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Abstract. Two components of the outwaid K + cuirents (7K) of cells isolated 
from the cuculai layer of human jejunum were investigated using the conventional 
whole-cell voltage clamp method A fast transient 7K component could only be 
elicited by depolanzation in cells dialysed with pipette solution of pCa < 7 4 This 
7K component was stiongly voltage dependent, and could be selectively abolished 
by 30 ^imol/1 quinidme Its amplitudes deci eased in the absence of Ca entiy, the 
deciease depending on the duration of cell exposuie to media containing calcium-
blockeis, and disappeaied aftei depletion of mtiacellulai Ca2+ stores The steady-
state component of 7K was sensitive to tetiaethylammonmm This component had 
comparable amplitudes at pCa = 8 4 oi pCa = 7 4 of the pipette solution, and was 
piesent duimg a long lasting exposuie of cells to solutions containing Ca2 + blocking 
drugs 
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Introduction 

Potassium cunents of intestinal smooth muscle cells have been extensively inves­
tigated m laboratoiy animals by the whole-cell voltage clamp technique (Hu et al 
1989, Gagov et al 1993, Dundanova and Boev 1995) Howevei, there have been 
no studies on whole-cell cuirents from gastiomtestmal smooth muscle in humans 
Recently, by using peiforated patch-clamp technique, Fariugia et al (1993, 1995) 
studied human ciicular jejunum cells and desciibed the presence of voltage sensitive 
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K + and C a 2 + cuirents Moie specifically, these authois obseived a non-mactivating 
7K , a mcardipme-sensitive C a 2 + cunent , and a small Cl~ cuirent (Fanugia et al 
1995) It is to be noted that all cunents íevealed by the perforated patch clamp 
had slow kinetics In contrast, oui pilot investigations of human circular jejunum 
peifoimed by means of conventional whole-cell voltage clamp demonstiated that , 
m addition to the non-activatmg 7K, a fast tiansient component of 7K was also 
piesent Its kinetics was too fast to be detected by a peifoiated patch clamp s tudy 
Fui theimoie , a fast whole-cell 7K component has been similaily íecoided fiom in­
testinal smooth muscle cells m animals (Dundanova et al 1993) Hence, a piecise 
description of the 7K cunen t s m the human circulai jejunum íequnes the whole-cell 
mode 

The aim of the piesent woik was to complement the íesults obtained by Fai-
íugia and co-workers and to study precisely the íole of C a 2 + ions m the legulation 
of K + conductivity in jejunal smooth muscle cells of humans under conventional 
whole-cell voltage clamp The Ca2 +-sensitivity of whole-cell K + a n i e n t compo­
nents with slow and fast kinetics was investigated 

Mater ia l s and M e t h o d s 

Human jejunal tissue was obtained as suigical waste tissue alter official appioval 

The cells weie isolated as pieviously desciibed foi ventiiculai myocytes (Isenbeig 

and Klocknei 1982) Bnefiy, a cuculai layei was íemoved fiom sheets of intact 

muscle Tissue samples weie cut into small pieces (2 mm x 2 mm) and placed m 

piewaimed solution foi cell isolation (see below), containing 2 mg/ml collagenase 

type 1 (Sigma), 2 m g / m l t iypsm mhibitoi, and 2 mg /ml bovine seium albumin 

Aftei about 50 mm of incubation m this solution bubbled with 0»2 at 37°C, pieces 

weie caiefully washed out b \ the enzyme and placed m a solution foi cell stoi-

age (see below), wheie they weie agitated mechanically until the solution became 

cloudy Single cells thus isolated weie stoied m this solution at G°C foi several 

houis All expciimcnts weie peifoimed at 30 32°C 

Tempeiated expeiimental solution (PSS), consisting of (mmol/l) 126 NaCl, 

8 KC1, 1 2 MgCl>, 20 glucose 20 tauime, 10 N-[2-hydioxyethyl]pipeiazine-N'-[2-

ethanesulfonic acid] (HEPES), 5 Na-pyiuvate, and 2 5 CaCl_> (pH 7 4) was con­

tinuously perfused into the chamber at a late of 0 7 ml m m - 1 and the chugs used 

were diluted in it The solution foi cell isolation contained (in mmol/l) 58 NaCl, 68 

N a N 0 3 , 5 KC1. 1 2 MgCl2 , 20 glucose, 20 tauime, 10 HEPES, 5 pyiuvic acid (pH 

