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ABSTRACT Patch-clamp studies were carried out in villus enterocytes isolated 
from the guinea pig proximal small intestine. In the whole-cell mode, outward K + 
currents were found to be activated by depolarizing command pulses to - 4 5  mV. 
The activation followed fourth order kinetics. The time constant of K ÷ current 
activation was voltage-dependent, decreasing from ~ 3  ms at - 1 0  mV to 1 ms at 
+50 mV. The K ÷ current inactivated during maintained depolarizations by a 
voltage-independent, monoexponential  process with a time constant of ~ 470 ms. If 
the interpulse interval was shorter than 30 s, cumulative inactivation was observed 
upon repeated stimulations. The steady state inactivation was voltage-dependent 
over the voltage range from - 7 0  to - 3 0  mV with a half inactivation voltage of - 4 6  
mY. The steady state activation was also voltage-dependent with a half-activation 
voltage of - 2 2  mV. The K + current profiles were not affected by chelation of 
cytosolic Ca 2+. The K + current induced by a depolarizing pulse was suppressed by 
extracellular application of TEA +, Ba z+, 4-aminopyridine or quinine with half- 
maximal inhibitory concentrations of 8.9 mM, 4.6 mM, 86 v.M and 26 IxM, 
respectively. The inactivation time course was accelerated by quinine but deceler- 
ated by TEA +, when applied to the extracellular (but not the intracellular) solution. 
Extracellular (but not intracellular) applications of verapamil and nifedipine also 
quickened the inactivation time course with 50% effective concentrations of 3 and 
17 I~M, respectively. Quinine, verapamil and nifedipine shifted the steady state 
inactivation curve towards more negative potentials. Outward single K ÷ channel 
events with a unitary conductance of ~ 8.4 pS were observed in excised inside-out 
patches of the basolateral membrane, when the patch was depolarized to - 4 0  inV. 
The ensemble current rapidly activated and thereafter slowly inactivated with similar 
time constants to those of whole-cell K + currents. It is concluded that the basolateral 
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membrane of  guinea pig villus enterocytes has a voltage-gated, time-dependent, 
CaZ+-insensitive, small-conductance K + channel. Quinine, verapamil, and nifedipine 
accelerate the inactivation time course by affecting the inactivation gate from the 
external side of the cell membrane. 

I N T R O D U C T I O N  

In mammal ian  villus enterocytes, much indirect evidence has indicated that activation 
of  a K + conductance of  the basolateral membrane  plays an impor tant  role in 
controlling the Na+-coupled absorption o f  sugars and amino acids (Brown, Burton, 
and Sepfilveda, 1983; Brown and Sepalved a, 1985; Montero, Calonge, Bolufer, and 
Ilundain, 1990). Also, activation of  the K + conductance has been shown to be 
associated with a regulatory volume decrease of  mammalian  enterocytes after swelling 
induced by nutrient accumulation (MacLeod and Hamilton, 1991a) or hyposmotic 
challenge (Hazama and Okada, 1988; MacLeod and Hamilton, 1991b; O'Brien, 
Walters, and Sept~lveda, 1991). Recent patch-clamp studies have provided evidence 
for the presence of  Ca2+-activated K + channels in rat enterocytes (Morris, Gallacher, 
and Lee, 1986) and a human  enterocyte line (Hazama and Okada, 1988), of  inwardly 
rectifying K + channels in guinea pig enterocytes (Fargon, McNaughton,  and Sepfil- 
veda, 1990; Sepfilveda, Fargon, and McNaughton,  1991) and Necturus enterocytes 
(Costantin, Alcalen, De Souza Otero, Dubinsky, and Schultz, 1989), and of  Ca 2+- 
independent  large-conductance K + channels in guinea pig enterocytes (Mintenig, 
Monaghan,  and Sepfilveda, 1991). In the present study, we have identified a new type 
of  enterocyte K + channel. 

Parts of  these studies have been published in abstract form (Tatsuta, Itoh, Ueda, 
and Okada, 1991). 

M A T E R I A L S  A N D  M E T H O D S  

Cell Preparation 

A 15-20-cm length of the proximal small intestine was excised from a male guinea pig 
(weighing 250-300 g) under anesthesia with ether. The lumen was filled with low CI 
HEPES-buffered saline (HBS), which was composed of (in mM) 137.5 Na-gluconate, 4.2 
K-gluconate, 2.9 Ca-gluconate, 0.85 MgSO4, 1 MgCi2, 20 mannitol and 14 HEPES-NaOH (pH 
7.3), supplemented with 0.5 mM hydroxybutyrate and 0.5 mM dithiothreitol (DTF). After 
ligating the tissue, the sac was incubated in the same solution for 10 min at 37°C. The luminal 
content was then replaced with low C1- HBS supplemented with 1 mg/ml bovine serum 
albumin (BSA) and 500 U/ml dispase. The ligated sac was again incubated in low CI- HBS 
supplemented with hydroxybutyrate and DTI" for 20 min at 37°C, and then gently massaged 
between finger tips for 5 rain. The luminal content was diluted in 30 ml of low C1- HBS 
supplemented with BSA and hydroxybutyrate. The cell suspension was centrifuged for 5 min at 
600 rpm. The pellet was resuspended in 15 ml of low CI- HBS supplemented with BSA and 
hydroxybutyrate, and stored on ice until used (after 10 min to 8 h). 

