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Pharmacological evidence for a K, channel in renin-
secreting cells from rat kidney
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1. Openers of the ATP-sensitive potassium channel (K, channel) increase and blockers
decrease renin secretion. Here we report the effects of leveromakalim (LCRK, a channel
opener) and glibenclamide (GBC, a blocker) on membrane potential, whole-cell current and
the cytoplasmic Ca®" concentration of renin-secreting cells (RSC). Studies were performed on
afferent arterioles from the kidney of Na'-depleted rats.

2. As monitored with the fluorescent oxonol dye DiBAC,(3), LCRK (0-3 and 1 gm) induced a
hyperpolarization of ~15 mV which was abolished by GBC (1 gm).

3. Whole-cell current-clamp experiments showed that RSC had a membrane potential of
—61 + 1 mV (r=16). LCRK (1 gm) induced a hyperpolarization of 9:9 + 0:2 mV (n=16)
which, in the majority of cells, decreased slowly with time.

4. Capacitance measurements showed a strong electrical coupling of the cells in the preparation.

At —60 mV, LCRK induced a hyperpolarizing current in a concentration-dependent manner
with an EC;; of 152 + 31 nM and a maximum current of about 200 pA.

6. Application of GBC (1 gm) produced no effect; however, when applied after LCRK (300 nm),
GBC inhibited the opener-induced hyperpolarizing current with an 1C,, of 103 + 36 nm.

7. LCRK (0-3 and 1 &™) did not significantly affect the cytoplasmic Ca®* concentration either at
rest or after stimulation by angiotensin I1.

8. The data show that LCRK induces a GBC-sensitive hyperpolarizing current in rat RSC. This
current presumably originates from the activation of K ,;p channels which pharmacologically
resemble those in vascular smooth muscle cells. The stimulatory effect of K, channel
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opening on renin secretion is not mediated by a decrease in intracellular Ca™ concentration.

Renin, an aspartyl protease, controls the activity of the
renin—angiotensin—aldosterone system, which, in turn, plays

physiological studies of RSC (reviewed in Osswald & Quast,
1995). These studies were conducted in multicellular

a dominant role in the control of blood pressure and
electrolyte balance of the organism. The major source of
renin in mammals is the juxtaglomerular myoepitheloid cells
(renin-secreting cells, RSC) in the media of the afferent
arteriole close to the entrance into the glomerulus (for review
see Hackenthal et al. 1990). Control of renin secretion from
the RSC is complex, involving intrarenal mechanisms
(e.g.the macula densa and the baroreceptor mechanisms)
and extrarenal signals (e.g. from sympathetic nerves and
circulating hormones; for review see Kurtz, 1989; Hackenthal
et al. 1990; Osswald & Quast, 1995). An intriguing feature
of the control of renin secretion is the observation that
manoeuvres that decrease the cytoplasmic Ca®* concentration
([Ca®™],) increase the rate of renin secretion from RSC and
vice versa, termed the ‘Ca’" paradox’ (Kurtz, 1989;
Hackenthal et al. 1990). Despite the physiological importance
of renin secretion there have only been a few electro-

preparations from the mouse using either isolated glomeruli
with a remnant of the afferent arteriole attached or
hydronephrotic kidney halves. Subsequent to microelectrode
studies of the effects of hormones on membrane potential
(Fishman, 1976; Biihrle et al. 1984, 1985), Kurtz & Penner
(1989) examined the electrophysiological properties of RSC
in the afferent arteriole using the whole-cell voltage-clamp
technique combined with Ca®" measurements by fura-2
fluorescence. Despite strong electrical coupling of the cells in
this preparation, the authors were able to show the presence
of inwardly and outwardly rectifying K* conductances and
of a major Ca” -dependent C1~ conductance.