7 3) The solution foi cell stoiage consisted of (mmol/l) 108 NaCl, 7 K.H.2PO4, 5 

KC1, 1 6 MgCl2, 5 glucose, 20 HEPES 2 5 Na-pyiuvate, 1 7 cicatme, 2 oxalacetic 

acid, 1 5 Na 2 ATP, 1 EGTA, and 1 mg/ml albumin (pH 7 25) The solutions used 

foi mtiacellulai dialysis consisted of (mmol/l) 105 (solution I) 01 121 (solution 

II) KC1, 10 HEPES, 2 MgCl2 , 4 pyiuvic acid, 5 succinic acid, 5 oxalacetic acid, 
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3 adenosine tnphosphate sodium salt 11 (solution I) oi 4 (solution II) EGTA, 1 
(solution I) oi 0 3 (solution II) CaCl2 , pH was adjusted to 7 2 with KOH giving a 
final K + concentration of 145 mmol/ l 

pCa of solution I was 8 4 (which is below the value of mtiacellulai C a 2 + 

concentration - [Ca 2 + ] , - in the testing state) and pCa of solution II was 7 4 (which 
is close to the [Ca 2 + ] , at the time when spike depolarization starts - Vogahs et al 
1992) The concentrations of C a 2 + and EGTA needed to obtain the desned final 
concentiation office C a 2 + in the pipette solutions were estimated according to the 
solution piepaiat ion guide of Schubeit (1996) All substances used weie obtained 
fiom Sigma (St Louis, MO, USA) except bovine seium albumin (fiaction V Serva 
Heidelberg, Geimany) and cyclopiazonic acid (RBI) 

The whole-cell mode of the patch clamp technique was employed (Hamill et 
al 1981) The da ta weie collected using a List Electionic amphfiei via TL 1 DMA 
mteiface (Axon Instiuments) , and stoied m a computei On-line l eg i s l a t ions of 
ionic cunents weie peiformed by Square Wave cell Tester (Shkodrov 1995) 

R e s u l t s and Di scuss ion 

Data weie obtained fiom 78 cells isolated fiom the cuculai layei of human jejunum 
of 23 suigual specimens The íesting membiane potential measured in the cunen t 
clamp mode of the whole cell connguiation was —44±6 mV (n = 64) Undei holding 
potential ( lh) of —60 mV, all cells lesponded to depolarizing stimuli with umfoim 
cunen t s These cunents consisted of an initial nicaichpme-sensitive inward cunent 
oveilapped b> the outwaid cunents at potentials positive to —20 mV (Fig 1A) 

Outwaid cunents weie studied undei a blockade of the niwaid C a 2 + cunent 
with 3 /iinol/1 mcaidipine In most expeiiments, 50 r/mol/1 niflumic acid was also 
added to the bath to block chlonde channels as they may be piesent m this tissue 
(Fanugia et al 1995) Under these conditions outwaid cunents weie earned exclu 
sivel} by K + , as venfied by the diffeiences m íeveisal potential of the tail cunen ts 
at thiee diffeient concentrations of K + added to the bath (not shown) 

Whole-cell outwaid cunents (7K) weie íecorded from cells chalysed with low 
fiee C a 2 + containing solution (solution I with [Ca 2 + ] , = 5 nmol/1) oi with high 
fiee Ca 2 + -contaming solution (solution II with [Ca 2 + ] , = 40 nmol/1) 

In cells chalysed with pipette solution I 7K appealed aftei a delay of 10 15 ms, 
and developed slowly with times to peak between 50 and 100 ms 7K development 
and timing showed no voltage dependence (Fig 17?) In cells dialysed with high fiee 
Ca 2 + -con tammg solution II, the same non-activating cunen t was evoked, but m 
this case it was preceded and supenmposed by a fast tiansient component (Fig 1C) 