The viability of these enterocytes was judged to be 89% by trypan blue dye extrusion 4 h after 
isolation. 

Solutions and Chemicals 

The enterocytes were perfused with a bathing solution (at ~ 3 ml/min) through a chamber (1 
ml) by gravity feed from a reservoir. The composition of the control bathing solution was (in 
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mM): 4.2 KC1, 137.5 NaCI, 0.9 CaCI2, 2.0 MgClz, 20 mannitol and 14 HEPES-NaOH (pH 7.4). 
In some experiments, KCI was substituted for NaC1 on an equimolar basis. The Cl--free 
bathing solution was composed of (in mM): 4.2 K-gluconate, 137.5 Na-gluconate, 3.4 MgSO4, 
2.9 Ca-gluconate, 20 mannitol and 14 HEPES-NaOH (pH 7.4). 

The standard pipette solution contained (in mM) 147 KCi, 0.455 CaCI2, 1 MgC12, 4 
BAPTA-K4 (Dojindo Laboratories, Kumamoto, Japan) and 20 HEPES-NaOH (pH 7.3, pCa 
7.9). When necessary, intracellular Ca 2+ ions were buffered to pCa 10 with 4 mM BAPTA and 
4.5 ~M contaminating Ca 2+ (determined with Ca2+-selective electrodes). In some experiments, 
the cytosol was dialyzed with a K+-free, Cs+-rich pipette solution containing (in mM) 147 CsCI, 
1 MgCI2, 1 EGTA and 20 HEPES-NaOH (pH 7.3, pCa 9.5). 

4-Aminopyridine (4-AP) and verapamil hydrochloride were directly dissolved in the bathing 
or pipette solution. Quinine hydrochloride and nifedipine hydrochloride were applied to the 
cell after diluting the stock solutions (made up in DMSO) with the bathing or pipette solution. 
The vehicle alone had no effect on membrane currents at the concentrations employed 
(<0.1%). When TEA + and Ba 2+ were applied to the cell, NaCI in the bathing or pipette 
solution was replaced with TEA-C1 and BaClz at ratios of 1:1 and 2:3, respectively. 

Unless otherwise stated, the chemicals employed were purchased from Nacalai Tesque 
(Kyoto, Japan). 

Current Recordings 

Currents were recorded with tight-seal patch electrodes using a patch-clamp amplifier (LIST, 
EPC-7) at room temperature (22-25°C). Single channel recordings were made in the inside-out 
patches from the brush border-free membrane of enterocytes. Whole-cell current recordings 
were carried out, as described previously (Kubo and Okada, 1992). The resistance of a patch 
electrode filled with a standard pipette solution was 3-5 MII. Capacitance (10-25 pF) and 
series resistance were compensated electronically. Unless otherwise stated, the standard pipette 
solution and the control bathing solution were employed as the intracellular solution (in the 
bath for inside-out patch recordings, in the pipette for whole-cell recordings) and as the 
extracellular solution (in the pipette for inside-out patch recordings, in the bath for whole-ceU 
recordings), respectively. The resting membrane potential of enterocytes determined in the 
whole-cell current clamp mode was -47.3 ± 1.2 mV (n = 79) in the control bathing solution. 

The currents were filtered at 3 kHz and recorded using a pulse-code modulator (Sony 
PCM-501ES). Off-line data analysis was made at a sampling frequency of 0.167-20 kHz using a 
personal computer (NEC PC9801FS) via a 12-bit A/D converter (Canopus, ADX-98E). 

Voltage pulses were generated by an electronic stimulator (SEN-3201, Nihon Kohden, 
Tokyo, Japan) and a computer-aided pulse generator (Shoshin EM, Type OI-8, Okazaki, 
Japan). To record voltage-dependent current activation, a series of command pulses (5-, 10- or 
20-mV steps of 30-, 1,500- or 4,000-ms duration) were applied from the holding potential at 
-90,  -75,  -70,  or - 5 0  mV to a variety of voltage levels ( -150 to +65 mV). The interval 
between pulses was usually set at 56-60 s to eliminate cumulative inactivation of the currents. 
To record the voltage-dependence of tail currents, deactivation of outward currents which had 
been induced by 100-ms voltage steps to +50 mV was initiated by step back to various 
potentials for 1 s at l-rain intervals. The voltage-dependence of steady state activation was 
measured by varying the depolarizing voltage commands ( -70  to +50 mV). The steady state 
inactivation properties were determined by measuring the current in response to a fixed 
voltage command of + 10 mV after various holding potentials ( -110 to - 1 0  mV). The leak 
current component was not compensated. 

Curve-fittings were performed by nonlinear least squares using commercial software (Sigma 
Plot, Jandel Scientific, Corte Madera, CA) or ad hoc programs. Data are given as means ± SEM 
with the number of observations (n) in parenthesis. Statistical significance of difference between 
means was evaluated by t test. The level of significance was set at P < 0.05. 
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R E S U L T S  

Cell Morphology 

The  isolated cell has a columnar  to oval appearance,  having a well-defined brush 
border  at one pole immediately after isolation. Most cells gradually became spherical 
within 60 min at room temperature,  the brush border  eventually becoming invisible 
in spherical cells (Fig. 1 A) . The  cell diameter  ranged from 15 to 20 Ixm. Fig. 1 B 
shows the histological appearance of  the intestinal segment  after enzymatic treat- 
ment.  The  villus region had intact villus cores but no remaining epithelial cells, 
whereas the crypt region was covered with intact monolayer  epithelial cells. These 

FIGURE l. Micrographs of isolated 
enterocytes and the remaining tissue 
of guinea pig small intestine. (A) 
Phase contrast micrographs of iso- 
lated enterocytes after incubation in 
the control bathing solution at room 
temperature for 10, 20, and 30 min. 
Brush border structures are visible at 
one pole of the cells (arrowheads). (B) 
A hematoxylin-eosin stained section 
of the small intestine after enzymatic 
treatment for enterocyte isolation. 
Representative of histological speci- 
mens from nine animals. 

results demonstra te  that the isolated cells are derived exclusively from villus entero- 
cytes. 