In several species including man, openers of the K,;p
channel increase plasma renin activity (Ferrier et al. 1989;
Richer et al. 1990; Pratz et al. 1991), and the sulphonylurea
glibenclamide (GBC), the classical inhibitor of these channels,
decreases it (Richer et al. 1990; Pratz et al. 1991). In
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cultured or freshly isolated RSC (Ferrier et al. 1989; Jensen
et al. 1998; Vallon et al. 1998) and in glomeruli with attached
afferent arterioles (Jensen et al. 1998) prepared from rat or
mouse kidney, K,rp channel openers also increase renin
secretion; this suggests the existence of K,pp channels in
RSC. A plausible working hypothesis for these effects of the
openers is that K,p channel opening hyperpolarizes the
RSC and that this hyperpolarization decreases resting
[Ca®"]; and thereby increases renin secretion (Oswald &
Quast, 1995). In vascular smooth muscle cells (from which
the RSC are derived, see below), it has indeed been shown
that the hyperpolarization induced by K ,rp channel openers
reduces resting [Ca”]; (Tto et al. 1991).

Up to now there have been no electrophysiological studies
on K,pp channels in renin-secreting cells. Here we have
examined the effects of the selective K 1p channel opener
leveromakalim (LCRK) and of the inhibitor GBC on
membrane potential, whole-cell current and [Ca’"]; of RSC.
Since the effects of K,;p channel modulators on renin
secretion have generally been studied in the rat (in wvivo:
Richer et al. 1990; Pratz et al. 1991; cell culture: Ferrier et
al. 1989; Vallon et al. 1998) this study was conducted in
afferent arterioles from rat kidney. Following the example of
Fishman (1976) we used sodium-depleted animals. Under
this diet, the renin—angiotensin—aldosterone system is
upregulated and smooth muscle cells in the distal part of the
afferent arteriole are metaplastically transformed into renin-
secreting myoepithelial cells (Cantin et al. 1977; Biihrle et al.
1984 ; Hackenthal et al. 1987; Wurfer ef al. 1988).

METHODS

Preparation of rat glomeruli

All animal experimentation described here was conducted in
accordance with the NITH Guide for the Care and Use of Laboratory
Animals and the German Law on the Protection of Animals.
Sprague—Dawley rats (250—-500 g) were treated with furosemide
(frusemide) (10 mg kg™, 1.p) and kept on a NaCl-depleted diet
(C1036, Altromin, Lage, Germany) for at least 2 weeks. Animals
were Killed by cervical dislocation, exsanguinated and the kidneys
removed. Glomeruli were prepared at 37 °C by a modified version
of published methods (Kurtz & Penner, 1989; Metzger & Quast,
1996). A freshly isolated kidney was transferred in a Hepes-
buffered physiological salt solution (PSS) containing (mm): NaCl,
142; KCl, 2:8; MgCl,, 1; CaCly, 1; and p(4)-glucose, 11; buffered
with Hepes (10 mm) and titrated to pH 7:4 with NaOH at 37 °C.
The kidney was decapsulated, cut longitudinally into two halves
and the cortex isolated. For fluorescence experiments a cortex half
was passed successively through two stainless steel sieves of 280
and 160 gm mesh size and the glomeruli were collected on a 63 ym
sieve. For patch-clamp experiments, cortex was minced with a
razor blade and incubated for 50 min in 20 ml PSS with 20 mg
collagenase A (Boehringer Mannheim) at 37 °C under gentle shaking.
The suspension was then passed through stainless steel sieves of
mesh size 200 and 125 gm and the final material collected on a
63 um sieve. Microscopic inspection showed that the preparations
consisted mainly of glomeruli with some contamination by tubular
fragments; about 10 % of the glomeruli contained a remnant of the
afferent arteriole up to 100 gm in length (Fig. 1). Glomeruli were
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transferred to the recording chamber equipped with a poly-L-lysine-
coated coverslip. Fluorescence measurements were performed by
selecting an area of 30 um x 30 gm from the afferent arteriole near
the entrance into the glomerulus (Fig. 1). Electrophysiological
recordings were taken from cells in the afferent arteriole at a
distance between 5 and 70 gm from the glomerulus (mean distance,
38 + 15 um; determined from 36 out of 49 cells used for the
experiments shown in Figs 4 and 5); cells were approached from the
outside. For both types of measurement, only bulgy roundish cells
were used, which are fully transformed RSC (Fig. 1). These cells are
clearly distinguishable from smooth muscle cells which have a
spindle-like appearance and a spiral arrangement around the vessel
(Btihrle et al. 1984; Hackenthal et al. 1990). The visual classification
of the cells was performed with a x 40 objective (LD-ACHROPLAN;
numerical aperture, 0:6) and differential interference contrast
microscopy (Zeiss, Oberkochen, Germany).