The non-activatmg steady state 7K, named 7K( S I O W ) I had similai densities, volt­
age dependence, and kinetics m all cells dialysed with eithei solution I oi solution 
II (Fig 173) 7K( !,IOW) lectified outwaidly and did not inactivate even at the end of 
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4s cunent pulses between —40 and +50 mV (Fig 17? and Fig 2.4) It ían down 
very slowly, i e 1 h after the whole-cell conhguiation was obtained, its amplitudes 
reduction did not exceed 10% These iesults show that the net 7K in human jejunal 
smooth muscle cells íecoided undei oui experimental conditions is similai to out­
ward cuirents lecoided bv Fanugia et al (1993) in peiforated patch configuiation 
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F i g u r e 1. T\pica l outwaid c u m lit wavtfouns e l i u t i d bv lectangulai depola i i /a t ion 
pulses of 400 ms duia t ion from \ i, = —00 mV m a jejunal smooth muscle cell m tontrol 
experiments m the absence of nicardipine dialysed with high iiec Ca -containing ])ipette 
solution (A) (B) and (C) repiesent the c u n e n t waveforms evoked by the saint p io to io l m 
cells d i ahsed witli low free C'a2+-( oii laimng (B) oi high fiee Ca 2 + -con ta in ing ( ( ' ) pipet te 
solution a l t t i the blockade of C a 2 + en t iy with i //mol/1 mcaidipine added l ight before 
obtaining the giga-soal The cells had a capacitance of 05 pF (D) Voltage dependence of 
the cui rent densities of the late (measured at 4001h ms aftei the pulse onset) 7K c u n e n t , 
expressed in cells chalysed with solution I (oj)en cncles n = 8) oi solution II (closed 
circles n = 9) Vi,= —00 mV Da ta are means ± S E M 
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F i g u r e 2. Voltage dependence of the current densities of the peak (closed triangles, n = 6) 
and late (measured 000 s aftei the pulse onset - open triangles, n = 8) 7K, expressed in 
cells, dialyzed by solution II and bathed m PSS Closed circles (?t = 0): IjV relationship 
for t he net / K after the blockade of the late component, with 5 mmol / l T E A - a typical 
7K waveform, exj3iessed in cells in the j)resence of TEA is shown in (B). Addition of 30 
/tmol/1 quinidine to the TEA-conta ining ba th resulted in a total blockade of / K , leaving 
only t he leak conductance (oj^en circles, ??. = 7). A typical IK waveform obta ined after the 
blockade of 7K(fast) with quinidine is shown in (C) . V"h = —00 mV. D a t a in (A) are means 
± S.E.M 

The transient 7K component ^K (fast) ~ w ; l s only activated in cells dialysed 
with high free Ca2+-contaiiiing solution. 7K (fast) formed the peak of the whole-cell 
7K, and inactivated within 200 ms. Figure 2.4 shows the voltage dependence of 
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the densities of the peak 7K and 7K( S I O W ) Figuie 2 4 7? lllustiates tha t addition 
of 5 mmol/ l tet iaethylammomum (TEA) to the bath abolished 7K(„1OW) while 30 
//mol/1 quinidine selectively suppiessed 7K (h s t ) (Fig 2C) In the piesence of both 
dings, a leakage cunent was detected only (Fig 2.4) It is thus demonstrated that 
the two kinetic ally chffeient components of 7K could be blocked selectively by TEA 
and quinidine Apamin (1 to 10 //mol/1) chaiybdotoxm (0 1 to 10 //mol/1), and 
4-aminopiiidine (0 1 3 mmol/l) had no effect on the net 7K (not shown) 

In oidei to specify the souices of C a 2 + needed foi the ac ti\ ation of 7K(f ls t > A l l f l 
^K(siow) W( studied the changes m the amplitudes of both 7K components and tin 
time (ouise oi 7 K ( r ^ t ) undei Ca 2 + - en t iv blockade Figuie 3.4 piesents the dcpen 
deuce of 7K(fv,t) and 7K(5i,m) amplitudes on the duiation of Ca" + ent i \ blockade 
In the hist senes of expeiimeuts the C a 2 + entiv was mtei iupted aftei the cells 
weie bathed in PSS foi 20 nun In the second senes of expeiimeuts C a 2 + entiv 
was pi evented thioughout the expenment In both senes the amplitudes of the 
net 7K dec leased aftei Ca 2 + entiv blockage as compaied to tin contiols (Tig 3) 
The decicase m amplitude was moie pionounced at negative membiaiu jjoten-
tials wdnch suggested that both components of 7K weie activated by C a 2 + m the 
physiologically íelevant lange of depolan/at ions Moiclover m the absence ol C a 2 + 

entiv thioughout the studv the amplitudes of 7K(fnsi) also dceieased sigmftc antlv 
at positive niembiaiie voltages (as can be deduced fiom Fig 3 4) which was ac 
companied by an l imease of tunes to peak (Fig 37?) and acceleration of I\K{[-xSt) 

mac tivation (Fig 3C) \ t the same time* tin amplitudes and the time cotuse of 
AY (slow) lemamed piae tic ally unchanged 