Voltage-dependent Whole-CeU K + Currents 

Using the whole-cell recording technique, inactivating outward currents were consis- 
tently observed in both enterocytes with and without visible brush borders upon  
application o f  depolarizing command  potentials above - 5 0  mV from a holding 
potential o f  - 7 0  or  - 9 0  mV. As shown in Fig. 2, the depolarizat ion-induced outward 
current  was rapidly activated and thereafter slowly inactivated. There  was no 
indication of  any inward currents upon  either depolarization or  hyperpolarization. 

Activation o f  the current proceeded with a characteristic delay and sigmoidal time 
course (Fig. 2Aa). The  activation phase of  the currents was best fitted by the 
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FIGURE 2. Vohage-gated whole-cell currents recorded from guinea pig villus enterocytes. 
Bath, control bathing solution. Pipette, standard pipette solution. The arrowhead and horizon- 
tal lines represent the zero current level. (A) Activation kinetics. (a) Representative currents in 
response to 30-ms pulses applied from a holding potential of - 7 0  mV to potentials ranging 
from -130  to +50 mV in 20-mV increments. The parameters fitted to Eq. 1 were as follows: 
I,~ax = 1,540, 1,358, 1,001 and 520 pA; m -- 4.3, 3.5, 3.7, and 3.9; % -- 1.2, 1.8, 2.5, and 4.3 
ms; at +50, +30, +10, and - 1 0  mV, respectively. (b) The mean activation time constant 
plotted as a function of voltage (n = 8). (Inset) The  examples of fitting (broken lines) for currents 
recorded at - 1 0  and +30 mV. Scales represent 5 ms and 200 pA. (B) Inactivation kinetics. (a) 
Representative currents in response to 4-s pulses applied from a holding potential of - 7 0  mV 
to potentials ranging from -130  to +50 mV in 20-mV increments. The inactivation time 
courses could be fitted by a single exponential function with time constants (~i) of 390, 396, 
408, and 491 ms at +50, +30, +10, and - 1 0  mV, respectively. (b) The mean ,~ values plotted 
vs voltage (n = 35). (Inset) The  examples of fitting (broken lines) for currents recorded at - 1 0  
and +30 inV. Scales represent 0.5 s and 200 pA. 

equat ion:  

I = /m~ , [ l  - exp  ( - t / % ) ]  m (1) 

with the m value o f  a round  four (Fig. 2Ab,  inset). As  shown in Fig. 2A(b),  the 
activation t ime constant  (~a) was d e p e n d e n t  on voltage. The  cur ren t  act ivated more  
p rompt ly ,  when the m e m b r a n e  po ten t ia l  became more  positive. 
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The inactivation phase o f  the outward currents could be adequately fitted by a 
single exponential  (Fig. 2 Bb, inset). As shown in Fig. 2 B(b), the inactivation time 
constant (*i) was little dependen t  on voltage in the range between - 1 0  and +50  mV 
at which the conductance is completely activated (see Fig. 5). The  recovery from 
inactivation was time dependent .  I f  the interpulse interval was shorter than 30 s, 
cumulative inactivation was observed upon  repetitive stimulations (data not  shown). 

The  peak current-voltage relationship is illustrated in Fig. 3 A (open circles). When 
the control bathing solution was replaced with a Cl--free solution, the current  profile 
did not  change,  as shown in Fig. 3 A (inset andfilled circles). When K + was substituted 
for Cs + in the pipette solution, the outward current  was completely abolished (n = 4, 
data not shown). When the extracellular K + concentrat ion ([K+]o) was increased to 

A 

mV 200 pA | _ ~=Q./m +65 [~ ~ 500F YJ..-~ 

B 1000 F 

+ 50 K ]400 pA pAl 

FIGURE 3. Representative peak cur- 
rent-voltage relationship. Arrowheads 
and horizontal lines represent the 
zero current level. Pipette, standard 
pipette solution. (.4) Recorded with 
4.2 mM K + in the control bathing 
solution (open circles: holding poten- 
tial - 90  mV) and in Cl--free bathing 
solution (filled circles: holding poten- 
tial - 75  mV) in a single villus entero- 
cytes. (Inset) The current traces in the 
absence of CI- in the bathing solu- 
tion. The command potential range 
and the holding potential are indi- 
cated. (B) Recorded with 141.7 mM 
K + (holding potential - 90  mV) in 
another villus enterocyte. (Inset) The 
current traces. 

141.7 mM, inward currents were activated in response to negative voltage steps o f  
less than - 5 0  mV (Fig. 3 B). The  reversal potential was - 4 . 2  +- 0.5 mV (n = 4), close 
to EK ( - 3 . 6  mV), indicating that the principal carrier of  the current  was K +. This 
inference was confirmed by analysis of  the tail currents. In 4.2 mM [K+]o, the tail 
currents reversed at - 8 4 . 0  -+- 2.2 mV (n = 5) (Fig. 4 A ). When [K+]o was increased by 
10-fold, the reversal potential shifted to - 2 6 . 5  +- 1.4 mV (n = 5), in the manner  
expected of  a K+-selective channel  (Fig. 4 B). 

