sensitive
apical K* channels (Foster, Sandle, Hayslett & Binder,
1983). In addition, aldosterone stimulates electrogenic Na*
transport (and by inference, apical Na" conductance) in
A6 renal cells after a delay of 60 min, an effect dependent
on a 3-fold transient rise in intracellular Ca®* concentration
(Petzel et al. 1992). Preliminary studies with excised inside-
out patches have shown that the large-conductance K*
channels are also stimulated by increasing the bath pH from
7°4 to 76, and that dietary K* loading is associated with
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intracellular alkalinization (by 0:26 pH units) of distal
colonic surface cells (Butterfield & Sandle, 1995). It remains
to be seen whether the rise in intracellular pH has a direct
causal role in increasing apical K channel activity during
dietary K* loading, or whether such a mechanism reflects
aldosterone-mediated stimulation of Na*~H* exchange, as
reported in renal tubular cells (Oberleithner, Kersting &
Hunter, 1988).

In summary, we have shown that dietary K* loading
increases the abundance of large-conductance K* channels
in the apical membrane of surface cells in rat distal colon.
These channels are Ca’*, voltage and pH sensitive, and are
likely to play an important part in the active K* secretory
process stimulated during dietary K* loading. However, the
precise interaction of these factors in modulating apical K*
channels, and whether dietary K* loading stimulates
similar K* channels in the proximal colon and at other
points along the surface cell-crypt cell axis, remains to be
established.

Bennawm, C. D, Borton, T. B, Lane, R. J. & Takewaki, T. (1985).
The mechanism of action of Ba®* and TEA on single Ca**-activated
K*-channels in arterial and intestinal smooth muscle cell
membranes. Pfliigers Archiv 403, 120—127.

Benos, D. J. & SorscHER, E. J. (1992). Transport proteins: ion
channels. In The Kidney: Physiology and Pathophysiology, ed.
SeLpiN, D. W. & GieBiscH, G., pp. 587-623. Raven Press, New
York.

BinDER, H. J. & SanDLE, G. 1. (1994). Electrolyte transport in the
mammalian colon. In Physiology of the Gastrointestinal Tract, ed.
JonnsoN, L. R., ALpers, D. H., CHRISTENSEN, J., Jacosson, E. D.
& WaisH, J. H.,, pp. 2133-2171. Raven Press, New York.

BurckHARDT, B.-C. & GocELEIN, H. (1992). Small and maxi K*
channels in the basolateral membrane of isolated erypts from rat
distal colon: single channel and slow whole-cell recording. Pfliigers
Archiv 420, 54—60.

BuTTERFIELD, L. & SANDLE, G. L. (1995). Effect of pH on K* channels
in K* secreting rat distal colon. Journal of Physiology 489.P, 121 P.

DEL CastiLLo, J. R., RaJENDRAN, V. M. & Binper, H. J. (1991).
Apical membrane localization of ouabain-sensitive K*-activated
ATPase activities in rat distal colon. American Journal of
Physiology 261, G1005-1011.

DuarmsaTHAPHORN, K. & Panpor, S. J. (1986). Mechanism of
chloride secretion induced by carbachol in a colonic epithelial cell
line. Journal of Clinical Investigation 77, 348—354.

DiENER, M., RuMMEL, W., MESTRES, P. & LinDEMANN, B. (1989).
Single chloride channels in colon mucosa and isolated colonic
enterocytes of the rat. Journal of Membrane Biology 108, 21-30.

Epmonps, C. J. (1981). Amiloride sensitivity of the transepithelial
electrical potential and of sodium and potassium transport in rat
distal colon in vivo. Journal of Physiology 313, 547-559.

Fapiaro, A. (1988). Computer programs for calculating total from
specified free or free from specified total ionic concentrations in
aqueous solutions containing multiple metals and ligands. Methods
in Enzymology 157, 378—417.

FosTER, E. S, Jones, W. J., HavsLeTT, J. P. & BINDER, H. J. (1985).
Role of aldosterone and dietary potassium in potassium adaptation
in the distal colon of the rat. Gastroenterology 88, 41—46.



J. Physiol. 501.3

FosTER, E. S., SANDLE, G. 1., HavsLETT, J. P. & BINDER, H. J. (1983).
Cyclic adenosine monophosphate stimulates active potassium
secretion in the rat colon. Gastroenterology 84, 324—330.

FosTER, E. 8., SANDLE, G. 1., HavsLETT, J. P. & BinDER, H. J. (1986).
Dietary potassium modulates active potassium absorption and
secretion in rat distal colon. American Journal of Physiology 251,
G619-626.

Furuva, K., Enomoro, K., Furuva, S, YamacisHi, S., Epwarbs, C.
& Oka, T. (1989). Single calcium-activated potassium channel in
cultured mammary epithelial cells. Pfliigers Archiv 414, 118-124.

Gorpman, D. E. (1943). Potential, impedance and rectification in
membranes. Journal of General Physiology 27, 37—60.

GOLDSTEIN, J. L., SHAPIRO, A. B., Rao, M. C. & Lavpen, T. J. (1991).
In vivo evidence of altered chloride but not potassium secretion in
cystic fibrosis rectal mucosa. Gastroenterology 101, 1012—-1019.