Fluorescence experiments

To monitor changes in membrane potential, the fluorescent oxonol
dye DiBAC,(3) (bis-(1,3-dibutylbarbituric acid)trimethine oxonol;
Molecular Probes) was used (Bréuner et al. 1984; Langheinrich &
Daut, 1997). Epifluorescence was measured with an inverted
microscope (DIAPHOT 300, Nikon, Japan), equipped with a x40
fluor oil-immersion objective (numerical aperture, 1:3; Nikon), a
dichroic mirror (DM 505, Nikon) and a long wave pass barrier filter
(BA 520, Nikon). Excitation light was generated by a 75 W xenon
lamp and the wavelength was set to 488 nm with a monochromator
(Photon Technology International (PTT), N.J, USA). Emitted light
(wavelength > 520 nm) was collected by a photomultiplier (PTT)
connected to an acquisition computer. Fluorescence was recorded at
a sampling rate of 0-5 points s using FeliX software (version 1.01,
PTTI). Glomeruli were continuously superfused with PSS containing
1 um DIiBAC,(3) at a flow rate of 1 ml min™ at 37 °C. After 80 min
incubation, fluorescence reached a stable value and drug application
was started. Autofluorescence amounted to about 15 % of the total
signal and was not subtracted.

The fluorescence signal was calibrated using an approach similar to
that described by Langheinrich & Daut (1997). Cells were rendered
permeable to monovalent cations using gramicidin (1 gm) and Na'
was replaced by the impermeant cation N-methyl-p-glucamine
(NMDG). In the presence of DiBAC,(3) (1 um), the K* concentration
was varied and the NMDG concentration was adjusted accordingly
in order to maintain a constant osmolarity. [K*], was increased
from 2:8 to 40 mm and [K*]; was assumed to be 140 mm, so
membrane potential was calculated to vary between —102 and
—33 mV. Correlation of the change in fluorescence (AF, %) with
the calculated membrane potential showed that AF=+1%
corresponded to a change of 4:0 £+ 0-3 mV.

For measurement of [Ca®*];, the dye fura-2 was used. Excitation
wavelengths were set to 340 nm and 380 nm and the microscope
was equipped with a dichroic mirror (430DCLPO2, Omega Optical,
VT, USA) and an interference barrier filter (510WB40, Omega
Optical). Cells were loaded with the indicator by incubation of
glomeruli in PSS with 8 or 16 um fura-2 AM (Molecular Probes),
the membrane-permeable acetoxymethyl (AM) ester of fura-2, and
0:01—0:04 % (v/v) Pluronic F127 dissolved in DMSO for 60 min at
room temperature or 35 °C. After washing with PSS for 30 min
fluorescence was evaluated using the same equipment as described
above. The fura-2 fluorescence ratio (F) was calibrated following
Grynkiewicz et al. (1985). In accordance with other groups (Fowler
et al. 1996; Kornfeld et al. 1997) calibration was performed in the
absence of glomeruli using 1 gm fura-2 pentapotassium salt. The
following parameters were obtained (Grynkiewicz et al. 1985):
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Ryin=10274001, R ,, =155+ 07, =203 + 14, and the K},
value of Ca®" binding to fura-2 was determined to be 192 4+ 18 nm

(n=3).

Patch-clamp experiments

The patch-clamp technique was used in the whole-cell configuration
as described by Hamill et al. (1981) with PSS in the bath at 37 °C.
Patch pipettes were drawn from filament borosilicate glass
capillaries (GC 150F-15, Clark Electromedical Instruments) and
heat polished using a horizontal microelectrode puller (Zeitz,
Augsburg, Germany). After filling with (mm): potassium glutamate,
135; NaCl, 10; MgCl,, 1; Hepes, 10; EGTA, 1; and Na,ATP, 0-3;
titrated to pH 7-2 with NaOH, pipettes had a resistance of 3—5 MQ.
All potentials given were corrected for a liquid junction potential of
10 mV (Neher, 1992). Data were recorded with an EPC 9 amplifier
using Pulse software (HEK A, Lambrecht, Germany).