The  K + current  profiles were not affected by the intracellular application of  ATP (1 
mM, n = 3) or  by chelation o f  cytosolic Ca 2+ (pCa 10, n = 8). 

Fig. 5A (circles) shows the normalized peak K ÷ conductance as a function o f  
voltage. The  conductance increased steeply with depolarization and saturated at 
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positive potentials.  T h e  continuous line th rough  the data points represents  the best 
fit to a Bol tzmann distribution: 

G/Gma x = 1/[1 + exp  {(V - V1/2)/k}] (2) 

T h e  half-activation voltage (Vii2) was - 2 1 . 7  +-. 0.8 mV (n = 24). T h e  steepness of  the 
vo l tage-dependence  (k) was - 9 . 3  - 0.4, suggesting that  the effective gat ing charge 
( - R T / F k )  is more  than 2.7. Because the limiting slope of  the semilogari thmic steady 
state activation curve is a bet ter  measure  of  the effective gat ing charge (Almers, 
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- 1 2 0  

42 rnM K + 

FIGURE 4. Tail current analysis at 4.2 mM K + (A) and 42 mM K ÷ (B). Deactivating tail 
currents (lower) recorded by the double-pulse protocol (upper). Capacitative components (time 
constant of ~ 4 ms) could be evaluated by fitting the curves with double exponential functions. 
Arrowheads and horizontal lines represent the zero current level. 

1978), such a plot  was constructed f rom currents in response  to c o m m a n d  pulses 
m o r e  positive than - 4 5  mV in 5-mV steps. As shown in Fig. 5 B, at potentials  more  
negative than  - 3 0  mV the conductance grew e-fold in 4.1 mV, indicating that  the 
effective gat ing charge is at least 6.2 equivalents. 

T h e  voltage dependence  of  steady state inactivation was studied by varying the 
holding potent ial  pr ior  to recording the K + current  at a constant  test potential  (+ 10 
mV). As shown in Fig. 5 A (squares), the data points could again be fitted with a 
Bohzmann  function (h® = Eq. 2). T h e  half-inactivation voltage (Vx/2) was - 4 5 . 6  -+ 0.5 
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mV (n = 21). T h e  slope factor (k) was 3.9 +_ 0.2, suggest ing the effective ga t ing  
charge  is more  than  6.5. 

Sensitivity to K ÷ Channel Blockers 

T h e  outward K + channel  currents  were found  to be sensitive to a variety of  K + 
channel  blockers.  Extracel lular  appl ica t ions  o f  TEA t ,  Ba 2+ and  quin ine  suppressed  
bo th  the  peak  and  sustained K + currents  (Fig. 6 A ) without  exhib i t ing  u s e - d e p e n d e n t  
effects (Fig. 6 Ba). T h e  t ime n e e d e d  for a t ta in ing  steady state inhibi t ion was 3 - 5  min 
for Ba 2+ and  2 - 4  min  for TEA t and  quinine.  Extracel lular  4-AP exhib i ted  use- 
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FIGURE 5. Voltage dependency of the activation and inactivation of whole-cell K + currents in 
guinea pig villus enterocytes. The steady state activation properties were determined by 
observing the current with a depolarizing command ( -70  to +50 mV) after a fixed holding 
potential at - 9 0  mV. Steady state inactivation was observed by holding the cell for more than 1 
min at - 110 to - 10 mV, and applying a single test pulse to + 10 mV. (A) Steady state activation 
and inactivation curves. Symbols (with bars) represent mean normalized conductances (+_-SEM) 
of 21-24 enterocytes. The Boltzmann function (Eq. 2) was fitted to the data. Vw2 and k of the 
activation curve (circles) were -21.6  mV and -8.3,  respectively. For the inactivation curve 
(squares), VI/2 = -45.7 mV and k = 4.3. (B) A semilogarithmic steady state activation curve 
recorded in a single enterocyte by applying 4-s step pulses in 5-mV increments. The limiting 
slope is shown by a broken line. 

d e p e n d e n t  inhibit ion.  Even 5 rain after  exposure  to 4-AP, no change  in the K + 
cur ren t  was observed u p o n  the first app l ica t ion  o f  a c o m m a n d  pulse, whereas  dist inct  
suppress ion  was found  u p o n  subsequent  appl ica t ions  o f  c o m m a n d  pulses (Fig. 6 Bb). 
T h e  inhibi tory effects o f  these K + channel  blockers were reversible after  wash-out.  
T h e  ext racel lu lar  concentra t ions  r equ i red  for 50% inhibi t ion (ICs0) of  the  peak  K + 
cur ren t  were 8.9 mM, 4.6 raM, 86 ~M and  26 I~M for TEA +, Ba ~+, 4-AP and  quinine,  
respectively (Fig. 6 C). In t racel lu lar  appl ica t ions  of  TEA + (10 mM), Ba 2+ (5 raM) and  
4-AP (1 mM) abol ished the K + current ,  whereas  in t racel lular  quinine (100 I~M) failed 
to block the K + current  (n = 3 -5 ,  da ta  not  shown). T h e  outward K ÷ currents  were not  
affected by ext racel lu lar  appl ica t ions  of  Cs + (100 mM) or  g l ibenc lamide  (10 I~M). 



