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Abstract. Two components of the outwaid Ik cuirents () of cells 1solated
from the cncula:r layer of human jejunum were mvestigated using the conventional
whole-cell voltage clamp method A fast transient [, component could only be
ehcited by depolarization 1n cells dialysed with pipette solution of pCa < 74 This
I, component was stiongly voltage dependent, and could be selectively abolished
by 30 pmol/l quimidine Its amplitudes decreased m the absence of Ca entiy, the
deciease depending on the duration of cell exposuie to media contammng calcium-
blockers, and disappeaied after depletion of intiacellular Ca’* stores The steady-
state component of I, was sensitive to tetraethylammonium This component had
comparable amplitudes at pCa = 8 4 o1 pCa = 7 4 of the pipette solution, and was
present during a long lasting exposure of cells to solutions contamnmg Ca** blocking
drugs
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Introduction

Potassium cutients of mtestinal smooth muscle cells have been extensively mves-
tigated mn laboratory ammals by the whole-cell voltage clamp techmque (Hu et al
1989, Gagov et al 1993, Duinidanova and Boev 1995) However, there have been
no studies on whole-cell cuirents from gastiomtestinal smooth muscle in humans
Recently, by using peiforated patch-clamp technique, Fariugia et al (1993, 1995)
studied human cucular jejunum cells and described the presence of voltage sensitive
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K* and Ca?* cuirents Moie specifically, these authors observed a non-mnactivating
Iy, a nmcardipine-sensitive Ca’* cuitent, and a small C1~ cuirent (Fartugia ct al
1995) It 1s to be noted that all cuirents revealed by the perforated patch (lamp
had slow hinetics In contrast, our pilot mvestigations of human crcular jejunum
performed by means of conventional whole-cell voltage clamp demonstiated that,
m addition to the non-activating Iy, a fast transient component of I was also
present Its hinetics was too fast to be detected by a perforated patch clamp study
Fuitheimore, a fast whole-cell I, component has been similaily 1ecorded fiom n-
testinal smooth muscle cells in ammals (Dunidanova et al 1993) Hence, a pirecise
description of the Ij, curients in the human circular jejunum 1equues the whole-cell
mode

The aim of the present woik was to complement the 1esults obtained by Fai-
rugia and co-workers and to study precisely the role of Ca?* 10ns 1 the 1egulation
of Kt conductivity m jejunal smooth muscle cells of hunans under conventional
whole-cell voltage clamp The Ca?*-<ensitivity of whole-cell Kt cuitent compo-
nents with slow and fast kinetics was mvestigated

Materials and Methods

Human jejunal tissue was obtamed as suirgical waste tissue after official appiroval
The cells were 1solated as previously desciibed for ventiicular myocytes (Iseuberg
and Klockner 1982) Buiefly, a citcular layer was removed from sheets of mtact
muscle Tissue samples weie cut into small preces (2 mm X 2 mm) and placed m
prtewarmed solution for cell 1solation (see below), contaimng 2 mg/ml collagenase
type 1 (Sigma), 2 mg/ml tiypsi mhibitor, and 2 mg/ml bovine serum albumin
After about 50 min of incubation m this solution bubbled with O, at 37°C, pieces
were carefully washed out by the enzyme and placed m a solution for cell stor-
age (see below), where they were agitated mechanically until the solution became
cloudy Smgle cells thus 1solated weie stored i this solution ot 6°C for several
hours All experiments were performed at 30 32°C