GBC (Sigma) and LCRK (SmithKline-Beecham, Harlow, UK) were
prepared as 1 mm stock solutions in DMSO/ethanol (50/50, v/v).
Solvent concentration (< 0-2 per thousand) was without effect on
membrane potential or current.

Calculations and statistics

Results are expressed as means + s.E.M. Concentration—response
curves were fitted to the Hill equation:

"
c" + 2"
where f(z) is the LCRK-induced current, Iyqycpi) (%0 Ipay), OF
percentage block of this current, x is the concentration of LCRK

)

fl@) = 100

Kpp channels in renin-secreting cells 783

or GBC, ('is the mid-point of the curve (EC;, or IC,,) and n is the
Hill coefficient. Fitting was done according to the Marquardt—
Levenberg algorithm using the program SigmaPlot 4.01 (Statistical
Product & Service Solutions Inc., IL, USA). Errors in the fitting
parameters were estimated by this software on the basis of the
residual sum of squares in the univariate approximation. When
performing calculations involving numbers with errors, the laws of
error propagation were applied.

RESULTS

Membrane potential measurements in RSC

Figure 24 shows an original trace of DiBAC,(3) fluorescence.
Superfusion of LCRK (0-3 gm) induced a decrease in
fluorescence by 4+5% corresponding to a hyperpolarization of
about 18 mV. The effect was slow in onset, reflecting the slow
response rate of the dye (Brauner et al. 1984), and was well
maintained during the presence of the agonist (20 min). The
mean hyperpolarization produced by 0-3 and 1 ym LCRK
was 18 £ 10 mV (n=10)and 15 + 5 mV (n =9), respectively.
Figure 2B shows that the hyperpolarization (~8mV)
produced by 0-3 gm LCRK was reversed by addition of GBC
(1 pn1). When GBC (1 um) was given alone or simultaneously
with LCRK (0-3 um), fluorescence remained unchanged.

To obtain more direct measurements of membrane potential,
experiments were performed in the current-clamp mode of

Figure 1. Glomerular preparation from the kidney of a Na*-depleted rat

The preparation was exposed to collagenase to allow seal formation for patch-clamp experiments. This
treatment completely removed Bowman’s capsule around the glomeruli. RSC in the afferent arteriole appear
like a bunch of grapes which is typical for salt-depleted rats. Only vessels with these bulgy roundish cells
were used for experiments. G denotes a glomerulus and AA the afferent arteriole. The scale bar represents

100 gm.
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the patch-clamp technique. Initially, using glomeruli from
rats on a normal diet, the whole-cell configuration was
established in < 5% of attempts; with glomeruli from Na‘-
depleted rats, the success rate increased to 15—20%. We
assume that the increase of the number of RSC accompanied
with the reorganization of the vessel led to a reduction of
the extracellular matrix, making contact of the pipette to
the cell membrane easier. Only results obtained in the latter
preparation are presented. RSC had a membrane potential
of =61 £ 1 mV (n=16); two cells had a membrane potential
negative to —85mV and were not used for this study.
Figure 3 shows three typical traces illustrating the effect of
LCRK and GBC on membrane potential. About 50 % of the
cells showed transient depolarization of about 20 mV of
variable duration (1-30 s) and frequency, which appears as
spikes in the recordings (Fig.3B and (). LCRK (1 um)
induced hyperpolarizations up to ~20 mV (mean, 99 +
0-2mV; n=16) within 2-3 min (Fig.34—-C). GBC (1 gm)
alone had no effect on membrane potential (Fig. 3B);
however, when given after application of LCRK (1 um), it
reversed the LCRK-induced hyperpolarization (Fig. 3B and
C; n=>5). When given simultaneously with 1 um LCRK,
GBC (1 pum) prevented the hyperpolarizing effect of LCRK
alone (Fig. 3C; n=15).

In the majority of cells, the response to a prolonged
application of the opener (1 gm) was not sustained. Figure 34
shows a trace where the hyperpolarization induced by 1 um
LCRK (10 mV) decayed by 30—40% within 3 min after
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reaching the maximum. A second challenge with 1 um
LCRK, 10 min after washout of the first, induced a hyper-
polarization of only 3 mV, indicating tachyphylaxis of the
response to this concentration of agonist.