TATSUTA ET AL, Voltage-gated K + Channel in Enterocytes 

A 
a) TEA + b) Ba 2 + 

__ j  400 pA 

+50 1 s ~ control 

- 7 0 ,  
130 

c) 4 -  AP d) Quinine 

__1200 pA 

437 

lOOmM 50mM 1 mM 100 /zM 

, ~ ~  ~ m , . . m . ~  k . . . . .  

B C 

a) 20 mM TEA + 

+10 k ~200 pA 

7 0 , ~  
mV 

b) 0 . 1 m M  4 - A P  

+10 ~, _ ]200pA 

7 0 , ~ ~  
mV 

1.0 

4 TEA+ 

0.5 

0 0- 4 ' 2~0~0-, 10 -5 10 5 1 10 3 10 

Concentration (M) 

FIGURE 6. Effects of K + channel blockers on whole-cell K + currents of guinea pig enterocytes. 
Arrowhead and horizontal lines represent the zero current level. (A) Representative traces of 
currents in response to 4-s pulses applied from a holding potential of - 7 0  mV to varying 
potentials ( - 1 3 0  to +50 mV) before (top group of traces) and after addition of blocker to the 
extracellular solution (middle and bottom groups of traces). Blockers were TEA + (a), Ba ~+ (b), 4-AP 
(c) and quinine (d), and concentrations were as indicated. The three traces were recorded from 
the same cell. (B) Use-dependent effects of 20 mM TEA + (a )  and 0.1 mM 4-AP (b). Currents 
were elicited by 4-s pulses from a holding potential of - 7 0  mV to +10 mV before (0), 5 rain 
(1), 6 rain (2) and 7 rain (3) after drug applications. (C) Dose-inhibition curves. After attaining 
steady state inhibition, the peak currents were recorded at 10 mV and normalized to the peak 
current before drug applications. The data points (with bars) represent mean values (with SEM) 
of three to eight experiments. (Curves) Fits of the equation y = 1 - x"/(IC~0 + x") to the data. 
The Hill coefficients (n) were 1.09, 0.86, 0.91, and 0.96 for quinine, 4-AP, Ba ~+ and TEA +, 
respectively. 

After  a t t a i n i n g  s teady-sta te  i n h i b i t i o n  o f  the  peak  K + c u r r e n t  a m p l i t u d e ,  effects o f  
ex t race l lu la r  K + c h a n n e l  b lockers  o n  act ivat ion a n d  inac t iva t ion  kinet ics  were 
e x a m i n e d  at c o n c e n t r a t i o n s  n e a r  IC~0. T h e  K ÷ c h a n n e l  blockers  had  n o  s ignif icant  
effects o n  the  t ime  course  o f  act ivat ion.  T h e  ac t iva t ion  t ime  cons tan t s  at - 1 0  mV 
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were 2.0 +-- 0.2 ms (n = 4), 2.3 +_ 0.2 ms (n = 4), 1.7 + 0.4 ms (n = 3) and  1.8 +- 0.2 
ms (n = 4) in the  presence  o f  10 mM TEA +, 5 m M B a  z+, 100 p.M 4-AP and  20 p.M 
quinine,  respectively.  These  values were not  significantly different  f rom the control  
value in the absence o f  blockers ( 2 . 0 -  1.2 ms, n = 15). Quin ine  and  TEA + had  
oppos i te  effects on the  t ime course of  inactivation. TEA + (10 raM) slowed down 
inactivation, whereas  quin ine  (20 p.M) accelera ted  it (Fig. 7). In contrast ,  ne i the r  Ba 2+ 
(5 mM) nor  4-AP (100 p~M) affected the inact ivat ion t ime course (Fig. 7). Ne i the r  
activation nor  inact ivat ion kinetics were affected by int racel lular  app l ica t ion  of  TEA + 
(1 raM), Ba 2+ (1 raM), 4-AP (0.1 raM) or  quinine (0.1 raM). 

In  the p resence  o f  ext racel lu lar  TEA + (10 mM), Ba 2+ (5 mM) or  4-AP (100 p.M) 
there  was no  significant change  in the steady state pa rame te r s  of  cur ren t  activation 
and inactivation (n = 3 -4 ,  da ta  not  shown). In  the  presence  of  quinine (20 p~M), 
however, the steady state inact ivat ion curve was shifted to the  left or  more  negat ive 
ho ld ing  potent ia ls ,  significantly a l ter ing the V1/2 value from - 4 4 . 8  _ 0.7 to - 5 0 . 4  -+ 
0.8 mV (n = 4). 
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FIGURE 7. Effects of K ÷ channel 
blockers and Ca 2÷ channel blockers 
on the inactivation time constants of 
whole-cell K + currents of guinea pig 
enterocytes. Data points and bars rep- 
resent means and SEM, respectively. 
Control (asterisks; n = 37). TEA + (open 
squares; 10 raM, n = 6). 4-AP (open 
circles; 0.1 mM, n = 5). Ba ~+ (filled 
squares; 5 raM, n = 7). Quinine (filled 
circles; 20 o~M, n = 8). Nifedipine 
(open triangles; 20 o.M, n = 4). Verapa- 
mil (filled triangles; 20 p.M, n = 5). 