These findings suggest that with all othei conditions being the same, 7]N(sl(m) 

is mamly íegulated by voltage sensitive C a 2 + entiy while 7K (f xst) l s maintained bv 
a giadual leak of C a 2 + fiom nitiae ellulai C a 2 + stoies This suggestion is fuithei 
suppoited b> the fact that mtiacellulaily applied lutheniuin led (a conventional 
bloekei of Ca2 +-mduec d Ca 2 + lelease channels Ma 1993) oi the depletion of 
nitiae ellulai Cd2+ stoies with 20 mm lasting incubation of e ells with 1 //mol/1 cy 
clopia/omc ae id (mhibitoi of C a 2 + ATPase of the'saicoplasmic leticulum Raev-
maekeis and Wuytack 1993) totally abolished 7K(f\st) (Fig 4 4) and did not affect 
the amj:>litudes and time couise of 7K(ii<)W) (Fig 47?) Thus at nitiacellulai Ca" + 

coneentiations close to the level of the testing state (i e , light befoie the initial 
depolan/a t ion phase of the spike j)Otential) human jejunal cells aie able to geneiate 
both 7K{f.,.,t) and 7K(siOW) 

The piesent elata demonstiate that human jejunal smooth muscle cells iesj)ond 
to depolaiizmg stimuli with two majoi Ca2 +-sensitive components of 7K a non 
inactivating TEA sensitive cunent activated by the C a 2 + entiy and a fast t iansient 
quinidmc-sensitive component activated by the lelease of Ca 2 + fiom nitiae ellulai 
C a 2 + stoies 

AY (slow) behaves like most of the non-inactivating 7K components desciibed so 
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F i g u r e 3 ( 1) Voltage dependence of the cunen t densities of the peak (elosed symbols) 
and late ( m t a s m e d 000 s after the pulse onset open symbols) / K expressed m cells 
dialyzed by solution II and bathed in PSS (triangles n = 1Í) in PSS to which 1 //mol/1 
nicardipine was added after 20 niiii ba th ing (cncles n = 12) or in nicardipine containing 
PSS throughout the s tudy (squaies TI = 14) Vh = - 0 0 mV D a t a are means ± S 1 M 
(B ( ) Voltage dependencies of the t imes to peak (/?) and inactivation t ime constants (C) 

as obtained fiom cells ba thed m PSS (ope n symbols n = 10) or in nicardipme-of 1 K ( f i s t ) 
containing PSS throughout the s tudy (close d symbols n - 12) Da ta a ie means ± S E M 

far m smooth muscle cells of diffeient oiigin (Ohya et al 1987 Noack et al 1992) 
Given that these types of currents aie activated by Ca2 + ions which entei the cell 
during depolarization, then paiticipation m the iepolanznig phase of the spikes is 
widely iecogni7ed (Ohya et al 1987 Thombuiy et al 1992a) 
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F i g u r e 4 \ o l t a g e dependence ol the cnireiit densities oi /K(CISO ( 1) a n d /K(S1OW) C?) 
measuied in eells dialysed with high fiee C a 2 + containing pipette solution m control 
cxpenmen t s (eipe n circles n = 12) and after the blockade of mtracellulai C a ' + act ivated 
C a 2 + lelease with 1 /<mol/l ru thenium leel (closed cncles n = 9) oi 20 mm after bath 
application of f //mol/1 cvclopiazomc acid (triangles n = 10) PSS eontained 3 //mol/1 
mcaid ip ine and 50 //mol/1 mflumic acid added aftei giga seal formation 

According to its kinetics and voltage dependence 7K(f^t) icsembles the fast 
tiansient 7K components described in vaiious gastio intestinal smooth muscles 
(Ohya et al 1987 Thoinbuij et al 1992b Dunelanova et al 1993) Howevei 
accoidmg to its unique sensitivity to quinidine and lequnements foi mtiacellu 
lai Ca2+ íelease, this component differs fiom all othei tiansient 7K components 
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known to exist in smooth muscle cells Moreover, 7K(f-vSt) reported heie leached 
its peak amplitudes 10 ms aftei the stimulus onset and could effectively counter­
act the depolanzation induced Ca2+ entiy This observation explains the lack of 
spontaneous spike activity m the cuculai layei of the jejunum (Haia et al 1986) 