Whole-cell current measurements

Capacitive currents were large (> 20 pF, corresponding to
membrane areas > 2000 gm®). Assuming a spherical cell
shape, this corresponds to a diameter of > 25 ym which is
about 3 times larger than the individual cells visible in
Fig.1. In addition, these currents decayed slowly with
several time constants (7 from 1 to 100 ms). This indicated
strong electrical coupling of the RSC in the vessel. Capacitive
currents could not be compensated by the compensation
unit of the amplifier; hence, capacitance compensation was
switched off. Due to this cell—cell coupling it was impossible
to clamp the preparation reliably at voltages deviating
significantly from the zero current potential. Voltage ramps
evoked conductances resembling delayed and inward
rectifier potassium currents; however, these responses were
variable and could not be reliably quantified (data not shown).

At a holding potential of —60 mV, LCRK (0-1 and 10 um
shown in Fig.44) induced hyperpolarizing
(I .ork)- In agreement with the current-clamp experiments
this current was not maintained at LCRK concentrations
=1 pum (see Fig.44 for 10 um LCRK). The peak current
induced by 10 um LCRK (I,,,) was determined to be 189 pA

(median) and showed large variations from experiment to

currents

Figure 2. Changes in DiBAC,(3) fluorescence
induced by leveromakalim

Glomeruli were incubated with the membrane potential-
sensitive oxonol dye DiBAC,(3) and the epifluorescence
from the afferent arteriole near the entrance into the
glomerulus was monitored. 4, leveromakalim (LCRK,

0-3 um) induced a sustained decrease in fluorescence by
45% corresponding to a hyperpolarization of ~18 mV.

B, reversal of the LCRK (0-3 gm)-induced decrease in
fluorescence (2 %, corresponding to a hyperpolarization of
~8 mV) by glibenclamide (GBC, 1 gm). The slight increase
in fluorescence during the time period shown probably
reflects continued dye uptake.
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experiment, reflected by the 95% confidence intervals of
161 and 368 pA (n=20). Attempts to determine the
current—voltage relationship of Iy cgx) Were not successful
since the responses of the preparation to voltage ramps were
variable due to cell—cell coupling (see above) and Iy crx)
was dominated by the much larger contributions of inward
and delayed rectifier K™ currents. For evaluation of the
concentration dependence of Iy gk) the current responses
to LCRK were normalized with respect to the peak current
obtained with 10 um LCRK, applied directly after the test
concentration of LCRK (Fig.4A4). The fit to the normalized
data gave an EC;, for LCRK of 152 + 31 nm and a Hill
coeflicient of 1:32 + 0-25 (Fig.4B).

The concentration-dependent inhibition of Iy cgx) by GBC
was studied in preparations challenged with 0-3 gm LCRK;
the response to this concentration of agonist was well
maintained and large enough to allow the measurement of a
graded inhibition by GBC (Fig.54). The original trace
(Fig. 54) shows that 0-1 ym GBC induced a reduction of the
current by 40 %; upon washout of GBC, the inhibition was
partially reversed. The fit of the results from this series of
experiments to the Hill function gave an IC;, value for GBC
of 103 + 36 nm and a Hill coeflicient of 138 + 0-58 (Fig. 5B).

Ca2*]. measurements
1

The cytoplasmic free Ca®* concentration in RSC at rest was
114 4+ 4 nm (n = 56) and did not change with the distance