Temperated experimental solution (PSS). consisting of (mmol/l) 126 NaCl,
8 KC1, 12 MgCly, 20 glicose 20 tamme, 10 N-[2-hydioxyethyl]piperazime-N'-[2-
ethanesulfonic aad] (HEPES), 5 Na-pyiuvate, and 2 5 CaCl, (pH 74) was coun-
tinuously perfused mto the chamber at a 1ate of 0 7 ml mun~! and the diugs used
were diluted m 1t The solution for cell 1volation contammed (in mmol/1) 58 NaCl, 68
NaNOj;, 5 KCI. 1 2 MgCl,, 20 glucose. 20 taune, 10 HEPES, 5 pyiuvic acid (pH
7 3) The solution for cell storage consisted of (mmol/1) 108 NaCl, 7 hH,POy4, 5
KCIL, 16 MgCl,, 5 glucose, 20 HEPES 2 5 Na-pyruvate, 1 7 creatine, 2 oxalacetic
aad, 15 Na,ATP, 1 EGTA, and 1 mg/ml albumn (pH 7 25) The solutions used
for ntracellular dialysis consisted of (mmol/1) 105 (solution I) o1 121 (solution
I} KCl, 10 HEPES, 2 MgCl,, 4 pyruvic aad, 5 sucemice acid, 5 oxalacetic acid,
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3 adenosmne tiiphosphate sodium salt 11 (solution I) o1 4 (solution II) EGTA, 1
(solution I) o1 0 3 (solution II) CaCly, pH was adjusted to 7 2 with KOH giving a.
final k" concentiation of 145 mmol/]

pCa of solution I was 84 (which 1s below the value of mntracellular Ca?*
concentration — [Ca?*], - 1n the 1esting state) and pCa of solution II was 7 4 (which
15 close to the [Ca?*], at the tume when spike depolarization starts - Vogalis et al
1992) The concentiations of Ca?t and EGTA needed to obtain the desued final
concentiation of fice Ca?* 1n the pipette solutions were estimated according to the
solution prepaiation guide of Schubert (1996) All substances used were obtaned
fiom Sigma (St Lows, MO, USA) except bovine setum albumin (fraction V' Serva
Heidelberg, Getmany) and cyclopiazonic acid (RBI)

The whole-cell mode of the patch clamp techmque was employed (Hamill et
al 1981) The data were collected using a List Electionic amplifier via TL 1 DMA
mnteiface (Axon Instruments), and stored in a computer On-line 1egistiations of
1onic cuirents were performed by Square Wave cell Tester (Shhodrov 1995)

Results and Discussion

Data were obtained from 78 cells 1solated fiom the cucular layer of human jejunum
of 23 surgical specimens The 1esting membiane potential measured 1n the cuilent
clamp mode of the whole cell configmation was —44+£6 mV (n = 64) Under holding
potential (1) of —60 mV, all cells 1esponded to depolarizing stimuli with uniform
curtrents These currents consisted of an initial nicardipine-sensitive inward cuirent
ovetlapped by the outward cunients at potentials positive to =20 mV (Fig 14)

Outward cutients were studied under a blockade of the mwaid Ca?™ cuirent
with 3 pmol/l nicardipine In most experiments, 50 gmol/l mflumic acd was also
added to the bath to block chloiide channels as they may be present mn this tissue
(Farrugia et al 1995) Under these conditions outward curients were cartied exclu
sively by t, as vertfied by the differences m 1eversal potential of the tail currents
at thiee different concentrations of ht added to the bath (not shown)

Whole-cell outward currents (I, ) weie recorded from cells dialysed with low
fiee Ca?* containing solution (solution I with [Ca?*], = 5 nmol/l) o1 with high
fiee Ca*-containing solution (solution IT with [Ca’*], = 40 nmol/1)

In cells dialysed with pipette solution I Iy appeated after a delay of 10 15 ms,
and developed slowly with tumes to peak between 50 and 100 ms I, development
and timing showed no voltage dependence (Fig 1B) In cells dialysed with high free
Ca’*-contamning solution II, the same non-activating curtent was evoked, but m
this case 1t was preceded and superimposed by a fast t1ansient component (Fig 1)