HawmiLr, O. P, MarTy, A., NEHER, E., SAKMANN, B. & SigworTH,
F.J. (1981). Improved patch clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
Pfliigers Archiv 391, 85-100.

Hopoekin, A. L. & Kartz, B. (1949). The effect of sodium on the
electrical activity of the giant axon of the squid. Journal of
Physiology 108, 37-177.

KasHGARIAN, M., TavLor, C. R., BiNDer, H. J. & HavsLeTT, J. P.
(1980). Amplification of cell membrane surface in potassium
adaptation. Laboratory Investigation 42, 581—588.

KunzeLmann, K., Pavenstipr, H. & Grecer, R. (1989).
Characterization of potassium channels in respiratory cells. II.
inhibitors and regulation. Pfliigers Archiv 414, 297-303.

Lomax, R. B., McNicHoLas, C. M., Lomsks, M. & SanpLg, G. L
(1994). Aldosterone- induced apical Na* and K* conductances are
located predominantly in surface cells in rat distal colon. American
Journal of Physiology 266, G71-82.

Lomax, R. B., WARHURST, G. & SANDLE, G. 1. (1996). Characteristics
of two basolateral potassium channel populations in human colonic
crypts. Gut 38, 243—-247.

Loo, D. D. & Kaunrrz, J. D. (1989). Ca®* and cAMP activate K*
channels in the basolateral membrane of crypt cells isolated from
rabbit distal colon. Journal of Membrane Biology 110, 19—28.

McNichoLas, C. M., Fraser, G. & SANDLE, G. 1. (1994). Properties
and regulation of basolateral K* channels in rat duodenal crypts.
Journal of Physiology 477, 381-392.

Maruvama, Y., Matsunaca, H. & Hosni, T. (1986). Calcium and
voltage activated K channel in apical cell membrane of gallbladder
epithelium from Triturus. Pfliigers Archiv 406, 563—567.

Morris, A. P, GaLLacHER, D. V. & LEg, J. A. C. (1986). A large
conductance, voltage- and calcium-activated K* channel in the
basolateral membrane of rat enterocytes. FEBS Letters 206, 87—92.

Muro, S., SansoM, S. & GiesiscH, G. (1988). Effects of a high
potassium diet on electrical properties of cortical collecting ducts
from adrenalectomized rabbits. Journal of Clinical Investigation
81, 376-380.

OBerLEITHNER, H., Kerstine, U. & Hunter, M. (1988).
Cytoplasmic pH determines K* conductance in fused renal
epithelial cells. Proceedings of the National Academy of Sciences of
the USA 85, 8345-8349.

PETZEL, D., GaNZ, M. B., NESTLER, E. J.,, LEws, J. J., GOLDENRING,
J., Akcicek, F. & HavsLeTT, J. P. (1992). Correlates of aldosterone-
induced increases in Cal* and Isc suggest that CaZ* is the second
messenger for stimulation of apical membrane conductance. Journal
of Clinical Investigation 89, 150-156.

Apical potassium channels in rat distal colon : 547

SanpLE, G. I, Foster, E. S., LEwis, S. A.,, Binper, H. J. &
HavsLeTT, J. P. (1985). The electrical basis for enhanced potassium
secretion in rat distal colon during dietary potassium loading.
Pfliigers Archiv 403, 433—439.

SANDLE, G. I, GAIGER, E., TAPSTER, S. & GoopsHip, T. H. J. (1986).
Enhanced rectal potassium secretion in chronic renal insufficiency:
evidence for large intestinal potassium adaptation in man. Clinical
Science T1, 393—401.

SanpLE, G. I. & McGrong, F. (1987). Segmental variability of
membrane conductances of rat and human colonic epithelia:
Implications for Na, K and Cl transport. Pfliigers Archiv 410,
173-180.

SIEMER, C. & G6cELEIN, H. (1992). Activation of nonselective cation
channels in the basolateral membrane of rat distal colon crypt cell
by prostaglandin E,. Pfliigers Archiv 420, 319-328.

STEIGER, B., MARXER, A. & Haurr, H. P. (1986). Isolation of brush
border membranes from rat and rabbit colonocytes: Is alkaline

phosphatase a marker enzyme? Journal of Membrane Biology 91,
19-31.

Sweiry, J. H. & Binper, H. J. (1989). Characterization of
aldosterone-induced potassium secretion in rat distal colon. Journal
of Clinical Investigation 83, 844—-851.

WARHURST, G., TURNBERG, L. A., Hiaas, N. B., TonGE, A., GRUNDY,
J. & Foga, K. E. (1993). Multiple G-protein-dependent pathways
mediate the antisecretory effects of somatostatin and clonidine in
the HT29-19A colonic cell line. Journal of Clinical Investigation
92, 603—611.

Acknowledgements

This study was supported by a project grant from the North West
Regional Health Authority. We are grateful to Ms Fiona Campbell
for statistical advice.

Author’s email address
G.I. Sandle: GSANDLE@FS1.HO.MAN.AC.UK

Received 30 January 1997; accepted 3 April 1997.