Figure 3. Effects of LOCRK and GBC on membrane
potential in RSC

Membrane potential was measured with the whole-cell
patch-clamp technique in the current-clamp mode. 4, trace
showing the effect of LCRK (1 #M) on membrane potential.
Note the fading of the effect during prolonged application of
the agonist (—50 % within 5 min after reaching the
maximum) and the small response to a second challenge with
LCRK (1 gm) 10 min after washout. B and C, superfusion of
solvent (S, 0:1 per thousand ethanol 4+ 01 per thousand
DMSO), GBC (1 pgm) and LCRK (1 gn). Note the spiking
activity in these traces; see text for details.
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from the glomerulus using a measuring window of
30 um x 30 um and arterioles composed exclusively of
protruding roundish cells. [Ca®"]; responded to changes in
[Ca™*],. Figure 6 shows original traces depicting the exposure
to low (0mm Ca®* +5mm EGTA; Fig.64) and high
(20 mm Ca™*; Fig.6B) extracellular Ca®*. The presence of
EGTA reduced [Ca>*], by 59 4+ 11 nm (n = 10); with 20 mm
Ca" in the medium [Ca®"]; increased by 64 4+ 18 nm (n = 6).
A short application of angiotensin II (ANG II, 3 nm) induced
a transient increase of [Ca®"]; by 21 +4nm (n=15;
Fig.6C); after a recovery period of several minutes, the
stimulus could be repeated giving an identical result (data
not shown). Increasing the K* concentration in the bath
induced small elevations of [Ca®"]; (20 mm K*: 18 + 4 nm,
n=3; 30mm K" 294+3nM, »n=23; 60mm K':
38 + 4 nm, n=53; Fig. 6D); these changes were essentially
abolished in the presence of the dihydropyridine Ca™*
antagonist isradipine (0-1 #M; not shown).

LCRK did not affect [Ca®]; under various conditions, either
at rest (0:3 or 1 um; n=4 each; data not shown) or with
elevated [Ca®*], (0-3 um LCRK, 20 mm Ca® in the bath;
n=20; Fig.6B). In addition, the response to the second
ANG II stimulus was not modified by LCRK (03 gu;
n=4; Fig.6C). Glibenclamide (1 gm) affected neither
resting [Ca®"]; (n=4) nor the ANG Il-induced increase in
[Ca®*], (data not shown).
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Figure 4. LCRK-induced current (Zxcgx)) in RSC
A, whole-cell recording at physiological K™ concentrations
and a temperature of 37 °C; holding potential was —60 mV.
Application of 0-1 and 10 gm LCRK induced
concentration-dependent outward currents (I orx)- Note
the rapid fading of the current in the continued presence of
10 v LCRK. B, concentration dependence of Iy ogx)-
Currents were normalized with respect to the maximal
current (I,,,) with 10 um LCRK;; I, was 189 pA
(median with 95 % confidence intervals of 161 and 368 pA;
n=20). The normalized values determined in individual
experiments (small circles) and the means (larger circles)
and s.E.M. are shown; for clarity, symbols are shifted to the
left and right, respectively. The curve shows the Hill fit to
the individual values giving a mid-point (ECj,) of

152 + 31 nm and a Hill coefficient of 1:32 + 0-25.

Figure 5. Inhibition of I crx) by GBC

A, original trace showing the reduction of the current
induced by 0:3 gm LCRK by GBC (01 um). Within the time
course of the experiment, the effect of GBC could be washed
out only partially. Data were recorded in the whole-cell
configuration under a physiological K* gradient; holding
potential was —60 mV and temperature was 37 °C.

B, concentration-dependent inhibition of I crx) by GBC.
The degree of inhibition was normalized with respect to the
current induced by 0:3 um LCRK prior to the addition of
GBC. Normalized individual values and means + s.E.M. are
shown; for clarity, symbols are shifted to the left and right,
respectively. The curve shows the Hill fit to the individual
values giving an 1C;, value of 103 + 36 nm and a Hill
coeflicient of 138 + 0-58.
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DISCUSSION
This study has shown that LCRK induces a GBC-sensitive

hyperpolarizing current in RSC in the afferent arteriole from
rat kidney; surprisingly, however, LCRK did not change
[Ca®"]; at rest or during stimulation with ANG II.

The membrane potential of these cells was determined to be
—61 + 1 mV which is in good agreement with values
published by others for RSC in the afferent arteriole of the
mouse (—35 and —70 mV, Fishman, 1976; —55 mV, Biihrle
et al. 1984; —58 mV, Biihrle et al. 1985; —62 mV, Kurtz &
Penner, 1989; —69 mV, Kurtz & Penner, 1990).