The non-activating steady state I, named I (siow), had sunilar densities, volt-
age dependence, and kinetics m all cells dialysed with erther solution I o1 solution
IT (Fig 1D) Iy (slow) tectified outwardly and did not mactivate even at the end of
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4s cunient pulses between —40 and +50 mV (Fig 1B and Fig 24) It 1an down
very slowly,1e 1 h after the whole-cell configiation was obtaned, 1ts amplhitudes
reduction did not exceed 10% These results show that the net I i human jejunal
smooth muscle cells 1ecorded under our experimental conditions 1s simlar to out-
ward cutrents tecorded by Farrngia et al (1993) 1 perforated patch configuration
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Figure 1. Typical outward cutient wavcforms ehated by rectangular depolatization
pulses of 400 ms duration from V1, = —60 mV 1 a jjunal smooth muscle cell in control
experiments in the absence of mcardipime dialysed with high {iee Ca?T-contaming pipette
solution (A) (B) and (") represent the cunient waveforms evohed by the cainc protocol in
cells dialysed with low free Ca®*-contaimng (B) o1 hugh fice C'a?f-contamning (C') pipette
solution after the blockade of (‘a?t entry with 3 gnol/l nicardipme added night before
obtaining the giga-scal The cells had a capacitance of 65 pF (D) Voltage dependence of
the current densities of the late (measured at 400th ms after the pulse onset) I curient,
expressed m cells dialysed with solution I (open ciicles n = 8) o1 solution II {closed

arcles n =9) V= —60 mV Data are means £ SEM
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Figure 2. Voltage dependence of the current densities of the peak (closed triangles, n = 6)
and late (measured 600 s after the pulse onset — open triangles, n = &) [y, expressed in
cells, dialyzed by solution II and bathed m PSS Closed circles (n = 6): I[/V relationship
for the net [k after the blockade of the late component with 5 mmol/l TEA - a typical
Ik waveform, expressed in cells in the presence of TEA is shown in (B). Addition of 30
pmol/l quinidine to the TEEA-containing bath resulted in a total blockade of Ji. lcaving
only the leak conductance (open circles, n = 7). A typical [k waveform obtamed after the
blockade of Ik (fa.ry with quinidine is shown in (C'). Vi, = —60 mV. Data in (A) are means
+ S.EM

The transient Ix component - I (fas) — Was ouly activated in cells dialysed
with high free Ca?*-containing solution. I (fast) formed the peak of the whole-cell
I;, and inactivated within 200 ms. Figure 24 shows the voltage dependence of
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the densities of the peak Iy and I (sow) Figuie 24 B illustiates that addition
of 5 mmol/l tetiacthylammomum (TEA) to the bath abolished If (iow) while 30
pmol /I quimidine selectively suppressed Iy (rao) (Fig 2C) In the presence of both
drugs, a leakage curtent was detected only (Fig 24) It 15 thus demonstrated that
the two kinetically different components of Iy, could be blocked selectively by TEA
and quumdine Apamn (1 to 10 umol/1) charvbdotoxin (01 to 10 pmol/l), and
4-anunopiidine (01 3 mmol/1) had no effect on the net I, (not shown)

In order to specify the sources of Ca?t needed for the activation of I (11et)y and
Iy (uowy we studied the changes m the amplitudes of both Iy, components and the
time course of Iy (rory unda Ca?t-entry blochade Figuie 34 presents the depen
dence of Iy ity and Iy (sow) amplitudes on the duration of Ca’* ent1y blochadc
In the fust series of expernments the Ca?™ entiv was mtertupted after the cells
were bathed m PSS for 20 min In the second seiwcs of experiments Ca*" entiy
was prevented thioughout the experiment In both series the amplitudes of the
net I, decreased after Ca?t entry blockage as compated to the contiols (g 3)
The decicase i amphtude was mote pronounced at negative membranc poten-
tials which suggestcd that both components of I, weie activated by Ca®* 1 the
physiologically 1elevant range of depolaiizations Morcover m the absence ot Ca?t
ent1y thioughout the study the amplitudes of Iy gy also decreased significantly
at positive membiane voltages (as can be deduced fiom Fig 34) which was ac
companted by an mciecase of times to peak (Fig 3B) and acceleration of Iy (rast)
mactivation (Fig 3C) At the same tune the amphtudes and the tune course of
I\ (stlow) remained practically unchanged