A c k n o w l e d g e m e n t s . We thank The Physiological Society of L K for then financial as­
sistance This work was suppor ted by grant No k-301 from the National Fund Scientific 
Research of Bu lgana 

References 

Dundanova D B Boev K K (1995) Thiec components of potassium outward c u n e n t 
m cells isolated from the circulai layei of guinea-pig ileum Gen Physiol Biophys 
14 , 125 137 

Duridanova D B Gagov H S Boev K k (199?) Tast inact ivat ing components of K 
outwaid cm rent in single cells isolated from the longitudinal layer of guinea jng 
ileum Comptos Rendues Acad Bulg Sci 46 (2) 123 120 

l a r i u g i a G Rae I I. San M C Szu iszewski l H (1993) Potass ium c u n e n t m e ire ular 
smooth muscle of human jejunum activated bv fenami tes Amei J Physiol 265 , 
G87 5 - G879 

I a r r u g i a G Rich A Rae J L San M G S/uiszcwski I II (J995) ( alcium currents 
m human and canine jejunal enculai smooth muscle cells Gastioenteiology 109 , 
707 713 

Gagov II S Dundanova D B Boev K K (1993) Pai t ic ipa t ion of e alcium íeleasedfiom 
the IP) sensitive Ca stoic in ae tna t i on of ( a elependent j)otassium conductance in 
ileal smooth muscle cells Gen Physiol Biojnivs 1 2 , 199 211 

H i m i l l O P M u l y A Nehei F Sakniann B Sigwoith I J (1981) Impiovecl patch 
clamp technique s foi high i< solution current lecordmg fiom cells and cell fre c mem 
Inane patches Pflugers Aich 3 9 1 , 8 5 100 

Haia \ K u b o t a M S/mszewski I H (1980) I lediophvsiologv of smooth muscle of the 
small intestine of some mammals J Phvsiol (London) 3 7 2 , 501 520 

Hu S I \ a m i m o i o Y Kao ( "V. (1989) I he C i 2 + act ivated K + channel and its 
function íl íoles m smooth muscle cells of guinea pig, taenia e oh I Gen Phvsiol 
9 4 , 8 33 817 

fsenberg G Klocknci U (1982) C alcium toleiant ventncula i mvoev t t s piejjaiecl bv ]>re m 
cubation in a K B medium Pflugeis Aich 3 5 9 , 0 18 

Ma I (1993) Block by ru then ium red of the ivanodme act ivated calcium lelease channel 
of skeletal muscle J Gen Physiol 102 , 10Í1 1050 

Noack T De ítmei P Lammel L (1992) C haiac t e n / a t i o n of membiane c u n e n t s m single 
smooth muscle cells from the guinea-pig gastric a n t r u m 1 Physiol (London) 4 5 1 , 
387—417 

Ohya Y Krt a n n u a k k u n v a m a II (1987) C ellulai calcium íegulatc s outwai el c u n e n t s 
m íabbi t intestinal smooth muscle cells Ame i J Physiol 2 5 2 , C 401—C 110 

Racymaekers T Wuytack F (199 3) C a 2 + pumps in smooth muscle cells I Muscle Res 
Cell Motil 1 4 , 141 — 157 

Schubert R (1990) Multiple hgand ion solutions a guide for solution jnepaia t ion and 
computei progiam undei s tanding J Vase Res 3 3 , 80—98 

file:///amimoio


58 Dur idanova et al 

Shkodrov G B (1995) Computer progiam for peiforming whole-cell voltage-clamji ex-
j jei iments C o m p u t Method Program Biomed 4 8 , 241—240 

Tho inbury K D , Ward S M , Sanders K M (1992a) Outward currents in longitudinal 
colonic smooth muscle cells contr ibute to spiking electncal behavioi Amer J 
Physiol 2 6 3 , C237—C215 

Tho inbury K D Ward S M , Sanders K M (1992b) Pai t ic ipat ion of fast-activating 
voltage-dependent K c u n e n t s in electncal slow waves of colonic circulai muscle 
Amer I Physiol 2 6 3 , O220- C236 

Vogahs F , Publicover G N , Sanders K M (1992) Regulation of calcium c u n e n t by 
voltage and cytoplasmic calcium m canine gastric smooth muscle Amei I Physiol 
2 6 2 , C691—C700 

Final version accepted January 17 1997 