Sensitivity to Ca 2+ Channel Blockers 

Inact ivat ion o f  the K + current  was also sensitive to the Ca 2+ channel  blockers,  
ve rapami l  and  nifedipine.  Extracel lular  appl ica t ion  of  e i ther  b locker  resul ted in 
accelerat ion o f  inact ivat ion (Figs. 7 and  8 A ) in a c onc e n t r a t i on -de pe nde n t  m a n n e r  
(Fig. 8 B) without  u s e - d e p e n d e n t  effects (data  not  shown). At + 10 mV, verapami l  
marked ly  r educed  the  inactivation t ime constant  (by 52 -+ 5% (n -- 5) at  5 p~M and  
87 + 2% (n = 5) at 20 p~M), but  had  little effect on  the peak  ampl i tude  (by - 9  -+ 4% 
(n = 5) at 5 p~M and  - 11 -+ 5% (n = 5) a t  20 p~M). Similarly, n i fed ip ine  significantly 
r educed  the t ime constant  o f  inactivation, but  had  no effect on the peak  ampl i tude .  
Nifedip ine  r educed  the t ime constant  o f  inact ivat ion at + 10 mV to 65 + 5% (n = 4) 
o f  the control  value at 10 p.M and  to 53 +- 4% (n = 4) at 20 p.M. In contrast ,  the  peak  
ampl i tude  was inhibi ted by n i fedip ine  at  10 and 20 ~xM by only 2 -+ 2% (n = 4) and  
19 - 8% (n = 4), respectively. T h e  effects o f  these drugs  on  the inactivation kinetics 
were part ial ly reversible after  wash-out.  Nei ther  ve rapami l  nor  n i fedip ine  affected the 
t ime constant  of  K ÷ cur ren t  activation. 
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FIGURE 8. Effects of  Ca 2+ channel blockers on whole-cell K + currents in guinea pig entero- 
cytes. (A) Representative traces of  currents in response to 4-s pulses applied from a holding 
potential of  - 9 0  mV to various potentials ( - 1 3 0  to +50 mV) before (upper traces) and after 
(lower traces) drug addition to the extracellular solution. Verapamii (a) and nifedipine (b) were 
added at the indicated concentrations. The  two traces were recorded from the same cells. 
Arrowheads and horizontal lines represent the zero current level. (B) Dose-response curves for 
the effects of verapamil (filled triangles) and nifedipine (open triangles) on the inactivation time 
constants. After obtaining steady-state effects with the drugs, the inactivation time constants 
were calculated and normalized to those before drug addition. Means +- SEM (n = 3-10). The  
Hill coefficients (n) were 0.87 for verapamil and 0.83 for nifedipine. The 50% effective 
concentrations were 3.1 p,M for verapamil and 17 p,M for nifedipine. (C) Steady state activation 
curves (circles) and inactivation curves (squares) in the absence (open symbols) and presence (filled 
symbols) of 20 I~M verapamil (a) or 20 p,M nifedipine (b). 
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T h e  steady state inactivation curve was significantly shifted to the  left by 10.8 + 2.1 
and  9.9 -+ 2.1 mV (n = 4) in the presence  o f  20 p,M verapami l  and  20 p,M nifedipine,  
respectively (Fig. 8 C, squares). Verapami l  (but not  ni fedipine)  significantly a l te red  the 
s lope factor (k) f rom 4.1 _ 0.8 to 7.4 -+ 0.6 (n = 4). However,  the s teady state 
activation pa rame te r s  were not  significantly affected by e i ther  o f  the  Ca 2+ channel  
blockers  (Fig. 8 C, circles). 
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FIGURE 9. Voltage-gated single-channel currents recorded in inside-out patches excised from 
the brush border-free membrane of guinea pig enterocytes. Bath, standard pipette solution. 
Pipette, control bathing solution. Arrowheads and horizontal lines represent the zero current 
level. (A) Representative currents at seven different voltages (given to the left of each trace) 
from a single patch. Holding potential was - 9 0  InV. Voltage steps were applied at the time 
indicated by the arrow. Leak and capacitative currents were subtracted from the records. (B) 
Single-channel current-voltage relation. Patch membranes were excised from the brush 
border-free membrane of three spherical enterocytes (open symbols) and two columnar entero- 
cytes which had been isolated 10-20 min before and had clearly identifiable brush borders 
(filled symbols). (Inset) A current trace (corresponding to triangle at +50 mV) displayed on a 
faster time base. (C) The ensemble average of 14 consecutive current records in response to 
voltage steps to +10 mV from a holding potential of - 9 0  inV. The data were fitted with an 
activation time constant of 3.5 ms and an inactivation time constant of 373 ms. 

When  a d d e d  to the in t racel lular  solution, both  ve rapami l  (100 p,M) and  n i fedip ine  
(100 v~M) failed to affect the  K + cur ren t  profi les (n = 5 and  4, da ta  not  shown). 