LCRK, applied at 1 um (see Fig. 3) produced a hyper-
polarization by 99+ 02 and 154+ 5mV in the current
clamp and the fluorescence measurements, respectively. The
large error in the result of the fluorescence experiments
reflects the difficulties with this method which uses a slowly
reacting dye (Brauner et al. 1984). The limited size of the
hyperpolarization may be due to a high electrical leakiness
of the cells compared with the LCRK-induced current due
to a paucity of channels or incomplete activation.

More precise information from voltage-clamp
experiments which showed that LCRK induced an outward
current with an EC,, value of 0-15 4+ 0:03 um. This value is
lower than those observed in other preparations (rat portal
vein: 0-5 um, Noack et al. 1992; rabbit portal vein: 1:3 pm,
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Russel et al. 1992; rabbit mesenteric artery: 1:9 ym (value
for racemic cromakalim, of which levcromakalim is the
active enantiomer), Quayle et al. 1995). In view of the strong
inactivation of the current observed at high concentrations
of LCRK (see Fig. 4) it is possible that the true maximum of
the current response could not be reached and that the
apparent ECy, value determined here is indeed too low. The
transient nature of the responses to higher concentrations
(=1 um) of LCRK observed here in the current and
membrane potential measurements is also evident in current
traces obtained in rabbit portal vein by Russel et al. (1992)
and Beech et al. (19935), and in pig urethra by Teramoto et
al. (1997). Comparable inactivation has been shown too for
SRb* efflux in rat aorta (Quast et al. 1993). In other cells,
however, the currents induced by high concentrations of
LCRK were well maintained over minutes (rabbit mesenteric
artery: Quayle et al. 1995; A10 cells: Russ et al. 1997). The
reason for these differences is not clear, and they may
depend on special regulatory mechanisms of the K,p
channel in these cells.

GBC (1 gm) completely inhibited the hyperpolarization and
current induced by LCRK (0:3 and 1 gm); the current
produced by LCRK (0-3 um) was inhibited by GBC with an
IC;, value of 100 nm. This value is in excellent agreement
with the IC,, of GBC for inhibition of cromakalim (1 pm)-
induced ®°*Rb" efflux from rat aortic strips (100 nm, Quast &
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Figure 6. [Ca’"], in RSC loaded with fura-2

A, removal of Ca®" from the bath solution by EGTA induced a decrease in [Ca’*], by 75 nm, which was
reversible upon washout of EGTA. B, an increase of [Ca’"]in the bath from 1 to 20 mu increased [Ca*]; by
137 ny; LORK (0-3 pm) was without affect on [Ca®*];. €, double stimulation of the preparation with angio-
tensin II (ANG 11) increased [Ca®*]; by 64 and 69 nm. Application of LCRK (0+3 gm) prior to and during
the second challenge did not modify the response. D, superfusion of 60 mm K™ increased [Ca®*], by 43 and

40 nwm.
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Cook, 1989). The vascular K ;p channel opened by Mg**
salts of nucleoside diphosphates or depletion of ATP is closed
by GBC with an IC,, value of ~20 nm (Beech et al. 1993q;
Xu & Lee, 1994), a value in excellent agreement with that
determined in ["H]GBC binding studies in rat aortic rings
(K; = 20 nm, Lofller & Quast, 1997). In the presence of an
opener, however, higher concentrations of GBC are needed
to close the channel reflecting the quasi-competitive negative
allosteric coupling of the sites for openers and sulphonyl-
ureas (Bray & Quast, 1992).

Collectively, these observations provide evidence that rat
RSC are endowed with K ,pp channels; in their sensitivity
to LCRK and GBC they resemble vascular K, p channels
(Ashcroft & Asheroft, 1990; Quast, 1996; Quayle et al. 1997).
The direct demonstration and further characterization of
these channels was prevented by the inherent complexities
and instabilities of preparations with strongly coupled cells.
The existence of such channels on RSC is corroborated by
the following observations. First, high affinity binding sites
for the K ypp channel opener ["H]P1075 have recently been
demonstrated in this preparation (Metzger & Quast, 1996).
These sites, which show the typical pharmacological profile
of the vascular K ,pp channel, are apparently localized on
the remnant of the afferent arteriole adhering to the
glomerulus. Second, K,pp channel openers of different
chemical classes (LCRK, pinacidil and diazoxide) increase
renin secretion in cultured RSC (Ferrier et al. 1989; Jensen
et al. 1998; Vallon et al. 1998), and, in isolated afferent
arterioles, the LCRK effect is inhibited by GBC (Jensen et
al. 1998). Finally, the fact that the ‘myoepithelial’ RSC are
metaplastically transformed smooth muscle cells (Cantin et
al. 1977) fits well with the observation that these cells
express K ,pp channels of the vascular subtype.