These indings suggest that with all other conditions bemng the same, Iy (gow)
15 mamly 1egulated by voltage sensitive Ca?™ entry while Iy, (14t 15 mamtamed by
a gradual leak of Cat fiom mtiacellular Ca?t stores This suggestion 15 further
supported by the fact that mtracellulaily apphied 1utheninm 1ed (a conventional
blocker of Ca’t-mduced Cat release channels  Ma 1993) o1 the depletion of
mtiacellular Ca?t stores with 20 min lasting mcubation of cells with 1 pmol/l ¢y
doprasonic acid (mmhibitor of Ca?t ATPase of the sarcoplasmic reticulum  Raey-
maehers and Wuytach 1993) totally abolished Iy (r..) (F1g 44) and did not affect
the amplitudes and time course of Iy (jow) (F1g 4B) Thus at mtiacellular Ca’*t
concentrations close to the level of the resting state (1e, nght befoie the mitial
depolatization phase of the spike potential) human jejunal cells aie able to geneiate
both Iy (frery and Iy (siow)

The present data demonstiate that human jejunal smooth muscle cells 1espond
to depolatizing stunult with two magor Ca®*-sensitive components of I, o non
mactivating TEA sensitive current activated by the Ca’t entry and a fast traunsient
quuudine-sensttive component activated by the release of Ca?t from wtiacellular
Ca?™ stores

Iy, (slow) behaves like most of the non-1mactivating Iy, components desciibed so
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Figure 3 (1) Voltage dependence of the curtent densitics of the peak (closed symbols)
and late (mcasured 600 s after the pulse onset  open symbols) [y expressed in cells
dialyzed by solution 11 and bathed in PSS (triangles n = 13) m PSS to which 1 jomol/1
nicardipine was added after 20 mun bathing (cticles n = 12) or m nicardipime contaiming
PSS throughout the study (squaies n = 14) ¥}, = —60 mV Data are mcans + SI' M
(B () Voltage dependencies of the times to peak (3) and mactivation time constants ()
of Iy (frst) as obtamed fiom cells bathed in PSS (open symbols n = 16) or in nicardipine-
contammng PSS throughout the study (closcd symbols n = 12) Data ale means & SEM

far 1 smooth muscle cells of different onigin (Ohya et al 1987 Noack et al 1992)
Grven that these types of currents ate activated by Ca?t 1ons which enter the cell
during depolari/ation, then paiticipation m the repolaizing phase of the spikes s
widely 1ecognized (Ohya et al 1987 Thoinbury et al 1992a)
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Figure 4 \oltage dependence of the cnirent densities of [y (rsry (1) and I (aiow) (B)
measuted m cells dialvsed with high fice Ca®t containing pipette solution i control
(xperiments (open circles n = 12) and after the blochade of mtracellular Ca’t activated
Ca?t 1elease with 1 yanol/l ruthcmum 1cd (closed arcles n = 9) or 20 nun after bath
application of 1 ymol/l cycloplazonic acid (triangles n = 10) PSS contained 3 jrmol/1
nicardipine and 50 pnol/l mflumic acid  added aftar giga seal formation

According to 1ts kinetics and voltage dependence I (put) 10setbles the fast
tiansient Iy components described m various gastio mtestinal smooth muscles
(Ohya et al 1987 Thoinbuiy et al 1992b Duiidanova et al 1993) However
according to 1ts unique sensitivity to quimidine and 1equuements for intracellu
lar Ca* 1clease, this component differs fiom all other transient I, components
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known to exist in smooth muscle cells Moreover, Iy (f.s¢) 1€ported heie 1eached
its peak amphtudes 10 ms after the stimulus onset and could effectively counter-
act the depolarization induced Ca?* entiy Tlus observation explains the lack of
spontaneous spike activity in the cucular layer of the jejunum (Haia et al 1986)
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