Single K + Channel Events in the Basolateral Membrane 

Single-channel  events were first r eco rded  in ins ide-out  patches  of  the p lasma  
m e m b r a n e  o f  spher ical  enterocytes  which d id  not  have wel l -def ined brush bo rde r  
structures.  T h e  most  preva len t  type of  uni tary events was an outward cur ren t  that  was 
ga ted  by m e m b r a n e  depo la r iza t ion  to - 4 0  mV. As shown in Fig. 9A,  la rger  
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depolarizations induced stepwise outward events with greater current amplitude. Fig. 
9 B shows a plot of current amplitude as a function of membrane potential. The  
current-voltage relationship was linear with a mean slope conductance of 8.4 --- 0.2 
pS (n = 20). The extrapolated reversal potential ( -92 .0  +- 1.9 mV, n = 20) is very 
close to the equilibrium potential for K ÷ (EK -- 93 mV) and is therefore consistent 
with a highly selective K + channel. Generally, the channels opened only for the first 
tens to hundreds of milliseconds after the depolarizing pulse. Rapid open and closed 
events could be observed before inactivation (Fig. 9 B, inset). After the channels 
inactivated, they rarely reopened during maintained depolarizations. When the patch 
was returned to the holding potential ( - 9 0  mV), recovery from this inactivated state 
required many seconds. The ensemble average of 14 such records exhibited rapid 
activation (with ra of several ms) and slow inactivation (with ri of  ~ 400 ms), as shown 
in Fig. 9 C. 

To record single-channel events in membrane patches excised from the basolateral 
membrane, giga seals were formed at the pole opposite to the brush border on villus 
enterocytes which had been stored on ice for only 10-20 min after isolation in order 
to minimize the possibility of redistribution of membrane proteins. Essentially 
identical unitary events were observed in these basolateral membrane patches (Fig. 
9 B, filled symbols). 

D I S C U S S I O N  

Depolarization-activated K ÷ channels have been described in almost all excitable cells 
(Hille, 1992). In the present study, using the whole-cell recording technique, similar 
voltage-gated K ÷ currents were consistently observed in villus enterocytes isolated 
from the guinea pig small intestine. We deduced that small-conductance K ÷ channels 
(unitary conductance 8.4 pS) found in inside-out patches of the brush border-free 
membrane correspond to the K ÷ current, based on similarities in the threshold 
potential, activation and inactivation kinetics and cumulative inactivation. 

Activation of the K ÷ current could be fitted by a Hodgkin-Huxley type parameter 
raised to fourth power. The limiting slope of the activation curve plotted on a 
logarithmic ordinate predicts an effective gating charge of more than six per 
channel. Similar values have been estimated for the gating charges of K + channels in 
a variety of excitable cells (Hodgkin and Huxley, 1952; Stanfield, 1975; Almers and 
Armstrong, 1980; Bezanilla and White, 1982). 

Inactivation was a prominent characteristic of the enterocyte K + channel. The 
inactivation phase could be fitted by a single exponential function. The inactivation 
process occurred over a period of hundreds of milliseconds in an almost voltage- 
independent manner. Recovery from inactivation was slow and took more than 30 s. 
Cumulative inactivation (Aldrich, Getting, and Thompson, 1979) was observed when 
subsequent pulses were applied before attaining complete recovery from inactivation. 

These properties of the enterocyte K + current closely resemble the n-type channel 
in lymphocytes; which is also activated by depolarization above - 4 0  mV with 
following fourth order activation kinetics, shows slow inactivation, demonstrates 
cumulative inactivation and has a small single-channel conductance (DeCoursey, 
Chandy, Gupta, and Cahalan, 1987; Lewis and Cahalan, 1988). 

The inactivation kinetics of enterocyte K + currents was modified by a number of 
channel blockers. When applied to the extraceUular (but not intracellular) solution, a 
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K + channel blocker (quinine) and Ca 2+ channel blockers (verapamil and nifedipine) 
accelerated inactivation. Similar accelerating effects of  Ca 2+ channel blockers were 
found in K + current inactivation in human tracheal cells (Galietta, Rasola, Barone, 
Gruenert, and Romeo, 1991) and smooth muscle ceils of  rabbit small intestine 
(Terada, Kitamura, and Kuriyama, 1987). In contrast, extracellular TEA + was found 
to retard the K + channel inactivation. Decelerating effects of  extracellular TEA + have 
also been found in n-type K + channels in lymphocytes (Grissmer and Cahalan, 1989) 
and in a Shaker K + channel mutant which exhibits slow inactivation kinetics due to 
deletion of the amino-terminal region (Choi, Aldrich, and Yellen, 1991). 

Acceleration of inactivation by quinine, verapamil and nifedipine may reflect a 
block of K + channels in an open conformation. However, they did not exhibit 
use-dependency. In addition, the inactivation time course in the presence of either 
drug was adequately fitted by a single exponential, being inconsistent with the 
involvement of  an additional "inactivating" process due to open-channel block. 
Furthermore, verapamil and nifedipine did not significantly alter the peak amplitude 
of K + currents. Instead, they presumably interact with the inactivation gate. 

Inactivation of Shaker K + channels can be well explained by the intracellular 
ball-and-chain model (Armstrong and Bezanilla, 1977), in which the amino-terminal 
domain acts as a tethered inactivation particle that can block the internal mouth 
(Zagotta, Hoshi, and Aldrich, 1989). In contrast with the case of Shaker K + channel 
(Zagotta et al., 1989; Hoshi, Zagotta, and Aldrich, 1990), a protease (Pronase E, 2 
mg/ml) applied to the intracellular (pipette) solution failed to remove the inactiva- 
tion of the K + current (Tatsuta and Okada, Unpublished observations). Because 
verapamil and nifedipine were effective only when applied on the extracellular side, 
blocker binding to an extracellular domain may cause allosteric effects on the 
inactivation gate at a cytosolic domain of the K + channel. Alternatively, the inactiva- 
tion gate may reside near the external mouth of the channel. However, an 
extracellular ball-and-chain inactivation mechanism would seem to be unlikely, 
because addition of a protease to the extracellular solution did not affect inactivation 
of the K + current (Tatsuta, Tsuji, and Okada, unpublished observations). Recent 
results have suggested that a conformational change near the external mouth of 
Shaker K + channels is responsible for its slow inactivation mechanism (Choi et al., 
1991). 