What could be the physiological function of K ,pp channels
on RSC? The fact that GBC alone altered neither membrane
currents nor membrane potential shows that these channels
were closed under the experimental conditions. This is in
agreement with the observation that GBC did not attenuate
basal renin secretion from isolated afferent arterioles or
isolated RSC (Linseman et al. 1995; Jensen et al. 1998). It is
well known that in several vascular beds K ,1p channels are
opened by neurotransmitters and hormones that increase
cAMP levels (reviewed in Quayle et al. 1997); however, these
hormonal stimuli were absent in our preparation as was
renal perfusion pressure, which is an important regulator of
renin secretion (Kurtz, 1989; Jensen et al. 1998).

A major objective of this study was to test the hypothesis
that K y1p channel openers might increase renin secretion by
reducing [Ca’*], in RSC (Osswald & Quast, 1995). The fura-2
measurements showed that [Ca>*]; responded to changes in
[Ca®],, and to stimulation by ANG II and increases in
extracellular K*. The response to high [K™], was inhibited
by isradipine, suggesting the presence of voltage-operated
Ca®* channels on RSC. However, the changes in [Ca™"],
elicited by KCI (60 mm) were small, arguing against a major
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importance of such channels in these cells. This is essentially
in line with the work of Kurtz and colleagues, who have
provided solid evidence against the existence of voltage-
operated Ca®* channels on RSC (Kurtz & Penner, 1990; Scholz
& Kurtz, 1995). The potential pathways which control Ca™*
entry into RSC, including the contribution of the Na‘—Ca’*
exchanger, are under investigation.

Surprisingly, LCRK, at concentrations that induced
maximum effects on current and membrane potential, did
not affect [Ca®" ], either at rest or at levels elevated by high
[Ca®*], or ANG II (Fig. 6). In view of the minor importance
of voltage-operated Ca®" channels in the ‘myoepithelial’
RSC, one would classify these cells as ‘non-excitable’. In non-
excitable cells, e.g. endothelial cells, Ca®" entry pathways
are active under hyperpolarizing conditions and the increased
driving force for Ca®* entry upon hyperpolarization leads to
an increase in [Ca’*], (for reviews see Choquet & Korn,
1988; Nilius et al. 1997). This was not observed here. If, on
the other hand, the Ca®* handling in RSC resembles that of
smooth muscle cells, the hyperpolarizing action of the K ,rp
channel openers should decrease [Ca’ ], at rest (Ito et al.
1991). In addition, LCRK should reduce the Ca®" increase
mediated by contractile agonists as described for pinacidil
and LCRK in rabbit mesenteric artery (Ito et al. 1991,
1992; Yamagishi et al. 1992); conversely, depolarization
increases the formation of the Ca’ -releasing second
messenger inositol 1,4,5,-trisphosphate (Yamagishi et al.
1992; Ganitkevich & Isenberg, 1993). In this study, LCRK
did not change resting [Ca”"]; or the response to ANG II. A
possible explanation is that the hyperpolarization produced
by LCRK (approximately —10 mV) was too small to elicit
these effects (see also above); alternatively, the Ca®*
handling of RSC could be very unusual.

The mechanism by which the K ,p channel openers stimulate
renin secretion remains unknown. Since LCRK does not
decrease [Ca’*],, one has to look for other possibilities. For
instance, the hyperpolarization produced by the opener
could affect the secretory machinery of the RSC, the cell
volume or another cellular parameter to increase renin
secretion. Another possibility is that the opener could act on
mitochondrial K ,p» channels (Inoue et al. 1991; Garlid et al.
1996) and that the increase in renin secretion is unrelated to
the hyperpolarization of the plasma membrane. This would
then be analogous to the opener-induced preconditioning of
the heart (Garlid et al. 1997). The mechanism for the opener
effect on renin secretion is under active investigation.
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