Quinine, verapamil and nifedipine significantly shifted the steady state inactivation 
curve (h®-curve) and also shortened the inactivation time constant ('ri). According to 
Hodgkin and Huxley (1952) h~ and ~i are given by 

ho0 ~- 0th/(0t h -{- ~h)  (3)  

"ri = I / (% + [3h) (4) 

where ah and 13h are the backward and forward rate constants, respectively, for 
transitions between activated and inactivated states of the channel. Therefore, it 
appears that binding of these drugs induced alteration of the rate constant(s) 
presumably due to conformational changes in the channel. 

So far three types of K ÷ channel have been found in enterocytes of mammalian 
small intestine: Ca2+-activated maxi-K + channels (unitary conductance around 250 
pS) in rat (Morris et al., 1986), Ca 2+- and Ba2+-insensitive large-conductance 
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(130-pS) K + channels in guinea pig (Mintenig et al., 1991), and inwardly rectifying 
TEA+-insensitive K + channels in guinea pig (Sep61veda et al., 1991). Because of its 
small unitary conductance (8.4 pS), Ca2+-independency and sensitivity to Ba 2+ and 
TEA +, the K + channel identified in the present study is different from those listed 
above. This K ÷ channel is also distinct from several K + channels identified by 
single-channel recording techniques in Necturus enterocytes as follows: Ca2+-activated 
large-conductance (170-pS) K + channels (Sheppard, Gir~ldez, and Sepfilveda, 
1988a), Ca2+-activated intermediate-conductance (30-pS) K + channels (Sheppard et 
al., 1988b), and inwardly rectifying large-conductance (190-pS) K + channels (Costan- 
tin et al., 1989). 

Under the present experimental conditions, the predominant whole-cell currents 
in villus enterocytes of the guinea pig were inactivating outward K + currents activated 
upon depolarization. Preliminary studies showed that elevation of the intracellular 
Ca 2+ level induced activation of additional currents (K + currents flowing in both 
inward and outward directions, CI- currents, and nonselective cation currents: 
Tatsuta, Tsuji, and Okada, unpublished observations). However, inwardly rectifying 
K + currents have not been observed, contrary to previous observations (Costantin et 
al., 1989; Sept~lveda et al., 1991). The reason for this discrepancy is not clear but may 
be due to differences of animal species (Costantin et al., 1989) and of some other 
experimental conditions (Sepfilveda et al., 1991). 

The whole-cell K ÷ current was consistently observed in guinea pig enterocytes 
either before or after loosing the brush border. The corresponding single-channel 
activity could be recorded from membrane patches excised from the brush border- 
free membrane of both enterocytes with and without the brush-border at one pole. 
Redistribution of the membrane integral proteins after isolation of mouse enterocytes 
is known to take place rapidly at 37°C but is slowed by cooling at 0°C (Ziomek, 
Schulman, and Edidin, 1980). Essentially identical single-channel activities were 
recorded from the brush border-free membrane in guinea pig enterocytes which had 
been stored on ice for only 10-20 min after isolation. Taking these results together, it 
appears that the K + channel resides at the basolateral membrane. 

The exact function of the K + channel has not been determined in the present 
study. There is an overlap of steady state activation and inactivation curves (Figs. 5 A 
and 8 C). The "window current" should contribute to the basal currents of villus 
enterocytes in the range of voltages between - 5 0  and - 3 0  mV. Because the resting 
potential of ~ - 4 7  mV is just below the threshold potential (~  - 4 5  mV) and close to 
the half-inactivation voltage (~ - 4 6  mV), half the total population of K + channels 
would be available for activation by a small depolarizing shift of the membrane 
potential in guinea pig enterocytes. Transient depolarizations have been observed 
upon Na÷-dependent absorption of sugars and amino acids (Rose and Schultz, 1971; 
White and Armstrong, 1971; Okada, Tsuchiya, Irimajiri, and Inouye, 1977; Boyd and 
Ward, 1982; Gunter-Smith, Grasset, and Schultz, 1982; Albus, Bakker, and van 
Heukelom, 1983; Grasset, Gunter-Smith, and Schultz, 1983; Gir~ldez and Sepfilveda, 
1987) and upon osmotic cell swelling in intestinal epithelial cells (Hazama and 
Okada, 1988). Therefore, both peak and sustained (7-8% of peak) components of 
the K + channel currents may be involved in the resetting of the resting potential 
(membrane repolarization) upon Na+-coupled solute absorption and osmotic cell 
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swelling, K ÷ recycling coupled to Na+-K + pump at the basolateral membrane during 
active Na + absorption, and K + efflux associated with a regulatory volume decrease. 
In this regard, it is noteworthy that sugar absorption is known to be inhibited by 
verapamil in isolated enterocytes (Montero et al., 1990) and in intact ileum (Ilundain, 
Alcalde, Barcina, and Larralde, 1985), and by K + channel blockers, such as Ba 2+ and 
quinine, in isolated enterocytes (Brown and Sepfilveda, 1985; Montero et al., t990). 
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